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APPARATUS AND METHOD FOR CYCLIC DELAY DIVERSITY

Specification

The present invention is in the field of telecommunications
and in particular, in the field of multi-carrier transmission

scheme in a multi-user scenario.

In wireless communications, transmit diversity techniques are
used in order to mitigate the detrimental effects of fading.
A simple transmit diversity technique is delay diversity
where the same signal is transmitted from multiple antennas
with different delay. This results in an equivalent of input
channel with increased frequency selectivity, and therefore,
increased frequency diversity - compared to the original sub-
channel from each transmit to each receive antenna. In an or-
thogonal frequency division multiplexing (OFDM), frequency
diversity introduced in a transmitter can be exploited by a

forward error correcting decoder arranged in a receiver.

However, introducing additional delay in multicarrier trans-
mission systems, which is often required for achieving a time
diversity, requires a longer guard interval which, conse-
quently, results in a reduced bandwidth efficiency. If the
guard interval is not sufficiently long, inter-carrier inter-
ference may occur. However, increasing the length of the
guard interval results in a reduced bandwidth efficiency,
since the guard interval cannot be applied to information

transmission.

An increased frequency selectivity without exceeding the

guard interval can be achieved introducing a cyclic delay di-
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versity, as described in: A. Dammann and S. Kaiser, “Standard
conformable antenna diversity techniques for OFDM systems and
its application to the DVB-T system”, IEEE Globecom, pages
3100-3105, November 2001, in: A. Dammann and S. Kaiser, “Low
complex standard conformable antenna diversity techniques for
OFDM systems and its application to the DVB-T system”, 4™
International ITG Conference on Source and Channel Coding,
pages 253-259, January 2002, and in: A. Dammann, R. Raulefs,
and S. Kaiser, “Beamforming in combination with space-time
diversity for broadband OFDM systems”, IEEE Conference on
Communications (ICC), pages 165-171, April 2002. In accor-
dance with the teachings of the above documents, a delay is

introduced in a cyclic manner such that the guard interval is

not exceeded.

Transmit diversity techniques are traditionally applied in a
multi-user scenario in order to transmit a signal through a

plurality of channels, wherein the transmit signal comprises
a plurality of signal streams associated with a plurality of
users. At a receiver, the user streams are separated by ex-

plicitly exploiting the transmit diversity provided by a

processing of the transmit signal.

In order to generate transmit diversity, cyclic delay diver-
sity may be applied for transmitting data simultaneously from
different transmit antennas, wherein each data stream associ-
ated with a transmit antenna has a delay with respect to the
other data streams. At the receiver, a single receive antenna

or a plurality of receive antennas can be applied.

In order to efficiently exploit the available bandwidth, the
characteristics of the applied transmit diversity technique

should be taken into account for effectively exploiting the
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full spatial diversity. For example in a multi-carrier trans-
missions scenario, the applied transmit diversity technique
may have an influence on correlation properties between sub-
carriers at the receiver. As mentioned before, the spatial
diversity can be transformed into the frequency diversity

which is can be picked up by the decoder.

In a broadband orthogonal frequency division multiple access
system (OFDMA), the available bandwidth is shared by several
users. Usually, a block frequency interleaver is applied,
i.e. the transmit symbols of a user are assigned to sub-
carriers with an equal spacing in order to exploit frequency
diversity such that neighbouring sub-carriers are allocated
to different users. However, in combination with the previ-
ously mentioned cyclic delay diversity, where spatial diver-
sity is reflected in uncorrelated channel coefficients of
neighbouring sub-carriers, and hence in uncorrelated carri-
ers, a frequency block interleaving may result in a complete
failure to exploit spatial diversity. Hence, the available
bandwidth is not efficiently exploited, since, for a user

stream, an increased bit error rates occurs after decoding.

In order to improve the system’s performance, a more complex
coding scheme may be applied for coding the different user
streams by introducing an increased redundancy. However, this
approach suffers form the fact, that the increased redundancy
reduces the bandwidth efficiency. The spatial diversity, when
considering the standard diversity techniques, may also be
exploited by increasing a number of transmit and receive an-
tennas. However, especially in a multi-user scenario, the in-
creased number of receive antennas would increase the com-
plexity of the overall system, in particular a complexity of

a mobile receiver.
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A further possibility of improving the systems performance of
a conventional multi-carrier transmission system using diver-
sity techniques is to exceed a length of a guard interval in
order to reduce interferences. However, this approach suffers

from a reduced bandwidth efficiency.

