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Kurzfassung

Interleaved Frequency Division Multiple Access (IFDMA) ist ein aussichtsreiches
Vielfachzugriffsverfahren fiir die Aufwértsstrecke zukiinftiger Mobilfunksysteme. Im
Vergleich zu anderen Vielfachzugriffsverfahren bietet es wesentliche Vorteile, die vor
allem fiir die Aufwartsiibertragung von besonderer Bedeutung sind. Aufgrund einer
Vorkodierung der zu iibertragenden Datensymbole und der Verwendung von verteilten
Subtragern, weist die Dateniibertragung mit Hilfe von IFDMA eine hohe Frequenzdi-
versitat auf und ist aus diesem Grund auflerst zuverlassig. Weiterhin ist das Verhalt-
nis von Spitzen- zu Durchschnittsleistung (VSDL) des Sendesignals sehr niedrig, was
die Verwendung von kosteneffizienten Leistungsverstarkern in den mobilen Endgeraten
ermoglicht. Eine Verallgemeinerung des IFDMA-Verfahrens ist das sogenannte Block-
Interleaved Frequency Division Multiple Access (B-IFDMA )-Verfahren. Hierbei werden
die vorkodierten Datensymbole auf Blocken von benachbarten Subtragern iibertragen,
die iiber die gesamte Bandbreite des Systems verteilt sind. B-IFDMA weist die gleichen
Vorteile wie IFDMA auf und ist zudem weniger anfillig gegeniiber einem Versatz der
Tragerfrequenz am Empféanger. Eine wesentliche Bedingung fiir die zuverlassige und
effiziente Datentibertragung mit IFDMA und B-IFDMA ist die Schétzung des Mobil-
funkkanals mit hoher Giite und geringen Kosten. Die Kanalschatzung fiir IFDMA und
B-IFDMA innerhalb der Aufwartsstrecke eines Mobilfunksystems bringt neue Heraus-
forderungen mit sich, da fiir IFDMA und B-IFDMA vorkodierte Datensymbole auf
Subtragern iibertragen werden, die iiber die gesamte Bandbreite des Systems verteilt

sind. In dieser Arbeit werden neue Algorithmen fiir die Schatzung des Mobilfunkkanals
bei IFDMA und B-IFDMA vorgestellt.

Zunachst wird der Kanal fiir das IFDMA-Verfahren geschétzt. Dafiir werden Pilotsym-
bole in den zu iibertragenden Datenstrom eingefiigt und am Empfanger ausgewertet. Es
werden zwei verschiedene Verfahren zum Einfiigen von Pilotsymbolen und die jeweili-
gen Algorithmen zur Kanalschatzung vorgestellt. Beide Verfahren werden entwickelt,
um das niedrige VSDL des Sendesignals beizubehalten und zuverléssige Schatzwerte
des Kanals unter Verwendung von moglichst wenigen Pilotsymbolen zu liefern. Es zeigt
sich, dass die pilotbasierte Kanalschitzung fiir IFDMA Schatzwerte mit hoher Giite
liefert. Allerdings ist die Anzahl der benotigten Pilotsymbole grof3, da die ["Jbertragung
auf verteilten Subtréagern im Frequenzbereich die Anwendung von Interpolationsfiltern

in den meisten Fallen unmoglich macht.

Um die Anzahl der Pilotsymbole dennoch zu reduzieren, wird die semiblinde Schatzung
des Mobilfunkkanals fiir IFDMA eingefiihrt. Die empfangenen Datensymbole enthalten
ebenso wie die Pilotsymbole Informationen iiber den Mobilfunkkanal. Diese zusatzliche



