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(57) Abstract: A Channel estimator for estimating a channel transfer function of a communication channel from a receive signal
& including a pilot sequence being transmittable from a transmitting point to a receiving point through the communication channel,
& wherein the pilot sequence is designed such that a spectral representation of the pilot sequence occupies a band-pass spectral re-
gion having a predetermined center frequency comprises a band-pass filter having the predetermined center frequency for filtering a
spectral representation of the receive signal to obtain a filtered transformed signal, wherein the filtered transformed signal comprises
an estimate of the channel transfer function. Therefore, an efficient channel estimation scheme for multiple input multiple output

systems is provided.
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Channel Estimator and Method for estimating a Channel
Transfer Function and Apparatus and Method for providing
Pilot Sequences

Description

The present invention is in the field of telecommunications
and, in particular, in the field of channel estimation in a
multiple input scenario, in which a receiver receives sig-

nals from more than one transmit antenna.

The steadily-increasing demand for high data rates neces-
sary for today’s and future mobile radio applications re-
quires high data rate transmission techniques efficiently
exploiting the available bandwidth or, in other words, the
achievable channel capacity. Therefore, multiple input mul-
tiple output (MIMO) transmission systems have achieved con-
siderable importance in recent years. MIMO systems employ a
plurality of transmitting points, each of the transmitting
points having a transmit antenna, and a plurality of re-
ceiving points, each of the receiving points having a re-
ceiving antenna, to receive signals being transmitted by
the multiple transmitting points through different communi-
cation channels. An important subset of MIMO systems are
multiple input single output (MISO) systems, employing a
plurality of transmitting points and a single receiving
point receiving signals being transmitted by the multiple
transmitting points through different communication chan-
nels extending from a respective transmitting point to the

(common) receiving point.

MIMO systems, i.e. systems employing several transmit and
receive antennas, may be used to improve capacity of mobile
communication systems. Among a plurality of MIMO transmis-—
sion techniques, cyclic delay diversity technique (CDD) is
a promising candidate for the future communication systems.
CDD is a transmit antenna diversity scheme where multiple

transmit antennas transmit delayed versions of the same
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signal, as is described in A. Dammann and S. Kaiser, “Stan-
dard Comformable Antenna Diversity Techniques for OFDM and
its Application to the DVB-T System”, in Proc. IEEE Global
Telecommunication Conference (GLOBECOM 2001), San Antonio,
USA, pp. 3100-3105, Nov. 2001. More specifically, CDD tech-
nique transforms a MIMO channel into an equivalent single
input multiple output (SIMO) channel with increased fre-
quency selectivity, i.e. the spatial diversity is trans-
formed into frequency diversity, wherein each version of
the origin signal is delayed by an antenna specific delay

which a design parameter.

Cyclic delay diversity technique is preferably used in mul-
ticarrier transmission scenarios, like for example OFDM
{orthogonal frequency division multiplexing), since, if a
cyclic delay is inserted, inter-symbol interference (ISI)
can be avoided, so that, for example, an orthogonality of
the OFDM scheme is maintained. Since an outer channel de-
coder, for example a trellis decoder, can exploit the di-
versity of the frequency selective channel, CDD can be con-

sidered as being an additional source of diversity.

Multi-carrier modulation, in particular orthogonal fre-
quency division multiplexing (OFDM), has been successfully
applied to a wide variety of digital communication éystems.
OFDM was first introduced in the 1960s. Efficiently, OFDM
modulation techniques can be utilized using the discrete
Fourier transform (DFT). By inserting a cyclic prefix into
the guard interval (GI) longer than the maximum delay of
the communication channel, inter-symbol interference (ISI)
can be eliminated completely and the orthogonality of the
received signal is preserved. Since future mobile communi-
cation systems should support data rates several times
higher than current systems, multi-carrier systems with
proper coding and interleaving offer both, efficient imple-
mentation through the application of the fast Fourier
transform (FFT) providing a spectral representation of the
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received signal, and sufficient robustness to radio channel

impairments.

In another OFDM-based approach, termed multi-carrier CDMA
(MC-CDMA, multi-carrier code division multiplexing), where
spreading in frequency and/or time direction is introduced
in addition to the OFDM modulation. MC-CDMA has been deemed
a promising candidate for the downlink of 4G systems as 1is
described in S. Abeta, H. Atarashi, and M. Sawahashi, “Per-
formance of Coherent Multi-Carrier/DS-CDMA and MC-CDMA for
Broadband Packet Wireless Access,” IEICE Transactions on
Communications, vol. E84-B, pp. 406-414, Mar.
2001.Moreover, in H. Atarashi and M. Sawahashi, “Variable
Spreading Factor Orthogonal Fregquency and Code Division
Multiplexing (VSF-OFCDM),” in 3*® International Workshop on
Multi-Carrier Spread, Spectrum, & Related Topics (MC-SS
2001), Oberpfaffenhofen, Germany, Sep. 2001, a MC-CDMA sys-
tem using a variable spreading factor, namely variable
spreading factor of orthogonal frequency and code division
multiple access (VSF-OFCDM) for the downlink of a 4G air

interface is described.

Systems employing multiple transmit and receive antennas
(MIMO) can be used with OFDM in order to improve the commu-
nication capacity and quality of mobile radio systems. For
OFDM systems with multiple transmit antennas, such as
space-time codes as described in A. Naguib, N. Seshadri,
and A. Calderbank, “Space Time Coding and Signal Processing
for High Data Rate Wireless Communication,” IEEE Signal
Processing Magazine, pp. 76-92, May 2000 or spatial multi-
plexing, different signals are transmitted form different
transmit antennas simultaneously. In A. Wittneben, “A New
Bandwidth Efficient Transmit Antenna Modulation Diversity
Scheme for Linear Digital Modulation,” in Proc. IEEE Int.
Conference on Communications (ICC’ 93), Geneva Switzerland,
pp. 1630-1634, May 1993, a low complexity transmit delay
diversity scheme is described, where different antennas
transmit delayed versions of the data stream. This means
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that artificial inter-symbol interference (IST) is created.
If an equalizer is employed at the receiver for equalizing,
which is often required for mobile communication systems,
diversity can be exploited, if the signals from different
transmit antennas comprised by different transmitting

points are uncorrelated.

The original transmit diversity scheme as it is described
in the above-mentioned document can be applied to OFDYM,
termed cyclic delay diversity (CDD). By exploiting the
property that a DET (discrete Fourier transform) translates
cyclic shifts to phase shifts, cyclic delay diversity can
be provided without introducing IST. This provides a trans-
mitter structure having low complexity, while a conven-
tional OFDM receiver is retained. This implies that CDD can
be incorporated in existing standards, such as the wireless
LAN (local area network) standard, 802.11la and HIPERLAN/2
standard or the digital broadcasting standard DVB-T without
changing the standards specifications. Unfortunately, as
CcDD makes the channel more frequency selective, a standard
channel estimator may experience a large estimation error
partly compensating the achieved diversity gain. Especially
for large cyclic delays, which appear to achieve favourable
performance for CDD-OFDM with perfect channel knowledge,
the frequency selectivity of the observed channel is very

severe.

One of the main advantages of CDD-OFDM is’ that receiver re-

mains unaffected, i.e. the same receiver structure, for ex-

ample a single antenna OFDM system, can be used.

However, the use of CDD which is a coherent transmission
technique in wireless systems requires tracking of the mo-
bile radio channel which is known as a channel estimation.
For example, transmitting an OFDM signal over a multipath
fading channel, the received signal will have unknown am-

plitude and phase variations. For coherent transmission,
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these amplitude and phase variations should be estimated by

applying channel estimation techniques.

The more frequency selective a channel is, the better a
coded OFDM system will perform. As has been mentioned
above, CDD transforms a multiple input channel into an
equivalent single input (single antenna) channel with in-
creased frequency selectivity. For example OFDM with CDD it
was found by G. Bauch and J. S. Malik, “Parameter Optimiza-
tion, Interleaving and Multiple Access in OFDM with Cyclic
Delay Diversity,” to be published in Vehicular Technology
Conference (VTC-spring 2004), Milan, Italy, Apr. 2004, that
the cyclic delay should be as large as possible. However,
transmitting over frequency selective communication channel
requires efficient channel estimation techniques providing
precise channel estimates describing the frequency selec-
tive behaviour of the communication channel. The frequency
behaviour of the communication channel is usually described
by its channel transfer function, which is a spectral rep-

resentation of a channel impulse response.

Usually, channel estimation is performed on a basis of pi-
lot sequences (pilot symbols) being transmitted from a
transmitter to a receiver, so that a communication channel
or a plurality of communication channels can be estimated
by exploiting the (known) pilot sequences and received ver-
sions thereof. At the receiver, the (known) pilot symbols
and received versions thereof are evaluated in order to ob-
tain an estimate of e.g. a channel transfer function, which
is important for OFDM systems. For pilot symbol aided chan-
nel estimation (PACE), the OFDM-based systems, including
MC-CDMA, can employ exactly the same algorithms to estimate
the channel impulse response. Thus, for the sake of the de-
scriptional simplicity, in the following reference is made
to OFDM systems by the way of example only. An extension to
other OFDM-based systems is straightforward.
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M. Speth discloses in LMMSE channel estimation for MIMO
OFDM, OFDM workshop, Hamburg, 2003, a LMMSE channel estima-
tion scheme for MIMO OFDM. The MIMO OFDM system comprises Q
transmitting and P receiving antennas, wherein the trans-
mitting antennas transmit different training symbols which
are orthogonal to each other. In order to estimate the
channel coefficients, a linear estimator filter is used,
wherein the linear estimator filter is obtained by solving

a Wiener-Hopf equation.

However, the channel estimation becomes more difficult with
increasing frequency selectivity of a communication channel
to be estimated since the channel transfer function has to
be sampled at many frequency points. Since CDD-OFDM makes
the channel become more fregquency selective, the achievable
performance gain will be limited due to poor channel esti-

mation associated with poor channel estimates.

Since the CDD transmission technique is a new research
field, the channel estimation problem especially for CDD

transmission systems has not been solved yet.

The prior art approaches referring to channel estimation
for CDD assume either that the channel is perfectly known,
which implies a perfect knowledge of the coefficients of
the channel input response, or channel estimation 1s per-
formed using conventional single input single output (SISO)
channel estimators, i.e. estimators which are used in a
single antenna system. However, this channel estimation ap-—
proach provides satisfactory results only for small cyclic
delays. As is derived in G. Bauch and J. S. Malik, “Parame-
ter Optimization, Interleaving and Multiple Access in OFDM
with Cyclic Delay Diversity,” to be published in Vehicular
Technology Conference (VIC-spring 2004), Milan, Italy, Apr.
2004, the cyclic delay should be as large as possible in
order to fully exploit the channel frequency selectivity
provided by the CDD.
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In the following, the CDD-QFDM approach will be described n
detail.

Fig. 10 shows a block diagram of an OFDM modulator (left
hand side) and an OFDM demodulator (right hand side), re-

spectively.

The OFDM modulator comprises a serial to parallel converter
1101 (S/P) having N, outputs coupled to a IFFT-transformer
1103 (IFFT = inverse fast Fourier transform). The IFFT-
transformer 1103 has Nppr outputs coupled to a guard inter-
val insertion block 1105 (GI = guard interval). The guard
interval insertion block 1105 has a plurality of outputs
coupled to a parallel to serial converter 1107 (P/S) having

an output for providing a transmit signal.

The OFDM demodulator shown on the right hand side of Fig.
10 has a structure which is inverse to that of the OFDM
modulator. In particular, the OFDM demodulator comprises a
serial to parallel converter 1109 having an input and a
plurality of outputs coupled to a guard interval removal
block 1111. The guard interval removal block 1111 has a
plurality of outputs coupled to a FET-transformer 1113 hav-
ing Ngpr inputs and a plurality of outputs, wherein N out-
puts of the FFT transformer 1113 are coupled to a P/S-
converter 1115 having an output for providing a received

signal.

For the considered OFDM-based MIMO system, one OFDM modula-
tor is employed for each transmit antenna, while OFDM de-
modulation is performed independently for each receive an-
tenna. For OFDM, the signal stream is divided into N par-
allel substreams, typically for any multi-carrier modula-
tion scheme. The i*® substream, commonly termed sub-
carrier, of the 1™ symbol block, named OFDM symbol, is de-
noted by Xi,i. An inverse DFT with Nppr points is performed
on each block, and subsequently the guard interval having

Ngr samples is inserted to obtain Xxi,n. After digital to
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analog conversion (D/A), the signal =x(t) is transmitted
over a mobile radio channel having an impulse response
h(t,1).

Fig. 11 shows a block diagram of a multiple input single
output (MISO) OFDM system for channel estimation.

The transmitter shown on the left hand side of Fig. 11 com-
prises a block 1201 for generating two-dimensional (2D) pi-
lot sequences for estimating the communication channels in
frequency and in time direction. Additionally, the trans-
mitter comprises a plurality of multiplexers 1203 for in-
serting the pilot sequences into data streams to be trans-
mitted and a plurality of OFDM modulators 1205 for modulat-
ing the resulting signals, wherein each of the OFDM modula-
tors is coupled to a respective transmit antenna 1207 for
transmitting the modulated signals through a plurality of
communication channels to a receiver shown on the right
hand side of Fig. 11.

The receiver comprises a receive antenna 1209 coupled to an
OFDM demodulator 1211. An output of the OFDM demodulator
1211 is coupled to a demultiplexer 1213 (DMUX) for demulti-
plexing the received versions of the pilot seqguences. The
demultiplexer 1213 is coupled to a channel estimator 1215
for channel estimation and to a detection block 1217, for

example an equalizer, for providing a received data stream.

In the context of channel estimation for systems employing
several transmit antennas, reference is usually made to
multiple input single output systems, i.e. systems employ-
ing one receive antenna. As far as channel estimation 1is
concerned, an extension to MIMO systems is straight forward
since channel estimation is performed at each receive an-
tenna branch independently. For this reason, in the follow-

ing MISO systems will be considered.
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Generally, each transmit antenna transmits an independent
data stream propagating through a communication channel,
which is denoted by x"“(t) and W“t, 7), wherein p denotes a
transmit antenna index. At the receiver, these signals are

superimposed.