Fig. 7 shows a conventional OFDMA system (OFDMA = orthogonal
frequency division multiple access). The OFDMA system of Fig.
7 comprises a plurality of FEC encoders 1401 having an input
and an output, wherein the respective outputs of the plural-
ity of the FEC encoders 1401 are connected to a plurality of
interleavers 1403. Each of the plurality of the interleavers
1403 has an output connected to an associated mapper 1405 for
mapping the discrete values provided by the respective inter-
leaver 1403 on signals space representatives according to a
chosen signal space constellation scheme (modulation). In
Fig. 7, the mapper 1405 performs for example a QAM (QAM =
quadrate amplitude modulation) or PSK (PSK = phase shift key-
ing) modulation. Each of the plurality of mappers 1405 has an
output connected to a interleaver 1407 having a plurality of
outputs connected to a IFFT block 1409 in (IFFT = inverse
fast Fourier transform). The IFFT block 1409 has a plurality
of outputs 1411 for providing a multi-carrier modulated sig-

nal.

Each of the FEC encoders 1401 receives a corresponding user
signal, wherein in Fig. 7 user 1 and user U are depicted. In
a conventional OFDMA system of Fig. 7, the available sub-
carriers are allocated to a particular user by using the in-
terleaver 1407 for distributing the symbols of a user signal
on sub-carriers with a fixed spacing in order to exploit di-

versity. If cyclic delay diversity is applied, such a block
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interleaving may introduces an error since the correlation
properties of sub-carries are not taken into account. In Fig.
7, the sub-carriers s =90, 3, 7, ... are allocated to user 1.
However, user 1 can not completely pick up the spatial diver-
sity, when the applied spatial diversity technique introduces
a correlation between the carriers allocated to user 1. A
further disadvantage of the system of Fig. 7 is that the fre-
quency selectivity of the channel can not be taken into ac-
count since a fixed allocation scheme is used. Therefore, the
conventional OFDMA systems do not fully exploit the frequency
diversity which results in a reduced performance with respect

to bandwidth efficiency.

It is the object of the present invention to provide a con-
cept for an efficient multi-user transmission based on a

multi-carrier modulation scheme.

This object is achieved by an apparatus for generating a
transmit signal according to claim 1 or by a multi-user
transmitter according to claim 9 or by an apparatus for ex-
tracting a user signal according to claim 10 or by a method
for generating a transmit signal according to claim 19 or by
a method for processing a multi user signal according to
claim 20 or by a method for extracting a user signal accord-
ing to claim 21 or by a computer program according to claim

22.

The present application is based on the finding, that, in a
multi-carrier transmission scenario, a performance of a
multi-user transmission scheme applying the conventional sub-
carrier allocation scheme for allocating the user signals can
be increased, when certain correlation propexties between the

sub~carriers are introduced prior to transmission. In par-
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ticular, it has been found that the spatial diversity can
fully be exploited, when, at the transmitter or at the re-
ceiver, cyclic delay diversity scheme is used, wherein the

cyclic delays are determined by a number of users.

It is an advantage of the present invention, that the spatial
diversity can fully be exploited for simultaneously transmit-
ting a plurality of multi user signals without increasing the
receiver complexity, since the spatial diversity is trans-
formed into frequency diversity by the inventive cyclic di-
versity scheme. Therefore, a number of received signals to be
processed can be reduced compared with a standard approach,
which allows a reduction of signal processing resources re-

quired for extracting the corresponding user signal.

It is a further advantage of the present invention that the
inventive concept can be applied to full exploitation of the
spatial diversity in a plurality of conventional multi user
transmission schemes, e.g. OFDM, since, in accordance with
the present invention, the signals to be transmitted are post
processed without changing the frame stxructure of the signal

to be transmitted or an applied spectrum allocation scheme.

In accordance with the present invention, the cyclic delay is
chosen such that sub-carriers associated with sub-sequent
user signal values are uncorrelated. An interleaving strategy
ensures that the full spatial diversity can be exploited us-
ing forward error correction codes of limited constraint

length.

It is a further advantage of the present invention, that the

inventive cyclic delay diversity concept is simple, since
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only shift operations are required in order to fully exploit

the spatial diversity.

It is a further advantage of the present invention, that, due
to system’s linearity, the inventive cyclic diversity scheme
can be implemented in the receiver. Therefore, spatial diver-
sity can be obtained without altering a transmitter struc-

ture.

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 an inventive apparatus for
generating a transmit signal from a multi-user sig-
nal in accordance with a first embodiment of pre-

sent invention;

Fig. 2 shows a correlation function for the imnventive cy-
clic delay diversity scheme with two transmit an-

tennas;

Fig. 3 shows a block diagram of an apparatus £for extract-
ing a user signal from a first and from a second
receive signal in accordance with a first embodi-

ment of the present invention;

Fig. 4 demonstrates cyclic delay diversity in a coded OFTM

(transmitter);

Fig. 5 demonstrates cyclic delay diversity in & coded OFTM

(receiver);
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Fig. 6a demonstrates a fading channel and the corresponding

uncoded error rate;

Fig. 6b shows the channel of Fig. 6a transformed by the cy-
clic delay diversity and the corresponding uncoded

error rate; and

Fig. 7 shows a block diagram of a conventional spectrum
allocation scheme in a conventional OFDM multi-user

transmitter.

