
1 COOPERATIVE COMMUNICATION METHODS AND DEVICES FIELD AND BACKGROUND OF
THE INVENTION  The present invention relates to cooperative communication methods, particularly
but not exclusively between a group of users and a base station. The present invention also relates to
devices configured to perform the methods. In a typical wireless communication network, there is a
plurality of mobile communication devices configured to communicate with a common destination,
such as a base station. If the mobile communication devices have a single antenna, an option for
multiple access is to make use of time division multiple access (TDMA) where each mobile
communication device transmits data on a different time slot to the base station. A disadvantage of
such a scheme is that the received signal at the destination might be deeply faded and no diversity is
available to reliably recover the transmitted signals. There have been proposed schemes to achieve
divertity but such schemes assume flat fading channel which is in reality not the case. It is an object of
the present invention to provide a cooperative communication method and device which address at
least one of the problems of the prior art and/or to provide the public with a useful choice.  WO
2010/056203PCT/SG2009/000403 2 SUMMARY OF THE INVENTION In general terms, the invention
proposes using users or communication devices to cooperate with each other such that a transmitted
signal can be reliably recovered at a destination. 



In a first specific expression of the invention, there is provided a space-time coded cooperative
communication method for a wireless communication network, the network including a first
communication device and a second communication device, each of the communication devices being
associated with respective users and configured to communicate with a common destination, the
method comprising the steps of:       the first communication device, transmitting a first message to the
second communication device for transmission to the common destination as a first routed message;
and receiving a second message from the second communication device for transmission to the
common destination as a second routed message. In this specification, the terms "user and
"communication device" are used interchangeably to refer to a communication device associated with
a user. This communication device may for example be the mobile equipment for a cellular system.
WO 2010/056203PCT/SG20091000403 3 If full duplex is available, the transmission of the first
message to the second communication device and receiving the second message from the second
communication device are carried out in the same time slot. As an alternative, in half duplex, the
transmission of the first message to the second communication device and receiving the second
message from the second communication device may be carried out in different time slots. Preferably,
the method may further comprise the steps of: discarding a first padding from the received second
message; performing a complex conjugate on the received second message; re-ordering of the
received second message; and inserting a second padding into the received second message, to form
the second routed message for transmission to the common destination. The discarding, performing a
complex conjugate, re-ordering and inserting steps may be performed in a time slot different from the
time slot for transmitting the first message. The first padding and/or the second padding may include a
cyclic prefix. The method may further comprise the step of decoding the second message after
discarding the first padding from the second message. The method may also comprise the step of
amplifying the second message. In this way, the second message may be amplified using an
amplification factor.  WO 2010/056203PCT/SG2009/000403 



4 Preferably, the method may further comprise the step of: negating the second message and/or
converting the second message from frequency domain to time domain. This may be by way of an
!OFT operation. Advantageously, the second routed message is transmitted using OFDM modulation.
As an altemative, the second routed message may be transmitted using Single Carrier - Cyclic Prefix
modulation. The method may further comprise the step of; the second communication device,
receiving the first message for transmission to the destination. The method may then further comprise
the steps of: the second communication device, discarding a first padding from the received first
message; performing a complex conjugate on the received first message; re-ordering of the received
first message; and inserting a second padding into the received first message, to form the first routed
message for transmission to the common destination. The discarding, performing a complex
conjugate, re-ordering and inserting steps may be performed in a time slot different from the time slot
for receiving the first message. Preferably, the method further comprises the steps of: the common
destination, receiving the first message directly from the first communication device, receiving the
second message directly from the second communication device; and decoding the received first and
second messages and the first and second routed messages.  5 As a first combining scheme, the
decoding may comprise the steps of: converting the received first and second messages from time to
frequency domain; and obtaining a first combination sequence by finearly combining the frequency
domain first and second messages. The method may further comprise obtaining a second combination
sequence by linearly combining the first combination sequence and the first and second routed
messages. As second and third combining schemes, it is possible that the decoding may further
comprise the steps of: converting the first and second routed messages from time to frequency
domain; and wherein the first combination sequence includes linearly combining the frequency
domains of the first and second messages, and the first and second routed messages. As a form of full
duplex operation, the decoding may comprise the steps of: converting the received first message and
the first and second routed message from time to frequency domain; and obtaining a first combination
sequence by linearly combining the frequency domain first message and the first and second routed
messages. The first, second and third combining schemes may further comprise dividing the first
combination sequence or the second combination sequence by a constraint sequence which
characterizes a first transmission path between the first communication device and the common
destination, and a second  WO 2010/056203PCPS G2009/000403 