IV

Information wird mit Hilfe der semiblinden Kanalschitzung genutzt, um auf diese Weise
die Anzahl der verwendeten Pilotsymbole gegeniiber der pilotbasierten Kanalschatzung
zu reduzieren. In dieser Arbeit werden zwei verschiedene semiblinde Verfahren zur
Schatzung der Veranderungen des Kanals im Frequenzbereich eingefiihrt. Beide Ver-
fahren basieren auf der Nutzung der Zyklostationaritit des empfangenen IFDMA Sig-
nals. Um zusatzlich die Veranderungen des Kanals im Zeitbereich zu schatzen, wer-
den die beiden semiblinden Algorithmen mit einem sogenannten Decision-Directed
Kanalschéatzalgorithmus kombiniert. Dieser Algorithmus verwendet die empfangenen
Datensymbole als virtuelle Pilotsymbole um der Verdnderung des Kanals im Zeitbe-
reich zu folgen. Die Auswertung der eingefiihrten semiblinden Kanalschatzalgorithmen
bestatigt, dass die Anzahl der verwendeten Pilotsymbole im Vergleich zu pilotbasierten
Kanalschatzalgorithmen reduziert werden kann. Weiterhin zeigt sich, dass die Giite der
semiblinden Kanalschétzer fiir geringe Rauschleistungen vergleichbar mit der Giite der

pilotbasierten Kanalschatzer ist.

AbschlieBend wird die Kanalschédtzung fir das B-IFDMA-Verfahren vorgestellt. Da
B-IFDMA als Verallgemeinerung von IFDMA verstanden werden kann, werden die fiir
IFDMA hergeleiteten pilotbasierten und semiblinden Kanalschétzverfahren auf ihre
Anwendbarkeit bei B-IFDMA untersucht. Es zeigt sich, dass B-IFDMA aufgrund
der blockweisen Ubertragung im Frequenzbereich Vorteile bei der Anwendung von
Interpolationsfiltern im Frequenzbereich bietet. Aufgrund dieser Eigenschaft konnen
im Vergleich zu IFDMA neue Verfahren zur Einfiigung von Pilotsymbolen und zur
Kanalschatzung hergeleitet werden. Dariiber hinaus bietet B-IFDMA ebenso wie
IFDMA die Moglichkeit, die Anzahl der verwendeten Pilotsymbole mit Hilfe der semi-

blinden Kanalschatzung zu reduzieren.



Abstract

For the uplink of future mobile radio systems, Interleaved Frequency Division Multiple
Access (IFDMA) is a promising multiple access scheme as, in comparison to other mul-
tiple access schemes, IFDMA offers several advantageous properties that are of special
interest for uplink transmission. For example, due to the precoding of the data sym-
bols and the allocation of distributed subcarriers to a user under consideration, the
IFDMA transmission is most reliable as it provides high frequency diversity. Further,
the IFDMA transmit signal exhibits a low Peak-to-Average Power Ratio (PAPR) which
enables the utilization of cost-efficient amplifiers in the mobile terminals. A genera-
lization of the IFDMA scheme is the Block-Interleaved Frequency Division Multiple
Access (B-IFDMA) scheme, where the precoded data symbols are transmitted on dis-
tributed blocks of neighboring subcarriers. The B-IFDMA scheme maintains the ad-
vantages of IFDMA and, at the same time, exhibits less sensitivity against carrier
frequency offsets than IFDMA. One major demand in order to make use of the reliable
data transmission provided by IFDMA and B-IFDMA is the estimation of the mobile
radio channel with high accuracy and low pilot symbol overhead. Channel estima-
tion for the uplink transmission with IFDMA and B-IFDMA entails new challenges
as precoded data symbols are transmitted on distinct subcarriers that are distributed
over the whole available bandwidth. This thesis introduces new channel estimation
algorithms for IFDMA as well as B-IFDMA.

First, the channel is estimated for IFDMA with the help of pilot symbols that are
inserted into the data stream and evaluated at the receiver. Two different pilot insertion
methods and corresponding estimation algorithms are introduced under consideration
of maintaining the low PAPR of the IFDMA transmit signal and providing reliable
estimation performance while consuming a low pilot symbol overhead. It is revealed
that pilot assisted channel estimation for IFDMA exhibits good estimation performance
but suffers from a high pilot symbol overhead. The high pilot symbol overhead is due
to the transmission on distributed subcarriers in frequency domain which prevents the

application of interpolation filtering in most cases.