Fig. 1 shows a block diagram of an apparatus for generating a
transmit signal from a multi-user signal in accordance with
the present invention. The apparatus comprises the input 101
coupled to a signal copier 103. The signal copier 103 pro-
vides a plurality of paths, wherein, for the sake of descrip-
tional simplicity, a first signal path 105, a second path 107
and a further path 109 are shown.

The first path 105 is coupled via a cyclic shift element 111
to an output 113 of a plurality of outputs of the apparatus
for generating the transmit signal. The signal path 107 is
coupled via a cyclic delay element 115 to the output 117 of
the inventive apparatus. The further path 109 is directly
coupled to an output 119 of the plurality of outputs of the

apparatus for generating the transmit signal.

The multi-user signal is provided via the input 101 to the
signal copier 103. The multi-user signal may comprise a su-
perposition of a number of user signals, each of which being
associated with a different user. Moreover, +the multi-user
signal may be a digital signal comprising a set of wvalues

starting with a first wvalue and ending with a second value

TCL 1007
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placed after the first value. In other words, the multi-user
signal comprises, at a predetermined time instant, the set of

values in a predetermined order of appearance.

The signal copier 103 may be, for example, a multiplexer for
providing a number of paths. Preferably, the number of paths
is equal to the number of user signals to be transmitted. In
order to achieve cyclic diversity required for an efficient
detection of the respective user signal, the second path 107
is coupled to the cyclic shift element 115 for cyclically
shifting the multi-user signal (or a copy thereof) to obtain
the transmit signal via the output 117. The cyclic shift ele-
ment is operative to cyclically shift the set of values com-
prised by the multi-user signal provided via the second path
107 by a predetermined number of values. In accordance with
the present invention, the predetermined number of values is
determined by the number of user signals. For example, the
cyclic shift element 117 is a shift register being operative
to perform a left shift or a right shift by the predetermined
number of values. For example, the cyclic shift element 117
may be wired such, that the set of values is always shifted
by a predetermined number of wvalues. Alternatively, the in-
ventive apparatus shown in Fig. 1 may comprise a means for
providing the predetermined number of values being operative
to determine the predetermined number of values depending on

the number of user signals.

In accordance with the present invention, the cyclic delay
can be used in an already existing, standardized system hav-
ing a fix interleaving and user assignment scheme in order to
fully exploit spatial diversity. In the following, it is as-
sumed that the multi-user signal provided via the input 101

is generated by a conventional transmitter as shown imn Fig.

TCL 1007
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7. In particular, it is assumed that the multi-user signal is
formed from a multi-carrier signal having Ng carrier fre-
quency, wherein the transmit signal is to be transmitted by a
transmit antenna of a total number of n; transmit antennas,
wherein each transmit antenna is associated with a numbering
index, for example greater than =zero and smaller than or
equal to the number of antennas. The cyclic shift element 115

is operative to cyclically shift the set of values by

Ny (n - 1)
nU

A =

n

wherein n denotes a numbering index associated with the
transmit antenna to be used to transmit the transmit signal
provided via the output 117. Furthermore, U denotes the num-

ber of users.

As mentioned before, the number of users determines the mnum-
ber of values the set of values should be shifted by. More-
over, the number of antennas may also determine a numbexr of

paths provided by the signal copier 103.

For example, the number of antennas is equal to 2. In +this
case, the signal copier 103 may be operative to provide two
copies of the multi-user signal in order to provide the
transmit signal and a further transmit signal to be transmit-

ted by a further antenna of the plurality of antennas.

In order to provide the further transmit signal, the inwven-
tive apparatus may further comprise a means for generating
the further transmit signal from the copy of the multi-user
signal provided via the signal copier 103. In the case of two

antennas, the means for generating may be operative to pro-

TCL 1007
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vide a copy of the multi-user signal as the further transmit
signal, this case corresponds to the further path 109, which
is connected to the output 119. Now, the inventive apparatus
is simplified since the second path 105 and further process-—
ing elements associated with the second path 105 are not pre-

sent.

