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ABSTRACT

This overview portrays the evolution of multi-carrier systems
from their conception and demonstrates that they are capable
of supporting the requirements of future wireless systems of
the next generation.

The a novel multiple access scheme based on slow frequency
hopping multicarrier direct-sequence code-division multiple-
access (SFH/MC DS-CDMA) is highlighted, which can be ren-
dered compatible with the existing 2nd-generation narrow-band
CDMA, and 3rd-generation wideband CDMA mobile commu-
nication systems. A RAKE receiver structure with maximum
ratio combining is considered and its performance is evaluated
over the range of Nakagami multipath fading channels, under
the assumption that the receiver has an explicit knowledge of
the associated frequency-hopping (FH) patterns invoked.

It is argued furthermore that symbol-by-symbol adaptive
Orthogonal Frequency Division Multiplex (OFDM) modems
counteract the near instantaneous channel quality variations
and hence attain an increased throughput in comparison to
their fixed-mode counterparts. By contrast, various diversity
techniques, such as Rake receivers and space-time coding, miti-
gate the channel quality variations in their effort to obtain a re-
duced BER. This paper investigates a combined system consti-
tuted by a constant-power adaptive modem employing space-
time coded diversity techniques in the context of both OFDM
and MC-CDMA. The combined system is configured to pro-
duce a constant uncoded BER and exhibits virtually error free
performance, when a turbo convolutional code is concatenated
with a space-time block code. It was found that the advantage
of the adaptive modem erodes, as the overall diversity-order
increases.

1. MOTIVATION

Although the roll-out of the third-generation (3G) systems [1] has
been somewnhat delayed, the research community turned its atten-
tion to the investigation of next-generation multi-carrier transceiver
techniques [2, 3, 4]. The next-generation wireless systems are
expected to support both variable-rate as well as extremely high-
bitrate services in a wide range of different propagation environ-
ments. Under these propagation conditions it is irrealistic to expect
that conventional fixed-mode transceivers might be capable of sup-
porting a time-invariant wireline-like quality of service and hence
near-instantaneously adaptive transceiver techniques [5, 6] have
found their way into the High-Speed Data Packet Access (HSDPA)
mode of the 3G systems. Multi-standard operation is also a salient
requirement. As it was argued in the context of the generic future-
proof system design framework outlined in Chapter 1 of [2], Multi-
Carrier (MC) transmission techniques [3, 2, 7], such as Orthogonal
Frequancy Division Multiplexing (OFDM) [3] and its frequency-
domain spreading aided version, namely MC Code Division MUI-
tiple Access (MC-CDMA) exhibit the highest number of reconfig-
urable parameters amongst all potential transceivers schemes that

may be reconfigured in an effort to satisfy the above-mentioned
challenging system requirements. Another attractive relative of this
MC transceiver family is Direct Sequence (DS) MC-CDMA [2].
Hence, following a rudimentary introduction to the subject and a
brief tour of the MC transceiver history, this overview article will
consider a number of design aspects pertaining to MC communi-
cations.

2. OFDM BASICS

In this introductory section we examine OFDM as a means of coun-
teracting the channel-induced linear distortions encountered, when
transmitting over a dispersive radio channel. The fundamental prin-
ciple of orthogonal multiplexing originates from Chang [8], and
over the years a number of researchers have investigated this tech-
nique [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. Despite its
conceptual elegance, until recently its deployment has been mostly
limited to military applications due to implementational difficul-
ties. However, it has recently been adopted as the new European
Digital Audio Broadcasting (DAB) standard, and this consumer
electronics application underlines its significance as a broadcast-
ing technique [21, 22, 23, 24, 25].

In the OFDM scheme of Figure 1 the serial data stream of
a traffic channel is passed through a serial-to-parallel convertor
which splits the data into a number of parallel channels. The data
in each channel is applied to a modulator, such that for N chan-
nels there are N modulators whose carrier frequencies are fo, f1,
.., fn—1. The difference between adjacent channels is A f and the
overall bandwidth 1 of the N modulated carriers is NAf.

These N modulated carriers are then combined for the sake of
generating the OFDM signal. We may view the serial-to-parallel
convertor as applying every Nth symbol to a modulator. This has
the effect of interleaving the symbols into each modulator, e.g.
symbols So, Sn, San, ... are applied to the modulator whose car-
rier frequency is f1. At the receiver the received OFDM signal is
demultiplexed into NV frequency bands, and the N modulated sig-
nals are demodulated. The baseband signals are then recombined
using a parallel-to-serial convertor.

In the more conventional serial transmission approach [4], the
traffic data is applied directly to the modulator transmitting at a
carrier frequency positioned at the centre of the transmission band
fo, «.., fn-1,ieat (fn—1+ fo)/2. The modulated signal occu-
pies the entire bandwidth 1/7. When the data is transmitted serially,
the effect of a deep fade in a mobile channel is to cause a burst of
transmission errors, if the fade extends over the duration of sev-
eral bits. By contrast, during an N-symbol duration period of the
conventional serial system, each of the NV number of OFDM sub-
channel modulators carries only one symbol, each of which has
an N times longer duration. Hence an identical-duration channel
fade would only affect a fraction of the duration of each of the
extended-length subcarrier symbols transmitted in parallel. There-
fore the OFDM system may be able to recover all of the partially
fading-contaminated NV subcarrier symbols. Thus, while the serial
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Figure 1: Simplified block diagram of the orthogonal parallel modem

system exhibits an error burst, no errors or few errors may occur
using the OFDM approach.

A further advantage of OFDM is that because the symbol pe-
riod has been increased, the channel’s delay spread becomes a sig-
nificantly shorter fraction of a symbol period than in the serial
system, potentially rendering the system less sensitive to channel-
induced dispersion, than the conventional serial system.

A disadvantage of the OFDM approach portrayed in Figure 1
is its increased complexity in comparison to a conventional serial
modem, which is a consequence of employing N modulators and
transmit filters at the transmitter and IV demodulators and receive
filters at the receiver.

However, as it was shown in Chapter 2 of [3], the associated
complexity can be susbtantially reduced by employing the Discrete
Fourier Transform (DFT) for modulating all subcarriers in a single
step. From a tangible physical perspective this may be explained
by arguing that all the OFDM subcarriers are orthogonal complex-
valued exponential functions, which have a frequency that is an
integer multiple of the basis frequency fo, exactly as in case of
the complex-valued exponential basis functions of the DFT/IDFT.
Hence instead of multiplying each subcarrier individually for ex-
ample by +1 as in BPSK modulation, the modulation process im-
plies "transforming’ a block of N BPSK symbols in a single step
using the IDFT/DFT, yielding a block of N modulated samples, as
illustrated mathematically in [3].

When the number of subcarriers is high, the system’s complex-
ity may be further reduced by implementing the DFT with the aid
of the Fast Fourier transform (FFT), again, as it was shown mathe-
matically in [3].

3. ADAPTIVE OFDM

A particularly attractive feature of OFDM systems is that they are
capable of operating without a classic channel equaliser, when com-
municating over dispersive transmission media, such as wireless
channels, while conveniently accommodating the time- and frequ-
ency-domain channel quality fluctuations of the wireless channel.

Explicitly, the channel SNR variation versus both time and fre-
quency of an indoor wireless channel is shown in a three-dimensio-
nal form in Figure 2 versus both time and frequency, which sug-
gests that OFDM constitutes a convenient framework for accom-
modating the channel quality fluctuations of the wireless channel,
as will be briefly augmented below. This channel transfer func-
tion was recorded for the channel impulse response of Figure 3, by
simply transforming the impulse response to the frequency domain
at regular time intervals, while its taps fluctuated according to the
Rayleigh distribution.
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Figure 2: Instantaneous channel SNR for the 512 OFDM subcar-
riers versus time, for an average channel SNR of 16 dB over the
channel characterised by the Channel Impulse Response (CIR) of
Figure 3.
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Figure 3: Indoor three-path WATM channel impulse response.

These channel quality fluctuations may be readily accommo-
dated with the aid of sub-band-adaptive modulation as follows.
Such an adaptive OFDM (AOFDM) modem is characterised by
Figure 4, portraying at the top a contour plot of the above-mentioned
wireless channel’s signal-to-noise ratio (SNR) fluctuation versus
both time and frequency for each OFDM subcarrier. \We note at
this early stage that these channel quality fluctuations may be mit-
igated with the aid of frequency-domain channel equalisation, as it
was illustrated both graphically as well as mathematically in [3].