Assuming perfect synchronization, a received signal of an
equivalent  bass band system at sampling instants
t = [n+ €N, )T, is in the form

A &
Veo=y([n+ LN IT) = Z J:, Wt 7) - xME ~ 7T + nft) |t=[n+€N I,
'a=1 symi“spl

where Nr denotes a total number of transmit antennas, xM(t)
denotes a transmitted signal of transmit antenna p after
OFDM modulation, n(t) represents additive Gaussian noise,
and N, = Ny, + Ng; accounts for the number of samples per
OFDM symbol. At the receiver, guard interval is removed and
the information is recovered by performing a DET on the re-
ceived block of signal samples to obtain an input of the
OFDM demodulation Y,;. The received signal after OFDM de-

modulation is given by
NT
- (s
Ye,i = ZXe,iHe,i + Ny ;
n=1

where X/) and H{} denote the transmitted information symbol
and the channel transfer function (CTF) of transmit antenna
n at sub-carrier i of the 1% OFDM symbol, respectively.
The term Ni,; accounts for additive white Gaussian noise
(AWGN) with zero mean and variance Ng. It is assumed in the
following, that the transmitted signals consist of L OFDM
symbols, each having Nc sub—-carriers.
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Fig. 12 shows a block diagram of a transmitter of a OFDM
based system utilizing cyclic delay diversity (CDD).

The transmitter comprises a block 1301 for generating pilot
sequences which are provided to a multiplexer 1303 for mul-
tiplexing same into a data stream provided via a further
input of the multiplexer 1303. The multiplexer 1303 has a
number of outputs coupled to a IFFT transformer 1305 (IFFT
= inverse fast Fourier transform) having a plurality of
outputs coupled to a parallel-to-serial converter 1037
(P/S). A signal provided by the P/S converter 1037 is then
divided into Ny identical copies, wherein Ny denotes a num-
ber of transmitting points. A first copy provided via a
signal path 1309 is provided to a guard insertion block
1311. After guard interval insertion, a resulting signal is

transmitted via a first antenna 1313.

A second copy provided via a second signal path 1315 is
provided to a cyclic delay element 1317. After guard inter-
val insertion, a resulting signal is transmitted via a sec-
ond transmit antenna 1319. Accordingly, a N¢*® signal copy
is provided via a N¢™ signal path 1321 to a cyclic delay
element 1323. After guard interval insertion, a resulting

signal 1s transmitted via a N{m antenna 1325.

A major difference to a standard OFDM system are the delay
elements (delay units) in the transmitter inducing antenna
specific delays of 6. samples before guard interval in-
sertion and further transmitter front end processing. Since
a signal processing usually performed digitally, the delay

elements may be formed to perform cyclic shifts.

Fig. 13 shows a block diagram of a corresponding receiver
of a OFDM based transmission system. The receiver comprises
a receive antenna 1401 coupled to a guard interval removal
block 1403. After removing the guard interval, a resulting
signal 1is provided to a serial to parallel converter 1405

TCL 1011
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(S/P) having a number of outputs coupled to a FFT trans-
former 1407. The FFT transformer 1407 has a plurality of
outputs coupled to a de-multiplexer 1409 (DMUX) being op-
erative for de-multiplexing the received versions of the
pilot sequences for channel estimation purposes. The de-
multiplexer 1401 is coupled to a channel estimator 1411 and
to a detector 1413. The detector 1413 is for example opera-
tive for equalizing a received signal using channel esti-

mates providers by the channel estimator 1411.

Since the receiver observes an equivalent single antenna
channel, the receiver front end is unaffected whether CDD

is used or not.

However, the CDD transmission technique makes the channel
more fregquency selective since cyclic delays in time domain
(after the IFFT at the transmitter) are transformed to
phase shifts at the receiver in the frequency domain (after
the FFT at the receiver). Therefore, a reliable channel es-
timation is only possible, when using a standard OFDM re-
ceiver, when all sub-carriers are pilot symbols. This ap-
proach suffers, however, from the problem, that in this
case no information transmission is possible during trans-
mission of pilot sequences. In other words, the channel es-
timation can only be performed at certain time instants, so
that a continuous tracking of channel variations cannot be
performed. This issue will be addressed later in detail.

As has been mentioned above, the effective CTF comprises a
superposition of a plurality of distinct CTFs associated
with the distinct communication channels. However, the dis-
tinct CTFs are not superimposed in a straightforward way
since each cyclic delay associated with a respective CTF
introduces an additional channel characteristic associated
with a delay factor introduéing additional phase shifts.
Therefore, a standard channel estimation unit of a conven-
tional OFDM receiver would fail, when applied to channel
estimation within a CDD transmission scenario. Although in
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A. Dammann and S. Kaiser, “Standard Conformable Antenna Di-
versity Techniques for OFDM and its Application to the DVB-
T System”, in Proc. IEEE Global Telecommunications Confer-
ence (GLOBECOM 2001), San Antonio, USA, pp. 3100-3105, Nov.
2001. it was stated that CDD is fully standard conformable
to conventional OFDM receivers, the above-indicated problem
clearly shows that, unfortunately, this is in general not
the case, which will be elaborated later.

Fig. 14 demonstrates’ an influence of CDD on a characteris-

tic of a resulting communication channel.

In order to demonstrate the effect of CDD-OFDM, an effec-
tive CTF 1601 is considered, by the way of example only,
for Ny=2 transmit antennas, wherin a first flat fading
channel extending from a first transmitting point to a re-
ceiving point has a CTF gYf) = HY and a second flat fading
channel extending from a second transmitting point to the
receiving point has a second CTF H?(f) = H®. The first CTF
and the second CTF may be considered as being the CTFs of
the first and second antenna, which are both frequency in-
dependent. Moreover, it is assumed that a cyclic delay of
half of the OFDM symbol duration is inserted for the second
antenna, T, = oot =T/2, where T and Tsm denote the
OFDM symbol duration and the sampling duration. A snapshot
of the magnitude 1601 of the effective CTF (observed
CTF)demonstrates that the effective CTF is not frequency
independent anymore. In other words, the cyclic delay di-
versity introduce a considerable amount of frequency diver-
sity which is reflected by a frequency dependency of the
effective CTF.

It can be seen that the two frequency flat but independ-
ently fading CTFs of the individual antenna branches H'"
and H'®' have been transformed to the freqguency selective
CTF H(f) at the receiver by cyclically delaying the trans-
mitted signal of the second antenna. The magnitude 1601 of
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the effective CTF, | H(f)|, is a sine wave oscillating be-
tween | HY | + | H® | and | HY | — | H? |.

For pilot-symbol aided channel estimation (PACE) known sym-
bols (pilots) are inserted with an equidistant spacing of
D¢ sub-carriers. By the way of example only it is assumed,
that, in the case of the above example, D, =2, i.e. every
second transmitted sub-carrier contains a pilot (pilot
value). In this case only H(f = 2i/T) = HY + H? can be ob-
served. This means that a conventional SISO channel estima-
tor which basically interpolates between the pilot symbols
in order to estimate the channel on all sub-carriers would
estimate a frequency flat channel Ai /T = B + H®. This
means that the channel cannot be estimated for odd sub-
carriers, which means that all odd sub-carriers are lost.
Only using a pilot spacing of D, =1, i.e. all sub-carriers
are pilot symbols, reliable channel estimation is possible
even in the case of the symbol example above. However, this
approach is associated above-discussed problem of an inef-
ficient exploitation of the available bandwidth, since in-
formation transmission is not possible during transmission

of pilot sequences.

One solution of the afore-mentioned problem is to insert a
MISO pilot grid, that is each transmit antenna is allocated
its own pilot sequence. Unfortunately, the simple trans-
ceiver structure of the CDD-OFDM system shown in Fig. 12
cannot be maintained. Instead, each transmit antenna does
require its own IFFT unit since the pilot grid is inserted
prior to OFDM modulation. This would result in a complex

transmitter structure.

Fig. 15 shows a block diagram of a transmitter of a CDD-
OFDM system using an individual pilot insertion unit for

each antenna.

A data stream is divided into a plurality of identical cop-

ies, wherein each copy is provided to a respective multi-
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plexer 1501 being operative for multiplexing pilot se-
quences generated by a pilot sequence generator 1503 into a
respective copy of the data stream. The multiplexer 1501
has a plurality of outputs coupled to an IFFT transformer
1505 of a plurality of IFFT transformers. Each transformer
1505 has a plurality of outputs coupled to a parallel-to-
serial converter 1507, wherein each parallel-to-serial con-
verter 1is associated with a corresponding signal path. In
accordance with the previous explanations, the first signal
path 1509 is coupled to a guard insertion block 1511 having
an output coupled to a first antenna 1513. Accordingly, a
second signal path 1515 is coupled via a first delay ele-
ment 1517 and a guard insertion block to a further transmit
antenna of N¢ transmit antennas. Accordingly, a N tP path
1519 of Ny paths is coupled by a delay element 1519 and a

guard insertion block to an associated transmit antenna.

The transmitter shown in Fig. 15 demonstrates the increased
complexity of the resulting transmitter, when an extra IFFT
unit is required for each antenna. This increases complex-
ity conflicts with one of the main advantages of the CDD
transmission technique, namely its simplicity, which would
be compromised by the requirements of both the transmitter

and the receiver.

For the receiver, the general structure as shown in Fig. 12
comprises a true MISO estimator, i.e. an estimator being
suitable to estimate Ny channel transfer functions (CTFs)
per sub-carrier. However, this is generally more complex
than a single input single output (SISO) channel estimation

unit.

The increased complexity is due to the fact that an extra
signal processing part is to be used for each transmit an-
tenna path in order to enable the receiver to separate the
estimates of the CTFs of the distinct communication chan-

nels.
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Tt is the object of the present invention to provide a con-
cept for an efficient estimation of a channel transfer

function.

This object is achieved by a channel estimator in accor-
dance with claim 1 or by an apparatus for generating Nr pi-
lot sequences in accordance with claim 22 or by a method
for estimating a channel transfer function in accordance
with claim 32 or by a method for providing Nr pilot se-
quences in accordance with claim 33 or by a computer pro-

gram in accordance with claim 34.

The present invention is based on the finding that cycli-
cally delaying a time domain signal introduces a coeffi-
cient dependent phase shift of a spectral representation of
the time domain signal. This is equivalent to coefficient-
wise multiplying the spectral representation of the time
domain signal by a complex or real valued phase shift se-
quence. This operation corresponds to up-converting or
down-converting the spectral representation of the time do-
main signal when the phase shift sequence represents a car-
rier wave having a non-zero carrier frequency. As a result,
a spectrum of the spectral representation of the time do-
main signal is shifted and occupies now a different spec-
tral region having a center frequency which is determined

by the carrier frequency.

The above considerations are based on the fact, that the
spectral representation itself is a sequence having a spec-
trum. By the way of example only, reference made to OFDM
systems were the spectral representation results from proc-
essing information bits prior to applying the IFFT trans-
form to obtain the time domain signal. However, prior to
applying the TFET transform, the spectral representation is
processed by using conventional signal processing methods

like for example filtering.
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The spectral representation can also be obtained from a
time-frequency transform of the time domain signal by, for

example, the means of a Fourier transform.

For example, the time domain signal is cyclically delayed
such that the spectral representation of the time domain
signal is multiplied by a phase shift sequence +1, -1, +1,
-1 etc. Hence, the phase shift sequence represents a sam-
pled version of a sine wave (carrier) having a certain car-
rier frequency being related to a sampling instant. If, for
example, the spectral representation is a base band signal,
then it is up-converted to a band-pass spectral region hav-
ing a center frequency corresponding to the carrier fre-
quency. After transmitting the cyclically delayed time do-
main signal through a communication channel, a time domain
receive signal is obtained having a spectral representation
which occupies the band-pass spectral region having the
center frequency (assuming that a Doppler frequency shift
is zero). If, at the receiver, a time-frequency conversion
of the receive signal is performed in order to provide the
spectral representation of the receive signal, then a band-
pass filter applied to the spectral representation of the
receive signal can be used to detect information within the
band-pass spectral region. After down-convertion, a re-
ceived version of the transmitted spectral representation
is obtained occupying, for example, the base-band spectral

region.

The present invention provides, generally, an efficient
concept for detecting and separating the superimposed sig-
nals from a receive signal, when the spectral representa-
tions of the superimposed signals occupy different and non-
overlapping spectral regions having different center fre-
quencies. In accordance with the present invention, for ex-
ample a tunable band-pass filter or a plurality of band-
pass filters applied in parallel to the spectral represen-
tation of the receive signal can be used for detecting and

separating each of the superimposed signals.
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By the way of example, in the following reference is made
to a cyclic delay diversity technique applying two trans-
mitting antennas resulting in a transmitter structure as
shown in Fig. 12 for the case Np=2. Furthermore it is as-
sumed for the sake of descriptional simplicity, that no ad-
ditional information data is provided to the multiplexer
1303. As is depicted in Fig. 12, the origin pilot sequence
is transformed into a transmit signal by the IFFT trans-
former 1305, wherein the transmit signal (“time-domain sig-
nal”) is common for all signal paths. However, the delay
element 1315 introduces a certain delay to a copy of the
transmit signal provided via the second signal path 1315
with respect to a copy of the transmitted signal provided
via the first signal path 1309. Furthermore, it is assumed
in the following that the origin pilot sequence has a spec-
trum occupying a base-band region. If the cyclic delay in-
troduced by the delay element 1317 corresponds, for exam-
ple, to the cyclic delay mentioned in connection with the
embodiment of Fig. 14, then a spectral representation of a
shifted copy of the transmit signal occupies a band-pass
spectral region, wherein the spectral representation of the
transmit signal provided via the first signal path 1509 oc-
cupies the base-band spectral region. In other words, both
spectral representations occupy different spectral regions.
After transmitting the (non-delayed) copy of the transmit
signal (first pilot sequence) via the first transmit an-
tenna 1513 and the delayed copy of the transmit signal
(second pilot sequence) via a second antenna through a
first and through a second communication channel to a re-
ceiver, a receive signal is received including a superposi-
tion of the both transmitted signals (pilot sequences). In
accordance with the present invention, the channel transfer
function of the second communication channel extending from
the second transmit antenna to the receiver can be esti-
mated from a filtered version of a spectral representation
of the received signal, wherein the filtered version of the

spectral representation is obtained by filtering the spec-
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tral representation of the received signal using a band-
bass filter. Accordingly, in order to estimate the channel
transfer function of the first communication channel ex-
tending from the first antenna 1513 to the receiver, a low-
pass filter can be used for filtering the spectral repre-
sentation of the receive signal in order to provide the re-

guired signal component.