In order to avoid the high pilot symbol overhead for IFDMA channel estimation, in
this thesis, also semiblind channel estimation is presented for IFDMA. The semiblind
channel estimation exploits the information about the channel that is inherent to the
received data signal. Thus, the application of semiblind channel estimation allows to
reduce the pilot symbol overhead compared to pilot assisted channel estimation. For
the semiblind estimation of frequency domain channel variations, two algorithms are

introduced that take advantage of the cyclostationarity of the IFDMA signal. In order
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to additionally estimate the channel variations in time domain, these two algorithms
are combined with a so-called decision directed estimation approach which utilizes the
received data symbols as virtual pilot symbols. The analysis of the proposed semiblind
channel estimation algorithms confirms their benefit in terms of pilot symbol overhead
reduction compared to the introduced pilot assisted channel estimation approaches.
Furthermore, it is shown that the estimation performance of semiblind channel estima-
tion is comparable to the estimation performance of pilot assisted channel estimation

in case of a low noise power.

Finally, channel estimation for B-IFDMA is addressed. As B-IFDMA represents a ge-
neralization of IFDMA, the pilot assisted and semiblind channel estimation algorithms
derived for IFDMA are investigated with respect to their applicability to B-IFDMA.
It turns out that, due to the transmission on distributed blocks of subcarriers, B-
IFDMA opens up the possibility of interpolation in frequency domain and, thus, sup-
ports the derivation of new pilot insertion methods and estimation algorithms compared
to IFDMA. Further, it is revealed that semiblind channel estimation is also applicable
to B-IFDMA and entails a beneficial reduction of the pilot symbol overhead.
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Chapter 1

Introduction

1.1 IFDMA and Block-IFDMA

At present, research activities for the development of beyond third generation (B3G)
or fourth generation (4G) mobile radio systems are in progress worldwide. In a mo-
bile radio system, it is distinguished between uplink and downlink transmission. The
uplink represents the transmission from a mobile terminal to a base station within a
mobile radio cell, whereas the downlink represents the transmission from a base station
to the mobile terminal of a certain user. For the uplink of the future mobile radio sys-
tems, several multiple access schemes are under discussion as candidate transmission
schemes. One candidate is the well-known Orthogonal Frequency Division Multiple
Access (OFDMA) scheme, where the total available bandwidth is divided into mu-
tually orthogonal subcarriers [vNP00, SL05, HP03]. For each user in the system, the
data symbols are transmitted on a fraction of the total available bandwidth. More
precisely, this means that a certain number of subcarriers in frequency domain is al-
located to a specific user and one data symbol is transmitted on a single subcarrier.
The corresponding time unit for the transmission of data symbols on this user spe-
cific set of subcarriers is denoted as OFDMA symbol in the following. The distance
between neighboring subcarriers is small in comparison to the total bandwidth and
the frequency variations of the mobile radio channel are insignificant for each subcar-
rier [vNP00]. However, OFDMA suffers from high fluctuations of the signal envelope
which is unfavorable especially for uplink transmission as cost-intensive highly linear
power amplifiers are required for the mobile terminals [vNP00]. Other promising mul-
tiple access schemes result from the application of a Discrete Fourier Transform (DFT)
precoding to OFDMA. The application of DFT precoding leads to multiple access
schemes that combine most of the advantages of OFDMA with a low Peak-to-Average
Power Ratio (PAPR) of the transmit signal [FCS04, GRCT02,XZG03,MGO08]. Further-
more, due to the DFT precoding, the information about each data symbol is spread
over all allocated subcarriers, in contrast to OFDMA where each data symbol is trans-

mitted on one specific subcarrier. In the remainder of this thesis, the focus is on DFT
precoded OFDMA schemes.

For DFT precoded OFDMA, there exist different possibilities of how to allocate sub-
carriers to a specific user. An allocation of blocks of neighboring subcarriers to a user
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leads to a multiple access scheme that has been denoted as Localized Frequency Division
Multiple Access (LFDMA) or Single Carrier Frequency Division Multiple Access (SC-
FDMA) [3GP06, MGO08]. Throughout this thesis, the DFT precoded OFDMA with
blockwise allocation of subcarriers is denoted as LFDMA. Due to the blockwise struc-
ture, on the one hand, LFDMA provides good robustness to carrier frequency offsets as
well as high multi user diversity gains in case of adaptive resource allocation [LMGO06].
On the other hand, LFDMA shows low frequency diversity because the subcarriers
allocated to a specific user are restricted to a localized fraction of the available band-
width [SFKO06].