6 transmission path between the second communication device and the destination. The constraint
sequence may be obtained by combining a first channel parameter which characterizes the first
transmission path and a second channel parameter which characterizes the second transmission path.
The method may also comprise the steps of, prior to the decoding step, the common destination,
discards a first padding from the received first message; discards a second padding from the first
routed message. It is envisaged that the method may further comprise the step of: the first
communication device transmitting the second routed message to a third communication device of the
network, and the third communication device relaying the second routed message to the destination. It
is also envisaged that the method may further comprise the step of: the second communication device
transmitting the first routed message to a fourth communication device of the network, and the fourth
communication device relaying the first routed message to the destination. Training schemes may be
used to obtain certain parameters for the above mentioned methods. In exemplary training schemes to
obtain certain parameters, the method may further comprise, prior to decoding the received first and
second messages, the common destination estimating the first channel  7 parameter based on a main
training signal transmitted by the first communication device, A training signal may also be used to
estimate a parameter at the communication device. For example, the method may further comprise the
steps of, prior to transmitting the first message, the first communication device transmits an auxiliary
training signal to the second communication device, and obtains an inter-device channel parameter
which characterizes an inter-device transmission path between the first and the second
communication device based on the training signal; and transmits the inter-device channel parameter
to the common destination. The auxiliary training signal transmitted from the communication device to
the .second communication device may optionally comprise a first training signal and a repetition of
the first training signal. The auxiliary training signal used to perform estimation at the communication
device may also be the same as the main training signal used to perform estimation at the common
destination. In such a case, the auxiliary training signal is the main training signal. 



Amplification factors used for amplifying signals may also be estimated at the common destination for
decoding the amplified signals. Thus, the method may further comprise the second communication
device retransmitting the auxiliary  WO 2010/056203PCT/SG2009/0004103 8 signal to the common
destination which estimates an amplification factor based on the auxiliary signal for decoding the
amplified second message. Transmitting the inter-device channel parameter may comprise
transmitting a complex conjugate of the inter-device channel parameter, Further, the transmission may
also comprise transmitting a negation of the complex conjugate of the inter-device channel parameter.
The second routed message may comprise in a first signal interval, a first routed training signal; and in
a second signal interval, a second routed training signal, the second routed training signal being a
negation of the first routed training signal. In this way, training sequences may be relayed in different
time intervals In a second specific expression of the invention, there is provided a space-time coded
cooperative communication method for a wireless communication network, the network including a first
communication device and a second communication device, each of the communication devices being
associated with respective users and configured to communicate with a common destination, the
method comprising the steps of:       the common destination, receiving a first routed message from the
second communication device, the first routed message including a first message transmitted by the
first communication device;  WO 2010/056203PCT/SG2009/000403 9       receiving a second routed
message from the first communication device, the second routed message including a second
message transmitted by the second communication device; and 



receiving the first and second messages directly from the first and second communication devices
respectively. The wireless communication network may be a cellular network. The communication
devices may be mobile communication devices. In this respect, this actually forms a third specific
expression of the invention in which there is provided a communication device configured for
space-time coded cooperative communication with a second communication device in a wireless
communication network, the communication device and the second communication device being
associated with respective users and configured to communicate with a common destination, the
communication device further configured to transmit a first message to the second communication
device for transmission to the common destination; and to receive a second message from the second
communication device for transmission to the common destination. If full duplex is available, the
communication device may be configured to transmit the first message to the second communication
device and receive the second message from the second communication device in the same time slot.
The communication device may be configured in half duplex and the communication device may be
configured to transmit the first message to the  10 second communication device and receive the
second message from the second communication device in different time slots. The methods
discussed earlier may be performed by an integrated circuit and this forms a fourth specific expression
of the invention in which there is provided an integrated circuit (IC) for a communication device which
is configured for space-time coded cooperative communication with a second communication device in
a wireless communication network, the communication device and the second communication device
being associated with respective users and configured to communicate with a common destination, the
IC comprising: a processing unit configured to transmit a first message to the second communication
device for transmission to the common destination; and to receive a second message from the second
communication device for transmission to the common destination. A fifth specific expression of the
invention is also envisaged in which there is provided an Integrated circuit (IC) for a base station of a
wireless communication network including first and second communication devices configured for
space-time coded cooperative communication, each communication device being associated with
respective users and configured to communicate with the base station, the IC including a processor
configured to: 