SNR(dB) | |

x 512 - L
(]
°
C 384
—
.2 256
S
S
o 128
3
n 0~ i | L — r
1050 1060 1070 1080 1090 1100
Transmission Frame (time)
16 L L L L
E ONo TX
T 124 [ " BPSK
< QPSK
T gl [ m16QAM
c
@ [ 1]
Q ] L
2 4
)
0 o F
T T T T
1050 1060 1070 1080 1090 1100
Transmission Frame (time)
16 s ‘ s s
5 ...III ANEEER ..III EEEN DNoTX
T 1241 1T (1] [~ BPSK
E [ 1] { [ 11 ]] [ 1] ..I QPSK
S 1] NN u H 16QAM
8 | [ 1} | 1] .
c | | { 1] | |
I ENEER
o 41 (1]} u [ 1] ] r
Qo ENEEER ([ 11}
S (11} oom u
N o4 EEECEEEEE F
T T T T
1050 1060 1070 1080 1090 1100

Transmission Frame (time)

Figure 4: The micro-adaptive nature of the sub-band-adaptive
OFDM modem. The top graph is a contour plot of the channel SNR
for all 512 subcarriers versus time. The bottom two graphs show
the modulation modes chosen for all 16 32-subcarrier sub-bands
for the same period of time. The middle graph shows the perfor-
mance of the 3.4 Mbps sub-band-adaptive modem, which operates
at the same bit rate as a fixed BPSK modem. The bottom graph rep-
resents the 7.0 Mbps sub-band-adaptive modem, which operated at
the same bit rate as a fixed QPSK modem. The average channel
SNR was 16 dB.

We will briefly revisit this topic also in this contribution at a later
stage.

More specifically, as can be seen in Figure 2, that when the
channel is of high quality — as for example in the vicinity of
the OFDM symbol index of 1080 — the sub-band-adaptive mo-
dem considered here for the sake of illustration has used the same
modulation mode, as the identical-throughput conventional fixed-
rate OFDM modem in all subcarriers, which was 1 bit per symbol
(BPS) in this example, as in conventional Binary Phase Shift Key-
ing (BPSK). By contrast, when the channel is hostile — for ex-
ample, around frame 1060 — the sub-band-adaptive modem trans-
mitted zero bits per symbol in some sub-bands, corresponding to
disabling transmissions in the low-quality sub-bands. In order to
compensate for the loss of throughput in this sub-band, a higher-
order modulation mode was used in the higher quality sub-bands.

In the centre and bottom subfigures of Figure 4 the modulation
mode chosen for each 32-subcarrier sub-band is shown versus time
for two different high-speed wireless modems communicating at
either 3.4 or 7.0 Mbps, respectively, again, corresponding to an
average throughput of either 1 or 2 BPS.

However, these adaptive transceiver principles are not limited
to employment in OFDM transmissions. In recent years the con-
cept of intelligent multi-mode, multimedia transceivers (IMMT)
has emerged in the context of a variety of wireless systems [5,
26, 27, 28, 4, 29, 30]. The range of various existing solutions
that have found favour in already operational standard systems has
been summarised in the excellent overview by Nanda et al. [28].
The aim of these adaptive transceivers is to provide mobile users
with the best possible compromise amongst a number of contra-
dicting design factors, such as the power consumption of the hand-
held portable station (PS), robustness against transmission errors,
spectral efficiency, teletraffic capacity, audio/video quality and so
forth [27].

Another design alternative applicable in the context of OFDM
systems is that the channel quality fluctuations observed, for exam-
ple, in Figure 2 are averaged out with the aid of frequency-domain
spreading codes, which leads to the concept of Multi-Carrier Code
Division Multiple Access (MC-CDMA). In this scenario typically

only a few chips of the spreading code are obliterated by the frequency-

selective fading and hence the chances are that the spreading code
and its conveyed data may still be recoverable. The advantage
of this approach is that in contrast to AOFDM-based communica-
tions, in MC-CDMA no channel quality estimation and signalling
are required. Therefore, based on the more detailed exposures
in [3], OFDM and MC-CDMA will be comparatively studied in
Sections 7.2-7.4 of this contribution. We will also consider the em-
ployment of Walsh-Hadamard code-based spreading of each sub-
carrier’s signal across the entire OFDM bandwidth, which was
found to be an efficient frequency-domain fading counter-measure
capable of operating without the employment of adaptive modula-
tion.

A further techique capable of mitigating the channel quality
fluctuations of wireless channels is constituted by space-time cod-
ing [6], which will also be considered as an attractive anti-fading
design option capable of attaining a high diversity gain. Space-time
coding employs several transmit and receive antennas for the sake
of achieving diversity gain and hence an improved performance.

By contrast, in Part 2 of [3] multiple antennas were employed
at the base-station for a different reason, namely for the sake of sup-
porting multiple users, rather than to achieving transmit diversity
gain. This is possible, since the users’ channel impulse responses
(CIR) or channel transfer functions are accurately estimated and
hence these channel transfer functions may be viewed as unique
user signature sequences, which allow us to recognise and demul-
tiplex the transmissions of the individual users, in a similar fashion
to the unique user-specific spreading codes employed in CDMA
systems. We note, however, that this technique is only capable of
reliably separating the users communicating within the same band-
width, if their CIRs are sufficiently different. This assumption is
typically valid for the uplink, although it may have a limited valid-
ity, when the base station receives from mobile stations in its imme-
diate vicinity. By contrast, different techniques have to be invoked
for downlink multi-user transmissions. For reasons of space econ-
omy, here we restric our discourse on SDMA schemes to a rudi-
mentary discussion of the related research aspects in Sections 5.5
and 5.6.

4. PILOT-AIDED CHANNEL ESTIMATION

The simple philosophy of frequency-domain channel estimation is
that known pilot-symbols are allocated to the OFDM subcarriers
at a regular frequency spacing. The required pilot-spacing is de-
termined by the rate of frequency-domain channel transfer func-
tion (FDCHTF) fluctuation versus the frequency axis. More ex-
plicitly, these pilot subcarriers have to facilitate adequate sampling
of the FDCHTF H (n), requiring that the corresponding sampling
frequency is higher than the Nyquist frequency necessitated for the
aliasing-free representation of the FDCHTF, as well as for its re-
covery from these pilot-aided *Nyquist-rate samples’ of the FD-
CHTF [3]. The frequency-separation between the FDCHTF fades
observed in Figure 2 depends on the maximum CIR duration ob-
served for example in Figure 3, since they are Fourier transform
pairs. More explicitly, the longer the CIR, the more frequent are
the FDCHTF fades and vive versa.

The above-mentioned OFDM symbol-by-symbol based FD-
CHTF estimation approach may be rendered more efficient, po-
tentially requiring a lower pilot overhead, if the FDCHTF of con-
secutive OFDM symbols is predicted also as a function of time, re-
sulting in two-dimensional (2D) pilot-aided FDCHTF estimation,
as detailed in [3]. As in the context of the FDCHTF estimation
versus frequency, the required time-direction pilot-density is also
determined by the Nyquist theorem, this time obeying twice the
Doppler frequency encountered by the CIR taps, as it is illustrated
both graphically as well as mathematically in [3].



5. ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXING HISTORY

5.1. Early Classic Contributions

The first OFDM scheme was proposed by Chang in 1966 [8] for
dispersive fading channels. During the early years of the evolution
of OFDM research the contributions due to the efforts of Weinstein,
Peled, Ruiz, Hirosaki, Kolb, Cimini, Schissler, Preuss, Riickriem,
Kaletetal. [8, 9, 13, 18, 23, 24, 14, 15, 16, 17, 19, 20, 25, 31] have
to be mentioned. As unquestionable proof of its maturity, OFDM
was standardised as the European digital audio broadcast (DAB) as
well as digital video broadcast (DVB) scheme. It constituted also a
credible proposal for the recent third-generation mobile radio stan-
dard competition in Europe. Finally, OFDM was recently selected
as the high performance local area network’s (HIPERLAN) trans-
mission technique as well as becoming part of the IEEE 802.11
Wireless Local Area Network (WLAN) standard.

As it was portrayed in Figure 1, the system’s operational prin-
ciple is that the original bandwidth is divided into a high number of
narrow sub-bands, in which the mobile channel can be considered
non-dispersive. Hence no channel equaliser is required and instead
of implementing a bank of sub-channel modems they can be con-
veniently implemented with the aid of a single FFT operation, as
was shown mathematically in Chapter 2 of [3].

These OFDM systems - often also termed frequency division
multiplexing (FDM) or multi-tone systems - have been employed
in military applications since the 1960s, for example by Bello [32],
Zimmermann [9], Powers and Zimmerman [10], Chang as well as
Gibby [12] and others. Saltzberg [11] studied a multi-carrier sys-
tem employing orthogonal time—staggered Quadrature Amplitude
Modulation (O-QAM) of the carriers.

The employment of the discrete Fourier transform (DFT) to
replace the banks of sinusoidal generators and the demodulators
was suggested by Weinstein and Ebert [13] in 1971, which signifi-
cantly reduces the implementation complexity of OFDM modems.
In 1980, Hirosaki [31] suggested an equalisation algorithm in or-
der to suppress both intersymbol and intersubcarrier interference
caused by the channel impulse response or timing and frequency
errors. Simplified OFDM modem implementations were studied
by Peled [14] in 1980, while Hirosaki [15] introduced the DFT-
based implementation of Saltzberg’s O-QAM OFDM system. From
Erlangen University, Kolb [16], Schssler [17], Preuss [19] and Rck-
riem [20] conducted further research into the application of OFDM.
Cimini [18] and Kalet [25] published analytical and early seminal
experimental results on the performance of OFDM modems in mo-
bile communications channels.