A promising alternative to the blockwise subcarrier allocation is the allocation of sub-
carriers that are equidistantly distributed over the total available bandwidth to a user
under consideration. Here, the subcarriers allocated to different users are combwise
interleaved to each other. This interleaved subcarrier structure leads to the Inter-
leaved Frequency Division Multiple Access (IFDMA) scheme which has been intro-
duced in [SDBS98| and has attracted great interest during the last years within the
research project named Wireless World Initiative New Radio (WINNER) of the Euro-
pean Union (EU) [WINd{f]. The IFDMA transmission scheme provides high frequency
diversity as the data symbols are spread over subcarriers that are distributed over the
total available bandwidth and, therefore, is well suitable for non-adaptive uplink trans-
mission [FKCS05a]. As IFDMA can be explained as DFT precoded OFDMA with an
equidistantly distributed subcarrier allocation, the signal generation can be described
by the allocation of the DFT precoded data symbols to the user specific set of subcar-
riers. In analogy to OFDMA, the corresponding time unit for the transmission of the
DFT precoded data symbols on the set of subcarriers is denoted as IFDMA symbol in
the following. An alternative explanation of signal generation for IFDMA can be given
in time domain. In time domain, the IFDMA signal can be described as a compres-
sion, repetition and subsequent user dependent phase rotation of blocks of modulated
data symbols [SDBS98|. This specific signal generation is very efficient in terms of
implementation issues and demonstrates the low PAPR of the IFDMA transmit sig-
nal enabling the application of low cost amplifiers [FKHO08|. Nevertheless, due to the
equidistant distribution of subcarriers, IFDMA is sensitive against carrier frequency
offsets [FKCS04].

A generalization of the equidistantly distributed subcarrier allocation has been pre-
sented in [WINdAf]. Here, blocks of subcarriers that are equidistantly distributed over
the available bandwidth are allocated to each user. In contrast to IFDMA, where a
block is built by a single subcarrier, for the subcarrier allocation presented in [WINdf],

each block consists of a certain number larger than one of neighboring subcarriers. This
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subcarrier allocation in connection with a DFT precoding leads to the so-called Block-
Interleaved Frequency Division Multiple Access (B-IFDMA) scheme. B-IFDMA can be
seen as a generalization of IFDMA which maintains the advantage of high frequency di-
versity as the blocks of subcarriers are distributed over the bandwidth and, at the same
time, provides more robustness to carrier frequency offsets than IFDMA [SFET(09].

1.2 Channel Estimation

In this section, the principle of channel estimation in a mobile communication system is
explained in general and is further related to the application to IFDMA and B-IFDMA.
In a mobile communication system, a signal is transmitted over the mobile radio chan-
nel to the receiver. The signal that is transmitted by a user suffers from reflection,
diffraction and scattering caused by obstacles in the propagation environment. Due
to reflection, diffraction and scattering, the signal reaches the receiver over different
propagation paths. This physical effect is called multipath propagation and produces
constructive and destructive superpositions of attenuated, delayed and phase-shifted
versions of the originally transmitted signal at the receiver. The time spread of an im-
pulse due to multipath propagation is denoted as the delay spread of the mobile radio
channel. In frequency domain, the effect of multipath propagation can be described by
a frequency selective channel transfer function. This frequency selectivity is dependent
on the number of received delayed versions of the transmitted signal. The higher the
number of delayed paths at the receiver, i.e. the larger the delay spread, the higher
the frequency selectivity of the channel. Additionally, the propagation conditions for
the transmission of a signal are changing with time as the transmitter or the receiver
are moving. Thus, the mobile radio channel is frequency selective as well as varying
with time. Two important measures for the description of the rate of channel varia-
tions in frequency and time domain are the coherence bandwidth and the coherence
time. These measures give the range in frequency and time domain where the channel

characteristics are assumed to be approximately constant.

In order to identify the originally transmitted data symbols at the receiver, the influence
the signal has suffered during the transmission needs to be reversed. Reversing the
channel influence entails that knowledge about the mobile radio channel is required
at the receiver. As this knowledge about the channel is not inherent in the receiver,
an estimate for the frequency selective channel characteristic is desired. Due to the
time variability of the channel characteristics, the estimation procedure needs to be
repeated at least once per coherence time in order to avoid outdated channel estimates.