11       receive a first routed message from the second communication device, the first routed message
including a first message transmitted by the first communication device;       receive a second routed
message from the first communication device, the second routed message including a second
message transmitted by the second communication device; and       receive the first and second
messages directly from the first and second communication devices respectively. The IC of the fifth
expression may be configured to perform a first combining scheme and the IC may be further
configured to: convert the received first and second messages from time to frequency domain; and
obtain a first combination sequence by linearly combining the frequency domain first and second
messages. The IC may also be further configured to obtain a second combination sequence by linearly
combining the first combination sequence and the first and second routed messages, The IC may be
configured to perform other combining schemes in which the IC may be configured to convert the first
and second routed messages from time to frequency domain; and wherein the first combination
sequence includes linearly combining the frequency domains of the first and second messages, and
the first and second routed messages.  12 The processing unit may be further configured to convert
the received first message and the first and second routed message from time to frequency domain;
and obtain a first combination sequence by linearly combining the frequency domain first message and
the first and second routed messages. The IC may be further configured to divide the first combination
sequence or the second combination sequence by a constraint sequence which characterizes a first
transmission path between the first communication device and the common destination, and a second
transmission path between the second communication device and the destination. 



The constraint sequence may be obtained by combining a first channel parameter which characterizes
the first transmission path and a second channel parameter which characterizes the second
transmission path. The IC of the fifth expression may be used M. a base station or other destination or
relay equipment which is configured to for such applications. Also, the base station and the
communication device or devices may be used in a wireless communication network. As described in
the preferred embodiment, the proposed communication may provide the advantage of providing for
space and time diversity in the communication uplink, and may optionally allow the implementation of
a space-  WO 2010/056203PCT/SG2009/000403 13 time coding scheme. The signal reliability at the
destination or base station may also be increased. It should be apparent that features described for a
specific aspect/expression are also applicable for the other aspects/expressions. It can be appreciated
from the described embodiment(s) that the method and apparatuses may additionally also have the
advantages of: eliminating multi-user interference (MU!).  eliminating inter-symbol interferences (ISI).
requiring only one antenna at each communication device.  achieving space-time coding using only
one antenna. 



being immune to frequency selective fading. requiring only simple, low complexity processing at each
communication device. using low-complexity combination schemes at the destination. operational
under half-duplex conditions. not having to compensate for additive noise. The described
embodiments also have the advantage that during cooperative transmission, time slots can be
pipelined. This would permit multiple orthogonal frequency-division multiplexing (OFDIM), single
carrier cyclic prefix (SCCP) or single carrier with zero padding (SCZP) blocks to be transmitted,  14
BRIEF DESCRIPTION OF THE DRAWINGS One or more embodiments will be described, by way of
example only, with reference to the accompanying drawings, in which:        Figure 1 is a schematic
drawing of a wireless communication network comprising a group of users and a base station
according to an example embodiment; Figure 2 is a flow chart depicting the steps of implementing
cooperative space-time coding in the wireless communication network of Figure 1; Figure 3(a) is a flow
chart illustrating a channel estimation scheme for 