In accordance with the present invention, the channel
transferA functions of the distinct communication channel
can be detected and separated by the inventive band-pass
filtering when a side information on a respective phase
shift sequence or, especially in a CDD-scenario, when a
side information on cyclic delays in known. This informa-
tion can be, provided to the receiver via an additional
control channel. Moreover, if a fixed cyclic delay diver-
sity scenario is used, the applied cyclic delays are known

a priori.

A further advantage of the inventive concept is, that a
simple transceiver structure for CDD-OFDM systems can be
maintained which results in the fact that the conventional
transmitter and receiver structures as shown in Fig. 12 and
13 for Dg1 can be used. Such larger pilot spacings Df are
required to support high velocities of the mobile user for

bandwidth efficient and robust channel estimation schemes.

A further advantage of the present invention results from
the fact, that the inventive concept enables using CDD-OFDM
transmission systems with arbitrary cyclic delay &4 .
While the range of cyclic delays 5g2 which can be sup-
ported with conventional channel estimation techniques 1is
limited, arbitrary &4, can be supported using the inven-

tive scheme. The conventional SISO estimator must have a

pilot spacing of D, =1, if the maximum cyclic delay

¥ =S¥, = (u—-1T/N, is chosen. On the other hand, the
inventive estimation scheme provides an estimator for the
maximum cyclic delay of ng = {(u - 1T /N,. Moreover, con-
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straints for the choice of D¢ are significantly less strin-
gent when compared to the conventional estimator. This ef-
fectively allows to reduce the overhead due to the pilots,
i.e. a pilot spacing Ds can be increased. Moreover, the in-
ventive concept improves a channel estimation performance
since even for systems with D, = 1 the inventive estimator
is of advantage. Since a knowledge about cyclic delays are
efficiently exploited at the receiver, the performance can
be improved without increasing complexity and computational

costs.

Tn accordance with the present invention, the simple CDD-
transmission structure can be maintained even when the pi-
lot sequence, a copy of which is to be delayed, results
from a frequency-time conversion of a multi-carrier se-
quence in a CDD-OFDM scenario. The multi-carrier sequence
can be obtained from, for example, assigning successive
values of an origin segquence to every D" sub-carrier of a
plurality of successive sub-carriers of a multi-carrier
modulation scheme. Therefore, information values can be as-
signed to the remaining sub-carriers, so that a simultane-
ous data transmission and pilot transmission for channel
tracking is possible. Therefore, the pilot sequence in the
“time-domain” comprises a training part and an information

part.

In order to obtain the effective CTF, a MISO estimator may
estimate all estimates HY(i/T) for all u = {1,---,N,} trans-
mit antennas separately. The observed (effective) CTF
H(i /T) can be reconstructed if the cyclic delays 5&; are

provided as side information.

Further embodiments of the present invention are described
in detail with respect to the following figures, in which:

Fig. 1 shows a block diagram of a channel estimator for es-
timating a channel transfer function in accordance with a

first embodiment of the present invention;
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Fig. 2a, 2b and 2c¢ demonstrate the inventive concept;

Fig. 3 shows an effective channel input response in a CDD-
OFDM system;

Fig. 4a, 4b and 4c show pilot grid structures;

Fig. 5 shows a pilot grid structure;

Fig. 6 shows a pilot grid structure;

Fig. 7 shows a block diagram of a modified CDD-OFDM trans-
mitter in accordance with a first embodiment of the present

invention;

Fig. 9 shows a block diagram of an inventive apparatus for
providing pilot sequences in accordance with the present

invention;

Fig. 10 shows block diagrams of an OFDM modulator and of an
OFDM de-modulator; ‘

Fig. 11 shows a block diagram of a MISO-OFDM system;
Fig. 12 shows a block diagram of a CDD-OFDM-transmitter;
Fig. 13 shows a block diagram of a OFDM receiver;

Fig. 14 shows a magnitude of an effective channel transfer

function in a CDD-scenario; and

Fig. 15 shows a block diagram of a CDD-OFDM transmitter us-

ing an individual pilot insertion unit for each antenna.

The inventive channel estimator shown in Fig. 1 comprises a
time-frequency converter 101 having an input and an output,
wherein the output of the time-frequency converter 101 1is
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coupled to a band-pass filter 103. The band-pass filter 103
has an output 105.

The channel estimator shown in Fig. 1 is operative for es-
timating a channel transfer function of a communication
channel from a receive signal provided to the input of the
time-frequency converter 101. The receive signal includes a
pilot sequence being transmittable from a transmitting
point to a receiving point through the communication chan-
nel. The transmitting point may be associated with, for ex-
ample, a single signal path of a cyclic delay diversity
transmitter. Accordingly, the receiving point may be incor-
porated, together with the inventive channel estimator, in
a communication receiver and may comprise a receive an-
tenna. The pilot sequence (“time-domain signal”) is de-
signed such that a spectral representation of the pilot se-
quence occupies a band-pass spectral region having a prede-
termined center frequency, wherein the predetermined center

frequency may correspond to a band-pass carrier frequency.

As is depicted in Fig. 1, the receive signal is converted
by the time-frequency converter 101 into a different sig-
nal, which, in the following, will be referred to as a
spectral representation of the receive signal. The time-
frequency converter may, for example, comprise a Fourier
transformer being operative for performing a fast Fourier
transform, a discrete fast Fourier transform etc. However,
the time-frequency converter may perform any transform
transforming the receive signal from the “time domain” to

“frequency domain”, like for example a Laplace transform.

At the output of the time-frequency converter 101, the
spectral representation of the receive signal is provided.
For the sake of convenience, the spectral representation is
depicted in Fig. 1 with respect to a frequency-axis f. How-
ever, as has been mentioned above, the spectral representa-
tion of the receive signal is a different representation of
the receive signal having itself a spectrum. Since the re-

TCL 1011

p, 22



10

15

20

25

30

35

WO 2005/081481 PCT/EP2004/001645

22

ceive signal comprises a received version of the pilot se-
quence, the spectral representation of the receive signal
comprises a received version of spectral representation of
the pilot sequence having a spectrum occupying the band-
pass spectral region mentioned above. Moreover, the re-
ceived version of the spectral representation of the pilot
sequence results from combining the spectral representation
of the pilot sequence with the channel transfer function.
Therefore, a filtered transformed signal resulting from
filtering the spectral representation of the receive signal
by the band-pass filter 103 having the predetermined center
freguency comprises an estimate of the channel transfer

function.

In Fig. 1, a characteristic of the band-pass filter is
shown with respect to a frequency which is, for the sake of
convenience, denoted by f’. Additionally, Fig. 1 shows a
characteristic of the filtered transformed signal and its
spectrum occupying the band-pass spectral region with re-

spect to the f’ axis.

1f, for example, a magnitude of the spectral representation
of the pilot sequence is an all one sequence, and if the
pilot sequence is comprised by a transmit signal which is a
delayed copy of an another transmit signal, then the fil-
tered transformed signal is the estimate of the channel
transfer function including the cyclic delay diversity
characteristic. Additionally, the band-pass filter sup-
presses channel noise due to a band-pass characteristic.

Fig. 2a, 2b and 2c demonstrate the inventive concept for
the case of two pilot sequences having spectral representa-
tions occupying different band-pass spectral regions. These
pilot sequences can, for example, originate from an pilot
sequence or, generally, from a time domain signal, wherein
a first copy of the pilot sequence is delayed by a first
delay factor and wherein a second copy of the origin pilot

sequence is delayed by a second delay factor in a CDD
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transmission scheme. Therefore, a receive signal comprising
a superposition of received versions of the first and of
the second pilot sequence has a spectral representation
having a spectrum, in which the band-pass spectral region
(the first band-pass spectral region) and a further band-
pass spectral region (second band-pass spectral region)
having a predetermined center frequency and a further pre-
determined center frequency are present. In other words,
the spectral representation of the received signal has a
spectrum comprising the spectral components associated with
the spectrums of the first and of the second pilot se-

guences.

In order to obtain an estimate of a channel transfer func-
tion of a first communication channel, for example, a first
band-pass filter can be used having the predetermined cen-
ter frequency. Accordingly, in order to obtain an estimate
of a channel transfer function of the second communication
channel, a further band-pass filter can be used having the
further predetermined center frequency. However, the band-
pass spectral region and the further band-pass spectral re-
gion can be obtained by filtering the spectral representa-
tion of the receive signal using only one band-pass filter
which is tunable with respect to the predetermined centex
frequency and, optionally, with respect to the further pre-
determined center frequency. In this case, the inventive
channel estimator may further comprise means for tuning the
band-pass filter in order to adjust its center frequency
and optionally, its bandwidth for a suitable filtering of
the spectral representation of the receive signal in order
to obtain the desired estimate of the respective channel

transfer function.

For example, the band-pass filter is a digital filter hav-
ing a set of filter coefficients applied to filtering. In
this case, the means for tuning the band-pass filter may
comprise a means for providing the set of filter coeffi-

cients in dependence of the predetermined center frequency.
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Moreover, the means for providing the set of filter coeffi-
cients may be operative for calculating the set of filter
coefficients in dependence of the predetermined center fre-
quency or in dependence of the further predetermined center
frequency in order to replace the filter coefficients in
accordance to the spectral region to be detected. For exam-
ple, the means for providing the set of filter coefficients
comprises a filter memory for storing a plurality of sets
of filter coefficients in dependence of a plurality of pre-
determined center frequencies, which can be calculated or

pre-stored.

In order to estimate the channel transfer function from the
receive signal comprising a received version of the pilot
sequence, the values (pilots) of the origin sequence should
preferably be collected. The inventive time-~fregquency con-

verter further comprises a selector for selecting every D;"®

" value of a time-frequency converted version of the receive

signal to obtain the spectral representation of the receive
signal. In other words, the spectral representation of the
receive signal is a sequence comprising selected values.
For example, the origin sequence is obtained from multiply-
ing a further sequence by a scrambling sequence so that the
resulting origin sequence has, for example, certain statis-
tical properties like, for example, uncorrelated successive
values. In this case, the inventive time-frequency con-
verter comprises a multiplier for multiplying the spectral
representation of the receive signal by a complex conjugate
version of +the scrambling sequence to provide a de-
scrambled sequence as the spectral representation of the
receive signal. For example, the scrambling sequence has
constant magnitude, for example equal to one, but a differ-
ent phase associated with each scrambling sequence value.
This additional phase shift can be compensated at the re-
ceiver using the conjugate version of the scrambling se-
quence. Alternatively, the multiplier may be operative to

perform a division, which is equivalent to multiplying the
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spectral representation of the receive signal by an version

of the scrambling sequence having inverse coefficients.

Moreover, the spectral representation of the receive signal
may be a set of parallel values. In order to perform fil-
tering, the time-frequency converter may comprise a paral-
lel-to-serial converter for providing the spectral repre-
sentation of the receive signal as a set of serial values.
Alternatively, a parallel-to-serial conversion may ini-

tially performed by the band-pass filter.

As mentioned above, a multi-carrier transmitter may opera-
tive for applying a pilot grid for channel estimation pur-
poses. For example, only every D" sub-carrier comprises a
pilot information. In this case, an estimate of the channel
transfer function may be obtained only at discrete fre-
guency points associated with every D;™ sub-carrier used at
the transmitter for pilot transmission. In order to obtain
an estimate of the channel transfer function at frequency
points associated with sub-carriers comprising no channel
information, the inventive band-pass filter may further be
operative for interpolating between adjacent values of the
filtered transformed signal (or of the spectral representa-
tion of the receive signal) in order to provide a frequency
interpolated filtered transformed signal as the filtered
transformed signal. The band-pass filter may, for example,
be operative for performing a polynomial interpolation or a
Wiener interpolation in order to provide frequency interpo-

lated wvalues.

Accordingly, the transmitter may be operative for transmit-
ting signals containing pilot information at every D™ time
instant. In this case, the inventive band-pass filter may
be operative for interpolating between corresponding values
of the filtered transformed signal at a first time-instant
and values of a further filtered transformed signal at a
second time-instant in order to obtain a time-interpolated
filtered transformed signal as the filtered transformed
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signal. In order to perform the time-interpolation, the in-
ventive band-pass filter may use the interpolation concepts

mentioned above.

In order to perform time- and frequency-interpolation, the
inventive band-pass filter may firstly provide a time-
interpolated filter transformed signal as the filter trans-
formed signal and, in a next step, to apply a frequency in-
terpolation scheme to the time-interpolated filter trans-
formed signal or vice versa. In accordance with a further
aspect of the present invention, the inventive band-pass
filter may be a two-dimensional filter being operative for
performing time- and frequency-interpolation simultane-

ously.

In accordance with a further aspect of the present inven-
tion, the receive signal may include a superposition of the
pilot sequence and of a further pilot sequence being trans-
mittable from a further transmitting point to the receiving
point through a further communication channel, wherein the
further pilot sequence is designed such that a spectral
representation of the further pilot seguence occupies a
further spectral region having a further center frequency,
wherein the further center frequency is different from the
predetermined center frequency. In this case, the inventive
channel estimator may further comprise a further filter
having the further predetermined center frequency for fil-
tering the spectral representation of the receive signal in
order to obtain a further filtered transformed signal in
order to obtain an estimate of a further channel transfer
function of the further communication channel.

