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UNIVERSITY OF SOUTHAMPTONABSTRACTFACULTY OF ENGINEERING AND APPLIED SCIENCEDEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCEDotor of PhilosophyCoded Modulation Shemes For Wireless Channelsby Soon Xin NgIn this thesis oded modulation shemes designed for transmission over mobile wireless fading han-nels are proposed and investigated. Spei�ally, oded modulation is a bandwidth eÆient sheme,where the redundany introdued by the hannel oding sheme used does not expand the requiredbandwidth, sine the parity bits are absorbed by the extended modulated signal onstellation. Codedmodulation shemes were designed for transmission over both Additive White Gaussian Noise (AWGN)hannels and narrowband fading hannels. However, typial mobile wireless hannels are dispersive,where the employment of the onventional oded modulation sheme alone may be insuÆient forahieving a oding gain. In this thesis, the employment of oded modulation in the ontext of on-ventional Deision Feedbak Equalisers (DFE), Radial Basis Funtion (RBF) based equalisers andOrthogonal Frequeny Division Multiplexing (OFDM) is investigated. Furthermore, oded modula-tion is also being investigated in a Code-Division Multiple Aess (CDMA) environment, in the ontextof both DFE based Multi-User Detetion (MUD) as well as Geneti Algorithm (GA) assisted MUD.Another means of mitigating the e�et of wideband fading hannels is employing adaptive modu-lation tehniques. More spei�ally, a higher-order modulation mode is employed, when the instanta-neous estimated hannel quality is high in order to inrease the number of bits per symbol transmittedand, onversely, a more robust lower-order modulation mode is used when the instantaneous hannelquality is low, in order to improve the mean Bit Error Rate (BER) performane. In this thesis, adap-tive oded modulation shemes are investigated in the ontext of both onventional DFE shemes andDFE based MUD aided CDMA shemes. Turbo equalisation (TEQ) is another tehnique of mitigatingthe e�ets of wideband fading hannels. Spei�ally, TEQ is a joint hannel equalisation and hanneldeoding sheme, where the equaliser is fed by both the hannel outputs and by the soft deisionsprovided by the hannel deoder. This proess is then invoked in a number of iterations. In this studyoded modulation shemes are also amalgamated with the proposed RBF-based TEQ and with anRBF-based redued omplexity In-phase(I)/Quadrature-phase(Q) TEQ.Finally, oded modulation is proposed for inreasing the ahievable diversity gain when om-muniating over fading hannels. Spei�ally, IQ-interleaved oded modulation is introdued andinvestigated in the ontext of Spae Time Blok Coding (STBC) shemes as well as in Rake reeiverbased CDMA shemes. Expliitly, IQ-interleaved oded modulation is apable of ahieving a noveltype of diversity, namely IQ diversity, while STBC is well known for attaining both transmit and timediversity, while the Rake reeiver employed is useful for ahieving multipath diversity.
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Figure 1.1: Fators a�eting the design of hannel oding and modulation sheme.The objetive of hannel oding is to ombat the e�ets of hannel impairment and thereby aid thereeiver in its deision making proess. The design of a good hannel oding and modulation shemedepends on a range of ontraditory fators, some of whih are portrayed in Figure 1.1. Spei�ally,given a ertain transmission hannel, it is always feasible to design a oding and modulation systemwhih is apable of further reduing the Bit Error Ratio (BER) and/or Frame Error Ratio (FER)ahieved. The gain quanti�ed in terms of the bit energy redution at a ertain BER/FER, ahievedby the employment of hannel oding with respet to the unoded system is termed the oding gain.However, this implies further investments in terms of the required implementational omplexity andoding/interleaving delay as well as reduing the e�etive throughput. Di�erent solutions arue, whendesigning a oding and modulation sheme, whih aim for optimising di�erent features. For example,in a power-limited senario, the system's bandwidth an be extended for the sake of aommodatinga low rate ode. By ontrast, the e�etive throughput of the system an be redued for the sake ofabsorbing more parity information. To elaborate further, in a bandwidth-limited and power-limitedsenario a more omplex, but a higher oding gain ode an be employed. The system's e�etivethroughput an be inreased by inreasing the oding rate at the ost of sari�ing the ahievabletransmission integrity. The oding and modulation sheme's design also depends on the hannel'sharateristis. More spei�ally, the assoiated bit and frame error statistis hange, when thehannel exhibits di�erent statistial harateristis.1



1.1. A Historial Perspetive on Coded Modulation 2On the other hand, a joint hannel oding and modulation sheme an be designed by employ-ing high rate hannel oding shemes in onjuntion with multidimensional or high level modulationshemes. In this oded modulation sheme a oding gain may be ahieved without bandwidth expan-sion. In this thesis, a variety of oded modulation assisted systems were proposed and investigated inmobile wireless propagation environments.1.1 A Historial Perspetive on Coded ModulationThe history of hannel oding or Forward Error Corretion (FEC) oding dates bak to Shannon'spioneering work [1℄ in 1948, in whih he showed that it is possible to design a ommuniation systemwith any desired small probability of error, whenever the rate of transmission is smaller than theapaity of the hannel. While Shannon outlined the theory that explained the fundamental limitsimposed on the eÆieny of ommuniations systems, he provided no insights into how to atuallyapproah these limits. This motivated the searh for odes that would produe arbitrarily small prob-ability of error. Spei�ally, Hamming [2℄ and Golay [3℄ were the �rst to develop pratial error ontrolshemes. Convolutional odes [4℄ were later introdued by Elias in 1955, while Viterbi [5℄ inventeda maximum likelihood sequene estimation algorithm in 1967 for eÆiently deoding onvolutionalodes. In 1974, Bahl proposed the more omplex Maximum A-Posteriori (MAP) algorithm, whih isapable of ahieving the minimum ahievable BER.The �rst suessful appliation of hannel oding was the employment of onvolutional odes [4℄in deep-spae probes in the 1970s. However, for years to ome, error ontrol oding was onsidered tohave limited appliability, apart from deep-spae ommuniations. Spei�ally, this is a power-limitedsenario, whih has no strit bandwidth limitation. By ontrast mobile ommuniations systemsonstitute a power- and bandwidth-limited senario. In 1987, a bandwidth eÆient Trellis CodedModulation (TCM) [6℄ sheme employing symbol-based hannel interleaving in onjuntion with Set-Partitioning (SP) [7℄ assisted signal labelling was proposed by Ungerb�ok. Spei�ally, the TCMsheme, whih is based on ombining onvolutional odes with multidimensional signal sets, onstitutesa bandwidth eÆient sheme that has been widely reognised as an eÆient error ontrol tehniquesuitable for appliations in mobile ommuniations [8℄. Another powerful oded modulation shemeutilising bit-based hannel interleaving in onjuntion with Gray signal labelling, whih is referred toas Bit-Interleaved Coded Modulation (BICM), was proposed by Zehavi [9℄ as well as by Caire, Tarioand Biglieri [10℄. Another breakthrough in the history of error ontrol oding is the invention of turboodes by Berrou, Glavieux and Thitimajshima [11℄ in 1993. Convolutional odes were used as theomponent odes and deoders based on the MAP algorithm were employed. The results proved thata performane lose to the Shannon limit an be ahieved in pratie with the aid of binary odes.The attrative properties of turbo odes have attrated intensive researh in this area [12{14℄. As aresult, turbo oding has reahed a state of maturity within just a few years and was standardised inthe reently rati�ed third-generation (3G) mobile radio systems [15℄.However, turbo odes often have a low oding rate and hene require onsiderable bandwidthexpansion. Therefore, one of the objetives of turbo oding researh is the design of bandwidth-eÆient turbo odes. In order to equip the family of binary turbo odes with a higher spetraleÆieny, BICM-based Turbo Coded Modulation (TuCM) [16℄ was proposed in 1994. Spei�ally,



1.2. Organisation of Thesis and Novel Contributions 3TuCM uses a binary turbo enoder, whih is linked to a signal mapper, after its output bits weresuitably puntured and multiplexed for the sake of transmitting the desired number of informationbits per transmitted symbol. In the TuCM sheme of [16℄ Gray-oding based signal labelling wasutilised. For example, two 1/2-rate Reursive Systemati Convolutional (RSC) odes are used forgenerating a total of four turbo oded bits and this bit stream may be puntured for generatingthree bits, whih are mapped to an 8PSK modulation sheme. By ontrast, in separate oding andmodulation sheme, any modulation shemes for example BPSK, may be used for transmitting thehannel oded bits. Finally, without punturing, 16QAM transmission would have to be used formaintaining the original transmission bandwidth. Turbo Trellis Coded Modulation (TTCM) [17℄ is amore reently proposed hannel oding sheme that has a struture similar to that of the family ofturbo odes, but employs TCM shemes as its omponent odes. The TTCM symbols are transmittedalternatively from the �rst and the seond onstituent TCM enoders and symbol-based interleaversare utilised for turbo interleaving and hannel interleaving. It was shown in [17℄ that TTCM performsbetter than the TCM and TuCM shemes at a omparable omplexity. In 1998, iterative joint deodingand demodulation assisted BICM referred to as BICM-ID was proposed in [18,19℄, whih uses SP basedsignal labelling. The aim of BICM-ID is to inrease the Eulidean distane of BICM and hene toexploit the full advantage of bit interleaving with the aid of soft-deision feedbak based iterativedeoding [19℄. Many other bandwidth eÆient shemes using turbo odes have been proposed in theliterature [13℄, but we will fous our study on TCM, BICM, TTCM and BICM-ID shemes in theontext of wireless hannels in this thesis.1.2 Organisation of Thesis and Novel ContributionsThe outline of the thesis is presented below:� Chapter 2: Four di�erent oded modulation shemes, namely TCM, TTCM, BICM and BICM-ID are introdued. The oneptual di�erenes amongst these four oded modulation shemesare studied in terms of their oding struture, signal labelling philosophy, interleaver type anddeoding philosophy. The symbol-based MAP algorithm operating in the logarithmi domain isalso highlighted.� Chapter 3: The performane of the above-mentioned oded modulation shemes is studiedwhen ommuniating over AWGN and narrowband fading hannels. Multi-arrier OrthogonalFrequeny Division Multiplexing (OFDM) is also ombined with the oded modulation shemesdesigned for ommuniating over wideband fading hannels. With the aid of multi-arrier OFDMthe wideband hannel is divided into numerous narrowband sub-hannels, eah assoiated withan individual OFDM subarrier. The performane trends of the oded modulation shemes arestudied in the ontext of these OFDM sub-hannels and ompared in terms of the assoiated de-oding omplexity, oding delay and e�etive throughput under the assumption of enounteringnon-dispersive hannel onditions in eah sub-hannel.� Chapter 4: The onventional Deision Feedbak Equaliser (DFE) and a Radial Basis Fun-tion (RBF) based DFE are introdued and ombined with the various oded modulation shemes



1.2. Organisation of Thesis and Novel Contributions 4ommuniating over wideband fading hannels. The onepts of onventional DFE based adap-tive modulation as well as RBF-based turbo equalisation and a redued omplexity RBF-basedIn-phase(I)/Quadrature-phase(Q) turbo equalisation sheme are also presented. We will inor-porate the various oded modulation shemes onsidered into these systems and evaluate theirperformane in terms of the ahievable BER, FER and e�etive throughput, when assuming asimilar bandwidth, oding rate and deoding omplexity.� Chapter 5: The performane of the various oded modulation shemes is also evaluated in on-juntion with a Diret Sequene (DS) Code-Division Multiple Aess (CDMA) system. Speif-ially, a DFE based Multi-User Detetion (MUD) sheme is introdued for assisting the �xed-mode oded modulation shemes as well as the adaptive oded modulation shemes operating inonjuntion with DS-CDMA, when ommuniating over wideband fading hannels. The oneptof Geneti Algorithm (GA) based MUD is also highlighted, whih is invoked in onjuntion withthe oded modulation shemes for employment in the CDMA system. The performane of thisMUD is ompared to that of the optimum MUD.� Chapter 6: IQ-interleaved Coded Modulation (IQ-CM) shemes are introdued for ahievingIQ diversity. Spae Time Blok Coding (STBC) is also introdued for attaining additionalspae/transmit and time diversity. The onept of Double-Spreading aided Rake Reeivers (DoS-RR) is proposed for ahieving multipath diversity in a CDMA downlink, when transmittingover wideband fading hannels. Finally, a STBC based IQ-CM assisted DoS-RR sheme isproposed for attaining transmit-, time-, IQ- and multipath-diversity, in a CDMA downlink,when ommuniating over wideband fading hannels.� Chapter 7: The main �ndings are summarised and suggestions for future researh are presented.The fundamental motivation and the rationale of the thesis was that of ontriving powerful noveloded modulation shemes designed for ommuniating over dispersive fading hannels, whih areapable of ahieving substantial oding gains without bandwidth expansion in return for an inreasedimplementational omplexity. This goal is ahieved in a systemati approah by onsidering a suite ofhannel-equalised single-arrier, multi-arrier or OFDM as well as multiuser deteted CDMA systems.The researh was onluded by systematially designing oded modulation shemes, whih are apa-ble of simultaneously attaining transmit diversity, time diversity and a novel type of diversity referredto as IQ-diversity, all in a strit performane versus omplexity ontext.The novel ontributions of the thesis are as follows:� Four oded modulation shemes were studied omparatively for a novel perspetive, by �xingtheir omplexity and evaluating their performane. Spei�ally, their simulation-based perfor-mane was evaluated when ommuniating over both AWGN and at unorrelated Rayleighfading hannels [20℄. Furthermore, their performane has also been studied in the ontext oftransmitting over dispersive hannels with the aid of a novel oded modulation assisted OFDMsheme [21℄.� As another design alternative, an adaptive oded modulation assisted DFE sheme was proposedfor transmission over wideband fading hannels [22{24℄. Spei�ally, four oded modulation



1.2. Organisation of Thesis and Novel Contributions 5shemes, namely TCM, TTCM, BICM and BICM-ID, were inorporated into a DFE basedadaptive system. Eah adaptive oded modulation sheme employed a di�erent oding ratein onjuntion with the modulation modes of 4QAM, 8PSK, 16QAM and 64QAM. The odedmodulation mode swithing riterion was based on the mean-squared error reorded at the outputof the lassi DFE.� Coded modulation assisted RBF-based TEQ as well as IQ-TEQ shemes were ontrived fortransmission over wideband fading hannels. Expliitly, an RBF-based TEQ sheme using thesymbol-based MAP hannel deoder was ontrived and the performane of the proposed shemewas evaluated when ommuniating over wideband fading hannels [25{27℄.� An adaptive oded modulation assisted JD-DFE based CDMA sheme employing 4QAM, 8PSK,16QAM and 64QAM was proposed and its performane was evaluated when ommuniating overthe UTRA wideband fading hannels [28,29℄. Spei�ally, the adaptive oded modulation modeswithing metri was the JD-DFE's SINR output reorded for eah of the users and a bitrateranging from 23:4 Kbit=s to 117 Kbit=s was ahieved under time variant dispersive hannelonditions, whilst a near-onstant FER was maintained.� A novel redued-omplexity M-ary oded modulation assisted GA-MUD aided CDMA shemewas introdued and investigated [30{32℄. The ombination of the GA-MUD with oded modu-lation resulted in a substantial omplexity redution.� A range of novel STBC based IQ-interleaved oded modulation shemes were proposed for si-multaneously attaining transmit-diversity, time-diversity and IQ-diversity [33, 34℄. Spei�ally,the I and Q omponents of the omplex-valued reeived signals have been deoupled from eahother during the STBC deoding operation and hene the I as well as Q branh metris an beomputed in isolation from eah other and deinterleaved for proessing by the oded modulationsheme's deoder. A DoS-RR based CDMA sheme [35℄ was also proposed for assisting theSTBC based IQ-CM sheme's operation when ommuniating over a CDMA downlink in theontext of wideband fading hannels without sari�ing the attainable diversity gain.Having presented an overview of the thesis, let us now ommene our detailed disourse on odedmodulation in the following hapter.



Chapter 2
Coded Modulation Theory
2.1 IntrodutionThe radio spetrum is a sare resoure. Therefore, one of the most important objetives in thedesign of digital ellular systems is the eÆient exploitation of the available spetrum, in order toaommodate the ever-inreasing traÆ demands. Trellis-Coded Modulation (TCM) [36℄, whih willbe detailed in Setion 2.2, was proposed originally for Gaussian hannels, but it was further developedfor appliations in mobile ommuniations [7, 37℄. Turbo Trellis-Coded Modulation (TTCM) [38℄,whih will be augmented in Setion 2.4, is a more reent joint oding and modulation sheme thathas a struture similar to that of the family of power-eÆient binary turbo odes [11,12℄, but employsTCM shemes as omponent odes. TTCM [38℄ requires approximately 0.5 dB lower Signal-to-NoiseRatio (SNR) at a Bit Error Ratio (BER) of 10�4 than binary turbo odes when ommuniatingusing 8PSK over Additive White Gaussian Noise (AWGN) hannels. TCM and TTCM invoked SetPartitioning (SP) based signal labelling, as will be disussed in the ontext of Figure 2.7 in order toahieve a higher Eulidean distane between the unproteted bits of the onstellation, as we will showduring our further disourse. It was shown in [36℄ that parallel trellis transitions an be assoiatedwith the unproteted information bits; as we will augment in Figure 2.2(b), this redued the deodingomplexity. Furthermore, in our TCM and TTCM oriented investigations random symbol interleavers,rather than bit interleavers, were utilised, sine these shemes operate on the basis of symbol, ratherthan bit, deisions.Another oded modulation sheme distinguishing itself by utilising bit-based interleaving in on-juntion with Gray signal onstellation labelling is referred to as Bit-Interleaved Coded Modulation(BICM) [9℄. More expliitly, BICM ombines onventional onvolutional odes with several inde-pendent bit interleavers, in order to inrease the ahievable diversity order to the binary Hammingdistane of a ode for transmission over fading hannels [9℄, as will be shown in Setion 2.5.1. Thenumber of parallel bit interleavers equals the number of oded bits in a symbol for the BICM shemeproposed in [9℄. The performane of BICM is better than that of TCM over unorrelated or perfetlyinterleaved narrowband Rayleigh fading hannels, but worse than that of TCM in Gaussian hannelsowing to the redued Eulidean distane of the bit-interleaved sheme [9℄, as will be demonstratedin Setion 2.5.1. Reently iterative joint deoding and demodulation assisted BICM (BICM-ID) wasproposed in an e�ort to further inrease the ahievable performane [18, 20{22, 39, 40℄, whih uses6



2.2. Trellis-Coded Modulation 7SP-based signal labelling. The approah of BICM-ID is to inrease the Eulidean distane of BICM,as will be shown in Setion 2.6, and hene to exploit the full advantage of bit interleaving with theaid of soft-deision feedbak-based iterative deoding [19℄.In this hapter we embark on studying the properties of the above-mentioned TCM, TTCM,BICM and BICM-ID shemes in the ontext of Phase Shift Keying (PSK) and Quadrature AmplitudeModulation (QAM) shemes. Spei�ally, the ode generator polynomials of 4-level QAM (4QAM) orQuadrature PSK (QPSK), 8-level PSK (8PSK), 16-level QAM (16QAM) and 64-level QAM (64QAM)will be given in Tables 2.1, 2.2, 2.3 and 2.4.2.2 Trellis-Coded ModulationThe basi idea of TCM is that instead of sending a symbol formed by �m information bits, for exam-ple two information bits for 4PSK, we introdue a parity bit, while maintaining the same e�etivethroughput of 2 bits/symbol by doubling the number of onstellation points in the original onstella-tion to eight, i.e. by extending it to 8PSK. As a onsequene, the redundant bit an be absorbed bythe expansion of the signal onstellation, instead of aepting a 50% inrease in the signalling rate, i.e.bandwidth. A positive oding gain is ahieved when the detrimental e�et of dereasing the Eulideandistane of the neighbouring phasors is outweighted by the oding gain of the onvolutional odinginorporated.Ungerb�ok has written an exellent tutorial paper [6℄, whih fully desribes TCM, and whih thissetion is based upon. TCM shemes employ redundant non-binary modulation in ombination witha �nite state Forward Error Control (FEC) enoder, whih governs the seletion of the oded signalsequenes. Essentially the expansion of the original symbol set absorbs more bits per symbol thanrequired by the data rate, and these extra bit(s) are used by a onvolutional enoder whih restritsthe possible state transitions amongst onseutive phasors to ertain legitimate onstellations. In thereeiver, the noisy signals are deoded by a trellis-based soft-deision maximum likelihood sequenedeoder. This takes the inoming data stream and attempts to map it onto eah of the legitimatephasor sequenes allowed by the onstraints imposed by the enoder. The best �tting symbol sequenehaving the minimum Eulidean distane from the reeived sequene is used as the most likely estimateof the transmitted sequene.Simple four-state TCM shemes, where the four-state adjetive refers to the number of possiblestates that the enoder an be in, are apable of improving the robustness of 8PSK-based TCM trans-mission against additive noise in terms of the required SNR by 3dB ompared to onventional unoded4PSK modulation. With the aid of more omplex TCM shemes the oding gain an reah 6 dB [6℄.As opposed to traditional error orretion shemes, these gains are obtained without bandwidth ex-pansion, or without the redution of the e�etive information rate. Again, this is beause the FECenoder's parity bits are absorbed by expanding the signal onstellation in order to transmit a highernumber of bits per symbol. The term `trellis' is used, beause these shemes an be desribed by a statetransition diagram similar to the trellis diagrams of binary onvolutional odes [41℄. The di�ereneis that in the TCM sheme the trellis branhes are labelled with redundant non-binary modulationphasors, rather than with binary ode symbols.



2.2.1. TCM Priniple 82.2.1 TCM PrinipleWe now illustrate the priniple of TCM using the example of a four-state trellis ode for 8PSKmodulation, sine this relatively simple ase assists us in understanding the priniples involved.
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2.2.1. TCM Priniple 10where no redundany-related transition onstraints apply. In both systems, starting from any state,four transitions an our, as required for enoding two bits/symbol. The four parallel transitions inthe state trellis diagram of Figure 2.2(a) do not restrit the sequene of 4PSK symbols that an betransmitted, sine there is no hannel oding and therefore all trellis paths are legitimate. Hene theoptimum detetor an only make nearest-phasor-based deisions for eah individual symbol reeived.The smallest distane between the 4PSK phasors is p2, denoted as d0, and this is termed the freedistane of the unoded 4PSK onstellation. Eah 4PSK symbol has two nearest neighbours at thisdistane. Eah phasor is represented by a two-bit symbol and transitions from any state to any otherstate are legitimate.The situation for 8PSK TCM is a little less simplisti. The trellis diagram of Figure 2.2(b)is onstituted by four states aording to the four possible states of the shift-register enoder ofFigure 2.3, whih we represent by the four vertially staked bold nodes. Following the elapse of asymbol period a new two-bit input symbol arrives and the onvolutional enoder's shift register isloked. This event is haraterised by a transition in the trellis from state Sn to state Sn+1, trakingone of the four possible paths orresponding to the four possible input symbols.In the four-state trellis of Figure 2.2(b) assoiated with the 8PSK TCM sheme, the trellis transi-tions our in pairs and the states orresponding to the bold nodes are represented by the shift-registerstates S0n and S1n in Figure 2.3. Owing to the limitations imposed by the onvolutional enoder ofFigure 2.3 on the legitimate set of onseutive symbols only a limited set of state transitions asso-iated with ertain phasor sequene is possible. These limitations allow us to detet and to rejetillegitimate symbol sequenes, namely those whih were not legitimately produed by the enoder,but rather produed by the error-prone hannel. For example, when the shift register of Figure 2.3 isin state (0,0), only the transitions to the phasor points (0,2,4,6) are legitimate, whilst those to phasorpoints (1,3,5,7) are illegitimate. This is readily seen, beause the linear enoder iruit of Figure 2.3annot produe a non-zero parity bit from the zero-valued input bits and hene the symbols (1,3,5,7)annot be produed when the enoder is in the all-zero state. Observe in the 8PSK onstellation ofFigure 2.2(b) that the underlined bit 1 and bit 0 identify four twin-phasor subsets, where the phasorsare opposite to eah other in the onstellation and hene have a high intra-subset separation. Theunproteted bit 2 is then invoked for seleting the required phasor point within the subset. Sine theredundant bit 0 onstitutes also one of the shift-register state bits, namely S0n, from the initial statesof (S1n,S0n) = (0,0) or (1,0) only the even-valued phasors (0,2,4,6) having S0n = 0 an emerge, as alsoseen in Figure 2.2(b). Similarly, if we have (S1n,S0n) = (0,1) or (1,1) assoiated with S0n = 1 then thebranhes emerging from these lower two states of the trellis in Figure 2.2(b) an only be assoiatedwith the odd-valued phasors of (1,3,5,7).There are other possible odes, whih would result in for example four distint transitions fromeah state to all possible suessor states, but the one seleted here proved to be the most e�etive [6℄.Within the 8PSK onstellation we have the following distanes: d0 = 2 sin(�=8), d1 = p2 andd2 = 2. The 8PSK signals are assigned to the transitions in the four-state trellis in aordane withthe following rules:1. Parallel trellis transitions are assoiated with phasors having the maximum possible distane,namely (d2), between them, whih is harateristi of phasor points in the subsets (0,4), (1,5),



2.2.1. TCM Priniple 11(2,6) and (3,7). Sine these parallel transitions belong to the same subset of Figure 2.2(b) andare ontrolled by the unproteted bit 2, symbols assoiated with them should be as far apart aspossible.2. All four-state transitions originating from, or merging into, any one of the states are labelled withphasors having a distane of at least d1 = p2 between them. These are the phasors belongingto subsets (0,2,4,6) or (1,3,5,7).3. All 8PSK signals are used in the trellis diagram with equal probability.Observe that the assignment of bits to the 8PSK onstellation of Figure 2.2(b) does not obeyGray oding and hene adjaent phasors an have arbitrary Hamming distanes between them. Thebit mapping and enoding proess employed was rather designed for exploiting the high Eulideandistanes between sets of points in the onstellation. The underlined bit 1 and bit 0 of Figure 2.2(b)representing the onvolutional ode's output are idential for all parallel branhes of the trellis. Forexample, the branhes labelled with phasors 0 and 4 between the idential onseutive states of (0,0)and (0,0) are assoiated with (bit 1)=0 and (bit 0)=0, while the unoded bit 2 an be either `0' or `1',yielding the phasors 0 and 4, respetively. However, owing to appropriate ode design this unprotetedbit has the maximum protetion distane, namely d2 = 2, requiring the orruption of phasor 0 intophasor 4, in order to init a single bit error in the position of bit 2.
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2.2.1. TCM Priniple 12and remerging after a number of onseutive trellis transitions, as seen in Figure 2.4 in the �rst andlast of the four onseutive (0,0) states. The lower one of these two distanes haraterises the errorresiliene of the underlying TCM sheme, sine the error event assoiated with it will be the one mostfrequently enountered owing to hannel e�ets. Spei�ally, if the reeived phasors are at a Eulideandistane higher than half of the ode's free distane from the transmitted phasor, an erroneous deisionwill be made. It is essential to ensure that by using an appropriate ode design the number of deodedbit errors is minimised in the most likely error events, and this is akin to the philosophy of using Grayoding in a non-trellis-oded onstellation.The Eulidean distane between the phasors of Figure 2.2(b) assoiated with the parallel branhesis d2 = 2 in our example. The distane between the diverging trellis paths of Figure 2.2(b) la-belled by the phasor sequenes of 0-0-0 and 2-1-2 following the states f(0,0),(0,0),(0,0),(0,0)g andf(0,0),(0,1),(1,0),(0,0)g respetively, portrayed in Figure 2.4, is inferred from Figure 2.2(b) as d1-d0-d1. By inspeting all the remerging paths of the trellis in Figure 2.2(b) we infer that this divergingpath has the shortest aumulated Free Eulidean Distane (FED) that an be found, sine all otherdiverging paths have higher aumulated FED from the error-free 0-0-0 path. Furthermore, this is theonly path having the minimum free distane of pd21 + d20 + d21. More spei�ally, the free distane ofthis TCM sequene is given by:dfree = minfd2;qd21 + d20 + d21g= minf2;r2 + (2: sin �8 )2 + 2g: (2.1)Expliitly, sine the term under the square root in Equation 2.1 is higher than d2 = 2, the free distaneof this TCM sheme is given ultimately by the Eulidean distane between the parallel trellis branhesassoiated with the unoded bit 2, i.e.: dfree = 2: (2.2)The free distane of the unoded 4PSK onstellation of Figure 2.2(a) was d0 = p2 and henethe employment of TCM has inreased the minimum distane between the onstellation points bya fator of g = d2freed20 = 22(p2)2 = 2, whih orresponds to 3 dB. There is only one nearest-neighbourphasor at dfree = 2, orresponding to the �-rotated phasor in Figure 2.2(b). Consequently the phasorarrangement an be rotated by �, whilst retaining all of its properties, but other rotations are notadmissible.The number of erroneous deoded bits indued by the diverging path 2-1-2 is seen from the phasoronstellation of Figure 2.2(b) to be 1-1-1, yielding a total of three bit errors. The more likely event ofa bit 2 error, whih is assoiated with a Eulidean distane of d2 = 2, yields only a single bit error.Soft-deision-based deoding an be aomplished in two steps. The �rst step is known as subsetdeoding, where within eah phasor subset assigned to parallel transitions, i.e. to the unoded bit(s),the phasor losest to the reeived hannel output in terms of Eulidean distane is determined. Havingresolved whih of the parallel paths was more likely to have been enountered by the enoder, we anremove the parallel transitions, hene arriving at a onventional trellis. In the seond step the Viterbialgorithm is used for �nding the most likely signal path through the trellis with the minimum sumof squared Eulidean distanes from the sequene of noisy hannel outputs reeived. Only the signals



2.2.2. Optimum TCM Codes 13already seleted by the subset deoding are onsidered. For a desription of the Viterbi algorithm thereader is referred to referenes [42, 43℄.2.2.2 Optimum TCM CodesUngerb�ok's TCM enoder is a spei� onvolutional enoder seleted from the family of ReursiveSystemati Convolutional (RSC) odes [36℄, whih attahes one parity bit to eah information symbol.Only ~m out of �m information bits are RSC enoded and hene only 2~m branhes will diverge fromand merge into eah trellis state. When not all information bits are RSC enoded, i.e. ~m < �m, 2�m�~mparallel transitions are assoiated with eah of the 2~m branhes. Therefore a total of 2~m� 2�m�~m = 2�mtransitions our at eah trellis stage. The memory length � of a ode de�nes the number of shift-register stages in the enoder. Figure 2.5 shows the TCM enoder using an eight-state Ungerb�ok
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Figure 2.5: Ungerb�ok's RSC enoder and modulator forming the TCM enoder. The SP-basedmapping of bits to the onstellation points was highlighted in Figure 2.1.ode [36℄, whih has a high FED for the sake of attaining a high performane over AWGN hannels.It is a systemati enoder, whih attahes an extra parity bit to the original 2-bit information word.The resulting 3-bit odewords generated by the 2-bit input binary sequene are then interleaved by asymbol interleaver in order to disperse the bursty symbol errors indued by the fading hannel. Then,these 3-bit odewords are modulated onto one of the 23 = 8 possible onstellation points of an 8PSKmodulator.The onnetions between the information bits and the modulo-2 adders, as shown in Figure 2.5,are given by the generator polynomials. The oeÆients of these polynomials are de�ned as:Hj(D) := hj� :D� + hj��1:D��1 + : : : + hj1:D + hj0; (2.3)where D represents the delay due to one register stage. The oeÆient hji takes the value of `1', if thereis a onnetion at a spei� enoder stage or `0', if there is no onnetion. The polynomial H0(D) isthe feedbak generator polynomial and Hj(D) for j � 1 is the generator polynomial assoiated withthe jth information bit. Hene, the generator polynomial of the enoder in Figure 2.5 an be desribedin binary format as: H0(D) = 1001H1(D) = 0010H2(D) = 0100;



2.2.3. TCM Code Design for Fading Channels 14Code State, � ~m H0(D) H1(D) H2(D)4QAM 8, 3 1 13 06 -4QAM 64, 6 1 117 26 -8PSK 8, 3 2 11 02 048PSK 32, 5 2 45 16 348PSK 64, 6 2 103 30 668PSK 128, 7 2 277 54 1228PSK 256, 8 2 435 72 13016QAM 64, 6 2 101 16 64Table 2.1: Ungerb�ok's TCM odes [6,36,44,45℄, where � denotes the ode memory and otal formatis used for representing the generator polynomial oeÆients.or equivalently in otal format as:H(D) = h H0(D) H1(D) H2(D) i= h 11 02 04 i : (2.4)Ungerb�ok suggested [36℄ that all feedbak polynomials should have oeÆients h0� = h00 = 1. Thisguarantees the realisability of the enoders shown in Figures 2.3 and 2.5. Furthermore, all generatorpolynomials should also have oeÆients hj� = hj0 = 0 for j > 0. This ensures that at time n the inputbits of the TCM enoder have no inuene on the parity bit to be generated, nor on the input of the�rst binary storage element in the enoder. Therefore, whenever two paths diverge from or merge intoa ommon state in the trellis, the parity bit must be the same for these transitions, whereas the otherbits di�er in at least one bit [36℄. Phasors assoiated with diverging and merging transitions thereforehave at least a distane of d1 between them, as we an see from Figure 2.2(b). Table 2.1 summarisesthe generator polynomials of some TCM odes, whih were obtained with the aid of an exhaustiveomputer searh onduted by Ungerb�ok [6℄, where ~m (� �m) indiates the number of informationbits to be enoded, out of the �m information bits in a symbol.2.2.3 TCM Code Design for Fading ChannelsIt was shown in Setion 2.2.1 that the design of TCM for transmission over AWGN hannels ismotivated by the maximisation of the FED, dfree. By ontrast, the design of TCM onerned fortransmission over fading hannels is motivated by minimising the length of the shortest error eventpath and the produt of the branh distanes along that partiular path [37℄.The average bit error probability of TCM using M-ary PSK (MPSK) [36℄ for transmission overRiian hannels at high SNRs is given by [37℄:Pb �= 1BC  (1 + �K)e� �KEs=N0 !L ;Es=N0 � �K (2.5)where C is a onstant that depends on the weight distribution of the ode, whih quanti�es thenumber of trellises assoiated with all possible Hamming distanes measured with respet to the all-zero path [15℄. The variable B in Equation 2.5 is the number of binary input bits of the TCM enoder



2.2.3. TCM Code Design for Fading Channels 15during eah transmission interval, i.e the information bits per symbol, while �K is the Riian fadingparameter [15℄ and Es=N0 is the hannel's symbol energy to noise spetral density ratio. Furthermore,L is de�ned as the `length' of the shortest error event path in [46℄ or as the E�etive Code Length (ECL)in [47, 48℄ or as the ode's diversity in [37℄. Expliity, L is expressed as the number of erroneouslydeoded TCM symbols asoiated with the shortest error event path. Note that, in onventional TCMeah trellis branh is labelled by one TCM symbol. Therefore, L an be expressed as the numberof trellis branhes having erroneously deoded symbol, in the shortest error event path. Most of thetime, L is equal to the number of trellis branhes on this path. It is lear from Equation 2.5 that Pbvaries inversely proportionally with (Es=N0)L and this ratio an be inreased by inreasing the ode'sdiversity [37℄. More spei�ally, in [46℄, the authors pointed out that the shortest error event paths
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Figure 2.6: Ungerb�ok's 8-state 8PSK ode.are not neessarily assoiated with the minimum aumulated FED error events. For example, let theall-zero path be the orret path. Then the ode haraterised by the trellis seen in Figure 2.6 exhibitsa minimum squared FED of: d2free = d21 + d20 + d21= 4:585; (2.6)from the 0-0-0 path assoiated with the transmission of three onseutive 0 symbols from the pathlabelled with the transmitted symbols of 6-7-6. However, this is not the shortest error event path,sine its length is L = 3, whih is longer than the path labelled with transmitted symbols of 2-4, whihhas a length of L = 2 and a FED of d2free = d21 + d22 = 6. Hene, the `length' of the shortest errorevent path is L = 2 for this ode, whih, again, has a squared Eulidean distane of 6. In summary,the number of bit errors assoiated with the above L = 3 and L = 2 shortest error event paths is sevenand two, respetively, learly favouring the L = 2 path, whih had a higher aumulated FED of 6



2.2.4. Set Partitioning 16than that of the 4.585 FED of the L = 3 path. Hene, it is worth noting that if the ode was designedbased on the minimum FED, it may not minimise the number of bit errors. Hene, as an alternativedesign approah, in Setion 2.5 we will study BICM, whih relies on the shortest error event path Lor the bit-based Hamming distane of the ode and hene minimises the BER.The design of oded modulation shemes is a�eted by a variety of fators. A high squared FED isdesired for AWGN hannels, while a high ECL and a high minimum produt distane are desired forfading hannels [37℄. In general, a ode's diversity or ECL is quanti�ed in terms of the length of theshortest error event path L, whih may be inreased for example by simple repetition oding, althoughat the ost of reduing the e�etive data rate proportionately. Alternatively, spae-time-oded multipletransmitter/reeiver strutures an be used, whih inrease the sheme's ost and omplexity. Finally,simple interleaving an be invoked, whih indues lateny. In our approah, symbol-based interleavingis employed in order to inrease the ode's diversity.2.2.4 Set PartitioningAs we have seen in Figure 2.4, if higher-order modulation shemes, suh as 16QAM or 64QAM,are used, parallel transitions may appear in the trellis diagram of the TCM sheme, when not allinformation bits are onvolutional hannel enoded or when the number of states in the onvolutionalenoder has to be kept low for omplexity reasons. As noted before, in order to avoid enounteringhigh error probabilities, the parallel transitions should be assigned to onstellation points exhibiting ahigh Eulidean distane. Ungerb�ok solved this problem by introduing the set partitioning tehnique.Spei�ally, the signal set is split into a number of subsets, suh that the minimum Eulidean distaneof the signal points in the new subset is inreased at every partitioning step.In order to elaborate a little further, Figure 2.7 illustrates the set partitioning of 16QAM. Herewe used the R = 34 -rate ode of Table 2.1. This is a relatively high-rate ode, whih would not besuÆiently powerful if we employed it for proteting all three original information bits. Moreover, if weprotet for example two out of the three information bits, we an use a more potent 23 -rate ode for theprotetion of the more vulnerable two information bits and leave the most error-resilient bit of the 4-bit onstellation unproteted. This is justi�able, sine we an observe in Figure 2.7 that the minimumEulidean distane of the onstellation points inreases from Level 0 to Level 3 of the onstellationpartitioning tree. This indiates that the bits labelling or identifying the spei� partitions have to beproteted by the RSC ode, sine they label phasors that have a low Eulidean distane. By ontrast,the intra-set distane at Level 3 is the highest, suggesting a low probability of orruption. Hene theorresponding bit, bit 3, an be left unproteted. The partitioning in Figure 2.7 an be ontinued,until there is only one phasor or onstellation point left in eah subset. The intra-subset distaneinreases as we traverse down the partition tree. The �rst partition level, Level 0, is labelled by theparity bit, and the next two levels by the oded bits. Finally, the unoded bit labels the lowest level,Level 3, in the onstellation, whih has the largest minimum Eulidean distane.Conventional TCM shemes are typially deoded/demodulated with the aid of the appropriatelymodi�ed Viterbi Algorithm (VA) [49℄. Furthermore, the VA is a maximum likelihood sequene estima-tion algorithm, whih does not guarantee that the Symbol Error Ratio (SER) is minimised, althoughit ahieves a performane near the minimum SER. By ontrast, the symbol-based MAP algorithm [38℄
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Level 3Figure 2.7: Set partitioning of a 16QAM signal onstellation. The minimum Eulidean distane at apartition level is denoted by the line between the signal points [36℄ IEEE, 1982, Ungerb�ok.guarantees the minimum SER, albeit at the ost of a signi�antly inreased omplexity. Hene thesymbol-based MAP algorithm has been used for the deoding of TCM sequenes. We will, however,in Setion 2.4, also onsider Turbo TCM (TTCM), where instead of the VA-based sequene estima-tion, symbol-by-symbol-based soft information has to be exhanged between the TCM deoders of theTTCM sheme. Hene in the next setion we will present the symbol-based MAP algorithm.2.3 The Symbol-based MAP AlgorithmIn this setion, the non-binary or symbol-based Maximum-A-Posteriori (MAP) deoding algorithmwill be presented. The binary MAP algorithm was �rst presented in [50℄, while the non-binary MAPalgorithm was proposed in [38℄. A redued-omplexity version of the MAP algorithm, operating in thelogarithmi domain (log-domain) after transforming the operands and the operations to this domainwill also be presented. In our forthoming disourse we use p(x) to denote the probability of the eventx, and, given a symbol sequene yk, we denote by yba the sequene of symbols given by ya; ya+1; : : : ; yb.2.3.1 Problem DesriptionThe problem that the MAP algorithm has to solve is presented in Figure 2.8. An information soureprodues a sequene of N information symbols uk, k = 1; 2; : : : ; N . Eah information symbol an



2.3.1. Problem Desription 18assume M di�erent values, i.e. uk 2 f0; 1; : : : ;M � 1g, where M is typially a power of two, sothat eah information symbol arries �m = log2M information bits. We assume here that the symbolsare to be transmitted over an AWGN hannel. To this end, the �m-bit symbols are �rst fed into anenoder for generating a sequene of N hannel symbols xk 2 X, where X denotes the set of omplexvalues belonging to some phasor onstellations suh as an inreased-order QAM or PSK onstellation,having M possible values arrying m = log2M bits. Again, the hannel symbols are transmitted overan AWGN hannel and the reeived symbols are:yk = xk + nk; (2.7)where nk represents the omplex AWGN samples. The reeived symbols are fed to the deoder,whih has the task of produing an estimate ûk of the 2�m-ary information sequene, based on the2m-ary reeived sequene, where m > �m. If the goal of the deoder is that of minimising the numberof symbol errors, where a symbol error ours when uk 6= ûk, then the best deoder is the MAPdeoder [50℄. This deoder omputes the A Posteriori Probability (APP) Ak;m for every 2�m-aryinformation symbol uk that the information symbol value was m given the reeived sequene, i.e.omputes Ak;m = p(uk = mjyN1 ), for m = 0; 1; : : : ;M � 1, k = 1; 2; : : : ; N . Then it deides thatthe information symbol was the one having the highest probability, i.e. ûk = m if Ak;m � Ak;i fori = 0 : : : M�1. In order to realise a MAP deoder one has to devise a suitable algorithm for omputingthe APP. Enoder Channel Deoder ûkuk xk ykFigure 2.8: The transmission system.In order to ompute the APP, we must speify how the enoder operates. We onsider a trellisenoder. The operation of a trellis enoder an be desribed by its trellis. The trellis seen in Figure2.9, is onstituted by (N+1) �S nodes arranged in (N+1) olumns of S nodes. There areM branhesemerging from eah node, whih arrive at nodes in the immediately following olumn. The trellisstruture repeats itself identially between eah pair of olumns.It is possible to identify a set of paths originating from the nodes in the �rst olumn and terminatingin a node of the last olumn. Eah path will omprise exatly N branhes. When employing a trellis-enoder, the input sequene unambiguously determines a single path in the trellis. This path isidenti�ed by labelling the M branhes emerging from eah node by the M possible values of theoriginal information symbols, although only the labelling of the �rst branh at m = 0 and the lastbranh at m = M � 1 are shown in Figure 2.9 due to spae limitations. Then, ommening froma spei�ed node in the �rst olumn, we use the �rst input symbol, u1, to deide whih branh is tobe hosen. If u1 = m, we hoose the branh labeled with m, and move to the orresponding nodein the seond olumn that this branh leads to. In this node we use the seond information symbol,u2, for seleting a further branh and so on. In this way the information sequene identi�es a pathin the trellis. In order to omplete the enoding operation, we have to produe the symbols to betransmitted over the hannel, namely x1; x2; : : : ; xN from the information symbols u1; u2; : : : ; uN . To
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Figure 2.9: The non-binary trellis and its labelling, where there are M branhes emerging from eahnode.this end we add a seond label to eah branh, whih is the orresponding phasor onstellation pointthat is transmitted when the branh is enountered.In a trellis it is onvenient to attah a time index to eah olumn, from 0 to N , and to numberthe nodes in eah olumn from 0 to S � 1. This allows us to introdue the onept of trellis statesat time k. Spei�ally, during the enoding proess, we say that the trellis is in state i at time k,and write sk = i, if the path determined by the information sequene rosses the i-th node of thek-th olumn. The struture of a trellis enoder is spei�ed by two funtions. The �rst funtion isN(j;m) 2 f0; 1; : : : ; S � 1g, whih spei�es the trellis' next state, namely sk = N(j;m), when theinformation symbol is uk = m and the previous state is sk�1 = j as seen in Figure 2.9. In order tospeify the symbol transmitted when this branh is enountered, we use the funtion L(j;m) 2 X. Tosummarize, there is a branh leading from state sk�1 = j to state sk = N(j;m), whih is enounteredif the input symbol is uk = m, and the orresponding transmitted symbol is L(j;m). It is useful toonsider a third funtion, P (i;m) 2 f0; 1; : : : ; S � 1g speifying the previous state sk�1 = P (i;m) ofthe trellis when the present state is sk = i, and the last original information symbol is uk = m asseen in Figure 2.9. The aim of the MAP deoding algorithm is to �nd the path in the trellis thatis assoiated with the most likely transmitted symbols, i.e. that of minimising the Symbol ErrorRatio (SER). By ontrast, the VA-based detetion of TCM signals aims for identifying the most likelytransmitted symbol sequene, whih does not automatially guarantee attaining the minimum SER.