use in the cooperative space-time coding of Figure 2.        Figure 3(b) is a flow chart illustrating a
variation of the channel estimation scheme of Figure 3(a);        Figure 4(a) are time block diagrams
illustrating communication in different time slots based on half duplex OFDM between two users and
the base station of Figure 1;        Figure 4(b) are time block diagrams illustrating communication in
different time slots based half duplex on SCCP or SCZP between two users and the base station of
Figure 1;        Figure 5(a) are time block diagrams illustrating communication in different time slots
based on full duplex OFDM between two users and the base station of Figure 1;  15       Figure 5(b)
are time block diagrams illustrating communication in different time slots based on full duplex OFDM
between two users and the base station of Figure 1;       Figure 6 is a flow chart depicting a general
signal combining scheme at the base station of Figure 1.,       Figure 7(a) is a graph of an average
Symbol Error Rate (SER) of a signal recovered at the base station based on the signal combining
scheme of Figure 6 when BPSK modulation is used and y is 10 dB;       Figure 7(b) is a graph of an
average SER of a signal recovered at the base station based on the signal combining scheme of
Figure 6 when 4 DAM modulation is used and y is 10 dB;       Figure 7(c) is a graph of an average SER
of a signal recovered at the base station based on the signal combining scheme of Figure 6 when
BPSK modulation is used and y is 20 dB;       Figure 7(d) is a graph of an average SER of a signal
recovered at the base station based on the signal combining scheme of Figure 6 when 4 DAM
modulation is used and 7 is 20 dB; 



Figure 7(e) is a graph of an average SER of a signal recovered at the base station based on the signal
combining scheme of Figure 6 when 16 DAM modulation is used and 7 is 20 dB;       Figure 7(f) is a
graph of an average SE-R of a signal recovered at the base station based on the signal combining
scheme of Figure 6 when 4 DAM  16 modulation is used, y is 20 dB and channel estimation
normalized mean square error (NMSE) is -20 dB;       Figure 7(g) is a graph of an average SER of a
signal recovered at the base station based on the signal combining scheme of Figure 6 when 4 QAM
modulation is used, y is 20 dB and channei estimation NMSE is -30 dB; and       Figure 7(h) is a graph
of an average SER of a signal recovered at the base station based on the signal combining scheme of
Figure 6 when 4 QAM modulation is used, y is 20 dB and channel estimation NtvISE is -40 dB.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS A wireless communication
network 100 is shown in Figure 1 and in this embodiment, the network is a cellular network. The
network 100 comprises a group 120 of P users 102,104....110 where P is any number of users, and a
base station 130. In this embodiment, all the users 102,104...110 are in the same group 120, share a
same frequency band and each user has a single antenna for transmission or reception. As a result,
TDMA is used for multiple access of the base station 130 by the users 102,140...110. However, such a
multiple access scheme is not ideal as it does not achieve diversity and signal reliability is poor. Each
user 102,104...110 is a mobile communications device associated with a user and examples of a
mobile communication device may include a mobile  WO 2010/056203PCTISG2009/000403 



17 phone, notebook computer, GPS (Global Positioning Systems) etc operating within the network
100. To achieve diversity, it is proposed that the users cooperate to increase their signal reliability
when communicating with the base station 130, and more specifically, cooperative space-time coding
is used. For the ease of disclosure, the present embodiment will be described using a value of P = 2
i.e. based on User 1 (102) and User 2 (104) although the skilled addressee will appreciate that the
present invention may be extended to P 2. The users 102,104 may use OFDM, single carrier cyclic
prefix (SCCP) or single carder with zero padding (SCZP) as the modulation technique. The use of
OFDM, SCCP or SCZP eliminates inter-symbol interference (151) and thus creates a more robust
architecture against frequency selective fading. Figure 2 is a flow chart showing a method of
implementing cooperative space-time coding between the users 102,104 and the base station 130 in
the network 1DO, At step 410, ranging is performed in order to align the OFDM or SCCP signals of the
users 102,104. Ranging determines the distance of a user from the base station. The users 102,104
also are frequency synchronized together with the base station, resulting in the same frequency being
used by the users and the  WO 2010/056203PCT/56.2009/000403 18 base station. This will also ease
the burden of subsequent frequency 