As has been discussed in connection with the embodiment of
Fig. 2, the further spectral region may be a further band-
pass spectral region. In this case, the further filter is a
further band-pass filter having the further predetermined
center frequency being different from the predetermined

center frequency.
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However, the further spectral region may a base-band spec-
tral region. This case responds, for example, to a cycling
delay diversity scheme, as is shown in Fig. 12, where the
first signal path 1309 is not coupled to any delay element.

Tn this case, the further filter is a low-path filter pro-
viding the further transformed signal which is the estimate
of the further channel transfer function. Since low-pass
filtering can be performed by tuning a band-pass filer to a
szero-center frequency, a low-pass filtering operation can
also be performed by the inventive band-pass filter, when

appropriately tuned.

As has been mentioned before, the inventive concept can be
applied for simplified estimating a plurality of channel
transfer functions by realizing that different delays in-
troduce different phase shifts. This can be exploited for
detecting and separating the respective signal components
in order to estimate the respective channel transfer func-
tion. Although the inventive concept 1is perfectly suited
for channel estimation in cyclic delay diversity systems,
it can be applied to any MISO system comprising a plurality
of transmit antennas and a single receive antenna of, for
example, a plurality of receive antennas, without using the
cyclic delay diversity scheme. By the way of example only,
a transmitter may be a space-diversity transmitter using a
plurality of transmit antennas for transmitting the same
transmit signal. Instead of transmitting different pilot
sequences, through different communication channels, which
is associated with the above-mentioned problems, the inven-
tive approach may be applied for channel estimation. For
example, the transmitter may temporarily introduce cyclic
delays (cyclic shifts) so that cyclically delayed (shifted)
sequences are transmitted. However, the estimated channel
transfer functions using the inventive estimation scheme
comprise the phase shift sequences introducing additional

up- or down-converting. This influence can be compensated
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when an estimate of the respective channel transfer func-
tion is multiplied by the complex conjugated version of the
resulting phase shift sequence, SO that the conversion ef-
fect is compensated. This operation is equivalent to down-

converting or up-converting.

In order to perform the above operations, the inventive
band-pass filter, which is, for example, a digital filter,
may comprise a superposition of a set of coefficients for
band-pass filtering the spectral characterization of the
receive signal and a further set of coefficients for down-
converting a filtered version of the spectral representa-
tion to a base-band spectral region to provide the filtered
rransformed signal which is the desired estimate of the

channel transfer function.

If the receive signal comprises a further pilot sequence,
having the spectral representation occupying the further
spectral region, then the inventive band-pass filter may
comprise a further set of coefficients for simultaneously

performing the band-pass filtering and the down~-conversion.

Instead of performing a simultaneous filtering and down-
conversion operation, the inventive band-pass filter may be
formed for only band-pass filtering the spectral represen-
tation of the received signal. In this case, the inventive
channel estimator may further comprise a down-converter for
down-converting the filtered transformed signal provided by
the band-pass filter to the base-band spectral region to
obtain a down-converted signal being the estimate of the
channel transfer function in the base-band spectral region.

Accordingly, the inventive channel estimator may further
comprise a further down-converter for down-converting the
further filter transformed signal mentioned above from the
further band-pass spectral region to the band-pass region
to obtain a further down-converted signal, wherein the fur-
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ther down-converted signal is the further estimate of the

further channel transfer function.

The inventive down-conversion scheme can, however, be also
performed when the inventive channel estimator is embedded
within a cyclic delay diversity transmission system in or-
der to process channel estimates of the channel transfer
functions in the base-band spectral region. The processing
may include reducing an estimation error, reducing an addi-
tional phase error associated with a pilot spacing, or pre-
diction filtering, using, for example, the Wiener predic-
tion approach in order to obtain better estimates. In a
next processing step, the processed estimates of the chan-
nel transfer functions may be up-converted back to the as-
sociated spectral regions. To do so, the inventive channel
estimator may further comprise an up-converter for perform-

ing the up-conversion operation.

As has been mentioned above, the effective channel transfer
function associated with the cyclic delay diversity trans-
mission scheme comprises a superposition of the channel
transfer functions, wherein each channel transfer function
comprises an influence with respect to the associated cy-
clic delay or, equivalently, to the associated cyclic
shift. In order to obtain an estimate of the effective
channel transfer function, the inventive channel estimator
may further comprise an adder for adding the filtered
transformed signals to obtain a composite transformed sig-
nal which is the estimate of the effective channel transfer
function. To be more specific, the inventive adder is op-
erative for adding the filtered transformed signal and the
further filter transformed signal to obtain an estimate of
the effective channel transfer function comprising a super-
position of the estimate of the channel transfer function
and the estimate of the further channel transfer function.
As mentioned above, the further channel transfer function

may occupy a base band or a band-pass spectral region.
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As mentioned above, the estimate of the channel transfer
function may be erroneous. This is, for example, the case,
when the pilot sequence results from a frequency time con-
version of a multi-carrier sequence, which is obtained from
assigning successive values of the origin sequence to every
D sub-carrier of a plurality of successive sub-carriers.
Hence, the estimate of the channel transfer function (in
the band-pass spectral region or in the base-band spectral
region) has a phase error depending on Dg. For example, the
phase error is a constant phase term inducing an error
phase proportional to D:. In order to reduce the phase er-
ror, the inventive channel estimator may further comprise
means for correcting the phase error of the estimate of the
channel transfer function. For example, the means for cor-
recting the phase error is operative to multiply the coef-
ficients of the estimate of the channel transfer function
by a complex sequence compensating the phase error. This
operation can be applied to the estimates of the channel
transfer function occupying the base-band spectral region

or occupying the band-pass spectral region.

By the inventive exploiting of the DFT (discrete Fourier
transform) properties of CDD, the structure of the trans-
mitter unit as shown in Fig. 12 can be retained, while the
receiver can still fully utilize a MISO channel estimation
unit. In other words, the inventive concept establishes a
virtual MISO pilot grid with the conventional CDD-OFDM
transmitter from Fig. 12. The term “yirtual MISO pilot
grid” describes the resulting spectral representations of
the pilot sequence after introducing cyclic delays, so that
each channel transfer function of the plurality of channel
transfer functions experiences its own, unique training se-

guence.

The inventive concept is based on the DFT property that cy-
clic delays are translated to phase shifts by the DET op-
eration. This can be exploited if the cyclic delays &g

are known to the receiver, since the receiver will observe
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transmit antenna dependent phase shifts of the received
signal. If the system parameters are properly chosen, a set
of phase shifted pilot sequences can be generated by the

antenna dependent cyclic delay operation.

Referring again to the embodiment of Fig. 14, the cyclic
shift of 2 = 8T, = T/2 will translate to a phase shift
of eJ® = (-1} = {1,-1}, which will materialize in the CTF of
the equivalent SISO channel H(HY, such that
Hi/T) = HY + H%-1)'. The inventive idea is based on a con-
sideration of the oscillating sign of H? between even and
odd sub-carriers as a phase shifted pilot sequence, which
can be utilized as side information for the channel estima-
tor. As mentioned above, the oscillating sign may be con-
sidered as being a sampled version of a sine or cosine car-
rier wave. While the possible choice of cyclic delays is
not limited to T@c==1’/2, there are some constraints for
the system parameters which result in appropriate virtual
MISO pilot sequences. These constraints will be derived

later.

In accordance with the present invention, the MISO channel
estimation unit can further be simplified. This, however,
requires a cyclic delay ofrgl = (u - 1T/ N,. In order to ex-
plain the inventive simplification, reference is made again
to the embodiment of Fig. 14. The basic idea 1is to group
the sub-carriers into two sets: odd and even sub-carriers.
FEven and odd sub-carriers have the CTF H2i/T) = g% + g¥@
and H([2i +11/T) = HY — H?, respectively. The result is two
independent CTFs per set. In the case the CTFs HY and H%?
are flat fading as indicated in Fig. 14, both H(2i/T) and
H([2i + 11/T) are also frequency flat, drawn as straight
lines in Fig. 14. If the pilot spacing D: is an odd number,
the pilot will be alternately placed on odd and even sub-
carriers. Therefore, in accordance with the present inven-
tion, independent SISO channel estimator, one to estimate
the CTF of the odd sub-carriers H([2i+1)/T) = g — g%?
utilizing pilot symbols, which lie on odd sub-carriers, and
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an equivalent estimator for the even sub-carriers, which

estimates H(2i/T) = HY + H? are employed.

In order to explain the inventive concept in detail, in the
following, a time-variant frequency selective fading chan-
nel modelled by a tapped delay line with Q¢ non-zero taps
will be considered. It is assumed that the channel is time-
limited by the maximum delay 7y, = Q- Iy, - The channel im-
pulse response (CIR) impinging from transmit antenna p is
defined by

Qo
h(}l)(tl 7) = Z h(}l)(t) . 5(1. _ T(P))

g=1

where H!(t) and 7# are complex amplitude and delay of the
g™ channel tap. The number of non-zero taps is typically
smaller or equal to the maximum delay of the channel,
g <Q. It is assumed that the Qo channel taps and all an-
tennas are mutually uncorrelated. The channel taps hgﬂﬂ
are zero-mean complex independent identically distributed
(i.i.d.) Gaussian random variables. Due to a motion of the
vehicle (mobile transmitter or mobile receiver) H¥(E) will
be time-variant caused by the Doppler effect. The g™ chan-
nel tap H(t) is a wide sense stationary (WSS) Gaussian
process being band-limited by the maximum Doppler frequency
V... 1t is commonly assumed that the channel impulse re-
sponse (CIR) is approximately constant during one OFDM sym-
bol so that the time dependency of the CIR within one OFDM
symbol can be dropped for the sake of notational simplic-
ity, i.e. HY®) ~ Bt for t & KT, (¢ + UL,]. ARlthough this
is not strictly true only for time-invariant channels, this
assumption is most often justified in practice and a good
system design should ensure that the OFDM symbol duration

is sufficiently short.

The channel transfer function mentioned above is the Fur-
rier transform of the CIR H¥(, 7). Sampling the result at
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time t = {T,, and frequency £ =1i/T, the CTF at sub-
carriers i of OFDM symbol 1 becomes

[
() _. (4) . . (g) —J2rTgi/ T
HY = HY(T,,1/T) = > HheT
g=1

where T,, = (Ngyy + NglT,

pr and T = NgglT,

spl represents the OFDM

symbol duration with and without the guard interval, re-

spectively.

If the guard interval is longer than the maximum delay of
the channel, i.e. N, 2 Q, where Q 2 § denotes the total
number of channel taps, the orthogonality at the receiver
after OFDM demodulation is maintained and the received sig-

nal after OFDM demodulation is obtained.

The introduced channel model has been introduced for multi-
ple input single output systems. Assuming the fading at the
receiver antennas is mutually uncorrelated, the channel es-
timation will be performed independently for each antenna.
Hence, an extension to a multiple input multiple output
(MIMO) system is straight forward since the channel estima-

tion is performed on each receive antenna separately.

In the following, reference is made to an OFDM system using

cyclic delay diversity (CDD), as is shown in Fig. 12.

As is depicted in Fig. 12, there is a common signal stream
for all transmit antennas until after the parallel to se-
rial conversion (PS), i.e. only one IFFT is required. After
the IFFT operation and parallel to serial conversion, the
data stream is split dinto Ny sub-streams, one for each

fransmit antenna, and an antenna dependent cyclic delay,

Sk, is inserted
W _
= x

£{n=642 ) mod Nppr

Usually, the cyclic delay between adjacent transmit anten-—

nas is fixed such that
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sH =(,u—1)-5yc,ls,uSNT

cyc c;

where Ooo

is a design parameter within the range
[0, Nopp / N;]. Hence, the signal transmitted on the first an-

] -
fenna is not delayed, X,, = X;,-

It is instructive to consider the signal before OFDM modu-
which is related to x,, by the IDFT. Corre-
spondingly, the IDFT of a cyclically delayed signal =x{)

lation, X,;.
mentioned above is a phase shifted version of X,;. In
mathematical terms the time domain signal of transmit an-
tennas p is related to the frequency domain transmitted

signal by

)
Xen T Xe,(n—ag;’c)modwm
1 i1y / N 2min /N 1 & o seminsw
_ omip—6oye / Npr | o F27in/ Negr u) _32zin/ Nggp

A Nppr 50 o — Ny 120
X1

where X! represents the transmitted frequency domain sig-
nal of transmit antenna p. It is to be noted that Xy does
exist only virtually, it is the equivalent signal which
would be obtained by inducing phase shifts before OFDM

modulation rather than time delays after OFDM modulation.

Subsequently, the guard interval (GI) in the form of a cy-
clic prefix is added, which is typical for OFDM modulation.
Then, the signal is digital to analog converted (D/A), up-
converted to the radio frequency (RF) carrier frequency and
transmitted over a mobile radio channel. At the receiver,
after down conversion to base band and sampling, the guard
interval is removed, and an IFFT operation transforms the
signal into the frequency domain, i.e. the sub-carrier
level. After OFDM demodulation pilot symbols are de-
multiplexed and fed to the inventive channel estimation

unit (channel estimator).
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The received signal consists of Ny signals, as is described
by one of the above equations. Hence, the following is ob-

tained

<
i

NT

(1) gl
EEJQJHai*'AQi
p=1

1

Il

Ny
(p) _J2rilp=1)8cyc / Nepr _
Xl',iz H, ;e + N, = X Hyy N, ;
res

—_

Hys

where H,, can be viewed at the resulting CTF of the CDD-
OFDM system. This implies that the received signal is ob-
served as a signal stemming from an equivalent SISO system
having the CTF H,,. The effect of CDD is that the channel
becomes more frequency selective. Without channel coding,
no improvement can be observed. However, the channel is
randomised by CDD, i.e. adjacent sub-carriers become de-
correlated, so that error bursts are less likely, which is

beneficial if channel coding is used.

In the following, the resulting SISO channel model for CDD-
OFDM, i.e. the resulting SISO channel being observed by the

receiver will be examined.