The procedure of evaluating the frequency selective and time variant channel is called
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channel estimation. The estimate of the channel is then utilized to reverse the channel
influence on the received signal which is commonly denoted as equalization. After
equalization, an estimate of the data symbols can be obtained. In case of downlink
transmission, the mobile terminal of a certain user receives a superposed version of the
signals transmitted by the base station to all users in the system. In this case, all user
signals experience identical channel conditions and the receiving mobile terminal can
exploit the signals of all users to estimate the channel. In case of uplink transmission,
the base station receives the signals of different users where each signal is affected by
different channel conditions. Therefore, for channel estimation, only the signal of a
certain user can be exploited to estimate the corresponding user-specific channel. In
the following, this case of uplink channel estimation is considered.

A prominent technique for channel estimation is denoted as pilot assisted channel esti-
mation. In Figure 1.1, the principle of pilot assisted channel estimation and its relation
to data estimation are illustrated in a block diagram. Pilot assisted channel estima-
tion is based on the transmission of symbols that are known at the receiver, so-called
pilot symbols. The pilot symbols are inserted into the data stream and transmitted
over the mobile radio channel. At the receiver, the pilot symbols are analyzed in or-
der to obtain a channel estimate which is utilized for equalization. Finally, the data
symbols are estimated at the receiver. As already mentioned, the characteristic of a
mobile radio channel is varying with time and frequency. In order to obtain estimates
which provide information about the time and frequency domain channel variations,
the pilot symbols need to be transmitted periodically in time domain and spread over
the whole bandwidth which is provided for data transmission. For an OFDMA based
transmission scheme, this means that pilot symbols are transmitted within distinct
distributed OFDMA symbols in time domain and on distinct subcarriers in frequency
domain [vNP00,SL05]. The channel characteristics for the remaining OFDMA symbols
and subcarriers can be obtained via the application of interpolation techniques in fre-
quency and time domain [vNP00,SLO05]. The application of interpolation in frequency
and time domain implies that the distance between neighboring pilot symbols fulfills
the sampling theorem in frequency and time domain. This means that the distance
between neighboring pilot symbols has to be chosen according to the coherence band-
width and coherence time in order to be able to follow the channel variations in both
domains with the help of interpolation. However, the transmission of pilot symbols
reduces the effective data rate of each user as the subcarrier used for pilot transmission
in a certain OFDMA symbol cannot be utilized for data transmission. Thus, the num-
ber of pilot symbols required for channel estimation shall be kept as low as possible.
The application of pilot assisted channel estimation to IFDMA entails the insertion

of pilot symbols into the IFDMA transmit signal. Nevertheless, the beneficially low
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Figure 1.1. Block diagram of the pilot assisted channel estimation principle

PAPR of the IFDMA transmit signal without pilot symbols shall be maintained af-
ter pilot insertion. Furthermore, it has to be considered that for IFDMA, the data
symbols are transmitted on a certain number of subcarriers which are equidistantly
distributed over the available bandwidth. In general, interpolation in frequency do-
main between the distributed subcarriers allocated to a specific user is not feasible due
to the large distance between adjacent subcarriers. Therefore, it appears that each of
the subcarriers allocated to a user within certain IFDMA symbols has to be utilized
for pilot transmission and is not available for the transmission of data symbols. The
missing possibility of interpolation in frequency domain leads to an increased pilot
symbol overhead concerning channel estimation for IFDMA in comparison to channel
estimation for multiple access schemes allocating neighboring subcarriers to the users.
An alternative approach to pilot assisted channel estimation is the so-called semiblind
channel estimation. Here, the information about the channel which is inherent to the
received data symbols is exploited and is combined with the information about the
channel gained by the transmission of pilot symbols. As additional knowledge about
the channel is gained from the received data symbols, the number of pilot symbols

required can be reduced in comparison to pilot assisted channel estimation.

For B-IFDMA, equidistantly distributed blocks of subcarriers are allocated to a certain
user. B-IFDMA enables the application of pilot assisted channel estimation with inter-
polation in frequency domain as, in contrast to IFDMA, interpolation can be applied

within each block of neighboring subcarriers in frequency domain.

1.3 State of the Art

This section presents a review of the state of the art in terms of channel estimation
algorithms particularly with regard to the application to IFDMA and B-IFDMA.