If the number of antennas is greater than 2, then the signal
copier 103 may be operative to provide the number of copies.
In this case, the inventive apparatus may comprise a further
shift element for cyclically shifting the copy of the multi-
user signal provided via the second signal path 105 to obtain
the further transmit signal, as is depicted in Fig. 1. 1In
particular, the copy of the multi-user signal may comprise a
set of values having an identical structure as previously de-
scribed. The cyclic shift element 111 shown in Fig. 1 repre-
sents the further shift element, when the number of antennas
is greater than 2. Accordingly, the cyclic shift element 111
is operative to shift the set of values by a further prede-
termined number of values, wherein the further predetermined
number of values is determined by the number of users. The
further shift element 111 may be a shift register having a
functionality described above. In accordance with the present

invention, the further predetermined number is:

_N,(&-1
nU

Ay
wherein k denotes a numbering index associated with the fur-
ther transmit antenna and wherein k is greater than zero and

equal to or smaller than the number of antennas.
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Accordingly, the inventive apparatus as shown in Fig. 1 may
further comprise means for providing the predetermined number
and the further predetermined number of wvalues in order to

control the operation of the shift elements 111 and 115.

The inventive means for providing the predetermined number
and the further predetermined number of values are operative
to calculate the respective number of values by evaluating
the above specified formulas. Alternatively, the means for
providing the number of values may comprise a storage ele-
ment, wherein, for each multi-user scenario and each antenna,

the number of values is stored.

As discussed above, the inventive concept may be integrated
in any multi-user system applying a multi-carrier transmis-
sion scheme. According to the present invention, the above-
discussed apparatus for generating a transmit signal from the
multi-user signal may be integrated in a multi-user transmit-
ter further comprising means for providing the multi-user
signal from the number of user signals. For example, the
means for providing the multi-user signal is a conventional

transmitter as depicted in Fig. 7.

The inventive cyclic diversity scheme is based on an effi-
cient exploitation of general correlation properties. To be
more specific, the inventive delays (shifts) are chosen such
that, depending on the number of users and on the used sub-
carrier allocation scheme, successive user signal values are
transmitted via certain carrier frequencies, wherein the car-
rier frequencies being assigned to successive user signal
values are mutually uncorrelated or almost uncorrelated. In
particular for the case of an OFDM transmission scenario, an

efficient choice of cyclic delay may improve or even deter—
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mine the correlation properties of the carrier frequencies,
or in other words, of the effective channel frequency re-
sponse. In accordance with the present invention, the cyclic
delays are chosen such that a forward error correction de-
coder implemented in a receiver exploits, for each user, the

full spatial diversity, which is inherent in a channel.

Fig. 2 shows a correlation function Riq for an inventive cy-
clic delay diversity with two transmit antennas and a cyclic

N, N,
delay A2 = 55 = 31 in a case of a flat fading channel. The

cyclic delays (cyclic shifts are chosen according to

Nyn - 1)
nU

A =

£

where U is the number of users or a spacing of sub-carriers
assigned to one user, respectively. The resulting correlation

function depicted in Fig. 2 is determined for four users.

The inventive <choice cyclic delay guarantees that sub-
carriers with a spacing of U = 4 are uncorrelated, whereas
sub-carriers with a spacing of 2U =8 are identical. Conse-
quently, the spatial diversity is transformed into frequency
diversity between sub-carriers with a spacing of U. Since
sub-carriers with the spacing of U are allocated to one user
(indicated with bullets in Fig. 2), then each user can pick-
up the full spatial diversity. As demonstrated in Fig. 12,
the inventive concept may be applied to any system for a

given sub-carrier assignment.

As mentioned above, the inventive concept may also be applied
in a receiver, since the transmission system may be consid-

ered as a linear system.
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Fig. 3 shows an apparatus for extracting a user signal from a
first receive signal into a second receive signal in accor-

dance with the present invention.

The apparatus comprises a means 301 for providing a first
transmit signal, the means 301 having an input 303 and an
output 305. Furthermore, the apparatus comprises a cyclic

shift element 307 having an input 309 and an output 311.

The output 305 of the means 301 for providing the first input
signal and the output 311 of the cyclic shift element 307 are
coupled to a means 313 for extracting a user signal, the

means having an output 315.

The means 301 for providing a first input signal receives via
the input 303 a first receive signal associated with a first
receive antenna 317. Accordingly, the cyclic shift element
307 receives via the input 309 a second receive signal asso-
ciated with a second receive antenna 319. The first receive
antenna 317 and the second receive antenna 319 are two repre-
sentatives of a plurality of receive antennas, each receive
antenna defining a receiving path. The plurality of receive
antennas 1is operative for detecting a received version of a
transmit signal. In other words, the first receive signal is
a version of the transmit signal received by the first re-
ceive antenna 317 of the plurality (total number) of receive
antennas. Accordingly, the second receive signal is a version
of the transmit signal received by the second receive antenna
of the total number of receive antennas. The first receive
signal and the second receive signal are formed from the re-
spective detected high-frequency signals. The high-frequency

signals are, subsequently, down converted to base band. After

TCL 1007
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an optional analogue to digital conversion, the first receive
signal and the second receive signal are provided as digital
signals. Hence, the first receive signal comprises a first
set of values starting with a first value and ending with a
last value placed after the first wvalue. Accordingly, the
second receive signal comprises a second set of values start-
ing with a first value and ending with a last value placed
after the first value. In other words, the first receive sig-
nal and the second receive signal may be considered as vec-
tors within a signal space defined by the number of values
contained by the first set of values or by the second set of
values. Assuming that the transmit signal comprises a super-
position of a number of user signals, the first receive sig-
nal and the second receive signal include the superposition
of the number of user signals transmitted from a transmit an-

tenna via a plurality of communication channels.