More recent advances in OFDM transmission were presented
in the impressive state-of-the-art collection of works edited by Fazel
and Fettweis [33], including the research by Fettweis et al. at Dres-
den University, Rohling et al. at Braunschweig University, Van-
dendorp at Loeven University, Huber et al. at Erlangen University,
Lindner et al. at Ulm University, Kammeyer et al. at Bremen
University and Meyr et al. [34, 35] at Aachen University, but the
individual contributions are too numerous to mention. Important
recent references are the books by van Nee and Prasad [36] as well
as by Vandenameele, van der Perre and Engels [37].

While OFDM transmission over mobile communications chan-
nels can alleviate the problem of multipath propagation, recent re-
search efforts have focused on solving a set of inherent difficulties
regarding OFDM, namely the peak-to-mean power ratio, time and
frequency synchronisation, and on mitigating the effects of the fre-
quency selective fading channel. These issues are addressed below
with reference to the literature, while a more in-depth treatment is
given throughout the book.

5.2. Peak-to-mean Power Ratio

It is plausible that the OFDM signal - which is the superposition
of a high number of modulated sub-channel signals - may exhibit
a high instantaneous signal peak with respect to the average signal
level. Furthermore, large signal amplitude swings are encountered,
when the time domain signal traverses from a low instantaneous

power waveform to a high power waveform, which may results in
a high out-of-band (OOB) harmonic distortion power, unless the
transmitter’s power amplifier exhibits an extremely high linearity
across the entire signal level range. This then potentially con-
taminates the adjacent channels with adjacent channel interference.
Practical amplifiers exhibit a finite amplitude range, in which they
can be considered almost linear. In order to prevent severe clipping
of the high OFDM signal peaks - which is the main source of OOB
emissions - the power amplifier must not be driven to saturation and
hence they are typically operated with a certain so-called back-off,
creating a certain "head room” for the signal peaks, which reduces
the risk of amplifier saturation and OOB emission. Two different
families of solutions have been suggested in the literature, in or-
der to mitigate these problems, either reducing the peak-to-mean
power ratio, or improving the amplification stage of the transmit-
ter.

More explicitly, Shepherd [38], Jones [39], and Wulich [40]
have suggested different coding techniques which aim to minimise
the peak power of the OFDM signal by employing different data
encoding schemes before modulation, with the philosophy of choos-
ing block codes whose legitimate code words exhibit low so-called
crest factors or peak-to-mean power envelope fluctuation. Miller
[41], Pauli [42], May [43] and Wulich [44] suggested different al-
gorithms for post-processing the time domain OFDM signal prior
to amplification, while Schmidt and Kammeyer [45] employed adap-
tive subcarrier allocation in order to reduce the crest factor. Dinis
and Gusmo [46, 47, 48] researched the use of two-branch ampli-
fiers, while the clustered OFDM technique introduced by Daneshrad,
Cimini and Carloni [49] operates with a set of parallel partial FFT
processors with associated transmitting chains. OFDM systems
with increased robustness to non-linear distortion have been pro-
posed by Okada, Nishijima and Komaki [50] as well as by Di-
nis and Gusmo [51]. These aspects of OFDM transmissions were
treated in substantial depth in Part 2 of [3].

5.3. Synchronisation

Time and frequency synchronisation between the transmitter and
receiver are of crucial importance as regards the performance of
an OFDM link [52, 53]. A wide variety of techniques have been
proposed for estimating and correcting both timing and carrier fre-
quency offsets at the OFDM receiver. Rough timing and frequency
acquisition algorithms relying on known pilot symbols or pilot tones
embedded into the OFDM symbols have been suggested by Claen
[34], Warner [54], Sari [55], Moose [56], as well as Brninghaus
and Rohling [57]. Fine frequency and timing tracking algorithms
exploiting the OFDM signal’s cyclic extension were published by
Moose [56], Daffara [58] and Sandell [59]. OFDM synchronisa-
tion issues are the subject of Chapter 5 in [3].

5.4. OFDM/CDMA

Combining multi-carrier OFDM transmissions with code division
multiple access (CDMA) allows us to exploit the wideband chan-
nel’s inherent frequency diversity by spreading each symbol across
multiple subcarriers. This technique has been pioneered by Yee,
Linnartz and Fettweis [60], by Chouly, Brajal and Jourdan [61],
as well as by Fettweis, Bahai and Anvari [62]. Fazel and Papke
[63] investigated the employment of convolutional coding in con-
junction with OFDM/CDMA. Prasad and Hara [64] compared var-
ious methods of combining the two techniques, identifying three
different structures, namely multi-carrier CDMA (MC-CDMA),
multi-carrier direct sequence CDMA (MC-DS-CDMA) and multi-
tone CDMA (MT-CDMA). Like non-spread OFDM transmission,
OFDM/CDMA methods suffer from high peak-to-mean power ra-
tios, which are dependent on the frequency domain spreading sche-
me, as investigated by Choi, Kuan and Hanzo [65] and in Part 2
of [3].

5.5. Decision-Directed Channel Estimation

In recent years numerous research contributions have appeared on
the topic of channel transfer function estimation techniques de-



| Year | Author | Contribution |
91 Hoher [66] Cascaded 1D-FIR channel transfer factor interpolation was carried out in the frequency- and time-
direction for frequency-domain PSAM.

’93 Chow, Cioffi and Bing- | Subcarrier-by-subcarrier-based LMS-related channel transfer factor equalisation techniques were
ham [67] employed.

94 Wilson, Khayata and | Linear channel transfer factor filtering was invoked in the time-direction for DDCE.
Cioffi [68]

95 van de Beek, Edfors, | DFT-aided CIR-related domain Wiener filter-based noise reduction was advocated for DDCE. The
Sandell, Wilson and | effects of leakage in the context of non-sample-spaced CIRs were analysed.
Borjesson [69]

96 Edfors, Sandell, van | SVD-aided CIR-related domain Wiener filter-based noise reduction was introduced for DDCE.
de Beek, Wilson and
Borjesson[70]
Frenger and MMSE-based frequency-domain channel transfer factor prediction was proposed for DDCE.
Svensson [71]
Mignone and Morello | FEC was invoked for improving the DDCE’s remodulated reference.
[72]

97 Tufvesson and Maseng | An analysis of various pilot patterns employed in frequency-domain PSAM was provided in terms
[73] of the system’s BER for different Doppler frequencies. Kalman filter-aided channel transfer factor

estimation was used.

Hoher, Kaiser and | Cascaded 1D-FIR Wiener filter channel interpolation was utilised in the context of 2D-pilot pattern-
Robertson [74, 75] aided PSAM

'08 Li, Cimini and An SVD-aided CIR-related domain Wiener filter-based noise reduction was achieved by employing
Sollenberger [76] CIR-related tap estimation filtering in the time-direction.
Edfors, Sandell, | A detailed analysis of SVD-aided CIR-related domain Wiener filter-based noise reduction was pro-
van de Beek, Wilson | vided for DDCE, which expanded the results of [70].
and Bérjesson [77]
Tufvesson,  Faulkner | Wiener filter-aided frequency domain channel transfer factor prediction-assisted pre-equalisation
and Maseng [78] was studied.
Itami, Kuwabara, Parametric finite-tap CIR model-based channel estimation was employed for frequency domain
Yamashita, Ohta and | PSAM.
Itoh [79]

Table 1: Contributions to channel transfer factor estimation for single-transmit antenna-assisted OFDM (©Hanzo', Miinster, Choi and

Keller [3].
[ Year [ Author | Contribution |
99 Al-Susa and DFT-aided Burg algorithm-assisted adaptive CIR-related tap prediction filtering was employed for
Ormondroyd [80] DDCE.
Yang, Letaief, Cheng | Parametric, ESPRIT-assisted channel estimation was employed for frequency domain PSAM.
and Cao [81]
’00 Li [82] Robust 2D frequency domain Wiener filtering was suggested for employment in frequency domain
PSAM using 2D pilot patterns.
01 Yang, Letaief, Cheng | Detailed discussions of parametric, ESPRIT-assisted channel estimation were provided in the con-
and Cao [83] text of frequency domain PSAM [81].
Zhou and Giannakis | Finite alphabet-based channel transfer factor estimation was proposed.
[84]
Wang and Liu [85] Polynomial frequency domain channel transfer factor interpolation was contrived.
Yang, Cao and Letaief | DFT-aided CIR-related domain one-tap Wiener filter-based noise reduction was investigated, which
[86] is supported by variable frequency domain Hanning windowing.
Lu and Wang [87] A Bayesian blind turbo receiver was contrived for coded OFDM systems.
Li and Sollenberger | Various transforms were suggested for CIR-related tap estimation filtering-assisted DDCE.
(88]
Morelli and Mengali | LS-and MMSE-based channel transfer factor estimators were compared in the context of frequency
[89] domain PSAM.
02 Chang and Su [90] Parametric quadrature surface-based frequency domain channel transfer factor interpolation was
studied for PSAM.
Necker and Stiiber [91] | Totally blind channel transfer factor estimation based on the finite alphabet property of PSK signals
was investigated.

Table 2: Contributions to channel transfer factor estimation for single-transmit antenna-assisted OFDM, ©Hanzo®, Miinster, Choi and

Keller [3].

signed for employment in single-user, single transmit antenna-assisted
OFDM scenarios, since the availability of an accurate channel trans-
fer function estimate is one of the prerequisites for coherent symbol
detection with an OFDM receiver. The techniques proposed in the
literature can be classified as pilot-assisted, decision-directed (DD)

and blind channel estimation (CE) methods.