Assuming a tap delay line channel model, H,, can be speci-

fied as

Ny Ny Q0
_ () _—Jemilu=6zye / Negr  _ ~j2mi-{p=118yc / Nepr () —jemiti /1
Hy; = E l, Hy ;e = }: € Z by .e .
‘u=1 p:l q=1

It is seen that the phase term of the resulting CTF is de-
termined by the propagation delays 7’ and the cyclic delay
parameter o.. It 1is interesting to note that 4., is inde-
pendent of the physical channel, a fact which can be ex-
ploited to make CDD-OFDM channel estimation more efficient.
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In accordance to the resulting CTF, a resulting CIR can be
defined, which describes the equivalent SISO channel of the
CDD-OFDM system, that is

Ny Nr O
h(ts T) = Z B (t: 'Z') = Z Z h;#) ®)- 6(r— T;m -[u —1]59102:?1 / NFFT)
p=l p=l g=1

comparing the resulting CIR with the CIR of transmit an-
tenna p, the resulting CIR consists of N,Q, non-zero taps,
assuming that all N¢ CIR have Qp non-zero taps. It 1is seen
that the CDD-OFDM system can be transformed into an equiva-
lent SISO-OFDM system by appropriately delaying the CIRs of
the Ny transmit antennas. Apart from generating a channel
which is more frequency selective, the effective maximum
delay of the channel 7', becomes larger, and it is upper
bounded by

7 =1 + (N, —15.,.T

cyc—spl *

Fig. 3 shows an effective channel impulse response (a re-
alisation of h(t, 7)) of a CDD-OFDM system. As is depicted in
Fig. 3, the effective channel impulse response comprises Np
channel impulse responses, wherein Ny -1 channel impulse
responses are delayed with respect to a first channel im-

pulse response.

Since the maximum delay of the channel is crucial for the
design of the channel estimator, the extension 7'y, through
CDD cannot be ignored. Most importantly, if pilot symbol
added channel estimation (pace) is used, the estimator must

satisfy the sampling theorem, which is determined by 7'y, -
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In the following, correlation properties of the channel

will be discussed.

As mentioned above, each tap as well as each transmit and
receive antenna are mutually uncorrelated. Assuming a wide
sense stationary uncorrelated catering (WSS-US) channel,
the outer correlation function of the CIR of the transmit

antenna p is in the general form

E[R¥(r, DR (¢ + Ar, £t + At) 1 = Riz, At) - 8(A7).

The outer correlation function of the qth tap delay 7, can

be written in a product form

1l

R, At) = EHP@H" ¢ + At)1; g

= R¥(r,) - Rp(AL)

il
L

”’QO

which implies that the correlation in frequency direction
is independent from the correlation in time direction. The
power delay profile of the channel
R¥(r,) = {E[] h(t) Pl = o#”} for ¢ =1[Q) is normalized such

that the overall phase is one i.e. EZidogm = 1. The corre-
lation function in time direction
RIM(AL) ={Eﬁgkm'1gma:+ At)] is assumed to be the same for

all Qo taps.

Assuming Jake’s model as is described in W.C. Jakes, Micro-
wave Mobile Communications. Wiley, NY, 1974, the correla-
tion in time is described by a Bessel function, that is
RU“(AL) = Jy2av,, At), where Vv, is the maximum Doppler fre-
quency and Jy) accounts for a zero order Bessel function
of the first kind.
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Fourier transform of R¥(r, At) in the 1 variable yields the

frequency correlation function
A
EHW(E, OH"(f + Af, t + At) 1= RE(AL, At) = RUNALRIF(AL).

Due to the product form, the correlation in time direction
is independent of t. Thus, the correlation between OFDM
symbol spaced At = Al-T,, apart in the frequency domain is

the same as in the time domaln
A
RI(AL) = RIMAL - T, ) = RIYAL - Tm)

the frequency correlation between sub-carriers spaced

Af = Ai/T apart becomes
A ) o A 7
RIWIAL] = RWAL/T) = ), oute ™ et
q=1

For CDD, the freguency correlation function of the result-
ing CTF is of interest, which is the sum of the N correla-
tion functions. Furthermore, each frequency correlation
function is phase shifted according to the cyclic delay of
the respective transmit antenna. Thus, the resulting fre-

quency correlation function is in the form

Ny
e - j2rALl =16y / N 7 ’
R [AL] = ) e e (Nees . REFTALY .
#=1

In the following, the principle of pilot-symbol aided chan-
nel estimation for OFDM will be addressed.
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For pilot-symbol aided <channel estimation "(PACE), known
symbols (pilots) are multiplexed into the data stream,
which are used as side information to estimate the channel.
In order to describe pilot symbol assisted channel estima-
tion, it is useful to define a sub-set of the received sig-
nal sequence containing only the pilots, {?%p = (X1} with
£ = /{¢D, and i = iD,. So, the pilot sequence is transmitted
at D¢ times lower rate 1 = Li/ﬂgj in frequency direction,
and at a D: times lower rate 7 = Lé/Z%J in time direction,
respectively (as a general convention, variables describing
pilot symbols will be marked with a ~ in the following). It
is further assumed that the pilots 2%3 are chosen from a
PSK constellation, by the way of example only, so that

IX;II‘_—:].-

After OFDM demodulation, the received signal Y,; is ob-
tained. For channel estimation, the received signal at the
pilot positions is de-multiplexed from the data stream to

obtain the received pilot sequence

+ N, , with {4, i} € G

where G is the sub-set of the OFDM frame containing the pi-
lots.

Figures 4a, 4b, and 4c show possible realizations of pilot
grid structures. As is shown in Fig. 4a, one possibility of
realizing a pilot grid is to transmit one OFDM symbol con-
taining only pilots followed by Di—=1 data symbols. This
scheme is applicable for channels with little time varia-
tions, as 1is observed in an indoor environment. In this
case, interpolation in frequency direction is not neces-
sary. Such a pilot grid structure is employed in the WLAN
standards HIPERLAN/2 and 802.11la.
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As is shown in Fig. 4b, another possibility of realizing a
pilot grid is to transmit the pilots on reserved sub-
carriers continuously. This scheme can support mobility but

requires interpolation in frequency direction.

A more bandwidth efficient solution is to employ a scat-
tered pilot grid, as is shown in Fig. 4c. Such a pilot grid
structure is characterized by the spacing D¢ in frequency

direction and D¢ in time direction, respectively.

When extending the idea of PACE to multi-carrier systems,
it must be taken into account that for OFDM the fading
fluctuations are in two dimensions, in time and in fre-
quency. If the spacing of the pilots is sufficiently close
to satisfy the two-dimensional (2D) sampling theorem, chan-
nel estimation and interpolation for the entire data se-
quence is possible. Thus, the overhead due to the pilots
can be reduced but interpolation in time and frequency is
required. A scattered pilot grid is used e.g. in the ter-
restrial digital TV standard DVB-T.

In the following, the principle of OFDM channel estimation
by FIR filtering will be explained.

The first step in channel estimation process is to remove
the modulation of pilot symbols, which can be introduced by
the previously mentioned scrambling sequence. After remov-
ing the modulation, an initial estimate of the CTF at pilot

positions is provided

with %,.% . =1, wherein X;; denotes the scrambling se-
quence used at the transmitter. Subsequently ﬁiz is proc-
essed by one of the two estimators described below.
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In a typical indoor scenario, the channel may be guasi-
static, i.e. channel variations within one OFDM frame can
be neglected. In this case, a pilot grid transmitting one
OFDM training symbol in the beginning of the frame may be
transmitted, as is indicated in Fig. 4a. The channel esti-
mator uses the demodulated pilots ﬁaz to yield the channel

estimate

M1

~ _ I . ~
Hzli - Z;) Wm H}?,I—m
m=

where M: denotes the filter order, i.e. the number of coef-
ficients of the FIR filter W,. Channel estimation is per-
formed once per frame for each sub-carrier. These estimates
are used for the entire frame. In R. Nilsson, O. Edfors, M.
Sandell, and P. Bodrjesson, "An Analysis of Two-Dimensional
Pilot-Symbol Assisted Modulation for OFDM," in Proc. IEEE
Tntern. Conf. On Personal Wireless Communications (ICPWC
'97), Mumbai (Bombay), India, pp. 71-74, 1997, and in P.
Hoher, S. Kaiser, and P. Robertson, "pPilot-Symbol-Aided
Channel Estimation in Time and Frequency," in Proc. Commu-
nication Theory Mini-Conference (CTMC) within IEEE Global
Telecommunications Conference (GLOBECOM '97), Phoenix, USA,
pp. 90-96, 1997, two-dimensional (2D) filtering algorithm
based on DIN A filtering are described for PACE. Using the
scattered pilots (or parts thereof) of one OFDM frame,
{ﬁiz}' the channel estimate for sub-carrier i of OFDM sym-
bol 1 is obtained

M, ~1M~1

ﬁ?,f = Z Z Wm,nw/ i) - ﬁ?—n,f-—m

n=0 m=0

where W, ({, 1) represents the coefficients of the 2D FIR
filter having MgM: coefficients. Generally, a separate fil-
ter is required for each sub-carrier i and each OFDM symbol
1 within one frame. Such a 2D estimator structure may be,
however, too complex for practical implementation. In order

to reduce the complexity, separating the use of time and
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frequency correlation can be performed. This combined
scheme, termed double one dimensional (2x1D) PACE uses
separate Wiener filters, one in frequency direction and one
in time direction. The channel estimate for 2x1D PACE can

be expressed as

M, - M, -1
n

1
ﬁl,i = z W:Z)WI:I : E?—n,z—m
m=

=0

with the filter in freguency and in time direction, w! and

m

W' are 1D estimators. 2x1D PACE is motivated Dby the fact
that the 2D correlation function can be written in a prod-
uct form, i.e., the correlation function in frequency and

time are independent.

The FIR filters W = [Wj, -+, Wy I and W' = Wy, -+ , Wy 1" may be
implemented as e.g. low pass interpolation filters, polyno-
mial interpolators or Wiener interpolation filters. The
Wiener interpolation filter minimize the mean sqguared error
(MSE) between the desired response Hi,; and the observation,
i.e. the received pilot symbols. This means that knowledge
about the channel statistics is required. In contrast, low
pass interpolation filters and polynomial interpolators do
not assume any knowledge of the channel statistics.

Tt should be noted that FIR filtering is not the only way
to perform channel estimation. Another possibility is to
transform the received pilot sequence to a transformation
domain. An additional processing may be performed in the
transformation domain. A resulting processed sequence is
subsequently transformed back to the original domain in or-
der to yield an estimate of the entire OFDM symbol. The
transform may be a time-frequency transform, for example a

Fourier transform, or a singular value decomposition (SVD).

In any case, all of the afore-mentioned estimators are ap-
plicable as the inventive filter (band pass filter or low
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pass filter) within the inventive channel estimation

scheme.

If a scattered pilot grid is used (c.f. Fig. 4c), the re-
ceived OFDM frame is sampled in two dimensions with rates
Df/T and DiTeym in frequency and time, respectively. In or-
der to reconstruct the signal, there exists a maximum Dg
and D¢, dependent on the maximum delay of the channel, 7.,
and the maximum Doppler frequency V- By applying the
sampling theorem, the following relation must be satisfied

e <] and VoalemDe S

max— sym

N

It is to be noted that CDD-OFDM does not have any effects
on pilot spacing in time direction Di. However, CDD effec-
tively extends the maximum delay of the channel, which
calls for a denser pilot spacing De if a conventional SISO
channel estimator is used. By recalling that the maximum
effective delay of the CDD-OFDM system becomes
Tl = OuyleptNe — 1) + Tays which may be several times larger
than r,,,. Especially, if §,,, becomes large, D becomes sig-
nificantly smaller. This means that more pilots are re-
quired, which degrades the spectral efficiency of the sys-

tem.

Tn order to demonstrate the degradation in spectral effi-
ciency, the following case study will be considered. The
OFDM system parameters are chosen such that the maximum de-
lay of the channel does not exceed the guard interval dura-
tion, T, S T . Furthermore, the OFDM symbol duration
T = NI, is chosen 5 to 20 times larger than I, tO pro-
vide a spectrally efficient system. Thus, 7, can be upper
bounded bY Ty S T S NpgpTo,, /5. For example, a preferred
choice for the CDD delay parameter is 8ye = Npge / Np. Sub-
stituting the above approximations into the above equation,

the pilot spacing in frequency can be lower bounded by

TCL 1011

p, 44



10

15

20

25

30

35

WO 2005/081481 PCT/EP2004/001645

44

S

IA
—

it
——
o
=

|

where [x] is the largest integer equal to or smaller than
x. Hence, if CDD-OFDM with delay 6., = Ngy /N, is used,
conventional SISO channel estimation utilizing a scattered
pilot grid is not possible. Even if a grid with D=1 is
chosen, i.e. the grid where one entire OFDM training symbol
is transmitted, as is indicated in Fig. 4a, the oversam-
pling factor which is larger than 5 for the single antenna
case is reduced to about 1.4 for N, = 2, which may result

in an increased channel estimation error.

In the following, the inventive improvement of conventional
channel estimation schemes will be discussed in detail. By
exploiting the DFT properties of CDD, a structure of the
symbol transmitter unit as shown in Fig. 12 can be re-
tained, while the receiver is able to utilize information
about the cyclic delays, as has been discussed above.

The present invention further provides a virtual MISO pilot
grid which can preferably be used with the conventional
CDD-OFDM transmitter from Fig. 12. This imposes some con-
straints on the system parameters, which will be derived
later. According to a further aspect of the present inven-
tion, the channel estimator structure can further be sim-
plified. This, however, requires a cyclic delay of
sS4 = (- 1T / Ny .

In the following, the inventive utilizing the virtual MISO
pilot grid for CDD-OFDM will be described.