synchronizations. At step 420, channel estimation is carried out. The purpose of channel estimation is
to estimate channel state information of transmission channels (or inter-device channels) 112a,112b
between the users 102,104, and transmission channels 114,116 between the users 102,104 and the
base station 130. Power amplifier factors a and p which are used during cooperative transmission at
step 430 are also estimated. The estimated channel state information and the power amplifier factors
are then used at step 440 at the base station 130 for combining the received signals. The channel
estimations can be acquired using any of Training Schemes 1 to 3 which will be discussed later.  In
430, cooperative transmission takes place either in a Half-duplex Mode or a Full-duplex Mode. During
cooperative transmission, the users 102,104 cooperate to transmit data to the base station 130, In
440, the signals received at the base station 139 are combined using the channel state information
determined in 420. The signal combination can be implemented using any of Combining Schemes 1 to
4 which will be discussed later. The choice of combining scheme used is independent of the choice of
training scheme; any of Combining Schemes Ito 4 may be used with any of Training Schemes 1 to 3.
WO 2010/056203PCT/SG2009/00043 19 Channel Estimation (step 420)  Three training schemes will
now be described in detail for acquiring the channel estimates. It should be appreciated that the
training schemes and channel estimation are not limited by the modulation technique used, and either
OFDM, SCCP or SCZP modulation may be used. The training schemes use Half-duplex Mode
transmission but as a skilled reader will understand, the schemes are also equally applicable for
Full-duplex Mode transmissions. The channel state information for the channel 112a from User 1 to
User 2 is denoted using the parameter MI) and the channel state information for the 



channel 112b from User 2 to User 1 is denoted using the parameter g2(I). In the case where the
channel between User 1 and User 2 are reciprocal, i.e. that the characteristics of the channel 112a
from User 1 to User 2 is similar to the characteristics of the channel 112b from User 2 to User 1, the
channel state information between User 1 and User 2 is denoted using the parameter gni =0,1...,L .
The channel state information for the channel 114 from User 1 to the base station 130 is denoted
using the parameter h,(/),/ =and the channel state information for the channel 116 from User 2 to the
base station 130 is denoted using the parameter 112(1),1=0,1...,L2. The frequency domain channel
vectors equivalent of the time domain parameters gl(0, g2(0, 9(0, h1(1) and hi(I) respectively are
denoted Gi(n), G2(n), G(n), I-11(n) and H2(n), such that  WO 2010/056203PCUSG2009/000403 20
G(n) = [G (0), G(1),..., G(AT -1)]7 G, (n) [G, (0), G, (1),...,(N -1)]r G2 (n) [G, (0), G2 (1),..., G2 (N -1)Y 



(n) = [H (0) ,II (1),..., H 1(N -1)1. H2 (n) = [H2 (0),H2 (1),...,H7 (Ai - 1)1 Training Scheme 1  Figure 3(a)
is a block diagram depicting general steps for Training Scheme 1. In 502, the User 1 transmits a
training signal (denotedSr) during a first time slot and User.2 transmits the training signal Sr during a
second time slot, The training signal used may be similar to that which is known in the art for
conventional non-cooperative OFDIVI, SCCP or SCZP systems. In 504, during the first time slot, the
User 2 receives the training signal transmitted by User 1. The parameter Gi(n) characterizing the
inter-device channel 112a from User 1 to User 2 is thus estimated. User 1 may optionally also receive
the training signal transmitted by User 2 during the second time slot and estimate the channel
parameter G2(n) characterizing the inter-device channel from User 2 to User 1.  21 An assumption is
made that the channel 112a,112b between the users 102,104 is reciprocal. Thus it can be assumed
that G(n)= Gi(n)= G2(n). In 506, the base station 130 during the first time slot receives the training
signal transmitted by User 1, and during the second time slot receives the training signal transmitted
by User 2. The base station uses the training signals to estimate the channel parameters /-Lt(n) and
H2(n). Alternative embodiments can in the estimation of Hi(n) and H2(n) make use of training signals
different from that for the estimation of G(n). in such a case, User 1 and User 2 in 502 will each
transmit one or more additional training signals in time slots apart from the first and the second time
slots. The base station 130 in 506 will then receive the additional training signals and the estimation of
Hi(n) and H2(n) can be made using the additional training signals. The estimation of the channel
parameters Gi(n), G2(n) and/or G(n) in 504, as well as estimation of the channel parameters Hi(n)
and/or H2(n) in 506, may be performed using a suitable channel estimation technique that is known in
the art. In 508, the User 1 and/or User 2 transmit data packets containing the channel parameter G(n)
to the base station 130. in order to increase the reliability of the G(n) recovered at the base station,
space-time coding may be used, for 