In the context of pilot-assisted channel transfer function es-
timation a subset of the available subcarriers is dedicated to the
transmission of specific pilot symbols known to the receiver, which
are used for "sampling” the desired channel transfer function. Based



on these samples of the frequency domain transfer function, the
well-known process of interpolation is used for generating a trans-
fer function estimate for each subcarrier residing between the pi-
lots. This is achieved at the cost of a reduction in the number of
useful subcarriers available for data transmission. The family of
pilot-assisted channel estimation techniques was investigated for
example by Chang and Su [90], Hoher [66, 74, 75], Itami et al.
[79], Li [82], Tufvesson and Maseng [73], Wang and Liu [85], as
well as Yang et al. [81, 92, 86].

By contrast, in the context of Decision-Directed Channel Es-
timation (DDCE) all the sliced and remodulated subcarrier data
symbols are considered as pilots. In the absence of symbol errors
and also depending on the rate of channel fluctuation, it was found
that accurate channel transfer function estimates can be obtained,
which often are of better quality, in terms of the channel transfer
function estimator’s mean-square error (MSE), than the estimates
offered by pilot-assisted schemes. This is because the latter ar-
rangements usually invoke relatively sparse pilot patterns.

The family of decision-directed channel estimation techniques
was investigated for example by van de Beek et al. [69], Edfors
etal. [70, 77], Li et al. [76], Li [88], Mignone and Morello [72],
Al-Susa and
Ormondroyd [80], Frenger and Svensson [71], as well as Wilson
et al. [68]. Furthermore, the family of blind channnel estimation
techniques was studied by Lu and Wang [87], Necker and Stiiber
[91], as well as by Zhou and Giannakis [84]. The various contribu-
tions have been summarized in Tables 1 and 2.

In order to render the various DDCE techniques more amenable
to use in scenarios associated with a relatively high rate of chan-
nel variation expressed in terms of the OFDM symbol normalized
Doppler frequency, linear prediction techniques well known from
the speech coding literature [93, 94] can be invoked. To elabo-
rate a little further, we will substitute the CIR-related tap estima-
tion filter - which is part of the two-dimensional channel transfer
function estimator proposed in [76] - by a CIR-related tap predic-
tion filter. The employment of this CIR-related tap prediction filter
enables a more accurate estimation of the channel transfer func-
tion encountered during the forthcoming transmission time slot and
thus potentially enhances the performance of the channel estima-
tor. We will be following the general concepts described by Duel-
Hallen et al. [95] and the ideas presented by Frenger and Svensson
[71], where frequency domain prediction filter-assisted DDCE was
proposed. Furthermore, we should mention the contributions of
Tufvesson et al. [78, 96], where a prediction filter-assisted fre-
quency domain pre-equalisation scheme was discussed in the con-
text of OFDM. In a further contribution by Al-Susa and Ormon-
droyd [80], adaptive prediction filter-assisted DDCE designed for
OFDM has been proposed upon invoking techniques known from
speech coding, such as the Levinson-Durbin algorithm or the Burg
algorithm [93, 97, 98] in order to determine the predictor coeffi-
cients.

In contrast to the above-mentioned single-user OFDM scenar-
ios, in a multi-user OFDM scenario the signal received by each
antenna is constituted by the superposition of the signal contri-
butions associated with the different users or transmit antennas.
Note that in terms of the multiple-input multiple-output (MIMO)
structure of the channel the multi-user single-transmit antenna sce-
nario is equivalent, for example, to a single-user space-time coded
(STC) scenario using multiple transmit antennas. For the latter a
Least-Squares (LS) error channel estimator was proposed by Li et
al. [99], which aims at recovering the different transmit antennas’
channel transfer functions on the basis of the output signal of a
specific reception antenna element and by also capitalising on the
remodulated received symbols associated with the different users.
The performance of this estimator was found to be limited in terms
of the mean-square estimation error in scenarios, where the prod-
uct of the number of transmit antennas and the number of CIR taps
to be estimated per transmit antenna approaches the total number
of subcarriers hosted by an OFDM symbol. As a design alterna-
tive, in [100] a DDCE was proposed by Jeon et al. for a space-time
coded OFDM scenario of two transmit antennas and two receive
antennas.

Specifically, the channel transfer function® associated with each
transmit-receive antenna pair was estimated on the basis of the out-
put signal of the specific receive antenna upon subtracting the in-
terfering signal contributions associated with the remaining trans-
mit antennas. These interference contributions were estimated by
capitalising on the knowledge of the channel transfer functions of
all interfering transmit antennas predicted during the (n — 1)-th
OFDM symbol period for the n-th OFDM symbol, also invoking
the corresponding remodulated symbols associated with the n-th
OFDM symbol. To elaborate further, the difference between the
subtraction-based channel transfer function estimator of [100] and
the LS estimator proposed by Li et al. in [99] is that in the former
the channel transfer functions predicted during the previous, i.e.
the (n — 1)-th OFDM symbol period for the current, i.e. the n-th
OFDM symbol are employed for both symbol detection as well as
for obtaining an updated channel estimate for employment during
the (n+ 1)-th OFDM symbol period. In the approach advocated in
[100] the subtraction of the different transmit antennas’ interfering
signals is performed in the frequency domain.

By contrast, in [101] a similar technique was proposed by Li
with the aim of simplifying the DDCE approach of [99], which
operates in the time domain. A prerequisite for the operation of
this parallel interference cancellation (PIC)-assisted DDCE is the
availability of a reliable estimate of the various channel transfer
functions for the current OFDM symbol, which are employed in
the cancellation process in order to obtain updated channel transfer
function estimates for the demodulation of the next OFDM symbol.
In order to compensate for the channel’s variation as a function
of the OFDM symbol index, linear prediction techniques can be
employed, as it was also proposed for example in [101]. However,
due to the estimator’s recursive structure, determining the optimum
predictor coefficients is not as straightforward as for the transversal
FIR filter-assisted predictor of single-user DDCE, both of which
are detailed in [3].

A comprehensive overview of further publications on channel
transfer factor estimation for OFDM systems supported by multi-
ple transmit antennas is provided in Table 3.

5.6. Uplink Detection Techniques for Multi-User SODMA-OFDM

Combining adaptive antenna-aided techniques with OFDM trans-
missions was shown to be advantageous [3], for example in the
context of suppressing co-channel interference in cellular commu-
nications systems. Amongst others, Li, Cimini and Sollenberger
[137, 138, 139], Kim, Choi and Cho [140], Lin, Cimini and Chuang
[141] as well as Mnster et al. [142] have investigated algorithms
designed for multi-user channel estimation and interference sup-
pression.

The related family of Space-Division-Multiple-Access (SDMA)
communication systems has recently drawn wide reseach inter-
ests [3]. In these systems the L different users’ transmitted sig-
nals are separated at the base-station (BS) with the aid of their
unique, user-specific spatial signature, which is constituted by the
P-element vector of channel transfer factors between the users’
single transmit antenna and the P different receiver antenna el-
ements at the BS, upon assuming flat-fading channel conditions
such as those often experienced in the context of each of the OFDM
subcarriers.

A whole host of multi-user detection (MUD) techniques known
from Code Division Multiple Access (CDMA) communications
lend themselves also to an application in the context of SDMA-
OFDM on a per-subcarrier basis [3]. Some of these techniques
are the Least-Squares (LS) [143, 121, 127, 135], Minimum Mean-
Square Error (MMSE) [143, 144, 114, 118, 125, 113, 115, 116,
145, 121, 129], Successive Interference Cancellation (SIC) [143,
112, 117, 125, 145, 121, 127, 132, 134, 136], Parallel Interference
Cancellation (PIC) [143, 133] and Maximum Likelihood (ML) de-
tection [143, 125, 145, 120, 122, 123, 124, 126, 128, 131]. A com-
prehensive overview of recent publications on MUD techniques for

LIn the context of the OFDM system the set of K different subcarriers’
channel transfer factors is referred to as the channel transfer function, or
simply as the channel.