The notation for the received CDD-OFDM signal allows two
interpretations:

TCL 1011

p, 45



10

15

20

25

30

35

WO 2005/081481 PCT/EP2004/001645

45

1. The received signal Y,; = X, H,; + N,; may be viewed as
a SISO signal having the resulting CTF (the effective CTF)
described above. The increased frequency selectivity has
been shown to be a problem for a SISO channel estimator
since the overhead due to the pilots is significantly in-

creased.

2. The same received signal may be viewed as a MISO sig-
nal as well, so Y,; = }:ﬁdkﬁﬁﬁﬁ + N,;, with the transmitted
MISO signal X!} described above. For MISO channel estima-
tion, the inventive approach is to estimate all Ny CTEs
H{) . Then, the effective (resulting) CTF H,; can be con-

structed by the means of, for example, superposition.

In the following, the latter case will be studied in the
context of the channel estimation problem for CDD-OFDM. It
is assumed that the cyclic delay parameter 6, and a num-
ber of transmit antennas Ny are known at the receiver.
Generally, for MISO systems, it is allowed that every
transmit antenna signal uses its own pilot, in order to

enable the receiver to separate the superimposed signals

V.= % B+ N, = > XMEM + N,

IR £,1

The CDD-OFDM pilot X?Q located at sub-carriers i = ip, and

1

OFDM symbols £ = ID, is in the form

NLﬂ) = ¥ e‘j2ﬂ§D:‘(l"'1)5cyc/Nrn — 5{" e'ij’(ﬂ)
¢ £3 £1

where @) = 27D, - (& — 1)8,,. / Ny defines the phase incre-
ments between adjacent pilots of the pilot sequence p. The
phase term appearing in the above equations, 7P defines
the previously mentioned phase shift sequence. By realising

that ﬁ?% has the form of a phase shifted pilot sequence,
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known channel estimation technigques for OFDM with multiple
transmit antennas can be applied to channel estimation.
Channel estimation schemes for OFDM with multiple transmit
antennas are described, for example, in Y. Li, N. Seshadri,
and S. Ariyavisitakul, "Channel Estimation for OFDM Systems
with Transmitter Diversity in Mobile Wireless Channels,”
IEEE Journal of Selected Areas on Communications, vol. 17,
pp. 461-470, Mar. 1999.

In mathematical terms, the demodulated pilots ﬁif are
used. In order to obtain a channel estimate in frequency
direction, i.e. an OFDM symbol containing pilot symbols, Ng
estimators Wﬂ” (the inventive filters) each matched to the
particular pilot shifts e7** defining the pilot shift se-
quence are required to provide the channel estimate for

transmit antenna p

M- M1 Ny

) O _ ) B e L F* N

Hpy = Z}Wm Hy: = ZO . Z:.Hz,?-m € + X5 Vi
m= m= U=

Subsequently, an estimate of the effective (resulting) CTF

A~

H

£,1

is obtained by
Ny
2 — u) | o-Jiew)/ De
Hy,; = 2: i ° € .
H=1

This case corresponds to the inventive scenario where the
inventive base band filter simultaneously performs filter-
ing and down conversion. Afterwards, a processing of the
base band representations of the channel transfer functions
is performed by compensating the influence of D¢ as has
been described above. In the same step, an up conversion
can be performed, i.e., the processed channel transfer
functions are multiplied by associated phase shift se-

quences.
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The complexity of the estimator is approximately N¢Mg mul-
tiplications per sub-carrier, which results in about Ng
times the complexity of a comparable SISO estimator. This
is motivated by the fact that Nt signals which are in gen-
eral mutually independent have to be estimated. In accor-
dance with the previously described SISO channel estimators
2x1D PACE algorithms can be applied if a scattered pilot

grid is used.

In accordance with a further aspect of the present inven-

tion, rearranging the above equations yields

M- Ny o)/ D
T o | (») , ~Jieu)/ Dy
Hy,= Y Hy: S W e :
m=0 u=l

A

The resulting coefficients Wm=%W,f,")-e-ﬁ¢(”)’Df, 0<m<M, are
sufficient to estimate the efféltive CTF. It is to be
noted, that the task is to estimate lﬁj rather than the
CTF of the individual transmit antennas fﬁf, it is compu-
tationally more efficient to pre-compute coefficients of
the band-pass filter W, and to perform the above computa-
tion, instead of computing the two above equations succes-

sively.

The above simplification results from a linear combination
of the band-pass filters {Iﬁy)} providing the filter W, .
Based on this simplifications, a channel estimator’s com-
plexity at a receiver can further be reduced since only Mg
multiplications per sub-carrier are to be performed, in-
stead of N¢M¢ multiplications, wherein the result is ex-

actly the same.

In accordance to the SISO channel estimators, 2D and 2x1D
PACE algorithms can be applied if a scattered pilot grid is

used.
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The pilot spacing of MISO-OFDM channel estimator is bounded
by

DNy, /T <1

It is seen that the overhead due to pilot symbols increases
proportionally with the number of transmit antennas. Com-—
pared to the SISO estimator with a maximum pilot spacing
bounded by the above-mentioned formula, the overhead due to
the pilot symbols for the MISO estimator becomes less if
Opyclopt > Tpax - 1IN Other words, for large cyclic delays MISO

channel estimation is more efficient in terms of pilot

overhead.

In the following, the necessary conditions for the inven-
tive virtual MISO pilot grid will be described. The virtual
MISO pilot sequences ﬁ%@ are dependent on &, and the pi~
lot spacing D¢. So, if both 4, and Df are fixed, it may
not be possible to estimate the Ny different channel. The
reason is that each transmit antenna’s channel requires a
unique pilot sequence in order to distinguish the Ny chan~
nels. In other words, phase ambiguities must be avoided. In
mathematical terms, the phase term ¢(u) between adjacent
"  should be different for all u = {l,--,N;}.

[

Hence, the following condition must hold

w7t

pilots

o) # @(m) + k27 for M # I M, m = {1, , N;}; k e 2

where k is an arbitrary integer. Solving the above condi-

tion for k and substituting the expression for () yields

for H * m; M, I = {1"“'NT}
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The above condition specifies phase ambiguities of pilot
symbols, which must be avoided. This imposes a constraint
on the design of §&,. and D:z. For a given cyclic delay &g/

the pilot spacing Ds cannot be chosen arbitrarily, and vice

versa.

In the following, a sufficient condition to provide a set
of optimum phase shifted pilot sequences will be derived.
The estimator performance is dependent on pilot sequence
design. Moreover, the estimator performance is optimum if
the periodicity of the phase shifted pilot sequences X%}
is N¢. This means that @lp) mod 27 has exactly Ny constella-
tion points. Hence, a set of Ng optimum phase shifted pilot
sequences according to the present invention, %", appro-

priate to estimate Np superimposed signals is defined by

where i denotes the sub-carrier index and 6(n) = n2z / N, de-
notes the phase increment between two adjacent sub-
carriers. The possible realisations of 6,(n)mod 27 = f(n) are

Ny distinct phases given by

A 2w 27 %
Pz{l’l'v—'lz"N—l'”/(NT “1)"“"—}

T T

which corresponds to a Ny—PSK constellation.

Generally, if the phase increment between adjacent pilots
() can be uniquely mapped to exactly Nr distinctive
phases within the unit circle Qn) € P with
n=1{,-,N, -1, a sufficient condition for an optimum set
of phase shifted pilot sequences is obtained. This leads to

a condition for D¢ to yield the optimum pilot grid
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ou) = On) + k2r for H = {1, -, Ny}, 6n)e P, kez

where k is an arbitrary integer. The above equation states
that ¢(u) and multiples of 2m are within the set P so an
equivalent notation is plpymod 2z € P. It is to be noted
that the above equation is always satisfied for p=1 and
n=0. However, the above equation must hold for all
u o=, ,N;}. Furthermore, the Ng realizations of ¢(u) must

uniquely map all Ne constellation points of P.

In order to identify possible values for d,. and Dg the
above equation can be used. However, there is an easier way
for obtaining the above-mentioned values, which can be mo-
tivated by considering ke(y) for an arbitrary integer k.
Furthermore, 1f the above equation 1is satisfied, then
kep(uymod 27 € P, i.e., multiples of ¢(u) are also within P.

The condition of the above equation can be reformulated to

A 27D, - -1-9 2nk - -1 & N,D.0,
¢(/1) = £ (/,l ) cye . 7. (ﬂ ) with k= T~ cyc ez
NFFT NT NFFT

in order to avoid phase ambiguities of the pilots, the
greatest common divisor (GeD) of (k, Np) is preferably not
larger than 1. This yields to a sufficient condition to
provide a set of Nr optimum phase shifted pilot sequences

in accordance with the present invention

. A NTngcyc
GCD(k, N,) = 1 with k=——— € 2

FFT

The above condition gives possible values for Dg if Ogpe 18

given, which is
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kN
D. = ——FL  with GCDk, N,) = 1.
£ NS r M)

T~ cyc

The present invention provides in accordance with a further
aspect a concept for a simplified channel estimation for

CDD-OFDM with maximum cyclic delay.

In the following, the cyclic delay will Dbe set to
Oppe = Ngp / N, . This is the maximum possible cyclic delay in
the way that the mutual delay between all transmit antennas
is maximized. As has been mentioned above, the maximum cy-
clic delay is the optimum choice for CDD-OFDM. Fortunately,
this choice of the cyclic delay allows to grossly simplify
the channel estimator complexity. This is particularly true
for the N¢=2 transmit antenna systems, which may be the

most practical choice for CDD.

In the following, the effective channel transfer function

(resulting CTF) will be considered, which becomes

Ng Ny
— Wy _—gemiu-1/ Ny () -Fiplw
Hy; = E,LQJE = §:£Q@e
p=1 p=l

The phase term @u) = 1) = ori - (u — 1)/ N, defining the
phase shift sequence has some interesting properties:

1. All possible realizations of ¢,(u) can be mapped
onto Np distinctive points on the unit circle, de-
noted by the set P.

2. The phases @;(u) are equivalent to phase shifted pi-
lot sequences. Phase shifted pilot sequences are a
set of Ny orthogonal pilot sequences which minimize
the estimation error.

3. The correlation function in fregquency direction,

R, [Ail, becomes
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Ny
, —j2x Aiu-11/N T A
RI'{H[AJ.] — Ze j2m A [p-11/ Ny | RH;‘[AJ_]
u=1

In the following, it is supposed that the power delay pro-
file of all Ny channels is similar, so R¥[Ai]l ~ Ry[Ai].
Then, R\[Ai] can be pulled out of the summation, and with
ZZ:I g J2mALE /N — 0 for Ai = {l,--,N;}, the resulting cor-
relation function R,[Ai] becomes uncorrelated for Np-1 ad-

jacent sub-carriers.

Substituting the cyclic delay 6., = Npy /Ny, the virtual

MISO or pilot sequence can be rewritten to

~

XS/J) = X. Te—Jan.wf-(,;—l)/I\IT = X ,e'“"’(’” with i= in

51 4,1 7,1

where ¢@(u) = 272D, - (U — 1)/ N, denotes the phase shift between
adjacent pilot of the pilot sequence p. It can be verified
that for a pilot spacing Ds=1, i.e., a whole OFDM training
symbol is transmitted, igz = i%déﬁ”“”*”Nf constitutes a set

of Nr phase shifted pilot sequences.

However, this is not the only solution for Df where an op-
timum set of Ny phase shifted pilot sequences are obtained.
Generally, substituting &, = Ny, /N, yields a condition

for the pilot spacing D¢

GCD(D,, N,) = 1

with the expressions for H,; given above and the con-
straints for D¢, it is possible to simplify channel estima-
tion for CDD-OFDM. With the cyclic delay set to
Ooye = Npgr / Ny, Np adjacent sub-carriers are grouped into Np
sets. That is, the grouping into sets is specified by the
modulo operation m=imodNry. In the following, the n™® entry

of set m of OFDM symbol 1 defined by
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Ny A
— (4) - j2r-(m+nNy){g-1)/ N s
= EHmmme r,  m=1 mod N,

#=l

(m) -
Gy, =H

£, m+nNgp

N

) jor me(u=1)/ N ni‘_iJ
A - j2n m{u=1)/ Ny =| &
z Z,m+nN,e Ny
=1

is defined, where each set contains N_ /N, entries,
™, n =10, N /N, —1}. It dis to be noted that the in-
duced phase term of CDD has become independent on n, since
any terms dependent on n are multiple of 2m and can thus be
neglected. Each set is identified through the same phase
term wi{m, y) = 2mm - (u —1)/N,. Then, wy(m u) can be regarded
as a constant with respect to n within the n* set. Hence,
{Gm} n=1{,,N, /N, -1 1is the superposition of Ny CTF
multiplied by a constant phase term. This means that the
artificial frequency selectivity induced by CDD has been

compensated.

The basic inventive idea associated with the simplified
channel estimation scheme is not to estimate the channel
transfer function for each transmit antenna, HY sepa-
rately, but to estimate Gm’ separately for each set, in the
way that only the pilots, which are also within the m*" set
are used. The estimation of Gﬁz for set n is equivalent to
estimate a SISO channel. The only difference is that only
pilots are used which fall into the set m. Fortunately, a
subset of pilots denotes by G will be within each set if
the above equation is satisfied. Since there are Nr time
sets, the efficient pilot spacing increases Dy = NyD¢,
which effectively means that Ny times more pilots are re-
quired compared to an equivalent SISO system. This is the
same pilot overhead as for the true MISO estimator. The
complexity, however, is the same as for a simple SISO chan-

nel estimator.
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The maximum pilot spacing of the inventive technique is ac-

cording to the sampling theorem

T

#)
N, max, {7y}

D, <

where maxyrw) is the maximum delay of the Np superimposed

max

channel G, which is determined by the total maximum of

the individual maximum channel delays. Assuming that all

channels have a similar maximum delay T, ® T

max 7

the max
operation above may be omitted. In comparison to the re-
guired pilot spacing for the conventional SISO estimator,

the inventive simplified estimator is more efficient if

z‘max < 5cycTspl
which for &, = Ngy /N, will Dbe most often achieved in

practice, since CDD is most practical for low Nr.