The means 301 for providing a first input signal is operative
for receiving the first receive signal and for outputting the
first input signal via the output 305. The operation of the
means 301 for providing the first input signal and its struc-
ture depends on the number of antennas. To be more specific,
if the number of antennas is equal to two, then the means 301
for providing the first input signal is operative to output
the first receive signal as the first input signal. In this
case, the means 301 is providing the first input signal that
couples the input 303 to the output 305 by, for example, a

wire.

If the number of antennas is greater than two, then the means
301 for providing the first input signal is operative to cy-
clically shift the first receive signal by a further number

of values to obtain the first input signal. In this case, the

TCL 1007
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means 301 for providing the first input signal may be a cy-
clic shift element comparable to the cyclic shift element 307
associated with the second receive signal. The shift elements
can be, for example, registers having an input coupled to an
output for performing a (cyclic) left shift or right shift

operation.

The cyclic shift element 307 is operative for cyclically
shifting the second receive signal by a predetermined number
of values with respect to the first input signal to obtain a

second input signal.

The first input signal and the second input signal, or, gen-
erally, the number of input signals, are provided to the
means 313 for extracting a user signal from the number of in-
put signals. The means 313 for extracting the user signal is
operative for outputting the user signal via the output 315
for further processing. An operation of the means 313 for ex-

tracting the user signal will be described later.

As mentioned above, the inventive apparatus for extracting
the user signal is preferably operative in a multi-carrier
environment. To be more specific, the transmit signal trans-
mitted via a plurality of channels determined by the number
of receive antennas is then formed from a multi-carrier modu-
lation scheme, for example OFDM, using Ny sub-carriers. If
the number of antennas is greater than two, then the means
for providing the first input signal is operative to cycli-
cally shift the values of the first set of values by a fur-

ther predetermined number of values defined by

N (k-1
Ak=—s(U ),
hy
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wherein k denotes a numbering index associated with the first
receive antenna, ny denotes the total number of receive an-

tennas and U denotes the number of users.

The numbering index associated with a respective receive or
transmit antenna can freely be chosen. Preferably, the trans-
mit or receive antennas are numbered subsequently starting
with an numbering index equal to one and ending with a num-
bering index equal to ny. However, the numbering indices can

also be numbered in a decreasing order of appearance.

The operation of the cyclic shift element 307 is similar. The
second receive signal is shifted by the predetermined number

of values defined by

A = N (n — 1)
nU

n
wherein n denotes a numbering index associated with the sec-
ond receive antenna. Preferably, the numbering index associ-
ated with the second receive antenna is different from the
numbering index associated with the first receive antenna.
Hence, the second input signal is shifted by a number of val-
ues with respect to the first input signal, wherein the num-

ber of values is equal to the predetermined number of values.

It is to be noted that the inventive cyclic shift operation
introduces a cyclic delay having an influence on a phase of
the input signals with respect to the respective receive sig-
nals. Therefore, this operation can also be performed in fre-
quency domain. To be more specific, the first receive signal

and the second receive signal are then transformed into fre-
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quency domain to obtain frequency domain signals consisting
of a number of values being characterized by a magnitude and
a phase. After influencing the phase of each value, the re-
sulting frequency domain signals are then transformed back to
time domain, so that delayed versions of the respective re-
ceive signals are obtained. The transformation to frequency
domain can be performed by means of a Fourier transform. Ac-
cordingly, the transformation into time domain can be per-
formed by means of an inverse Fourier transform. Same opera-

tions can also be performed in a transmitter.

The operation of the cyclic shift elements used in the inven-
tive apparatus for extracting the user signal is identical to
the operation of the cyclic shift elements described in con-
nection with the inventive apparatus for generating the
transmit signal. Furthermore, the inventive apparatus may
comprise means for providing the predetermined number of val-
ues and/or for providing the further predetermined number of
values. The operation of the means for providing the respec-
tive number of values 1is identical to the operation of the
means for providing the further predetermined number of val-
ues and/or the predetermined number of values discusses in
connection with the inventive apparatus for generating the

transmit signal.