[ Year [ Author | Contribution
99 Li, Seshadri  and | The LS-assisted DDCE proposed exploits the cross-correlation properties of the transmitted sub-
Avriyavisitakul [99] carrier symbol sequences.
’00 Jeon, Paik and Cho | Frequency-domain PIC-assisted DDCE is studied, which exploits the channel’s slow variation ver-
[100] sus time.
Li [101] Time-domain PIC-assisted DDCE is investigated as a simplification of the LS-assisted DDCE of
[99]. Optimum training sequences are proposed for the LS-assisted DDCE of [99].
01 Mody and Stiiber [102] | Channel transfer factor estimation designed for frequency-domain PSAM based on CIR-related
domain filtering is studied.
Gong and Letaief [103] | MMSE-assisted DDCE is advocated which represents an extension of the LS-assisted DDCE of
[103]. The MMSE-assisted DDCE is shown to be practical in the context of transmitting con-
secutive training blocks. Additionally, a low-rank approximation of the MMSE-assisted DDCE is
considered.
Jeon, Paik and Cho | 2D MMSE-based channel estimation is proposed for frequency-domain PSAM.
[104]
Vook and Thomas | 2D MMSE based channel estimation is invoked for frequency domain PSAM. A complexity reduc-
[105] tion is achieved by CIR-related domain-based processing.
Xie and Georghiades | Expectation maximization (EM) based channel transfer factor estimation approach for DDCE.
[106]
02 Li [107] A more detailed discussion on time-domain PIC-assisted DDCE is provided and optimum training
sequences are proposed [101].
Bolcskei, Heath and | Blind channel identification and equalisation using second-order cyclostationary statistics as well
Paulraj [108] as antenna precoding were studied.
Minn, Kim and A reduced complexity version of the LS-assisted DDCE of [99] is introduced, based on exploiting
Bhargava [109] the channel’s correlation in the frequency-direction, as opposed to invoking the simplified scheme
of [107], which exploits the channel’s correlation in the time-direction. A similar approach was
suggested by Slimane [110] for the specific case of two transmit antennas.
Komninakis, Fading channel tracking and equalisation were proposed for employment in MIMO systems assisted
Fragouli, Sayed and | by Kalman estimation and channel prediction.
Wesel [111]
Table 3: Contributions on channel transfer factor estimation for multiple-transmit antenna assisted OFDM ©Hanzo', Miinster, Choi and
Keller [3].
| Year | Author | Contribution
'96 Foschini [112] The concept of the BLAST architecture was introduced.
'08 Vook and Baum [113] SMil-assisted MMSE combining was invoked on an OFDM subcarrier basis.
Wang and Poor [114] Robust sub-space-based weight vector calculation and tracking were employed for co-channel in-
terference suppression, as an improvement of the SMI-algorithm.
Wong, Cheng, Letaief | Optimization of an OFDM system was reported in the context of multiple transmit and receive an-
and Murch [115] tennas upon invoking the maximum SINR criterion. The computational was reduced by exploiting
the channel’s correlation in the frequency direction.
Li and Sollenberger | Tracking of the channel correlation matrix’ entries was suggested in the context of SMI-assisted
[116] MMSE combining for multiple receiver antenna assisted OFDM, by capitalizing on the principles
of [76].
99 Golden, Foschini, | The SIC detection-assisted V-BLAST algorithm was introduced.
Valenzuela and Wolni-
ansky [117]
Li and Sollenberger | The system introduced in [116] was further detailed.
[118]
Vandenameele, Van der | A comparative study of different SDMA detection techniques, namely that of MMSE, SIC and
Perre, Engels and de | ML detection was provided. Further improvements of SIC detection were suggested by adaptively
Man [119] tracking multiple symbol decisions at each detection node.
Speth and Senst [120] Soft-bit generation techniques were proposed for MLSE in the context of a coded SDMA-OFDM
system.
’00 Sweatman, Thompson, | Comparisons of various detection algorithms including LS, MMSE, D-BLAST and V-BLAST (SIC
Mulgrew and Grant | detection) were carried out.
[121]
van Nee, van Zelst and | The evaluation of ML detection in the context of a Space-Division Multiplexing (SDM) system was
Awater [122, 123, 124] | provided, considering various simplified ML detection techniques.
Vandenameele, Van | More detailed discussions were provided on the topics of [119].
der Perre, Engels,
Gyselinckx and de Man
[125]
Table 4: Contributions on multi-user detection techniques designed for multiple transmit antenna assisted OFDM systems©Hanzo®,
Munster, Choi and Keller [3].




| Year | Author | Contribution |

00 Li, Huang, Lozano and | Reduced complexity ML detection was proposed for multiple transmit antenna systems employing
Foschini [126] adaptive antenna grouping and multi-step reduced-complexity detection.

01 Degen, Walke, | An overview of various adaptive MIMO techniques was provided. Specifically, pre-distortion was
Lecomte and Rem- | employed at the transmitter, as well as LS- or BLAST detection were used at the receiver or balanced
bold [127] equalisation was invoked at both the transmitter and receiver.

Zhu and Murch [128] A tight upper bound on the SER performance of ML detection was derived.

Li, Letaief, Cheng and | Joint adaptive power control and detection were investigated in the context of an OFDM/SDMA

Cao [129] system, based on the approach of Farrokhi et al. [130].

van Zelst, van Nee and | Iterative decoding was proposed for the BLAST system following the turbo principle.

Awater [131]

Benjebbour, Murata | The performance of V-BLAST or SIC detection was studied in the context of backward iterative

and Yoshida [132] cancellation scheme employed after the conventional forward cancellation stage.

Sellathurai and Haykin | A simplified D-BLAST was proposed, which used iterative PIC capitalizing on the extrinsic soft-bit

[133] information provided by the FEC scheme used.

Bhargave, Figueiredo | A detection algorithm was suggested, which followed the concepts of V-BLAST or SIC. However,

and Eltoft [134] multiple symbols states are tracked from each detection stage, where - in contrast to [125] - an
intermediate decision is made at intermediate detection stages.

Thoen, Deneire, Van | A constrained LS detector was proposed for OFDM/SDMA, which was based on exploiting the

der Perre and Engels | constant modulus property of PSK signals.

[135]

’02 Li and Luo [136] The block error probability of optimally ordered V-BLAST was studied. Furthermore, the block

error probability is also investigated for the case of tracking multiple parallel symbol decisions
from the first detection stage, following an approach similar to that of [125].

Table 5: Contributions on detection techniques for MIMO systems and for multiple transmit antenna assisted OFDM systems©Hanzo*,

Miinster, Choi and Keller [3].

MIMO systems is given in Tables 4 and 5.

5.7. OFDM Applications

Due to their implementational complexity, OFDM applications have
been scarce until quite recently. Recently, however, OFDM has

been adopted as the new European digital audio broadcasting (DAB)
standard [21, 22, 23, 24, 146] as well as for the terrestrial digital

video broadcasting (DVB) system [55, 147].

For fixed-wire applications, OFDM is employed in the asyn-
chronous digital subscriber line (ADSL) and high-bit-rate digital
subscriber line (HDSL) systems [148, 149, 150, 151] and it has also
been suggested for power line communications systems [152, 153]
due to its resilience to time dispersive channels and narrow band
interferers.

Various OFDM applications were also studied within the 4th-

6th European Framework Programme [154]. For example, an OFDM-

based 155 Mbps wireless asynchronous transfer mode (WATM)
network was designed by the so-called MEDIAN project in [155,
156, 157, 158], while the Magic WAND group [159, 160] devel-

oped a wireless local area network (LAN). Hallmann and Rohling [161]

presented a range of different OFDM systems that were applicable

to the European Telecommunications Standardisation Institute’s (ETSI)

recent personal communications oriented air interface concept [162].

6. SLOW FREQUENCY-HOPPED MC DS-CDMA

6.1. The Transmitted Signal

The model of the transmitter and the multiple access channel is
depicted in Fig. 5. Each subcarrier of the K users in the system
is assigned a randomly generated signature sequence, which pro-
duce spread, wideband signals. In the figure, C(Q, Uy ) represents
a constant-weight code of user k& with Uy, number of *1’s out of @,
i.e., the weight of C(Q, Uy) is Uk. This code is read from a so-
called constant-weight code book, which represents the frequency-
hopping patterns. Theoretically, the size of the constant-weight
code book is (L?k) = Q!/UrY(Q — Uy)! and the constant-weight
code C(Q, Uk) plays two different roles. Its first role is that its
weight - namely Uy - determines the number of subcarriers ac-
tivated, while its second function is that the positions of the Uy
number of binary ‘1’s determine the selection of a set of Uy, hum-
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Figure 5: Transmitter and channel block diagram of the frequency-
hopping multicarrier DS-CDMA systems.

ber of subcarrier frequencies from the @ number of outputs of the
frequency synthesizer.

At the transmitter of the kth user in Fig. 5 the bit stream having
a bit duration of T is first serial-to-parallel converted, yielding Uy,
parallel streams, which is controlled by the constant-weight code
C(Q, Uk). Let the new bit duration of each parallel stream be ex-
pressed as 7', which can be T' = U,T;, or T' = Ty, depending on
the objectives of the system design, as it will be augmented during
our further discourse. For example, if the design aims to mitigate
the inter-symbol-interference (1SI) in a high-bit rate transmission
scheme, a high bit duration is required, and hence T' = UiT,
can be employed. However, if the design aims to support multi-
ple information rates, a constant bit duration can be employed, and
multi-rate transmissions are implemented by employing a differ-
ent number of subcarriers. Theoretically, @ number of different
information rates can be supported by changing the weight of the
code C(Q, Ux). As seen in Fig. 5, after serial-to-parallel conver-
sion each stream is direct-sequence (DS) spread, in order to form
the spread, wideband signal, and this spread signal then modulates
one of the selected subcarriers. Finally, the transmitted signal of
the kth user can be expressed as:

Up—1
sk(t) = Z \/2Pd$f? (t)c;? (t) cos <27rf151;)t + wii)) , (D)
ug =0

where P represents the transmitted power per subcarrier, while
U indicates the weight of the constant-weight code currently em-



ployed by the kth user. Furthermore, {dﬂ? (t)}, {cﬂfﬁ (t)}, { f}t'z)}

and {ga(k) } represent the current data stream’s waveforms, the DS

spreading waveforms, the subcarrier frequency set and the phase
angles introduced in the carrier modulation process. Let T be the
chip duration of the DS spreading waveforms and N = T, /T..
Then the processing gain of Np = T'/T. equals to U N or N, de-
pending on the system’s objectives, as discussed previously. Fur-
thermore, we assume that the frequency hopping duration is T,
and that the number of data bits, N, = T3, /T, transmitted per hop
is a positive integer, which is strictly larger than 1, i.e. we assume
using slow frequency hopping.