The pilot assisted channel estimation is a widely-used means for channel estimation

in mobile communication systems utilizing OFDMA as transmission scheme and has
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been considered frequently in literature. In case of pilot assisted channel estimation
for the uplink of a mobile communication system, the techniques introduced for Or-
thogonal Frequency Division Multiplexing (OFDM), where all available subcarriers in
the system are allocated to a single user, are directly applicable to OFDMA which
represents the multiple access variant of OFDM. In the following, the most impor-
tant literatures dealing with pilot assisted channel estimation techniques for OFDM
and, thus, OFDMA which are of importance in terms of pilot assisted channel esti-
mation for IFDMA and B-IFDMA are stated. In [vNP00,SE96, vdBES™ 95, HKRI7b],
pilot assisted channel estimation is presented for OFDM. The pilot symbols are in-
serted regularly on distinct subcarriers in frequency domain and within distinct OFDM
symbols in time domain. Based on the pilot symbols, the channel is estimated by a
two-dimensional interpolation. This two-dimensional interpolation means that a filter
is applied jointly in frequency and time domain in order to estimate the channel varia-
tions in both domains. In [HKR97b], a Wiener filter is applied for the two-dimensional
interpolation procedure. Based on this, [HKR97a| presents a less complex variant of
interpolation in frequency and time domain for OFDM channel estimation. This two
times one-dimensional Wiener filtering procedure in [HKR97a] approves that the sepa-
ration of the filtering in frequency and time domain is an efficient compromise in terms
of complexity and performance. The application of pilot assisted channel estimation
with two times one-dimensional Wiener filtering to OFDM has been further considered
in [San03, SLO5]. In [TM97], the two times one-dimensional filtering is compared for
different patterns of pilot allocation in frequency and time domain.

Pilot assisted channel estimation has also been considered for the application in a
system using LFDMA as multiple access scheme where advantage can be taken of the
allocation of neighboring subcarriers to the users. In [LEFDLDO06], pilot symbols are
inserted at distinct points in time using IFDMA modulated pilot sequences. By doing
so, the pilot symbols are inserted in frequency domain with equidistant spacing. The
channel can be estimated by interpolation among the channel estimates at the pilot
frequencies. In [LIC], the channel is estimated over the whole bandwidth for each user
in the system. This means, pilot symbols are multiplexed over the whole bandwidth and
not only within the block of subcarriers that are allocated to a certain user. In order
to maintain the orthogonality in-between the pilot sequences of different users, a code
division multiplexing approach is applied. [DLF08] presents a more bandwidth efficient
pilot insertion technique. Here, the pilot symbols are superimposed to data symbols.
By doing so, the resources used for pilot transmission are also accessible for data
transmission. However, the pilot and data symbols produce mutual interferences which

are reduced by an iterative receiver with joint equalization and channel estimation.

For IFDMA, new aspects arise for the insertion of pilot symbols and the channel
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estimation process due to the particular structure of the IFDMA transmit signal in
time domain. The insertion of pilot symbols shall meet the requirement of maintaining
the low PAPR of the IFDMA transmit signal. The consideration of a low PAPR
of the transmit signal while multiplexing pilot symbols in frequency domain to an
OFDM signal has been addressed in [GEPB06]. In [LFDLO7b], this approach has been
considered for the application to the general case of single-carrier transmission. In
both works, the PAPR of the transmit signal with pilot symbols is reduced by the
application of a selection algorithm which searches for a pilot sequence producing a
low PAPR of the transmit signal. For IFDMA, pilot assisted channel estimation has
been considered in [DMO09], where a regular pilot allocation in frequency and time
domain has been proposed for DFT precoded OFDMA schemes, e.g. for IFDMA and
B-IFDMA. For B-IFDMA, one pilot symbol is placed within each block of neighboring
subcarriers in frequency domain. This pilot symbol per block is located near the
center of each block. The channel is estimated by the application of two times one-
dimensional Wiener interpolation filtering. For IFDMA, a set of distributed subcarriers
in frequency domain is allocated to each user and, thus, the application of interpolation
is not always feasible. Nevertheless, the channel estimation algorithm shall consume a
low pilot symbol overhead and the pilot insertion shall have marginal influence on the
PAPR of the transmit signal.