Tn the following, an implementation of the inventive sim-

plified channel estimator for CDD-OFDM will be discussed.

By the way of example, a pilot grid where the pilots in
frequency are spaced Dt sub-carriers apart is considered. A
sub-carrier containing a pilot 1is determined by i = ng
where 1 = m,n-,LNC/LQJ-l} is the pilot index. If the above
condition for the pilot spacing holds, then every N.* pilot
will fall in the same set. Hence, pilot positions for set m
are determined by 250. With the definition for 251 for the
pilots 252 as 253 with 254 is obtained. For the estimation
of the mt™ set a 1D, 2D or 2x1D SISO channel estimator, as
described above, respectively, with pilot spacing 255 can

be applied.
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The inventive channel estimator operates  as follows.
Firstly, the modulation of the pilot symbols is removed.
The n*® demodulated pilot of set m is in the form

(m) __ 7 _ v o

GTZ,E - H"e,an,m - X?,ENT+mXE,ﬁNT+m'

Channel estimation of a symbol belonging to set m is per-
formed by only using pilots which are also in that set.
This is the difference to conventional SISO channel estima-
tion. Considering 1D channel estimation, the channel esti-

mator of sub-carrier i = m + nN, becomes

M1 Mo-1

Am) — 1, Am) _ T
Gt’,n - Hl,m+nNT - Z Wk Gl,ﬁ—k - Z Wk Hl,(fi—k)N,. +m
k=0 k=0

M-1 Ny

' () —j2r m-(u=1)/ Ny

}; Wy ] Hl,(ﬁ—k)NT +n® + 772,(5—;()1\1, +m
= /1:

Il

~ ~

where 7 - v in = X3 e+ mVE (GotoN, +m is the AWGN (average white
Gaussian noise) term. The extension to 2D and 2x1D channel

estimation schemes is straight forward.

The computational complexity of the inventive algorithm for
the 1D estimator is My multiplications per sub-carrier,
where M¢ is the filter order of the inventive filter. This
is the same as for the conventional SISO estimator. The
MISO estimator described above has a Ny times higher com-
plexity. The performance of the inventive estimator is de-
pendent on the chosen estimator and on the channel charac-
teristics. However, it is to be noted that if the power de-
lay profiles of all Ng channels are similar, Ny adjacent
sub-carriers become de-correlated, as has been shown above,
which corresponds t the grouping of the sets. So, nothing
is lost if pilots are neglected which belong to adjacent
sets since they are uncorrelated anyway. In this case, the
inventive estimator approaches the performance of the MISO

estimator at significantly lower computational cost.
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In the following, by the way of example only, a CDD-OFDM
system with Np=2 transmit antennas will be considered,
which is the preferable system set-up for CDD-OFDM, as has
been mentioned above. In this case, the following simplifi-

cation is obtained

imod2 € {01}

o= 1l

{m) .
Gy = H

—_ {1) {2) m
f,m¥2n Hl,m+2n + He,m+2n(—1) ’

It is seen that the CTF of antenna p=l1 has no phase distor-
tion while CTF of antenna p=2 oscillates between 1 and -1.

For even and odd sub-carriers, the following is obtained

o (2) _
Gpp = Hpon + Hyonr m =0

1y _ ) _ gl —
Gl,n - H£,2n+1 H£,2n+1’ m =1

In other words, the simplified channel estimator schene
provides directly an estimate of the effective channel

transfer function.

Preferably, an odd pilot spacing is required, since the
greatest common divisor of (D,,2) becomes one in this case.
Then, one pilot belonging to set m=0 is followed by a pilot
belonging to set m=1.

Fig. 5 shows an inventive pilot grid structure for CDD-OFDM

with two transmit antennas.

As is shown in Fig. 5, two successive pilots occupy even

and odd sub-carriers, respectively. For estimating the

TCL 1011
p, 57



10

15

20

25

30

35

WO 2005/081481

. PCT/EP2004/001645

channel transfer function on the even and on the odd sub-
carriers only pilots are used which are located on even and

on odd sub-carriers, respectively.

Tn the following, some inventive modifications for channel
estimation for CDD-OFDM with maximum cyclic delay will be

described.

If the cyclic delay parameter &, is to be chosen arbi-
trarily, some constraints on the pilot spacing D; are im-
posed. For instance, for 8ppe = Nege / N; and N, = 2, the pi-
lot spacing Df must be odd.

However, these constraints limit a flexibility of the re-
sulting systems. The present invention additionally pro-

vides a concept for relaxing the requirements for Ds.

Tn the following, the system described above with 266 will
pe considered, by the way of example only. By imposing an
offset parameter for the pilot grid arbitrary Df can be
supported. In this approach as shown in Fig. 6 for the ex-
ample of N;=2 transmit antennas. By shifting the start of
the first pilot by an odd number Do, the channel can be es-

timated even if D¢ is even.

Sometimes a shift by Dy of the start of the pilot grid may
also not be desirable. In such a case, the transmitter can
be slightly modified in accordance with a further aspect of

the present invention.

Fig. 7 shows a block diagram of an inventive CDD-OFDM

transmitter which can support even pilot spacings Ds.

The inventive CDD-OFDM transmitter of Fig. 7 comprises a
pilot generator 701 coupled to a multiplexer 703. The mul-
tiplexer 703 has an input for receiving data sequence and a
plurality of outputs coupled to an IFET transformer 705.
The IFFT transformer 705 has a plurality of outputs coupled
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to a parallel-to-serial converter 707 (P/S). A signal path
determined by an output of the parallel-to-serial converter
707 is divided into a first signal path 709 and a second
signal path 711.

The first signal path 709 is coupled to a guard insertion
plock 713 having an output coupled to a first transmit

antenna 715.

The second signal path 711 is coupled to an input of a mul-
tiplier 717, the multiplier 717 having a further input 719
and an output coupled to a delay element 721. The delay
element 721 is coupled via a guard insertion block 723 to a

second transmit antenna 725.

The inventive transmitter shown in Fig. 7 differs from the
CDD-OFDM transmitter shown in Fig. 12 by a multiplication
with an antenna dependent complex constant a#” provided to
the further input 719 of the multiplier 717. In accordance
with the present invention, the antenna dependent complex
constant changes once every Dr OFDM symbols. For maximum
cyclic delays &, = Ny /Ny, @ possible value for this com-
plex constant is af' = e 21/ N1/ por the example with
Ng=2 and an even Dg, the antenna dependent constant may be
set at =1 for  the first antenna 715 and

al? = (-1’2} = (+1} for the second antenna 725.

The effect on the received signal is demonstrated in Fig. 8

showing the inventive pilot grid structure with even D:.

In accordance with the present invention, even and odd sets
are shifted by one sub-carrier every Dy OFDM symbols, which
effectively is having the same effect as a shift of the pi-
lots by Do. It is to be noted that @ is a constant for Dr
OFDM symbols. Furthermore, for two transmit antennas, af
only negates the input sequence on the second antenna, that

means that a sign of input sequence values is converted.
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Tn accordance with the present invention, the pilot offset
Do and the antenna dependent multiplication by a* at the
transmitter, virtually any regular pilot grid can be sup-

ported.

The present invention further provides an apparatus for
providing N pilot sequences from an origin pilot sequence
for channel estimation, wherein each pilot sequence is to
be transmitted by an associated transmitting point of Ny

transmitting points.

The present invention further provides an apparatus for
generating Ny pilot sequences from an origin pilot se-
quence, as has been explained above. The Nt pilot sequences
are to be transmitted by N; transmitting points, wherein a
ut™ pilot sequence of the N pilot sequence is to be trans-
mitted by a p™  transmitting point of Ng transmitting

points.

Fig. 9 shows a block diagram of the inventive apparatus for
generating N pilot sequences. The apparatus comprises an
assigner 901 having a first input 903 and a second input
905. The assigner 901 has a plurality of outputs coupled to
a frequency-time converter 907. The frequency-time con-
verter 907 has an output coupled to a means 909 for provid-
ing a pt* copy of a converted sequence provided by the fre-
quency-time converter 907. The means for providing the pm
copy is operative for dividing a signal path defined by the
output of the frequency-time converter 907 into a plurality
of signal paths, wherein in Fig. 9, by the way of example
only, a first signal path 911 and a p*™ signal path 913 are
depictive. The n*® signal path 913 is coupled to a means
915 for cyclically delaying (delay element) which has an
output.

The apparatus shown in Fig. 9 is operative for processing
an information signal provided via the second input 905 and
the origin pilot sequence provided via the first input 903
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in accordance with a cyclic delay diversity scheme, wherein
both sequences are depicted in Fig. 9. By the way of exam-
ple only, in Fig. 9 the case of Df = 3 1s considered. As is
depicted in Fig. 9, the subsequent values of the origin pi-
lot sequence are assigned to every De™ sub-carrier, wherein
the successive values of the information sequence are as-
signed to the remaining sub-carriers. In other words, the
inventive assigner 901 performs a multiplexing operation.
As is shown in Fig. 9, the assigned sequence 1is provided
via the plurality of outputs of the assigner 901. After
time-frequency conversion and an optional parallel-to-
serial conversion, a plurality of copies of the converted

sequence are provided.

I+t is to be noted that the inventive apparatus shown in
Fig. 9 may also be operative for assigning only subsequent

values of the origin pilot sequence. In this case, Df = 1.

As is depicted in Fig. 9, the converted sequence is common
to all N; pilot sequences. In other words, the inventive
apparatus is operative for providing a plurality of pilot
sequences from a single origin pilot sequence using a sin-
gle time-frequency converter, which can be for example a
single Fourier transformer, for example an IFFT transformer
being operative for performing a single IFFT transform. For
example, the means 909 for providing the }fh copy may be
operative for providing a plurality of copies of the con-
verted sequence, as 1is depicted in Fig. 9. By the way of
example only, the means 909 for providing the ™ copy may
be operative for providing the converted sequence for a
first copy of the converted sequence as a first pilot se-
gquence of Ny pilot sequences and, simultaneously, for pro-
viding the n™ copy of the converted sequence to be used

for providing the p*™ pilot sequence.

As it is depicted in Fig. 9, the N pilot sequences are
based on the same origin pilot sequence or, in other words,

are derived from the same converted sequence. In order to
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provide pilot sequences from the same converted sequence SO
that received version of the pilot sequences are separable
at a receiver, the copies of the converted sequence are
processed in such a way, that spectral representations of
the resulting pilot sequences occupy different spectral re-
gions, as has been mentioned above. For example, a spectral
representation of the u*™ pilot sequence occupies a band-
pass spectral region, and the spectral representation of
the first pilot sequence occupies a base band spectral re-
gion or a further band-pass region, so that both spectral
regions do not overlap. As has been explained above, this
characteristic can be exploited by the inventive channel
estimator, wherein a simple band-pass filter applied for
filtering the spectral representations may be used in order

to obtain channel estimates.

In order to provide separable training sequences, the pre-
sented invention applies predetermined cyclic delays. Op-
tionally, different pilot spacings Dgf can be used. To be
more specific, the inventive means 915 for cyclically de-
laying is operative for cyclically delaying the ut" copy of
the converted sequence by a delay value which is dependent
on Df, or wherein the assigner is operative for using a pi—
lot spacing being dependent on the cyclic delay value. In
other words, Ds depends on the delay factor.

In accordance with the present invention, the delay factor
or Dsf are chosen such that, for example a spectral repre-
sentation of the u™ pilot sequence is multiplied by a
phase shift sequence, for example +1, -1 etc., which intro-

duces the up-converting effect described above.

More specifically, the means 915 for cyclically delaying is
operative for cyclically delaying the pw copy of the con-
verted sequence by a delay factor which may be obtained

from the following eguation

5&? = Nper (1) / 27ZDf(.u -1)
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to obtain the p* pilot sequence, wherein

2r 2r 2r

@lp) mod 27 € 0, —,2«— , -, (Ng -1 —

N, N, N,
or wherein the inventive assigner 901 is operative for as-
signing subsequent values of the origin pilot sequence to
every D™ sub-carrier, wherein Df is obtained from the fol-

lowing equation

kNFFT
N5

cye

D,=

wherein k is chosen such that a greatest common divisor GCD

is
GCD(k,N;)=1

For example, the delay factor is fixed. In this case, the
inventive assigner 901 may be operative for choosing Dg
such that, as a result, a spectral representation of the
p™ pilot sequence is, for example, up-converted to the

band-pass spectral region.

For a fixed Dy, the inventive means 915 for cyclically de-
laying may operative for delaying the nt® copy of the con-
verted sequence such that a spectral representation of the
ut® pilot sequence occupies, Dby the way of example only,
the previously mentioned band-pass spectral region.

In accordance with a further aspect of the present inven-
tion, the inventive assigner 901 and the inventive means
915 for cyclically delaying may cooperate with each other.
To be more specific, the assigner 901 and the means 915 for
cyclically delaying may adjust Df and the delay value such
that the desired effect is introduced even if possible val-
ues for D¢ and possible values for the cyclic delay value

are limited.
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Referring again to the embodiment of Fig. 6 D¢ may be even,
which is associated with the above mentioned problems. In

order to cover both, even numbered and odd-numbered sub-

carriers, the inventive assigner 901 may be operative for
assigning subsequent values of the origin pilot sequence to
every D" sub-carrier starting with, for example, an odd-
numbered sub-carrier at a time-instant, at which pilots are
transmitted, and for assigning the subsequent values of the
origin pilot sequence to every D¢™® sub-carrier starting
with an even-numbered sub-carrier at a following time-
instant, at which further are transmitted, or vice versa.
In other words, the inventive assigner 901 introduces a
numbering shift, so that the pilots are assigned to even

and odd sub-carriers at different time-instants.