6.2. Channel Description

The channel model considered in this paper is the commonly used
finite-length tapped delay line model of a frequency-selective mul-
tipath channel [2], whose complex low-pass impulse response for
subcarrier uy, of user k is given by:

Lp—1 o

h(k) Z auk L, ety ot — 1pTe), (2)

1,=0
where [, T, is the relative delay of the I,,-th path of user & with re-
spect to the main path, the phases {qﬁ(’“’ } are independent iden-
tically distributed (iid) random varlables uniformly distributed in
the interval (0, 2), whilst the L,, tap weights {O‘uk .. ¢ are inde-
pendent Nakagami random variables with a pdf of [163]

k k k
p(o i,j,lp) = M(a 7(%)1 ) 1, Qik)zp)

mRZ'm o 2
M(R,m,Q) = We( AR ) (3)

where I'(-) represents the gamma function, and m is the Nakagami-
m fading parameter, which is defined as

m = E*[(al?, )*]/Var|(al?, )]

. The parameter m of the amplitude distribution characterizes the
severity of the fading of the [,-th resolvable path [164]. It is well
known that m = 1 corresponds to Rayleigh fading, m = oo cor-
responds to the non-fading condition, and m = 1/2 corresponds
to the so-called one-sided Gaussian fading, i.e the worst case fad-
ing condition. The Rician and lognormal distributions can also be
closely approximated by the Nakagami distribution, when m > 1.
For more detailed information concerning the Nakagami distribu-
tion readers are referred to the excellent overview by Simon and

Alouini [165]. The parameter Q™ in Eq.(3) is the second mo-

U l
mentofal?, ieql = E[(afj;)l )?]. We assume a negative

exponentlally decaylng multlpath intensity profile (MIP) given by:

=l e, >0, )

where Quk o is the average signal strength corresponding to the
first resolvable path and 7 is the rate of average power decay. Con-
sequently, for an asynchronous CDMA system with K users, the
received signal takes the form:

r(t) = n(t) + V2P

K Up—1Lp—1

SN Sl d (-1, T )

k=1 up=0 l,=0

chjj (t = lpTe — 7)) cos (27rf75k>t + 1/11(1?7 ) , (5)
where n(t) is the additive white Gaussian noise with zero mean
and double-sided power spectral density of No/2, while w

{ (k) + ¢<k) 27rf(k>(7'k + lpTc)} , Which is assumed to be

an iid random varlable having a uniform distribution in (0, 27),
and 7 represents the propagation delay of user k.

Up,lp

6.3. Receiver Model
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Figure 6: Receiver block diagram of the frequency-hopping multi-
carrier DS-CDMA systems.

Let the first user be the user-of-interest and consider the con-
ventional matched filter based RAKE receiver with maximum ratio
combining (MRC), as shown in Fig. 6, where the superscript and
subscript of the reference user’s signal has been omitted for nota-
tional convenience. In Fig. 6 L number of diversity branches are
used by the receiver, where 1 < L < L, is a variable, allowing
us to study the effect of different diversity orders. Upon exploiting
the knowledge of the FH patterns, detection can be implemented
by demodulating only the U}, active subcarriers, or alternatively,
all @ subcarriers can be always demodulated, while only U, MRC
outputs are selected according to the FH patterns used for detec-
tion.

The @Q number of matched filters in Fig. 6 are matched to
the reference user’s CDMA codes used for spreading in the sub-
bands associated with the @ number of subcarriers, and are as-
sumed to have achieved time synchronization. If we assume that
perfect estimates of the channel tap weights and phases are avail-
able, then after appropriately delaying the individual matched fil-
ter outputs, in order to synchronize the L number of path sig-
nals used by the RAKE combiner, the gth MRC output sampled
att = nT + (L — 1)T, in order to detect the nth symbol can be
expressed as:

Zq = Dg[n] + I, (6)

where D, [n] represents the desired direct component, while I, rep-
resents the interference plus noise component after the MRC. The
final decision is based on the decision variable Z,,.

6.4. System Performance and Discussion

In this Section, the average bit error rate (BER) performance is
evaluated as a function of the average signal-to-noise ratio (SNR)
per bit, under the assumptions that the decision variable Z, in
Eq.(6) is a Gaussian distributed variable, and the channel ampli-
tudes {a,,; } of the reference user are iid Nakagami-m distributed
variables.

To show the improvements due to diversity, Fig.7, Fig.8 and
Fig.9 depict the BER as a function of the average received SNR
per bit. The individual curves in each figure are parameterized by
the diversity order L = 1,2,...,6. Fig.7 and Fig.8 represent the
multipath Rayleigh fading environment (m = 1), while Fig.9 char-
acterises the Rician multipath fading environment (m = 5). We as-
sumed that the FH patterns were designed from the constant-weight
code C(32,16), there were L,, = 6 resolvable paths, the number of
active users was K = 50, the bit-duration to chip-duration ratio
was N = 127. The MIP decay factor was n = 0 for Fig.7 and
Fig.9, while n = 0.5 for Fig.8, and finally, we had m = 1 (Ray-
leigh fading) for Fig.7 and Fig.8, but m = 5 (Rician fading) for
Fig.9. From the results it is seen that the faster the MIP decays, the
faster the incremental diversity improvement decreases. Nonethe-
less, the system BER performance is dramatically improved upon
increasing the diversity order L and the closer L is to L, ie the
more of the available multipath components are actually exploited
by maximum ratio combining, the better.

Fig.10 shows the BER performance of the proposed SFH /MC
DS-CDMA system with respect to the multipath fading parameters



m = 0.5, 1, 2, 5, 10, 50. As noted before, the Nakagami param-
eter m represents the different fading environments, ranging from
the worst-case one-sided Gaussian fading to Rayleigh, and finally
to the most favourable non-fading case. We assumed that the FH
patterns of each of the K' = 50 users in the system employed a
constant-weight code C(32,16), there were L, = 3 number of re-
solvable multipaths at the receiver, and the diversity order of the
receiver was L = 3. Furthermore, we assumed that the number of
chips per bit duration is N = 127, and the MIP decay factor was
n = 0. As expected, for a given SNR per bit, the BER decreases
upon increasing the value of m, which implies that the channel
fading becomes less severe. The system performance is critically
affected by the parameter m, ie the communication environment
encountered.

In Fig.11 SFH/MC DS-CDMA systems having a constant sys-
tem bandwidth associated with NQ = 2'2, but using various com-
binations of the number of subcarriers @ and bit-duration to chip-
duration ratio of V were considered. In this system, increasing the
number of subcarriers means decreasing the ‘hit” probability from
the interfering users and simultaneously, decreasing the direct-sequ-
ence spread bandwidth of each subcarrier. The parameters used
are shown in the figure. For a constant system bandwidth, and for
L, = L = 3, we observe that, although @ and N changes over
a wide range, the BER performance remains indistinguishable for
relatively low SNR per bit values, (< 15dB). However, for the
higher SNR per bit values, (> 21dB), the BER performance im-
proves with increasing N.

Since increasing the value of N means increasing the DS spread
bandwidth, and resulting in decreasing the chip-duration, conse-
quently, for a given multipath fading environment with an aver-
age delay spread of T, the number of resolvable paths, L, =
T /Te, increases upon decreasing 7. Hence, the assumption of
L, = L = 3inFig.11 is impractical. In Fig.12 the performance
of a SFH/MC DS-CDMA system over a given multipath fading
environment having an average delay spread of T,,, was consid-
ered. Here we assumed that there was one resolvable path at the
receiver for the system with N = 16. Consequently, the num-
ber of resolvable paths was L, = 2,4, 8, 16 for the systems with
N = 32,64, 128, 256. Furthermore, we assumed that the receiver
could combine all the resolvable paths. Other parameters related
to the computations were the same, as in Fig.11, which are shown
in the figure. The results demonstrate that the BER performance
is significantly improved, when increasing N. Hence, for signals
undergoing severe fading, a number of independent channels are
necessary for their transmission, in order to enhance the perfor-
mance.

For the systems considered in Fig.12 to achieve the best BER
performance the receiver has to have a high diversity order. For
example, for the system with N = 256 to achieve the best BER
performance, the receiver has to combine all the 16 multipath sig-
nals. However, presently the implementation of such a complex
receiver is impractical. Hence, in Fig.13 we considered a receiver
with a maximum diversity order of L = 3, although a higher num-
ber of resolvable paths, L,, was available at the receiver. From the
results we infer that the curve associated with Q = 64, N = 64,
or L, = 4, L = 3 achieves the best BER performance.