In order to reduce the pilot symbol overhead in frequency domain, the estimation
of frequency domain channel variations with the help of semiblind channel estima-
tion is an appropriate approach. In general, semiblind channel estimation is a com-
bination of pilot assisted channel estimation and a blind channel estimation tech-
nique. A prominent class of blind channel estimation algorithms is based on sec-
ond order statistics and exploits the redundancy existent in the received signal. In
[TXK94, SGI8, CSLG00, TG97, MDCM95, GNOT], second order statistics based blind
channel estimation has been presented for general single-carrier systems where the re-
dundancy in the received signal is introduced according to different strategies. These
strategies can be roughly divided into two groups, where the first group of strategies
introduces redundancy via signal processing at the receiver and the second group via
signal processing at the transmitter. In [TXK94], a cyclostationary signal with inherent
redundancy is obtained by an oversampling at the receiver. In [MDCM?95], the redun-
dancy is again introduced at the receiver by either an oversampling of the signal at a
single receiver or considering the same signal at multiple receivers. The introduction of
redundancy at the transmitter is proposed in [TG97,GNO07]. Here, a specific precoding
is applied to the transmit signal. Another approach for transmitter induced redundancy
is presented in [SG98,CSLGO00], where a new modulation scheme introduces a cyclosta-

tionarity into the transmit signal. The principle of second order statistics based blind
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channel estimation has been further extended to the application in an OFDM system
in [HG99, MdCDO02, LP05]. For the application of second order statistics based blind
channel estimation to OFDM, it has been proposed, e.g. in [HG99,MdCDO02], to exploit
the redundancy which is inherent due to the transmission of a cyclic prefix. In [LP05],
additional linear precoding is applied to the OFDM signal at the transmitter in order
to estimate the channel based on second order statistics. The second order statistics
based semiblind channel estimation, i.e., the combination of pilot assisted and second
order statistics based blind channel estimation, has been presented in [MdCD02, Md-
CDB99, MdC99, SV07a] for the application to OFDM. Most of the aforementioned
works on second order statistics assume that the channel is approximately time invari-
ant. Therefore, by applying these algorithms, only the channel variations in frequency
domain can be estimated for the case that the channel variations in time domain are
small. For second order statistics based blind channel estimation, time varying channel
conditions are considered by the introduction of a forgetting factor or a sliding window
for the evaluation of the received signal in [TG97,SV07b]. The second order statistics
based semiblind channel estimation for OFDM is accommodated to time varying chan-
nel conditions in [MdCDO02] by the introduction of a sliding window for the evaluation
of the received signal. In [HWGO04], the channel variations in time domain are tracked
by the application of a Kalman filter. The parameters of the state equation which is
used in the Kalman filter are estimated with the help of second order statistics.

Considering IFDMA | it is beneficial to overcome the high pilot symbol overhead in
frequency domain which is caused by the distributed subcarriers. The IFDMA signal
generation in time domain introduced in [SDBS98] shows that the IFDMA signal con-
tains redundancy due to the signal generation based on compression and repetition
of the blocks of data symbols. Thus, second order statistics algorithms are well suit-
able for the application to IFDMA as advantage can be taken of the cyclostationary
structure of the received IFDMA signal without any additional introduction of redun-
dancy at the transmitter or the receiver. The application of second order statistics
based semiblind channel estimation algorithms to IFDMA for the estimation of fre-
quency domain channel variations has not been addressed in previous works so far.
Furthermore, the aforementioned works did not consider the case where the available

bandwidth is shared by multiple users in the system.

In order to reduce the pilot symbol overhead in time domain, an iterative estimation of
the channel variations in time domain is appropriate. This principle is known as deci-
sion directed channel estimation and utilizes an initializing channel estimate to obtain
estimates of the data symbols in the succeeding points in time. Based on the estimated
data symbols, which are sometimes denoted as virtual pilot symbols in the context of