As mentioned above, the means 313 for extracting the user
signals operative to provide the user signal on the basis of
the first dinput signal and the second input signal. Gener-
ally, the means 313 for extracting the user signal is opera-
tive to exploit the spatial diversity introduced in the re-
ceiver for extracting the user signal. For example, the means
313 for extracting the user signal may be a maximum ratio

combiner. In this case, each of the input signals is demodu-
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lated via a demodulator applying an inverse modulation scheme
to the modulation scheme applied for transmission. The de-
modulated signals are then combined using the maximum ratio

combining scheme optimizing the signal to noise ratio (SNR).

In particular, 1in a case of a multi-carrier modulation
scheme, a transmit signal received by the plurality of anten-
nas is formed from a multi-carrier modulation of a multi-
carrier signal having a number of sub-carriers. The user sig-
nals can be associated with certain carrier frequency as dis-
cussed in connection with the conventional scheme depicted in
Fig. 7. If the means 313 for extracting the user signal com-
prises a maximum ratio combiner, then the input signals are
demodulated via an inverse multi-carrier modulation scheme,

for example, an inverse Fourier transform.

Preferably, the means 303 for extracting the user signal com-
prises an adder for adding the number of input signals prior
to demodulation. To be more specific, the adder comprised by
the means 303 for extracting the user signal is operative for
adding the first and the second input signal to obtain a com-
posite input signal, which can be a time domain multi-carrier
modulated signal. In order to demodulate the composite input
signal, the means 313 for extracting the user signal may com-
prise a multi-carrier demodulator for demodulating the com-
posite input signal and for providing a demodulated input
signal. The multi-carrier demodulator may be operative for
performing an inverse Fourier transform or an inverse dis-
crete Fourier transform when OFDM transmission scheme is
used. After demodulation, the certain carrier frequencies as-
sociated with the user signal to be extracted may be selected
a selector which can be comprised by the means 313 for ex-

tracting the user signal.
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In order to select the certain carrier frequencies, the means
for extracting the user signal may receive a user indication
information, so that only the certain carrier frequency asso-
ciated with the user signal to be extracted are further proc-
essed. The user indication information may be provided by
means for providing user indication, the means being opera-
tive for receiving a signaling information, which user signal

has to be extracted.

The apparatus in Fig. 4 shows the encoder 501 coupled to the
interleaver 503. The output of the interleaver 503 is coupled
to the inventive apparatus 501 for providing the multicarrier
signal. Compared to the embodiment shown in Fig. 4, the in-
ventive apparatus 501 includes the demultiplexer 505, the
number of interleavers 507, the number of encoders 509 and
the assigner 511. The multi-carrier signal is provided to the
transformer 513. The transformed signal is multiplied at the
multiplying point 515 into a number of copies of the trans-
formed signal, the number of copies corresponding to the num-

ber of transmit antennas 525.

As depicted in Fig. 4, the signal provided via the signal
path 517 is identical to the transformed signal provided by
the transformer 513. Due to the shift introduced by the means
522, the copy of the transformed signal provided via the sig-
nal path 521 is shifted by one coefficient. Accordingly, the
copy of the transformed signal corresponding to the signal
path 523 is shifted by one coefficient with respect to the
shifted copy corresponding to the signal path 521. As de-
picted in Fig. 4, the means 522 for introducing the delay are
respectively operative to perform a left-shift. Alterna-

tively, the means 522 may be operative to perform a right-

TCL 1007
p, 22



10

15

20

25

30

WO 2005/041441 PCT/EP2003/010846
21

shift. Moreover, a number of coefficients, the signals are

shifted by, is variable and may be greater than 2.

Generally, the data is encoded by for example a forward error
correcting encoder FEC 501 and interleaved. After the (op-
tional) interleaver 503, the code bits are modulated, e.g. on
QAM (QAM=quadrature amplitude modulation) or PSK (PSK= phase
shift keying) symbols. OFDM is then implemented by using the
transformer 513 being operative to perform the inverse fast
Fourier transform (IFFT) of size Ng, where Ng is the number
of sub-carriers. The output symbols of the IFFT 513 are de-
noted by X,t =0,...,N;, — 1. Each antenna introduces a dif-
ferent cyclic delay A,,n=1,...,n, i.e. the transmit symbol
from antenna in a time t is given by

(n)

Xy = Zpeaymoaw,r € =0 ..., N, =L n=1...n..

Prior to transmission, a cyclic guard interval (GI) is in-

cluded by the respective means 519 at each transmit antenna.

The system of Fig. 4 is equivalent to the transmission of the

~

sequence X = b%,...,ﬁN_J over a frequency-selective channel
with one transmit antenna yet impulse response given by

i, = [8.©), ..., n (v, - 1)]

equ,t equ, t equ,t

to receive antenna m, m = 1, ..., ng, with

e (@) = zl h®(d - A,) mod N,).
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As depicted in Fig. 4, the transmit antenna 525 transmits

signals to the receive antenna 503 considered above.