From the results of Fig.11 to Fig.13, we conclude that for a
SFH/MC DS-CDMA system with a constant system bandwidth,
provided the receiver is capable of combining a constant number of
multipaths, namely L, then according to the average delay spread
of the channel, the DS spread bandwidth of each sub-band can be
adjusted, so that the resulting number of resolvable paths, L, is as
close to L as possible. Then the receiver can efficiently utilize the
energy dispersed over the multipath components. The number of
sub-bands, consequently, can be obtained by dividing the system
bandwidth by the required DS spread bandwidth.
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Figure 7: BER versus SNR per bit performance for constant-
weight code based SFH/MC DS-CDMA systems over multipath
Rayleigh fading channels (m = 1) upon varying diversity order L,
under constant-weight code C(32,16), resolvable paths L, = 6,
number of users K = 50, bit-duration to chip-duration ratio
N = 127 and MIP decay factor n = 0.
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Figure 8: BER versus SNR per bit performance for constant-
weight code based SFH/MC DS-CDMA systems over multipath
Rayleigh fading channels upon varying diversity order L for n =
0.5.

7. AOFDM VERSUS ADAPTIVE MC-CDMA

7.1. System Model and AOFDM Switching Levels

Orthogonal Frequency Division Multiplex (OFDM) based multi-
carrier systems [3, 4] approach the theoretically highest possible
2Bd/Hz bandwidth efficiency quantified by Shannon, since they
typically require only a small raised-cosine excess bandwidth for
Nyquist-filtering. Hence, they are considered attractive for down-
link wireless Internet services in future fourth generation (4G) sys-
tems as well as in high-speed Wireless Local Area Networks known
as WLANs. However, OFDM in its basic form cannot fully benefit
from the multi-path diversity potential of wideband channels.
Multi-Carrier Code Division Multiple Access (MC-CDMA) [60]
constitutes an OFDM-based frequency domain spreading technique,
which exploits frequency domain diversity and constitutes an at-
tractive multiple access scheme for employment in synchronous
environments. It was reported that the synchronisation requirement
of MC-CDMA is within 10% of the frame length [166]. Thus,
an MC-CDMA system having the appropriate modem parameters
can be used as a multiple access scheme in the down link of fixed
or slowly moving terminals, where near-synchronous operation is
feasible. Since MC-CDMA facilitates diversity reception similarly
to a Rake receiver, the performance of single-user MC-CDMA is
characterised by that of an ideal Rake receiver. In a multi-user sce-
nario joint-detection assisted MC-CDMA employing the MMSE-
BDFE [167] receiver approaches the single-user performance.
When channel coding is employed in conjunction with fre-
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Figure 9: BER versus SNR per bit performance for constant-
weight code based SFH/MC DS-CDMA systems over multipath
Rician fading channels upon varying diversity order L for m = 5.
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Figure 10: BER versus SNR per bit performance for constant-
weight code based SFH/MC DS-CDMA systems over different
fading channels upon varying the fading parameter m.

quency domain interleaving, OFDM substantially benefits from the
frequency domain diversity. However, OFDM may not be capable
of exploiting the diversity potential of the channel to the same ex-
tent as MC-CDMA. Hence, it is interesting to compare the coded
BERs of OFDM and MMSE-BDFE aided MC-CDMA in conjunc-
tion with concatenated turbo codes and space-time block codes
over wideband Rayleigh channels.

Various combinations of Space-Time (ST) codes and channel
codes can be used for transmission over wideband fading chan-
nels [6, 168]. An attractive option is to use a half-rate turbo con-
volutional code concatenated to a space-time block code using two
transmit antennas and to expand the signal constellation to a higher
order modulation mode in order to match the throughput of the sys-
tem using no channel coding. Another approach to maintaining a
high effective throughput is to use a high-rate turbo BCH code in
conjunction with a ST trellis code or ST block code and a lower
order modulation mode, than in case of the half-rate FEC scheme.
It was reported in [6, 168] that the former approach gives a lower
BER, than the latter. Hence, we will employ a half-rate turbo con-
volutional code in our comparative study.

Adaptive modulation [169, 170] attempts to provide the high-
est possible throughput given the current channel quality, while
maintaining the required data transmission integrity. We used cons-
tant-power Adaptive Quadrature Amplitude Modulation (AQAM)
[4, 5]. Again, wideband fading exhibits two-dimensional channel
quality variation, namely both time domain variation and frequency
domain variation, and OFDM lends itself to exploiting these two-
dimensional channel quality variations [171, 172, 3]. In other words,
time domain adaptivity and frequency domain adaptivity can be
simultaneously exploited in OFDM. By contrast, while providing
frequency domain diversity with the aid of averaging the channel
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Figure 11: BER versus SNR per bit performance for constant-
weight code based SFH/MC DS-CDMA systems upon varying the
value of N and Q under L, = L = 3.
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Figure 12: BER versus SNR per bit performance for constant-
weight code based SFH/MC DS-CDMA systems upon varying the
value of N and Q under L, = L = 1,2,4,8, 16.

qualities of several sub-carriers, MC-CDMA is less amenable to
frequency domain adaptation, than to time domain adaptation.

The aim of this contribution is to compare the performances
of the combined adaptive OFDM and MC-CDMA modems. Al-
though adaptive coded multi-carrier modulation systems have been
extensively studied [171, 173, 174], the effect of diversity has not
been considered.

Figure 14 portrays the stylised transmitter structure of our sys-
tem. The source bits are channel coded by a half-rate turbo con-
volutional encoder [175, 6] using a constraint length of K = 3
as well as an interleaver size of L = 3072 bits and interleaved
by a random block interleaver. Then, the AQAM block selects a
modulation mode from the set of no transmission, BPSK, QPSK,
16-QAM and 64-QAM depending on the instantaneous channel
quality perceived by the receiver, according to the predetermined
SNR-dependent switching thresholds. It is assumed that the per-
fectly estimated channel quality experienced by receiver A is fed
back to transmitter B superimposed on the next burst transmit-
ted to receiver B. The modulation mode switching levels of our
AQAM scheme determine the average BER as well as the average
throughput. A set of optimum switching thresholds was derived
in [176] for transmission over flat Rayleigh fading channels. How-
ever, AQAM modems employing these switching thresholds in-
evitably exhibit a variable average BER across the SNR range, de-
spite aiming for a given target BER, namely B;. In order to achieve
a constant target BER, while maintaining the maximum possible
throughput, a new set of SNR-dependent switching thresholds was
devised for the transmission over wideband channels [177, 178].
Figure 15 illustrates the switching levels optimised for both adap-
tive OFDM and adaptive MC-CDMA for the target BER of B, =
1073, The optimum switching levels decrease, as the average chan-
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Figure 13: BER versus SNR per bit performance for constant-
weight code based SFH/MC DS-CDMA systems upon varying the
value of N and @ under a maximum diversity order of L = 3 and
L,=1,2,3,4,8,16.

nel SNR increases and hence higher-throughput modulation modes
can be invoked more frequently. Figure 15 also shows the “avalanche’
SNR, beyond which adaptive mode switching is abandoned in favour
of the fixed highest-order modulation mode, namely 64-QAM, since
the BER of 64-QAM satisfies the target BER requirement.

The modulated symbol is now space-time encoded. As seen at
the bottom of Figure 14, Alamouti’s space-time block code [179, 6]
is applied across the frequency domain. A pair of the adjacent
sub-carriers belonging to the same space-time encoding block is
assumed to have the same channel quality. We employed a Wire-
less Asynchronous Transfer Mode (W-ATM) channel model [4,
pp.474] transmitting at a carrier frequency of 60GHz, at a sam-
pling rate of 225MHz and employing 512 sub-carriers. Specifi-
cally, we used a 3-path fading channel model, where the average
SNR of each path is given by 41 = 0.7919279, 72 = 0.124245 and
73 = 0.083847. Each channel associated with a different antenna
is assumed to exhibit independent fading.

7.2. Uncoded Adaptive System

The simulation results for our uncoded adaptive modems are pre-
sented in Figure 16. Since we employed the optimum switch-
ing levels, both our adaptive OFDM (AOFDM) and the adaptive
single-user MC-CDMA (AMC-CDMA) modems maintain the con-
stant target BER of 102 up to the ‘avalanche’ SNR value, and then
follow the BER curve of the 64-QAM mode. However, “full-user’
AMC-CDMA supporting U = 16 users with the aid of a spreading
factor of G = 16 and employing the MMSE-BDFE Joint Detec-
tion (JD) receiver [167] exhibits a slightly higher average BER,
than the target of B, = 10~ due to the residual Multi-User In-
terference (MUI) of the imperfect joint detector. Since we derived
the optimum switching levels based on a single-user system, the
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Figure 15: The optimum switching levels devised for the target
BER of B, = 1073, when using 1 Tx antenna and 1 Rx an-
tenna. The W-ATM channel model [4, pp.474] is assumed for MC-
CDMA. The switching levels for OFDM were obtained for narrow-
band Rayleigh channels, which can be used for any multi-path pro-
file, since OFDM renders the dispersive channel non-dispersive.
©Hanzo', Miinster, Choi and Keller [3]

levels are no longer optimum, when residual MUI is present. The
average throughputs expressed in terms of Bits Per Symbol (BPS)
steadily increase and reach the throughput of 64-QAM, namely 6
BPS. The throughput degradation of ‘full’ user MC-CDMA was
within a fraction of one dB. Observe in Figure 16(a) that the an-
alytical and simulation results are in good agreement, which we
denoted by the lines and distinct symbols, respectively.