2.3.2. Detailed Desription of the Symbol-based MAP Algorithm 202.3.2 Detailed Desription of the Symbol-based MAP AlgorithmHaving desribed the problem to be solved by the MAP deoder and the enoder struture, we nowseek an algorithm apable of omputing the APP, i.e. Ak;m = p(uk = mjyN1 ). The easiest way ofomputing these probabilities is by determining the sum of a di�erent set of probabilities, namelyp(uk = m; sk = i; sk�1 = jjyN1 ), where again, yN1 denotes the symbol sequene y1; y2; : : : ; yN . Thisis beause we an devise a reursive way of omputing the seond set of probabilities, as we traversethrough the trellis from state to state whih redues the detetion omplexity. Thus we write:Ak;m = p(uk = mjyN1 ) = S�1Xi;j=0 p(uk = m; sk = i; sk�1 = jjyN1 ); (2.8)where the summation implies adding all probabilities assoiated with the nodes j and i labeled byuk = m and the problem is now that of omputing p(uk = m; sk = i; sk�1 = jjyN1 ). As a preliminaryonsideration we note that this probability is zero, if the spei� branh of the trellis emerging fromstate j and merging into state i is not labeled with the input symbol m. Hene, we an eliminatethe orresponding terms of the summation. Thus, upon denoting the spei� set of pairs i; j, by Imfor whih a trellis branh labeled with m exists that traverses from state j to state i, we an rewriteEquation 2.8 as: Ak;m = Xi;j2Im p(uk = m; sk = i; sk�1 = jjyN1 ): (2.9)If i; j 2 Im, then we an ompute the probabilities p(uk = m; sk = i; sk�1 = jjyN1 ) as [50, 51℄:p(uk = m; sk = i; sk�1 = jjyN1 ) = 1p(yN1 ) � �k(i) � �k�1(j) � k(j;m); (2.10)where �k(i) = p(yNk+1jsk = i)�k�1(j) = p(yk�11 ; sk�1 = j)k(j;m) = p(yk; uk = mjsk�1 = j): (2.11)In order to simplify our disourse, we defer the proof of Equation 2.10 to Setion 2.3.3, where wealso show how the �k�1(j) values and the �k(i) values an be eÆiently omputed using the k(j;m)values. In our forthoming disourse we study the k(j;m) values and further simplify Equation 2.9.The �rst simpli�ation is to note that we do not neessarily need the exat Ak;m values, but onlytheir ratios. In fat, for a �xed k, the vetor Ak;m, being a probability vetor, must sum to unity.Thus, by normalising the sum in Equation 2.9 to unity, we an ompute the exat value of Ak;m from�Ak;m with the aid of: �Ak;m = Ck � Ak;m: (2.12)For this reason we will omit the ommon normalisation fator of Ck = 1p(yN1 ) in Equation 2.10. Then,upon substituting Equation 2.10 into Equation 2.9 we have:�Ak;m = Xi;j2Im �k(i) � �k�1(j) � k(j;m): (2.13)A seond simpli�ation is to note that in Equation 2.13 the value of i is uniquely spei�ed by the pairj and m, sine i; j 2 Im. Spei�ally, sine i is the state reahed after emerging from state j when the



2.3.2. Detailed Desription of the Symbol-based MAP Algorithm 21input symbol is m, we have i = N(j;m) where N(j;m) was de�ned at the end of Setion 2.3.1. Thuswe an rewrite 1 Equation 2.13 as:�Ak;m = S�1Xj=0 �k(N(j;m)) � �k�1(j) � k(j;m): (2.14)Before we proeed, it is worth presenting Bayes' rule, whih is applied repeatedly throughoutthis setion. This rule gives the joint probability of \a and b", P (a; b), in terms of the onditionalprobability of \a given b", P (ajb), as:P (a; b) = P (ajb) � P (b) = P (bja) � P (a): (2.15)Two useful onsequenes of Bayes' rule are:P (a; b; ) = P (ajb; ) � P (b; ) (2.16)and P (a; bj) = P (a; b; )P ()= P (a; b; )P (b; ) � P (b; )P ()= P (ajb; ):P (bj): (2.17)Let us now onsider the term k(j;m) = p(yk; uk = mjsk�1 = j) of Equation 2.11, whih an berewritten using the relationship of Equation 2.17 as:k(j;m) = p(yk; uk = mjsk�1 = j) = p(ykjuk = m; sk�1 = j) � p(uk = mjsk�1 = j) (2.18)Let us now study the multipliative terms at the right of Equation 2.18, where p(ykjuk = m; sk�1 = j)is the probability that we reeive yk, when the branh emerging from state sk�1 = j of Figure 2.9labeled with the information symbol uk = m is enountered. When this branh is enountered, thesymbol transmitted is xk = L(j;m), as seen in Figure 2.9. Thus, the probability of reeiving thesample yk, given that the previous state was sk�1 = j and the transition symbol enountered wasuk = m an be written as:p(ykjuk = m; sk�1 = j) = p(ykjxk = L(j;m)) = �k(j;m): (2.19)By remembering that yk = xk + nk, and that nk is the omplex AWGN, we an ompute �k(j;m)as [52℄: �k(j;m) = e�jyk�L(j;m)j22�2 ; (2.20)where �2 = N0=2 is the noise's variane and N0 is the noise's Power Spetral Density (PSD). Inverbal terms, Equation 2.20 indiates that the probability expressed in Equation 2.19 is a funtion of1Equivalently, we ould note that in Equation 2.13, we have j = P (i;m), sine i; j 2 Im and rewrite Equation 2.13as: �Ak;m = S�1Xi=0 �k(i) � �k�1(P (i;m)) � k(P (i;m);m):



2.3.3. Reursive Metri Update Formulae 22the distane between the reeived noisy sample yk and the transmitted noiseless sample xk = L(j;m).Observe in Equation 2.20 that we dropped the multipliative fator of 12��2 , sine it onstitutes anothersaling fator, whih an be viewed as omprised in the onstant Ck assoiated with �Ak;m = CkAk;m.As to the seond multipliative term at the righthand side of Equation 2.18, note that p(uk = mjsk�1 =j) = p(uk = m), sine the original information to be transmitted is independent of the previous trellisstate. The probabilities: �k;m = p(uk = m) (2.21)are the a priori probabilities of the information symbols. Typially the information symbols areindependent and equiprobable, hene �k;m = 1=M . However, if we have some prior knowledge aboutthe transmitted symbols, this an be used as their a priori probability. As we will see, a turbo deoderwill have some a priori knowledge about the transmitted symbols after the �rst iteration. We nowrewrite Equation 2.18 using Equation 2.19 and the a priori probabilities as:k(j;m) = �k;m � �k(j;m): (2.22)Then, by substituting Equation 2.22 into Equation 2.14 and exhanging the order of summations wean portray the APPs in their �nal form, yielding:�Ak;m = �k;m � S�1Xj=0 �k(N(j;m)) � �k�1(j) � �k(j;m): (2.23)2.3.3 Reursive Metri Update FormulaeIn this setion we will dedue Equation 2.10. Figure 2.9 visualises the intervals, namely �k�1, k and�k in the trellis for a given k, as well as the symbols reeived in these intervals, namely yk�11 ;yk andyNk+1, where  is the so-alled branh transition metri, � is the so-alled forward reursive variableand � is the so-alled bakward reursive variable. As the �rst step of deoding, we have to omputeall the values of k using Equation 2.22, whih depend only on the urrent reeived symbol yk, fork = 1; � � � ; N . Then, we an ompute �k�1 and �k based on these k values with the aid ofEquation 2.11.Now, we ommene our disourse by onsidering the additive terms in Equation 2.9, whih weformulated with the aids of Bayes' rule in Equations 2.15 to 2.17 as:p(uk =m; sk = i; sk�1 = jjyN1 ) = 1p(yN1 ) � p(yN1 ; uk = m; sk = i; sk�1 = j); (2.24)and onsider the term p(uk = m; sk = i; sk�1 = j; yN1 ). We an writep(uk = m; sk = i; sk�1 = j; yN1 ) = p(uk = m; sk = i; sk�1 = j; yk1 ; yNk+1)= p(yNk+1juk = m; sk = i; sk�1 = j; yk1 ) � p(uk = m; sk = i; sk�1 = j; yk1 ): (2.25)Let us now simplify the �rst multipliative term of Equation 2.25 by noting that if the urrent state skis known, the deoded output sequene probability is not a�eted by either the previous state sk�1, theinput symbol uk or the previous reeived symbol sequene yk1 . Thus Equation 2.25 an be rewrittenas p(uk = m; sk = i; sk�1 = j; yN1 ) = p(yNk+1jsk = i) � p(uk = m; sk = i; sk�1 = j; yk1 )



2.3.3. Reursive Metri Update Formulae 23= p(yNk+1jsk = i) � p(yk�11 juk = m; sk = i; sk�1 = j; yk) � p(yk; uk = m; sk = i; sk�1 = j): (2.26)Again, we simplify the seond multipliative term of Equation 2.26 by noting that, if sk�1 is known,the reeived symbol sequene yk�11 is not a�eted by either sk, uk or yk, hene we an rewrite Equation2.26 asp(uk = m; sk = i; sk�1 = jjyN1 ) = p(yNk+1jsk = i) � p(yk�11 jsk�1 = j) � p(yk; uk = m; sk = i; sk�1 = j):(2.27)By multiplying and dividing the seond and the third multipliative term, respetively, with p(sk�1 =j), we an rearrange Equation 2.27 top(uk = m; sk = i; sk�1 = jjyN1 ) = p(yNk+1jsk = i) � p(yk�11 sk�1 = j) � p(yk; uk = m; sk = ijsk�1 = j):(2.28)Then, by introduing �k(i) = p(yNk+1jsk = i) (2.29)and �k�1(j) = p(yk�11 ; sk�1 = j) (2.30)we havep(uk =m; sk = i; sk�1 = jjyN1 ) = �k(i) � �k�1(j) � p(yk; uk = m; sk = ijsk�1 = j): (2.31)If i; j =2 Im, the above probability is zero, sine no branh exists leading from state j to state i, whenthe information symbol is m. Thus we assume i; j 2 Im. In this ase we an simplify the seondmultipliative term of Equation 2.31 asp(yk; uk = m; sk = ijsk�1 = j) = p(yk; uk = mjsk�1 = j): (2.32)Upon de�ning k(j;m) = p(yk; uk = mjsk�1 = j) (2.33)and upon substituting Equation 2.32 and Equation 2.33 in Equation 2.31 we obtainp(uk = m; sk = i; sk�1 = j; yN1 ) = �k(i) � �k�1(j) � k(j;m); (2.34)and upon substituting Equation 2.34 in Equation 2.24 we obtain Equation 2.10, QED.2.3.3.1 Bakward Reursive Computation of �k(i)Let us now highlight how the values �k(i) an be used, in order to 'bakward' reursively ompute�k�1(P (i;m) = j) from �k(i). With the aid of the de�nition in Equation 2.29 we have�k�1(j) = p(yNk jsk�1 = j) = p(yk; yNk+1jsk�1 = j); (2.35)whih an be reformulated in terms of p(yk; yNk+1; sk = ijsk�1 = j), by summing these probabilities forall the trellis states i = 0 : : : (S � 1), whih are reahed from sk�1 = j, yielding:�k�1(j) = S�1Xi=0 p(yk; yNk+1; sk = ijsk�1 = j):



2.3.3. Reursive Metri Update Formulae 24This an be reformatted using Equations 2.15-2.17 as:�k�1(j) = S�1Xi=0 p(yNk+1jyk; sk = i; sk�1 = j) � p(yk; sk = ijsk�1 = j): (2.36)With referene to the trellis diagram of Figure 2.9 we note that the reeived symbol sequene yNk+1 isnot a�eted by yk and sk�1, if sk is given. Thus from Equations 2.36, 2.29 and 2.15-2.17 we obtain:�k�1(j) = S�1Xi=0 p(yNk+1jsk = i) � p(yk; sk = ijsk�1 = j) = S�1Xi=0 �k(i) � p(yk; sk = ijsk�1 = j): (2.37)Let us now onsider the summation over the index range of i = 0 : : : (S � 1), and note that for a �xedj the probability p(yk; sk = ijsk�1 = j) will be non-zero only, if a branh exists that leads from statej to state i. Thus there are only M spei� values of i, whih ontribute to the summation, namelythe values of i = N(j;m) for some m. We an thus rewrite Equation 2.37 as�k�1(j) = M�1Xm=0 �k(N(j;m)) � p(yk; sk = N(j;m)jsk�1 = j); (2.38)where for the seond multipliative term we have p(yk; sk = N(j;m)jsk�1 = j) = p(yk; uk = mjsk�1 =j) = k(j;m). Hene we an write�k�1(j) = M�1Xm=0 �k(N(j;m))k(j;m): (2.39)Equation 2.39 failitates the 'bakward' reursive alulation of the �k(N(j;m) = i) values, ommen-ing from �N (N(j;m) = i). In order to determine this boundary value we note that by using Equation2.39 for omputing �N�1(j) we have�N�1(j) = p(yN jsN�1 = j) = M�1Xm=0 �N (N(j;m)) � p(yN ; uN = mjsN�1 = j) (2.40)and that in order to render the above expression true we have to hoose�N (N(j;m)) = �N (i) = 1: (2.41)2.3.3.2 Forward Reursive Computation of �k(i)In this setion we reursively derive the values �k(N(j;m) = i) from �k�1(P (i;m) = j). Uponexploiting Equation 2.30 we have�k(i) = p(yk1 ; sk = i) = p(yk; yk�11 ; sk = i): (2.42)We an ompute the right-hand side form of Equation 2.42 using the probability p(yk; yk�11 ; sk�1 =j; sk = i) by summing these probabilities for all the trellis states j = 0 : : : (S � 1), from whih thestate sk = i is reahed, as follows:�k(i) = S�1Xj=0 p(yk; yk�11 ; sk�1 = j; sk = i):



2.3.4. The MAP Algorithm in the Logarithmi-Domain 25This an be reformatted using Equations 2.15-2.17 as:�k(i) = S�1Xj=0 p(yk; sk = ijsk�1 = j; yk�11 ) � p(yk�11 ; sk�1 = j): (2.43)With referene to the trellis diagram of Figure 2.9 we note that the reeived symbol sequene yk�11has no e�et on the �rst multipliative term of Equation 2.43, if sk�1 is given. Thus from Equation2.43 we obtain �k(i) = S�1Xj=0 p(yk; sk = ijsk�1 = j) � p(yk�11 ; sk�1 = j)and with the aid of de�nition in Equation 2.30 we have:�k(i) = S�1Xj=0 p(yk; sk = ijsk�1 = j) � �k�1(j): (2.44)Let us now onsider the summation over the index range of j = 0 : : : (S � 1) and note that for a �xedi, the probability of p(yk; sk = ijsk�1 = j) will be non-zero only, if a branh exists from state j tostate i. Thus there are only M non-zero values of j, whih ontribute to the summation in Equation2.44, namely the values j = P (i;m) for a given m. We an thus rewrite Equation 2.44 as�k(i) = M�1Xm=0 �k�1(P (i;m)) � p(yk; sk = ijsk�1 = P (i;m)): (2.45)For the seond multipliative term of Equation 2.45 we have p(yk; sk = ijsk�1 = P (i;m)) = p(yk; uk =mjsk�1 = P (i;m)) = k(P (i;m);m), hene we an write�k(i) = M�1Xm=0 �k�1(P (i;m)) � k(P (i;m);m): (2.46)Equation 2.46 allows the reursive alulation of the �k�1(P (i;m) = j) values, ommening from�0(j). In order to determine this boundary value we note that �0(j) = p(s0 = j), i.e. �0(j) is thea priori probability of the �rst state j leading to state i. Conventionally, we ommene the enodingfrom the �rst state, i.e. from state j = 0. In this ase the boundary onditions are:�0(j) = ( 1 if j = 00 if j 6= 0 (2.47)Let us now onsider how the above reursive omputations an be arried out more eÆiently in thelogarithmi domain.2.3.4 The MAP Algorithm in the Logarithmi-DomainIn this setion we will desribe the operation of the MAP algorithm in logarithmi domain (log-domain). In 1995, Robertson proposed the Log-Map algorithm [53℄, whih dramatially redues theomplexity of the MAP algorithm, while attaining an idential performane to that of the MAP algo-rithm. The Max-Log-MAP algorithm onstitutes a further substantial simpli�ation, whih performs



2.3.5. Symbol-based MAP Algorithm Summary 26however suboptimally ompared to the Log-MAP algorithm. Spei�ally, in the log-domain multi-pliations orrespond to additions, whih are signi�antly less demanding in terms of omputationalomplexity. A further simpli�ation arues by using the Jaobian logarithm [53℄ as follows:g(�1;�2) = ln(e�1 + e�2)= maxf�1;�2g+ ln(1 + e�j�1��2j)= maxf�1;�2g+ f(j�1 � �2j); (2.48)where the summation of e�1 + e�2 is replaed by seleting the maximum of the terms �1 and �2 andadding a orretion term f that depends on the Eulidean distane of both terms. For the summationof more than two terms, i.e. for example for the summations seen in Equations 2.39 and 2.46, nestingof the g(�1;�2) terms in Equation 2.48 an be arried out as follows:ln( IXi=1 e�i) = g(�I ; g(�I�1; : : : g(�3; g(�2;�1)) : : :)): (2.49)The orretion term f in Equation 2.48 an be determined with the aid of three di�erent methods:� The Exat-Log-MAP algorithm, whih is haraterised by alulating the exat value of theorretion term f as: f = ln(1 + e�j�1+�2j): (2.50)The orresponding performane is idential to that of the MAP algorithm.� The Approx-Log-MAP algorithm invokes an approximation of the orretion term f. Robert-son [53℄ found that a look-up table ontaining eight values for f, ranging between 0 and 5, givespratially the same performane as the Exat-Log-MAP algorithm.� The Max-Log-MAP algorithm, whih retains only the maximum value in Equation 2.48, heneignoring the orretion term f. However, the Approx-Log-MAP algorithm is only marginallymore omplex, than the Max-Log-MAP algorithm, although it has a superior performane.For these reasons, our simulations have been arried out by employing the Approx-Log-MAP algorithm.Expliitly, an addition operation is substituted with an addition, a subtration, a table look-up anda maximum-searh operation aording to Equation 2.48, when the Approx-Log-MAP algorithm isemployed.2.3.5 Symbol-based MAP Algorithm SummaryLet us now summarize the operations of the symbol-based MAP algorithm using Figure 2.10. Weassume that the a priori probabilities �k(i) in Equation 2.21 were known. These are either all equalto 1=M or they are onstituted by additional external information. The �rst step is to ompute theset of probabilities �k(i;m) from Equation 2.20 as:�k(j;m) = e�jyk�L(j;m)j22�2 : (2.51)



2.3.5. Symbol-based MAP Algorithm Summary 27Channel Values�k
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Figure 2.10: Summary of the symbol-based MAP algorithm operations.From these and the a priori probabilities, the k(i;m) values are omputed aording to Equation2.22 as k(j;m) = �k;m � �k(j;m): (2.52)The above values are then used to reursively ompute the values �k�1(j) employing Equations 2.46and 2.47 as �k(i) = M�1Xm=0 �k�1(P (i;m)) � k(P (i;m);m); (2.53)and the values �k(i) using Equations 2.39 and 2.41 as�k�1(j) = M�1Xm=0 �k(N(j;m)) � k(j;m): (2.54)Finally, the APP an be obtained using Equation 2.23�Ak;m = �k;m � S�1Xj=0 �k(N(j;m)) � �k�1(j) � �k(j;m): (2.55)When onsidering the implementation of the MAP algorithm, one an opt for omputing andstoring the �k(j;m) values, and use these values together with the a priori probabilities for determiningthe values k(j;m) during deoding. In order to ompute the probabilities �k(j;m) it is onvenientto separately evaluate the exponential funtion of Equation 2.51 for every k and for every possiblevalue of the transmitted symbol. As desribed in Setion 2.3.1, a sequene of N information symbolswas produed by the information soure and eah information symbol an assume M possible values,while the number of enoder states is S. There are M = 2 �M possible transmitted symbols, sine thesize of the original signal onstellation was doubled by the trellis enoder. Thus N � 2 �M evaluationsof the exponential funtion of Equation 2.51 are needed. Using the online omputation of the k(j;m)values, two multipliations are required for omputing one additive term in eah of Equation 2.53



2.4. Turbo Trellis-Coded Modulation 28and 2.54, and there are N � S terms to be omputed, eah requiring M terms to be summed. Hene2 � N � M � S multipliations and N �M �S additions are required for omputing the forward reursion� or the bakward reursion �. Approximately three multipliations are required for omputing eahadditive term in Equation 2.55, and there are N �M terms to be omputed, eah requiring S termsto be summed. Hene, the total implementational omplexity entails 7 � N �M � S multipliations,3 �N �M �S summations and N � 2 �M exponential funtion evaluations, whih is diretly proportionalto the length N of the transmitted sequene, to the number of ode states S and to the number ofdi�erent values M assumed by the input symbols.The omputational omplexity an be redued by implementing the algorithm in the log-domain,where the evaluation of the exponential funtion in Equation 2.51 is avoided. The multipliations andadditions in Equations 2.52 to 2.55 are replaed by additions and Jaobian omparisons, respetively.Hene the total implementational omplexity imposed is 7 �N �M �S additions and 3 �N �M �S Jaobianomparisons.When implementing the MAP deoder presented here it is neessary to ontrol the dynami rangeof the likelihood terms omputed in Equations 2.53 to 2.55. This is beause these values tend to beomelower and lower due to the multipliation of small values. The dynami range an be ontrolled bynormalising the sum of the �k(i) and the �k(i) values to unity at every partiular k symbol. Theresulting symbol values will not be a�eted, sine the normalization only a�ets the saling fators Ckin Equation 2.12. However, this problem an be avoided, when the MAP algorithm is implemented inthe log-domain.To onlude, let us note that the MAP deoder presented here is suitable for the deoding of�nite-length, preferably short, sequenes. When long sequenes are transmitted, the employmentof this deoder is impratial, sine the assoiated memory requirements inrease linearly with thesequene-length. In this ase the MAP deoder has to be modi�ed. A MAP deoder designed for longsequenes was �rst presented in [54℄. An eÆient implementation, derived by adapting the algorithmof [50℄, was proposed by Piazzo in [55℄. Having desribed the symbol-based MAP algorithm, let usnow onsider Turbo TCM (TTCM) and the way it invokes the MAP proedure.2.4 Turbo Trellis-Coded Modulation2.4.1 TTCM EnoderIt is worth desribing the signal set dimensionality ( �D) [56, 57℄ before we proeed. For a spei�2 �D ode, we have one 2 �D symbol per odeword. For a general multidimensional ode having adimensionality of D = 2 � n where n > 0 is an integer, one D �D odeword is omprised of n 2 �D sub-odewords. The basi onept of the multidimensional signal mapping [56℄ is to assign more thanone 2 �D symbol to one odeword, in order to inrease the spetral eÆieny, whih is de�ned as thenumber of information bits transmitted per hannel symbol. For instane, a 2 �D 8PSK TCM odeseen in Table 2.2 maps n = D2 = 1 three-bit 2 �D symbol to one 2 �D odeword, where the number ofinformation bits per 2 �D odeword is �m = 2 yielding a spetral eÆieny of �m=n = 2 information bitsper symbol. However, a 4 �D 8PSK TCM ode seen in Table 2.2 maps n = D2 = 2 three-bit 2 �D symbolsto one six-bit 4 �D odeword using the mapping rule of [56℄, where the number of information bits



2.4.1. TTCM Enoder 29per 4 �D odeword is �m = 5, yielding a spetral eÆieny of �m=n = 2:5 information bits per symbol.However, during our further disourse we only onsider 2 �D signal sets.Employing TTCM [38℄ avoids the obvious disadvantage of rate loss that one would inur whenapplying the priniple of parallel onatenation to TCM without invoking punturing. Spei�ally,this is ahieved by punturing the parity information in a partiular manner, so that all informationbits are sent only one, and the parity bits are provided alternatively by the two omponent TCMenoders. The TTCM enoder is shown in Figure 2.11, whih omprises two idential TCM enoderslinked by a symbol interleaver.Let the memory of the interleaver be N symbols. The number of modulated symbols per blokis N:n, where n = D2 is an integer and D is the number of dimensions of the signal set. The numberof information bits transmitted per blok is N:�m, where �m is the number of information bits persymbol. The enoder is loked at a rate of n:T , where T is the symbol duration of eah transmitted2( �m+1)=n-ary 2 �D symbol. At eah step, �m information bits are input to the TTCM enoder and nsymbols eah onstituted by �m+ 1 bits are transmitted, yielding a oding rate of �m�m+1 .
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Figure 2.11: Shemati of the TTCM enoder. The seletor enables the transmission of the informationbits only one and selets alternative parity bits from the onstituent enoders seen at the top andbottom [38℄ IEEE, 1998, Robertson and W�orz.Eah omponent TCM enoder onsists of an Ungerb�ok enoder and a signal mapper. The �rstTCM enoder operates on the original input bit sequene, while the seond TCM enoder manipulatesthe interleaved version of the input bit sequene. The signal mapper translates the odewords intoomplex symbols using the SP-based labelling method of Setion 2.2.4. A omplex symbol representsthe amplitude and phase information passed to the modulator in the system seen in Figure 2.11. Theomplex output symbols of the signal mapper at the bottom of Figure 2.11 are symbol de-interleavedaording to the inverse operation of the interleaver. Again, the interleaver and de-interleaver aresymbol interleavers [58℄. Owing to invoking the de-interleaver of Figure 2.11 at the output of theomponent enoder seen at the bottom, the TTCM odewords of both omponent enoders haveidential information bits before the seletor. Hene, the seletor that alternatively selets the symbolsof the upper and lower omponent enoders is e�etively a punturer that puntures the parity bitsof the output symbols.The output of the seletor is then forwarded to the hannel interleaver, whih is, again, anothersymbol interleaver. The task of the hannel interleaver is to e�etively disperse the bursty symbolerrors experiened during transmission over fading hannels. This inreases the diversity order of theode [37, 46℄. Finally, the output symbols are modulated and transmitted through the hannel.



2.4.2. TTCM Deoder 30Code State, � ~m H0(D) H1(D) H2(D) H3(D) d2free=4202 �D, 8PSK 4, 2 2 07 02 04 -2 �D, 8PSK 8, 3 2 11 02 04 - 34 �D, 8PSK 8, 3 2 11 06 04 - 32 �D, 8PSK 16, 4 2 23 02 10 - 34 �D, 8PSK 16, 4 2 23 14 06 - 32 �D, 16QAM 8, 3 3 11 02 04 10 22 �D, 16QAM 16, 4 3 21 02 04 10 32 �D, 64QAM 8, 3 2 11 04 02 - 32 �D, 64QAM 16, 4 2 21 04 10 - 4Table 2.2: `Puntured' TCM odes exhibiting the best minimum distane for 8PSK, 16QAM and64QAM, where otal format is used for speifying the generator polynomials [38℄ IEEE, 1998,Robertson and W�orz. The notation �D denotes the dimensionality of the ode, � denotes the odememory, 420 denotes the squared Eulidean distane of the signal set itself and d2free denotes thesquared FED of the TCM ode.Table 2.2 shows the generator polynomials of some omponent TCM odes that an be employedin the TTCM sheme. These generator polynomials were obtained by Robertson and W�orz [38℄ usingan exhaustive omputer searh of all polynomials and �nding the one that maximises the minimalEulidean distane, taking also into aount the alternative seletion of parity bits for the TTCMsheme. In Table 2.2, ~m denotes the number of information bits to be enoded out of the total �minformation bits in a symbol, 420 denotes the squared Eulidean distane of the signal set itself, i.e.after TCM signal expansion, and d2free denotes the squared FED of the TCM onstituent odes, asde�ned in Setion 2.2.1. Sine d2free=420 > 0, the `puntured' TCM odes onstruted in Table 2.2exhibit a positive oding gain in omparison to the unoded but expanded signal set, although notneessarily in omparison to the unoded and unexpanded original signal set. Nonetheless, the designtarget is to provide a oding gain also in omparison to the unoded and unexpanded original signalset at least for the targeted operational SNR range of the system.Considering the 8PSK example of Table 2.2, where420 = d28PSK applies, we have d2free=d28PSK = 3.However, when we ompare the `puntured' 8PSK TCM odes to the original unoded QPSK, signalset we have d2free=d2QPSK = d2free=2 = 0:878 [38℄, whih implies attaining a negative oding gain.However, when the iterative deoding sheme of TTCM is invoked, we attain a signi�ant positiveoding gain, as we will demonstrate in the following hapters.2.4.2 TTCM DeoderThe onept of a priori, a posteriori and extrinsi information is illustrated in Figure 2.12. Theassoiated onept is portrayed in more detail in Figure 2.13. The TTCM deoder struture ofFigure 2.13(b) is similar to that of binary turbo odes shown in Figure 2.13(a), exept that there is adi�erene in the nature of the information passed from one deoder to the other and in the treatment ofthe very �rst deoding step. Spei�ally, eah deoder alternately proesses its orresponding enoder'shannel-impaired output symbol, and then the other enoder's hannel-impaired output symbol.
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2.4.2. TTCM Deoder 32In a binary turbo oding sheme the omponent enoders' output an be split into three additiveparts for eah information bit uk at step k, when operating in the logarithmi or LLR domain [53℄ asshown in Figure 2.13(a), whih are:1. the systemati omponent (S=s), i.e. the orresponding reeived systemati value for bit uk;2. the a priori or intrinsi omponent (A=a), i.e. the information provided by the other omponentdeoder for bit uk; and3. the extrinsi information omponent related to bit uk (E=e), whih depends not on bit uk itselfbut on the surrounding bits.These omponents are impaired by independent noise and fading e�ets. In turbo odes, only theextrinsi omponent should be passed on to the other omponent deoder, so that the intrinsiinformation diretly related to a bit is not reused in the other omponent deoder [11℄. This measure isneessary in turbo odes for avoiding the prevention of ahieving iterative gains, due to the dependeneof the onstituent deoders' information on eah other.However, in a symbol-based non-binary TTCM sheme the �m systemati information bits and theparity bit are transmitted together in the same non-binary symbol. Hene, the systemati omponentof the non-binary symbol, namely the original information bits, annot be separated from the extrinsiomponent, sine the noise and/or fading that a�ets the parity omponent also a�ets the systematiomponent. Therefore, in this senario the symbol-based information an be split into only twoomponents:1. the a priori omponent of a non-binary symbol (A=a), whih is provided by the other omponentdeoder, and2. the inseparable extrinsi as well as systemati omponent of a non-binary symbol ([E&S℄=[e&s℄),as an be seen from Figure 2.13(b).Eah deoder passes only the latter information to the next omponent deoder while the a prioriinformation is removed at eah omponent deoder's output, as seen in Figure 2.13(b), where, again,the extrinsi and systemati omponents are inseparable.As desribed in Setion 2.4.1, the number of modulated symbols per blok is N � n, with n = D2 ,where D is the number of dimensions of the signal set. Hene for a 2 �D signal set we have n = 1 andthe number of modulated symbols per blok is N . Therefore the symbol interleaver of length N willinterleave a blok of N omplex symbols. Let us onsider 2 �D modulation having a oding rate of �m�m+1for the following example.The reeived symbols are input to the `Metri' blok of Figure 2.14, in order to generate a setof M = 2�m+1 symbol probabilities for quantifying the likelihood that a ertain symbol of the M-aryonstellation was transmitted. The seletor swithes seen at the input of the `Symbol by Symbol MAP'deoder selet the urrent symbol's reliability metri, whih is produed at the output of the `Metri'blok, if the urrent symbol was not puntured by the orresponding enoder. Otherwise punturingwill be applied where the probabilities of the various legitimate symbols at index k are set to 1 or
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2.5.1. BICM Priniple 34diversity order of a ode is de�ned as the `length' of the shortest error event path expressed in terms ofthe number of trellis stages enountered, before remerging with the all-zero path [46℄ or, equivalently,de�ned as the minimum Hamming distane of the ode [10℄ where the diversity order of TCM usinga symbol-based interleaver is the minimum number of di�erent symbols between the erroneous pathand the orret path along the shortest error event path. Hene, in a TCM senario having paralleltransitions, as shown in Figure 2.4, the ode's diversity order is one, sine the shortest error eventpath onsists of one branh. This implies that parallel transitions should be avoided in TCM odesif it was possible, and if there were no parallel branhes, any inrease in diversity would be obtainedby inreasing the onstraint length of the ode. Unfortunately no TCM odes exist where the paralleltransitions assoiated with the unproteted bits are avoided. In order to irumvent this problem,Zehavi's idea [9℄ was to render the ode's diversity equal to the smallest number of di�erent bits,rather than to that of the di�erent hannel symbols, by employing bit-based interleaving, as will behighlighted below.2.5.1 BICM Priniple
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Rate State, � g(1) g(2) g(3) g(4) dfree1/2 8, 3 15 17 - - 5(4QAM) 16, 4 23 35 - - 764, 6 133 171 - - 102/3 8, 3 4 2 6 - 4(8PSK) 1 4 7 -16, 4 7 1 4 - 52 5 7 -64, 6 64 30 64 - 730 64 74 -3/4 8, 3 4 4 4 4 4(16QAM) 0 6 2 40 2 5 532, 5 6 2 2 6 51 6 0 70 2 5 564, 6 6 1 0 7 63 4 1 62 3 7 4Table 2.3: Paaske's non-systemati onvolutional odes, page 331 of [59℄, where � denotes the odememory and dfree denotes the free Hamming distane. Otal format is used for representing thegenerator polynomial oeÆients.

Rate State, � g(1) g(2) punturing matrix dfree5/6 8, 3 15 17 1 0 0 1 0 3(64QAM) 0 1 1 1 164, 6 133 171 1 1 1 1 1 31 0 0 0 0Table 2.4: Rate-Compatible Puntured Convolutional (RCPC) odes [60, 61℄, where � denotes theode memory and dfree denotes the free Hamming distane. Otal format is used for representing thegenerator polynomial oeÆients.



2.5.2. BICM Coding Example 37For a rate-k=n ode there are k generator polynomials, eah having n oeÆients. For example,gi = (g0; g1; : : : ; gn); i � k, is the generator polynomial assoiated with the ith information bit.The generator matrix of the enoder seen in Figure 2.16 is:G(D) = " 1 D 1 +DD2 1 1 +D +D2 # ; (2.56)while the equivalent polynomial expressed in otal form is given by:g1 = h 4 2 6 i g2 = h 1 4 7 i : (2.57)Observe in Table 2.3 that Paaske generated odes of rate-1=2, 2=3 and 3=4, but not 5=6. In orderto study rate-5=6 BICM/64QAM, we reated the required puntured ode from the rate-1=2 ode ofTable 2.3. Table 2.4 summarises the parameters of the Rate-Compatible Puntured Convolutional(RCPC) odes that an be used in rate=5=6 BICM/64QAM shemes. Spei�ally, rate-1=2 odeswere puntured aording to the punturing matrix of Table 2.4 in order to obtain the rate-5=6 odes,following the approah of [60, 61℄. Let us now onsider the operation of BICM with the aid of anexample.2.5.2 BICM Coding Example
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Figure 2.18: Paaske's non-systemati onvolutional enoder [59℄.Considering Paaske's eight-state onvolutional ode [59℄ in Figure 2.18 as an example, the BICMenoding proess is illustrated here. The orresponding generator polynomial is shown in Equation2.57. A two-bit information word, namely u = (u1; u0), is enoded in eah yle in order to form athree-bit odeword,  = (2; 1; 0). The enoder has three shift registers, namely S0, S1 and S2, asshown in the �gure. The three-bit binary ontents of these registers represent eight states, as follows:S = (S2; S1; S0) 2 f000; 001; : : : ; 111g = f0; 1; : : : ; 7g: (2.58)The input sequene, u, generates a new state S and a new odeword  at eah enoding yle.Table 2.5 illustrates the odewords generated and the assoiated state transitions. The enodingproess an also be represented with the aid of the trellis diagram of Figure 2.19. Spei�ally, thetop part of Table 2.19 ontains the odewords  = (2; 1; 0) as a funtion of the enoder state



2.5.2. BICM Coding Example 38State Information Word u = (u1; u0)S = (S2; S1; S0) 00 = 0 01 = 1 10 = 2 11 = 3000 = 0 000 = 0 101 = 5 110 = 6 011 = 3001 = 1 110 = 6 011 = 3 000 = 0 101 = 5010 = 2 101 = 5 000 = 0 011 = 3 110 = 6011 = 3 011 = 3 110 = 6 101 = 5 000 = 0100 = 4 100 = 4 001 = 1 010 = 2 111 = 7101 = 5 010 = 2 111 = 7 100 = 4 001 = 1110 = 6 001 = 1 100 = 4 111 = 7 010 = 2111 = 7 111 = 7 010 = 2 001 = 1 100 = 4Codeword  = (2; 1; 0)000 = 0 000 = 0 001 = 1 100 = 4 101 = 5001 = 1 000 = 0 001 = 1 100 = 4 101 = 5010 = 2 000 = 0 001 = 1 100 = 4 101 = 5011 = 3 000 = 0 001 = 1 100 = 4 101 = 5100 = 4 010 = 2 011 = 3 110 = 6 111 = 7101 = 5 010 = 2 011 = 3 110 = 6 111 = 7110 = 6 010 = 2 011 = 3 110 = 6 111 = 7111 = 7 010 = 2 011 = 3 110 = 6 111 = 7Next State S = (S2; S1; S0)Table 2.5: The odeword generation and state transition table of the non-systemati onvolutionalenoder of Figure 2.18. The state transition diagram is seen in Figure 2.19.S = (S2; S1; S0) as well as that of the information word u = (u1; u0), while the bottom setion ontainsthe next states, again as a funtion of S and u. For example, if the input is u = (u1; u0) = (1; 1) = 3when the shift register is in state S = (S2; S1; S0) = (1; 1; 0) = 6, the shift register will hange itsstate to state S = (S2; S1; S0) = (1; 1; 1) = 7 and  = (2; 1; 0) = (0; 1; 0) = 2 will be the generatedodeword. Hene, if the input binary sequene is f01 10 01 00 10 10 !g with the rightmost beingthe �rst input bit, the orresponding information words are f1 2 1 0 2 2 !g. Before any deodingtakes plae, the shift register is initialised to zero. Therefore, as seen at the right of Figure 2.19, whenthe �rst information word of u1 = 2 arrives, the state hanges from S�1 = 0 to S = 4, generatingthe �rst odeword 1 = 6 as seen in the bottom and top setions of Table 2.5, respetively. Then theseond information word of u2 = 2 hanges the state from S�1 = 4 to S = 6, generating the seondodeword of 2 = 2. The proess ontinues in a similiar manner aording to the transition table,namely Table 2.5. The odewords generated as seen at the right of Figure 2.19 are f4 0 0 1 2 6!g, andthe state transitions are f2  4  1  2  6  4  0g. Then the bits onstituting the odewordsequene are interleaved by the three bit interleavers of Figure 2.16, before they are assigned to theorresponding 8PSK onstellation points.
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Figure 2.20: SP and Gray labelling methods for 8PSK and the orresponding subset partitioning foreah bit, where �(i; b) de�ned in Equation 2.64 refers to the subset of the modulation onstellationfor Bit i where Bit i = b 2 f0; 1g [18℄ IEEE, 1999, Li and Ritey.2.6 Bit-Interleaved Coded Modulation with Iterative DeodingBICM using Iterative Deoding (BICM-ID) was proposed by Li [18,39℄ for further improving the FEDof Zehavi's BICM sheme, although BICM already improved the diversity order of Ungerb�ok's TCMsheme. This FED improvement an be ahieved with the aid of ombining SP-based onstellationlabelling, as in TCM, and by invoking soft-deision feedbak from the deoder's output to the de-modulator's input, in order to exhange soft-deision-based information between them. As we will seebelow, this is advantageous, sine upon eah iteration the hannel deoder improves the reliability ofthe soft information passed to the demodulator.2.6.1 Labelling MethodLet us now onsider the mapping of the interleaved bits to the phasor onstellation in this setion.Figure 2.20 shows the proess of subset partitioning for eah of the three bit positions for both Graylabelling and in the ontext of SP labelling. The shaded regions shown inside the irle orrespondto the subset �(i; 1) de�ned in Equation 2.64, and the unshaded regions to �(i; 0), i = 0; 1; 2, where iindiates the bit position in the three-bit BICM/8PSK symbol. These are also the deision regions foreah bit, if hard-deision-based BICM demodulation is used for deteting eah bit individually. Thetwo labelling methods seen in Figure 2.20 have the same intersubset distanes, although a di�erent
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2.6.2. Interleaver Design 42SP-based labelling is higher than that of Gray labelling for both Bit 1 and Bit 2, as illustrated at theleft and the entre of Figure 2.21. Although the �rst-pass performane is important, in order to preventerror preipitation due to erroneous feedbak bits, the error propagation is e�etively ontrolled by thesoft feedbak of the deoder. Therefore, BICM-ID assisted by soft deision feedbak uses SP labelling.Spei�ally, the desired high Eulidean distane for Bit 2 in Figure 2.21(b) is only attainablewhen Bit 1 and Bit 0 are orretly deoded and fed bak to the SP-based demodulator. If the valuesto be fed bak are not orretly deoded, the desired high Eulidean distane will not be ahievedand error propagation will our. On the other hand, an optimum onvolutional ode having a highbinary Hamming distane is apable of providing a high reliability for the deoded bits. Therefore,an optimum onvolutional ode using appropriate signal labelling is apable of `indiretly' translatingthe high binary Hamming distane between oded bits into a high Eulidean distane between thephasor pairs portrayed in Figure 2.21. In short, BICM-ID onverts a 2m-ary signalling sheme to mindependent parallel binary shemes by the employment of m number of independent bit interleaversand involves an iterative deoding method. This simultaneously failitates attaining a high diversityorder with the advent of the bit interleavers, as well as ahieving a high FED with the aid of theiterative deoding and SP-based labelling. Hene, BICM-ID e�etively ombines powerful binaryodes with bandwidth-eÆient modulation.2.6.2 Interleaver DesignThe interleaver design is important as regards the performane of BICM-ID. In [40℄, Li introdued er-tain onstraints on the design of the interleaver, in order to maximise the minimum Eulidean distanebetween the two points in the 2m�1 possible spei� BPSK onstellations. However, we advoate amore simple approah, where the m number of interleavers used for the 2m-ary modulation sheme aregenerated randomly and separately, without any interations between them. The resultant minimumEulidean distane is less than that of the sheme proposed in [40℄, but the error bursts inited byorrelated fading are expeted to be randomised e�etively by the independent bit interleavers. Thiswas expeted to give a better performane over fading hannels at the ost of a slight performanedegradation over AWGN hannels, when ompared to Li's sheme [40℄. However, as we will demon-strate in the ontext of our simulation results in Setion 3.2.2, our independent random interleaverdesign and Li's design perform similarly.Having desribed the labelling method and the interleaver design in the ontext of BICM-ID, letus now onsider the operation of BICM-ID with the aid of an example.2.6.3 BICM-ID Coding ExampleThe BICM-ID sheme using soft-deision feedbak is shown in Figure 2.22. The interleavers usedare all bit-based, as in the BICM sheme of Figure 2.16, although for the sake of simpliity hereonly one interleaver is shown. A Soft-Input Soft-Output (SISO) [62℄ deoder is used in the reeivermodule and the deoder's output is fed bak to the input of the demodulator. The SISO deoder ofthe BICM-ID sheme is atually a MAP deoder that omputes the a posteriori probabilities for thenon-systematially hannel-oded bits and the original information bits.
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InterleaverEnoder Modulatorut t vt xt
DeinterleaverInterleaver

Demodulator SISODeoderP (vit; I)yt P (vit;O) P (it;O)P (uit;O)P (it; I)P (uit; I)
a. Transmitter

b. ReeiverFigure 2.22: The transmitter and reeiver modules of the BICM-ID sheme using soft-deision feedbak[39℄ IEEE, 1998, Li.For an (n; k) binary onvolutional ode the enoder's input symbol at time t is denoted byut = [u0t ; u1t ; : : : ; uk�1t ℄ and the oded output symbol by t = [0t ; 1t ; : : : ; n�1t ℄, where uit or it isthe ith bit in a symbol as de�ned in the ontext of Table 2.5 and Figure 2.19. The oded bits areinterleaved by m independent bit interleavers, then m interleaved bits are grouped together in orderto form a hannel symbol vt = [v0t ; v1t ; : : : ; vm�1℄ as seen in Figure 2.22(a), for transmission using2m-ary modulation. Let us onsider 8PSK modulation, i.e. m = 3 as an example.A signal labelling method � maps the symbol vt to a omplex phasor aording to xt = �(vt),xt 2 �, where the 8PSK signal set is de�ned as � = fpEs ej2n�=8; n = 0; : : : ; 7g and Es is theenergy per transmitted symbol. In onjuntion with a rate-2=3 ode, the energy per information bitis Eb = Es=2. For transmission over Rayleigh fading hannels using oherent detetion, the reeiveddisrete time signal is: yt = �txt + nt; (2.59)where �t is the Rayleigh-distributed fading amplitude [15℄ having an expetation value of E[�2t ℄ = 1,while nt is the omplex AWGN exhibiting a variane of �2 = N0=2 where N0 is the noise's PSD. ForAWGN hannels we have �t = 1 and the Probability Density Funtion (PDF) of the non-faded butnoise-ontaminated reeived signal is expressed as [52℄:P (ytjxt; �t) = 12��2 e� 12 (nt� )2 ; (2.60)where �2 = N0=2 and the onstant multipliative fator of 12��2 does not inuene the shape of thedistribution and hene an be ignored when alulating the branh transition metri �, as desribedin Setion 2.3.5. For AWGN hannels, the onditional PDF of the reeived signal an be written as:P (ytjxt) = e� jyt � xtj22�2 : (2.61)



2.6.3. BICM-ID Coding Example 44Considering AWGN hannels, the demodulator of Figure 2.22(b) takes yt as its input for omputingthe on�dene metris of the bits using the maximum APP riterion [19℄:P (vit = bjyt) = Xxt2�(i;b)P (xtjyt); (2.62)where i 2 f0; 1; 2g, b 2 f0; 1g and xt = �(vt). Furthermore, the signal after the demodulator ofFigure 2.22 is desribed by the demapping of the bits [r0(xt);r1(xt);r2(xt)℄ where ri(xt) 2 f0; 1gis the value of the ith bit of the three-bit label assigned to xt. With the aid of Bayes' rule inEquations 2.15 to 2.17 we obtain:P (vit = bjyt) = Xxt2�(i;b)P (ytjxt)P (xt); (2.63)where the subset �(i; b) is desribed as:�(i; b) = f�([r0(xt);r1(xt);r2(xt)℄) j rj(xt) 2 f0; 1g; j 6= ig; (2.64)whih ontains all the phasors for whih ri(xt) = b holds. For 8PSK, where m = 3, the size of eahsuh subset is 2m�1 = 4 as portrayed in Figure 2.20. This implies that only the a priori probabilitiesof m� 1 = 2 bits out of the total of m = 3 bits per hannel symbol have to be onsidered, in order toompute the bit metri of a partiular bit.Now using the notation of Benedetto et al. [62℄, the a priori probabilities of an original unodedinformation bit at time index t and bit index i, namely uit being 0 and 1, are denoted by P (uit = 0; I)and P (uit = 1; I) respetively, while I refers to the a prIori probabilities of the bit. This notation issimpli�ed to P (uit; I), when no onfusion arises, as shown in Figure 2.22. Similarly, P (it; I) denotesthe a priori probabilities of a legitimate oded bit at time index t and position index i. Finally,P (uit;O) and P (it;O) denote the extrinsi a pOsteriori information of the original information bitsand oded bits, respetively.The a priori probability P (xt) in Equation 2.63 is unavailable during the �rst-pass deoding,hene an equal likelihood is assumed for all the 2m legitimate symbols. This renders the extrinsia posteriori bit probabilities, P (vit = b;O), equal to P (vit = bjyt), when ignoring the ommon onstantfators. Then, the SISO deoder of Figure 2.22(b) is used for generating the extrinsi a posteriori bitprobabilities P (uit;O) of the information bits, as well as the extrinsi a posteriori bit probabilitiesP (it;O) of the oded bits, from the de-interleaved probabilities P (vit = b;O), as seen in Figure 2.22(b).Sine P (uit; I) is unavailable, it is not used in the entire deoding proess.During the seond iteration P (it;O) is interleaved and fed bak to the input of the demodulatorin the orret order in the form of P (vit; I), as seen in Figure 2.22(b). Assuming that the proba-bilities P (v0t ; I), P (v1t ; I) and P (v2t ; I) are independent by the employment of three independent bitinterleavers, we have for eah xt 2 �:P (xt) = P (�([r0(xt);r1(xt);r2(xt)℄))= 2Yj=0P (vjt = rj(xt); I); (2.65)where rj(xt) 2 f0; 1g is the value of the jth bit of the three-bit label for xt. Now that we have thea priori probability P (xt) of the transmitted symbol xt, the extrinsi a posteriori bit probabilities



2.7. Conlusions 45for the seond deoding iteration an be omputed using Equations 2.63 and 2.65, yielding:P (vit = b;O) = P (vit = bjyt)P (vit = b; I)= Xxt2�(i;b)0�P (ytjxt)Yj 6=iP (vjt = rj(xt); I)1Ai 2 f0; 1; 2g; b 2 f0; 1g: (2.66)As seen from Equation 2.66, in order to realulate the metri for a bit we only need the a prioriprobabilities of the other two bits in the same hannel symbol. After interleaving in the feedbak loopof Figure 2.22, the regenerated bit metris are tentatively soft demodulated again and the proess ofpassing information between the demodulator and deoder is ontinued. The �nal deoded output isthe hard-deision-based extrinsi bit probability P (uit;O).2.7 ConlusionsIn this hapter we have studied the oneptual di�erenes between four oded modulation shemes interms of oding struture, signal labelling philosophy, interleaver type and deoding philosophy. Thesymbol-based non-binary MAP algorithm was also highlighted, when operating in the log-domain.In the next hapter, we will proeed to study the performane of TCM, BICM, TTCM and BICM-ID over non-dispersive propagation environments.



Chapter 3
Coded Modulation Performane inNon-dispersive PropagationEnvironments
3.1 IntrodutionHaving desribed the operating priniples of the TCM, BICM, TTCM and BICM-ID shemes in Chap-ter 2, in Setion 3.2 their performane will be initially evaluated for transmission over non-dispersivenarrowband hannels. By ontrast, in Setion 3.4 we will investigate their performane, when ommu-niating over wideband fading hannels in the ontext of multi-arrier Orthogonal Frequeny DivisionMultiplexing (OFDM) system [63℄. However, we will assume that the number of subarriers is suÆ-iently high for assuming that eah OFDM subarrier experienes narrowband, non-dispersive hannelonditions.3.2 Coded Modulation in Narrowband ChannelsIn this setion, a omparative study of TCM, TTCM, BICM and BICM-ID shemes over both Gaussianand unorrelated narrowband Rayleigh fading hannels is presented in the ontext of 8PSK, 16QAMand 64QAM. We omparatively study the assoiated deoding omplexity, the e�ets of the enodingblok length and the ahievable bandwidth eÆieny. It will be shown that TTCM onstitutes thebest ompromise sheme, followed by BICM-ID.3.2.1 System OverviewThe shemati of the oded modulation shemes under onsideration is shown in Figure 3.1. Thesoure generates random information bits, whih are enoded by one of the TCM, TTCM or BICMenoders. The oded sequene is then appropriately interleaved and used for modulating the waveformsaording to the symbol mapping rules. For a narrowband Rayleigh fading hannel in onjuntion withoherent detetion, the relationship between the transmitted disrete time signal xt and the reeived46
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DemodulatorFigure 3.1: System overview of di�erent oded modulation shemes.disrete time signal yt is given by: yt = �txt + nt; (3.1)where �t is the Rayleigh-distributed fading amplitude having an expeted value of E[�2t ℄ = 1, whilent is the omplex AWGN having a variane of �2 = N0=2 where N0 is the noise's Power SpetralDensity (PSD). For AWGN hannels we have �t = 1. The reeiver onsists of a oherent demodulatorfollowed by a de-interleaver and one of the TCM, TTCM or BICM deoders. TTCM shemes onsistof two omponent TCM enoders and two parallel deoders. In BICM-ID shemes the deoder outputis appropriately interleaved and fed bak to the demodulator input, as shown in Figure 3.1.The log-domain branh metri required for the maximum likelihood deoding of TCM and TTCMover fading hannels is given by the squared Eulidean distane between the faded transmitted symbolxt and the noisy reeived symbol yt, whih is formulated as:�t = jyt � �txtj2: (3.2)By ontrast, the orresponding branh metri for BICM and BICM-ID is formed by summing thede-interleaved bit metris � of eah oded bit vit whih quanti�es the reliability of the orrespondingsymbol, yielding: �t = �mXi=0 �(vit = b); (3.3)where i is the bit position of the oded bit in a onstellation symbol, �m is the number of informationbits per symbol and b 2 (0; 1). The number of oded bits per symbol is ( �m + 1), sine the odedmodulation shemes add one parity bit to the �m information bits by doubling the original onstellationsize, in order to maintain the same spetral eÆieny of �m bits/s/Hz. The BICM bit metris ~� beforethe de-interleaver are de�ned as [18℄:~�(vit = b) = Xx2�(i;b) jyt � �txj2; (3.4)where �(i; b) is the signal set, for whih the bit i of the symbol has a binary value b.To elaborate a little further, the oded modulation shemes that we omparatively studied areUngerb�ok's TCM [36℄, Robertson's TTCM [38℄, Zehavi's BICM [9℄ and Li's BICM-ID [19℄. Table 3.1shows the generator polynomials of both the TCM and TTCM odes in otal format. These are



3.2.2. Simulation Results and Disussions 48Rate State ~m H0 H1 H2 H32/3 8 2 11 02 04 -(8PSK) 64 * 2 103 30 66 -3/4 8 3 11 02 04 10(16QAM) 64 * 3 101 16 64 -5/6 8 2 11 02 04 -(64QAM) 64 * 2 101 16 64 -Table 3.1: `Puntured' TCM odes with best minimum distane for PSK and QAM, Robertson andW�orz [38℄. '*' indiates Ungerb�ok's TCM odes [36℄. Two-dimensional (2 �D) modulation is utilised.Otal format is used for representing the generator polynomials Hi and ~m denotes the number ofoded information bits out of the total �m information bits in a modulated symbol.Reursive Systemati Convolutional (RSC) odes that add one parity bit to the information bits.Hene, the oding rate of a 2�m+1-ary PSK or QAM signal is R = �m�m+1 . The number of deodingstates assoiated with a ode of memory � is 2� . When the number of proteted/oded information bits~m is less than the total number of original information bits �m, there are ( �m� ~m) unoded informationbits and 2�m�~m parallel transitions in the trellis of the ode. Parallel transitions assist in reduing thedeoding omplexity and the memory required, sine the dimensionality of the orresponding trellisis smaller than that of a trellis having no parallel branhes.Table 3.2 shows the generator polynomials for the BICM and BICM-ID odes in otal format.These odes are non-systemati onvolutional odes having a maximum free Hamming distane. Again,only one extra bit is added to the information bits. Hene, the ahievable oding rate and thebandwidth eÆieny are similar to that of TCM and TTCM for the 2�m+1-ary modulation shemesused. In order to redue the required deoding memory, the BICM and BICM-ID shemes based on64QAM were obtained by punturing the rate-1/2 odes following the approah of [61℄, sine for anon-puntured rate-5/6 ode there are 2( �m=5) = 32 branhes emerging from eah trellis state for ablok length of LB , whereas for the puntured rate-1/2 ode, there are only 2( �m=1) = 2 branhesemerging from eah trellis state for a blok length of �mLB = 5LB . Therefore the required deodingmemory is redued by a fator of 2�m�LB21��m�LB = 3:2.Soft-deision trellis deoding utilising the Log-Maximum A Posteriori (Log-MAP) algorithm [53℄was invoked for the deoding of the oded modulation shemes. As disussed in Setion 2.3.5, theLog-MAP algorithm is a numerially stable version of the MAP algorithm operating in the log-domain,in order to redue its omplexity and to mitigate the numerial problems assoiated with the MAPalgorithm [50℄.3.2.2 Simulation Results and DisussionsIn this setion we study the performane of TCM, TTCM, BICM and BICM-ID using omputersimulations. The omplexity of the oded modulation shemes is ompared in terms of the number ofdeoding states, and the number of deoding iterations. For a TCM or BICM ode of memory �, theorresponding omplexity is proportional to the number of deoding states namely to S = 2� . SineTTCM shemes invoke two omponent TCM odes, a TTCM ode with t iterations and using an S-



3.2.2. Simulation Results and Disussions 49Rate State g1 g2 g3 g4 dfree2/3 8 4 2 6 - 4(8PSK) (�=3) 1 4 7 -16 7 1 4 - 5(�=4) 2 5 7 -64 15 6 15 - 7(�=6) 6 15 17 -3/4 8 4 4 4 4 4(16QAM) (�=3) 0 6 2 40 2 5 532 6 2 2 6 5(�=5) 1 6 0 70 2 5 5Rate State g1 g2 Punturing dfree5/6 8 15 17 1 0 0 1 0 3(64QAM) (�=3) 0 1 1 1 164 133 171 1 1 1 1 1 3(�=6) 1 0 0 0 0Table 3.2: Top table shows the generator polynomials of Paaske's ode, p. 331 of [59℄. Bottom tableshows those of the rate-ompatible punture onvolutional odes [61℄. � is the ode memory anddfree is the free Hamming distane. Otal format is used for the polynomial oeÆients gi, while `1'and `0' in the punturing matrix indiate the position of the unpuntured and puntured oded bits,respetively.state omponent ode exhibits a omplexity proportional to 2:t:S or t:2�+1. As for BICM-ID shemes,only one deoder is used but the demodulator is invoked in eah deoding iteration. However, theomplexity of the demodulator is assumed to be insigni�ant ompared to that of the hannel deoder.Hene, a BICM-ID ode with t iterations using an S-state ode exhibits a omplexity proportional tot:S or t:2� .3.2.2.1 Performane over AWGN ChannelsIt is important to note that in terms of the total number of trellis states the deoding omplexity of64-state TCM and 8-state TTCM using two TCM deoders in onjuntion with four iterations anbe onsidered similar. The same omments are valid also for 16-state BICM-ID using four iterationsor for 8-state BICM-ID using eight iterations. In our forthoming disourse we will always endeavourto ompare shemes of similar deoding omplexity, unless otherwise stated. Figure 3.2 illustrates thee�ets of interleaving blok length on the TCM, TTCM and BICM-ID performane in an 8PSK shemeover AWGN hannels. It is lear from the �gure that a high interleaving blok length is desired for theiterative TTCM and BICM-ID shemes. The blok length does not a�et the BICM-ID performaneduring the �rst pass, sine it onstitutes a BICM sheme using SP-based phasor labelling. However,if we onsider four iterations, the performane improves, onverging faster to the Error-Free-Feedbak
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Figure 3.2: E�ets of blok length on the TCM, TTCM and BICM-ID performane in the ontext ofan 8PSK sheme for transmissions over AWGN hannels.(EFF) bound1 [18℄ for larger blok lengths. At a BER of 10�4 a 500-bit blok length was about1 dB inferior in terms of the required SNR to the 2000-bit blok length in the ontext of the BICM-IDsheme. A slight further SNR improvement was obtained for the 4000-bit blok length. In other words,the advantage of BICM-ID over TCM for transmissions over AWGN hannels is more signi�ant forlarger blok lengths. The 8-state TTCM performane also improves, when using four iterations, asthe blok length is inreased and, on the whole, TTCM is the best performer in this senario.Figure 3.3 shows the e�ets of the deoding omplexity on the TCM, TTCM, BICM and BICM-ID shemes' performane in the ontext of an 8PSK sheme for transmissions over AWGN hannelsusing a blok length of 4000 information bits (2000 symbols). Again, the 64-state TCM, 64-stateBICM, 8-state TTCM using four iterations and 16-state BICM-ID along with four iterations exhibita similar deoding omplexity. At a BER of 10�4, TTCM requires about 0.6 dB lower SNR thanBICM-ID, 1.6 dB less energy than TCM and 2.5 dB lower SNR than BICM. When the deodingomplexity is redued suh that 8-state odes are used in the TCM, BICM and BICM-ID shemes,their orresponding performane beomes worse than that of the 64-state odes, as shown in Figure 3.3.In order to be able to ompare the assoiated performane with that of 8-state BICM-ID using fouriterations, 8-state TTCM along with two iterations is employed. Observe that due to the insuÆientnumber of iterations, TTCM exhibits only marginal advantage over BICM-ID.Figure 3.4 shows the performane of TCM, TTCM and BICM-ID invoking 16QAM for trans-missions over AWGN hannels using a blok length of 6000 information bits (2000 symbols). Uponomparing 64-state TCM with 32-state BICM-ID using two iterations, we observed that BICM-IDoutperforms TCM for Eb=N0 values in exess of 6.8 dB. However, 8-state BICM-ID using an inreased1The EFF bound is de�ned as the BER upper bound performane ahieved for the idealised situation, when thedeoded values fed bak to the demodulator in Figure 3.1 are error free.