decision directed channel estimation, an updated channel estimate for the succeeding
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points in time can be obtained. The decision directed channel estimation has been
presented in various works, e.g., in [FS99] for the application to single-carrier systems
and multicarrier systems like OFDM. The drawback of the iterative procedure for the
estimation of channel variations in time domain is comprised in its sensitivity to error
propagation and noise amplification with increasing time duration. Therefore, several
strategies for the mitigation of error propagation have been presented. [MMF98] intro-
duces Wiener filtering and Kalman filtering for estimation refinement. In [LFDLO07al,
a decision directed channel estimation procedure combating the noise amplification is
presented for single-carrier systems. The initialization channel estimate is obtained
by pilot assisted channel estimation and the application of two times one-dimensional
Wiener interpolation filters. Based on this, the decision directed estimates are calcu-
lated. Then, strongly noise affected channel estimates are replaced by initializing esti-
mates and a final Wiener filter is applied after decision directed estimation to improve
the estimation performance. [RGR*03] presents a decision directed channel estimation
for OFDM where a weighting factor is introduced representing the quality of the ac-
tual decision directed estimate. In order to combat error propagation, this weighting
factor is used to calculate a weighted summation of the actual and a certain number of
previous decision directed estimates. By doing so, an improved version of the decision
directed channel estimate is obtained. In [BRNOS|, pilot assisted channel estimation
is applied to OFDM for the estimation of channel variations in frequency and time
domain. The decision directed channel estimation is applied in order to improve the
pilot assisted channel estimation. For DET precoded OFDM, [LFDLO08] introduces two
different pilot assisted channel estimation techniques for the initialization of decision
directed channel estimation. The first one uses pilot symbols that are superimposed
to data symbols on each subcarrier. The second one uses distinct subcarriers for pilot
transmission. The pilot symbols are modulated according to the IFDMA scheme in
order to obtain equidistantly spaced pilot subcarriers in frequency domain. Decision
directed channel estimation with superimposed pilot and data symbols for the initializ-
ing estimate is also considered in [HFBCO1] for the application to OFDM. In [GGO0S],
decision directed channel estimation is introduced for IFDMA with two antennas and
maximum ratio combining at the receiver. For the initialization of the decision directed
channel estimation, again pilot assisted channel estimation is applied. [LTANOS] eval-
uates the performance of decision directed channel estimation for IFDMA for the case
that an initializing channel estimate is available not only for the subcarrier allocated
to the user under consideration but for all subcarriers in the system. A noise reduction
of the decision directed channel estimates is obtained by the application of windowing
in time domain. In [DMOO09], decision directed channel estimation has also been pro-
posed for the application to IFDMA and B-IFDMA. Here, the information about the
reliability of the data symbol hypotheses at the output of the decoder is utilized in the
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decision directed channel estimation. The consideration of the so-called soft-info of the

data symbols helps to improve the channel estimation performance.

In [DeB04], a different approach for IFDMA channel estimation with reduced number
of pilot symbols in time domain has been introduced. Here, the channel is estimated
with the help of pilot assisted channel estimation for a certain IFDMA symbol. Then,
the pilot sequence is extended in time domain by hypotheses for all possible trans-
mit symbols which are used as a virtual pilot sequence in order to track the channel
variations in time domain. This algorithm implies that a trellis with all data symbol
hypotheses has to be evaluated with the help of a metric representing the probability
for a correct path decision. In order to reduce the complexity of this trellis based

channel estimation algorithm, a reduced state metric has been proposed additionally.

Each of the aforementioned algorithms for the estimation of the channel variations in
time domain with a reduced number of pilot symbols is based on the assumption that
an initializing channel estimate can be obtained by pilot assisted channel estimation.
In this initializing estimate, the frequency domain channel variations are estimated and
are used for the iterative procedure in order to follow the channel variations in time
domain. To the best of the authors knowledge, the case where the number of pilot
symbols is insufficient to obtain a pilot assisted initializing channel estimate has not

been addressed so far.

1.4 Open Issues

In this section, the open issues for channel estimation in IFDMA and B-IFDMA arising
from the review of the state-of-the-art channel estimation techniques in Section 1.3 are

summarized:

1. How can pilot symbols for channel estimation be inserted in the IFDMA transmit
signal while supporting the transmission of variable data rates, having small
influence on the PAPR of the IFDMA transmit signal and consuming low pilot
symbol overhead? How can the channel variations in frequency and time domain
be estimated under consideration of the pilot insertion methods satisfying the

aforementioned question?

2. How can the cyclostationarity of the IFDMA signal be exploited in order to reduce
the pilot symbol overhead for the estimation of channel variations in frequency