The effects of ST coding on the average BPS throughput are
displayed in Figure 16(b). Specifically, the thick lines represent
the average BPS throughput of our AMC-CDMA scheme, while
the thin lines represent those of our AOFDM modem. The four
pairs of hollow and filled markers associated with four ST-coded
scenarios represent the BPS throughput versus SNR values asso-
ciated with fixed-mode OFDM and fixed-mode MMSE-BDFE JD
assisted MC-CDMA. Specifically, the right most markers corre-
spond to the 1-Tx / 1-Rx, the second to the 2-Tx / 1-Rx, the third
to the 1-Tx / 2-Rx and the left most to the 2-Tx / 2-Rx scenar-
ios. First of all, we can observe that the BPS throughput curves of
OFDM and single-user MC-CDMA are close to each other, namely
within 1 dB for most of the SNR range. This is surprising, consid-
ering that the fixed-mode MMSE-BDFE JD assisted MC-CDMA
scheme was reported to exhibit around 10dB SNR gain at a BER
of 10~ and 30dB gain at a BER of 10~° over OFDM [3, 65]. This
is confirmed in Figure 16(b) by observing that the SNR difference
between the o and e markers is around 10dB, regardless whether
the 4, 2 or 1 BPS scenario is concerned.

Let us now compare the SNR gains of the adaptive modems
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over the fixed modems. The SNR difference between the BPS
curve of AOFDM and the fixed-mode OFDM represented by the
symbol o at the same throughput is around 15dB. The correspond-
ing SNR difference between the adaptive and fixed-mode 4, 2 or 1
BPS MC-CDMA modem is around 5dB. More explicitly, since in
the context of the W-ATM channel model [4, pp.474] fixed-mode
MC-CDMA appears to exhibit a 10dB SNR gain over fixed-mode
OFDM, the additional 5dB SNR gain of AMC-CDMA over its
fixed-mode counterpart results in a total SNR gain of 15dB over
fixed-mode OFDM. Hence ultimately the performance of AOFDM
and AMC-CDMA becomes similar.

Let us now examine the effect of ST block coding. The SNR
gain of the fixed-mode scheme due to the introduction of a 2-Tx /
1-Rx ST block code is represented as the SNR difference between
the two right most markers. These gains are nearly 10dB for fixed-
mode OFDM, while they are only 3dB for fixed-mode MC-CDMA
modems. However, the corresponding gains are less than 1dB for
both adaptive modems. Since the transmitter power is halved due to
using two Tx antennas in the ST codec, a 3dB channel SNR penalty
was already applied to the curves in Figure 16(b). The introduction
of the second receive antenna instead of the second transmit an-
tenna eliminates this 3dB penalty. Finally, the 2-Tx / 2-Rx system
gives around 3-4dB SNR gain in the context of fixed-mode OFDM
and a 2-3dB SNR gain for MC-CDMA, in both cases over the 1-
Tx / 2-Rx system. By contrast, the gain of the 2-Tx / 2-Rx scheme
over the 1-Tx / 2-Rx based adaptive modems was, again, less than
1dB in Figure 16(b). More importantly, for the 2-Tx / 2-Rx sce-
nario the advantage of employing adaptive modulation vanishes,
since the fixed-mode MC-CDMA modem performs as well as the
AMC-CDMA modem in this scenario. Moreover, the fixed-mode
MC-CDMA modem still outperforms the fixed-mode OFDM mo-
dem by about 2dB. We conclude that since the diversity-order in-
creases with the introduction of ST block codes, the channel quality
variation becomes sufficiently low for the performance advantage
of adaptive modems to vanish. This is achieved at the price of a
higher complexity due to employing two transmitters and two re-
ceivers.
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Figure 17: Performance of turbo convolutional coded fixed-mode
OFDM and MC-CDMA over the W-ATM channel of [4, pp.474].
JD MC-CDMA still outperforms OFDM. However, the SNR gain
of JD MC-CDMA over OFDM is reduced to 1-2dB at a BER of
10~* ©Hanzo!, Miinster, Choi and Keller [3].

7.3. Turbo-Coded Fixed Modem

When channel coding is employed in the fixed-mode multi-carrier
systems, it is expected that OFDM benefits more substantially from
the frequency domain diversity than MC-CDMA, which benefited
more than OFDM without channel coding. The simulation results
depicted in Figure 17 show that the various turbo-coded fixed-
mode MC-CDMA systems consistently outperform OFDM. How-
ever, the SNR differences between the turbo-coded BER curves of
OFDM and MC-CDMA are reduced considerably.

7.4. Turbo Coded Adaptive System

The performance of the concatenated ST block coded and turbo
convolutional coded adaptive modems is depicted in Figure 18 .



We applied the optimum set of switching levels designed for the
uncoded BER of 3 x 1072. This uncoded target BER was ob-
tained from the relations of the uncoded and the turbo coded BPSK
modems employing the same coding parameters over AWGN chan-
nels, with the ultimate objective of obtaining a coded BER below
10~ for our adaptive modems. However, our simulation results
yielded zero bit errors when transmitting 10° bits, except for some
SNRs, when employing only a single antenna.

Figure 18(a) shows the BER of our turbo coded adaptive modems,

when a single antenna is used. We observe in the figure that the
BER reaches its highest value around the ‘avalanche’ SNR point,
where the adaptive modulation scheme consistently activates 64-
QAM. The system is most vulnerable around this point. In order
to interpret this phenomenon, let us briefly consider the associated
interleaving aspects. For practical reasons we have used a fixed in-
terleaver length of L = 3072 bits. When the instantaneous channel
quality was high, the L = 3072 bits were spanning a shorter time-
duration during their passage over the fading channel. Hence the
channel errors appeared more bursty, than in the lower-throughput
AQAM modes, which transmitted the L = 3072 bits over a longer
duration, hence dispersing the error bursts over a longer duration
of time. The associated more random dispersion of erroneous bits
enhances the coding power of the turbo code. On the other hand,
in the SNR region beyond the ‘avalanche’ SNR point the system
exhibited a lower uncoded BER, reducing the coded BER even
further. This observation suggests that further research ought to
determine the set of switching thresholds for a coded adaptive sys-
tem.

We can also observe that the turbo coded BER of AOFDM is
higher than that of AMC-CDMA in the SNR rage of 10-20dB, even
though the uncoded BER is the same. This appears to be the effect
of the limited exploitation of frequency domain diversity in coded
OFDM, compared to MC-CDMA, which leads to a more bursty
uncoded error distribution, hence degrading the turbo coded per-
formance. The fact that ST block coding aided multiple antenna
systems show virtually error free performance corroborates our ar-
gument.

Figure 18(b) compares the throughputs of the coded adaptive
modems and the uncoded adaptive modems exhibiting a compa-
rable average BER. The SNR gains due to channel coding were
in the range of 0dB to 8dB depending on the SNR region and
the employed scenarios. Each bundle of throughput curves cor-
responds to the scenarios of 1-Tx/1-Rx OFDM, 1-Tx/1-Rx MC-
CDMA, 2-Tx/1-Rx OFDM, 2-Tx/1-Rx MC-CDMA, 1-Tx/2-Rx
OFDM, 1-Tx/2-Rx MC-CDMA, 2-Tx/2-Rx OFDM and 2-Tx/2-
Rx MC-CDMA starting from the far right curve for the through-
put values higher than 0.5 BPS. The SNR difference between the
throughput curves of the ST and turbo coded AOFDM and those of
the corresponding AMC-CDMA schemes was reduced compared
to the uncoded performance curves of Figure 16(b). The SNR gain
owing to ST block coding in the context of AOFDM and AMC-
CDMA was limited to about 1dB due to the halved transmitter
power. Therefore, again, ST block coding appears to be less ef-
fective for adaptive modems.

8. CONCLUSION

Following a historical perspective on multi-carrier communications,
the achievable performance of slow frequency-hopped MC-CDMA
was characterised, followed by a quantitative discussion on the per-
formance of AOFDM and frequency-domain spreading aided adap-
tive MC-CDMA assisted by turbo coding and space-time block
coding.

More explicitly, the performance of ST block coded constant-
power adaptive multi-carrier modems employing optimum SNR-
dependent modem mode switching levels was investigated. The
adaptive modems maintained the constant target BER, whilst max-
imising the average throughput. As expected, it was found that ST
block coding reduces the relative performance advantage of adap-
tive modulation, since it increases the diversity order and eventu-
ally reduces the channel quality variations. When turbo convolu-
tional coding was concatenated to the ST block codes, near-error-

free transmission was achieved at the expense of the halving the
average throughput. Compared to the uncoded system, the turbo
coded system was capable of achieving higher throughput in the
low SNR region at the cost of higher complexity. The study of
the relationship between the uncoded BER and the corresponding
coded BER showed that adaptive modems obtain higher coding
gains, than that of fixed modems. This was due to the fact that the
adaptive modem avoids burst errors even in deep channel fades by
reducing the number of bits per modulated symbol eventually to
zero.
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