3.2.2. Simulation Results and Disussions 51
$RSCfile: states-8psk-awgn.gle$ $Date: 2000/06/27$

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Eb/No(dB)

10-5

2

5

10-4

2

5

10-3

2

5

10-2

2

5

10-1

2

5

100

B
E

R

AWGN, 8PSK

TTCM, 8-state, 2 iterations
TTCM, 8-state, 4 iterations
BICM-ID, 8-state, 4 iterations
BICM-ID, 16-state, 4 iterations

BICM, 8-state
BICM, 64-state
TCM, 8-state
TCM, 64-state

Figure 3.3: E�ets of deoding omplexity on the TCM, TTCM, BICM and BICM-ID shemes'performane in the ontext of an 8PSK sheme for transmissions over AWGN hannels using a bloklength of 4000 information bits (2000 symbols).
$RSCfile: ttcm-bicm-f2000-16qam-awgn.gle$ $Date: 2000/06/27$

3 4 5 6 7 8
Eb/No(dB)

10-5

2

5

10-4

2

5

10-3

2

5

10-2

2

5

10-1

2

5

100

B
E

R

AWGN, 16QAM

32-state, 2 iterations
8-state, 8 iterations
8-state, 4 iterations
BICM-ID

TTCM, 8-state, 4 iterations
TTCM, 8-state, 2 iterations
TCM, 64-state

BICM-ID

Figure 3.4: Performane omparison of TCM, TTCM and BICM-ID employing 16QAM for transmis-sions over AWGN hannels using a blok length of 6000 information bits (2000 symbols).



3.2.2. Simulation Results and Disussions 52number of iterations, suh as eight, outperforms the similar omplexity 32-state BICM-ID shemeemploying two iterations as well as 64-state TCM. An approximately 1.2 dB Eb=N0 gain was obtainedat a BER of 10�4 for 8-state BICM-ID using eight iterations over 64-state TCM at a similar deod-ing omplexity. Comparing 8-state TTCM using two iterations and 8-state BICM-ID employing fouriterations reveals that BICM-ID performs better for the Eb=N0 range of 5.7 dB to 7 dB. When thenumber of iterations is inreased to four for TTCM and to eight for BICM-ID, TTCM exhibits abetter performane, as seen in Figure 3.4.
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Figure 3.5: Performane omparison of TCM, TTCM, BICM and BICM-ID using 64QAM over AWGNhannels.Owing to the assoiated SP, the intra-subset distane of TCM and TTCM inreases as we traversedown the partition tree of Figure 2.7, for example. It was shown in [38℄ that we only need to enode~m = 2 out of �m = 5 information bits in the 64QAM/TTCM to attain target BERs around 10�5 inAWGN hannels. Hene in this senario there are 2�m�~m = 8 parallel transitions due to the �m� ~m = 3unoded information bits in the trellis of 64QAM/TTCM. Figure 3.5 illustrates the performane ofTCM, TTCM, BICM and BICM-ID using 64QAM over AWGN hannels. When using a blok lengthof 10000 information bits (2000 symbols), 8-state TTCM invoking four iterations is the best andidate,followed by the similar omplexity 8-state BICM-ID sheme employing eight iterations. Again, TCMperforms better than BICM in AWGN hannels. When a blok length of 1250 information bits (250symbols) was used, both TTCM and BICM-ID experiened a performane degradation. It is also seenin Figure 3.5 that BICM-ID performs lose to TTCM, when a longer blok length is used.3.2.2.2 Performane over Unorrelated Narrowband Rayleigh Fading ChannelsThe unorrelated Rayleigh fading hannels implied using an in�nite-length interleaver over narrowbandRayleigh fading hannels. Figure 3.6 shows the performane of 64-state TCM, 64-state BICM, 8-state



3.2.2. Simulation Results and Disussions 53
$RSCfile: ttcm-bicm-f2000-8psk-xfad.gle$ $Date: 2000/06/27$

6 7 8 9 10 11 12 13 14
Eb/No(dB)

10-5

2

5

10-4

2

5

10-3

2

5

10-2

2

5

10-1

2

5

100

B
E

R

Rayleigh Fading, 8PSK

BICM-ID, 16-state, 4 iterations
TTCM, 8-state, 4 iterations
BICM, 64-state
TCM, 64-state

Figure 3.6: Performane omparison of TCM, TTCM, BICM and BICM-ID for 8PSK transmissionsover unorrelated Rayleigh fading hannels using a blok length of 4000 information bits (2000 sym-bols).TTCM using four iterations and 16-state BICM-ID employing four iterations in the ontext of an8PSK sheme ommuniating over unorrelated narrowband Rayleigh fading hannels using a bloklength of 4000 information bits (2000 symbols). These four oded modulation shemes have a similaromplexity. As an be seen from Figure 3.6, TTCM performs best, followed by BICM-ID, BICM andTCM. At a BER of 10�4, TTCM performs about 0.7 dB better in terms of the required Eb=N0 valuethan BICM-ID, 2.3 dB better than BICM and 4.5 dB better than TCM. The error oor of TTCM [38℄was lower than the assoiated EFF bound of BICM-ID. However, the BERs of TTCM and BICM-IDwere idential at Eb=N0 = 7 dB.Figure 3.7 ompares the performane of TCM, TTCM and BICM-ID invoking 16QAM for ommu-niating over unorrelated narrowband Rayleigh fading hannels using a blok length of 6000 informa-tion bits (2000 symbols). Observe that 32-state BICM-ID using two iterations outperforms 64-stateTCM for Eb=N0 in exess of 9.6 dB. At the same omplexity, 8-state BICM-ID invoking eight iter-ations outperforms 64-state TCM beyond Eb=N0 = 8:2 dB. Similarly to 8PSK, the oding gain ofBICM-ID over TCM in the ontext of 16QAM is more signi�ant over narrowband Rayleigh fadinghannels ompared to AWGN hannels. Near Eb=N0 of 11 dB the 8-state BICM-ID sheme approahesthe EFF bound, hene 32-state BICM-ID using two iterations exhibits a better performane due toits lower EFF bound. Observe also that 8-state BICM-ID using four iterations outperforms 8-stateTTCM employing two iterations in the range of Eb=N0 = 8:5 dB to 12.1 dB. Inreasing the numberof iterations only marginally improves the performane of BICM-ID, but results in a signi�ant gainfor TTCM. The performane of 8-state TTCM using four iterations is better than that of 8-stateBICM-ID along with eight iterations for Eb=N0 values in exess of 9.6 dB.
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3.2.2. Simulation Results and Disussions 55Figure 3.8 illustrates the performane of TCM, TTCM, BICM and BICM-ID when invoking64QAM for ommuniating over unorrelated narrowband Rayleigh fading hannels. Using a bloklength of 10000 information bits (2000 symbols), 64-state BICM performs better than 64-state TCMfor Eb=N0 values in exess of 15 dB. BICM-ID exhibits a lower error oor than TTCM in this senario,sine BICM-ID protets all the �ve information bits, while TTCM protets only two information bitsof the six-bit 64QAM symbol. The three unproteted information bits of TCM and TTCM renderthese shemes less robust to the bursty error e�ets of the unorrelated fading hannel. If we use aTCM or TTCM ode generator that enodes all the �ve information bits, a better performane is ex-peted. Reduing the blok length from 2000 symbols to 250 symbols resulted in a small performanedegradation for TTCM, but yielded a signi�ant degradation for BICM-ID.3.2.2.3 Coding Gain versus Complexity and Interleaver Blok LengthIn this setion, we will investigate the oding gain (G) of the oded modulation shemes utilising an8PSK sheme versus the Deoding Complexity (DC) and the Interleaver Blok Length (IL) at a BERof 10�4. The oding gain G is measured by omparing to the unoded 4PSK sheme, whih exhibitsa BER of 10�4 at Eb=N0 = 8:35 dB and Eb=N0 = 35 dB for transmissions over AWGN hannels andunorrelated narrowband Rayleigh fading hannels, respetively. Again, the DC is measured usingthe assoiated number of deoding states and the notations S and t represent the number of deodingstates and the number of deoding iterations, respetively. Hene, the relative omplexity of TCM,BICM, TTCM and BICM-ID is given by S, S, 2tS and tS, respetively. The IL is measured in termsof the number of information bits in the interleaver.Figure 3.9 portrays the oding gain G versus DC plot of the oded modulation shemes for 8PSKtransmissions over (a) AWGN hannels and (b) unorrelated narrowband Rayleigh fading hannels,using an IL of 4000 information bits (2000 symbols). At a DC as low as 8, the non-iterative TCMsheme exhibits the highest oding gain G for transmissions over AWGN hannels, as seen in Fig-ure 3.9(a). By ontrast, the BICM sheme exhibits the highest oding gain G for transmissions overunorrelated narrowband Rayleigh fading hannels, as seen in Figure 3.9(b). However, for a DChigher than 16, the iterative TTCM and BICM-ID shemes exhibit higher oding gains than theirnon-iterative ounterparts for transmission over both hannels.For the iterative shemes di�erent ombinations of t and S may yield di�erent performanes at thesame DC. For example, the oding gain G of BICM-ID in onjuntion with tS = 8� 8 is better thanthat of tS = 4� 16 at DC=64 for transmissions over AWGN hannels, as seen in Figure 3.9(a), sineBICM-ID invoking a onstituent ode assoiated with S = 16 has not reahed its optimum performaneat iteration t = 4. However, the oding gain G of BICM-ID in onjuntion with tS = 4� 16 is betterthan that of tS = 8�8 at DC=64, when ommuniating over unorrelated narrowband Rayleigh fadinghannels, as seen in Figure 3.9(b). This is beause BICM-ID invoking a onstituent ode assoiatedwith S = 8 has reahed its EFF bound at iteration t = 4, while BICM-ID invoking a onstituent odeassoiated with S = 16 has not reahed its EFF bound, beause the EFF bound for ode assoiatedwith S = 16 is lower than that of a ode assoiated with S = 18. In general, the oding gain G ofTTCM is the highest for DC values in exess of 32 for transmissions over both hannels.Figure 3.10 portrays the oding gain G versus IL plot of the oded modulation shemes for 8PSK
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3.2.2. Simulation Results and Disussions 58transmissions over (a) AWGN hannels and (b) unorrelated narrowband Rayleigh fading hannels inonjuntion with a DC of 64 both with and without ode termination [8℄. We an observe in Fig-ure 3.10(a) that IL a�ets the performane of the shemes using no ode termination, sine the shorterthe IL, the higher the probability for the deoding trellis to end at a wrong state. For transmissionsover AWGN hannels and upon using ode-terminated shemes, only the performane of the BICM-IDsheme is a�eted by the IL, sine the performane of the sheme ommuniating over AWGN han-nels depends on the FED, while the high FED of BICM-ID depends on the reliability of the feedbakvalues. Therefore, when the IL is short, BICM-ID su�ers from a performane degradation. However,the other shemes are not a�eted by the IL when ommuniating over AWGN hannels, as seen inFigure 3.10(a), sine there are no bursty hannel errors to be dispersed by the interleaver and henethere is no advantage in utilising a long IL. To elaborate a little further, as seen in Figure 3.10 fortransmissions over unorrelated narrowband Rayleigh fading hannels using ode-terminated shemes,the IL does not signi�antly a�et the performane of the shemes, sine the error events are un-orrelated in the unorrelated Rayleigh fading senario. These results onstitute the upper boundperformane ahievable when an in�nitely long interleaver is utilised for rendering the error eventsunorrelated.
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Figure 3.11: Coding gain at a BER of 10�4 over the unoded 4PSK sheme, against the IL of TCM,TTCM, BICM and BICM-ID for 8PSK transmissions over orrelated narrowband Rayleigh fadinghannels, invoking a DC of 64 applying ode termination. The normalised Doppler frequeny of thehannel is 3:25�10�5, whih orresponds to a Baud rate of 2.6 MBaud, a arrier frequeny of 1.9 GHzand a vehiular speed of 30 mph.Figure 3.11 portrays the oding gain G versus IL plot of the oded modulation shemes for 8PSKtransmissions over orrelated narrowband Rayleigh fading hannels, in onjuntion with a deodingomplexity of 64, when applying ode termination. The normalised Doppler frequeny of the hannel



3.2.3. Conlusions 59is 3:25 � 10�5, whih orresponds to a Baud rate of 2.6 MBaud, a arrier frequeny of 1.9 GHz anda vehiular speed of 30 mph. This is a slow fading hannel and hene the fading envelope is highlyorrelated. It is demonstrated by Figure 3.11 that the oding gain G of all oded modulation shemesimproves as the IL inreases. This is beause the MAP deoder is unable to perform at its bestwhen the hannel errors our in bursts. However, the performane improves when the error burstsare dispersed by the employment of a long interleaver. In general, TTCM is the best performer for avariety of IL values. However, BICM-ID is the worst performer for an IL of 4000 bits, while performingsimilarly to TTCM for long IL values.On one hand, TCM performs better than BICM for short IL values, whih follows the performanetrends observed for transmissions over AWGN hannels, as shown in Figure 3.10(a). This is beauseslowly fading hannels are highly orrelated and hene they behave as near-Gaussian hannels, whereTCM is at its best, sine TCM was designed for Gaussian hannels. By ontrast, although BICMwas designed for fading hannels, when the hannel-indued error bursts are inadequately dispersedowing to the employment of a short IL, the performane of BICM su�ers. In other words, whenommuniating over slowly fading hannels, extremely long interleavers may be neessary for over-bridging the assoiated long fades and for failitating the dispersion of bursty transmission errors,whih is a prerequisite for the eÆient operation of hannel odes.On the other hand, BICM performs better than TCM for long IL values, whih is reminisent ofthe performane trends observed when ommuniating over unorrelated Rayleigh fading hannels, asevidened by Figure 3.10(b). This is justi�ed, sine the orrelation of the fading hannel is brokenwhen a long IL is employed for dispersing the error bursts.3.2.3 ConlusionsIn onlusion, at a given omplexity TCM performs better than BICM in AWGN hannels, but worsein unorrelated narrowband Rayleigh fading hannels. However, BICM-ID using soft-deision feed-bak outperforms TCM and BICM for transmissions over both AWGN and unorrelated narrowbandRayleigh fading hannels at the same DC. TTCM has shown superior performane over the otheroded modulation shemes studied, but exhibited a higher error oor for the 64QAM sheme due tothe presene of unoded information bits for transmissions over unorrelated narrowband Rayleighfading hannels. Comparing the oding gain against the DC, the iterative deoding shemes of TTCMand BICM-ID are apable of providing a high oding gain even in onjuntion with a onstituentode exhibiting a short memory length, although only at the ost of a suÆiently high number of de-oding iterations, whih may imply a relatively high deoding omplexity. Comparing the ahievableoding gain against the IL, TTCM is the best performer for a variety of ILs, while the performaneof BICM-ID is highly dependent on the IL for transmissions over both AWGN and Rayleigh fadinghannels.3.3 Orthogonal Frequeny Division MultiplexingOwing to the Inter-Symbol Interferene (ISI) inited by wideband hannels, the employment ofhannel equalisers is essential in supporting the operation of the oded modulation shemes onsidered.



3.3.1. Orthogonal Frequeny Division Multiplexing Priniple 60However, the employment of hannel equalisers will be disussed only at a later stage, namely, inChapter 4. As an attrative design alternative, here a Disrete Fourier Transform (DFT) based multi-arrier OFDM sheme [63℄ will be utilised for removing the ISI. Spei�ally, as long as the OFDMsubarrier signalling rate is suÆiently low sine the number of subarriers is suÆiently high, theindividual OFDM subhannels experiene non-dispersive narrowband fading onditions.3.3.1 Orthogonal Frequeny Division Multiplexing PrinipleIn this setion we briey introdue Frequeny Division Multiplexing (FDM), also referred to as Or-thogonal Multiplexing (OMPX), as a means of dealing with the problems of frequeny-seletive fadingenountered when transmitting over a high-rate wideband radio hannel. The fundamental prinipleof orthogonal multiplexing originates from Chang [64℄, and over the years a number of researhers haveinvestigated this tehnique [65,66℄. Despite its oneptual elegane, until reently its employment hasbeen mostly limited to military appliations beause of the assoiated implementational diÆulties.However, it has reently been adopted as the new European Digital Audio Broadasting (DAB) stan-dard; it is also a strong andidate for Digital Terrestrial Television Broadast (DTTB) and for a rangeof other high-rate appliations, suh as 155 Mbit/s wireless Asynhronous Transfer Mode (ATM) loalarea networks. These wide-ranging appliations underline its signi�ane as an alternative tehniqueto onventional hannel equalisation in order to ombat signal dispersion [67{69℄.
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3.4. Coded Modulation Assisted Orthogonal Frequeny Division Multiplexing 61whose arrier frequeny is f0. At the reeiver the reeived FDM signal is demultiplexed into Nfrequeny bands, and the N modulated signals are demodulated. The baseband signals are thenreombined using a parallel-to-serial onverter.The main advantage of the above FDM onept is that beause the symbol period has beeninreased, the hannel's delay spread is a signi�antly shorter fration of a symbol period than in theserial system, potentially rendering the system less sensitive to ISI than the onventional N timeshigher-rate serial system. In other words, in the low-rate sub-hannels the signal is no longer subjetto frequeny-seletive fading, hene no hannel equalisation is neessary.A disadvantage of the FDM approah shown in Figure 3.12 is its inreased omplexity in omparisonto the onventional system aused by employing N modulators and �lters at the transmitter and Ndemodulators and �lters at the reeiver. It an be shown that this omplexity an be redued byemploying the DFT, typially implemented with the aid of the Fast Fourier Transform (FFT) [63℄.The sub-hannel modems an use almost any modulation sheme, and 4- or 16-level QAM is anattrative hoie in many situations.The FFT-based QAM/FDM modem's shemati is portrayed in Figure 3.13. The bits provided bythe soure are serial/parallel onverted in order to form the n-level Gray-oded symbols, N of whihare olleted in TX bu�er 1, while the ontents of TX bu�er 2 are being transformed by the IFFT inorder to form the time-domain modulated signal. The Digital-to-Analogue (D/A) onverted, low-pass�ltered modulated signal is then transmitted via the hannel and its reeived samples are olleted inRX bu�er 1, while the ontents of RX bu�er 2 are being transformed to derive the demodulated signal.The twin bu�ers are alternately �lled with data to allow for the �nite FFT-based demodulation time.Before the data are Gray oded and passed to the data sink, they an be equalised by a low-omplexitymethod, if there are some dispersions within the narrow sub-bands. For a deeper tutorial exposurethe interested reader is referred to referene [63℄.3.4 Coded Modulation Assisted Orthogonal FrequenyDivision Multiplexing3.4.1 IntrodutionThe oded modulation shemes of Chapter 2 are here amalgamated with an OFDM modem. Spei�-ally, the oded symbols are mapped to the OFDM modulator at the transmitter, while the symbolsoutput by the OFDM demodulator are hannel deoded at the reeiver.When the hannel is frequeny seletive and OFDM modulation is used, the reeived symbolis given by the produt of the transmitted frequeny-domain OFDM symbol and the frequeny-domain transfer funtion of the hannel. This diret relationship failitates the employment ofsimple frequeny-domain hannel equalisation tehniques. Essentially, if an estimate of the om-plex frequeny-domain transfer funtion Hk is available at the reeiver, hannel equalisation an beperformed by dividing eah reeived value by the orresponding frequeny-domain hannel transferfuntion estimate. The hannel's frequeny-domain transfer funtion an be estimated with the aid ofknown frequeny-domain pilot subarriers inserted into the transmitted signal's spetrum [63℄. These
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3.4.2. System Overview 63known pilots e�etively sample the hannel's frequeny-domain transfer funtion aording to theNyquist frequeny. These frequeny-domain samples then allow us to reover the hannel's transferfuntion between the frequeny-domain pilots with the aid of interpolation. In addition to this simpleform of hannel equalisation, another advantage of the OFDM-based modulation is that it turns ahannel exhibiting memory into a memoryless one, where the memory is the inuene of the pasttransmitted symbols on the value of the present symbol.In the literature the performane of TCM and TTCM assisted OFDM modems has been investi-gated in [70℄ when ommuniating over various dispersive Rayleigh fading hannels. In [71℄, a multileveloding and BICM assisted OFDM modem employing nonoherent reeption was investigated in dis-persive Rayleigh fading environments. In this setion, the performane of TCM, TTCM, BICM andBICM-ID shemes will be investigated using the Pan-European Digital Video Broadasting (DVB)standard's OFDM sheme [63℄ for transmissions over the 12-path COST207 [72℄ Hilly Terrain (HT)Rayleigh fading hannels, whih haraterise a rather hostile, strongly dispersive environment.3.4.2 System OverviewThe enoder produes a blok of Ni hannel symbols to be transmitted. These symbols are transmittedby the OFDM modulator. As the OFDM modulator transmits Nu modulated symbols per OFDMsymbol, if Nu = Ni then the whole blok of Nu modulated symbols an be transmitted in a singleOFDM symbol. We refer to this ase as the single-symbol mapping based senario. By ontrast, ifNu < Ni, then more than one OFDM symbol is required for the transmission of the hannel-odedblok. We refer to this ase as the multiple-symbol mapping based senario. Both the single- andthe multiple-symbol senarios are interesting. The single-symbol senario is more appealing from animplementation point of view, as it is signi�antly more simple. However, it is well known that theperformane of a turbo-oded sheme improves upon inreasing the IL. Sine the number of subarriersin an OFDM system is limited by several fators, suh as for example the osillator's frequeny stability,by using the single-symbol solution we would be limited in terms of the TTCM blok length as well.Thus the multiple-symbol solution also has to be onsidered in order to fully exploit the advantagesof the TTCM sheme. Sine the single-symbol based sheme is oneptually more simple, we willonsider this senario �rst. Its extension to the multiple-symbol senario is straightforward.In the single arrier system disussed in Setion 4.3.1 the reeived signal is given by yk = xk�hk+nk,where � denotes the onvolution of the transmitted sequene xk with the hannel's impulse responsehk. An equaliser is used for removing the ISI before hannel deoding, giving ~yk = ~xk + ~nk. Theassoiated branh metris an be omputed as:P (~ykj~xk) = e� j~nj22�2= e� j~yk�~xkj22�2 : (3.5)However, in a multi-arrier OFDM system, the reeived signal is given by Yk = Xk �Hk +Nk, whihfailitates joint hannel equalisation and hannel deoding by omputing the branh metris as:P (ykjxk) = e� jYk�Hk�Xkj22�2 ; (3.6)



3.4.3. Simulation Parameters 64where Hk is the hannel's frequeny-domain transfer funtion at the entre frequeny of the kth sub-arrier. Hene, as long as the the hannel transfer funtion estimation is of suÆiently high quality,simple frequeny-domain equalisation ould be invoked during the deoding proess. If iterative han-nel deoding is invoked, the hannel transfer funtion estimation is expeted to improve during theonseutive iterative steps, in a fashion known in the ontext of turbo equalisation [73℄. Indeed, aperformane as high as that in onjuntion with perfet hannel estimation an be attained [74℄.Let us now onsider the e�et of the hannel interleaver. When the hannel is frequeny seletive,it exhibits frequeny-domain nulls, whih may obliterate several OFDM subarriers. Thus the qualityof several onseutive reeived subarrier symbols will be low. If the quality is inferior, the hanneldeoder is unable to orretly estimate the transmitted symbols. When, however, a hannel interleaveris present, the reeived symbols are shu�ed before hannel deoding and hene these lusters oforrupted subarriers are dispersed. Thus, after the hannel interleaver we expet to have only isolatedlow-quality subarriers surrounded by unimpaired ones. In this ase the deoder is more likely to beable to reover the symbol transmitted on the orrupted subarrier, using the redundany added bythe hannel oding proess, onveyed by the surrounding unimpaired subarriers.Finally, we onsider the multiple-symbol senario. The system requires only a minor modi�ation.When more than one OFDM symbol is required for transmitting the blok of hannel-oded symbols,the OFDM demodulator has to store both the demodulated symbols and the hannel transfer funtionestimates in order to form a whole hannel-oded blok. This blok is then fed to the hannel interleaverand then to the hannel deoder, together with the hannel transfer funtion estimate. Exatlythe same MAP deoder as in the single-symbol ase an be used for performing the joint hannelequalisation and hannel deoding. Similarly, the funtion of the hannel interleaver is the same as inthe single-symbol senario.3.4.3 Simulation ParametersOFDM ParametersTotal number of subarriers, N 2048 (2K mode)Number of e�etive subarriers, Nu 1705OFDM symbol duration Ts 224 �sGuard interval Ts=4 = 56�sTotal symbol duration 280 �s(in. guard interval)Conseutive subarrier spaing 1=Ts 4464 HzDVB hannel spaing 7.61 MHzQPSK and QAM symbol period 7/64 �sBaud rate 9.14 MBaudTable 3.3: Parameters of the OFDM module [75℄.The DVB standard's OFDM sheme [63℄ was used for this study. The parameters of the OFDMDVB system are presented in Table 3.3. Sine the OFDM modem has 2048 subarriers, the subar-rier signalling rate is e�etively 2000 times lower than the maximum DVB transmission rate of 20



3.4.4. Simulation Results And Disussions 65Mbit/s, orresponding to about 10 kbit/s. At this sub-hannel rate, the individual sub-hannels anbe onsidered nearly frequeny-at.
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Time delay [µs]Figure 3.14: COST207 Hilly Terrain (HT) type of impulse response [72℄.The hannel model employed is the 12-path COST207 [72℄ HT type of impulse response, exhibitinga maximum relative path delay of 19.9 �s. The unfaded impulse response is depited in Figure 3.14.The arrier frequeny is 500 MHz and the sampling rate is 7/64 �s. Eah of the hannel pathswas faded independently, obeying a Rayleigh fading distribution, aording to a normalised Dopplerfrequeny of 10�5 [15℄. This orresponds to a worst-ase vehiular veloity of about 200 km/h.3.4.4 Simulation Results And DisussionsIn this setion, the system performane of the OFDM-based oded modulation shemes is evaluatedusing QPSK, 8PSK and 16QAM. The oding rate of the oded modulation shemes hanges aordingto the modem mode used. Hene the e�etive throughput for QPSK is 1 bit/subarrier, for 8PSK itis 2 bits/subarrier and �nally for 16QAM it is 3 bits/subarrier.Figure 3.15 shows the performane of the integrated systems in onjuntion with a hannel inter-leaver of 5000 symbols using a QPSK modem. We an see from Figure 3.15 that at a BER of 10�4BICM performs about 1.5 dB better than TCM. When the iterative shemes of TTCM and BICM-IDare used, a better performane is ahieved. Spei�ally, in onjuntion with eight iterations, TTCMand BICM-ID approah their best ahievable performane. Clearly, in this senario TTCM is superiorto BICM-ID.Figure 3.16 illustrates the performane of the systems onsidered, whih maintain an e�etivethroughput of 2 bits/subarrier using a hannel interleaver length of 5000 symbol duration. Allshemes exhibit a similar omplexity, however, TTCM using eight iterations is slightly more omplex.Spei�ally, in order to be able to ompare the assoiated omplexities we assumed that the numberof deoder trellis states determined the assoiated implementation/deoding omplexity. For example,a memory-length � = 3 TTCM sheme had 2� = 8 trellises per deoding iteration and there are twodeoders. Hene, after four iterations we enounter a total of 8 � 2 � 4 = 64 trellis states. Therefore
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Figure 3.15: Comparison of TCM, TTCM, BICM and BICM-ID using QPSK-OFDM modem fortransmissions over the Rayleigh fading COST207 HT hannel of Figure 3.14 at a normalised Dopplerfrequeny of 10�5. The OFDM parameters are listed in Table 3.3, while the oded modulation pa-rameters were summarised in Setion 3.2.1.
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Figure 3.16: Comparison of TCM, TTCM, BICM and BICM-ID using 8PSK-OFDM modem fortransmissions over the Rayleigh fading COST207 HT hannel of Figure 3.14 at a normalised Dopplerfrequeny of 10�5. The OFDM parameters are listed in Table 3.3 while the oded modulation param-eters were summarised in Setion 3.2.1.
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Figure 3.17: Comparison of TCM, TTCM, BICM and BICM-ID using 16QAM-OFDM modem fortransmissions over the Rayleigh fading COST207 HT hannel of Figure 3.14 at a normalised Dopplerfrequeny of 10�5. The OFDM parameters are listed in Table 3.3 while the oded modulation param-eters were summarised in Setion 3.2.1.a 64-state, � = 6 TCM sheme has a similar omplexity to a � = 4 TTCM arrangement using fouriterations. Again, TTCM is the best sheme. At a BER of 10�4, TTCM performs about 0.7 dBbetter than BICM-ID, 1.8 dB better than BICM and 3.0 dB better than TCM at a similar omplexity.Another 0.6 dB gain was attained by TTCM, when the number of turbo iteration was inreased fromfour to eight.Figure 3.17 ompares the performane of the systems maintaining a throughput of 3 bits/subarrierusing a hannel interleaver of 5000 symbols. Again, the systems exhibited a similar omplexity, exeptfor TTCM employing eight iterations. There is one unoded information bit in the 4-bit 16QAMsymbol of the rate-3/4 TCM sheme having 64 states, as an be seen from its generator polynomial inTable 3.1. For this reason, this TCM sheme is only potent at lower SNRs, while exhibiting modestperformane improvements in the higher SNR region, as demonstrated by Figure 3.17. The rest ofthe shemes do not have unoded information bits in their 16QAM symbols. BICM-ID outperformsBICM for Eb=N0 values in exess of about 1.2 dB, while it is inferior in omparison to TTCM byabout 0.2 dB at a BER of 10�4. Note that BICM-ID starts to exhibit an error oor at a BER around10�4, while TTCM starts to exhibit an error oor at a BER around 10�5.3.4.5 ConlusionsIn this setion OFDM was integrated with the oded modulation shemes of Chapter 2. The perfor-mane of TCM, TTCM, BICM and BICM-ID assisted OFDM was investigated for transmissions over



3.5. Chapter Conlusions 68the dispersive COST207 HT Rayleigh fading hannel of Figure 3.14 using QPSK, 8PSK and 16QAMmodulation modes. TTCM was found to be the best ompromise sheme, followed by BICM-ID,BICM and TCM.3.5 Chapter ConlusionsIn Setion 3.2 the performane of four oded modulation shemes was evaluated for transmissions overAWGN and narrowband fading hannels. Expliitly, it was shown in Setions 3.2.2.1 and 3.2.2.2 thatat a given omplexity TCM performed better than BICM in AWGN hannels, but performed worsethan BICM in unorrelated narrowband Rayleigh fading hannels. However, BICM-ID outperformedTCM and BICM for transmissions over both AWGN and unorrelated narrowband Rayleigh fadinghannels at the same deoding omplexity. TTCM, however, has shown superior performane over theother oded modulation shemes studied. By ontrast, in Setion 3.4 we evaluated the performaneof the oded modulation shemes when ommuniating over the wideband COST207 HT Rayleighfading hannels, by assuming that the number of subarriers was suÆiently high for maintainingnarrowband hannel onditions in eah OFDM subhannel. In the ontext of 8PSK-based OFDM,TTCM performs about 0.7 dB better than BICM-ID, 1.8 dB better than BICM and 3.0 dB betterthan TCM at a BER of 10�4, as evidened by Figure 3.16.The TTCM assisted sheme was found to represent the most attrative trade-o� in terms of itsperformane versus omplexity balane, losely followed by the BICM-ID assisted sheme, both in theontext of the onventional single arrier system of Setion 3.2 as well as in the multi-arrier OFDMsystem of Setion 3.4, when ommuniating over non-dispersive propagation environment.In summary, the oding gain values exhibited by the oded modulation shemes studied in thishapter were tabulated in Tables 3.4 and 3.5. Spei�ally, we summarised the performane gainexhibited by the various oded modulation shemes of Setion 3.2, when ommuniating over non-dispersive AWGN hannels and unorrelated Rayleigh fading hannels in Table 3.4. The oding gainsexhibited by the OFDM-based oded modulation shemes of Setion 3.4 ommuniating over theCOST207 HT Rayleigh fading hannels were tabulated in Table 3.5.
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AWGN Flat UnorrelatedChannels Rayleigh Fading ChannelsEb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER BERBPS 10�3 10�5 10�3 10�5 10�3 10�5 10�3 10�5Unoded BPSK/1 6.75 9.52 0.00 0.00 24.00 43.50 0.00 0.00TCM QPSK/1 2.81 4.42 3.94 5.10 6.29 9.88 17.71 33.62TTCM QPSK/1 1.27 1.90 5.48 7.62 3.40 4.28 20.60 39.22BICM QPSK/1 2.60 4.16 4.15 5.36 5.00 7.46 19.00 36.04BICM-ID QPSK/1 2.00 4.07 4.75 5.45 5.05 8.50 18.95 35.00Unoded QPSK/2 6.75 9.52 0.00 0.00 24.00 43.50 0.00 0.00TCM 8PSK/2 4.57 6.20 2.18 3.32 10.05 17.00 13.95 26.50TTCM 8PSK/2 3.64 4.20 3.11 5.32 7.32 9.84 16.68 33.66BICM 8PSK/2 5.41 7.46 1.34 2.06 8.95 12.90 15.05 30.60BICM-ID 8PSK/2 4.25 4.86 2.50 4.66 7.43 11.12 16.57 32.38Unoded 8PSK/3 10.02 12.95 0.00 0.00 26.15 46.00 0.00 0.00TCM 16QAM/3 6.32 8.01 3.70 4.94 15.54 34.00 10.61 12.00TTCM 16QAM/3 5.38 6.15 4.64 6.80 9.72 12.10 16.43 33.90BICM 16QAM/3 8.50 10.10 1.52 2.85 12.76 15.50 13.39 30.50BICM-ID 16QAM/3 5.45 6.65 4.57 6.30 9.75 14.30 16.40 31.70Unoded 16QAM/4 10.51 13.37 { { 26.78 47.00 { {TCM 64QAM/5 10.70 12.20 { { 22.80 43.00 { {TTCM 64QAM/5 9.86 10.46 { { 22.80 43.00 { {BICM 64QAM/5 11.60 13.50 { { 17.02 23.50 { {BICM-ID 64QAM/5 10.14 10.78 { { 15.38 22.00 { {Unoded 64QAM/6 14.74 17.72 { { 30.37 50.00 { {Table 3.4: Coding gain values of the various oded modulation shemes studied in this hapter, whenommuniating over non-dispersive AWGN hannels and unorrelated Rayleigh fading hannels. Allof the oded modulation shemes exhibited a similar deoding omplexity in terms of the numberof deoding states, whih was equal to 64 states. An interleaver blok length of 2000 symbols wasemployed. The performane of the best sheme is printed in bold.
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OFDM, COST207 HTRayleigh fading hannelsEb=No (dB) Gain (dB)Code Modulation/ BERBPS 10�3 10�5 10�3 10�5unoded BPSK/1 24.18 43.70 0.00 0.00TCM QPSK/1 7.72 10.07 16.46 33.63TTCM QPSK/1 6.20 8.12 17.98 35.58BICM QPSK/1 6.75 9.00 17.43 34.70BICM-ID QPSK/1 6.32 9.31 17.86 34.39unoded QPSK/2 24.18 43.70 0.00 0.00TCM 8PSK/2 10.53 15.68 13.65 28.02TTCM 8PSK/2 8.96 10.36 15.22 33.34BICM 8PSK/2 9.91 12.61 14.27 31.09BICM-ID 8PSK/2 9.11 12.20 15.07 31.50unoded 8PSK/3 26.47 46.02 0.00 0.00TCM 16QAM/3 11.19 33.90 15.28 12.12TTCM 16QAM/3 13.42 12.90 13.05 33.12BICM 16QAM/3 11.88 14.73 14.59 31.29BICM-ID 16QAM/3 10.94 14.10 15.53 31.92unoded 16QAM/4 27.17 46.60 { {unoded 64QAM/6 30.65 50.10 { {Table 3.5: Coding gain values of the various OFDM-based oded modulation shemes studied inthis hapter, when ommuniating over COST207 HT Rayleigh fading hannels. All of the odedmodulation shemes exhibited a similar deoding omplexity in terms of the number of deodingstates, whih was equal to 64 states. An interleaver blok length of 5000 symbols was employed andthe orresponding simulation parameters were shown in Table 3.3. The performane of the best shemeis printed in bold.



Chapter 4
Coded Modulation Assisted ChannelEqualised Systems
4.1 IntrodutionIn this hapter we will further investigate the performane of the TCM, BICM, TTCM and BICM-ID oded modulation shemes in the ontext of single arrier systems ommuniating over widebandfading hannels. Owing to the Inter-Symbol Interferene (ISI) inited by wideband hannels, the em-ployment of hannel equalisers is essential. Hene the onventional Deision Feedbak Equaliser (DFE)is introdued in Setion 4.3.1, while in Setion 4.4 we will evaluate the performane of a onventionalDFE-aided wideband burst-by-burst adaptive oded modulation system. Spei�ally, in this adaptiveoded modulation sheme [76℄ a higher-order modulation mode is employed, when the instantaneousestimated hannel quality is high in order to inrease the number of Bit Per Symbol (BPS) transmit-ted and, onversely, a more robust lower-order modulation mode is employed when the instantaneoushannel quality is low, in order to improve the mean BER performane.As another design alternative, the hannel equalisation proedure an be formulated as a symbollassi�ation problem with the advent of employing a Radial Basis Funtion (RBF) based equaliser [77℄.The performane of this system an be further improved with the aid of turbo equalisation (TEQ) [14℄.More spei�ally, turbo equalisation is a joint hannel equalisation and hannel deoding sheme, wherethe equaliser is fed both by the hannel outputs plus the soft deisions provided by the hannel deoder.This proess is invoked for a number of iterations. An overview of RBF based hannel equalisation isgiven in Setion 4.5.1, while the TEQ sheme utilising a symbol-based MAP deoder is introdued inSetion 4.6. A novel RBF-TEQ based CM sheme is presented in Setion 4.7. Our disussions evolvefurther by introduing the redued-omplexity I/Q-TEQ philosophy in Setion 4.8, while a reduedomplexity RBF-I/Q-TEQ based CM sheme is proposed in Setion 4.9.Let us now ommene our disourse by studying the nature of the ISI in the following setion.

71



4.2. Intersymbol Interferene 724.2 Intersymbol InterfereneThe mobile radio hannels [15℄ an be typially haraterised by band-limited linear �lters. If themodulation bandwidth exeeds the oherene bandwidth of the radio hannel, ISI ours and themodulation pulses are spread or dispersed in the time domain. The ISI, inited by band-limitedfrequeny, seletive time-dispersive hannels, distorts the transmitted signals. At the reeiver, thelinearly distorted signal has to be equalised in order to reover the information.Relative Amplitudeh0 h1 h2 h3 h4
Pre-ursors Post-ursorsMain Tap TimeFigure 4.1: Channel Impulse Response (CIR) having pre-ursors, the main tap and post-ursors.The linearly distorted instantaneous signal reeived over the dispersive hannel an be visualisedas the superposition of the hannel's response due to several information symbols in the past and inthe future. Figure 4.1 shows the Channel's Impulse Response (CIR) exhibiting three distint parts.The main tap h2 possesses the highest relative amplitude. The taps before the main tap, namely h0and h1, are referred to as pre-ursors, whereas those following the main tap, namely h3 and h4, arereferred to as post-ursors.The energy of the wanted signal is reeived mainly over the path desribed by the main hanneltap. However, some of the reeived energy is ontributed by the onvolution of the pre-ursors withfuture symbols and the onvolution of the post-ursor with past symbols, whih are termed pre-ursorISI and post-ursor ISI, respetively. Thus the reeived signal is onstituted by the superposition ofthe wanted signal, pre-ursor ISI and post-ursor ISI.4.3 Deision Feedbak EqualiserChannel equalisers that are utilised for ompensating the e�ets of ISI an be lassi�ed struturallyas linear equalisers or DFEs. They an be distinguished also on the basis of the riterion used foroptimising their oeÆients. When applying the Minimum Mean Square Error (MMSE) riterion, theequaliser is optimised suh that the mean squared error between the distorted signal and the atualtransmitted signal is minimised. For time varying dispersive hannels, a range of adaptive algorithmsan be invoked for updating the equaliser oeÆients and for traking the hannel variations [63℄.



4.3.1. Deision Feedbak Equaliser Priniple 734.3.1 Deision Feedbak Equaliser PrinipleThe simple Zero Foring Equaliser (ZFE) [78℄ fores all the impulse response ontributions of theonatenated system onstituted by the hannel and the equaliser to zero at the signalling instantsnT for n 6= 0, where T is the signalling interval duration. The ZFE provides gain in the frequenydomain at frequenies where the hannel's transfer funtion experienes attenuation and vie versa.However, both the signal and the noise are enhaned simultaneously and hene the ZFE is ine�etiveowing to the assoiated noise enhanement e�ets. Furthermore, no �nite-gain ZFE an be designedfor hannels that exhibit spetral nulls [63, 79℄.Linear MMSE equalisers [78℄ are designed for mitigating both the pre-ursor ISI and the post-ursorISI, as de�ned in Setion 4.2. The MMSE equaliser is more intelligent than the ZFE, sine it jointlyminimises the e�ets of both the ISI and noise. Although the linear MMSE equaliser approahes thesame performane as the ZFE at high SNRs, an MMSE solution does exists for all hannels, inludingthose that exhibit spetral nulls.The idea behind the DFE [63, 78, 79℄ is that one an information symbol has been deteted anddeided upon, the ISI that these deteted symbols inited on future symbols an be estimated andthe orresponding ISI an be anelled before the detetion of subsequent symbols.H(f)Channel AWGN C(f)Fwd Filter Detetors(n) n(n)T + ŝ(n)- B(f)Bwd FilterTransmitter
Figure 4.2: Shemati of the transmission system portraying the feedforward (Fwd) and bakward(Bwd) oriented �lter of the DFE, where C(f) and B(f) are the orresponding frequeny-domaintransfer funtions, respetively.The DFE employs a feedforward �lter and a bakward-oriented �lter for ombating the e�ets ofdispersive hannels. Figure 4.2 shows the general blok diagram of the transmission system employinga DFE. The forward-oriented �lter partially eliminates the ISI introdued by the dispersive hannel.The feedbak �lter, in the absene of deision errors, is fed with the ISI-free transmitted signal inorder to further redue the ISI.The feedbak �lter, denoted as the Bwd Filter in Figure 4.2, reeives the deteted symbol. Itsoutput is then subtrated from the estimates generated by the forward �lter, denoted as the FwdFilter, in order to produe the detetor's input. Sine the feedbak �lter uses the ISI-free signal asits input, the feedbak loop mitigates the ISI without introduing enhaned noise into the system.The drawbak of the DFE is that when wrong deisions are fed bak into the feedbak loop, errorpropagation is inited and the BER performane of the equaliser is degraded.The detailed DFE struture is shown in Figure 4.3. The feedforward �lter is onstituted by theoeÆients or taps labelled as C0 ! CNf�1, where Nf is the number of taps in the feedforward�lter, as shown in the �gure. The ausal feedbak �lter is onstituted by Nb feedbak taps, denotedas b1 ! bNb . Note that the feedforward �lter ontains only the present input signal rk, and future
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Figure 4.3: Struture of the DFE where rk and Ŝk denote the reeived signal and deteted symbol,respetively, while Cm, bq represent the oeÆient taps of the forward- and bakward-oriented �lters,respetively.input signals rk+1 : : : rk+(Nf+1), whih implies that no lateny is inited. Therefore, the feedforward�lter eliminates only the pre-ursor ISI, but not the post-ursor ISI. By ontrast, the feedbak �ltermitigates the ISI aused by the past data symbols, i.e. post-ursor ISI. Sine the feedforward �lter onlyeliminates the pre-ursor ISI, the noise enhanement e�ets are less problemati in DFEs omparedto the linear MMSE equaliser.Here, the MMSE riterion [78℄ is used for deriving the optimum oeÆients of the feedforwardsetion of the DFE. The Mean Square Error (MSE) between the transmitted signal, sk, and itsestimate, ŝk, at the equaliser's output is formulated as:MSE = E[jsk � ŝkj2℄; (4.1)where E[jsk � ŝkj2℄ denotes the expeted value of jsk � ŝkj2. In order to minimise the MSE, theorthogonality priniple [80℄ is applied, stating that the residual error of the equaliser, ek = sk � ŝk, isorthogonal to the input signal of the equaliser, rk, when the equaliser taps are optimal, yielding:E[ekr�k+l℄ = 0; (4.2)where the supersript * denotes onjugation. Following Cheung's approah [63, 81℄, the optimumoeÆient of the feedforward setion an be derived from the following set of Nf equations:Nf�1Xm=0 Cm " lXv=0 h�vhv+m�l�2S +N0Æm�l# = h�l �2S ; l = 0 : : : Nf � 1; (4.3)where �2S and N0=2 are the signal and noise variane, respetively, while h� denotes the omplexonjugate of the CIR and Æ is the delta funtion. By solving these Nf simultaneous equations, the



4.3.2. Equaliser Signal To Noise Ratio Loss 75equaliser oeÆients, Cm, an be obtained. For the feedbak �lter the following set of Nb equationswere used, in order to derive the optimum feedbak oeÆient, bq [81℄:bq = Nf�1Xm=0 Cmhm+q; q = 1 : : : Nb: (4.4)4.3.2 Equaliser Signal To Noise Ratio LossThe equaliser's performane an be measured in terms of the equaliser's SNR loss, BER performaneand MSE [79℄. Here the SNR loss is onsidered, sine this parameter will be used in next setion.The SNR loss of the equaliser was de�ned by Cheung [81℄ as:SNRloss = SNRinput � SNRoutput; (4.5)where SNRinput is the SNR measured at the equaliser's input, given by:SNRinput = �2S2�2N ; (4.6)with �2S being the average reeived signal power, assuming wide sense stationary onditions, and �2Nis the variane of the AWGN.The equaliser's output ontains the wanted signal, the e�etive Gaussian noise, the residual ISIand the ISI aused by the past data symbols. In order to simplify the alulation of SNRoutput, weassume that the SNR is high and hene we onsider the low-BER range, where e�etively orret bitsare fed bak to the DFE's feedbak �lter. Thus the post-ursor ISI is ompletely eliminated from theequaliser's output. Hene SNRoutput is given by [81℄:SNRoutput = Wanted Signal PowerResidual ISI Power + E�etive Noise Power ; (4.7)where the residual ISI is assumed to be an extra noise soure that possessed a Gaussian distribution.Therefore, we have: Wanted Signal Power = E 24jsk Nf�1Xm=0 Cmhmj235 ; (4.8)E�etive Noise Power = N0 Nf�1Xi=0 jCij2; (4.9)and: Residual ISI Power = �1Xq=�(Nf�1)E �jfqsk�qj2� ; (4.10)where fq =PNf�1m=0 Cmhm+q and the remaining notations are arued from Figure 4.3. By substitutingEquations 4.8, 4.9 and 4.10 into 4.7, the SNRoutput an be written as [79℄:SNRoutput = E hjskPNf�1m=0 Cmhmj2iP�1q=�(Nf�1)E [jfqsk�qj2℄ + N0PNf�1i=0 jCij2 : (4.11)Following this rudimentary introdution to hannel equalisation, we fous our attention on quan-tifying the performane of various wideband Coded Modulation (CM) shemes, referring the readerto [63℄ for an in-depth disourse on hannel equalisation.