Referring again to the embodiment of Fig. 7, the means 909
for providing the p®* copy may comprise the multiplier 717
for multiplying the u™ copy of the converted sequence by a
multiplying factor to provide a multiplied copy as the pm
copy of the converted sequence. As has been explained
above, the multiplying factor may be antenna dependent,
i.e., dependent on a numbering index associated with, for
example, the nt™® copy. For example, the numbering index may
be equal to p. In other words, the effect depicted in Fig.
8 is introduced, as has been explained above. More specifi-
cally, the multiplier may be operative for multiplying the
ut™ copy of the converted sequence to obtain the ut pilot
sequence to be transmitted at a 1*® time instant by the

multiplying factor

aY’= eﬂmm4uw¢qu

wherein D. denotes a time spacing between the 1*™ time in-

stant and a (1+1)* time instant.

Tt is to be noted that the (cyclic) delay element 915 may
be a cyclic shift element. Hence, the delay element 915
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(shift element) may be operative for cyclically shifting
the ptt copy with respect to the converted sequence by the
above factor. Furthermore, the means 909 for providing the
n®® copy may comprise a copier for providing Ny copies of
the converted sequence in order to provide the Nrp copies to

the associated signal paths.

Additionally, it is to be noted that the bandpass filter
103 in Fig. 1 can be implemented as any device having a
bandpass characteristic. therefore, the bandpass filter can
also be a Wiener filter having a band pass characteristic.
Furthermore, the center frequency does not necessarily have
to be in the exact center of the pass band. In case of
asymmetric filters whose equivalent low pass representation
only includes positive rather than negative frequencies,
the center frequency in terms of the present document is at
the border of the pass band. Thus, any frequency in the
pass band of the band pass filter is to be regarded as the
center frequency as long as the filter passband overlaps

the spectral region of the pilot sequence.

Depending on certain implementation requirements of the in-
ventive methods, the inventive methods can be implemented
in hardware or in software. The implementation can be per-
formed using a digital storage medium, in particular a disc
or a CD having electronically readable control signals

stored thereon, which can co-operate with a programmable

computer system, such that the inventive methods are per-

formed. Generally, the present invention is, therefore, a
computer program product with a program code stored on a
machine-readable carrier, the program code being operative
for performing the inventive methods, when the computer
program product runs on a computer. In other words, the in-
ventive methods are, therefore, a computer program having a
program code for performing the inventive methods, when the

computer program runs on a computer.
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Claims

Channel estimator for estimating a channel transfer
function of a communication channel from a receive
signal including a pilot sequence being transmittable
from a transmitting point to a receiving point through
the communication channel, wherein the pilot sequence
is designed such that a spectral representation of the
pilot sequence occupies a band-pass spectral region
having a predetermined center frequency, the channel

estimator comprising the following features:

a band-pass filter (103) having the predetermined cen-
ter frequency for filtering a spectral representation
of the receive signal to obtain a filtered transformed
signal, wherein the filtered transformed signal com-
prises an estimate of the channel transfer function.

Channel estimator in accordance with claim 1, further
comprising a time-frequency converter (101) for time-
frequency conversion of the receive signal to obtain

the spectral representation of the receive signal.

Channel estimator in accordance with claim 2, wherein
the time-frequency converter (101) comprises a Fourier
transformer for time-frequency conversion of the re-

ceive signal.

Channel estimator in accordance with any of the pre-
ceding claims 1 to 3, wherein the pilot sequence re-
sults from a frequency-time conversion of a multi-
carrier sequence, the multi-carrier sequence being ob-
tained from assigning successive values of an origin
sequence to every Ds? sub-carrier of a plurality of
successive sub-carriers of a multi-carrier modulation
scheme, wherein the time-frequency converter (101)
further comprises a selector for selecting every D¢t

value of a time-frequency converted version of the re-

TCL 1011

p, 66



10

15

20

25

30

35

WO 2005/081481

PCT/EP2004/001645
66

ceive signal to obtain the spectral representation of

the receive signal.

Channel estimator in accordance with claim 4, wherein
the origin sequence comprises a scrambling sequence,
wherein the time-frequency converter (101) comprises a
multiplier for multiplying the spectral representation
of the receive signal by a complex conjugate version
of the scrambling sequence to provide a de-scrambled
sequence as the spectral representation of the receive

signal.

Channel estimator in accordance with claims 2 to 7,
wherein the spectral representation of the receive
signal is a set of parallel values, wherein the time-
frequency converter (101) comprises a parallel-to-
serial converter for providing therspectral represen-
tation of the receive signal as a set of serial val-

ues.

Channel estimator in accordance with any of the pre-
ceding claims 1 to 6, wherein the band-pass filter is
a digital filter comprising a superposition of a set
of coefficients for band-pass filtering the spectral
representation of the receive signal, and a further
set of coefficients for down-converting a filtered
version of the spectral representation to a base-band
spectral region to provide the filtered transformed
signal, wherein the filtered transformed signal is the

estimate of the channel transfer function.

Channel estimator in accordance with any of the fur-
ther preceding claims 1 to 7, wherein the filtered
transformed signal is a band-pass signal, and wherein
the channel estimator comprises a down-converter for
down-converting the filtered transformed signal to a

base-band spectral region to obtain a down-converted
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signal, wherein the down-converted signal is the esti-

mate of the channel transfer function.

Channel estimator in accordance with any of the pre-
ceding claims 1 to 8, wherein the band-pass filter
(103) is a digital filter comprising a set of filter
coefficients for band-pass filtering, wherein the
band-pass filter (103) is tuneable with respect to the
predetermined center frequency, and wherein the chan-
nel estimator comprises means for tuning the band-pass
filter.

Channel estimator in accordance with claim 9, wherein
the means for tuning the band-pass filter comprises
means for providing a set of filter coefficients in

dependence of the predetermined center frequency.

Channel estimator in accordance with claim 10, wherein
the means for providing the set of filter coefficients
is operative for calculating the set of filter coeffi-
cients in dependence of the predetermined center fre~

guency.

Channel estimator in accordance with claim 10 or 11,
wherein the means for providing the set of filter co-
efficients comprises a filter memory for storing a
plurality of sets of filter coefficients in dependence
of a plurality of predetermined center frequencies.

Channel estimator in accordance with any of the pre-
ceding claims 1 to 12, wherein the band-pass filter
(103) is further operative for interpolating between
adjacent values of the filtered transformed signal to
provide a frequency interpolated filtered transformed
signal as the filtered transformed signal.

Channel estimator in accordance with any of the pre-

ceding claims 1 to 13, wherein the band-pass filter
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(103) is further operative for interpolating between
corresponding values of the filtered transformed sig-
nal at a first time instant and values of a further
filtered transformed signal at a second time instant
to obtain a time-interpolated filtered transformed

signal as the filtered transformed signal.

Channel estimator in accordance with any other preced-
ing claims 1 to 14, wherein the receive signal in-
cludes a superposition of the pilot sequence and of a
further pilot sequence being transmittable from a fur-
ther transmitting point to the receiving point through
a further communication channel, wherein the further
pilot sequence is designed such that a spectral repre-
sentation of the further pilot sequence occupiles a
further spectral region having a further center fre-
quency, wherein the further center frequency is dif-
ferent from the predetermined center freguency,
wherein the channel estimator further comprises a fur-
ther filter haV1ng the further predetermined center
frequency for filtering the spectral representation of
the receive signal to obtain a further filtered trans-
formed signal in order to obtain an estimate of a fur-
ther channel transfer function of the further communi-

cation channel.

Channel estimator in accordance with claim 15 wherein
the further spectral region is a base-band spectral
region, wherein the further filter is a low-pass fil-
ter, and wherein the further filtered transformed sig-
nal is the estimate of the further channel transfer

function.

Channel estimator in accordance with claim 15, wherein
the further spectral region is a further band-pass
spectral region, and wherein the further filter is a
further band-pass filter having the further predeter-
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mined center frequency being different from the prede-

termined center frequency.

Channel estimator in accordance with claim 17, further
comprising a further down-converter for down-
converting the further filtered transformed signal
from the further band-pass spectral region to the
base-band region to obtain a further down-converted
signal, wherein the further down-converted signal is
the further estimate of the further channel transfer

function.

Channel estimator in accordance with claims 15 to 18,
further comprising an adder for adding the filtered
transformed signal and the further filtered trans-
formed signal to obtain an estimate of an effective
channel transfer function comprising a superposition
of the estimate of the channel transfer function and
the estimate of the further channel transfer function.

Channel estimator in accordance with claims 16 to 18,

further comprising:

an up-converter for up-converting the estimate of the
channel transfer function to obtain an estimate of the
channel transfer function in the band-pass spectral

region; and

an adder for adding the estimate of the channel trans-
fer function and the estimate of the further channel
transfer function to obtain an estimate of an effec-
tive channel transfer function comprising a superposi-
tion of the estimate of the channel transfer function
in the band-pass spectral region and the estimate of

the further channel transfer function.

Channel estimator in accordance with claim 19 or 20,

wherein the pilot sequence results from a frequency-
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time conversion of a multi-carrier sequence, the
multi-carrier sequence being obtained from assigning
successive values of an origin sequence to every D¢
sub-carrier of a plurality of successive sub-carriers,
wherein the estimate of the channel transfer function
has a phase error depending on Dg, and wherein the
channel estimator comprises means for correcting the
phase error of the estimate of a channel transfer
function, wherein the means for correcting is opera-
tive to multiply the estimate of the channel transfer

function by a phase sequence.

Apparatus for generating Nr pilot sequences from an
origin pilot sequence, the Np pilot sequences to be
transmitted by Nr transmitting points, wherein a T
pilot sequence of the Ng pilot sequences is to be
transmitted by a u™ transmitting point of Nr transmit-

ting points, the apparatus comprising:

an assigner (901) for assigning subsequent values of
the origin pilot sequence to every D¢ sub-carrier of
2 multi-carrier modulation scheme using a number of

sub-carriers to obtain an assigned sequence;

a frequency-time converter (907) for converting the

assigned sequence into a converted sequence;

means (909) for providing a th copy of the converted

sequence;

means (915) for cyclically delaying the ™ copy of
the converted sequence to obtain a p™ pilot sequence.

Apparatus in accordance with claim 22, wherein the
time-frequency converter (907) has an output coupled
to an input of the means (909) for providing the e

copy of the converted sequence.
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Apparatus in accordance with claim 22 or 23, wherein
the means (909) for providing the p*™ copy is opera-
tive for providing the converted sequence or a copy of
the converted sequence as a first pilot sequence of Ng

pilot sequences.

Apparatus in accordance with claims 22 to 24, wherein
the converted sequence is common for the N; pilot se-

quences.

Apparatus in accordance with claims 22 to 25, wherein
the means (915) for cyclically delaying is operative
for cyclically delaying the p™ copy of the converted
sequence by a delay value which is dependent on Dg, oOr
wherein D; is a pilot spacing, which is dependent on

the delay factor.

Apparatus in accordance with claims 22 to 26, wherein
the means (915) for cyclically delaying is operative
for cyclically delaying the p* copy of the converted
sequence by a delay factor depending on D¢, wherein
the delay factor &Y for the nt® copy is obtained from

the following equation:

Sc(yﬂc) = Nppro(1)/ 22D (u-1)

to obtain the " pilot sequence, wherein

2r 2r 2z

(Wymod 2w € 40, — , 2 - — ;= (N, — 1) - —

AV { ,AG N, 1 \Wp

or wherein the assigner (901) is operative for assign-
ing subsequent values of the origin pilot sequence to
every D" sub-carrier, wherein D: is a pilot spacing
depending on the delay factor, wherein Df is obtained

from the following egquation:
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— kNFFT

D. =
! NT5z,yc

wherein k is chosen such that a greatest common divi-

sor GCD is
GCD(k,N;) =1

Apparatus in accordance with claims 22 to 27, wherein
the time-frequency converter (907) is single Fourier
transformer being operative for performing a single

Fourier transform.

Apparatus in accordance with claims 22 to 28, wherein
D¢ is even, and wherein the assigner (901) is opera-
tive for assigning subsequent values of the origin pi-
lot sequence to every D™ sub-carrier starting with an
odd numbered sub-carrier at a first time instant, and
for assigning the subsequent values of the origin pi-
lot sequence to every D™ sub-carrier starting with an
even numbered sub-carrier at a second time instant

following the first time instant, or vice versa.

Apparatus in accordance with claims 22 to 29, wherein
the means (909) for providing the p™ copy comprises &
multiplier (717) for multiplying the n™ copy of the
converted sequence by a multiplying factor to provide
a multiplied copy as the p™ copy of the converted se-
guence, wherein the multiplying factor is dependent on
a numbering index associated with the u™ copy of the

converted sequence.

Apparatus in accordance with claim 30, wherein the
multiplier (717) 1is operative for multiplying the The
copy of the converted sequence to obtain the p™ pilot
sequence to be transmitted at a 1™ time-instant by

the multiplying factor
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aim - e-—j27r(p—1)/NT|_l/Dt_],
wherein D: denotes a time-spacing between the 1 time-
instant and a (1+1)™ time-instant.

Method for estimating a channel transfer function of a
communication channel from a receive signal including
a pilot sequence being transmittable from a transmit-
ting point to a receiving point through the communica-
tion channel, wherein the pilot sequence is designed
such that a spectral representation of the pilot se-
guence occupies a band-pass spectral region having a
predetermined center frequency, the method comprising

the following step:

Band-pass filtering a spectral representation of the
receive signal with respect to a predetermined center
frequency to obtain a filtered transformed signal,
wherein the filtered transformed signal comprises an

estimate of the channel transfer function.

Method for generating Ny pilot sequences from an ori-
gin pilot sequence, the Ny pilot sequences to be
transmitted by N; transmitting points, wherein a pte
pilot sequence of the Ny pilot sequence is to be
transmitted by a p*® transmitting point of N; transmit-
ting points, the method comprising the following

steps:

Assigning subsequent values of the origin pilot se-
quence to every D™ sub-carrier of a multi-carrier
modulation scheme using an number of sub-carriers to

obtain an assigned sequence;

Frequency-time converting the assigned sequence into a

converted sequence;
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Providing a p™® copy of the converted sequence;

Cyclically delaying the n*™ copy of the converted se-

quence to obtain the p™ pilot sequence.

Computer program having a program code for performing
the method in accordance with claim 32 or 33, when the

program code runs on a computer.
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