Fig. 5 shows a corresponding OFDM-receiver structure having
the receive antenna 502 at which received signals are imping-
ing. The received signals are then provided via a plurality
of further processing means not depicted in Fig. 5 to a means
601 for removing the guard interval. The means 601 for remov-
ing the guard interval is coupled to a time-frequency trans-
former 603 inoperative to perform a fast Fourier transform
(FFT). The transformed signals at an output of the trans-
former 603 are provided to a means 605 for demodulating. The
means 605 for demodulating is coupled to the interleaver 607
having an output connected to a forward error correction de-
coder 609. Particularly, the means 605 for demodulating is
operative to perform operations inverse to those performed in

the transmitter.

Basically, the cyclic delay diversity transforms the multi-
ple-input-multiple-output (MIMO) channel to a single-—input-
multiple-output (SIMO) channel having increased frequency se-
lectivity, i.e. the spatial diversity is transformed into
frequency diversity. This effect is demonstrated in Fig. 6a

and 6b.

In the upper diagram of Fig. 6a, an absolute value of the
channel coefficients H(f) over a frequency is shown, wherein
a flat fading channel scenario is considered. In the lower
diagram of Fig. 6a, a corresponding uncoded error rate over a
frequency is depicted. Since in Fig. 6a a flat fading channel
is considered, the uncoded error rate follows, by the way of

example only, a vertical line over frequency.
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In Fig. 6b, the transformation introduced by the cyclic delay

diversity is demonstrated.

In the upper diagram of Fig. 6b, an absolute wvalue of the
channel coefficients is shown over frequency. Obviously, the
channel has been transformed from a flat fading channel to a
frequency selective channel having coefficients with in-
creased energy and coefficients with decreased energy. The
corresponding uncoded error rate is shown in the lower dia-
gram of Fig. 6b. As can be seen, the uncoded (bit) error rate
is not constant over the sub-carriers. However, the average
bit error rate for an uncoded transmission will be the same
as in the case of a flat fading channel considered in Fig.
ba. Nevertheless, an outer forward error correction decoder

can pick up the available frequency diversity.

Depending on certain implantation requirements, the inventive
methods can be implemented in hardware or in software. The
implementation can be performed using a digital storage me-
dium, in particular, a disk or a CD having electronically
readable control signals stored thereon, which can cooperate
with a programmable computer system such that the inventive
methods are performed. Generally, the present invention is
therefore a computer program product with a program code
stored on a machine-readable carrier, the program code per-
forming the inventive methods, when the computer program
product runs on a computer. In other words, the inventive
methods are, therefore, a computer program having a program
code for performing the inventive methods, when the computer

program runs oOn a computer.

TCL 1007

p, 25



10

15

20

25

30

WO 2005/041441 PCT/EP2003/010846
24

CLAIMS

1. Apparatus for generating a transmit signal from a multi-
user signal, the multi-user signal comprising a superposition
of a number of user signals, the multi-user signal comprising

a set of values, comprising:

a cyclic shift element (111; 115) for cyclically shifting the
multi-user signal to obtain the transmit signal, wherein the
cyclic shift element (111; 115) is operative for cyclically
shifting the set of values by a predetermined number of wval-
ues, wherein the predetermined number of values dis determined

by the number of user signals.

2. Apparatus in accordance with claim 1, wherein the multi-
user signal is formed from a multi-carrier signal having Ng
carrier frequencies, wherein the transmit signal is to be
transmitted by a transmit antenna of a total number n¢ of
transmit antennas, wherein the predetermined number of values

is

A = N, (n - 1)
nU

wherein n denotes a numbering index associated with the
transmit antenna transmitting the transmit signal, and U de-

notes the number of users.

3. Apparatus in accordance with claim 2, wherein a further
transmit signal is to be transmitted by a further transmit
antenna of a plurality of antennas, the apparatus further

comprising:
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a signal copier (103) for providing a copy of the multi-user

signal; and

means for generating the further transmit signal from the

copy of the multi-user signal.

4, Apparatus in accordance with claim 3, wherein the means
for generating the further transmit signal is operative for
providing the copy of the multi-user signal as the further

transmit signal.

5. Apparatus in accordance with claim 3, wherein the means
for generating the further transmit signal comprises a fur-
ther shift element (111; 115) for cyclically shifting the
copy of the multi-user signal comprising the set of values to
obtain the further transmit signal, wherein the further cy-
clic shift element (111; 115) is operative to cyclically
shift the set of values by a further predetermined number of
values, wherein the further predetermined number of values is

determined by the number of users.