4.4. Deision Feedbak Equaliser Aided Adaptive Coded Modulation 764.4 Deision Feedbak Equaliser Aided Adaptive Coded ModulationIn this setion, DFE-aided wideband Burst-by-Burst (BbB) adaptive TCM, TTCM, BICM and BICM-ID shemes are proposed and haraterised in performane terms, when ommuniating over theCOST207 Typial Urban (TU) wideband fading hannel. These shemes are evaluated using a pra-tial near-instantaneous modem mode swithing regime, in the ontext of System I whih invokeshannel interleaving over one transmission burst and System II whih invokes hannel interleavingover four transmission bursts. Expliitly, System I exhibited a fator four lower delay in overallmodem mode signalling, and hene it was apable of more prompt modem mode reon�guration. Byontrast, System II was less agile in terms of modem mode reon�guration, but bene�ted from alonger interleaver delay. We will show in Setion 4.4.4 that a substantially improved BPS and BERperformane was ahieved by System II in omparison to System I. We will also show that BbBadaptive TTCM is the best performer in omparison to other adaptive CM shemes, in the ontext ofSystem II at a similar deoding omplexity, when aiming for a target BER of below 0.01%.4.4.1 IntrodutionIn general �xed-mode transeivers fail to adequately ounterat the time varying nature of the mobileradio hannel and hene typially result in bursts of transmission errors. By ontrast, in BbB adaptiveshemes [76℄ a higher-order modulation mode is employed when the instantaneous estimated hannelquality is high in order to inrease the number of BPS transmitted and, onversely, a more robustlower-order modulation mode is employed when the instantaneous hannel quality is low, in order toimprove the mean BER performane. In the literature the performane of adaptive shemes was inves-tigated mostly in the ontext of narrowband Rayleigh fading hannels. Spei�ally, the performaneof unoded adaptive shemes and oded adaptive shemes has been investigated for transmissionsover narrowband Rayleigh fading hannels in [76, 82{86℄ and [87{94℄, respetively. By ontrast, aturbo-oded wideband adaptive sheme assisted by a DFE was investigated in [95℄. In this setion, aDFE-based oded modulation assisted wideband adaptive sheme is investigated.In our pratial approah the transmitter A obtains the hannel quality estimate generated byreeiver B upon reeiving the transmission of transmitter B. In other words, the modem mode requiredby reeiver B is superimposed on the transmission burst of transmitter B. Hene a delay of onetransmission burst duration is inurred. In the literature, adaptive oding designed for time varyinghannels using outdated fading estimates has been investigated in [91℄.Over wideband fading hannels the DFE employed will eliminate most of the ISI. Consequently,the MSE at the output of the DFE an be alulated and used as the metri invoked for swithingthe modulation modes [86℄. This ensures that the performane is optimised by employing equalisationand BbB adaptive CM jointly, in order to ombat both the signal power utuations and the timevariant ISI of the wideband hannel.In Setion 4.4.2, the system's shemati is outlined. In Setion 4.4.3, the performane of various�xed-mode CM shemes is evaluated, while Setion 4.4.4 ontains the detailed haraterisation of theBbB adaptive CM shemes in the ontext of System I and System II. Finally, we will onlude withour �ndings in Setion 4.4.5.
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Figure 4.4: The impulse response of a COST207 Typial Urban (TU) hannel [96℄.
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non-spread data burstFigure 4.5: Transmission burst struture of the FMA1 non-spread data as spei�ed in the FRAMESproposal [97℄.The multipath hannel model is haraterised by its disretised symbol-spaed COST207 TypialUrban (TU) CIR [96℄, as shown in Figure 4.4. Eah path is faded independently aording to a Rayleighdistribution and the orresponding normalised Doppler frequeny is 3:25 � 10�5, the system's Baudrate is 2.6 MBaud, the arrier frequeny is 1.9 GHz and the vehiular speed is 30 mph. The DFEinorporated 35 feed forward taps and 7 feedbak taps and the transmission burst struture used isshown in Figure 4.5. When onsidering a Time Division Multiple Aess (TDMA)/Time DivisionDuplex (TDD) system providing 16 slots per 4.615 ms TDMA frame, the transmission burst durationis 288 �s, as spei�ed in the Pan-European FRAMES proposal [97℄.The following assumptions are stipulated. First, we assume that the equaliser is apable of esti-mating the CIR perfetly with the aid of the equaliser training sequene of Figure 4.5. Seond, theCIR is time-invariant for the duration of a transmission burst, but varies from burst to burst aordingto the normalised Doppler frequeny, whih orresponds to assuming that the CIR is slowly varying.We refer to this senario as enountering burst-invariant fading. The error propagation imposed byerroneous deisions of the DFE will degrade the estimated performane, but the e�et of error propa-



4.4.2. System Overview 78gation is left for further study. Here we assumed that orret symbol deisions are input to the DFE'sfeedbak �lter in order to obtain the upper bound performane of the system. It is expeted that themore vulnerable higher-throughput modem modes are more prone to error propagation e�ets, buttheir inuene may be ompensated by slightly inreasing the swithing thresholds. This allows usto maintain the target BER but redues the throughput. At the reeiver, the CIR is estimated, andis then used for alulating the DFE oeÆients [63℄. Subsequently, the DFE is used for equalisingthe ISI-orrupted reeived signal. In addition, both the CIR estimate and the DFE feedforward oef-�ients are utilised for omputing the SNR at the output of the DFE. More spei�ally, by assumingthat the residual ISI is near-Gaussian distributed and that the probability of deision feedbak errorsis negligible, the SNR at the output of the DFE, dfe, is alulated as [81℄:dfe = Wanted Signal PowerResidual ISI Power + E�etive Noise Power := EhjskPNfm=0Cmhmj2iP�1q=�(Nf�1)EhjPNf�1m=0 Cmhm+qsk�qj2i+N0PNfm=0 jCmj2 ; (4.12)where Cm and hm denote the DFE's feedforward oeÆients and the CIR, respetively. The trans-mitted signal is represented by sk and N0 denotes the noise spetral density. Finally, the number ofDFE feedforward oeÆients is denoted by Nf .The equaliser's SNR, dfe, in Equation 4.12, is then ompared against a set of adaptive modemmode swithing thresholds fn, and subsequently the appropriate modulation mode is seleted [86,98℄.The modem mode required by reeiver B is then fed bak to transmitter A. The modulation modesthat are utilised in this sheme are 4QAM, 8PSK, 16QAM and 64QAM [63℄.
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Figure 4.6: System I employing hannel interleaving over one transmission burst. The equaliser'soutput SNR is used for seleting a suitable modulation mode, whih is fed bak to the transmitter ona burst-by-burst basis.The simpli�ed blok diagram of the BbB adaptive CM System I is shown in Figure 4.6, wherehannel interleaving over one transmission burst is employed. Transmitter A extrats the modulationmode required by reeiver B from the reverse-link transmission burst in order to adjust the adap-tive CM mode suitable for the urrently experiened instantaneous hannel quality. This inurs oneTDMA/TDD frame delay between estimating the atual hannel ondition at reeiver B and the se-leted modulation mode of transmitter A. Better hannel quality predition an be ahieved using thetehniques proposed in [99℄. We invoke four enoders, eah adding one parity bit to eah information



4.4.2. System Overview 79symbol, yielding the oding rate of 1=2 in onjuntion with the CM mode of 4QAM, 2=3 for 8PSK,3=4 for 16QAM and 5=6 for 64QAM.The design of CM shemes ontrived for fading hannels relies on the time and spae diversityprovided by the assoiated hannel oder [37, 46℄. Diversity may be ahieved by repetition oding,whih redues the e�etive data rate, spae-time oded multiple transmitter/reeiver strutures [100℄,whih inreases ost and omplexity, or by simple interleaving, whih indues lateny. In [101℄ adaptiveTCM shemes were designed for narrowband fading hannels utilising repetition-based transmissionsduring deep fades along with ideal hannel interleavers and assuming zero delay for the feedbak ofthe hannel quality information.
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Figure 4.7: System II employing a hannel interleaver length of four TDMA/TDD bursts. Data areentered into the input bu�er on a burst-by-burst basis and the modulator modulates oded data readfrom the output bu�er for transmission on a burst-by-burst basis. The enoder and hannel interleaveras well as the deoder and hannel de-interleaver operate on a four-burst basis. The equaliser's outputSNR during the fourth burst is used for seleting a suitable modulation mode and fed bak to thetransmitter on the reverse-link burst.Figure 4.7 shows the blok diagram of System II, where symbol-based hannel interleaving overfour transmission bursts, or equivalently 4 � 684 symbols is utilised, in order to disperse the burstysymbol errors. Hene, the oded modulation module assembles four bursts using an idential modu-lation mode, so that they an be interleaved using the symbol-by-symbol random hannel interleaverwithout the need of adding dummy bits. Then, these four-burst CM pakets are transmitted to thereeiver. One the reeiver has reeived the fourth burst, the equaliser's output SNR for this mostreent burst is used for hoosing a suitable modulation mode. The seleted modulation mode is fedbak to the transmitter on the reverse-link burst. Upon reeiving the modulation mode required byreeiver B (after one TDMA frame delay), the oded modulation module assembles four bursts of datafrom the input bu�er for oding and interleaving, whih are then stored in the output bu�er readyfor the next four bursts' transmission. Thus the �rst transmission burst exhibits one TDMA/TDDframe delay and the fourth transmission burst exhibits a delay of four frames whih is the worst-asesenario.



4.4.3. Fixed-Mode Based Performane 804.4.3 Fixed-Mode Based PerformaneBefore haraterising the proposed wideband BbB adaptive sheme, the BER performane of the�xed modem modes of 4QAM, 8PSK, 16QAM and 64QAM are studied in the ontext of SystemI where hannel interleaving over one transmission burst is utilised and System II where hannelinterleaving over four transmission bursts is invoked. These results are shown in Figure 4.8 for TCM,
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Figure 4.8: TCM performane of eah individual modulation mode over the Rayleigh fading COST207TU hannel of Figure 4.4. A TCM ode memory of 6 was used, sine it had a similar deodingomplexity to TTCM in onjuntion with four iterations using a omponent TCM ode memory of 3.The normalised Doppler frequeny was 3:25 � 10�5.and in Figure 4.9 for TTCM. The random TTCM symbol-interleaver memory was set to 684 symbols,orresponding to the number of data symbols in the transmission burst struture of Figure 4.5, wherethe resultant number of bits was the BPS�684. A hannel interleaver of 4�684 symbols was utilisedfor System II, where the number of oded bits was (BPS + 1) � 4 � 684 bits, sine one parity bitwas added to eah CM symbol.As expeted, in Figures 4.8 and 4.9 the BER performane of System II was superior omparedto that of System I, although at the ost of an assoiated higher transmission delay. The SNR gaindi�erene between System II and System I was about 5 dB in the TTCM/4QAM mode, but thisdi�erene redued for higher-order modulation modes. Again, this gain was obtained at the ost of afour-burst hannel interleaving delay. This SNR gain di�erene shows the importane of time diversityin CM shemes.TTCM has been shown to be more eÆient than TCM for transmissions over AWGN hannelsand narrowband fading hannels [38, 70℄. Here, we illustrate the advantage of TTCM in omparisonto TCM over the dispersive or wideband Gaussian CIR of Figure 4.4, as seen in Figure 4.10. In
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Figure 4.9: TTCM performane of eah individual modulation mode over the Rayleigh fadingCOST207 TU hannel of Figure 4.4. A omponent TCM ode memory of 3 was used and the numberof turbo iterations was four. The performane of the TCM ode with memory 6 utilising a hannelinterleaver was also plotted for omparison. The normalised Doppler frequeny was 3:25 � 10�5.
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Figure 4.10: TTCM and TCM performane of eah individual modulation mode for transmissions overthe unfaded COST207 TU hannel of Figure 4.4. The TTCM sheme used omponent TCM odesof memory 3 and the number of turbo iterations was four. The performane of the TCM sheme inonjuntion with memory 6 was plotted for omparison with the similar-omplexity TTCM sheme.
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Figure 4.11: BER performane of the �xed modem modes of 4QAM, 8PSK, 16QAM and 64QAMutilising TCM, TTCM, BICM and BICM-ID shemes in the ontext of System II for transmissionsover the COST207 TU hannel of Figure 4.4. For the sake of maintaining a similar deoding omplexity,we used a TCM ode memory of 6, TTCM ode memory of 3 in onjuntion with four turbo iterations,BICM ode memory of 6 and a BICM-ID ode memory of 3 in onjuntion with eight deodingiterations. However, BICM-ID had a slightly higher omplexity than the other systems, sine thedemodulator module was invoked eight times as ompared to only one for its ounterparts duringeah deoding proess. The normalised Doppler frequeny was 3:25 � 10�5.Figure 4.11 shows the �xed modem modes' performane for TCM, TTCM, BICM and BICM-IDin the ontext of System II. For the sake of a fair omparison of the deoding omplexity, we used aTCM ode memory of 6, TTCM ode memory of 3 in onjuntion with four turbo iterations, BICMode memory of 6 and a BICM-ID ode memory of 3 in onjuntion with eight deoding iterations.However, BICM-ID had a slightly higher deoding omplexity, sine the demodulator was invokedin eah BICM-ID iteration, whereas in the BICM, TCM and TTCM shemes the demodulator wasonly visited one in eah deoding proess. As illustrated in the �gure, the BICM sheme performedmarginally better than the TCM sheme at a BER below 0.01%, exept in the 64QAM mode. Hene,adaptive BICM is also expeted to be better than adaptive TCM in the ontext of System II, whena target BER of less than 0.01% is desired. This is beause when the hannel interleaver depth issuÆiently high, the diversity gain of the BICM's bit interleaver is higher than that of the TCM'ssymbol interleaver [9, 10℄.Let us now ompare the performane of the BbB adaptive CM system I and II.



4.4.4. System I and System II Performane 834.4.4 System I and System II PerformaneThe modem mode swithing mehanism of the adaptive shemes is haraterised by a set of swithingthresholds, the orresponding random TTCM symbol interleavers and the omponent odes, as follows:Modulation Mode = 8>>>><>>>>: 4QAM; I0 =684; R0 =1/2 if DFE � f18PSK; I1 =1368; R1 =2/3 if f1 < DFE � f216QAM; I2 =2052; R2 =3/4 if f2 < DFE � f364QAM; I3 =3420; R3 =5/6 if DFE > f3, (4.13)where fn; n = 1 : : : 3, are the equaliser's output SNR thresholds, while In represents the randomTTCM symbol interleaver size in terms of the number of bits, whih is not used for the other CMshemes. The swithing thresholds fn were hosen experimentally, in order to maintain a BER ofbelow 0:01%, and these thresholds are listed in Table 4.1.BER < 0.01 % Swithing ThresholdsAdaptive System Type f1 f2 f3TCM, Memory 3 System I 19:56 23:91 30:52System II 17:17 21:91 29:61TCM, Memory 6 System I 19:56 23:88 30:07System II 17:14 21:45 29:52TTCM, 4 iterations System I 19:69 23:45 30:29System II 16:66 21:40 28:47BICM, Memory 3 System I 19:94 24:06 31:39BICM-ID, 8 iterations System II 16:74 21:45 28:97Table 4.1: The swithing thresholds were set experimentally for transmissions over the COST207 TUhannel of Figure 4.4, in order to ahieve a target BER of below 0:01%. System I utilises a hannelinterleaver length of one TDMA/TDD burst, while System II uses a hannel interleaver length offour TDMA/TDD bursts.Let us onsider the adaptive TTCM sheme in order to investigate the performane of System Iand System II. The performane of System I employing hannel interleaving over one transmissionburst was found to be idential to that of the same sheme employing no hannel interleaving. Thisis beause in the ontext of the burst-invariant fading senario the hannel behaves like a dispersiveGaussian hannel, enountering a spei� fading envelope and phase trajetory aross a transmissionburst. The CIR is then faded at the end or at the ommenement of eah transmission burst. Hene theemployment of a hannel interleaver having a memory of one transmission burst would not inuenethe distribution of the hannel errors experiened by the deoder. The BER and BPS performanesof both adaptive TTCM systems using four iterations are shown in Figure 4.12, where we observedthat the throughput of System II was superior to that of System I. Furthermore, the overall BERof System II was lower than that of System I. In order to investigate the swithing dynamis ofboth systems, the mode swithing together with the equaliser's output SNR was plotted versus timeat an average hannel SNR of 25 dB in Figures 4.13 and 4.14. Observe in Table 4.1 that the swithingthresholds fn of System II are lower than those of System I, sine the �xed-mode-based resultsof System II in Figure 4.9 were better. Hene higher-order modulation modes were hosen more
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Figure 4.12: BER and BPS performane of adaptive TTCM for transmissions over the COST207 TUhannel of Figure 4.4, using four turbo iterations in System I (with a hannel interleaver length ofone burst) and in System II (with a hannel interleaver length of four bursts) for a target BER ofless than 0.01%. The legends indiate the assoiated swithing thresholds expressed in dB, as seen inthe brakets. The normalised Doppler frequeny was 3:25 � 10�5.frequently than in System I, giving a better BPS throughput. From Figures 4.13 and 4.14, it is learthat System I was more exible in terms of mode swithing, while System II bene�ted from higherdiversity gains due to the four-burst hannel interleaver. This diversity gain ompensated for the lossof swithing exibility, ultimately providing a better performane in terms of BER and BPS, as seenin Figure 4.12.In our next endeavour, the adaptive CM shemes of System I and System II are ompared. Fig-ure 4.15 shows the BER and BPS performane of System I for adaptive TTCM using four iterations,adaptive TCM of memory 3 (whih was the omponent ode of our TTCM sheme), adaptive TCMof memory 6 (whih had a similar deoding omplexity to our TTCM sheme) and adaptive BICM ofmemory 3. As an be seen from the �xed-mode results of Figures 4.8 and 4.9 in the previous setion,TCM and TTCM performed similarly in terms of their BER, when hannel interleaving over onetransmission burst was used for the slow fading wideband COST207 TU hannel of Figure 4.4. Hene,they exhibited a similar performane in the ontext of the adaptive shemes of System I, as shownin Figure 4.15. Even the TCM sheme of memory 3 assoiated with a lower omplexity ould give asimilar BER and BPS performane. This shows that the equaliser plays a dominant role in SystemI, where the oded modulation shemes ould not bene�t from suÆient diversity due to the lak ofinterleaving. Also shown in Figure 4.15 is that adaptive TCM exhibited a better BPS throughput andBER performane than adaptive BICM, due to employing an insuÆiently high hannel interleavingdepth for the BICM sheme, for transmissions over our slow fading wideband hannels.When hannel interleaving over four transmission bursts is introdued in System II, the bursty
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Figure 4.13: Channel SNR estimate and BPS versus time plot for adaptive TTCM for transmissionsover the COST207 TU hannel of Figure 4.4, using four turbo iterations in System I at an averagehannel SNR of 25 dB, where the modulation mode swithing is based upon the equaliser's outputSNR, whih is ompared to the swithing thresholds fn de�ned in Table 4.1. The duration of oneTDMA/TDD frame is 4.615 ms. The TTCM mode an be swithed after one frame duration.symbol errors are dispersed. Figure 4.16 illustrates the BER and BPS performane of System II foradaptive TTCM using four iterations, adaptive TCM of memory 3, adaptive TCM of memory 6 andadaptive BICM-ID of memory 3 in onjution with eight deoding iterations. The performane ofall these shemes improved in the ontext of System II, as ompared to the orresponding shemesin System I. The TCM sheme of memory 6 had a lower BER than TCM of memory 3, and alsoexhibited a small BPS improvement. As observed in Figure 4.11, we notied that BICM-ID had theworst performane at low SNRs in eah modulation modes ompared to other CM shemes. However,it exhibited a steep slope and therefore at high SNRs it approahed the performane of the TTCMsheme. As shown in Figure 4.16, the adaptive TTCM sheme exhibited a better BPS throughputthan adaptive BICM-ID, sine TTCM had a better performane in �xed modem modes at a BER of0.01%. However, adaptive BICM-ID exhibited a lower BER performane than adaptive TTCM owingto the high steepness of the BER urve of BICM-ID in its �xed modem modes.In summary, we have observed BER and BPS gains for the adaptive CM shemes of System IIin omparison to the adaptive CM shemes of System I. Adaptive TTCM exhibited a superior BPSperformane in omparison to other adaptive CM shemes in the ontext of System II.
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Figure 4.14: Channel SNR estimate and BPS versus time plot for adaptive TTCM for transmissionsover the COST207 TU hannel of Figure 4.4, using four turbo iterations in System II at an averagehannel SNR of 25 dB, where the modulation mode swithing is based upon the equaliser's outputSNR whih is ompared to the swithing thresholds fn de�ned in Table 4.1. The duration of oneTDMA/TDD frame is 4.615 ms. The TTCM mode is maintained for four frame durations, i.e. for18.46 ms.4.4.5 ConlusionsIn this setion, BbB adaptive TCM, TTCM, BICM and BICM-ID were proposed for transmissions overwideband fading hannels and they were haraterised in performane terms when ommuniating overthe COST207 TU fading hannel. When hannel interleaving over one transmission burst is invokedin System I, the performane of the system was dominant by the hannel equaliser. Nonetheless,adaptive TCM still outperformed adaptive BICM in the ontext of System I, as shown in Figure 4.15.When observing the assoiated BPS urves, adaptive TTCM exhibited up to 2.5 dB SNR gain whenthe hannel interleaver depth was inreased from one to four transmission bursts, as evidened inFigure 4.12. Upon omparing the BPS urves, adaptive TTCM also exhibited up to 0.7 dB SNR gainompared to adaptive TCM of the same omplexity in the ontext of System II for a target BERof less than 0.01%, as shown in Figure 4.16. Finally, the BPS performane of adaptive BICM-ID wasonly marginally worse than that of adaptive TTCM in the ontext of System II, as illustrated inFigure 4.16.4.5 Radial Basis Funtion based EqualisationIn the forthoming setions, we will further investigate the Coded Modulation (CM) shemes in theontext of a Radial Basis Funtion (RBF) assisted turbo equalised system.
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Figure 4.15: BER and BPS performane of adaptive TCM, TTCM and BICM in the ontext of SystemI, for transmissions over the Rayleigh fading COST207 TU hannel of Figure 4.4. The swithingmehanism was haraterised by Equation 4.13. The swithing thresholds were set experimentally, inorder to ahieve a BER of below 0:01%, as shown in Table 4.1. The normalised Doppler frequenywas 3:25 � 10�5.
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Figure 4.16: BER and BPS performane of adaptive TCM, TTCM and BICM-ID in the ontextof System II, for transmissions over the Rayleigh fading COST207 TU hannel of Figure 4.4. Theswithing mehanism was haraterised by Equation 4.13. The swithing thresholds were set experi-mentally, in order to ahieve a BER of below 0:01%, as shown in Table 4.1. The normalised Dopplerfrequeny was 3:25 � 10�5.



4.5.1. RBF based Equaliser Priniple 88The RBF based equaliser [77℄ studied onstitutes a non-linear equalisation sheme, whih formu-lates the hannel equalisation proedure as a lassi�ation problem. More expliitly, in onventionalequalisers of Setion 4.3.1 the reeived signal is linearly �ltered with the aid of the hannel equaliser,whih is aiming for mimiking the inverse of the CIR. By ontrast, given the CIR, the RBF basedequaliser determines all possible hannel outputs engendered by the set of legitimate transmitted sym-bols and then lassi�es eah reeived symbol into the nearest legitimate hannel output, whih allowsus to infer the spei� symbol transmitted. The appliation of non-linear RBF based equalisers hasbeen studied in onjuntion with hannel odes [102, 103℄, spae-time odes [104℄ as well as turboequalisation [105℄. The BER performane of RBF-based Turbo Equalisation (RBF-TEQ) was pre-sented in [105℄ in the ontext of Quadrature Amplitude Modulation (QAM), whih was found similarto that of the Conventional Trellis-based Turbo Equalisation (CT-TEQ) [106℄. The RBF-assistedshemes are however apable of maintaining a lower omplexity than their onventional trellis-basedounterparts, when ommuniating over both dispersive Gaussian and Rayleigh fading hannels, whilemaintaining a similar performane. The omplexity of the RBF-TEQ sheme an be further reduedby invoking the In-phase/Quadrature-phase Turbo Equalisation (I/Q-TEQ) tehnique, while main-taining a similar performane to that of the CT-TEQ [103℄. Expliitly the philosophy of arrying outthe equalisation of the in phase and quadrature phase omponents separately is appealing, sine thedimensionality of the I and Q omponents is signi�antly lower than that of the omplex onstellation,whih redues the equaliser's omplexity. However, this prinipal an only be invoked in onjuntionwith turbo equalisation where the assoiated gross simpli�ation of onsidering the I and Q ompo-nents in isolation and hene disregarding their hannel-indued ross-oupling is ompensated by theturbo-equaliser's onseutive iterations [14℄.4.5.1 RBF based Equaliser PrinipleAs already mentioned above, the harateristis of the transmitted sequene an be exploited by api-talising on the �nite-duration CIR and by onsidering the hannel equalisation proess as a geometrilassi�ation problem. This approah was �rst expounded by Gibson, Siu and Cowan [107℄, whoinvestigated utilising nonlinear strutures o�ered by neural networks as hannel equalisers [103℄.After �ltering the reeived signal with the aid of a �lter mimiking the inverse of the CIR, a linearequaliser performs the lassi�ation into symbols in onjuntion with a deision devie, whih is oftena simple sign funtion. The deision boundary is onstituted by the lous of all noisy hannel outputs,where the output of the linear equaliser is zero. In general, the linear equaliser invokes a hyperplaneas its deision boundary, and hene it implements a sub-optimum lassi�ation strategy. Gibson et.al. [107℄ have shown examples of linearly non-separable hannels, when the deision delay is zero andthe hannel is of non-minimum phase nature. The linear separability of the hannel outputs dependson the equaliser order, m, on the deision delay � and in situations where the hannel harateristisare time varying, it may not be possible to speify appropriate values of m and � , whih will guaranteelinear separability.Aording to Chen, Gibson and Cowan [108℄, the above shortomings of the linear equaliser areirumvented by a Bayesian approah [109℄ to obtaining an optimal equalisation solution. In general,the optimal Bayesian deision boundary is onstituted by a hyper-surfae, rather than just a hyper-



4.5.1. RBF based Equaliser Priniple 89plane in the m-dimensional observation spae and the realisation of this nonlinear boundary requiresa nonlinear deision apability, whih an be provided by neural networks. The so-alled Radial BasisFuntion (RBF) network is ideal for hannel equalisation appliations, sine it is apable of realisingthe optimal Bayesian equalisation solution [110℄. Therefore, RBF equalisers an be derived diretlyfrom theoretial onsiderations related to optimal detetion and all our prior knowledge onerningdetetion problems [109℄ an be exploited.
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�wMFigure 4.17: Arhiteture of a radial basis funtion based network.Briey, the struture of the RBF network [111℄ onsists of three di�erent layers, as shown inFigure 4.17. The input layer is onstituted by p soure nodes. A set of M nonlinear ativationfuntions 'i; i = 1; : : : ;M, onstitutes the hidden seond layer whereM is the number of independentbasis funtions of the RBF network. The output of the RBF network is provided by the third layer,whih is omprised of output nodes. Figure 4.17 shows only one output node. This onstrutionis based on the fundamentals of neural network design [111℄. As suggested by the terminology, theativation funtions in the hidden layer take the form of radial basis funtions [111℄, eah entredaround one of theM independent basis funtions of the RBF network.Radial funtions are haraterised by their responses that derease or inrease monotoniallywith distane from a entral point, , i.e. as the Eulidean norm kx � k is inreased, wherex = [x1 x2 : : : xp℄T is the input vetor of the RBF network. The entral points in the vetor are often referred to as the RBF entres. Therefore, the radial basis funtions take the form of:'i(x) = '(kx � ik); i = 0; : : : ;M: (4.14)This justi�es the 'radial' terminology. Referring to Figure 4.17, the RBF network an be representedmathematially as follows: F (x) = MXi=0 wi'i(x); (4.15)where wi is the ith weight of the RBF network. The additive bias b in Figure 4.17 is absorbed into thesummation as w0 by inluding an extra basis funtion '0, whose ativation funtion is set to 1. For adetailed desription of the RBF network design, the interested reader is referred to [103℄ for example.The arhiteture of the RBF equaliser designed for an M-ary multilevel modem senario is shown
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~Ik��Figure 4.19: RBF equaliser with deision feedbak.in Figure 4.181. Observe in Figure 4.18 that eah of the M possible symbols has a dediated sub-RBF network. Note furthermore that the output of eah sub-RBF network gives the orrespondingonditional density funtion �i and this output value an be used for generating soft deision hanneldeoder inputs in onjuntion with error orretion tehniques [14℄. Figure 4.19 illustrates the RBFassisted Deision Feedbak Equaliser (RBF-DFE) for the spei� senario of a binary modulationsheme. This is also equivalent to one sub-RBF network of M-level modems. Observe in the �gurethat in ontrast to onventional DFEs, where the output of the feedbak setion is subtrated fromthat of the feedforward setion for the sake of anelling the ISI omponent imposed by the symbolsthat have already been deteted, here the feedbak setion is employed for assisting the operationof the feedforward setion where a subset of entres was seleted for a partiular deision based1Expliitly, M determines the number of possible symbols onstituted by m = log2(M) bits, whileM is the number ofRBF entres, whih is determined by all possible ombinations of the legitimate transmitted symbols and by the lengthof the CIR.



4.6. Turbo Equalisation using Symbol-based MAP Deoder 91on the feedbak symbol vetor. More expliitly, some of the hannel outputs an be eliminatedfrom further lassi�ation-related omparisons, sine the orresponding symbols have already beendetermined [103℄. The struture of RBF-DFE is spei�ed by the equaliser's deision delay � , thefeedforward order m and the feedbak order n.Determine the feedbak statens;i(m+ 2)� 2M+ ns;f subtration and additionns;f multipliationns;f divisionns;i �M+ 1 maxns;i �M table look-upTable 4.2: Redued omputational omplexity per equalised output sample of an M-ary Jaobian RBFDFE based on salar entres. The Jaobian RBF DFE hasm inputs and ns;i hidden RBF nodes, whihare derived from the ns;f number of salar entres.The Bayesian-based RBF equaliser has a high omputational omplexity imposed by the evalua-tion of the nonlinear exponential funtions in Equation 4.19 and owing to the high number of addi-tions/subtrations and multipliations/divisions required for the estimation of eah symbol. However,the output of the RBF network an be generated in the logarithmi domian by using the Jaobianlogarithm [53℄ desribed in Setion 2.3.4, in order to avoid the omputation of exponentials and toredue the number of multipliations performed. The RBF equaliser using the Jaobian logarithmis referred to as the Jaobian RBF equaliser. The omplexity of the Jaobian RBF equaliser an befurther redued by exploiting the fat that the elements of the vetor of noiseless hannel outputsonstituting the hannel states ri; i = 1; : : : ; ns orrespond to the onvolution of a sequene of (�L+1)transmitted symbols and (�L+1) CIR taps. These vetor elements are referred to as the salar hannelstates rl; l = 1; : : : ; ns;f (= M�L+1) and we ould use Patra's and Mulgrew's method [112℄ to redue theomputational load [103℄. Following the proedure of Setions 8.10 and 10.2 in [103℄, it an be shownthat the orresponding omputional omplexity per equalised output sample of an M-ary JaobianRBF DFE is given by the values shown in Table 4.2. All systems presented in this hapter employedthe redued omplexity M-ary Jaobian RBF-DFE of [103℄.Having presented a brief overview of the RBF equaliser, we will proeed to introdue the turboequalisation tehnique using the symbol-based MAP deoder of Setion 2.3.4.6 Turbo Equalisation using Symbol-based MAP DeoderIn the RBF DFE based systems disussed in Setion 4.5.1 hannel equalisation and hannel deodingensued independently. However, it is possible to improve the reeiver's performane, if the equaliser isfed by the hannel outputs plus the soft deisions provided by the hannel deoder, invoking a numberof iterative proessing steps. This novel reeiver sheme was �rst proposed by Douillard et. al. [73℄ fora onvolutional oded Binary Phase Shift Keying (BPSK) system, using a similar priniple to that ofturbo odes and hene it was termed turbo equalisation [14℄. This sheme is illustrated in Figure 4.21,whih will be detailed during our forthoming disourse. Gertsman and Lodge [113℄ extended this



4.6.1. Priniple of Turbo Equalisation using Symbol-based MAP Deoder 92work and showed that the iterative proess of turbo equalisation is apable of ompensating for theperformane degradation imposed by imperfet hannel estimation. In [114℄ turbo equalisation wasimplemented in onjuntion with turbo oding, rather than onventional onvolutional oding, byRaphaeli and Zarai, whih demonstrated an inreased performane gain owing to turbo oding as wellas with the advent of enhaned ISI mitigation ahieved by turbo equalisation.4.6.1 Priniple of Turbo Equalisation using Symbol-based MAP Deoder
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Figure 4.21: Iterative turbo equalisation shemati.The priniples of bit-based iterative turbo deoding [115℄ were modi�ed appropriately for employ-ment of the symbol-based M-ary oded modulation system of Figure 4.20. As seen in the �gure, adata symbol dn is fed into the hannel enoder in order to yield a hannel enoded symbol n ofm = log2(M) bits. Then the interleaved hannel enoded symbol k is mapped to an M-ary symbolbefore transmission. In this sheme the hannel is viewed as an 'inner enoder' of a serially onate-nated arrangement, sine it an be modelled with the aid of a tapped delay line similar to that of aonvolutional enoder [73,116℄, as it was also demonstrated in Setion 16.5 of [14℄. At the reeiver theequaliser and deoder employ a Soft-In Soft-Out (SISO) algorithm, suh as the optimal Maximum APosteriori (MAP) algorithm [14,50℄ or the Log-MAP algorithm [14,53℄. The SISO equaliser proessesthe a priori information assoiated with the oded symbol k transmitted over the hannel and { inonjuntion with the hannel output values vk { omputes the a posteriori information onerningthe oded symbol. The soft values of the oded bits onstituting the hannel oded symbol k arenormally quanti�ed in the form of the log-likelihood ratio [73℄, however, here we will quantify them inthe form of the symbol probabilities using the symbol-based MAP deoder of Setion 2.3. Note that inthe ontext of turbo equalisation the a posteriori information onerning all the oded bits is required,



4.6.1. Priniple of Turbo Equalisation using Symbol-based MAP Deoder 93whereas in the ontext of onventional turbo hannel deoding only the a posteriori information ofthe information bits are omputed.In our desription of the turbo equaliser depited in Figure 4.21 2, we have used the notationLE and LD for denoting the Log-domain Probability (LP) values output by the SISO equaliser andSISO deoder, respetively. The subsripts e, i, a and p were used to represent the extrinsi LP, theombined hannel and extrinsi LP, the a priori LP and the a posteriori LP, respetively. Referringto Figure 4.21, the SISO equaliser proesses the hannel outputs and the a priori information LEa (k)of the oded symbol, and generates the a posteriori LP values LEp (k) of the interleaved oded symbolk seen in Figure 4.20. Before passing the above a posteriori LPs generated by the SISO equaliser tothe SISO deoder of Figure 4.21, the ontribution of the deoder | whih is represented in the formof the a priori information LEa (k) | aruing from the previous iteration must be removed, in orderto yield the ombined hannel and extrinsi information LEi (k) seen in Figure 4.21. To expounda little further, the hannel and extrinsi information are referred to as 'ombined', sine they areintrinsially bound and annot be separated. However, note that at the initial iteration stage no apriori information is available yet. To elaborate further, the a priori information LEa (k) was removedat this stage, in order to prevent the deoder from proessing its own output information, whihwould result in overwhelming the deoder's urrent reliability-estimation haraterising the odedbits, i.e. the extrinsi information. The ombined hannel and extrinsi LP values are hannel-deinterleaved { as seen in Figure 4.21 { in order to yield LEi (n), whih is then passed to the SISOhannel deoder. Subsequently, the hannel deoder omputes the a posteriori LP values LDp (n) of theoded symbol. The a posteriori LPs generated at the output of the hannel deoder are onstituted bythe extrinsi LP LDe (n) and the hannel-deinterleaved ombined hannel and extrinsi LP LEi (n)extrated from the equaliser's a posteriori LP LEp (k). The extrinsi part an be interpreted as theinremental information onerning the urrent symbol obtained through the deoding proess fromall the information available due to all surrounding symbols imposed by the ode onstraints, butexluding the information diretly onveyed by the symbol. This information an be alulated bysubtrating on a symbol-by-symbol basis the LP values LEi (n) at the input of the deoder from thea posteriori LP values LDp (n) at the hannel deoder's output, as seen also in Figure 4.21, yielding:LDe (n) = LDp (n)�LEi (n): (4.16)The extrinsi information LDe (n) of the oded symbol is then interleaved as shown in Figure 4.21, inorder to yield LDe (k), whih is fed bak in the required symbol-order to the hannel equaliser, whereit is used as the a priori information LEa (k) in the next equalisation iteration. This onstitutes the�rst iteration. Again, it is important that only the hannel-interleaved extrinsi part { i.e. LDe (k)of LDp (n) { is fed bak to the equaliser, sine the interdependene between the a priori informationLEa (k) = LDe (k) used by the equaliser and the previous deisions of the equaliser should be minimised.This independene assists in obtaining the equaliser's reliability-estimation of the oded symbols forthe urrent iteration, without being 'inuened' by its previous estimations. Ideally, the a prioriinformation should be based on an independent estimation. As argued above, this is the reason that2The SISO hannel deoder blok may ontain any of the oded modulation deoders suh as the TCM, BICM,TTCM and BICM-ID deoders. The TTCM and BICM-ID deoders themselves have a number of inner iterations andthe number of inner and outer iterations is adjusted suh that all the di�erent shemes enounter the same total numberof trellis stages.



4.7. RBF Assisted Turbo Equalisation of Coded Modulation Shemes 94the a priori information LEa (k) is subtrated from the a posteriori LP value LEp (k) at the outputof the hannel equaliser in Figure 4.21, before passing the LP values to the hannel deoder. In the�nal iteration, the a posteriori LPs LDp (dn) of the information symbols are omputed by the hanneldeoder.Previous turbo equalisation researh has implemented the SISO equaliser using the Soft-OutputViterbi Algorithm (SOVA) [73℄, the optimal MAP algorithm [106℄ and linear �lters [117℄. We will nowintrodue the RBF based equaliser as the SISO equaliser, whih will be employed in the ontext ofturbo equalisation using the symbol-based MAP algorithm.4.7 RBF Assisted Turbo Equalisation of Coded Modulation ShemesThe RBF network based equaliser is apable of utilising the a priori information LEa (k) provided bythe hannel deoder of Figure 4.21, in order to improve its performane. This a priori information anbe assigned namely to the weights of the RBF network [118℄. In turn, the RBF equaliser provides thedeoder with the a posteriori information LEp (k) onerning the oded symbol. We will now providea brief overview of symbol-based oded modulation assisted, RBF aided turbo equalisation. Notethat this proedure is di�erent from the separate bit-based hannel oding and modulation philosophyoutlined in Setion 11.2 of [103℄.4.7.1 System OverviewThe onditional Probability Density Funtion (PDF) of the ith symbol, i = 1; : : : ;M, assoiated withthe ith subnet of the M-ary RBF hannel equaliser having a feedforward order of m is given by [103℄:f iRBF (vk) = ns;iXj=1wij'(jvk � ij j); (4.17)wij = pij(2��2N )�m=2; (4.18)'(x) = exp��x22�2N � (4.19)i = 1; : : : ;M; j = 1; : : : ; ns;iwhere ij , wij , '(�) and 2�2N are the RBF's entres, weights, ativation funtion and width, respetively,and �2N is the noise variane of the hannel. The atual number of hannel states ns;i is determinedby the spei� design of the algorithm invoked, but in general we aim for reduing the number ofhannel states from the optimum number of Mm+�L�1, where m is the equaliser feedforward order and�L+1 is the (CIR) duration [112,119,120℄, to a lower value for the sake of reduing the omputationalomplexity.The term vk in Equation 4.17 is the reeived symbol sequene, as shown in Figure 4.20. Expliitly,vk hosts the hannel outputs observed by the mth order equaliser, whih an be expressed in anm-dimensional vetorial form as:vk = h vk vk�1 : : : vk�m+1 iT : (4.20)



4.7.1. System Overview 95The hannel input states are hosted by the vetor sj , whih is also referred to as the hannel inputvetor. Expliitly, this vetor is given by the jth possible ombination of the (�L + m) number oftransmitted symbols, namely by:sj = h sj1 : : : sjp : : : sj(�L+m) iT : (4.21)In order to arrive at the Bayesian equalisation solution [14, 110℄ the RBF entres ij are assignedthe values of the hannel output states rij . The hannel output states rj is the produt of the CIRmatrix H and the hannel input states sj . rj is also referred to as the hannel output vetor and it isrepresented as [14℄: rj = Hsj ; (4.22)where the z-transform of the CIR h(t) having a memory of �L symbols is represented by H(z) =P�Ln=0 hnz�n and H is an m� (m+ �L) matrix given by the CIR taps as follows:H = 266664 h0 h1 : : : h�L : : : 00 h0 : : : h�L�1 : : : 0... ... ...0 0 h0 : : : h�L�1 h�L
377775 : (4.23)The RBF weights wij orrespond to the a priori probability of the hannel states pij = P (rij),i = 1; : : : ;M, j = 1; : : : ; ns;i, as shown in Equation 4.18. The probability pij of the hannel states rij ,and therefore the weights of the RBF equaliser an be derived from the a priori information LEa (k)estimated by the symbol-based MAP hannel deoder. Expliitly, LEa (k) is the interleaved version ofthe extrinsi information LDe (n) in Equation 4.16. More spei�ally, we derived the a posteriori LPvalue of the m(= log2M)-bit oded symbol as:LDp (n) = ( ln( �An;d); if n = L(j; d) exist;ln(0); otherwise; (4.24)where �An;d is the a posteriori probability of the information symbol d de�ned in Equation 2.55,while ln(0) = �1 an be substituted by a large negative value, L(j; d) is the orresponding odedsymbol when the information symbol is d and the previous trellis state is j. Expliitly, we haved = f0; : : : ; 2m�1 � 1g when a rate-(m � 1)=m hannel ode is employed.Based on Equation 4.22 { for a time-invariant CIR and assuming that the symbols in the sequenesj are statistially independent of eah other { the probability of the reeived hannel output statesrj is given by: P (rj) = P (sj)= P (sj1 \ : : : sjp \ : : : sj(�L+m))= �L+mYp=1 P (sjp) j = 1; : : : ; ns;i: (4.25)The transmitted symbol vetor omponent sjp { i.e. the pth symbol in the vetor of Equation 4.21{is given by m = log2M number of bits bjp1; bjp2; : : : ; bjpm, whih onstitute the oded symbol k.



4.7.2. Simulation Results and Disussions 96Expliitly, the transmitted symbol vetor omponent sjp is mapped to the oded symbol k. Thereforewe have: P (sjp) = exp �LEa (k)� ; sjp = k: (4.26)Note that the probability P (rj) of the hannel output states and therefore also the RBF weights de�nedin Equation 4.18 are time-variant, sine the values of LDp (n) are time-variant. Hene, referring toEquations 4.25 and 4.26, the probability P (rj) of the hannel output states an be represented interms of the symbol LP LEa (k) as follows:P (rj) = P (sj)= �L+mYp=1sjp=k exp �LEa (k)� j = 1; : : : ; ns;i: (4.27)In summary, the omputation of the PDF f iRBF (vk) of the ith symbol in Equation 4.17, i =1; : : : ;M, whih is assoiated with the ith subnet of the M-ary RBF hannel equaliser, requires theknowledge of the hannel states' a priori probability pij , when determining the RBF weights wij, asshown in Equation 4.18. Expliitly, we have pij = P (rij) and note that for a spei� subnet i wean suppress the index i for the sake of brevity. Finally, P (rj) an be omputed from Equation 4.27using the a priori information LEa (k). Expliitly, LEa (k) is the interleaved version of the extrinsiinformation LDe (n) of Equation 4.16, and the a posteriori information LDp (n) an be obtained fromEquation 4.24. Therefore, we have demonstrated how the soft output LEa (k) provided by the symbol-based MAP hannel deoder of Figure 4.21 an be utilised by the RBF equaliser.On the other hand, the ith subnet of the M-ary RBF equaliser provides the a posteriori LP valueof the ith oded symbol ik aording to:LEp (ik) = ln� f iRBF (vk)Pall l f lRBF (vk)� ; l = 1; : : : ;M: (4.28)where f iRBF (vk) was de�ned by Equation 4.17, while the term Pall l f lRBF (vk) is a normalisationfator, ensuring that we have Pall i exp(LEp (ik)) = 1 and the reeived sequene vk is de�ned inEquation 4.20.4.7.2 Simulation Results and DisussionsWe employed the Jaobian RBF-DFE of [103,121℄, whih redued the omplexity of the RBF equaliserby utilising the Jaobian logarithmi funtion [53℄ and deision feedbak assisted RBF-entre sele-tion [103,118℄ as well as a TEQ sheme using a symbol-based MAP hannel deoder. The parametersused for the RBF-DFE sheme are: �=2, m=3 and n=1. The transmitted (m�1)-bit information sym-bols are enoded by the rate-(m� 1)=m CM enoder, interleaved and mapped to an M-ary modulatedsymbol where M = 2m. We utilised 16QAM in order to obtain an e�etive transmission throughput ofm� 1=3 information Bits Per Symbol (BPS). All the 16QAM-based CM shemes employed exhibiteda similar deoding omplexity for the sake of a fair omparison. More spei�ally, a omponent TCM(or BICM) ode memory of 3 was used for the TTCM (or BICM-ID) sheme. The number of iterationsfor TTCM (BICM-ID) was �xed to 4 (8) and hene the iterative sheme exhibited a similar deoding
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non-spread data burstFigure 4.22: Transmission burst struture of the FMA1 non-spread speeh burst of the FRAMES proposal [97℄.omplexity to that of the TCM (BICM) ode of memory 6 when quanti�ed in terms of the numberof oding states aording to the explanations given in Setion 3.2.2. Their orresponding generatorpolynomials an be found from Tables 2.1, 2.2, 2.3 and 2.4.The transmission burst struture used in this system is the FMA1 non-spread data burst spei�edby the Pan-European FRAMES proposal [97℄, whih is shown in Figure 4.22. When onsideringa Time Division Multiple Aess (TDMA) system having 16 slots per 4:615ms TDMA frame, thetransmission burst length is 288 �s, as shown in Figure 4.22. In our investigations, the transmissiondelay was limited to approximately 8� 4:615ms = 37ms. This orresponds to a transmission delay of8 TDMA frames and a hannel interleaver depth of 8� 684 = 5472 symbols an be employed.A two-path, symbol-spaed CIR of equal tap weights was used, whih an be expressed as h(t) =0:707 + 0:707z�1, where �L = 1 and the Rayleigh fading statistis obeyed a normalised Doppler fre-queny of 3:25 � 10�5. The fading magnitude and phase was kept onstant for the duration of atransmission burst, a ondition whih we refer to as employing transmission burst-invariant fading.The Least Mean Square (LMS) algorithm [122℄ was employed for estimating the CIR based on thetraining sequene of the transmission burst, as seen in Figure 4.22. Iterative CIR estimation wasinvoked, where the initial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01for the seond and the subsequent iterations. This LMS-aided CIR estimation was outlined in detailsin [103℄.Figures 4.23 to 4.26 illustrate the BER and FER versus hannel SNR performane of the RBF-TEQ sheme assisted by 16QAM-based TCM, TTCM, BICM and BICM-ID, when ommuniatingover the equally-weighted two-path Rayleigh fading CIR. As we an see from the �gures, the systemsemploying CIR estimations, rather than perfet CIR knowledge, exhibited some performane lossompared to the ideal systems employing perfet CIR estimation, but the assoiated losses reduedrapidly, when the number of TEQ iteration was inreased. The BER and FER performane of theidential-throughput unoded 8PSK sheme ommuniating over non-dispersive AWGN hannels wasused as a benhmarker for the 16QAM-based RBF-TEQ arrangement using various CM shemes,when ommuniating over dispersive Rayleigh fading hannels. We found that the BER urves of theTTCM, BICM and BICM-ID assisted shemes are only about 2 dB away from the benhmarker at aBER of 10�5. However, the TCM assisted sheme su�ers from an error oor owing to the existene ofunproteted bits in the TCM oded symbols. On the other hand, the FER performane of the TTCM,BICM and BICM-ID assisted RBF-TEQ shemes was found in Figures 4.24 to 4.26 to be better than
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Figure 4.23: The BER and FER versus hannel SNR performane of the RBF-TEQ-TCM 16QAMsheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. The initialLMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond and the subse-quent iterations. Our simulation results using perfet CIR estimation are also shown for omparison.The normalised Doppler frequeny was 3:25 � 10�5.
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Figure 4.24: The BER and FER versus hannel SNR performane of the RBF-TEQ-TTCM 16QAMsheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. The initialLMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond and the subse-quent iterations. Our simulation results using perfet CIR estimation are also shown for omparison.The normalised Doppler frequeny was 3:25 � 10�5.
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Figure 4.25: The BER and FER versus hannel SNR performane of the RBF-TEQ-BICM 16QAMsheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. The initialLMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond and the subse-quent iterations. Our simulation results using perfet CIR estimation are also shown for omparison.The normalised Doppler frequeny was 3:25 � 10�5.
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Figure 4.26: The BER and FER versus hannel SNR performane of the RBF-TEQ-BICM-ID16QAM sheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. Theinitial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond andthe subsequent iterations. Our simulation results using perfet CIR estimation are also shown foromparison. The normalised Doppler frequeny was 3:25� 10�5.



4.7.3. Conlusions 100that of the benhmarker at low SNR values. Furthermore, it was found from our simulations thatthe ahievable performane gain remained only marginal, when more than three TEQ iterations wereemployed.In order to ompare the performane of the RBF-TEQ assisted CM sheme to that of the on-ventional DFE assisted CM sheme extensively studied in Setion 4.4, in Figures 4.23 to 4.26 wehave plotted the BER and FER performane of the onventional DFE assisted unoded-8PSK andthose of the CM-16QAM shemes, when ommuniating over the two-path Rayleigh fading hannelsonsidered, where perfet CIR knowledge was assumed. The onventional DFE's feedforward orderm and feedbak order n were set to seven and one, respetively, sine we found from our simulationsthat further inreasing the values of m and n yielded no further performane improvement whenommuniating over the two-path Rayleigh fading hannels onsidered. Spei�ally, the onventionalDFE exhibits a lower omplexity than that of the RBF-DFE. However, the performane of the on-ventional DFE sheme is lower than that of its RBF-DFE ounterpart owing to experiening an erroroor in the high SNR region [103℄. From Figures 4.23 to 4.26 we notied that the onventional DFEassisted CM-16QAM shemes exhibited approximately 2 to 3 dB oding/SNR gain 3 ompared to theidential-throughput onventional DFE assisted unoded-8PSK sheme at a BER of 10�4. However,the ahievable oding gain of the various CM shemes was signi�antly inreased, when the RBF-TEQsheme was employed, although this was ahieved at a onomitantly higher omplexity owing to em-ploying an inreased number of iterations. Expliitly, a oding gain in exess of 10 dB was ahievableat a BER of 10�4 by the various CM shemes against the idential-throughput onventional DFEassisted unoded-8PSK sheme, when the RBF-TEQ sheme invoked 3 iterations.Figure 4.27 shows the BER and FER versus hannel SNR performane of RBF-TEQ for variousCM aided 16QAM shemes, when ommuniating over the equally-weighted two-path Rayleigh fadingCIR and utilising iterative LMS-based CIR estimation. It is illustrated in Figure 4.27 that the RBF-TEQ-BICM sheme attained the highest TEQ gain ompared to its ounterparts. The RBF-TEQ-BICM sheme is also the best performer in terms of the ahievable FER, but the RBF-TEQ-TTCMarrangement is the best performer in terms of the BER attained.4.7.3 ConlusionsWe found in Figure 4.27 that the BER performane of the TTCM, BICM and BICM-ID assistedRBF-TEQ shemes was only about 2 dB away from that of the idential-throughput unoded 8PSKsheme ommuniating over AWGN hannels. The ahievable oding gain of the various CM shemeswas signi�antly inreased, when employing the RBF-TEQ sheme of Setion 4.7 rather than theonventional DFE. However, the ahievable performane gain remained only marginal, when morethan three TEQ iterations were employed. The RBF-TEQ-BICM sheme is the best performer in3In our investigation we will be onsistently plotting BER versus SNR as well as FER versus SNR urves. Theseurves may be readily onverted to BER versus Eb=N0 and FER versus Eb=N0 urves by shifting them aording to theassoiated oding rate. However, all urves would have to be shifted by the same amount and hene, the ahievableoding gain remains idential to the ahievable SNR gain. This is beause oding gain is de�ned on the Eb=N0 sale,while Eb represents the energy of the useful information bits. Therefore, in our further disourse we will refers to SNRgain and oding gain interhangeably. More spei�ally, in order to onvert the SNR sale to Eb=N0 sale, all urvesrequire a shift of 10 log(3) = 4:77 dB to the left of the SNR sale when the e�etive throughput is 3 BPS.
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Figure 4.27: The BER and FER versus hannel SNR performane of the RBF-TEQ for various CM16QAM sheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. Theinitial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond and thesubsequent iterations. The iteration gains of TEQ an be observed by omparing the performane ofthe �rst and third TEQ iteration of the systems. The normalised Doppler frequeny was 3:25� 10�5.terms of the ahievable FER, but the RBF-TEQ-TTCM arrangement has the edge in terms of theBER attained.Having studied the performane of the RBF-TEQ arrangement employing various CM shemes, letus now ommene our disourse on employing CM shemes in the ontext of the redued omplexityIn-phase/Quadrature-phase TEQ [103,123℄ system to be desribed in Setion 4.8.4.8 In-phase/Quadrature-phase Turbo EqualisationIn this setion, we denote the modulated signal by s(t), whih is transmitted over the dispersivehannel haraterised by the CIR h(t). The signal is also ontaminated by the zero-mean AdditiveWhite Gaussian Noise (AWGN) n(t) exhibiting a variane of �2N = N0=2, where N0 is the single-sidednoise power spetral density. The reeived signal r(t) is then formulated as:r(t) = s(t) � h(t) + n(t)= [sI(t) + jsQ(t)℄ � [hI(t) + jhQ(t)℄+ nI(t) + jnQ(t)= rI(t) + jrQ(t); (4.29)
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4.8.1. In-phase/Quadrature-phase Turbo Equalisation Priniple 103where we have: rI(t) = sI(t) � hI(t)� sQ(t) � hQ(t) + nI(t)rQ(t) = sI(t) � hQ(t) + sQ(t) � hI(t) + nQ(t); (4.30)sine the CIR h(t) is omplex-valued and therefore onsists of the I omponent hI(t) and Q omponenthQ(t). On the same note, sI(t) and sQ(t) are the I and Q omponents of s(t) in Figure 4.28, while nI(t)and nQ(t) denote the orresponding AWGN omponents. Both of the reeived I/Q signals, namelyrI(t) and rQ(t) of Equation 4.30 beome dependent on both sI(t) and sQ(t) due to the ross-ouplinge�et imposed by the omplex hannel. Hene a onventional hannel equaliser, regardless of whetherit is an iterative or non-iterative equaliser, would have to onsider the e�ets of this ross-oupling.4.8.1 In-phase/Quadrature-phase Turbo Equalisation PrinipleInitially we an neglet the hannel-indued ross-oupling of the reeived signal's quadrature ompo-nents and then we ompensate for this gross simpli�ation with the aid of the turbo equaliser. Moreexpliitly, this simpli�ation would result in an unaeptable performane degradation in the ontextof onventional non-iterative hannel equalisation. However, the employment of the iterative turboequalisation tehnique allows us to ompensate for the above simpli�ation during the onseutiveiterations. Therefore we an ompute the I and Q omponents of the deoupled hannel output r0(t),as though they were dependent on sI(t) or sQ(t) only, as portrayed in Figure 4.29 in the ontext ofthe following equations: r0I(t) = sI(t) � h(t) + nI(t)= sI(t) � hI(t) + j[sI(t) � hQ(t)℄ + n(t)r0Q(t) = �sQ(t) � h(t) + nQ(t)= � (sQ(t) � hI(t) + j[sQ(t) � hQ(t)℄) + n(t): (4.31)More expliitly, the removal of the ross-oupling is failitated by generating the estimates ŝI(t) andŝQ(t) of the transmitted signal [117℄ with the aid of the reliability information generated by the hanneldeoder and then by anelling the ross-oupling e�ets imposed by the hannel, yielding r0I(t) andr0Q(t), respetively, as seen in Figure 4.29. In the ideal senario, where perfet knowledge of boththe CIR and that of the transmitted signal is available, it is plausible that the hannel-indued ross-oupling between the quadrature omponents an be removed. However, when unreliable symbolestimates are generated owing to the hannel-impaired low-on�dene reliability values, errors areintrodued in the deoupling operation. Nonetheless, we will show that the assoiated imperfetdeoupling e�ets are ompensated with the aid of the iterative turbo equalisation proess in itsonseutive iterations.Following the above deoupling operation, the modi�ed omplex hannel outputs, namely r0I(t)and r0Q(t) of Figure 4.29, respetively, an be viewed as the result of onvolving both quadratureomponents independently with the omplex CIR on eah quadrature arm. Consequently, we anequalise sI(t) and sQ(t) independently, hene reduing the number of hannel states and the assoiatedomplexity quite signi�antly. Again, note that in Equation 4.31 we have assumed that perfet signal



4.9. RBF Assisted Redued Complexity I/Q Turbo Equalisation of CM Shemes 104regeneration and perfet deoupling is ahieved at the reeiver, in order to highlight the underlyingpriniple of the redued omplexity equaliser.4.9 RBF Assisted Redued Complexity In-phase/Quadrature-phaseTurbo Equalisation of Coded Modulation ShemesIn the RBF-I/Q-EQ sheme we utilised the priniple of separate I/Q equalisation outlined as inSetion 4.8, where two separate RBF equalisers was used for the in-phase and quadrature omponentof the transmitted symbols. The in-phase-RBF-EQ has RBF entres, whih onsist of the in-phasedeoupled hannel output r0I(t) of Equation 4.30 and vie-versa for the quadrature-RBF-EQ. Thenumber of possible hannel output states is redued, sine the deoupled hannel output r0(t) isdependent on pM number of possible in-phase or quadrature-phase transmitted symbols instead ofthe original M number of possible symbols.4.9.1 System Overview
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ŝI(t) ŝQ(t)

Figure 4.30: Shemati of the turbo equaliser employing a DFE and a SISO hannel deoder in the�rst turbo equalisation iteration. In subsequent iterations, two RBF-I/Q-EQs and one SISO hanneldeoder are employed. The notation � represents a hannel interleaver, while ��1 is used to denotea hannel deinterleaver.Figure 4.30 illustrates the shemati of the turbo equaliser utilising two redued-omplexity RBF-I/Q equalisers. The same notations employed in Setion 4.6 is used in this setion. The subsripts inFigure 4.30 are used for representing the iteration index, while the argument within the brakets ( )indiates the index of the reeiver stage, where the equalisers are denoted as reeiver stage 0, whilethe hannel deoder as reeiver stage 1.The onventional minimum mean square error DFE seen at the top left orner of Figure 4.30 is



4.9.2. Simulation Results and Disussions 105used for the �rst turbo equalisation iteration for providing soft deisions in the form of the LP Lp1(0)to the CM deoder. Invoking the DFE at the �rst iteration onstitutes a low-omplexity approahto providing an initial estimate of the transmitted symbols, as ompared to the more omplex RBF-I/Q-EQ. The symbol-based MAP hannel deoder of Figure 4.30 generates the a posteriori LP Lp1(1)and from that, the extrinsi information of the enoded symbols Le1(1) is extrated. In the nextiteration, the a posteriori LP Lp1(1) is used for regenerating estimates of the I and Q omponents ofthe transmitted signal, namely ŝI(t) and ŝQ(t), as seen in the `Symbol Estimate' blok of Figure 4.30.The a posteriori information was transformed from the logarithmi domain to modulated symbolsusing the approah employed in [117℄. The estimated transmitted quadrature omponents ŝI(t) andŝQ(t) are then onvolved with the estimate of the CIR h(t). At the deoupler blok of Figure 4.30, theresultant signal is used for removing the ross-oupling e�et, as seen in Equation 4.30, aording toEquation 4.31 from both quadrature omponents of the transmitted signal, yielding r0I(t) and r0Q(t).After the deoupling operation, r0I(t) and r0Q(t) are passed to the RBF-I/Q-EQ in the shematiof Figure 4.30. In addition to these reeived quadrature signals, the RBF-I/Q-EQ also proesses the apriori information reeived, whih is onstituted by the extrinsi LPs Le1(1) derived from the previousiteration, and generates the a posteriori information Lp2(0). Subsequently, the ombined hanneland extrinsi information Li2(0) is extrated from both RBF-I/Q-EQs in Figure 4.30 and ombined,before being passed to the Log-MAP hannel deoder. As in the �rst turbo equalisation iteration, thea posteriori and extrinsi information of the enoded symbol, namely Lp2(1) and Le2(1), respetively,are evaluated. Subsequent turbo equalisation iterations obey the same sequene of operations, untilthe iteration termination riterion is met.4.9.2 Simulation Results and DisussionsIn this setion, we will study the performane of a number of RBF-I/Q-TEQ shemes employingvarious CM shemes. Similar simulation parameters to those outlined in Setion 4.7.2 are used.The RBF-DFE based TEQ is spei�ed by the equaliser's deision delay � , the feedforward order mand the feedbak order n. The number of RBF nodes is ns;i = �M�L+m�n and the number of salarhannel states of the Jaobian RBF equaliser is ns;f = �M�L+1, where we have �M=M for the non-I/Qbased full-omplexity RBF-TEQ system, while �M=pM for the I/Q based RBF-TEQ system. Theestimated omputational omplexity of generating the a posteriori LP for the Jaobian RBF equaliseris summarised in Table 4.2, where ns;i(m+2)� 2 �M+ns;f number of additions/subtrations and 2ns;fmultipliations/divisions are required. Here, we employed �=2, m=3 and n=1 for the RBF-TEQ, aswell as m=7 and n=1 for the onventional DFE. Therefore, the `per-iteration' omplexity of the full-RBF-TEQ expressed in terms of the number of additions/subtrations and multipliations/divisions isabout 20704 and 512, respetively, while that of the RBF-I/Q-TEQ is about 328 and 32, respetively.Figures 4.31 to 4.34 illustrate the BER and FER versus hannel SNR performane of the RBF-I/Q-TEQ sheme inorporating into 16QAM-based TCM, TTCM, BICM and BICM-ID, when om-muniating over the equally-weighted two-path Rayleigh fading CIR. As we an see from the �gures,the systems employing LMS-based CIR estimation exhibited only marginal performane losses om-pared to the ideal systems employing perfet CIR estimation. This is beause the RBF-I/Q-TEQsheme redues the e�et of error propagation, sine the set of RBF entres to be seleted using
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Figure 4.31: The BER and FER versus hannel SNR performane of the RBF-I/Q-TEQ-TCM16QAM sheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. Theinitial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond andthe subsequent iterations. Our simulation results using perfet CIR estimation are also shown foromparison. The normalised Doppler frequeny was 3:25� 10�5.
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Figure 4.32: The BER and FER versus hannel SNR performane of the RBF-I/Q-TEQ-TTCM16QAM sheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. Theinitial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond andthe subsequent iterations. Our simulation results using perfet CIR estimation are also shown foromparison. The normalised Doppler frequeny was 3:25� 10�5.
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Figure 4.33: The BER and FER versus hannel SNR performane of the RBF-I/Q-TEQ-BICM16QAM sheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. Theinitial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond andthe subsequent iterations. Our simulation results using perfet CIR estimation are also shown foromparison. The normalised Doppler frequeny was 3:25� 10�5.
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Figure 4.34: The BER and FER versus hannel SNR performane of the RBF-I/Q-TEQ-BICM-ID16QAM sheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR. Theinitial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond andthe subsequent iterations. Our simulation results using perfet CIR estimation are also shown foromparison. The normalised Doppler frequeny was 3:25� 10�5.



4.9.2. Simulation Results and Disussions 108the DFE mehanism is redued from Mn to Mn=2 [103, 118℄. Again the BER performane of theidential-throughput unoded 8PSK sheme ommuniating over the non-dispersive AWGN hannelswas used as a benhmarker for the 16QAM-based RBF-I/Q-TEQ arrangement using various CMshemes, whih ommuniated over the dispersive two path Rayleigh fading hannels. It was foundfrom our simulations that the ahievable performane gain remained only marginal, when more thansix TEQ iterations were employed.The BER and FER performane of the onventional DFE assisted unoded-8PSK and CM-16QAMshemes employing perfet CIR knowledge was also plotted in Figures 4.31 to 4.34 for omparison to theRBF-I/Q-TEQ assisted CM sheme when ommuniating over the two-path Rayleigh fading hannelsonsidered. Expliitly, the �rst iteration of the RBF-I/Q-TEQ-CM sheme employed a onventionalDFE rather than the RBF-DFE, hene the orresponding performane is idential to that of theonventional DFE assisted CM-16QAM shemes haraterised in Figures 4.31 to 4.34. Spei�ally,the ahievable oding gain of the various 16QAM-based RBF-I/Q-TEQ assisted CM shemes againstthe idential-throughput onventional DFE assisted unoded-8PSK sheme inreases, as the numberof iterations inreases. Again, the ahievable oding gain of the various RBF-I/Q-TEQ assisted CMshemes is signi�antly higher than that of the onventional DFE assisted CM shemes, albeit thisis ahieved at a higher omplexity. Nonetheless, the omplexity of the RBF-I/Q-TEQ sheme stillremains lower than that of the onventional trellis-based TEQ as argued in [103, 105℄.
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Figure 4.35: The BER and FER versus hannel SNR performane of theRBF-I/Q-TEQ for variousCM 16QAM sheme, when ommuniating over the equally-weighted two-path Rayleigh fading CIR.The initial LMS CIR estimation step-size used was 0.05, whih was redued to 0.01 for the seond andthe subsequent iterations. The iteration gains of TEQ an be observed by omparing the performaneof the �rst and third TEQ iteration of the systems. The normalised Doppler frequeny was 3:25�10�5.Figure 4.35 shows the BER and FER versus hannel SNR performane of RBF-I/Q-TEQ for variousCM aided 16QAM shemes, when ommuniating over the equally-weighted two-path Rayleigh fading
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Figure 4.36: The BER and FER versus hannel SNR performane of the RBF-I/Q-TEQ and RBF-TEQ for various CM 16QAM sheme, when ommuniating over the equally-weighted two-pathRayleigh fading CIR. The initial LMS CIR estimation step-size used was 0.05, whih was reduedto 0.01 for the seond and the subsequent iterations. The RBF-I/Q-TEQ-CM sheme employs six it-erations and the RBF-TEQ-CM sheme employs three iterations. The normalised Doppler frequenywas 3:25 � 10�5.CIR and utilising the iterative LMS-based CIR estimation of [103℄. It is expliit in Figure 4.35that RBF-I/Q-TEQ-BICM sheme obtained the highest TEQ gains ompared to its ounterparts.The RBF-I/Q-TEQ-BICM sheme is also the best performer in terms of the ahievable FER, butthe RBF-I/Q-TEQ-TTCM sheme is the best performer in terms of the BER attained. Let us nowompare the performane of the RBF-I/Q-TEQ-CM sheme to that of the RBF-TEQ-CM sheme inFigure 4.36. It is found from Figure 4.36 that the performane of the RBF-I/Q-TEQ-CM shemehaving six iterations is similar to that of RBF-TEQ-CM having three iterations, exept for the RBF-I/Q-TEQ-TCM sheme, where the ahievable FER performane is about one dB inferior in omparisonto that of the RBF-TEQ-TCM sheme.Figure 4.37 illustrates the BER and FER versus hannel SNR performane of the TTCM assistedRBF-I/Q-TEQ and RBF-TEQ shemes on an iteration by iteration basis. In terms of the attainableBER, the performane of the �rst three iterations of RBF-I/Q-TEQ-TTCM is inferior to that of the�rst iteration of RBF-TEQ-TTCM for BER values below 10�4. In terms of the ahievable FER,the performane of the �rst two iterations of RBF-I/Q-TEQ-TTCM is inferior to that of the �rstiteration of RBF-TEQ-TTCM for FER values below 10�2. This is due to the employment of aonventional DFE during the �rst iteration of the RBF-I/Q-TEQ-TTCM sheme, as well as owingto the imperfet I/Q deoupling e�ets, when unreliable symbol estimates are employed. However,more reliable symbol estimates beome available with the aid of the iterative TEQ sheme during theforthoming iterations and the performane of RBF-I/Q-TEQ-TTCM beomes omparable to that of
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Figure 4.37: The BER and FER versus hannel SNR performane of the RBF-I/Q-TEQ-TTCMand RBF-TEQ-TTCM 16QAM sheme, when ommuniating over the equally-weighted two-pathRayleigh fading CIR. The initial LMS CIR estimation step-size used was 0.05, whih was redued to0.01 for the seond and the subsequent iterations. The normalised Doppler frequeny was 3:25�10�5.the full-omplexity RBF-TEQ-TTCM arrangement eventually, where the performane of RBF-I/Q-TEQ-TTCM having eight iterations is idential to that of RBF-TEQ-TTCM having four iterations forBER values below 10�4 and FER values below 10�2, as shown in Figure 4.37. Note that the omplexityimposed by the onventional DFE during the �rst RBF-I/Q-TEQ iteration is insigni�ant omparedto that of the remaining RBF based iterations. Hene, we should ompare the omplexity of the RBF-DFE assisted sheme using seven iterations in the eight-iteration aided RBF-I/Q-TEQ-TTCM shemeshown in Figure 4.37, to that of the four-iteration full RBF-TEQ-TTCM sheme shown in Figure 4.37.Therefore, it an be shown that omplexity redution fators of 47 � 20704328 � 36 and 47 � 51232 � 9 wereobtained in terms of the required number of additions/subtrations and multipliations/divisions,respetively.4.9.3 ConlusionsWe found that the RBF-I/Q-TEQ sheme employing LMS-based CIR estimation exhibited onlymarginal performane losses ompared to the ideal systems employing perfet CIR estimation. This isbeause the e�et of error propagation was redued signi�antly, when employing the RBF-I/Q-TEQsheme, ompared to that of the omplex-valued RBF-I/Q-TEQ sheme. The ahievable performanegain remained only marginal, when more than six TEQ iterations were employed by the CM assistedRBF-I/Q-TEQ sheme.A signi�ant omplexity redution was obtained by the RBF-I/Q-TEQ-CM sheme, when om-pared to the omplex-valued RBF-TEQ-CM arrangement, while ahieving virtually the same perfor-



4.10. Chapter Conlusions 111mane. Spei�ally, omplexity redution fators of 36 and 9 were ahieved in terms of the requirednumber of additions/subtrations and multipliations/divisions, respetively.4.10 Chapter ConlusionsIn this hapter the performane of four single-arrier oded modulation shemes employing hannelequalisers was evaluated for transmissions over wideband hannels. Spei�ally, the performane of theBbB adaptive onventional DFE-assisted oded modulation sheme was investigated in Setion 4.4,where an improved BER and BPS performane was attained in omparison to that of the �xed-modebased oded modulation shemes. It was found that the employment of a hannel interleaver having amemory of one transmission burst was insuÆient for randomising the bursty hannel errors induedby the slowly-fading COST207 TU hannels. Systems that employ a hannel interleaver having alonger memory will attain a higher diversity gain, but su�er from a redued exibility in terms ofmodulation mode swithing. However, the diversity gain ahieved by employing a hannel interleaverspanning over four transmission bursts ompensated for the loss of swithing exibility, ultimatelyproviding a better performane in terms of both the ahievable BER and BPS, as seen in Figure 4.12.TTCM was found to be the best performer, followed by BICM-ID, TCM and BICM in the ontext ofthe onventional DFE-assisted adaptive oded modulation sheme.In Setion 4.7, RBF-based turbo equaliser was amalgamated with the oded modulation shemesommuniating over wideband fading hannels. Spei�ally, both the proposed RBF-TEQ-CM andthe RBF-I/Q-TEQ-CM shemes were investigated under dispersive Rayleigh fading hannel onditionsusing 16QAM for maintaining an e�etive throughput of 3 BPS as disussed in Setions 4.7 and 4.9,respetively. In general, the BER performane of both the 16QAM-based RBF-TEQ-CM and RBF-I/Q-TEQ-CM shemes when ommuniating over wideband fading hannels, was found to be onlyabout 2 dB away from that of the idential-throughput unoded 8PSK sheme ommuniating overAWGN hannels. Our simulation results show signi�ant omplexity redutions for the RBF-I/Q-TEQ-CM sheme when ompared to omplex-valued RBF-TEQ-CM, while ahieving virtually thesame performane. This was demonstrated in Figures 4.36 and 4.37. Amongst the four CM shemes,the best performer was TTCM followed by BICM, BICM-ID and TCM in terms of the ahievableBER, as shown in Figure 4.27 for the RBF-TEQ sheme and in Figure 4.35 for the RBF-I/Q-TEQsheme. However, in terms of the FER attained the best performer was BICM, followed by TTCM,BICM-ID and TCM, as it was demonstrated in Figures 4.27 and 4.35.We have also ompared the performane of the RBF-TEQ-CM and RBF-I/Q-TEQ-CM shemesto that of the onventional DFE assisted CM sheme whih was haraterised in Setion 4.4. Morespei�ally, the onventional DFE assisted CM sheme was integrated into a burst-by-burst adaptiveCM system in Setion 4.4 based on the orresponding �xed mode's performane. Although the adaptiveCM system was not investigated in the ontext of RBF-TEQ, nonetheless we an expet that theRBF-TEQ assisted adaptive CM system maintains a signi�antly better performane ompared tothat of the onventional DFE assisted adaptive CM system of Setion 4.4, sine the oding gain of the�xed mode RBF-TEQ-CM and RBF-I/Q-TEQ-CM shemes is signi�antly higher than that of theironventional DFE based ounterpart, as we have demonstrated in Setions 4.7 and 4.9. Althoughthe omplexity of the RBF-TEQ is higher than that of the onventional DFE, the RBF assisted



4.10. Chapter Conlusions 112shemes are apable of maintaining a lower omplexity than that of their onventional trellis-basedounterparts, when ommuniating over both dispersive Gaussian and Rayleigh fading hannels, whilemaintaining a similar performane [103, 105℄.In summary, the oding gain exhibited by the oded modulation shemes studied in this hapter wassummarised in Tables 4.3, 4.4 and 4.5. Spei�ally, in Table 4.3 we summarise the performane gainexhibited by the DFE-based oded modulation shemes of Setion 4.4, when ommuniating over theCOST207 TU Rayleigh fading hannel. Furthermore, the performane gain of the OFDM-based odedmodulation shemes of Setion 3.4 employing a similar set of parameters and ommuniating also overthe COST207 TU Rayleigh fading hannel was inorporated in Table 4.3 for omparison. Spei�ally,the total number of OFDM subarriers was 1024 (1K mode [75℄) and the number of e�etive subarrierswas 684. From Table 4.3 we an see that the DFE-based oded modulation shemes of Setion 4.4perform better than the OFDM-based oded modulation shemes of Setion 3.4, when targetting aBER of 10�3 and 10�5. In Tables 4.4 and 4.5 the oding gain exhibited by the RBF-TEQ-CM andRBF-I/Q-TEQ-CM shemes ommuniating over 2-path Rayleigh fading hannels was tabulated.
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COST207 TU DFE OFDMRayleigh fading hannels Eb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER BERBPS 10�3 10�5 10�3 10�5 10�3 10�5 10�3 10�5unoded BPSK/1 12.35 18.10 0.00 0.00 25.00 44.85 0.00 0.00TCM QPSK/1 7.02 11.20 5.33 6.90 11.76 16.00 13.24 28.85TTCM QPSK/1 6.35 8.62 6.00 9.48 10.72 11.65 14.28 33.20BICM QPSK/1 6.67 9.72 5.68 8.38 11.16 14.09 13.84 30.76BICM-ID QPSK/1 6.21 9.58 6.14 8.52 10.88 14.34 14.12 30.51unoded QPSK/2 12.71 18.59 0.00 0.00 25.00 44.85 0.00 0.00TCM 8PSK/2 10.57 14.74 2.14 3.85 14.96 19.84 10.04 25.01TTCM 8PSK/2 10.36 13.07 2.35 5.52 14.18 15.97 10.82 28.88BICM 8PSK/2 11.04 14.04 1.67 4.55 14.88 17.97 10.12 26.88BICM-ID 8PSK/2 10.91 13.07 1.80 5.52 14.05 16.98 10.95 27.87unoded 8PSK/3 16.91 22.31 0.00 0.00 27.34 47.10 0.00 0.00TCM 16QAM/3 13.18 17.05 3.73 5.03 18.20 36.10 9.14 11.00TTCM 16QAM/3 13.13 15.81 3.78 6.50 16.36 18.56 10.98 28.54BICM 16QAM/3 13.65 16.99 3.26 5.53 17.07 20.37 10.27 26.73BICM-ID 16QAM/3 14.12 16.15 2.79 6.16 16.32 19.20 11.02 27.90unoded 16QAM/4 17.98 23.75 { { 28.00 47.85 { {TCM 64QAM/5 18.12 21.80 { { 24.48 43.62 { {TTCM 64QAM/5 18.12 21.03 { { 24.28 43.50 { {BICM 64QAM/5 19.01 22.91 { { 22.55 26.66 { {BICM-ID 64QAM/5 19.33 21.08 { { 21.30 26.82 { {unoded 64QAM/6 20.42 27.42 { { 31.61 51.28 { {Table 4.3: Coding gain values of the various DFE-based oded modulation shemes studied in thishapter, when ommuniating over the COST207 TU Rayleigh fading hannel. All of the odedmodulation shemes exhibited a similar deoding omplexity in terms of the number of deodingstates, whih was equal to 64 states. An interleaver blok length of 4 � 684 = 2736 symbols wasemployed and the orresponding simulation parameters were shown in Setion 4.4.2. Furthermore, theperformane of the OFDM-based oded modulation shemes employing a similar set of parameters,when ommuniating over the COST207 TU Rayleigh fading hannel was also onsidered here foromparison. Spei�ally, the total number of OFDM subarriers was 1024 (1K mode [75℄) and thenumber of e�etive subarriers was 684. The performane of the best sheme is printed in bold.



4.10. Chapter Conlusions 114RBF-TEQ, 2-path First iteration Third iterationRayleigh Fading Channels performane performaneEb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER BERBPS 10�3 10�5 10�3 10�5 10�3 10�5 10�3 10�5Unoded/AWGN 8PSK/3 10.03 12.97 { { 10.03 12.97 { {Unoded/DFE 8PSK/3 18.88 31.63 0.00 0.00 18.88 31.63 0.00 0.00TCM 16QAM/3 16.63 25.83 2.25 5.80 11.98 21.48 6.90 10.15TTCM 16QAM/3 15.03 19.23 3.85 12.40 12.42 14.88 6.46 16.75BICM 16QAM/3 16.87 23.43 2.01 8.20 12.95 15.23 5.93 16.40BICM-ID 16QAM/3 15.35 21.43 3.53 10.20 14.64 16.47 4.24 15.16Table 4.4: Coding gain values of the various RBF-TEQ assisted oded modulation shemes studied inthis hapter, when ommuniating over 2-path Rayleigh fading hannels. All of the oded modulationshemes exhibited a similar deoding omplexity in terms of the number of deoding states, whihwas equal to 64 states. An interleaver blok length of 8� 684 = 5472 symbols was employed and theorresponding simulation parameters were summarised in Setion 4.7.2. The performane of the bestsheme is printed in bold.
RBF-I/Q-TEQ, 2-path First iteration Sixth iterationRayleigh Fading Channels performane performaneEb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER BERBPS 10�3 10�5 10�3 10�5 10�3 10�5 10�3 10�5Unoded/AWGN 8PSK/3 10.03 12.97 { { 10.03 12.97 { {Unoded/DFE 8PSK/3 18.88 31.63 0.00 0.00 18.88 31.63 0.00 0.00TCM 16QAM/3 17.38 27.13 1.50 4.50 11.97 22.28 6.91 9.35TTCM 16QAM/3 17.00 26.75 1.88 4.88 12.32 15.30 6.56 16.33BICM 16QAM/3 18.88 26.73 0.00 4.90 12.59 15.19 6.29 16.44BICM-ID 16QAM/3 19.20 24.73 -0.32 6.90 14.33 16.28 4.55 15.35Table 4.5: Coding gain values of the various RBF-I/Q-TEQ assisted oded modulation shemes studiedin this hapter, when ommuniating over 2-path Rayleigh fading hannels. All of the oded modula-tion shemes exhibited a similar deoding omplexity in terms of the number of deoding states, whihwas equal to 64 states. An interleaver blok length of 8� 684 = 5472 symbols was employed and theorresponding simulation parameters were summarised in Setions 4.7.2 and 4.9.2. The performaneof the best sheme is printed in bold.



Chapter 5
Coded Modulation AssistedCode-Division Multiple Aess
5.1 IntrodutionIn this hapter we embark on studying the performane of Coded Modulation (CM) assisted DiretSequene (DS) Code-Division Multiple Aess (CDMA) systems. Two sub-optimum Multi-User De-tetion (MUD) shemes will be utilised, namely the Minimum Mean Square Error based DeisionFeedbak Equaliser (MMSE-DFE) MUD and Geneti Algorithm (GA) based MUD.Joint Detetion (JD) [124℄ reeivers are derivatives of the family of well-known single-user hannelequalisers, whih were originally designed for equalising signals that have been impaired by Inter-Symbol Interferene (ISI) due to traversing through multipath hannels. The MMSE-DFE based JD(JD-MMSE-DFE) sheme onstitutes a powerful approah to mitigating the e�ets of Multiple AessInterferene (MAI) and ISI [125℄, while at the same time improving the system's performane bybene�ting from the multipath diversity provided by dispersive hannels. In the literature, TCM andBICM shemes have been investigated in the ontext of a oherent DS-CDMA reeiver using an MMSEreeiver, when ommuniating over at Rayleigh fading hannels [126℄. However, in this hapter a JD-MMSE-DFE arrangement will be employed for assisting the operation of the TCM, TTCM, BICM andBICM-ID shemes invoked for transmissions over dispersive Rayleigh fading hannels in the ontextof a DS-CDMA system.On the other hand, GAs have been used for eÆiently solving ombinatorial optimisation prob-lems in numerous appliations [127℄. Reently, GA assisted MUD has been studied using Binary-Phase-Shift-Keying (BPSK) in the ontext of a CDMA system [128{130℄. When ompared to Verdu'soptimum MUD sheme [131℄, the GA-MUD is apable of signi�antly reduing the omputationalomplexity imposed.The rest of this hapter is organised as follows. The CM assisted JD-MMSE-DFE based MUD ispresented in Setion 5.2, while an Adaptive CM assisted JD-MMSE-DFE based MUD is investigatedin Setion 5.3. Finally, the performane of CM assisted GA based MUD is evaluated in Setion 5.4.
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sKFigure 5.1: Blok diagram of the onatenated CM and JD-MMSE-DFE sheme.The blok diagram of the CM-assisted Joint Detetion based CDMA (CM-JD-CDMA) system isshown in Figure 5.1. There are K users in the system, where eah user is assigned a spreading ode.At �rst, the 2�m-ary information symbol Sk of user k, is enoded by the CM enoder to an 2�m+1-arysignal, dk, by adding a parity bit to the original information symbol of �m information bits. Then, dkis spread by the spreading ode k of user k before transmission through the hannel. In this uplinksenario eah user transmits his/her signal through di�erent hannels using a single transmit antennaper user. At the Base Station (BS), we onsider one reeive antenna for all users. The JD-MMSE-DFEsubsystem of the BS's reeiver jointly detets all users' signals. The estimate of the signal d̂k of userk, is then fed from JD-MMSE-DFE to the CM deoder for generating the deoded output Ŝk.5.2.1 The JD-MMSE-DFE SubsystemThe onventional detetor used for DS-CDMA systems is the lassi mathed �lter [131℄. The mathed�lter is apable of maximising the SNR at the required sampling instant at its output for a givenreeived waveform [63℄. The Whitening Mathed Filter (WMF) [124, 132℄ is an extension of theonventional data estimation tehnique that uses a bank of mathed �lters, one for eah user. JDshemes an be viewed as extensions to the WMF.5.2.1.1 DS-CDMA System ModelBefore highlighting the struture of the JD-MMSE-DFE subsystem, let us onsider the strutureof the system matrix A for the K-user CDMA system in Figure 5.2. A synhronous system wasonsidered here for simpliity. However, an asynhronous system matrix an also be onstruted withthe knowledge of the users' delays, provided that the value of the delay an be exatly determined. Theombined impulse response b(k)n of user k, onstituted by the onvolution of the spreading sequene
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Figure 5.2: Example of the system matrix A for a K-user CDMA system, where b(1), b(2) and b(K)are olumn vetors representing the ombined impulse responses of user 1, 2 and K respetively inEquation 5.2. The notations are as follows : N denotes the number of oded symbols transmitted byeah transmitter, Q represents the number of hips in eah spreading sequene and W indiates thelength of the wideband Channel Impulse Response (CIR).(k) and the Channel Impulse Response (CIR) h(k)n formulated as:b(k)n = (b(k)n (1); b(k)n (2); : : : ; (5.1)b(k)n (l); : : : ; b(k)n (Q+W � 1))T= (k) � h(k)n ; (5.2)for k = 1 : : :K; n = 1; : : : N;where K represents the total number of users, N denotes the number of oded symbols transmittedby eah transmitter, Q represents the number of hips in eah spreading sequene and W indiatesthe length of the wideband CIR. The system matrix of user k, A(k) is represented by:[A(k)℄in = 8>>>><>>>>: b(k)n (l) for i = (n� 1)Q+ l;n = 1; : : : ; N ;l = 1; : : : ; Q+W � 1;0 otherwise. (5.3)The overall system matrix an be onstruted by appending the matrix A(k) of eah of the K usersolumn-wise: A = (A(1);A(2); : : : ;A(k); : : : ;A(K)): (5.4)



5.2.1. The JD-MMSE-DFE Subsystem 118Therefore, the disretised reeived omposite signal an be represented in matrix form as:y = Ad+ n; (5.5)y = (y1; y2; : : : ; yNQ+W�1)T ;where n = (n1; n2; : : : ; nNQ+W�1)T , is the noise sequene having a variane of �2. The ovarianematrix of the noise is given by: Rn = E[n:nH ℄ = �2I(NQ+W�1); (5.6)where I(NQ+W�1) is the identity matrix having the dimension of [NQ+W � 1℄ � [NQ+W � 1℄. Theomposite signal vetor y has (NQ+W � 1) elements for a transmission burst of length N symbols.The basi onept of joint detetion is entred around proessing the reeived omposite signalvetor, y, in order to determine the transmitted data vetor, d of the K number of users supported.This onept is enapsulated in the following equation:ŷ = Sd̂ =My; (5.7)where S is a square matrix having dimensions of (KN�KN) and the matrixM is a [KN�(NQ+W�1)℄dimensional matrix. These two matries determine the type of joint detetion algorithm.Having onsidered the system model desribing the DS-CDMA system, let us now proeed to thedesription of the joint detetion algorithm employed during our further studies.5.2.1.2 Minimum Mean Square Error Deision Feedbak Equaliser Based Joint Dete-tion AlgorithmThe priniple behind MMSE estimation is the minimisation of the error between the data vetorestimate, d̂, and the atual data vetor, d. Hene the MMSE algorithm jointly minimises the e�etsof both MAI, ISI and noise. Expliitly, the MMSE estimator minimises the simple quadrati form [132℄:Q(d̂) = E[(d � d̂)H(d� d̂)℄: (5.8)Upon invoking the well-known Orthogonality Priniple [80℄, in order to minimise the Mean SquaredError (MSE), the error vetor e = d� d̂ has to be set orthogonal by the MMSE equaliser to theestimator's input vetor y. This implies that:E[(d� d̂)yH ℄ = 0; (5.9)where 0 is a matrix with all of its elements being zero-valued. If we let d̂ =My, where M is a linearestimator, then: E[(d �My)yH ℄ = 0E[(dyH �MyyH)℄ = 0E[(dyH )℄�M E[yyH ℄ = 0Rdy �MRy = 0)M = RdyR�1y ; (5.10)



5.2.1. The JD-MMSE-DFE Subsystem 119where Rdy = E[dyH ℄ and Ry = E[yyH ℄. For the speial ase of Equation 5.5, i.e. when y = Ad+ n,we have [133℄: Rdy = E[d(Ad+ n)H ℄= E[ddHAH + dnH ℄; (5.11)and assuming that the transmitted data vetor, d, and the noise vetor, n, are unorrelated with eahother, i.e. when E[dnH ℄ = 0, we arrive at:Rdy = E[ddHAH ℄= RdAH ; (5.12)where Rd = E[ddH ℄. Furthermore, the ovariane matrix, Ry, of the reeived vetor y in Equation5.10 is given by: Ry = E[(Ad + n)(Ad+ n)H ℄= E[AddHAH + nnH ℄= ARdAH +Rn: (5.13)Substituting Equations 5.12 and 5.13 into Equation 5.10, we get:M = RdAH(ARdAH +Rn)�1 (5.14)= (AHR�1n A+R�1d )�1AHR�1n : (5.15)Finally, by substituting the MMSE detetor expression of Equation 5.15 into the Equation d̂ =My,we arrive at: d̂MMSE-BLE = (AHR�1n A+R�1d )�1AHR�1n y; (5.16)whih is the data estimate generated by the MMSE Blok Linear Equaliser (MMSE-BLE) or, in otherwords, the output of the feed-forward �lter of the MMSE-DFE. On the other hand, the output of theWMF is given by [134℄: d̂WMF = AHR�1n y: (5.17)Observing Equations 5.17 and 5.16, the output of the MMSE-BLE is given by the output of theWMF in Equation 5.17, multiplied by the matrix (AHR�1n A+R�1d ). The Cholesky deomposition[135℄ is performed on the matrix (AHR�1n A+R�1d ) [132℄ giving:AHR�1n A+R�1d = (DU)HDU; (5.18)where U is an upper triangular matrix, where all the elements on its main diagonal have the value ofone and D is a diagonal matrix having real-valued elements. With the aid of Equation 5.5, the outputof the WMF from Equation 5.17 an be rearranged as:d̂WMF = AHR�1n Ad+AHR�1n n= (AHR�1n A+R�1d )d�R�1d d+AHR�1n n: (5.19)



5.2.1. The JD-MMSE-DFE Subsystem 120Applying the matrix ((DU)H)�1 to both sides of Equation 5.19 and invoking Equation 5.18, yields:((DU)H )�1d̂WMF = ((DU)H )�1(AHR�1n A+R�1d )d� ((DU)H )�1R�1d d+((DU)H )�1AHR�1n n= DUd� ((DU)H )�1R�1d d+((DU)H )�1AHR�1n n: (5.20)Again, sine D is a diagonal matrix, it an be treated as a saling fator and removed by multiplyingboth sides of Equation 5.20 with its inverse, giving the resultant vetor of ŷ as:ŷ = (D)�1((DU)H )�1d̂WMF (5.21)= (D)�1DUd� (D)�1((DU)H )�1R�1d d+(D)�1((DU)H )�1AHR�1n n= Ud� e+ z= d+ (U� IKN )d� e+ z; (5.22)where e = (D)�1((DU)H)�1R�1d d; (5.23)and z = (D)�1((DU)H )�1AHR�1n n: (5.24)Therefore, in the MMSE-DFE, the reeived vetor, y, is proessed by a WMF, followed by the feed-forward �lter that is represented by the matrix (D)�1((DU)H )�1. The output of the feed-forward�lter is given as [124℄: ŷ = (D)�1((DU)H )�1AHR�1n y (5.25)= My; (5.26)where M = (D)�1((DU)H )�1AHR�1n : (5.27)The matrix M represents the ombination of the WMF and feed-forward �lter. Sine U is an uppertriangular matrix having ones on its main diagonal, (U� IKN) is an upper triangular matrix havingzeros on its main diagonal. Therefore, from Equation 5.22 the i-th element of the vetor ŷ is givenby: ŷi = di + JXj=i+1[U� IKN ℄i;j dj � ei + zi; (5.28)where J = KN . The summation is only from j = i + 1 to J , sine (U � IKN ) is an upper triangularmatrix having zeros on its main diagonal. For i = J , we have:ŷJ = dJ � eJ + zJ : (5.29)



5.2.1. The JD-MMSE-DFE Subsystem 121The i-th data estimate is Q(ŷJ), where Qf:g is the thresholding or quantisation operator performedin a threshold detetor. For i = 1; : : : ; J � 1, if the estimates of the data are obtained in dereasingorder of i, then for eah ŷi, the data estimates d̂i+1; : : : ; d̂J have already been obtained. Therefore,the data estimate, d̂i is given by:d̂i = di + JXj=i+1[U� IKN ℄i;j (dj � d̂j)� ei + zi: (5.30)If the data estimates, d̂j are aurately estimated, i.e. if we have d̂j = dj , Equation 5.30 beomes:d̂i = di � ei + zi; (5.31)giving an MMSE estimate of the data symbol. For the MMSE-DFE, the feedbak operator, S an bederived from Equation 5.30 as: S = U� IKN ; (5.32)where S is an upper diagonal matrix and all the elements on its main diagonal have values of zero. Ifthe data symbols are estimated in desending order of j, the previously estimated data symbols of d̂jare fed into the threshold detetor for obtaining a hard deision value of t̂j. The hard deision valuet̂j is multiplied with the feedbak operator S and then deduted from the feed-forward �lter's outputŷi, yielding [124℄: d̂i(MMSE-DFE) = ŷi � J=KNXj=i+1[U� IKN ℄ij t̂j= ŷi � J=KNXj=i+1([U℄ij � [IKN ℄ij) t̂j= ŷi � J=KNXj=i+1[U℄ij t̂j ; (5.33)where we have [IKN ℄ij = 0 for i 6= j.5.2.1.3 Algorithm SummaryThe shemati of the MMSE-DFE is shown in Figure 5.3. The operations required for obtaining theJD-MMSE-DFE data estimates an be summarised as follows. First we onstrut the system matrixA in Equation 5.4. Then we obtain the output of the WMF as in Equation 5.17:d̂WMF = AHR�1n y;where AH is the onjugate transpose of A and R�1n is the inverse of the noise ovariane matrix Rn.Next, Cholesky deomposition [136℄ of the matrix (AHR�1n A+R�1d ) is performed as in Equation 5.18:AHR�1n A+R�1d = (DU)HDU;where R�1d is the inverse of the signal's ovariane matrix Rd, D is a diagonal matrix having real-valued elements andU is an upper triangular matrix, where all the elements on the main diagonal have
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Figure 5.3: Struture of the MMSE-DFE-based reeiver. The omposite reeived vetor, y, is proessedthrough the WMF, whih is represented by the matrix (AHR�1n ) and this operation is expressed inEquation 5.17. The output of the WMF is then passed through the feed-forward �lter whih isonstruted by the lower triangular matrix of ((DU)H)�1 and the saling fator matrix of D�1.These two operations were expressed in Equation 5.21. The output of the feed-forward �lter is thenproessed, in order to obtain the data estimates, d̂j , where the estimates are obtained in the order ofj = J; J � 1; : : : ; 1. As the data estimates, d̂j , are obtained, they are fed bak into the reeiver, wherethey are multiplied by the elements in the upper triangular matrix, [U℄ij = Uij , as shown in Equation5.33.the value of one. Consequently, the feed-forward �lter output is obtained by solving Equation 5.25:ŷ = (D)�1((DU)H )�1 AHR�1n y= (D)�1((DU)H )�1 d̂WMF:Finally the feedbak operation from Equation 5.33 is invoked for produing the �nal estimate of theoded symbol, yielding: d̂i(MMSE-DFE) = ŷi � J=KNXj=i+1[U℄ij t̂j:5.2.2 Simulation ParametersLet us now investigate the performane of the proposed shemes using the simulation parameters shownin Table 5.1, where 16-hip random spreading odes were utilised by eah user. The transmission framestruture used is the FMA1 spread speeh/data burst of the FRAMES proposal [137℄, whih is shownin Figure 5.4. The hannel model used is the COST 207 [72℄ seven path Bad Urban hannel shownin Figure 5.5. Eah path is faded aording to independent Rayleigh fading statistis, as desribedby the parameters of Table 5.1. We assumed that the reeiver perfetly knows the CIRs although inreality this has to be estimated with the aid of the training sequene of the transmission frame shownin Figure 5.4. The fading envelope was kept onstant for the duration of the transmission burst of



5.2.3. Simulation Results and Disussions 123Parameter ValueDoppler frequeny 80 HzSpreading ratio, Q 16Chip rate 2.167 MBaudNormalised Doppler frequeny 80/(2.167�106) = 3.69�10�5 HzFrame burst struture FRAMES Mode 1 Spreadburst 1 [137℄ in Figure 5.4No. of symbols per JD blok, N 28Modulation mode QPSK, 8PSK, 16QAMCM subsystem TCM (�=6)BICM (�=6)TTCM (�=3, 4 iterations)BICM-ID (�=3, 8 iterations)Table 5.1: Simulation parameters of the CM-JD-CDMA system.
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Figure 5.4: Transmission burst struture of the FMA1 spread speeh/data burst of the FRAMESproposal [137℄.577 �s and it was faded immediately before the next transmission burst. The CM subsystems shownin Table 5.1 exhibit a similar omplexity, where their orresponding generator polynomials an befound from Tables 2.1, 2.2, 2.3 and 2.4.In our performane evaluations, the unoded QPSK system was ompared to the CM assisted 8PSKsystem when aiming for an e�etive throughput of 2 information Bits Per Symbol (BPS). Similarly,the unoded 8PSK system was ompared to the CM assisted 16QAM system for a throughput of 3BPS. Channel interleavers of length 112 symbols or 1120 symbols were utilised, whih orrespond to 2transmission burst duration of 1.154 ms or 20 transmission burst durations of 11.54 ms, respetively.5.2.3 Simulation Results and DisussionsFigure 5.6 shows the Bit Error Ratio (BER) versus Signal to Noise Ratio (SNR) performane ofCM-JD-CDMA shemes for transmissions over the COST 207 [72℄ seven path Bad Urban hannelshown in Figure 5.5 using the transmission burst struture of the FMA1 spread speeh/data burstof the FRAMES proposal [137℄ shown in Figure 5.4, when utilising the simulation parameters of
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Figure 5.5: Normalised hannel impulse response of the COST 207 [72℄ seven path Bad Urbanhannel.
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Figure 5.6: Bit Error Ratio (BER) versus Signal to Noise Ratio (SNR) performane of the variousCM-JD-CDMA shemes for transmissions over the COST 207 [72℄ seven path Bad Urban hannelof Figure 5.5 using the transmission burst struture of the FMA1 spread speeh/data burst of theFRAMES proposal [137℄ shown in Figure 5.4 utilising the simulation parameters of Table 5.1 for athroughput of 2 BPS.