6. Apparatus in accordance with claim 5, wherein the fur-

ther predetermined number of values is

N (k-1
NP A )

nU
wherein k denotes a numbering index associated with the fur-

ther transmit antenna.

7. Apparatus in accordance with anyone of the preceding
claims 1 to 6, further comprising means for providing the

predetermined number of wvalues.
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8. Apparatus in accordance with claims 5 or 6, further com-
prising means for providing the predetermined number of val-

ues and/or the further predetermined number of values.

9. Multi-user transmitter, comprising:

means for providing a multi-user signal from a number of user

signals;

the apparatus according to anyone of claims 1 to 8 for gener-

ating the transmit signal from the multi-user signal.

10. Apparatus for extracting a user signal from a first re-
ceive signal and from a second receive signal, the first re-
ceive signal being a version of a transmit signal received by
a first receive antenna of a total number of receive anten-
nas, the second receive signal being a version of the trans-
mit signal received by a second receive antenna of the total
number of receive antennas, the first receive signal compris-
ing a first set of values, the second receive signal compris-
ing a second set of values, the transmit signal comprising a

superposition of a number of user signals, comprising:

means (301) for providing a first input signal from the first

receive signal;

a cyclic shift element (307) for cyclically shifting the sec-
ond receive signal by a number of wvalues with respect to the

first input signal to obtain a second input signal;

means (313) for extracting the user signal from the first and

from the second input signal.
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11. Apparatus in accordance with claim 10, wherein the means
(301) for providing the first input signal that is operative
to output the first receive signal as the first input signal,

when the number of antennas is equal to two.

12. Apparatus in accordance with claim 10 or 11, wherein the
transmit signal is formed from a multi-carrier modulation
scheme using Ng subcarriers, wherein the number of antennas

is greater than two, and

wherein the means (301) for pxroviding the first input signal
is operative to cyclically shift the values of the first set

of values by a further predeterxrmined number of values

N,(k-1)

n,U
wherein k denotes a numbering index associated with the first
receive antenna, nr denotes the total number of receive an-

tennas and U denotes the number of users.

13. Apparatus in accordance with claims 10 to 12, wherein
the transmit signal is formed f£rom a multi-carrier modulation
scheme using Ng subcarriers wherein the predetermined number

of values is

A = Nin-1)

n

n,U

wherein n denotes a numbering index associated with a second
receive antenna, nry denotes the total number of receive an-

tennas and U denotes the number of users.
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14. Apparatus in accordance with claims 10 to 13, wherein

the cyclic shift element 307 is a shift register.

15. Apparatus in accordance with claims 12 to 14, wherein
the means 301 for providing the first input signal comprises

a shift register.

16. Apparatus in accordance with claims 11 to 15, wherein
the transmit signal is formed from a multi-carrier modulation
of a multi-carrier signal having a number of subcarriers, the
user signal being associated with certain carrier frequencies
wherein the means (313) for extracting the user signal com-

prises

an adder for adding the first and the second input signal to

obtain a composite input signal;

a multi-carrier demodulator for demodulating the composite

input signal; and

a selector for selecting the certain carrier frequencies to
extract the user signal from the demodulated composite input

signal.

17. Apparatus in accordance with claims 11 to 16, further
comprising a means for providing the predetermined number of

values.

18. Apparatus in accordance with claims 12 to 17, further
comprising means for providing the predetermined number of
values and/or for providing the further predetermined number

of values.
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19. Method for generating a transmit signal from a multi-
user signal, the multi-user signal comprising a superposition
of a number of user signals, the multi-user signal comprising

a set of values, comprising the following steps of:

cyclically shifting the multi-user signal to obtain the
transmit signal, wherein the set of wvalues is cyclically
shifted by a predetermined number of values, wherein the pre-
determined number of values is determined by the number of

user signals.

20. Method for processing a multi-user signal comprising the

following steps of:
providing a multi-—user signal from a number of user signals;

generating a transmit signal from the multi-user signal using

the method of claim 19.

21. Method for extracting a user signal from a first receive
signal and from a second receive signal, the first receive
signal being a wversion of a transmit signal received by a
first receive antenna of a total number of receive antennas,
the second receive signal being a version of the transmit
signal received by a second receive antenna of the total num-
ber of receive antennas, the first receive signal comprising
a first set of values, the second receive signal comprising a
second set of values, the transmit signal comprising a super-
position of a number of user signals, the method comprising

the following steps of:

providing a first input signal from the first receive signal;
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cyclically shifting the second receive signal by a number of
values with respect to the first input signal to obtain a

second input signal;

extracting the user signal from the first and from the second

input signal.

22. Computer program having a program code for performing
the methods in accordance with claim 19 or 20 or 21, when the

program runs on a computer.
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