5.2.3. Simulation Results and Disussions 125Table 5.1 and maintaining a throughput of 2 BPS. Considering the performane of the TCM-JD-CDMA sheme using 8PSK modulation, the performane di�erene between the two- and four-usersenario is marginal indiated by the hollow and �lled triangles in Figure 5.6 due to employing thepowerful JD-MMSE-DFE sheme. Comparing the single-user unoded-QPSK sheme represented bythe ross, with the four-user CM-8PSK shemes utilising an interleaver length of 112 symbols atBER=10�4, performane gains an be observed for all CM-8PSK shemes over the unoded-QPSKsheme, exept for the BICM-ID-8PSK sheme. It an be also observed in Figure 5.6 that the TCM-8PSK sheme onstitutes the best andidate, showing an SNR gain of 1 dB at BER=10�4. Due tothe short interleaver length used, the TTCM and BICM-ID iterative deoding shemes were unable toperform eÆiently. By ontrast, the interleaver length does not dramatially a�et the performane ofthe non-iterative TCM and BICM shemes [20℄. Comparing the two-user TCM-8PSK sheme with thetwo-user TTCM-8PSK and BICM-ID-8PSK shemes utilising an interleaver length of 1120 symbols atBER=10�4, TTCM-8PSK and BICM-ID-8PSK show a 1.8 dB and 1.2 dB SNR gain over TCM-8PSK,respetively. For a throughput of 2BPS, TTCM-8PSK utilising an interleaver length of 1120 symbols isthe best andidate, exhibiting an SNR gain of 2.9 dB over the unoded-QPSK sheme at BER=10�4.The performane of the single-user unoded QPSK system ommuniating over the non-dispersiveAWGN hannel is also plotted in Figure 5.6 as a benhmarker. This benhmarker is outperformed byboth the TTCM-8PSK and BICM-ID-8PSK shemes at low BERs, when an interleaver length of 1120symbols was utilised.
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Figure 5.7: BER versus SNR performane of the various CM-JD-CDMA shemes for transmissionsover the COST 207 [72℄ seven path Bad Urban hannel of Figure 5.5 using the transmission burststruture of the FMA1 spread speeh/data burst of the FRAMES proposal [137℄ shown in Figure 5.4utilising the simulation parameters of Table 5.1 for a throughput of 3 BPS.Figure 5.7 shows the BER versus SNR performane of CM-JD-CDMA shemes for transmissionsover the COST 207 [72℄ seven path Bad Urban hannel shown in Figure 5.5 using the transmission burststruture of the FMA1 spread speeh/data burst of the FRAMES proposal [137℄ shown in Figure 5.4utilising the simulation parameters of Table 5.1. In this the e�etive throughput is 3 BPS. Comparing



5.2.4. Conlusions 126the performane of the TCM-JD-CDMA sheme using 16QAM, the performane di�erene between thesheme supporting two- and four-user is again marginal due to invoking the powerful JD-MMSE-DFEsheme. Comparing the single-user unoded-8PSK sheme with the four-user CM-16QAM shemesutilising an interleaver length of 112 symbols at BER=10�4, performane gains an be observed for allCM-16QAM shemes over the unoded-8PSK sheme. The TCM-16QAM sheme onstitutes the bestandidate, showing an SNR gain of 2.3 dB. Comparing the two-user TCM-16QAM sheme with thetwo-user TTCM-16QAM and BICM-ID-16QAM shemes utilising an interleaver length of 1120 symbolsat BER=10�4, TTCM-16QAM and BICM-ID-16QAM show 1.8 dB and 1.3 dB SNR gains over TCM-16QAM, respetively. For the e�etive throughput of 3BPS, TTCM-16QAM utilising an interleaverlength of 1120 symbols is the best andidate showing an SNR gain of 4.2 dB over the unoded 8PSKsheme at BER=10�4. The performane of the single-user unoded 8PSK sheme ommuniating overthe non-dispersive AWGN hannel is also plotted in Figure 5.7 as a benhmarker. The benhmarkeris outperformed by both the TTCM-16QAM and BICM-ID-16QAM shemes utilising an interleaverlength of 1120 symbols.5.2.4 ConlusionsIn this setion, TCM, TTCM, BICM and BICM-ID assisted JD-MMSE-DFE based CDMA shemeswere proposed and evaluated in performane terms over the COST 207 [72℄ seven path Bad Urbanhannel. For systems using a short interleaver length of 112 symbols, TCM was found to be thebest andidate when providing a throughput of 2 and 3 BPS. However, for systems that an a�ord alonger delay due to utilising a long interleaver length, TTCM was found to be the best andidate forproviding a throughput of 2 and 3 BPS.5.3 Adaptive CM Assisted JD-MMSE-DFE Based CDMA
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Figure 5.8: Blok diagram of the BbB ACM-JD-CDMA sheme.In this setion, a Burst-by-Burst Adaptive Coded Modulation-Aided Joint Detetion-Based CDMA(ACM-JD-CDMA) sheme is proposed for wireless ommuniations and haraterised in performaneterms, when ommuniating over the UMTS Terrestrial Radio Aess (UTRA) wideband vehiularRayleigh fading hannel. The blok diagram of the ACM-JD-CDMA system is shown in Figure 5.8,



5.3.1. Modem Mode Adaptation 127whih is similar to that shown in Figure 5.1 of Setion 5.2 exept for the adaptive signalling link usedby the JD-MMSE-DFE for informing the CM-enoder regarding the hoie of the suitable modulationmode.More expliitly, the instantaneous hannel quality is estimated by the JD-MMSE-DFE and theindex or identi�er of the highest-throughput modulation mode still apable of maintaining the requiredtarget BER or FER an then be ommuniated to the transmitter via expliit signalling in a losed-loop sheme. Conversely, in an open-loop sheme, by assuming reiproity in the uplink and downlinkhannels of Wideband Time Division Duplex (TDD) CDMA systems, the modulation mode requiredfor downlink transmission is hosen aording to the hannel quality estimate related to the uplinkand vie versa. Channel reiproity issues in TDD/CDMA systems have been investigated by Miyaet al. [138℄, Kato et al. [139℄ and Jeong et al. [140℄.In adaptive modulation shemes the issue of modulation mode signalling between the transmitterand reeiver is of salient importane, espeially in the ontext of Symbol-by-Symbol (SbS) adaptivesystems [141℄, where the transmitter is apable of transmitting symbols in di�erent modem modes,depending on the hannel onditions. Naturally, the reeiver has to synhronise with the transmitterin terms of the SbS-adapted mode sequene, in order to orretly demodulate the reeived symbols.However, in slow-fading pedestrian indoor hannels in onjuntion with a high transmission rate, thehannel onditions do not hange dramatially during a transmission burst. Hene a Burst-by-Burst(BbB) -rather than SbS- adaptive sheme an be employed, where the same modulation mode is usedthroughout one transmission burst. As a bene�t, the mode signalling mehanism of the BbB adaptivesheme is simpler, than that of the SbS adaptive sheme, sine the BbB adaptive sheme signals onemodulation mode per burst, while the SbS adaptive sheme has to signal and/or predit a sequeneof modulation modes per burst [141℄.To elaborate a little further, the design issues of modulation mode signalling between the trans-mitter and reeiver were disussed for example in the ontributions of Lau et al. [141, 142℄, Otsukiet al. [143℄ and Torrane et al. [144℄. Given the above range of AQAM mode signalling solutionsin the literature, in this setion we refrained from onsidering this issue and have assumed perfetmodulation mode signalling. More spei�ally we employed a losed-loop ontrolled BbB adaptivesheme, where the reeiver requests the highest-throughput modulation mode apable of maintainingthe target-FER from the remote transmitter for the next transmission burst aording to the expetedhannel onditions. The assoiated signalling delay will result in a slight performane degradation,sine during this time the hannel-quality will hange. A range of long-term hannel-quality predi-tion tehniques were proposed by Duel-Hallen et al. in [99℄. The impat of signalling delay will beinvestigated in Setion 5.3.4. A range of other important design issues of adaptive CDMA an befound in [63, 141, 145{148℄.5.3.1 Modem Mode AdaptationJoint detetion CDMA is suitable for ombining with ACM, beause the implementation of the jointdetetion algorithms does not require any knowledge of the modulation mode used. The systemmatrix required for joint detetion is onstruted by using only the Channel Impulse Response (CIR)estimates and the spreading sequenes of all the users. Therefore, the joint detetion reeiver does



5.3.1. Modem Mode Adaptation 128not have to be reon�gured, when the modulation mode is swithed and its omplexity is essentiallyindependent of the modulation mode used.In joint detetion systems the Signal to Interferene and Noise Ratio (SINR) of eah user atthe output of the MMSE-DFE an be alulated by using the hannel estimates and the spreadingsequenes of all the users. By assuming that the transmitted data symbols and the noise samples areunorrelated, the expression for alulating the SINR, o, of the n-th symbol transmitted by the k-thuser was given by Klein et al. [132℄ as:o(j) = Wanted Signal PowerRes. MAI and ISI Power + E�. Noise Power= g2j [D℄2j;j � 1; for j = n+N(k � 1); (5.34)where SINR is the ratio of the wanted signal power to the residual MAI and ISI power plus thee�etive noise power. The number of users in the system is K and eah user transmits N symbols pertransmission burst. The matrix D is a diagonal matrix that is obtained with the aid of the Choleskydeomposition [135℄ of the matrix used for linear MMSE equalisation of the CDMA system [132℄. Thenotation [D℄j;j represents the elements in the j-th row and j-th olumn of the matrix D and the valuegj is the amplitude of the j-th symbol.After the output SINR is alulated, the best-mathing modulation mode maximising the through-put, while maintaining the required target BER or FER is hosen aordingly and ommuniated tothe transmitter. Let us denote the hoie of modulation modes by Vm, where the total number ofmodulation modes is Mo = 4 and m = 1; 2; : : : ;Mo. The modulation mode having the lowest num-ber of onstellation points is V1 and the one assoiated with the highest is VMo. The rules used forswithing the modulation modes are as follows:�o(k) � t1 =) V1 = 4QAMt1 < �o(k) � t2 =) V2 = 8PSKt2 < �o(k) � t3 =) V3 = 16QAMt3 � �o(k) =) V4 = 64QAM ,where �o(k) is the SINR of the k-th user at the output of the MMSE-DFE, whih was alulatedby using Equation 5.34 and �o(k) = 1N PNn=1 o(j), j = n + N(k � 1). The values (t1; � � � ; tMo�1)represent the swithing thresholds used for ativating the modulation modes, where we have t1 < t2 <� � � < tMo�1.The mode swithing thresholds were adjusted for maintaining the target performane requirements,suh as a �xed BER or FER. In 1996 Torrane et al. [149℄ proposed a set of mode swithing levels soptimised for ahieving the highest average BPS throughput while maintaining the target average BER.The method was based on de�ning a spei� ombined ost-funtion for transmission over narrowbandRayleigh fading hannels, whih inorporated both the BPS throughput as well as the target averageBER of the system. Powell's optimisation was invoked for �nding a set of mode swithing thresholds,whih were onstant, regardless of the atual hannel Signal to Noise Ratio (SNR) enountered, i.e.irrespetive of the prevalent instantaneous hannel onditions. However, in 2001 Choi et al. [150℄have reognised that a higher BPS throughput an be ahieved, if under high hannel SNR onditions



5.3.2. Channel Model and System Parameters 129the ativation of high-throughput AQAM modes is further enouraged by lowering the swithingthresholds. More expliitly, a set of SNR-dependent mode swithing levels was proposed [150℄, whihkeeps the average BER onstant, while maximising the ahievable throughput. We note that, the set ofswithing levels derived in [98,149℄ is based on Powell's multidimensional optimisation tehnique [151℄and hene the optimisation proess may beome trapped in a loal minimum. This problem wasoverome by Choi et al. upon deriving an optimum set of swithing levels [150℄, when employing theLagrangian multiplier tehnique. It was shown that this set of swithing levels results in the globaloptimum in a sense that the orresponding AQAM sheme obtains the maximum possible averageBPS throughput, while maintaining the target average BER. A further approah was proposed byLau et al. in [141℄, where an eight-mode adaptive modulation sheme was proposed for DS-CDMAusing an adaptive M-ary orthogonal modulator. More spei�ally, a rate-1=9 hannel ode and a29-ary orthogonal modulator were employed in Mode-0, while a rate-1=2 hannel ode and a 22-aryorthogonal modulator were employed in Mode-7. The adaptive mode thresholds in this sheme werehosen in 3 dB steps, where the overall performane was ontrolled by a single parameter, whih wasthe threshold value of mode 1.However, the optimum swithing thresholds depend on the auray of the instantaneous hannelestimation. Spei�ally, the auray of the hannel estimation depends on the hannel quality pre-dition method employed and also on the signalling delay inurred, where the longer the signallingdelay the more 'outdated' the hannel estimation. As mentioned above, eÆient hannel quality pre-dition tehniques have been proposed by Duel-Hallen et al. in [99℄. On the other hand, the e�ets ofoutdated hannel estimation have been investigated in [91℄. In this setion we onsidered the pratialsenario, where the hannel estimation is outdated. In general, this de�ieny ould be aused byan inaurate hannel quality predition or due to the assoiated signalling delay. More spei�ally,the modulation mode signalling in our system is delayed by one transmission frame duration andhene the hannel estimation is outdated by 10ms, whih is the UTRA frame length, as shown inTable 5.3. The swithing thresholds of the system studied here were set experimentally by �ndingthe SINR values, where the onstituent �xed-mode QAM shemes were apable of maintaining therequired target FER, when ommuniating over the UTRA Rayleigh fading hannel. On the otherhand, the swithing thresholds of the idealisti benhmark system used in onjuntion with perfethannel estimation and zero signalling delay were set experimentally by �nding the SINR values, wherethe onstituent �xed-mode QAM shemes were apable of maintaining the required target FER, whenommuniating over the non-fading, non-dispersive Gaussian hannel. In general, these two systemsrepresent two extreme ases, where the former system provides the worst performane and the lattersystem the best possible performane.5.3.2 Channel Model and System ParametersTable 5.2 shows the modulation and hannel parameters employed. The multipath hannel model isharaterised by its disretised hip-spaed UTRA vehiular hannel A [152℄. The orresponding CIRis shown in Figure 5.9, where eah path is faded independently aording to the Rayleigh distribution.The CM subsystems shown in Table 5.2 exhibit a similar omplexity and their orresponding generatorpolynomials an be found from Tables 2.1, 2.2, 2.3 and 2.4. The transmission burst struture of themodi�ed UTRA Burst 1 [148℄ using a spreading fator of eight is shown in Figure 5.10. The number



5.3.2. Channel Model and System Parameters 130Parameter ValueCarrier Frequeny 1.9 GHzVehiular Speed 30 mphDoppler frequeny 85 HzSystem Baud rate 3.84 MBdNormalised Doppler frequeny 85/(3.84�106)=2:21� 10�5 HzChannel type UMTS Vehiular Channel ANumber of paths in hannel 6Reeiver type JD-MMSE-DFENo. of symbols per JD blok 20Data modulation Adaptive Coded Modulation(4QAM, 8PSK, 16QAM, 64QAM)CM subsystem TCM (�=6)BICM (�=6)TTCM (�=3, 4 iterations)BICM-ID (�=3, 8 iterations)Table 5.2: CM and hannel parameters.
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Figure 5.9: UTRA vehiular hannel A [152℄.
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5.3.2. Channel Model and System Parameters 131
Features ValueMultiple aess CDMA, TDDNo. of Slots/Frame 15Spreading fator 8Frame length 10 msSlot length 2/3 msData Symbols/Slot/User 240No. of Slot/Group 1User Data Symbol Rate (KBd) 240/10 = 24System Data Symbol Rate (KBd) 24x15 = 360Chips/Slot 2560Chips/Frame 2560x15=38400User Chip Rate (KBd) 2560/10 = 256System Chip Rate (MBd) 38.4/10 = 3.84System Bandwidth (MHz) 3.84 x 3/2 = 5.76E�. User Bandwidth (kHz) 5760/15 = 384Table 5.3: Generi system features of the reon�gurable multi-mode transeiver, using the spread databurst 1 of UTRA proposal [148, 152℄ shown in Figure 5.10.

Features Multi-rate SystemMode 4QAM 8PSK 16QAM 64QAMTransmission Symbols 240Bit/Symbol 2 3 4 6Transmission bits 480 720 960 1440Code Termination Symbols 6Data Symbols 234Coding Rate 1/2 2/3 3/4 5/6Information Bit/Symbol 1 2 3 5Information Bits 234 468 708 1170Table 5.4: Operational-mode spei� transeiver parameters for TTCM.



5.3.3. Performane of the Fixed Modem Modes 132of data symbols per JD blok is 20, hene the original 244-symbol long UTRA Burst 1 was slightlymodi�ed to host a burst of 240 data symbols, whih is a multiple of 20. The remaining systemparameters are shown in Table 5.3, where there are 15 time slots in one UTRA frame and we assignone slot for one group of CDMA users. More spei�ally, eah group employed a similar systemon�guration but ommuniated with the base station employing di�erent time slots.In general, the total number of users supportable by the uplink CDMA system an be inreasedby using a higher spreading fator at the ost of a redued throughput, sine the system's hip ratewas �xed at 3.84 Mps as shown in Table 5.2. Another option for inreasing the number of userssupported is by assigning more uplink time slots for new groups of users. In our study, we investigatethe proposed system using one time slot only. Hene the data symbol rate per slot per user is 24 KBdfor a spreading fator of eight. Table 5.4 shows the operational-mode spei� transeiver parametersfor the TTCM-assisted ACM-JD-CDMA sheme. Spei�ally, the orresponding lowest bitrate is23.4 Kbit/s in the 4QAM mode and the highest bitrate is 117 Kbit/s in the 64QAM mode.5.3.3 Performane of the Fixed Modem Modes
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Figure 5.11: BER versus hannel SNR performane of the four �xed modem modes, using the TCM,TTCM, BICM and BICM-ID oded modulation shemes, when supporting K=2 users. The simula-tion parameters are listed in Table 5.2 and the simulations were onduted over the six-path UTRAvehiular hannel A of Figure 5.9.Let us investigate the BER and FER performane of the various CM shemes using the �xedmodulation modes of 4QAM, 8PSK, 16QAM and 64QAM in Figures 5.11 and 5.12, respetively. Interms of BER, TCM assisted JD-CDMA sheme exhibits the best performane followed by TTCM,BICM and BICM-ID. However, in terms of FER, the TTCM assisted JD-CDMA sheme exhibitsthe best performane followed by TCM, BICM-ID and BICM. More spei�ally, TTCM exploits thetime-diversity imposed by the turbo interleaver. However, a turbo interleaver length of 240 symbolsis insuÆient for TTCM to attain its optimum BER performane when ommuniating over slowRayleigh fading hannels due to the limited time-diversity experiened. On the other hand, TTCM is
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Figure 5.12: FER versus hannel SNR performane of the four �xed modem modes, using the TCM,TTCM, BICM and BICM-ID oded modulation shemes, when supporting K=2 users. The simulationparameters are listed in Table 5.2 and the simulations were onduted when ommuniating over thesix-path UTRA vehiular hannel A of Figure 5.9.a powerful sheme employing iterative turbo deoding, whih is apable of orreting all the bit errorsin moderately orrupted frames, but whih inreases the BER in the severely orrupted frames dueto the error preipitation e�ets enountered in the iterative turbo deoding proess. Hene the BERof TTCM is far from its optimum, when the time-diversity of the system is limited. By ontrast, itsFER is always better, than that of the other CM shemes at the same deoding omplexity. BICM-IDis another sheme employing iterative deoding. However, it was found in [18, 20℄ that BICM-IDtypially requires a higher order of time-diversity, and hene a longer hannel interleaver, than theTTCM sheme in order to ahieve its optimum performane. Therefore, its BER beomes the worst,while its FER is better than that of BICM in our system. As for the non-iterative TCM and BICMshemes, TCM performs better than BICM in the slow Rayleigh fading hannels studied.Figure 5.12 also illustrates the FER performane of the unoded �xed modulation modes of BPSK,4QAM, 8PSK and 64QAM having a throughput of 1, 2, 3 and 6 BPS, respetively. For a throughputof 1 information BPS at 5% FER, TTCM-4QAM is about 5 dB more power eÆient, than the unodedBPSK sheme while requiring the same bandwidth, as shown in Figure 5.12. Similarly, the oding gainof TTCM at throughputs of 2 and 3 BPS is about 3 dB and 4 dB respetively, at the same bandwidthrequirement, while maintaining a FER of 5%. It is lear that the employment of CM shemes allowus to mitigate the e�ets of transmission errors e�etively without any bandwidth expansion.Based on these �xed-mode performane trends, we set the swithing thresholds for our systemexperimentally by �nding the orresponding average SINR values, where the onstituent �xed-modeQAM shemes were apable of maintaining the required target FER, when ommuniating over theUTRA Rayleigh fading hannels. More spei�ally, the thresholds required for maintaining a giventarget FER an be obtained by plotting the FER versus SINR urves for the onstituent �xed-modeQAM shemes, when ommuniating over the UTRA Rayleigh fading hannel, where the intersetions



5.3.4. Adaptive Modes Performane 134of the urves with a horizontal line at a spei� target FER are the swithing thresholds. The swithingthresholds of the system bene�ting from perfet hannel estimation and a zero signalling delay wereobtained by plotting the FER versus SINR urves for the onstituent �xed-mode QAM shemes whenommuniating over non-fading, non-dispersive Gaussian hannels.5.3.4 Adaptive Modes Performane
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Figure 5.13: The probability of eah modulation mode being hosen versus hannel SNR for transmis-sion in the TTCM-assisted ACM-JD-CDMA system when maintaining a target FER of 5% supportingK=2 users. The simulation parameters are listed in Table 5.2 and the simulations were ondutedwhen ommuniating over the six-path UTRA vehiular hannel A of Figure 5.9.In this setion, we will investigate the performane of the TTCM-assisted ACM-JD-CDMA sheme,when ommuniating over the UTRA Rayleigh fading hannels. For maintaining a target FER of 5%in onjuntion with a mode signalling delay of 10ms, the probability of eah modulation mode beinghosen versus the hannel SNR for transmission in the TTCM-assisted ACM-JD-CDMA system isillustrated in Figure 5.13. As we an observe from the �gure, at low values of the hannel SNR, the4QAM mode was hosen with the highest probability, thus predominantly having a throughput of 1information BPS. However, as the hannel quality improved the hannel SNR inreased, thus allowingthe 8PSK, 16QAM and eventually 64QAM modes to be ativated more often, whih resulted in aninreased average BPS performane.The FER and BPS performane of the TTCM-assisted ACM-JD-CDMA sheme designed for atarget FER of 5% and for supporting K = 2 and 4 users is shown in Figure 5.14. The FER was belowthe target FER of 5% and the BPS throughput improved, as the hannel SNR inreased. Sine weemployed swithing thresholds whih are onstant over the SNR range, in the region of SNR=10 dBthe FER followed the trend of 4QAM. Similarly, for SNRs between 17 and 20 dB FER trend of 16QAMwas predominantly obeyed. In both of these SNR regions a signi�antly lower FER was ahieved thanthe target FER. We note, however that it is possible to inrease the FER to the value of the targetFER, at these SNR regions for the sake of obtaining extra BPS gains by employing a set of swithing
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Figure 5.14: The average FER and BPS performane versus hannel SNR of the TTCM-assistedACM-JD-CDMA system supporting K = 2 and 4 users. The same set of swithing thresholds tdB wasemployed as shown in the legend. The FER urves for the same system but using �xed modulationmodes of 4QAM, 8PSK, 16QAM and 64QAM for K = 2 users are also shown. The simulationparameters are listed in Table 5.2 and the simulations were onduted when ommuniating over thesix-path UTRA vehiular hannel A of Figure 5.9.thresholds, where the thresholds are varied as a funtion of the SNR [150℄, but this was set aside forfurther researh.From Figure 5.14 we also notie that the performane di�erene between the K = 2 and 4 senariois only marginal with the advent of the powerful JD-MMSE-DFE sheme. Spei�ally, there was onlyabout one dB SNR penalty, when the number of users inreased from two to four for the 4QAM and64QAM modes at both low and high SNRs, respetively. The FER of the system supporting K = 4users was still below the target FER, when the swithing thresholds derived for K = 2 users wereemployed. In general, the SNR penalty is less than one dB, when the number of users supportedis inreased from K = 2 to 4 users. Note that the delay spread of the hip-spaed UTRA vehiularhannel A in Figure 5.9 is 2:51 �s orresponding to 2:51 � 3:84 � 10 hip duration for the 3:84 MBdBaud rate of our system, as seen in Table 5.2. Hene the delay spread is longer than the spreading odelength (Q = 8 hips) used in our system and therefore the resultant ISI in the system is signi�antlyhigher, than that of the system employing a higher spreading fator, suh as Q > 10 hips. These�ndings illustrated the eÆieny of the JD-MMSE-DFE sheme in ombating the high ISI and MAIof the system. More importantly, the employment of the JD-MMSE-DFE sheme in our systemgeneralised our results reorded for the K = 2 users senario to that of a higher number of users, sinethe performane penalty assoiated with supporting more users was found marginal.5.3.5 E�ets of Estimation Delay and Swithing ThresholdsLet us now investigate the e�et of mode signalling delay on the performane of the TTCM-assistedACM-JD-CDMA sheme in Figure 5.15. The performane of the ideal sheme, where the hannel
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Figure 5.15: The average FER and BPS performane versus hannel SNR of the TTCM-assistedACM-JD-CDMA system supporting K = 2 users. Two di�erent sets of swithing thresholds tdB wereemployed as shown in the legend for systems having zero and 10�s mode signalling delay. The FERurves for the same system but using �xed modulation modes of 4QAM, 8PSK, 16QAM and 64QAMfor K = 2 users are also shown. The simulation parameters are listed in Table 5.2 and the simulationswere onduted when ommuniating over the six-path UTRA vehiular hannel A of Figure 5.9.quality estimation is perfet without any signalling delay is ompared to that of the more pratialsheme, where the hannel quality estimation is imperfet and outdated by the delay of one frameduration of 10�s. For a target FER of 5%, the ideal sheme exhibited a higher BPS throughput thanthe pratial sheme. More spei�ally, at a target FER of 5%, about 2.5 dB SNR gain is ahieved bythe ideal sheme in the SNR region spanning from 8 dB to 27 dB. A hannel quality signalling delay ofone frame duration ertainly represents the worst ase senario. In general, the shorter the signallingdelay the better the performane of the adaptive system. Hene the performane of the zero-delayand one-frame delay shemes represent the lower-bound and upper-bound performane, respetively,for pratial adaptive systems.Let us now investigate the performane of the pratial one-frame delay TTCM-assisted ACM-JD-CDMA system using three swithing threshold sets designed for maintaining target FER of 10%,5% and 1% in Figure 5.16. As the values of the swithing thresholds inreases, the FER and/or theBPS throughput of the system redues. The FER performane trends observed in Figure 5.14 alsoappear in Figure 5.16 for the various swithing threshold sets. More expliitly, the FER urves seen inFigure 5.16 exhibit undulations, where the ACM-JD-CDMA FER urves tend to follow those of thepredominant �xed modes at a given hannel SNR, before gradually swithing to the higher throughputmodem mode. This is a onsequene of the employment of SNR-independent swithing thresholds inthe one-frame mode signalling delay system. These three shemes illustrate the assoiated tradeo�sbetween the ahievable BPS and FER performane of the system. Spei�ally, systems that areapable of tolerating a higher FER exhibit the bene�t of a higher BPS throughput.
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Figure 5.16: The average FER and BPS performane versus hannel SNR of the TTCM-assistedACM-JD-CDMA system supporting K = 2 users. Three di�erent sets of swithing thresholds tdB wereemployed as shown in the legend for maintaining target FERs of 10%, 5% and 1%. The FER urvesfor the same system but using �xed modulation modes of 4QAM, 8PSK, 16QAM and 64QAM forK = 2 users are also shown. The simulation parameters are listed in Table 5.2 and the simulationswere onduted when ommuniating over the six-path UTRA vehiular hannel A of Figure 5.9.5.3.6 ConlusionsIn this setion, TTCM-assisted burst-by-burst adaptive oded modulation aided joint detetion basedCDMA has been studied, when ommuniating over the UTRA wideband vehiular Rayleigh fadinghannel. The adaptive transeiver is apable of operating in four di�erent CM modes, namely using4QAM, 8PSK, 16QAM and 64QAM. Various CM shemes were used in our experiments. It wasshown in Figure 5.12 that the CM shemes exhibited signi�ant SNR gains over a wide range of BPSthroughputs, while the JD-MMSE-DFE was shown to be robust against both the MAI and ISI inFigure 5.14.The advantage of the adaptive oded modulation sheme is that when invoking higher-order modu-lation modes in ase of enountering a higher instantaneous hannel quality, the oding rate approahesunity. For example, the oding rate of 4QAM was 1/2, while that of 64QAM was 5/6. As a result,this near-unity oding rate allows the system to maintain a high e�etive throughput, while maintain-ing the required transmission integrity. More expliitly, the proposed sheme guaranteed the sameperformane, as the lowest- and highest-order �xed-mode modulation shemes in the low and highhannel SNR range, respetively. As an added bene�t, between these extreme SNRs the e�etive bi-trate inreased smoothly, as the hannel SNR inreased, whilst maintaining a near-onstant FER. Inthis study, the lower and upper performane bounds of the TTCM-assisted ACM-JD-CDMA shemehave been provided in Figure 5.15 and the tradeo� between the ahievable BPS and FER performanehas been studied in Figure 5.16 by employing di�erent mode swithing threshold sets.The proposed TTCM-assisted ACM-JD-CDMA sheme onstitutes a promising pratial om-



5.4. CM Assisted GA Based CDMA 138muniation system guaranteeing reliable transmission providing an e�etive bitrate ranging from23.4 Kbit/s/slot to 117 Kbit/s/slot.Next, we will proeed to study the performane of the CM assisted CDMA system using the GABased MUD.5.4 CM Assisted GA Based CDMAIn this setion we propose a novel M-ary Coded Modulation assisted Geneti Algorithm based Mul-tiuser Detetion (CM-GA-MUD) sheme for synhronous CDMA systems. The performane of theproposed sheme was investigated using QPSK, 8PSK and 16QAM when ommuniating over AWGNand narrowband Rayleigh fading hannels. When ompared with the optimum MUD sheme, theGA-MUD subsystem is apable of reduing the omputational omplexity signi�antly. On the otherhand, the CM subsystem is apable of obtaining onsiderable oding gains despite being fed withsub-optimal information provided by the GA-MUD output.5.4.1 IntrodutionThe optimal CDMA MUD [131,153℄ based on the Maximum-Likelihood (ML) detetion rule performsan exhaustive searh of all the possible ombinations of the users' transmitted bit or symbol sequenesand then selets the most likely ombination as the deteted bit or symbol sequene. Sine an exhaus-tive searh is onduted, the omputational omplexity of the detetor inreases exponentially withthe number of users as well as with the number of levels in the modulation sheme employed. Sine aCDMA system is required to support a large number of users, the optimum ML multiuser detetor isimpratial to implement due to its exessive omplexity. This omplexity onstraint led to numerousso-alled suboptimal multiuser detetion [154℄ proposals.GAs have been used for eÆiently solving ombinatorial optimisation problems in many applia-tions [127℄. Reently, GA assisted MUD has been studied using BPSK modulation in the ontext ofa CDMA system [128{130℄. In an a�ord to inrease the system's performane with the aid of hanneloding, but without inreasing the required bandwidth, in this setion we will investigate the perfor-mane of the CM assisted Geneti Algorithm Based Multiuser Detetion (CM-GA-MUD) usingM-arymodulation modes.5.4.2 System OverviewIn our study, eah user invokes a CM enoder, whih provides a blok of N modulated symbols beforespreading. We onsider a synhronous CDMA uplink as illustrated in Figure 5.17, where K userssimultaneously transmit data pakets of equal length using M-ary modulation to a single reeiver.The transmitted signal of the kth user an be expressed in an equivalent lowpass representation as :~sk(t) = N�1Xn=0 bnkak(t� nTb); 8k = 1; : : : ;K (5.35)
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b̂KFigure 5.17: Blok diagram of the K-user synhronous CDMA uplink model in a at Rayleigh fadinghannel.where ak(t) is the kth user's signature sequene, Tb is the data symbol duration, N is the numberof data symbols transmitted in a paket and bnk = p�nk ej�nk represents the nth oded-modulated M-ary symbol of the kth user, where �nk and �nk are the kth user's signal energy and phase of the nthtransmitted symbol, respetively. More expliitly, bnk denotes a omplex CM-oded symbol in the rangeof 0; 1; : : : ;M � 1, where M is the number of possible onstellation points in the M-ary modulation,whih is equals to 4, 8 and 16 for QPSK, 8PSK and 16QAM. The supersript n an be omitted,sine no dispersion-indued interferene is inited by symbols outside a single symbol duration Tb innarrowband hannel.Eah user's signal ~sk(t) is assumed to propagate over a narrowband slowly Rayleigh fading hannel,as shown in Figure 5.17 and the fading envelope of eah path is statistially independent for all users.The omplex lowpass CIR for the link between the kth user's transmitter and the base station'sreeiver, as shown in Figure 5.17, an be written as :hk(t) = �k(t)ej�k(t)Æ(t); 8k = 1; : : : ;K (5.36)where the amplitude �k(t) is a Rayleigh distributed random variable and the phase �k(t) is uniformlydistributed between [0; 2�).Hene, when the kth user's spread spetrum signal ~sk(t) given by Equation 5.35 propagates througha Rayleigh fading hannel having an impulse response given by Equation 5.36, the resulting outputsignal sk(t) over a single symbol duration an be written as :sk(t) = �kbkak(t)ej�k ; 8k = 1; : : : ;K (5.37)Upon ombining Equation 5.37 for all K users, the reeived signal at the reeiver, whih is denoted byr(t) in Figure 5.17, an be written as : r(t) = s(t) + n(t); (5.38)where s(t) = PKk=1 sk(t) is the sum of the resultant output signals of all users and n(t) is the zero-mean AWGN having independent real and imaginary omponents, eah having a double-sided powerspetral density of �2 = N0=2.The joint optimum deision rule for the M-ary modulated K-user CDMA system based on thesynhronous system model an be derived from that of the BPSK-modulated system [131℄, whih is



5.4.2. System Overview 140expressed in vetorial notation as:
 (b) = 2< �bHC�Z�� bHC�RCb; (5.39)where C = diag h�1ej�1 ; : : : ; �Kej�Kib = [b1; : : : ; bK ℄T ;Z = ouput vetor of the mathed filters:More spei�ally, (:)H is the omplex onjugate transpose of the matrix (:) and (:)� is the omplexonjugate of the matrix (:). For BPSK modulation the term bH in Equation 5.39 is substituted bybT , whih is the transpose of the matrix b, sine only the real omponent is onsidered in the ontextof BPSK modulation.The deision rule for the optimum CDMA multiuser detetion sheme based on the maximumlikelihood riterion is to hoose the spei� symbol ombination b, whih maximises the orrelationmetri of Equation 5.39, yielding: b̂ = arg�maxb [
 (b)℄� : (5.40)Here, the optimum deision vetor b̂ represents the hard deision values for a spei� K-symbol om-bination of the K users during a symbol period. Based on the hard deision vetor omponent b̂k ofvetor b̂, we derived the log-likelihood hannel metris for the kth user's CM deoder for all the Mpossible M-ary modulated symbols as:Pk;m(b̂kjbk;m) = �jb̂k � bk;mj22�2 ; (5.41)where bk;m is the mth phasor of user k in the onstellation spae and m 2 f0; : : : ;M � 1g. Notethat it is possible to obtain the soft deision metris for the optimum-MUD, although its employmentimposes a higher omplexity. Spei�ally, given r(t) and all possible 
 (b) values, we derived the softdeision metris as:Pk;m(r(t)jbk;m) = ln8<:all possible bXif bk;m=bk exp�� 12�2 Z Tb0 jr(t)� s(t)j2 dt�9=;= ln8<:all possible bXif bk;m=bk exp�� 12�2 Z Tb0 jr(t)j2 dt� 
(b)�9=; : (5.42)The maximisation of Equation 5.39 is a ombinatorial optimisation problem. Spei�ally, Equa-tion 5.39 has to be evaluated for eah of theMK possible ombinations of theM-ary modulated symbolsfor the K users, in order to �nd the vetor b that maximises the orrelation metri of Equation 5.39.Expliitly, sine there are MK di�erent possible vetors b, the optimum multiuser detetion has a om-plexity that inreases exponentially with the number of users K and the modulation mode employedM. In this setion, we aim at reduing the omplexity of the optimum MUD, whih performs MK fullsearh, by employing the sub-optimum GA-based MUD, whih performs only a partial searh. Hene,



5.4.3. The GA-assisted Multiuser Detetor Subsystem 141the sub-optimum deision vetor b̂ output by the GA-MUD is input to the CM deoder for generatingthe �nal estimate of the information. Note that the hard deision metri of Equation 5.41 is basedon using only the optimum orrelation metri of 
 (b), whih is operated by the low-omplexity GA-MUD. However, the soft deision metri of Equation 5.42 is based on evaluating all possible orrelationmetris 
 (b) aording to Equation 5.39, whih requires a full searh. Hene, the proposed redued-omplexity CM-GA-MUD sheme employed the lower-omplexity hard deision metri.5.4.3 The GA-assisted Multiuser Detetor SubsystemFor a detailed desription of the GA-MUD, the interested readers are referred to the literature [14,128℄.A brief desription of the GA-MUD is given below.The owhart depiting the struture of the geneti algorithm adopted for our GA-assisted mul-tiuser detetion tehnique is shown in Figure 5.18. Firstly, an initial population onsisting of P numberof so-alled individuals is reated, where P is known as the population size. Eah individual representsa legitimate K-dimensional vetor of M-ary modulated symbols onstituting the solution of the givenoptimisation problem. In other words, an individual an be onsidered as a K-dimensional vetoronsisting of the M-ary modulated symbol's deision variables to be optimised.In order to aid our GA-assisted searh at the beginning, we employed the hard deisions o�eredby the mathed �lter outputs Z whih were denoted as:b̂MF = hb̂1;MF ; b̂2;MF ; : : : ; b̂K;MF i ; (5.43)where b̂l;MF for l = 1; : : : ;K is given by:b̂l;MF = arg�minb ���zl � �lej�lb���� : (5.44)In Equation 5.44 a multipliation by �lej�l is neessary for oherent detetion, beause the phaserotation introdued by the hannel has to be taken into aount. A di�erent randomly `mutated'version [128, 155℄ of the hard deision vetor b̂MF of Equation 5.43 was assigned to eah of theindividuals in the initial population, where the same probability of mutation, namely pm was adoptedfor all individuals. Note that we annot assign the same hard deision vetor b̂MF to all the individuals,sine the proess of inest prevention [156℄ is invoked, whih will not allow idential individuals tomate.The so-alled �tness value [127℄ assoiated with eah individual in the population is evaluatedby substituting the andidate solution represented by the individual under onsideration into theobjetive funtion, as indiated by the `Evaluation' blok of Figure 5.18. Individuals having the Tnumber of highest �tness values are then plaed in a so-alled mating pool [127,128℄ where 2 � T � P.Using a kind of natural seletion sheme [127℄ together with the genetially-inspired operators ofrossover [155℄ and mutation [155℄, the individuals in the mating pool are then evolved to a newpopulation. Our objetive funtion, or synonymously, �tness value is de�ned by the orrelation metriof Equation 5.39. Here, the legitimate solutions are the MK possible ombinations of the K-symbolvetor b, where there are log2(M) bits in eah of the M-ary symbols. Hene, eah individual will takethe form of a K-symbol vetor orresponding to the K users' M-ary symbols during a single symbol
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5.4.4. Simulation Parameters 143interval. We will denote the pth individual here as ~bp(y) = h~bp;1(y); : : : ;~bp;K(y)i, where y denotes theyth generation. Our goal is to �nd the spei� individual that orresponds to the highest �tness valuein the sense of Equation 5.39. In order to ensure that the �tness values are positive for all ombinationsof b for the so-alled �tness-proportionate seletion sheme [127℄, we modify the orrelation metri ofEquation 5.39 aording to [157℄:exp f
(b)g = exp�2< �bHC�Z�� bHC�RCb	 : (5.45)The assoiated probability of �tness-proportionate seletion pi of the ith individual is de�ned as [127℄:pi = fiPTj fj ; (5.46)where fi is the �tness value assoiated with the ith individual. One a pair of parents is seleted, theuniform rossover [128,155,158℄ and binary mutation [155℄ operations are then applied to this pair ofparents.The rossover [155℄ operation is a proess in whih arbitrary deision variables are exhangedbetween a pair of seleted parents, 'mimiking the biologial reombination proess between twosingle-hromosome organisms'. Hene, the rossover operation reates two new individuals, known aso�spring in GA parlane [127℄, whih have a high probability of having better �tness values than theirparents. In order to generate P number of new o�spring, P=2 number of rossover operations are re-quired. A new pair of parents is seleted from the mating pool for eah rossover operation. The newlyreated o�spring will form the basis of the new population. In a uniform rossover operation [158℄, aso-alled rossover mask is invoked. The rossover mask is a vetor onsisting of randomly generated1s and 0s of equal probability, having a length equal to that of the individuals. Bits or M-ary symbolsare exhanged between the seleted pair of parents at loations orresponding to a 1 in the rossovermask. While it was shown in [159℄ that the uniform rossover operation has a higher probability ofdestroying a shema, it is also apable of reating new shemata.During the mutation operation [155℄, eah deision variable in the o�spring is perturbed, i.e.orrupted, with a probability of pm, by either a predetermined or a random value. This allows newareas in the searh spae to be explored. The mutation probability of a deision variable is usuallylow, in the region of 0.1-0.01 [127℄. This value is often redued throughout the searh, when theoptimisation is likely to approah the �nal solution. In a binary mutation operation [155℄, thereare only two possible values for eah binary deision variable hosted by an individual. Hene, whenmutation is invoked for a partiular bit, the value of the bit is toggled to the other possible value. Forexample, a bit of logial `1' is hanged to a logial `0' and vie versa.In order to ensure that high-merit individuals are not lost from one generation to the next, thebest or a few of the best individuals are opied into the forthoming generation, replaing the worsto�spring of the new population. This tehnique is known as elitism [155℄. In our appliation, we willterminate the GA-assisted searh at the Yth generation and the individual assoiated with the highest�tness value at this point will be the deteted solution.



5.4.4. Simulation Parameters 144Setup/Parameter Method/ValueIndividual initialisation method Mutation of b̂MF of Equation 5.43Seletion method Fitness-proportionateCrossover operation Uniform rossoverMutation operation Standard binary mutationElitism YesInest Prevention YesPopulation size, P K �MMating pool size, T T � P depends on the no.of non-idential individualsProbability of mutation, pm 0.1Termination generation, Y 12K �MTable 5.5: The on�guration of the GA employed in our system, where K is the number of CDMAusers and M is the number of modulation levels.5.4.4 Simulation ParametersThe on�guration of the GA employed in our system is shown in Table 5.5. Soft deision trellis deod-ing utilising the Log-MAP algorithm [53℄ was invoked for hannel deoding. The similar omplexityCM shemes utilised are: TCM using a ode memory of six, BICM using a ode memory of six, TTCMusing a ode memory of three in onjuntion with four deoding iterations and �nally, BICM-ID us-ing a ode memory of four employing four deoding iterations. Their orresponding ode generatorpolynomials an be found from Tables 2.1, 2.2, 2.3 and 2.4.5.4.5 Simulation Results And DisussionsOur performane metri is the average BER evaluated over the ourse of several GA generations. Thedetetion time of the GA is governed by the number of generations Y required, in order to obtaina reliable deision. The omputational omplexity of the GA, quanti�ed in the ontext of the totalnumber of objetive funtion evaluations, is related to P�Y. Sine our GA-assisted multiuser detetoris based on optimising the modi�ed orrelation metri of Equation 5.45, the omputational omplexityis deemed to be aeptable, if there is a signi�ant amount of redution in omparison to the optimummultiuser detetor, whih requires MK objetive funtion evaluations, in order to reah the optimumdeision.The BER versus Eb=N0, performane of the QPSK-based CM-GA-MUD shemes is shown inFigures 5.19 and 5.20 for transmissions over AWGN hannel and unorrelated Rayleigh fading hannel,respetively. The simulation parameters were summarised in Table 5.5. A `odeword length' of 1000symbols and a spreading fator of 31 hips were employed. As determined by the `odeword length',the turbo interleaver of TTCM and the internal bit interleavers of BICM and BICM-ID had a memoryof 1000 symbol duration. The employment of an unorrelated Rayleigh fading hannel implies idealhannel interleaving, whih has an in�nitely long interleaver depth.It is widely reognised that a QPSK signal onsists of two orthogonal BPSK signals in a single-user
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5.4.5. Simulation Results And Disussions 146senario and that the assoiated BERs of BPSK and QPSK are idential in terms of Eb=N0. Henethe single-user bounds for QPSK modulation shown in Figure 5.19 for AWGN hannel and Figure 5.20for unorrelated Rayleigh fading hannel, are idential to that of the BPSK modulation. However,the orthogonality of the in-phase and quadrature-phase BPSK signals is orrupted by the MAI whena QPSK signal is transmitted in a CDMA system. Hene the BER of QPSK signal is not idential tothat of BPSK signals in the ontext of a MAI-limited CDMA environment. Therefore, the unodedQPSK performane of a K = 10-user CDMA system is worse than that of the single-user boundsillustrated in Figures 5.19 and 5.20.Note that the omputational omplexity of the GA-MUD is MKP�Y = 1310:72 timeslower, than that of the optimum MUD, when supporting K = 10 users employing QPSKmodulation 1. The penalty for this omplexity redution is the BER error oor experiened by theGA-MUD shemes at high SNRs, as shown in Figures 5.19 and 5.20. However, this disadvantage iseliminated, when the CM shemes are utilised. In partiular, the TTCM assisted GA-MUD onstitutesthe best andidate, followed by the BICM-ID assisted GA-MUD, as evidened in Figures 5.19 and5.20 for transmissions over the AWGN and unorrelated Rayleigh fading hannels enountered. Morespei�ally, for a throughput of 1 BPS and a target BER of 10�4, the K = 10-user TTCM-GA-MUDassisted CDMA system is apable of providing SNR gains of about 4 and 25 dB in AWGN and perfetlyinterleaved narrowband Rayleigh fading hannels, respetively, against the single-user bounds of theunoded BPSK sheme.
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Figure 5.24: BER versus Eb=N0 performane of the TTCM-GA-MUD and TTCM-optimum-MUDshemes, when ommuniating over non-dispersive Rayleigh fading hannels; left: e�etive throughputof 1 BPS; middle: e�etive throughput of 2 BPS; right: e�etive throughput of 3 BPS.GA-MUD system.When higher throughput M-ary modulation shemes were investigated with the advent of TTCM-GA-MUD arrangements, we found that the omplexity of TTCM-GA-MUD was dramatially lowerthan that of the optimum-MUD, with the penalty of only 0:5 to 2 dB SNR loss ompared to that of theTTCM single-user bound as evidened in Figures 5.21 and 5.22. Furthermore, the redued-omplexityTTCM-GA-MUD shemes are apable of attaining further oding gains with respet to the unodedsingle-user modulation shemes while maintaining a similar throughput and bandwidth, even whensupporting a high number of users, as shown in Figures 5.23 and 5.24. We note furthermore that theBER urves of TTCM-GA-MUD in Figures 5.23 and 5.24 also show a tendeny to have a residualBER, whih is the harateristi of all turbo oding-based arrangements.5.5 Chapter ConlusionsIn this hapter the CM shemes introdued in Chapter 2 were investigated in the ontext of CDMAenvironments with the aid of JD-MMSE-DFE based MUD sheme in Setions 5.2 and 5.3, and withthe aid of GA-MUD in Setion 5.4.It was found in Setion 5.2 that the TCM-assisted JD-MMSE-DFE based MUD sheme was thebest andidate for employment in systems using a short hannel interleaver, while the TTCM-assistedJD-MMSE-DFE based MUD was the best andidate for systems using a long hannel interleaver.The burst-by-burst adaptive TTCM-assisted JD-MMSE-DFE based MUD was investigated in Se-tion 5.3, where the omplexity of the joint detetion algorithms remained onstant upon hanging theCM modes. The proposed adaptive sheme onstitutes a promising pratial ommuniation system,guaranteeing reliable transmission while providing an e�etive bitrate ranging from 23.4 Kbit/s/slotto 117 Kbit/s/slot for transmission over the UTRA environment of Figure 5.9 and Table 5.2.



5.5. Chapter Conlusions 150A redued omplexity M-ary CM-GA-MUD sheme was proposed and investigated in Setion 5.4.It was shown in Setion 5.4 that the CM-GA-MUD sheme is apable of attaining further oding gainswith respet to the unoded single-user modulation shemes at a similar throughput and in the samebandwidth, when supporting a high number of CDMA users. At the same time, the CM-GA-MUDsheme also attains a signi�ant omplexity redution with respet to the optimum-MUD.In summary, the oding gain values exhibited by the oded modulation shemes studied in thishapter were ollated in Tables 5.6 and 5.7. Spei�ally, we summarised the performane gains exhib-ited by the JD-DFE assisted oded modulation shemes of Setion 5.3 ommuniating over the UTRARayleigh fading hannels in Tables 5.6. By ontrast, the oding gains exhibited by the GA-MUD-CMshemes of Setion 5.4 ommuniating over non-dispersive AWGN hannels and unorrelated Rayleighfading hannels were summarised in Table 5.7.
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JD-DFE, UTRARayleigh fading hannelsEb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER FERBPS 10�3 10�5 10�3 10�5 10�1 10�2 10�1 10�2unoded BPSK/1 11.42 17.40 0.00 0.00 11.00 14.79 0.00 0.00TCM QPSK/1 10.00 14.19 1.42 3.21 6.79 10.17 4.21 4.62TTCM QPSK/1 10.41 14.19 1.01 3.21 6.36 9.77 4.64 5.02BICM QPSK/1 10.41 14.80 1.01 2.60 6.48 9.96 4.52 4.83BICM-ID QPSK/1 10.98 14.34 0.44 3.06 6.48 10.06 4.52 4.73unoded QPSK/2 11.52 17.39 0.00 0.00 11.74 15.31 0.00 0.00TCM 8PSK/2 12.19 16.42 -0.67 0.97 9.19 12.58 2.55 2.73TTCM 8PSK/2 12.54 16.52 -1.02 0.87 9.03 12.37 2.71 2.94BICM 8PSK/2 13.25 17.13 -1.73 0.26 9.57 12.91 2.17 2.40BICM-ID 8PSK/2 14.38 17.84 -2.86 -0.45 9.27 12.64 2.47 2.67unoded 8PSK/3 14.49 20.63 0.00 0.00 15.27 19.01 0.00 0.00TCM 16QAM/3 13.96 18.38 0.53 2.25 11.23 14.63 4.04 4.38TTCM 16QAM/3 14.23 18.54 0.26 2.09 11.00 14.25 4.27 4.76BICM 16QAM/3 14.89 18.93 -0.40 1.70 11.23 14.50 4.04 4.51BICM-ID 16QAM/3 16.21 19.07 -1.72 1.56 11.06 14.38 4.21 4.63unoded 16QAM/4 15.11 21.23 { { 15.98 19.58 { {TCM 64QAM/5 18.31 22.78 { { 15.79 19.15 { {TTCM 64QAM/5 18.53 23.09 { { 15.61 18.96 { {BICM 64QAM/5 19.65 23.21 { { 16.26 19.57 { {BICM-ID 64QAM/5 20.62 24.01 { { 16.39 19.79 { {unoded 64QAM/6 19.25 25.20 { { 20.59 24.22 { {Table 5.6: Coding gain values attained by the various JD-DFE assisted oded modulation shemesstudied in this hapter, when ommuniating over the UTRA Rayleigh fading hannels. All of theoded modulation shemes exhibited a similar deoding omplexity in terms of the number of deodingstates, whih was equal to 64 states. An interleaver blok length of 240 symbols was employed andthe orresponding simulation parameters were summarised in Setion 5.3.2. The performane of thebest sheme is printed in bold.
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CM-GA-MUD AWGN Flat UnorrelatedChannels Rayleigh Fading ChannelsEb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER BERBPS 10�3 10�5 10�3 10�5 10�3 10�5 10�3 10�5Unoded BPSK/1 6.75 9.52 0.00 0.00 24.00 43.50 0.00 0.00TCM QPSK/1 5.45 7.15 1.30 2.37 12.12 21.00 11.88 22.50TTCM QPSK/1 4.22 5.22 2.53 4.30 8.76 11.00 15.24 32.50BICM QPSK/1 5.35 7.06 1.40 2.46 10.40 14.62 13.60 28.88BICM-ID QPSK/1 4.57 6.34 2.18 3.18 9.68 14.80 14.32 28.70Unoded QPSK/2 6.75 9.52 0.00 0.00 24.00 43.50 0.00 0.00TTCM 8PSK/2 6.48 7.90 0.27 1.62 17.15 30.10 6.85 13.40Unoded 8PSK/3 10.02 12.95 0.00 0.00 26.15 46.00 0.00 0.00TTCM 16QAM/3 8.45 9.11 1.57 3.84 24.00 45.00 2.15 1.00Table 5.7: Coding gain values of the various of GA-MUD assisted oded modulation shemes studiedin this hapter, when ommuniating over non-dispersive AWGN hannels and unorrelated Rayleighfading hannels. All of the oded modulation shemes exhibited a similar deoding omplexity in termsof the number of deoding states, whih was equal to 64 states. An interleaver blok length of 1000symbols was employed and the orresponding simulation parameters were summarised in Setion 5.4.4.The performane of the best sheme is printed in bold.



Chapter 6
Coded Modulation Assisted SpaeTime Blok Coding
6.1 IntrodutionIn this hapter, we will further develop the Coded Modulation (CM) shemes studied in Chapter 2 byamalgamating them with Spae Time Blok Coding (STBC) [164,165℄ and investigate the ahievableperformane improvements in the light of the omplexity investments required.In numerous pratial situations the wireless hannels are neither highly time seletive nor sig-ni�antly frequeny seletive. This motivated numerous researhers to investigate spae diversitytehniques with the aim of improving the system's performane. Classi reeiver diversity [166℄ hasbeen widely used at the base stations of both the GSM and IS-136 systems. As an additional per-formane enhanement, reently the family of transmit diversity tehniques [14,167℄ has been studiedextensively for employment at the base station, sine it is more pratial to have multiple transmitantennas at the base station, than at the mobile station. Furthermore, upgrading the base stationinstead of the mobile stations has the potential of bene�ting numerous mobile stations in a ost ef-�ient manner. Spae-Time Trellis Coding (STTC) pioneered by Tarokh et. al. [168℄ inorporatesjointly designed hannel oding, modulation, transmit diversity and optional reeiver diversity [14℄.In an attempt to redue the assoiated deoding omplexity, Alamouti proposed STBC employingtwo transmit antennas. Alamouti's sheme was later generalised to an arbitrary number of transmitantennas [165℄.Furthermore, in this hapter we will argue that further diversity gain may also be attained byexploiting the independent nature of the fading experiened by the In-phase (I) and Quadrature-phase (Q) omponents of the omplex-valued transmitted signal with the aid of two independent IQinterleavers. Alternatively, the multipath omponents exhibited by the dispersive Rayleigh fadinghannel onstitute a further often-used soure of useful diversity potential.This hapter is organised as follows. The proposed STBC aided IQ-interleaved CM (IQ-CM)sheme will be studied in Setion 6.2, while the novel onept of a STBC assisted double-spread Rakereeiver assisted CDMA sheme will be studied in Setion 6.3. Finally, an amalgamated system basedon the ombination of the above two shemes with be investigated in Setion 6.4 and our onlusions153



6.2. Spae-Time Blok Coded IQ-Interleaved Coded Modulation 154are o�ered in Setion 6.5.6.2 Spae-Time Blok Coded IQ-Interleaved Coded Modulation6.2.1 IntrodutionIn this setion we will present the philosophy of a set of STBC-assisted IQ-interleaved TCM andTTCM shemes designed for transmission over both non-dispersive AWGN and for at Rayleigh fadinghannels. Spei�ally, we will demonstrate that the proposed shemes are apable of quadrupling theahievable diversity order of the onventional symbol-interleaved TCM and TTCM shemes, whentwo transmit antennas are employed. The inreased diversity order of the proposed shemes providessigni�ant additional oding gains, when ommuniating over non-dispersive Rayleigh fading hannels,whih is ahieved without ompromising the oding gain attainable over Gaussian hannels. This is asigni�ant ahievement, sine the design riteria of shemes destined for those di�erent hannels arealso di�erent. Hene in general a sheme optimised for one of these hannels is typially suboptimum,when ommuniating over the other. The BICM as well as BICM-ID shemes introdued in Setions 2.5and 2.6, respetively, are also inorporated into the proposed system and their performane is omparedto that of TCM and TTCM shemes highlighted in Setions 2.2 and 2.4, respetively.To elaborate a little further, it was shown in [37℄ that the maximisation of the minimum Hammingdistane measured in terms of the number of di�erent symbols between any two transmitted symbolsequenes is the key design riterion of TCM shemes ontrived for at Rayleigh fading hannels, inpartiular when ommuniating at high Signal-to-Noise Ratios (SNR). In an e�ort to inrease theahievable time diversity, a multidimensional TCM sheme utilising a symbol interleaver and twoenoders was proposed by S. Al-Semari and T. Fuja in [169℄, where the individual enoders generatethe I and Q omponents of the omplex transmitted signal, respetively. Another eÆient TCMsheme using onstellation rotation was proposed by B. D. Jelii and S. Roy in [170℄, whih utilisedtwo separate hannel interleavers for interleaving the I and Q omponents of the omplex-valuedtransmitted signals, but assumed the absene of I/Q ross-oupling, whih an only be realistiallyexpeted when ommuniating over fading hannels exhibiting a real-valued Channel Impulse Response(CIR).In order to improve the performane of the existing state-of-the-art systems, in this setion weproposed a novel system, whih amalgamates STBC [164℄ with IQ-interleaved TCM, TTCM, BICMand BICM-ID shemes using no onstellation rotation.6.2.2 System OverviewThe blok diagram of the STBC based IQ-interleaved (STBC-IQ) TCM/TTCM system is shown inFigure 6.1. Spei�ally, we employ two transmitters and one reeiver in the STBC sheme. Further-more, we invoke two independent IQ interleavers in the TCM/TTCM arrangement, whih are denotedas �I and �Q in the blok diagram of Figure 6.1. We denote the IQ-interleaved modulated signal by~s = ~sI + j~sQ, whih is transmitted over the at Rayleigh fading hannel having a omplex fadingoeÆient of h = �ej� with the aid of two STBC transmitters [14℄. As seen in Figure 6.1, during the
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~mQFigure 6.1: Blok diagram of the STBC-based IQ-interleaved system. The notations � and ��1 denotethe interleaver and deinterleaver, while the variables in the round brakets () denote the STBC signalstransmitted during the seond symbol period.�rst symbol period of the STBC transmission the signals x1 = ~s1 and x2 = ~s2 are transmitted, whileduring the seond symbol period, the signals -x�2 and x�1 are emitted from the transmit antennas 1and 2, respetively, as in Alamouti's G2 ode [164℄. Spei�ally, G2 is de�ned as [164, 165℄:G2 =  x1 x2�x�2 x�1 ! ; (6.1)where two symbols, x1 and x2, were transmitted using two transmit antennas over the duration oftwo symbol periods. Hene, a oding rate of unity was ahieved. We assume that both the fadingenvelope and the phase of the CIR taps remains onstant aross the two STBC time slots. The signalis also ontaminated by the zero-mean AWGN n, exhibiting a variane of �2 = N0=2, where N0 isthe single-sided noise power spetral density. It an be readily seen from Figure 6.2 that the twosignals reeived during the two onseutive symbol periods of the STBC sheme an be representedin a matrix form as r = A � x+ n: r1r�2 ! =  h1 h2h�2 �h�1 ! x1x2 !+ n1n�2 ! ; (6.2)where A is termed the system matrix and x� denotes the omplex onjugate of the transmitted symbolx. At the ombiner/deoupler blok of Figure 6.2, the reeived vetor r is multiplied with the onjugatetranspose of A, namely with AH, yielding:x̂ = AH � r x̂1x̂2 ! = ��21 + �22� x1x2 !+ n̂1n̂2 ! ; (6.3)where the terms n̂1 = h�1n1 + h2n�2 and n̂2 = h�2n1 + h1n�2 represent the resultant noise.Note that as usual, owing to the omplex-valued nature of the CIR, the I (or Q) omponent of thereeived signal ri, namely ri;I (or ri;Q) where we have i 2 f1; 2g, is dependent on both the I and Qomponents of x1 and x2, namely on x1;I , x1;Q, x2;I and x2;Q. This phenomenon is often referred toas IQ rossoupling. More expliitly, we have:r1;I = h1;Ix1;I � h1;Qx1;Q + h2;Ix2;I � h2;Qx2;Q + n1;I ; (6.4)owing to the ross-oupling e�et imposed by the omplex-valued CIR. It is however desirable todeouple them, so that we an ompute the I (or Q) branh metris mI (or mQ) in Figure 6.1 for a
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Figure 6.2: Baseband representation of the STBC G2 ode employing two transmitters and one re-eiver.partiular transmitted symbol xi independently, as a funtion of only x1;I and x2;I (or x1;Q and x2;Q).Surprisingly, this may be ahieved without arrying out any expliit deoupling operation for the STBCbased IQ-interleaved TCM/TTCM sheme. More spei�ally, this is ahieved beause the signalsalready have been deoupled during the STBC deoding operation at the ombiner/deoupler blokof Figure 6.2, when the reeived vetor r is multiplied with AH, yielding x̂ = AH � r in Equation 6.3.Expliitly, the transmitted signal estimate of x̂1 = (�21 + �22)x1 + n̂1 is the deoupled version of r1,where x̂1;I (or x̂1;Q) is independent of x1;Q and x2;Q (or x1;I and x2;I).Before we proeed further to the omputation of the branh metris for the STBC based IQ-TCM/TTCM sheme, let us �rst derive the branh metris for the single-transmitter based IQ-TCM/TTCM sheme. For a single-transmitter sheme emitting the signal x = xI + jxQ, whihis onveyed over narrowband fading hannels exhibiting a omplex-valued CIR of h = �ej�, the orre-sponding reeived signal is r = hx+ n and the I/Q-deoupled signal an be omputed from:x̂ = h�r;= �2x+ h�n: (6.5)



6.2.2. System Overview 157The orresponding symbol-based branh metris an be alulated from:~m(xjx̂; h) = � ���r � hx���22�2 ; (6.6)= � ���h�r � h�hx���22�2jh�j2 ; (6.7)= � ���x̂� �2x���22�2�2 ; (6.8)= � ���x̂�Dx���22�2D ; (6.9)where we have D = �2, whih an be physially interpreted as a fading envelope-related variable or adiversity quantity. Sine x̂, whih was omputed from Equation 6.5, is the deoupled version of thereeived signal r, we an ompute the orresponding I and Q branh metris based on Equation 6.9as: ~m(xjx̂; h) = � ���x̂I �DIxI���22�2DI � ���x̂Q �DQxQ���22�2DQ= ~mI(xI jx̂I ;DI) + ~mQ(xQjx̂Q;DQ); (6.10)where ~mI and ~mQ denote the I and Q branh metris, respetively, before the IQ interleavers as shownin Figure 6.1. Furthermore, we have DI = DQ = D = �2.Let us now ompute the I and Q branh metris for the STBC sheme by �rst studying thesimilarity between x̂ = h�r of Equation 6.5 and x̂ = AH � r of Equation 6.3. Clearly, x̂ and x̂ arethe deoupled versions of their orresponding reeived signals, hene the branh metris for the STBCsheme an be omputed similarly to that of the single-transmitter sheme. Although, in the STBCsheme we annot employ a relationship similar to Equation 6.6, we an diretly utilise a relationshipsimilar to Equation 6.9. Spei�ally, the symbol-based branh metris for xi, i 2 f1; 2g of the STBCsheme an be alulated from: ~m(xijx̂i;D) = � ���x̂i �Dxi���22�2D ; (6.11)where we have D = ��21 + �22� for the STBC G2 sheme. Hene, the assoiated IQ branh metris ofthe STBC oded signal xi = xi;I + jxi;Q an be derived from x̂i = x̂i;I + jx̂i;Q as:~m(xijx̂i;D) = � ���x̂i;I �DIxi;I���22�2DI � ���x̂i;Q �DQxi;Q���22�2DQ= ~mI(xi;I jx̂i;I ;DI) + ~mQ(xi;Qjx̂i;Q;DQ); (6.12)where again, we have DI = DQ = D = ��21 + �22�. The e�et of the assoiated seond-order transmitdiversity attained may be observed in the ontext of the term (�21 + �22) in Equation 6.3.Note that ~mI and ~mQ share the same fading hannel-envelope related D value for the same trans-mitted signal of x(=~s) before the IQ interleavers, as seen in Figure 6.1. However, owing to rearrangingthe transmitted IQ omponents by the IQ deinterleavers of ��1I and ��1Q seen in Figure 6.1, mI and



6.2.3. Simulation Results And Disussions 158mQ will be assoiated with di�erent fading envelope values of DI 6= DQ after the IQ deinterleavers.The branh metris of the TCM/TTCM-oded omplex-valued signal s an be omputed by summingthe I and Q branh metris as follows:m(s) = mI(xI = sI) + mQ(xQ = sQ): (6.13)Sine there are two independent IQ omponents for a omplex-valued TCM/TTCM symbol and sinethey are independently interleaved by the interleavers �I and �Q in Figure 6.1, mI and mQ are exposedto independent fading and hene they have the potential of providing independent diversity for a par-tiular symbol. More expliitly, sine we have DI 6= DQ for a partiular oded symbol s, theIQ-interleaved TCM/TTCM sheme may be expeted to double the ahievable diversityorder ompared to its symbol-interleaved ounterpart. Therefore the ahievable Hamming dis-tane between the transmitted symbol sequenes of the proposed IQ-interleaved TCM/TTCM shemeis based on the sum of the number of di�erent I and Q omponents between the di�erent transmittedmessages, rather than on the number of di�erent omplex-valued symbols, whih was the ase in theontext of onventional symbol-interleaved TCM/TTCM.We have also amalgamated the proposed STBC-IQ sheme of Figure 6.1 with the BICM and BICM-ID shemes of Setions 2.5 and 2.6. More spei�ally, in addition to their internal bit-interleavers [14℄,two extra random interleavers were invoked for separately interleaving the I and Q omponents oftheir bit-interleaved omplex symbol s = sI + jsQ for yielding ~s = ~sI + j~sQ, as it was illustrated inFigure 6.1.6.2.3 Simulation Results And DisussionsWe evaluated the performane of the proposed shemes using 16QAM in the ontext of the non-iterative 64-state TCM and BICM shemes, as well as in onjuntion with the iterative 8-state TTCMarrangement using four deoding iterations and along with the 8-state BICM-ID arrangement usingeight deoding iterations. As in Setion 3.2.2, the rationale of using 64 and 8 states, respetively,was that the TCM/BICM and TTCM/BICM-ID shemes onsidered here exhibit a similar deodingomplexity expressed in terms of the total number of trellis states. Expliitly, sine there are two8-state TTCM deoders, whih are invoked in four iterations, we enounter a total of 2� 8� 4 = 64TTCM trellis states. By ontrast, only a single 8-state BICM-ID deoder is required, whih is invokedin eight iterations, involving a total of 8 � 8 = 64 BICM-ID trellis states. The e�etive throughputwas 3 Bits Per Symbol (BPS) for all the 16QAM based CM shemes, sine a oding rate of 3/4 wasused.In Figure 6.3, we portray the Bit Error Ratio (BER) versus signal to noise ratio per bit, namelyEb=N0, performane of the 16QAM based TCM and BICM shemes, when ommuniating over AWGNas well as over unorrelated at Rayleigh fading hannels1. An interleaved odeword length of 1000symbols was used and the BER performane urve of the unoded 8PSK sheme is also plotted forbenhmarking the shemes, all having an e�etive throughput of 3 BPS. As illustrated in Figure 6.3,all the TCM/BICM shemes assoiated with the onventional CM, STBC-CM, IQ-CM and STBC-IQ-CM arrangements exhibit a similar performane in AWGN hannels. This is beause no spae1 CM: the onventional CM sheme; STBC-CM: the STBC based onventional CM sheme; IQ-CM: the proposedIQ-interleaved CM sheme using no STBC; STBC-IQ-CM: the proposed STBC-based IQ-interleaved CM sheme.
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Figure 6.3: BER versus Eb=N0 performane of the 16QAM based TCM and BICM shemes, whenommuniating over AWGN and unorrelated at Rayleigh fading hannels. The legends are desribedin Footnote 1. An interleaved odeword length of 1000 symbols was used and the performane of theunoded 8PSK sheme is also plotted for benhmarking the CM shemes, all having an e�etivethroughput of 3 BPS.diversity or time diversity is attainable over Gaussian hannels despite using multiple transmittersand interleaving. On the other hand, the TCM sheme performs approximately 0.5 dB better, thanthe BICM sheme, when ommuniating over AWGN hannels, sine it has a higher Eulidean distanethan that of BICM, whih is the deisive riterion in the ontext of AWGN hannels.By ontrast, when ommuniating over unorrelated at Rayleigh fading hannels, the BER urveof IQ-TCM merged with that of STBC-TCM in the high-SNR region of Figure 6.3, sine they bothexhibit twie the diversity potential ompared to onventional TCM. As seen in Figure 6.3, withthe advent of STBC-IQ-TCM a further 6.4 dB gain an be obtained at a BER of 10�5 omparedto the IQ-TCM and STBC-TCM shemes. By ontrast, the BICM sheme exhibits only transmitdiversity gain but no IQ diversity gain, as we an observe in Figure 6.3. This is beause when furtherrandomising the output bit-sequene of a random interleaver, we simply arrive at a di�erent butsimilarly randomised bit-sequene. In the ontext of 16QAM BICM having four bits per symbol,four bit-interleavers were employed for interleaving the four modulated bits in parallel. On the otherhand, eah of the I and Q interleavers will be further randomising two BICM output bit-sequenes inparallel. Therefore, no interleaving gain is attainable, when employing extra I and Q interleavers inthe ontext of 16QAM BICM. However, this will not be true in the ontext of 8PSK BICM, as we willargue in Setion 6.4.3. Upon returning to Figure 6.3, sine in BICM the bit-based minimum Hammingdistane of the odewords is maximised [14℄, whih is the deisive riterion in the ontext of Rayleighfading hannels, BICM will bene�t from a lower bit error probability in Rayleigh fading hannels thanthat of TCM, beause TCM maximises the free Eulidean distane of bits within the modulated signal



6.2.3. Simulation Results And Disussions 160onstellation. Note that the performane of the onventional TCM sheme is signi�antly lower thanthat of onventional BICM owing to the existene of unproteted bits in the 16QAM TCM symbol.However, the ahievable oding gain of the STBC-IQ-TCM sheme is only about 0.8 dB less than thatof the STBC-IQ-BICM sheme at a BER of 10�5.
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Figure 6.4: BER versus Eb=N0 performane of the 16QAM based TTCM and BICM-ID shemes,when ommuniating over AWGN and unorrelated at Rayleigh fading hannels. The legends aredesribed in Footnote 1. An interleaved odeword length of 1000 symbols was used and the perfor-mane of the unoded 8PSK sheme is also plotted for benhmarking the CM shemes, all having ane�etive throughput of 3 BPS.Let us now study in Figure 6.4 the BER versus Eb=N0 performane of the 16QAM based iterativeTTCM and BICM-ID shemes, when ommuniating over AWGN and unorrelated at Rayleighfading hannels, again, in the ontext of the onventional CM, STBC-CM, IQ-CM and STBC-IQ-CMarrangements de�ned in Footnote 1. An interleaved odeword length of 1000 symbols was used andthe performane of the unoded 8PSK sheme was also plotted as a benhmarker. As portrayed inFigure 6.4, the TTCM sheme exhibits a better performane than BICM-ID in the low SNR region,when ommuniating over AWGN hannels, although their BER urves onverge beyond Eb=N0 =5:8 dB. Again, no spae and no time diversity gain was ahieved, when ommuniating over Gaussianhannels.From Figure 6.4 we infer that similarly to the performane trends observed for the TCM shemesof Figure 6.3, the BER urve of IQ-TTCM merged with that of STBC-TTCM in the high-SNR region,when ommuniating over the unorrelated at Rayleigh fading hannels, sine they both exhibit twiethe diversity potential ompared to onventional TTCM. However, the ahievable diversity/oding gainof TTCM was found lower than that of TCM owing to the fat that TTCM has already ahieved partof its total attainable diversity gain with the aid of its iterative turbo deoding proedure, assistingin ahieving time diversity. Nonetheless, at a BER of 10�5 the performane of STBC-IQ TTCM is



6.2.3. Simulation Results And Disussions 161about 5.1 dB better than that of the onventional TTCM sheme. Note from Figure 6.4 that theBICM-ID sheme is apable of exploiting the IQ diversity owing to employing iterative detetion,when ommuniating over unorrelated at Rayleigh fading hannels. Although IQ-BICM-ID exhibitsa performane, whih is about 1 dB lower than that of IQ-TTCM at BER=10�5, nonetheless theoding gain of STBC-IQ-BICM-ID is only marginally lower than that of STBC-IQ-TTCM. However,unlike in the ontext of the TCM and TTCM shemes, the BER performane of the IQ-BICM-IDsheme { whih bene�ts from IQ diversity { was lower than that of the STBC-BICM-ID sheme inthe high-SNR region, where the latter exhibits a transmit diversity of order two. This is beausethe IQ diversity gain potential of IQ-BICM-ID is a bene�t that is turned into reality by the iterativedeoding, rather than aruing automatially from employing IQ interleaving alone. This observationsmay be on�rmed in Figure 6.4.
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Figure 6.5: BER versus Eb=N0 performane of the 16QAM based TCM,BICM, TTCM andBICM-ID shemes, when ommuniating over orrelated at Rayleigh fading hannels having a normalisedDoppler frequeny of 3:25� 10�5. The legends are desribed in Footnote 1. An interleaved odewordlength of 10000 symbols was used and the performane of the unoded 8PSK sheme is also plottedfor benhmarking the CM shemes, all having an e�etive throughput of 3 BPS.Note that enountering unorrelated at Rayleigh fading hannels would imply that the hannelinterleaving has an in�nitely long memory or that the vehiular speed is in�nite. However, prati-al Rayleigh fading hannels exhibit orrelated fading and the degree of the orrelation experieneddepends on the assoiated normalised Doppler frequeny. Let us now investigate the performane ofthe proposed shemes under orrelated at Rayleigh fading hannel onditions having a normalisedDoppler frequeny of 3:25�10�5 in Figure 6.5, where an interleaved odeword length of 10000 symbolswas used. Note that the BER performane of the unoded 8PSK benhmarker is the same, when om-muniating over unorrelated and orrelated at Rayleigh Fading hannels. However, the performaneof the CM shemes degrades, when the fading exhibits a high degree of orrelation. As portrayed atthe left of Figure 6.5, the performane of the onventional TCM sheme beomes lower than that



6.2.4. Conlusions 162of the unoded 8PSK benhmarker, when ommuniating over orrelated at Rayleigh fading han-nels. However, with the advent of IQ interleaving, the performane of the IQ-TCM sheme improvedsigni�antly and it beomes better than that of BICM (or IQ-BICM) under these onditions. Onthe other hand, STBC-IQ-TCM performs better than STBC-BICM (or STBC-IQ-BICM), althoughSTBC-TCM performs worse than STBC-BICM, when the slowly fading hannel exhibits a normalisedDoppler frequeny of 3:25 � 10�5, as evidened in Figure 6.5. However, IQ-TCM is outperformed bySTBC-TCM, when ommuniating over orrelated at Rayleigh fading hannels. This is beause, thetwo STBC transmitter antennas were arranged suÆiently far apart, so that their transmitted sig-nals experiene independent hannel fading, whereas the IQ-interleaved signals su�er from orrelatedhannel fading, as a result of the limited-memory 10000-symbol interleaver.The performane of the TTCM and BICM-ID shemes ommuniating over orrelated at Rayleighfading hannels was also shown at the right of Figure 6.5. Spei�ally, IQ-BICM-ID (or STBC-IQ-BICM-ID) shows no advantage over its onventional BICM-ID (or STBC-BICM-ID) ounterpart, whenommuniating over slowly fading hannels. By ontrast, IQ-TTCM still outperforms onventionalTTCM by approximately 2 dB under these onditions. However, the performane of the STBC-IQ-TTCM arrangement is only marginally better than that of its STBC-TTCM ounterpart.6.2.4 ConlusionsIn this setion we proposed a set of novel STBC-IQ aided CM shemes for transmissions over bothAWGN and Rayleigh fading hannels. The STBC-IQ-TCM, STBC-IQ-TTCM and STBC-IQ-BICM-ID shemes are apable of providing signi�ant diversity gains over their onventional ounterparts.Spei�ally, in ase of the unorrelated at Rayleigh fading hannel, oding gains of 26.1 dB, 28.2 dB,26.9 dB and 28.1 dB were ahieved over the idential-throughput unoded 8PSK benhmarker ata BER of 10�4 by the STBC-IQ-TCM, STBC-IQ-TTCM, STBC-IQ-BICM and STBC-IQ-BICM-IDshemes, respetively. All shemes ahieved an e�etive throughput of 3 BPS without bandwidthexpansion. From Figures 6.3, 6.4 and 6.5 STBC-IQ-TTCM was found to be the best sheme, whenommuniating over AWGN as well as over unorrelated and orrelated at Rayleigh fading hannels.For systems requiring the redued omplexity of a single-transmitter sheme, the IQ-interleavedTCM/TTCM sheme is still apable of doubling the ahievable diversity potential of onventionalsymbol-interleaved TCM/TTCM with the aid of a single transmit antenna, although the IQ diversityattainable dereased, when the fading hannel exhibited a higher orrelation.Having studied the proposed STBC-IQ aided CM shemes for transmission over both AWGN andnon-dispersive Rayleigh fading hannels, we will now invoke Diret Sequene (DS) spreading and studya STBC-based CDMA system designed for transmission over dispersive Rayleigh fading hannels inthe following setion. Then in Setion 6.4 we will amalgamate it with STBC-IQ CM shemes.



6.3. STBC Assisted DoS-RR Based CDMA 1636.3 Spae-Time Blok Coding-Assisted Double-Spread Rake Reeiver-Based CDMA6.3.1 IntrodutionIn this setion we will present a novel STBC-assisted Double-Spread Rake Reeiver (DoS-RR) basedCDMA sheme designed for downlink (base to mobile) transmissions over dispersive Rayleigh fadinghannels, where all the transmitted user signals arriving at a partiular mobile station experiene iden-tial propagation onditions. The design philosophy of this system is that of ahieving the maximumpossible diversity gain, when ommuniating over dispersive fading hannels. This is ahieved by sys-tematially inorporating performane enhanements, whih is apable of providing transmit diversity,time diversity and multipath diversity. Spei�ally, the proposed STBC-assisted DoS-RR (STBC-DoS-RR) sheme invokes Turbo Convolutional (TC) [11℄ hannel oding and STBC for ahieving both timeand spae diversity gains in addition to the path diversity gain provided by the dispersive Rayleighfading environments. We will demonstrate that the double-spreading mehanism of the STBC-DoS-RR sheme is apable of deteting the wanted user's hannel-impaired wideband signals with the aidof a low-omplexity Rake reeiver, without resorting to employing a omplex interferene anellationsheme. The performane of the proposed sheme was investigated using Quadrature-Phase-Shift-Keying (QPSK), when ommuniating over dispersive hannels. It will be shown that the widebandsheme advoated is apable of ahieving Eb=N0 gains up to 35 dB in omparison to an unodedsingle-transmitter sheme ommuniating over narrowband hannels.Spae-Time Coding (STC) shemes [14, 164, 165, 168℄ were originally proposed for transmissionsover narrowband fading hannels. When enountering wideband hannels, Multi-Carrier Code Di-vision Multiple Aess (MC-CDMA) and Orthogonal Frequeny Division Modulation (OFDM) [63℄an be utilised for onverting the wideband hannel to numerous narrowband hannels. However, adetrimental e�et of employing STTCs or STBCs is that not only the desired signal, but also theMultiple Aess Interferene (MAI) and the Co-Channel Interferene (CCI) are enhaned due to themultiple antenna based transmission diversity sheme and hene the e�etive average SNR and SIRmay not be substantially improved. Nonetheless, the fading-indued utuation of the SNR and SIRare improved, whih results in overall performane improvements. These are the most importantlimiting fators of employing spae-time oding in CDMA systems [171℄. By ontrast, Multi-UserDetetion (MUD) and Interferene Canellation (IC) onstitute two eÆient ways of ombating theMAI and CCI, although their omplexity may beome exessive, espeially, when the number of userssupported is high. On the other hand, a low-omplexity Rake reeiver an be used for obtaining pathdiversity in CDMA systems, provided that the maximum propagation path delay is shorter than afration of the original symbol period, and hene the ISI an be negleted but still suÆiently highfor enountering a number of resolvable multipath omponents after Diret Sequene (DS) spreading.Furthermore, the multipath intensity pro�le typially has an exponentially deaying shape in realistihannel onditions, where the longer the path delay, the lower the magnitude of the path. Hene theISI indued by a long-delay path is typially insigni�ant and an be negleted. It is worth notingthat in [172℄, an adaptive Spae-Time Spreading (STS) assisted DS-CDMA sheme was proposed,whih is apable of maintaining an arbitrary diversity order and transmission integrity by adaptivelyontrolling the amount of STS. Based on these arguments the employment of a simple Rake reeiver



6.3.2. System Desription 164is often more pratial, than that of a omplex IC sheme, espeially in a downlink senario imposingidential propagation onditions on all users.In our proposed system, a double-spreading assisted Rake reeiver is used. Spei�ally, in the �rstspreading operation Walsh ode based unique user signatures are used for distinguishing the users andhene for mitigating the e�ets of MAI, while in the seond spreading step a random ode is employedfor DS spreading and hene for attaining path diversity. Additionally, STBC is invoked for ahievingtransmit diversity, while a power eÆient TC hannel ode [11℄ is used for obtaining time diversity.6.3.2 System Desription
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Figure 6.6: Blok diagram of the spae-time blok oding assisted double-spread Rake reeiver baseddownlink CDMA sheme.The blok diagram of the STBC-DoS-RR based CDMA sheme proposed for downlink (base tomobile) transmissions is shown in Figure 6.6. The information destined for user-i, where we havei 2 f1 : : :Kg, is �rst enoded by the TC hannel enoder to yield Si. Then, Si is spread by the Walshode Wi , where eah user is assigned a unique Walsh ode. The sum S of the signals of all users isthen passed to the STBC enoder on a hip by hip basis. Here Alamouti's G2 ode [164℄ assoiatedwith two transmit antennas is used for STBC. The STBC enoder yields two hips, namely d1 andd2, one for eah transmit antenna. Both hips are then DS spread by the same random ode for thesake of attaining multipath diversity, namely R, before transmission through the L-path dispersiveRayleigh fading hannels assoiated with the two transmission antennas. A single STBC-based Rakereeiver is utilised at the mobile station. In the Rake reeiver we have L number of delayed repliasof the transmitted signal, resulting in the reeived signals r1 : : : rL, where ri is synhronised to theith resolvable path having a path delay of �i. Eah of the signals r1 : : : rL will be DS despread bythe random ode R. Due to the employment of the G2 STBC enoder, eah of the L number of DSdespread signals bene�ts from a transmit diversity order of two. Consequently, the STBC deoder isinvoked L times, namely one for eah of the L number of DS despread signals for obtaining a pathdiversity of order L. The L number of STBC deoded signals are summed, yielding Ŝ of Figure 6.6,whih bene�ts from a total diversity order of 2L. Then, the signal Ŝi of user-i an be obtained bydespreading Ŝ with the aid of the unique Walsh signature sequene Wi . Finally, Ŝi is hannel deodedby the TC hannel deoder in order to yield the estimate of the information transmitted by user-i.



6.3.2. System Desription 1656.3.2.1 Double-Spreading MehanismThe family of orthogonal Walsh odes is well-known for its attrative zero ross-orrelation prop-erty [173℄ expressed as: QXl=1 Wi [l℄ � Wj [l℄ = 0; for i 6= j; (6.14)where i; j 2 f1 : : :Kg and i[l℄ 2 f+1;�1g. There are Q hips in a ode and the maximum numberof Walsh odes of length Q is Q, whih allows us to support a maximum number of K = Q users.Therefore, it is possible to support Q users employing Walsh odes of length Q, without enounteringany MAI, provided that the odes' orthogonality is not destroyed by the hannel. However, theo�-peak auto-orrelation of Walsh odes is relatively high [173℄, whih is quanti�ed as:QXl=1 Wi [m℄ � Wi [l℄ 6= 0; for m; i 2 f1 : : : Qg: (6.15)Hene, the good ross-orrelation properties of orthogonal Walsh odes may be destroyed by themultipath interferene enountered in dispersive hannels. In ontrast to orthogonal Walsh odes,random odes exhibit high ross-orrelation, but low o�-peak auto-orrelation values [173℄. Thereforenon-orthogonal random odes an be proessed by a Rake reeiver for obtaining path diversity as abene�t of their low auto-orrelation value. However, without additional Walsh-spreading they are onlyappliable for single user senarios, sine the assoiated high ross-orrelation will result in exessiveMAI, i.e. poor `user-separation'.To elaborate a little further, the double-spreading mehanism introdued here is di�erent from theonventional method of ombining orthogonal Walsh odes with non-orthogonal random or Pseudo-Noise (PN) srambling odes. The mehanism of both methods is illustrated in Figure 6.7. Spei�ally,in the ontext of the onventional method the hip duration of the Walsh ode is idential to that ofthe random ode. For the transmission of a B-symbol burst using orthogonal Walsh odes having aspreading fator of Q, there are Q hips per information symbol, resulting in B�Q hips per transmis-sion blok. After eah of the information symbols has been DS spread by the Q-hip orthogonal Walshode, a non-orthogonal random ode of length B�Q hips is multiplied by the B�Q-hip transmissionblok on a hip-by-hip basis in order to derease the auto-orrelation of the orthogonal Walsh odes.Although the resultant spread signal exhibits a redued auto-orrelation, the ross-orrelation of thevarious users' signals is no longer zero.By ontrast, the proposed double-spreading mehanism invokes �Q-hip orthogonal Walsh odes forsupporting K = �Q users with the aid of DS spreading of eah symbol to �Q hips. Then eah of the�Q hips is further spread by a ~Q-hip non-orthogonal random ode for attaining multipath diversity,where there are a total of Q hips per information symbol and we have �Q� ~Q = Q. The �rst spreadingoperation spreads eah information symbol of user-i to �Q hips, using the Walsh ode Wi . Then the~Q-hip random ode further spreads eah of the �Q number of resultant hips to ~Q hips. Hene thereare a total of �Q � ~Q = Q hips per information symbol also aording to the onventional methodhighlighted in the previous paragraph, although the spreading mehanism used is di�erent. In otherwords, here the same ~Q-hip random ode repeats itself every �Q hips, namely for eah of the Walsh-ode hips. Note that the lth hip of the �Q-hip Walsh ode of all users is spread by the same random
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6.3.2. System Desription 167ode, whih are onveyed via the same hannel and experiene an idential multipath interferene of:I[l℄ = Ik[l℄ = Ii[l℄; (6.16)where k; i 2 f1 : : : �Qg and Ik[l℄ is the interferene imposed on the lth hip of the Walsh ode of user-k,Wk [l℄. If a slow fading hannel is enountered, the Channel Impulse Response (CIR) of the multipathomponents of the hannel an be assumed to be time-invariant for the duration of Q = �Q � ~Qhips. Sine eah hip of the �Q-hip Walsh ode is further spread by the same random ode as seenin Figure 6.7(b), eah of the �Q hips, again, experienes idential multipath interferene in the slowfading hannels onsidered, yielding:I = I[l℄ = I[m℄; l;m 2 f1 : : : �Qg: (6.17)With the aid of Equations 6.14, 6.16 and 6.17 the resultant ross-orrelation of the Q-hip odes usedby the double-spreading mehanism of Figure 6.7(b) an be shown to be zero, whih is expressed as:�QXl=1(Wi [l℄ � Ii[l℄) � (Wk [l℄ � Ik[l℄) = I2 � �QXl=1 Wi [l℄ � Wk [l℄;= 0; for i 6= k: (6.18)This implies enountering no MAI, hene requiring no IC. Therefore attaining near-single-user perfor-mane is feasible with the advent of this simple double-spreading method without the employment ofomplex IC shemes in slow-fading dispersive hannels, provided that the fator �Q lower user apaityis tolerable. If the user-apaity is at premium, a fator �Q higher user-apaity an be maintained bytolerating the high omplexity of the IC.6.3.2.2 Spae-Time Blok Coded Rake ReeiverThe main idea behind Rake reeivers [174℄ is that of apturing the energy of several multipath om-ponents of the hannels in a spread spetrum system, provided that the di�erent multipath delays aremultiples of the hip duration. The number of resolvable multipath omponents an be inreased byinreasing the spreading fator used. The Rake reeiver onsists of a number of mathed �lters, oftenreferred to as Rake �ngers. The maximum number of Rake �ngers required is equal to the number ofthe resolvable paths. These Rake reeiver �ngers are synhronised to eah path and the orrespondingdelayed replias of the transmitted signals are ombined oherently or nonoherently. Assuming aperfet knowledge of the CIR and multipath delays, the Rake reeiver is equivalent to a MaximalRatio Combining (MRC) sheme having a diversity order L [175℄. In a onventional single-transmittersenario the ith delayed replia of the transmitted signal, ri, is �rst DS despread and then multipliedwith the omplex onjugate of the orresponding CIR tap. However, when using transmit diversity,eah of the DS despread signals is onveyed to one of the STBC deoders shown in Figure 6.6. Inother words, there are L number of STBC deoders, eah orresponding to one resolvable path of thedispersive hannel.In the STBC sheme using Alamouti's G2 ode [164℄, the enoding requires two time slots and twotransmit antennas for transmitting two symbols, namely x1 and x2. Spei�ally, G2 was de�ned in



6.3.2. System Desription 168Equation 6.1 [164, 165℄, but we repeated it here for the sake of the reader's onveniene:G2 =  x1 x2�x�2 x�1 ! ;where, x� denotes the omplex onjugate of the signal x. In time slot 1, signals x1 and x2 aretransmitted, while in time slot 2, signals -x�2 and x�1 are emitted from the transmit antennas 1 and 2,respetively. We assume that the fading amplitude is onstant aross the two STBC time slots, whereeah time slot has a duration of ~Q hips, or one hip of W . Hene we an write:hip(t) = hip(t+ T ) = hip = �ipej�ip ; p 2 f1; 2g; (6.19)where T is the time slot duration, while hip is the CIR assoiated with path i and transmit antenna p.The reeived signals after despreading are:ri1 = ri(t) = hi1 � x1 + hi2 � x2 + ni1;ri2 = ri(t+ T ) = �hi1 � x�2 + hi2 � x�1 + ni2; (6.20)where rit is the reeived signal at instant t for path i, while nit is the random variable representingthe sum of the reeiver noise at instant t and the multipath interferene imposed by path i afterdespreading. Equivalently, the two signals reeived over path i an be represented in matrix form as: ri1(ri2)� ! =  hi1 hi2(hi2)� �(hi1)� ! x1x2 !+ ni1(ni2)� !ri = Ai � x+ ni; (6.21)where Ai is termed the system matrix assoiated with path i. Sine the transmitted signal vetor xan be fatorised out from the STBC reeived signal vetor ri, as shown in Equation 6.21, due to theorthogonality of the G2 ode, transmit diversity an be obtained by multiplying ri with the onjugatetranspose of Ai, namely with AHi during the STBC deoding proess. With the aid of the Rakereeiver we an sum all the L number of STBC deoded outputs for generating the estimate of:x̂ = LXi=1(AHi � ri); x̂1x̂2 ! =  LXi=1 �(�i1)2 + (�i2)2�! x1x2 !+N; (6.22)where N is the resultant noise plus interferene for all the L paths, while the diversity of order 2L anbe observed in the ontext of the term PLi=1 �(�i1)2 + (�i2)2�.Having exploited both the spae and multipath diversity, now the TC deoder is invoked forattaining further time diversity. Based on Equation 6.22 the soft inputs of the TC deoder an bereadily omputed. Finally, the estimates of the original information symbols are obtained at theoutput of the TC deoder. Here, two idential 1/2-rate Reursive Systemati Convolutional (RSC)odes having a onstraint length of three were utilised by the turbo enoder, while soft deision trellisdeoding utilising the binary Log-Maximum A Posteriori (Log-MAP) algorithm [53℄ was invoked forturbo deoding. For detailed disussions on TC hannel oding the interested reader is referred to [11℄.



6.3.3. Simulation Results And Disussions 169Parameter ValueDoppler frequeny (Hz) 80Vehiular veloity (mph) 30First Spreading ratio, �Q 4Seond Spreading ratio, ~Q 8Total Spreading ratio, Q 32Chip rate (MBaud) 2.167Modulation mode QPSKSTBC ode G2 [165℄Number of transmitters 2Number of reeivers 1TC oding rate 1/2TC onstraint length 3TC deoding iterations 8TC interleaver length (bit) 1000Channel A power pro�le Equal/ConstantChannel B power pro�le Exponential deayNumber of resolvable paths (hip-spaed) 1 to 5Table 6.1: Parameters of the STBC-DoS-RR CDMA sheme for downlink transmissions.6.3.2.3 Channel Model and System Parameter DesignIn this setion the performane of the proposed sheme will be evaluated using the simulation param-eters shown in Table 6.1. We denote the onventional single-transmitter senario as the `G1-oded'sheme, whih is invoked for omparison with the two-transmitter based G2 ode. We assumed thatthe reeiver determined the CIRs perfetly, while the fading envelope and phase was maintained ata onstant level for the duration of two STBC timeslots or for 2Q=64 hip duration. Two di�erenthannels were used in our investigation. Channel A exhibits a CIR having equal-power hip-spaedtaps, while the CIR of Channel B exhibits an exponentially deaying power for eah of the multipathomponents. Eah path was faded aording to independent Rayleigh fading statistis, as desribedby the parameters of Table 6.1. Figure 6.8 shows the normalised magnitude versus hip delay pro�lefor the 5-path CIR of Channel A and Channel B, where the total power of the paths was normalisedto unity. The delay of eah path is expressed in terms of hip durations, where the hip duration isequal to the reiproal of the system's hip rate. We will onsider the presene of one to �ve resolvablepaths for Channel A and Channel B.6.3.3 Simulation Results And DisussionsLet us now ompare the performane of the proposed double-spreading sheme and that of the on-ventional spreading sheme. Figure 6.9 shows the Bit Error Ratio (BER) versus signal to noise ratioper information bit (Eb=N0) performane of both the double-spreading and that of the onventionalspreading shemes in a multi-user senario for transmissions over Channel A, when using only two
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Figure 6.8: The normalised magnitude versus hip delay pro�le for the 5-path Channel A and ChannelB.
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Figure 6.10: BER versus Eb=N0 performane of both the double-spreading and onventional spreadingshemes assisted by a Rake reeiver in a multipath senario for transmissions over Channel A, utilisingthe simulation parameters of Table 6.1.resolvable paths, utilising the simulation parameters of Table 6.1. The separation of the two CIR tapswas one hip duration.We observe in Figure 6.9 that onventional spreading experiened performane degradations, whenthe number of users inreased, sine the orthogonality of the 32-hip Walsh odes used by the onven-tional spreading sheme was destroyed by the multipath interferene imposed by the two-path hannel.By ontrast, the double-spreading sheme experiened no performane degradations, when supportingup to �Q=4 users, sine the multipath interferene an be rejeted, as suggested by Equation 6.18.Hene the orthogonality of the 4-hip Walsh odes was preserved by the double-spreading sheme.Although the onventional spreading method is also apable of attaining multipath diversity withthe aid of the signal spreading imposed by the random srambling ode, the multipath omponentswill init severe interferene, rather than yielding bene�ial path diversity, when the number of usersis high. This is illustrated in Figure 6.10, where the performane of the onventional spreading shemedegrades, as the hannel exhibits an inreasing number of multipath omponents, when supportingfour users. By ontrast, the performane of the double-spreading sheme improved, as the hannelexhibited a higher number of multipath omponents, although the path diversity gains eventuallysaturated, when a high number of paths was enountered.Having investigated the performane gains ahieved using the double-spreading sheme, let usnow apply the double-spreading sheme in onjuntion with the G2 STBC arrangement utilising twotransmitters, as well as along with the single transmitter senario, whih we have denoted as the`G1-oded' sheme in Setion 6.3.2.3. Expliitly, the G2 ode exhibits twie the diversity gain inomparison to its `G1-oded' ounterpart. For example, the performane of the G2 ode in single-path Rayleigh hannel is idential to that of the G1 ode in the two-path Channel A, as seen from
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Figure 6.11: BER versus Eb=N0 performane of the STBC-DoS-RR sheme without TC hannel odeusing the G2 ode of Equation 6.1 and the G1 ode de�ned in Setion 6.3.2.3, for transmissions overChannel A, utilising the simulation parameters of Table 6.1, when supporting four users.
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Figure 6.12: BER versus Eb=N0 performane of STBC-DoS-RR sheme without TC hannel odeusing the G2 ode of Equation 6.1 and the G1 ode de�ned in Setion 6.3.2.3, for transmissions overChannel B, utilising the simulation parameters of Table 6.1, when supporting four users.



6.3.3. Simulation Results And Disussions 173Figure 6.11. However, when targeting a total diversity order of four, the performane of the G2 odeused for transmission over the hip-spaed two-path Channel A is slightly better, than that of the G1ode in the hip-spaed four-path Channel A. This is beause the equal power paths in Channel Aresult in a higher multipath interferene, when the hannel exhibits a longer delay spread, where thedelay spreads of the four-path and two-path hannels onstitute 50% and 25% of the total durationof the 8-hip random ode, respetively. Hene, when aiming for attaining a ertain diversity gain,the multipath interferene assoiated with G2 is less severe, than that in onjuntion with G1, whenommuniating over dispersive hannels having longer delay spreads.When transmitting over Channel B, where the power of the paths deays exponentially withtime, the multipath interferene will be less severe in a long-delay-spread environment, although theahievable multipath diversity gain will be dereased. These e�ets an be studied in Figure 6.12,where the performane of the G2 ode reorded in a single-path senario is seen to be better than thatof the G1 ode employed for transmission over the two-path Channel B. Similarly, the performaneof the G2 ode used for transmission over the two-path Channel B is signi�antly better than that ofthe G1 ode in the four-path Channel B. Hene, we onlude that the diversity gain of G2 is higherthan that of G1 in a realisti dispersive hannel having negative exponentially deaying CIR, whihexhibits a redued power for the longer delay multipath omponents.
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Figure 6.13: BER versus Eb=N0 performane of the STBC-DoS-RR sheme in onjuntion with TChannel oding using the G2 and G1 odes for transmissions over Channel A, utilising the simulationparameters of Table 6.1, when supporting four users.The employment of power eÆient TC hannel oding further enhanes the ahievable oding gainof the STBC-DoS-RR sheme. As we an see from Figures 6.13 and 6.14, a high oding gain wasobtained by the TC-oded systems ompared to the unoded systems haraterised in Figures 6.11and 6.12. We an observe that at a BER of 10�5, the TC-oded STBC-DoS-RR shemes utilising theG2 ode required only Eb=N0=4.25 dB, when ommuniating over the 5-path Channel A, as shownin Figure 6.13. By ontrast, the unoded STBC-DoS-RR sheme utilising G1 required an Eb=N0 of
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Figure 6.14: BER versus Eb=N0 performane of the STBC-DoS-RR sheme in onjuntion with TChannel oding using the G2 and G1 odes for transmissions over Channel B, utilising the simulationparameters of Table 6.1, when supporting four users.39.3 dB in a narrowband hannel, as shown in Figure 6.11, resulting in a total diversity plus odinggain of 35.05 dB. However, we observed from Figure 6.13 that most of this total diversity plus odinggain was already ahieved in the 3-path Channel A. Furthermore, we an see from Figure 6.14 thatthe total gain ahieved in the 5-path Channel B for the TC-oded STBC-DoS-RR sheme utilisingG2 was 33.2 dB. By observing Figures 6.13 and 6.14, we notie that the relative performane gainattained is the highest, when the diversity is on the order of two, either utilising G2 in a narrowbandhannel for attaining transmit diversity, or utilising G1 in a 2-path hannel for ahieving multipathdiversity.The oding plus diversity gain versus the number of resolvable paths at a BER of 10�5 for theSTBC-DoS-RR sheme against the benhmarker of the unoded STBC-DoS-RR sheme utilising G1in a narrowband hannel are summarised in Figure 6.15. The benhmarker required an Eb=N0 of39.3 dB for a BER of 10�5 as shown in Figure 6.11. It is lear from the �gure that the additional pathdiversity gain attainable is only marginal, when having more than three resolvable paths for the TCor STBC assisted shemes.6.3.4 ConlusionsIn this setion, a novel spae-time oding-assisted double-spreading aided Rake reeiver-based CDMAsheme was proposed and haraterised in performane terms, whih was ontrived for downlinktransmissions over dispersive Rayleigh fading hannels. The double-spreading mehanism is apableof attaining a near-single-user performane, when using a low-omplexity Rake-reeiver, rather thana omplex IC sheme. Additionally, it is apable of yielding a performane equivalent to that ofmaximal ratio ombining of order L in L-path hannels, even when utilising only a single Rake reeiver.
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6.4. STBC-IQ-CM assisted DoS-RR based CDMA 1766.4 STBC IQ-Interleaved Coded Modulation assisted Double-SpreadRake Reeiver-Based CDMA6.4.1 IntrodutionIn Setion 6.2 we argue that STBC-based IQ-interleaved CM shemes are apable of providing sig-ni�ant diversity gains over their onventional ounterparts, when ommuniating over at Rayleighfading hannels using a 16QAM modulation sheme. It is important to emphasise that this an beahieved without ompromising the oding gain attainable over Gaussian hannels. It was found thatthe ahievable transmit diversity was maintained, although the IQ diversity was dereased, when thefading hannel exhibited orrelation.Furthermore in Setion 6.3, we demonstrated that the STBC-based sheme designed for transmis-sion over non-dispersive fading hannels an also be invoked for transmission over dispersive fadinghannels for the sake of bene�ting from multipath diversity. Spei�ally, when a double-spreadingaided Rake reeiver is employed, near-single-user performane may be ahieved without the aid ofomplex IC shemes, when transmitting from the base station to the mobile station over dispersivefading hannels using QPSK modulation.In this setion, the STBC-IQ-CM sheme proposed in Setion 6.2 will be amalgamated with theDoS-RR sheme proposed in Setion 6.3 for downlink transmission over 1-path and 2-path Rayleighfading hannels, when supporting four CDMA users, eah using 8PSK modulation.6.4.2 System DesriptionThe blok diagram of the amalgamated system an be readily onstruted by onatenating theshematis of Figures 6.1 and 6.6, whih is shown in Figure 6.16. More spei�ally, the hanneloded signal S1 of user one, whih is shown in Figure 6.16, is generated from the signals ~sI and ~sQ ofFigures 6.1 and 6.16, where we have S1 = ~sI + j~sq. At the deoder side, the I and Q omponents ofthe signal Ŝ1, whih are shown in Figures 6.6 and 6.16, will be used for omputing the signals ~mI and~mQ aording to Equation 6.12, whih are seen in both Figure 6.1 and Figure 6.16.The CM shemes employed are the non-iterative 64-state TCM and BICM shemes, the iterative 8-state TTCM arrangement using four deoding iterations and the 8-state BICM-ID arrangement invok-ing eight deoding iterations. Furthermore, we will also employ Turbo Coded Modulation (TuCM) [16℄for this study. More spei�ally, TuCM is an extension of TC odes, where the output bits of a bi-nary TC enoder are suitably puntured and multiplexed before the Gray-labelled signal mapper, forahieving the desired number of information bits per transmitted symbol. For example, two 1/2-rateRSC odes are used for generating a total of four turbo oded bits and this bit stream may be pun-tured for generating three bits, whih are mapped to an 8PSK modulation sheme. By ontrast, inseparate oding and modulation sheme, any modulation shemes for example BPSK, may be used fortransmitting the hannel oded bits. Finally, without punturing, 16QAM transmission would haveto be used for maintaining the original transmission bandwidth. Expliitly, a TuCM arrangementemploying two 1/2-rate and 4-state RSC omponent odes using eight deoding iterations will beemployed. All the CM shemes exhibit a similar deoding omplexity expressed in terms of the total
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6.4.3. Simulation Results And Disussions 178
st-iq-tcm-bicm-1p2p.gle

0 2 4 6 8 10 12 14 16 18 20
Eb/N0 (dB)

10-5

2

5

10-4

2

5

10-3

2

5

10-2

2

5

10-1

2

5

100
B

E
R

TCM/BICM: 1-path

STBC-IQ-CM
IQ-CM
STBC-CM
CM

BICM
TCM
8PSK:

uncoded-QPSK
flat-Rayleigh

uncoded-
QPSK
AWGN

0 2 4 6 8 10 12 14 16 18 20
Eb/N0 (dB)

10-5

2

5

10-4

2

5

10-3

2

5

10-2

2

5

10-1

2

5

100

B
E

R

TCM/BICM: 2-path

BICM
TCM
8PSK:

uncoded-QPSK
flat-Rayleigh

uncoded-
QPSK
AWGN

Figure 6.17: BER versus Eb=N0 performane of the 8PSK based non-iterative TCM and BICMshemes, when ommuniating over orrelated Rayleigh fading hannels exhibiting either one or tworesolvable hip-spaed, equal weight paths. The legends are desribed in Footnote 1. A odewordlength of 1000 symbols was used and the performane of the unoded QPSK sheme ommuniatingover AWGN and at Rayleigh fading hannels is also plotted for benhmarking the CM shemes havingan e�etive throughput of 2 BPS.though the BICM arrangements marginally outperform the non-IQ-interleaved TCM arrangements inthe high SNR region. However, the hannel-properties beome more Gaussian-like, when the diversitygain of the system is high. To elaborate a little further, the main ontributors of diversity gain in thesystem are the transmit-diversity and path-diversity, when ommuniating over slowly fading hannels.Therefore, the STBC-TCM arrangement outperforms its STBC-BICM ounterpart, when ommuni-ating over the 2-path hannels, sine the TCM shemes originally ontrived for AWGN hannelsoutperform the BICM shemes designed for Rayleigh fading hannels, in the ontext of Gaussian-likehannels. On the other hand the IQ-interleaved TCM arrangements perform similar to or better thantheir BICM ounterparts, owing to the extra IQ diversity gain ahieved as evidened by Figure 6.17.Note that the performane of the STBC-CM shemes ommuniating over single-path hannels, issimilar to that of the orresponding CM shemes ommuniating over 2-path hannels, owing to theindependent/unorrelated nature of the fading experiened by the signals arriving from two di�erenttransmit antennas or reeived via two independent paths.Note also that in the ontext of 16QAM studied in Figure 6.3, there was no IQ-interleaving gainfor the 16QAM IQ-BICM sheme, sine the I (or Q) interleaver will only further randomise two BICMoutput bit-sequenes in parallel, resulting in two similarly randomised bit-sequenes. By ontrast,in the ontext of 8PSK, the bits representing the I and Q omponents annot be bit-interleaved,while the 8PSK-based BICM sheme seen in Figure 2.15 employed three independent random parallelbit-interleavers. As a result, the I and Q random interleavers of the 8PSK sheme randomise the
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Figure 6.18: BER versus Eb=N0 performane of the 8PSK based iterative TTCM and BICM-IDshemes, when ommuniating over orrelated Rayleigh fading hannels exhibiting either one or tworesolvable hip-spaed, equal weight paths. The legends are desribed in Footnote 1. A odewordlength of 1000 symbols was used and the performane of the unoded QPSK sheme ommuniatingover AWGN and at Rayleigh fading hannels is also plotted for benhmarking the CM shemes havingan e�etive throughput of 2 BPS.quadrature omponents, rather than randomising the BICM bit-sequenes. Therefore this shemeontributes another soure of interleaving and hene potentially improves the ahievable diversity.As it was evidened in Figure 6.17, the IQ-interleaved 8PSK-based BICM arrangements bene�t froman additional IQ diversity gain in omparison to the BICM arrangements, although this gain is onlymarginal due to ommuniating over the slowly fading hannels of Table 6.1.Let us now investigate the ahievable performane of the iterative TTCM and BICM-ID ar-rangements in Figure 6.18. Again, the main ontributors of diversity gain in the system are thetransmit-diversity and path-diversity, when ommuniating over the slowly fading hannels of Ta-ble 6.1. Nonetheless, up to 0.8 dB and 1.0 dB gains may be provided by IQ-TTCM and IQ-BICM-ID,respetively, ompared to onventional TTCM and BICM-ID, when ommuniating over the slowlyfading single-path hannels of Table 6.1. On the other hand, the TTCM arrangements perform betterthan or equal to the BICM-ID arrangements. It is also shown in Figures 6.17 and 6.18 that the TTCMsheme is the best performer in the set of TCM, BICM and BICM-ID shemes.Below we will ontinue our disourse by omparing the performane of the TTCM and TuCMarrangements in Figure 6.19. Expliitly, the TuCM sheme employs only one bit-interleaver for sup-porting the operation of the 3-bit based 8PSK modulation, unlike the 8PSK BICM sheme of Fig-ure 2.15 where the modulated bits were randomised in parallel using three bit-interleavers. The TuCMarrangement exhibits no further IQ-diversity gain, when employing two extra IQ interleavers, as wean observe in Figure 6.19. More expliitly, as portrayed in Figure 6.19, the TuCM arrangements {
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Figure 6.19: BER versus Eb=N0 performane of the 8PSK based non-iterative TCM and TuCMshemes, when ommuniating over orrelated Rayleigh fading hannels exhibiting either one or tworesolvable hip-spaed, equal weight paths. The legends are desribed in Footnote 1. A odewordlength of 1000 symbols was used and the performane of the unoded QPSK sheme ommuniatingover AWGN and at Rayleigh fading hannels is also plotted for benhmarking the CM shemes havingan e�etive throughput of 2 BPS.both with or without IQ-interleaving { perform worse than or similarly to the TTCM arrangements re-fraining from using IQ-interleaving. This implies that the IQ-interleaved BICM-ID sheme is expetedto outperform the TuCM sheme for transmission over the slowly fading hannels of Table 6.1.Based on Figures 6.17 to 6.19, we onluded that that TTCM is the best performer amongst thevarious CM shemes. Let us now ompare the performane of the 8PSK and 16QAM based TTCMshemes, when ommuniating over orrelated Rayleigh fading hannels exhibiting either one or tworesolvable hip-spaed, equal-weight paths using Figure 6.20. Expliitly, a further oding gain of 7to 8 dB an be attained by the 8PSK-based STBC-(IQ)-TTCM sheme, when ommuniating overhannels exhibiting a single resolvable path, or by (IQ-)TTCM when ommuniating over hannelsexhibiting two resolvable paths, with respet to (IQ-)TTCM when ommuniating over hannels ex-hibiting one resolvable path, as shown at the left of Figure 6.20. This is owing to doubling the diversityorder with the aid of transmit-diversity or multipath-diversity. However, as evidened by Figure 6.20,the ahievable further oding gain with respet to the performane of the TTCM shemes exhibitinga diversity order of two was redued to about 3.5 to 4 dB, when the diversity order was quadrupled.Similar trends an also be observed for the 16QAM-based TTCM arrangements, as shown at the rightof Figure 6.20, when providing an e�etive throughput of 3 BPS.
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Figure 6.20: BER versus Eb=N0 performane of the 8PSK and 16QAM based iterative TTCMshemes, when ommuniating over orrelated Rayleigh fading hannels exhibiting either one or tworesolvable hip-spaed, equal weight paths. The legends are desribed in Footnote 1. A odewordlength of 1000 symbols was used and the performane of the unoded QPSK(8PSK) sheme om-muniating over AWGN and at Rayleigh fading hannels is also plotted for benhmarking the CMshemes having an e�etive throughput of 2(3) BPS.6.4.4 ConlusionsIn onlusion, in these setion we have demonstrated that the proposed STBC-IQ-CM assisted DoS-RR sheme is apable of exploiting transmit-diversity, multipath-diversity and IQ-diversity and heneprovides signi�ant oding/diversity gains over the idential-throughput unoded shemes withoutbandwidth expansion, while supporting multiple downlink CDMA users. Near single-user performanewas also ahieved without using omplex IC shemes. It was shown that the STBC-IQ-CM shemedesigned for square QAM modulation in Setion 6.2 an also be employed in the ontext of 8PSKmodulation. Furthermore, we have shown in Setion 6.3 that the DoS-RR sheme of Figure 6.6employing QPSK modulation an also be extended to 8PSK and 16QAM for ahieving a highere�etive throughput without experiening any BER error oor, although only a simple Rake reeiveris employed for supporting multiple downlink CDMA users in dispersive Rayleigh fading hannels.6.5 Chapter ConlusionsIn this hapter we have proposed two shemes for ahieving diversity gain. Spei�ally, in Setion 6.2 aombination of transmit-diversity and IQ-diversity was exploited for ahieving a substantial diversitygain using high-order modulation shemes, while in Setion 6.3, we have exploited transmit-diversityand multipath-diversity using a simple Rake reeiver bene�ting from the proposed double spreading



6.5. Chapter Conlusions 182in the ontext of low-level modulation sheme. Finally, the two designs were amalgamated for yieldinga new sheme whih is apable of exploiting transmit-diversity, IQ-diversity and multipath-diversityby employing the CM shemes studied in Chapter 2.Spei�ally, oding gains of 26.1 dB, 28.2 dB, 26.9 dB and 28.1 dB were ahieved over the idential-throughput unoded 8PSK benhmarker at a BER of 10�4 by the 16QAM based STBC-IQ-TCM,STBC-IQ-TTCM, STBC-IQ-BICM and STBC-IQ-BICM-ID shemes, respetively, when ommuni-ating over the unorrelated at Rayleigh fading hannel, as evidened in Figures 6.3 and 6.4. Itwas shown in Figures 6.3 and 6.4 that the IQ-TCM and IQ-TTCM shemes were apable of doublingthe ahievable diversity potential of the onventional symbol-interleaved TCM and TTCM shemes.Expliitly, similar performanes were ahieved by both IQ-TCM and STBC-TCM, as well as by IQ-TTCM and STBC-TTCM. However, it was shown in Figure 6.5 that the IQ diversity attainabledereased, when the fading hannel envelope exhibited orrelation.It was illustrated in Setion 6.3.3 that with the advent of the double-spreading based Rake reeiver,near-single-user performane an be ahieved without employing omplex interferene anellationshemes, although this omplexity redution is ahieved at the ost of supporting a fator of ~Q reduednumber of users. Spei�ally, transmit diversity and path diversity onstitute two independent souresof diversity gain in the ontext of the STBC-DoS-RR CDMA downlink. It was shown in Figures 6.12and 6.15 that the employment of transmit diversity is more advantageous than that of the multipathdiversity in pratial dispersive Rayleigh fading hannels exhibiting an exponentially deaying CIR.The proposed STBC-IQ-CM assisted DoS-RR sheme was apable of exploiting transmit-diversity,multipath-diversity and IQ-diversity, hene providing a signi�ant oding/diversity gain over the sim-ilar throughput unoded sheme, whih is ahieved without bandwidth expansion, while supporting anumber of CDMA users. It was shown in Setion 6.4.3 that the main ontributors of diversity gain inthe system were the transmit-diversity and path-diversity, when ommuniating over the slowly fadinghannels of Table 6.1. Based on Figures 6.17 to 6.19, the STBC-IQ-TTCM assisted DoS-RR shemewas found to be the best performer amongst the various CM shemes studied.In summary, the oding gain values exhibited by the various oded modulation shemes studiedin this hapter were tabulated in Tables 6.2 and 6.3. Spei�ally, in Tables 6.2 we summarised theperformane gain exhibited by the STBC-assisted and/or IQ-interleaved oded modulation shemes ofSetion 6.2 ommuniating over non-dispersive unorrelated as well as orrelated orrelated Rayleighfading hannels. The oding gains exhibited by the STBC-assisted and/or IQ-interleaved DoS-RR-based oded modulation shemes of Setion 6.4 ommuniating over both 1-path and 2-path Rayleighfading hannels were summarised in Table 6.3.
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STBC-IQ-CM Flat Unorrelated Flat CorrelatedRayleigh Fading Channels Rayleigh Fading ChannelsEb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER BERBPS 10�3 10�5 10�3 10�5 10�3 10�5 10�3 10�5Unoded 8PSK/3 26.15 46.00 0.00 0.00 26.15 46.00 0.00 0.00TCM 16QAM/3 15.54 34.00 10.61 12.00 28.15 45.00 -2.00 1.00IQ-TCM 16QAM/3 11.32 18.10 14.83 27.90 21.00 29.45 5.15 16.55STBC-TCM 16QAM/3 10.29 18.10 15.86 27.90 15.47 20.75 10.68 25.25STBC-IQ-TCM 16QAM/3 8.47 11.65 17.68 34.35 14.58 18.11 11.57 27.89TTCM 16QAM/3 9.88 13.86 16.27 32.14 23.15 32.85 3.00 13.15IQ-TTCM 16QAM/3 9.31 11.22 16.84 34.78 20.80 28.20 5.35 17.80STBC-TTCM 16QAM/3 7.66 11.30 18.49 34.70 14.75 18.07 11.40 27.93STBC-IQ-TTCM 16QAM/3 7.30 8.72 18.85 37.28 14.65 17.36 11.50 28.64BICM 16QAM/3 11.00 14.00 15.15 32.00 22.90 29.66 3.25 16.34IQ-BICM 16QAM/3 11.00 13.96 15.15 32.04 22.90 29.45 3.25 16.55STBC-BICM 16QAM/3 8.66 10.90 17.49 35.10 15.66 18.60 10.49 27.40STBC-IQ-BICM 16QAM/3 8.66 10.85 17.49 35.15 15.66 18.55 10.49 27.45BICM-ID 16QAM/3 9.78 14.03 16.37 31.97 21.85 27.45 4.30 18.55IQ-BICM-ID 16QAM/3 9.36 12.20 16.79 33.80 22.88 28.01 3.27 17.99STBC-BICM-ID 16QAM/3 7.44 9.65 18.71 36.35 16.00 17.50 10.15 28.50STBC-IQ-BICM-ID 16QAM/3 7.40 8.95 18.75 37.05 16.12 17.45 10.03 28.55Table 6.2: Coding gain values of the STBC-assisted and/or IQ-interleaved oded modulation shemesof Setion 6.2 when ommuniating over non-dispersive unorrelated and orrelated Rayleigh fadinghannels. The oded modulation shemes exhibited a similar deoding omplexity in terms of thenumber of deoding states, whih was equal to 64 states. A turbo interleaver blok length of 1000symbols was employed when ommuniating over unorrelated Rayleigh fading hannels and an in-terleaver blok length of 10000 symbols was employed when ommuniating over orrelated Rayleighfading hannels. The orrelated Rayleigh fading hannels exhibit a normalised Doppler frequeny of3:25 � 10�5. The orresponding simulation parameters were summarised in Setion 6.2.3 The perfor-mane of the best sheme is printed in bold.
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STBC-IQ-CM 1-path Correlated 2-path CorrelatedDoS-RR CDMA Rayleigh Fading Channels Rayleigh Fading ChannelsEb=No (dB) Gain (dB) Eb=No (dB) Gain (dB)Code Modulation/ BER BERBPS 10�3 10�5 10�3 10�5 10�3 10�5 10�3 10�5Unoded (1-path) QPSK/2 24.00 43.50 0.00 0.00 24.00 43.50 0.00 0.00TCM 8PSK/2 15.13 21.49 8.87 22.01 9.67 13.60 14.33 29.90IQ-TCM 8PSK/2 13.55 19.96 10.45 23.54 9.38 12.79 14.62 30.71STBC-TCM 8PSK/2 9.54 13.44 14.46 30.06 7.00 9.35 17.00 34.15STBC-IQ-TCM 8PSK/2 9.12 12.48 14.88 31.02 6.74 8.81 17.26 34.69TTCM 8PSK/2 14.62 18.70 9.38 24.80 9.25 11.27 14.75 32.23IQ-TTCM 8PSK/2 14.35 18.06 9.65 25.44 9.18 10.99 14.82 32.51STBC-TTCM 8PSK/2 9.22 11.31 14.78 32.19 6.51 7.79 17.49 35.71STBC-IQ-TTCM 8PSK/2 9.00 10.80 15.00 32.70 6.40 7.60 17.60 35.90BICM 8PSK/2 16.28 20.23 7.72 23.27 10.15 12.81 13.85 30.69IQ-BICM 8PSK/2 16.28 19.75 7.72 23.75 10.15 12.95 13.85 30.55STBC-BICM 8PSK/2 9.96 12.96 14.04 30.54 7.53 9.82 16.47 33.68STBC-IQ-BICM 8PSK/2 9.96 12.61 14.04 30.89 7.46 9.71 16.54 33.79BICM-ID 8PSK/2 16.29 18.94 7.71 24.56 9.72 11.42 14.28 32.08IQ-BICM-ID 8PSK/2 16.12 18.00 7.88 25.50 9.77 10.95 14.23 32.55STBC-BICM-ID 8PSK/2 9.72 11.50 14.28 32.00 6.98 7.95 17.02 35.55STBC-IQ-BICM-ID 8PSK/2 9.57 10.80 14.43 32.70 6.95 7.90 17.05 35.60TuCM 8PSK/2 14.70 18.60 9.30 24.90 11.39 11.39 12.61 32.11IQ-TuCM 8PSK/2 14.70 18.75 9.30 24.75 9.55 11.35 14.45 32.15STBC-TuCM 8PSK/2 9.28 11.22 14.72 32.28 6.75 7.94 17.25 35.56STBC-IQ-TuCM 8PSK/2 9.28 11.11 14.72 32.39 6.75 7.92 17.25 35.58Unoded (1-path) 8PSK/3 26.15 46.00 0.00 0.00 26.15 46.00 0.00 0.00TTCM 16QAM/3 16.30 21.56 9.85 24.44 11.62 13.77 14.53 32.23IQ-TTCM 16QAM/3 16.30 28.88 9.85 17.12 11.62 13.32 14.53 32.68STBC-TTCM 16QAM/3 11.00 13.24 15.15 32.76 8.52 9.86 17.63 36.14STBC-IQ-TTCM 16QAM/3 11.00 13.10 15.15 32.90 8.52 9.69 17.63 36.31Table 6.3: Coding gain values of the STBC-assisted and/or IQ-interleaved DoS-RR-based oded mod-ulation shemes of Setion 6.4 when ommuniating over both 1-path and 2-path Rayleigh fadinghannels. The oded modulation shemes exhibited a similar deoding omplexity in terms of thenumber of deoding states, whih was equal to 64 states. An interleaver blok length of 1000 symbolswas employed and the orresponding simulation parameters were summarised in Setion 6.3.2.3. Theperformane of the best sheme is printed in bold.



Chapter 7
Conlusions and Future Work
In this onluding hapter, a summary of the thesis and the main �ndings of our investigations willbe presented. This will be followed by a range of ideas on future researh.7.1 Summary and ConlusionsThis thesis investigated the appliation of oded modulation shemes for transmission over wirelessfading hannels. Spei�ally, four oded modulation shemes, namely TCM, TTCM, BICM andBICM-ID, were evaluated in the ontext of various transeivers.In Chapter 2, we ommened our disussions by outlining the priniples of TCM, TTCM, BICMand BICM-ID. The oneptual di�erenes amongst these oded modulation shemes were outlined interms of their oding struture, signal labelling philosophy, interleaver type and deoding philosophy.The TCM and TTCM shemes employed a symbol-based interleaver, while the BICM and BICM-IDshemes employed several parallel bit-based interleavers. As for symbol labelling, the BICM shemeemployed Gray-oded signal labelling, while the remaining three shemes employed SP-based signallabelling. More spei�ally, the onventional TCM sheme is designed for maximising the minimumEulidean distane between the unproteted bits of the onstellation. However, this design riterionis only suitable for AWGN hannels. By ontrast, maximising the free Hamming distane is the maindesign riterion for fading hannels. Therefore, the TCM shemes designed for fading hannels avoidhaving parallel trellis transitions, in order to maximise the assoiated free Hamming distane betweenthe odewords. By ontrast, the onventional BICM sheme is designed for ommuniating over fadinghannels, where the bit-based free Hamming distane is maximised. However, the assoiated minimumEulidean distane of the various bits of the phasor onstellation is onsiderably lower than that of theTCM sheme. On the other hand, the BICM-ID sheme was designed with a good performane overboth AWGN and fading hannels. Spei�ally, the orresponding minimum Eulidean distane of thevarious bits of the phasor onstellation is further inreased with the advent of iterative demodulationand BICM deoding, without sari�ing the high free Hamming distane between the odewordsobtained by the non-iterative BICM sheme. Another oded modulation sheme designed for attaininga good performane over both AWGN and fading hannels is the TTCM sheme, where the turbooding priniple is invoked by employing TCM shemes as the onstituent odes. Expliitly, the free185



7.1. Summary and Conlusions 186Hamming distane between the odewords is maximised with the advent of the turbo interleaver andtwo onstituent enoders. The symbol-based MAP algorithm was also detailed in this hapter, wherea MAP algorithm operating in the logarithmi domain was invoked by the oded modulation shemesthroughout the thesis.In Chapter 3, a omparative study of the TCM, TTCM, BICM and BICM-ID shemes was arriedout, while ommuniating over both AWGN and unorrelated narrowband Rayleigh fading hannels.Expliitly, it was shown in Setions 3.2.2.1 and 3.2.2.2 that at a given omplexity TCM performedbetter than BICM in AWGN hannels, but worse than BICM in unorrelated narrowband Rayleighfading hannels, in the ontext of 8PSK, 16QAM and 64QAM. However, BICM-ID outperformedboth TCM and BICM for transmissions over both AWGN and unorrelated narrowband Rayleighfading hannels at the same deoding omplexity. Finally, TTCM has shown a superior performanein omparison to the other three oded modulation shemes studied. When employing 64QAM,the trends hanged. Spei�ally, TCM and TTCM were outperformed by BICM and BICM-ID inthe ontext of 64QAM sheme, when ommuniating over unorrelated narrowband Rayleigh fadinghannels. This was deemed to be a onsequene of the presene of several unoded information bits inthe TCM/TTCM oded 64QAM symbol. When omparing the ahievable oding gain plotted againstthe interleaver length in Setion 3.2.2.3, TTCM was the best performer for a variety of interleaverlengths, while the performane of BICM-ID was better than TCM and BICM only when a longinterleaver length was employed. In Setion 3.4, multi-arrier OFDM was integrated with the variousoded modulation shemes, where we assumed that the individual OFDM subarriers experienednarrowband fading, when ommuniating over the wideband COST207 HT Rayleigh fading hannels.The TTCM sheme was found to onstitute the best ompromise, followed by BICM-ID, BICM andTCM in the ontext of the OFDM sheme. In summary, the TTCM assisted sheme was foundto represent the most attrative trade-o� in terms of its ahievable performane and omplexity,losely followed by the BICM-ID assisted sheme, whih was our onlusion both in the ontext ofthe onventional single-arrier system of Setion 3.2 as well as the multi-arrier OFDM system ofSetion 3.4, in the non-dispersive propagation environments. Expliitly, the oding gain values of theoded modulation shemes studied in this hapter were summarised in Tables 3.4 and 3.5.Based on Tables 3.4 and 3.5, the BPS throughput versus Eb=N0 performane of the various odedmodulation shemes ommuniating over AWGN hannels as well as ommuniating over OFDMenvironment was plotted in Figure 7.1. As we an observe in Figure 7.1(a), the performane urveof the TTCM sheme employing a ode memory of three and four iterations is about 2 to 3 dBaway from the Shannon limit when targeting a BER of 10�5 in the ontext of AWGN hannels.When aiming for BER=10�3, these urves are expeted to be loser to the Shannon limit, as we aninfer from Table 3.4. Figure 7.1(b) portrays the performane of the OFDM-based oded modulationshemes of Setion 3.4 when ommuniating over the COST207 HT Rayleigh fading hannel. Whenthe number of subarriers is suÆiently high, eah OFDM subarrier experienes narrowband, non-dispersive hannel onditions. Therefore, the performane trend of the OFDM-based oded modulationshemes ommuniating over dispersive Rayleigh fading hannels is similar to that of the onventionaloded modulation shemes ommuniating over at unorrelated Rayleigh fading hannels, as we anobserve in Tables 3.4 and 3.5. Note that the performane of the unoded shemes ommuniatingover at Rayleigh fading hannels was very poor, as it is shown in Table 3.4. Therefore, the OFDM-
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(b)Figure 7.1: The BPS throughput versus Eb=N0 performane of the oded modulation shemes of Chap-ter 2 when ommuniating over (a) AWGN hannels and (b) OFDM environment. The orrespondingresults were extrated from Tables 3.4 and 3.5, respetively, at BER=10�5. The orresponding simu-lation parameters were summarised in Setion 3.2.2 and Table 3.3, respetively.based unoded shemes ommuniating over the COST207 HT Rayleigh fading hannel was also verypoor, as shown in Table 3.5. However, the performane an be further improved with the advent ofemploying Walsh-Hadamard spreading [103℄. Spei�ally, when spreading the information arried byeah subhannels to all subarriers with the aid of orthogonal spreading ode, the orruption of a fewhips owing to low quality subarriers is unlikely to result in a orrupted subarrier symbol. Hene,this spreading operation typially improve the ahievable OFDM performane.In Chapter 4, the performane of the various oded modulation shemes was evaluated for trans-mission over wideband fading hannels, by inorporating single-arrier hannel equalised arrange-ments. Spei�ally, the DFE aided adaptive oded modulation shemes were haraterised in per-formane terms, when ommuniating over the COST207 TU fading hannels in Setion 4.4, wherethe transeivers' performane was optimised by employing hannel equalisation and adaptive odedmodulation jointly. A delay of one transmission burst duration was inurred in the hannel qualityestimation proess. The MSE at the output of the DFE was used as the metri invoked for swithingamongst the various oded modulation modes, in order to ombat both the signal power utua-tions as well as the e�ets of the time-variant ISI imposed by the wideband hannel. We found inSetions 4.4.4 that the diversity gain obtained by the employment of a longer hannel interleaverspanning over four transmission bursts in the adaptive oded modulation was more than suÆient forompensating for the loss of modem mode swithing exibility imposed by the four-burst durationmode-swithing mehanism, ultimately providing a better performane in terms of the ahievable BERand BPS performane. The TTCM sheme was found to be the best performer followed by BICM-ID,TCM and BICM in the ontext of the DFE-assisted adaptive oded modulation shemes. Further-more, in Setions 4.7 and 4.9, an RBF-based turbo equaliser was also inorporated into the odedmodulation shemes designed for transmission over wideband fading hannels. Spei�ally, variousRBF-TEQ-CM and RBF-I/Q-TEQ-CM shemes were investigated for transmission over wideband
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(b)Figure 7.2: The BPS throughput versus Eb=N0 performane of (a) the DFE-assisted oded modulationshemes of Setion 4.4 and of (b) the RBF-TEQ-assisted oded modulation shemes of Setion 4.7,when ommuniating over dispersive Rayleigh fading hannels. The orresponding results were ex-trated from Tables 4.3 and 4.4, respetively, at BER=10�5. The orresponding simulation parameterswere summarised in Setions 4.4.2 and 4.7.2, respetively.Rayleigh fading hannels in Setions 4.7 and 4.9, respetively. Our simulation results provided inSetions 4.7.2 and 4.9.2 showed that the BER performane of both the 16QAM-based RBF-TEQ-CM and that of the RBF-I/Q-TEQ-CM shemes ommuniating over wideband fading hannels wasonly about 2 dB inferior in omparison to that of the idential-throughput unoded 8PSK shemeommuniating over benign AWGN hannels. As illustrated in Figure 4.36, a signi�ant omplexityredution was ahieved by the RBF-I/Q-TEQ-CM sheme, when ompared to the omplex-valuedRBF-TEQ-CM sheme, while ahieving virtually the same performane. In partiular, omplexityredution fators of 36 and 9 were attained in terms of the required number of additions/subtrationsand multipliations/divisions, respetively, by the RBF-I/Q-TEQ-TTCM sheme, when ompared tothe RBF-TEQ-TTCM arrangement. As illustrated in Figures 4.27 and 4.35, the best performer wasTTCM followed by BICM, BICM-ID and TCM in terms of the ahievable BER. However, in termsof the FER attained the best performane was ahieved by BICM, followed by TTCM, BICM-IDand TCM in the ontext of both RBF-TEQ and RBF-I/Q-TEQ. We have also ompared the perfor-mane of the RBF-TEQ-CM and RBF-I/Q-TEQ-CM shemes to that of the onventional DFE assistedCM sheme in Setions 4.7.2 and 4.9.2. Expliitly, a signi�ant performane gain was ahieved bythe RBF-TEQ-CM and RBF-I/Q-TEQ-CM shemes in omparison to the onventional DFE assistedoded modulation sheme in the ontext of 16QAM. The oding gain values of the hannel equalisedoded modulation shemes haraterised in this hapter were summarised in Tables 4.3 and 4.4.Based on Tables 4.3 and 4.4, the BPS throughput versus Eb=N0 performane of the DFE andRBF-TEQ assisted oded modulation shemes was illustrated in Figure 7.2 when ommuniating overdispersive Rayleigh fading hannels. Note that the signals at the output of the DFE exhibit Gaussian-like statistis, sine the anti-fading e�ets of the path-diversity were exploited by the hannel equaliser.Therefore, the performane of the DFE-assisted unoded shemes is signi�antly better than that of



7.1. Summary and Conlusions 189the OFDM-assisted unoded shemes, as shown in Figure 7.2(a) as well as in Tables 3.5 and 4.3.For the sake of a fair omparison, the performane of the OFDM-based TTCM sheme employing asimilar set of parameters for ommuniating over the COST207 TU Rayleigh fading hannel was alsoplotted in Figure 7.2(a). Spei�ally, the total number of OFDM subarriers was 1024 (1K mode)and the number of e�etive subarriers was 684. As portrayed in Figure 7.2(a), the performaneof OFDM-TTCM is about 3 to 4 dB lower than that of the DFE-TTCM sheme in the ontextof 4QAM, 8PSK and 16QAM. However, the performane urve of OFDM-TTCM-64QAM exhibitsa BER error oor, similar to that of TTCM-64QAM, when ommuniating over at unorrelatedRayleigh fading hannels, as we have seen in Figure 3.8. Again, this phenomenon is owing to thepresene of several unoded information bits in the TTCM-oded 64QAM symbol. Furthermore,DFE-TTCM bene�ts from the dispersion-indued multipath diversity provided by the hannel whileOFDM-TTCM experienes at fading in eah of the subarriers and hene no multipath diversity gainis ahieved. Next, DFE-CM sheme is ompared to the RBF-TEQ-CM arrangement in Figure 7.2(b)in the ontext of 2-path Rayleigh fading hannels. Expliitly, the performane of RBF-TEQ-CM issigni�antly better than that of the DFE-CM sheme, whih is ahieved at the expense of a higheromplexity owing to the employment of the iterative TEQ.In Chapter 5, the performane of oded modulation assisted DS-CDMA systems was evaluated.Expliitly, oded modulation assisted JD-MMSE-DFE based CDMA shemes were proposed and eval-uated in performane terms, when ommuniating over the COST 207 seven-path Bad Urban hannelsin Setion 5.2. The powerful JD-MMSE-DFE aided sheme was apable of mitigating the e�ets ofMAI and ISI e�etively. We found in Setion 5.2.3 that CDMA/TCM was the best andidate, whena short interleaver length was employed, whereas CDMA/TTCM was found to be the best hoie forsystems that an a�ord a longer delay owing to utilising a high interleaver length, in the ontext ofCDMA-based slow fading wideband hannels. The performane of the JD-MMSE-DFE aided odedmodulation shemes has also been evaluated when ommuniating over the UTRA wideband vehiu-lar Rayleigh fading hannels in Setion 5.3. It was observed in Setion 5.3.3 that the CDMA/TTCMsheme was the best performer in terms of the attainable FER. Therefore, a JD-MMSE-DFE basedadaptive CDMA/TTCM sheme was studied in the ontext of ommuniating over the UTRA [15℄wideband vehiular Rayleigh fading hannels. Expliitly, the output SINR of the JD-MMSE-DFEwas utilised as the metri invoked for swithing the operational modes of the TTCM modem. Thee�et of modem mode signalling delay was studied in Figure 5.15, where an idealisti sheme havingzero signalling delay was ompared to a pratial sheme having 10�s signalling delay. It was foundthat at a target FER of 5%, an approximately 2.5 dB SNR gain was exhibited by the ideal shemein the SNR region spanning from 8 dB to 27 dB. In Figure 5.16, the systems that were designed formaintaining a higher FER were shown to exhibit the bene�t of a higher BPS throughput, whih wasahieved by invoking a di�erent swithing threshold set designed for maintaining a higher FER. Theproposed adaptive TTCM-assisted CDMA sheme onstitutes a promising pratial ommuniationsystem, whih is apable of guaranteeing reliable transmission, while providing an e�etive bitrateranging from 23:4 Kbit=s to 117 Kbit=s, in the ontext of the UTRA environment.As an alternative design, in Setion 5.4 an M-ary oded modulation assisted GA-based MUDsheme was proposed and haraterised. It was shown in Figures 5.19 and 5.20 that the unoded GA-MUD was apable of signi�antly reduing the omputational omplexity of the optimum-MUD, but
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(b)Figure 7.3: The BPS throughput versus Eb=N0 performane aording to Tables 5.6 and 5.7, respe-tively, at a BER of 10�5 for (a) JD-DFE-assisted oded modulation shemes and (b) GA-MUD-assistedoded modulation shemes, when ommuniating in CDMA environments. The orresponding simu-lation parameters were summarised in Setions 5.3.2 and 5.4.4, respetively.experiened an error oor at high SNRs due to invoking an insuÆiently large GA population size anda low number of GA generations. However, this problem was eliminated with the aid of CM shemes.Expliitly, the CM-GA-MUD sheme attained a signi�ant omplexity redution with respet to theoptimum-MUD and the TTCM sheme was found to be the best andidate amongst the four odedmodulation shemes invokes for assisting the operation of the GA-MUD system. Furthermore, it wasshown in Figures 5.23 and 5.24 that the CM-GA-MUD sheme was apable of attaining further odinggains with respet to the unoded single-user shemes, while maintaining a similar throughput andbandwidth, even when supporting a high number of CDMA users. Tables 5.6 and 5.7 summarisethe performane gains attained by the oded modulation shemes of Chapter 2 ommuniating overthe CDMA-based fading environment, when employing a JD-MMSE-DFE and a GA-based MUD,respetively.Based on Tables 5.6 and 5.7, the BPS throughput versus Eb=N0 performane both the JD-DFEand GA-MUD assisted oded modulation shemes ommuniating in CDMA environment was illus-trated in Figure 7.31. As we an observe in Figure 7.3(a), the oding gain ahieved at a BER of 10�5by the JD-DFE-assisted oded modulation shemes against the JD-DFE-assisted unoded sheme ismodest, when ommuniating over the UTRA Rayleigh fading hannel. This performane limitationis a onsequene of the employment of a short hannel interleaver having a duration of 240 symbols,when ommuniating over slow Rayleigh fading hannels. However, in terms of the ahievable FERthe oding gain of the JD-DFE-assisted oded modulation shemes is signi�antly higher. As we anobserve from Figure 7.3(a), the BPS performane of the JD-DFE-assisted TTCM sheme is signi�-antly better than that of the JD-DFE-assisted unoded sheme, when targeting a FER of 10�2. In1Note in Figure 7.3(a) that we have also plotted the ahievable BPS performane of the various oded modulationshemes, when aiming for FER=10�2 instead of BER=10�5. The BER orresponding to FER=10�2 an be inferredfrom Figures 5.11 and 5.12 for the various oded modulation shemes.



7.1. Summary and Conlusions 191Figure 7.3(b), the performane of the GA-MUD-assisted oded modulation shemes of Setion 5.4 wasportrayed when ommuniating over the AWGN hannels. Spei�ally, the BER performane urveof GA-MUD assisted TTCM is about 5 to 6 dB away from the Shannon bound.Finally, in Chapter 6, we have studied a CM assisted STBC sheme. Expliitly, in Setion 6.2 weproposed a set of novel STBC based IQ-interleaved CM shemes designed for transmission over bothAWGN and Rayleigh fading hannels. Spei�ally, the assoiated minimum Hamming distane of theenoded sequenes of the CM shemes an be doubled with the advent of employing two separate I andQ interleavers, while the minimum Eulidean distane was not hanged. The STBC sheme providedboth spae and time diversity in onjuntion with the employment of multiple transmit antennas. Itwas observed in Figures 6.3 and 6.4 that oding gains of 26.1 dB, 28.2 dB, 26.9 dB and 28.1 dB wereahieved for omparison to the idential-throughput unoded 8PSK benhmarker at a BER of 10�4by the 16QAM-based STBC-IQ-TCM, STBC-IQ-TTCM, STBC-IQ-BICM and STBC-IQ-BICM-IDshemes, respetively, when ommuniating over narrowband fading hannels. It was found fromFigures 6.3 and 6.4 that the IQ-TCM and IQ-TTCM shemes were apable of doubling the ahievablediversity potential of the onventional symbol-interleaved TCM and TTCM shemes without requiringSTBC. Expliitly, a similar performane was observed for both IQ-TCM and STBC-TCM as well asby IQ-TTCM and STBC-TTCM. However, it was shown in Figure 6.5 that the IQ diversity attainabledereased, when the fading hannel exhibited a higher orrelation.On the other hand, a novel STBC-assisted double-spread Rake reeiver-based CDMA sheme wasproposed and haraterised in performane terms for downlink transmissions, when ommuniatingover wideband Rayleigh fading hannels, as it was shown in Setion 6.3. More spei�ally, it wasillustrated in Setion 6.3.3 that the double-spreading mehanism was apable of attaining a near-single-user performane with the aid of a low-omplexity Rake reeiver, i.e. without employing a omplexinterferene anellation sheme, at the ost of supporting a redued number of users. Additionally, thedouble-spread Rake reeiver was apable of yielding a performane equivalent to that of maximal ratioombining of order L when transmitting over L-path hannels. Spei�ally, transmit diversity and pathdiversity onstitute two independent soures of diversity gain in the ontext of the proposed STBC-assisted double-spreading aided Rake reeiver-based CDMA sheme. It was shown in Figures 6.12and 6.15 that seond-order transmit diversity was more advantageous than path diversity having thesame order in the ontext of pratial wideband Rayleigh fading hannels exhibiting an exponentiallydeaying CIR. This is plausible, sine the low-energy CIR taps ontribute only modestly towardsimproving the ahievable path diversity gain. When targeting a ertain diversity gain, the multipathinterferene sensitivity of STBC was lower, than that of a single-transmitter based sheme, whenommuniating over wideband hannels having a long delay spread, as evidened by Figures 6.11and 6.15.Lastly, the STBC-IQ aided CM sheme was amalgamated with a DoS-RR sheme in Setion 6.4.Expliitly, the proposed STBC-IQ-CM assisted DoS-RR sheme was apable of exploiting transmit-diversity, multipath-diversity as well as IQ-diversity and hene provided a signi�ant oding/diversitygain over the unoded sheme, whih was ahieved without bandwidth expansion, while supporting anumber of CDMA users. It was shown in Setion 6.4.3 that the main ontributors of diversity gainin the system were the transmit-diversity and path-diversity, when ommuniating over slowly fadinghannels. We have also invoked TuCM in the proposed sheme, however, the TTCM assisted sheme
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(b)Figure 7.4: The BPS throughput versus Eb=N0 performane of the STBC-IQ oded modulation shemeof Setion 6.2 when ommuniating over (a) at unorrelated Rayleigh fading hannels hannels and (b)2-path Rayleigh fading hannels. The results were extrated from Tables 6.2 and 6.3, respetively, atBER=10�5. The orresponding simulation parameters were summarised in Setions 6.2.3 and 6.3.2.3,respetively.one again proved to be the best performer amongst all the shemes studied. Tables 6.2 and 6.3summarise the diversity/oding gain attained by the oded modulation shemes with the advent ofemploying IQ-interleaving and multiple transmit antennas of Setion 6.2 as well as a double-spreadRake reeiver of Setion 6.4 in the CDMA environment.Based on Tables 6.2 and 6.3, the BPS throughput versus Eb=N0 performane of the STBC-IQoded modulation shemes of Setion 6.2 was plotted in Figure 7.4. These urves were generatedfor BER=10�5. As we an observed in Figure 7.4(a), the performane of the STBC-IQ assistedoded modulation shemes of Setion 6.2 was found to be better than that of the unoded shemesommuniating over AWGN hannels, when ommuniating over at unorrelated Rayleigh fadinghannels. When omparing the performane of STBC-IQ-CM to that of the onventional CM shemesin Figure 7.4(a), an approximately 5 to 6 dB gain was attained by the TTCM and BICM-ID shemes.In the ontext of CDMA, the performane of the STBC-IQ assisted DoS-RR based oded modulationarrangement of Setion 6.4 was illustrated in Figure 7.4(b) when ommuniating over 2-path Rayleighfading hannels. Expliitly, the performane of the STBC-IQ assisted DoS-RR based oded modulationshemes ommuniating over 2-path Rayleigh fading hannels in a downlink CDMA system was foundto be still better than that of the single-user unoded shemes ommuniating over AWGN hannels.7.2 Suggestions for Future WorkAs demonstrated in Chapter 4, the performane of the RBF-TEQ aided CM shemes is very promising.Therefore, the investigation of oded modulation tehniques employing a redued-omplexity MAP-based TEQ [73℄ shemes as well as TEQ-based iterative MUD [176℄ shemes may be bene�ial. Another



7.2. Suggestions for Future Work 193area of promising researh is the employment of a TEQ-based sheme in adaptive oded modulationfor yielding a better performane in terms of the ahievable BER and BPS, whih is attained at theost of a higher omplexity. On the other hand, the oded modulation assisted GA-MUD shemeinvestigated in Setion 5.4 may be ombined both with spae-time oding and multi-arrier CDMA.As we have proposed in Chapter 6, the IQ-interleaved oded modulation shemes, espeially TCMand TTCM, exhibit a better performane than that of the onventional oded modulation shemes withthe advent of employing two extra I and Q interleavers, when ommuniating over fading hannels.Therefore, investigations based on IQ-interleaved oded modulation onstitute a promising topi forfuture researh. Expliitly, investigations invoking OFDM and multi-arrier CDMA [177℄ shemes aswell as the Multi-Input Multi-Output (MIMO) equaliser [178℄ in the ontext of IQ-interleaved odedmodulation, are of immediate interest.Finally, the onept of oded modulation an also be invoked for appliation in other odingshemes for the sake of ahieving a oding gain without bandwidth expansion. Spei�ally, researhinto Low Density Parity Chek ode [179℄ based blok oded modulation is also of interest for transmis-sion over wireless hannels. In addition, researh on jointly designing IQ-TTCM in onjuntion withspae-time trellis oding for MIMO shemes and multi-arrier CDMA shemes appears also promising.



List of Symbols
General notation� The supersript � is used to indiate omplex onjugation. Therefore, a� represents the omplexonjugate of the variable a.� The supersript T is used to indiate matrix transpose operation. Therefore, aT represents thetranspose of the matrix a.� The supersript H is used to indiate omplex onjugate transpose operation. Therefore, aHrepresents the omplex onjugate transpose of the matrix a.� The notation � denotes the onvolutional proess. Therefore, a � b represents the onvolutionbetween variables a and b.� The notation x̂ represents the estimate of x.� The notation X(f) is the Fourier Transform of x(t).

194



List of Symbols 195Speial symbolsA: The system matrix in a CDMA system or a ST system.bi: The oeÆient taps of the bakward �lters of the Deision Feedbak Equalizer.b: A symbol vetor, or ombination, representing one of the possible transmited symbol sequene.dfree: The minimum free Eulidean distane.W : Walsh spreading odeR: Random spreading ode.D: The diversity quantity.DI : The diversity quantity of I omponent.DQ: The diversity quantity of Q omponent.�D: The signal set dimensionality.k: The oded symbol of the enoder at instane k.ij : The M-ary multilevel RBF network's entres at node-j and level-i.Ci: The oeÆient taps of the forward �lters of the Deision Feedbak Equalizer.Eb: Bit energy.Es: Symbol energy.E[k℄: The expeted value of k.fn: The adaptive modem mode swithing thresholds at mode n.f iRBF : The onditional PDF of the M-ary multilevel RBF equaliser, at level-i.G(D): The generator polynomials matrix for Convolutional odes.Hi(D): The oeÆients of the generator polynomials for bit i in TCM odes.hi: The hannel's impulse response.In: The random TTCM symbol-interleaver size in terms of the number of bits for adaptive modemmode n.K: The number of users.�K: The Riian fading parameter.L: The number of resolvable paths in wideband hannels.�L: The memory length of CIR, i.e. L� 1.



List of Symbols 196L: The \length" of the shortest error event path or the Hamming distane of a ode.L(j;m): The branh label for transition from state j when the imput symbol is m.m: The deision feedbak equaliser's feedforward order.mI : The branh metris for I omponent.mQ: The branh metris for Q omponent.�m: The number of information bits in a modulated symbol.~m: The number of enoded information bits in a modulated symbol.m: The number of bits in a modulated symbol.M: The number of levels of a multi-level modulation sheme, PSK or QAM.M : The number of possible values of a soure symbol.Mo: The number of modulation modes in an adaptive modulation sheme.M: The number of RBF entres or the number of independant basis funtions of the RBFequaliser.n: The deision feedbak equaliser's feedbak order.ns;i: The number of hannel states or the number of hidden nodes, at level-i of M-ary multilevelRBF equaliser.ns;f : The number of salar entres or hannel states, of the redued omplexity RBF equaliser.N : The number of symbols produed in eah transmission interval, or the number of symbols perJD blok.n(t): AWGN added to the transmitted signal.N0: Single-sided power spetral density of white noise.P: The population size of GA.Pb: Bit error probability.Pm: The probability of mutation in GA.Q: The number of hips in eah spreading sequene, spreading fator.�Q: The �rst spreading ratio of the DS-RR sheme.~Q: The seond spreading ratio of the DS-RR sheme.R: Coding rate.r0I : The I omponent of the deoupled hannel output, in the I/Q-TEQ sheme.



List of Symbols 197r0Q: The Q omponent of the deoupled hannel output, in the I/Q-TEQ sheme.S: The number of oding states, whih is equals to 2� .Sn: The trellis state at time instant n.T: The mating pool size of GA.uk: The input symbol to the enoder at instane k.Vm: The mth modulation mode of the adaptive modulation sheme, whih has a total of Modi�erent modulation modes.wij : The M-ary multilevel RBF equaliser's weight at node-j and level-i.xk: The transmitted symbol at instane k.yk: The reeived symbol at instane k.Y: The number of generations of GA.�: The forward variable of a MAP deoder.�: The bakward variable of a MAP deoder.�(i; b): The subset that ontains all the phasors for whih the position i of the phasor has the binaryvalue b, b 2 f0; 1g.: The branh transition metri of a MAP deoder.dfe: The SNR at the output of the DFE.�o(k): The SINR of the user-k at the output of the JD-MMSE-DFE.�: The ode memory.
 (b): The orrelation metri of symbol vetor b.�2S : The omplex signal's variane.�2N : The omplex noise's variane.�: Interleaver.��1: Deinterleaver.� : The deision feedbak equaliser's deision delay.'i: The nonlinear ativation funtion of multilevel RBF equaliser at level-i.



Glossary
16QAM 16-level Quadrature Amplitude Modulation3G Third generation4QAM 4-level Quadrature Amplitude Modulation64QAM 64-level Quadrature Amplitude Modulation8PSK 8-level Phase Shift KeyingAPP A Posteriori ProbabilityATM Asynhronous Transfer ModeAWGN Additive White Gaussian NoiseBbB Burst-by-BurstBER Bit error ratio, the number of the bits reeived inorretlyBICM Bit Interleaved Coded ModulationBICM-ID Bit-Interleaved Coded Modulation with Iterative deodingBPS Bits per modulated symbolBPSK Binary Phase Shift KeyingBS A ommon abbreviation for Base StationCCI Co-Channel InterfereneCDMA Code Division Multiple AessCIR Channel Impulse ResponseCM Coded ModulationCM-GA-MUD Coded Modulation assisted Geneti Algorithm based Multiuser DetetionCM-JD-CDMA Coded Modulation-assisted Joint Detetion-based CDMACT-TEQ Conventional Trellis-based Turbo Equalisation198



Glossary 199D/A Digital to AnalogueDAB Digital Audio BroadastingDC Deoding ComplexityDFE Deision Feedbak EqualizerDFT Digital Fourier TransformDoS-RR Double-Spreading aided Rake ReeiverDS Diret SequeneDTTB Digital Terrestrial Television BroadastDVB Digital Video BroadastingECL The E�etive Code Length or the \length" of the shortest error event path.EFF Error Free FeedbakEb=N0 Ratio of bit energy to noise power spetral density.FDM Frequeny Division MultiplexingFEC Forward Error CorretionFED Free Eulidean distaneFER Frame error rateFFT Fast Fourier TransformG Coding GainGA Geneti AlgorithmHT Hilly Terrain, hannel impulse response of a hilly terrain environment.I The In-phase omponent of a omplex quantity.I/Q-TEQ In-phase/Quadrature-phase Turbo EqualisationIC Interferene CanellationIL interleaver blok lengthIQ-CM IQ-interleaved Coded ModulationISI Intersymbol InterfereneJD Joint DetetionJD-MMSE-DFE Joint Detetion sheme employing MMSE-DFE



Glossary 200LMS Least Mean Square, a stohasti gradient algorithm used in adapting theequalizer's oeÆients in a non-stationary environmentlog-domain logarithmi-domainLP Logarithmi-domain ProbabilityMAI Multiple Aess InterfereneMAP Maximum A PosterioriMC-CDMA Multi-Carrier Code Division Multiple AessMIMO Multi-Input Multi-OutputML Maximum LikelihoodMMSE Minimum Mean Square ErrorMMSE-BLE Minimum Mean Square Error based Blok Linear EqualiserMMSE-DFE Minimum Mean Square Error based Deision Feedbak EqualiserMPSK M-ary Phase Shift KeyingMRC Mixed Radix ConversionMSE Mean Square Error, a riterion used to optimised the oeÆients of the equal-izer suh that the ISI and the noise ontained in the reeived signal is jointlyminimised.MUD Multi-User DetetionOFDM Orthogonal Frequeny Division MultiplexingOMPX Orthogonal MultiplexingPDF Probability Density FuntionPN Pseudo-NoisePSD Power Spetral DensityPSK Phase Shift KeyingQ The Quadrature-phase omponent of a omplex quantity.QAM Quadrature Amplitude ModulationQPSK Quadrature Phase Shift KeyingRBF Radial Basis FuntionRBF-DFE RBF assisted Deision Feedbak Equaliser



Glossary 201RBF-TEQ Radial Basis Funtion based Turbo EqualisationRCPC Rate-Compatible Punture ConvolutionalRSC Reursive Systemati ConvolutionalSbS Symbol-by-SymbolSER Symbol Error RatioSISO Soft-Input-Soft-OutputSNR Signal to Noise Ratio, noise energy ompared to the signal energySOVA Soft-Output Viterbi AlgorithmSP Set PartitioningSTBC Spae-Time Blok CodingSTBC-DoS-RR Spae-Time Blok Coding-assisted Double-Spread Rake ReeiverSTBC-IQ Spae-Time Blok Coding based IQ-interleavedSTC Spae-Time CodingSTS Spae-Time SpreadingSTTC Spae-Time Trellis CodingTC Turbo CodingTCM Trellis Coded ModulationTDD Time Division DuplexTDMA Time Division Multiple AessTEQ Turbo EqualisationTTCM Turbo Trellis Coded ModulationTU Typial Urban, hannel impulse response of an urban environment.TuCM Turbo Coded ModulationUMTS Universal Mobile Teleommuniation SystemUTRA UMTS Terrestrial Radio AessVA Viterbi AlgorithmWMF Whitening Mathed FilterZFE Zero Foring Equalizer.
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