example where User 1 transmits data packets in the sequence of [G G'] wh' User 2 transmits data
packets in the sequence oftG -G"). G denotes a data  packet containing the channel parameter G(n)
while G* denotes a complex conjugate of G. In 510, User 1 and User 2 reverse and perform complex
conjugates on the signals received during the second time slot. Power amplification factors of /6 and -a
are then applied at User 1 and User 2 respectively, thus resulting in -= pc s and T2 = -aG S User 1 and
User 2 respectively but simultaneously then perform retransmission in the form of [T, T ] and [12 -T23.
171 and T., respectively denote retransmissions of the training signal received at Users 1 and 2 during
the second time slot and -T2 denotes the minors of T, (i.e. in other words, -I; denotes the negation of
T, ). The transmissions take place over a third and a fourth consecutive time sloth. The training signals
are received at the base station 130. In the third time slot, the signal received at the base station is
Ga(flH- af12)57.. In the fourth time slot, the signal received at the base station is G*(ehr, + aH2),3; . Sr
denotes the training signal representation in the frequency domain. Ignoring the additive noise present
in the received signals, a and /3 can be obtained as the parameters G(n), Hi(n) and I-12(n) are already
known. Training Scheme 2  A second training scheme, Training Scheme 2, will now be described with
reference to Figure 3(a). 



23 In 502, the User 1 transmits a training signal (denoted ST) during a first time slot and User 2
transmits the training signal Er during a second time siot. In 5.02, User 1 transmits two training signals
(i.e. [sr Sr }) consecutively during a first time slot. The transmission of two training signals
consecutively may confer the advantage of a higher reliabiiity. User 2 then also transmits two training
signals during a second time slot. In 504, User 2 receives the training signal transmitted by User 1
during the first time slot. The parameter G1(n) characterizing the inter-device channel from User 1 to
User 2 is thus estimated. User 1 may optionally also receive the training signal transmitted by User 2
during the second time slot and estimate the channel parameter G2(n) characterizing the inter-device
channel from User 2 to User 1, An assumption is made that the channel 112a,112b between the users
102,104 is reciprocal. Thus it can be assumed that G(n) = Gi(n) = G2(n). In 506, the base station 130
during the first time slot receives the training signals transmitted by User 1, and during the second time
slot receives the training signals transmitted by User 2. The basr. station uses the training signals to
estimate the channel parameters I-11(n) and 1-12(n).  24 It is envisaged that the estimation of Hi(n)
and I-12(n) may make use of training signals different from that for the estimation of G(n). In such a
case, USer 1 and User 2 in 502 each transmits one or more additional training signals in time slots
apart from the first and the second time slots. The base station 130 in 506 Then receives the additional
training signets and the estimation of I-11(n) and 112(n) may be made using the additional training
signals. The estimation of the channel parameters Gi(n), 132(n) and/or G(n) in 504, as well as
estimation of the channel parameters I-11(n) and/or 1-12(n) in 506, may be performed by a suitable
channel estimation technique that is known in the art. In 505, the Users 1 and/or User 2 transmit data
packets having the channel parameter G(n) to the base station 1 30. In order to increase the reliability
of the G(n) recovered at the base station, space-time coding may be used, for example where User 1
transmits data packets in the sequence of [G G.] while User 2 transmits data packets in the sequence
of[GG denotes a data 



packet containing the channel parameter G(n) while G. denotes a complex conjugate of G In 510, User
1 and User 2 reverse and perform complex conjugates on the signals received during the second time
slot. Power amplification factors of fi and -a are then applied at User 1 and User 2 respectively, thus
resulting in = ,SG.Sc, and T, = -aGS. User 1 and User 2 respectively but  25 simultaneously then
perform retransmission in the form of [T, T, I and MC2 - 12] The transmissions take place over a third
arid a fourth consecutive time slots. The training signals are received at the base station. In the third
time slot, the signal received at the base station is (6G.- ceG._S";,. In the fourth time slot, the signal
received at the base station is BCH, aG*1-12)5;  Ignoring the additive noise present in the received
signals, a and p can be obtained as the parameters G(n), Hi(n) and H2(n) are already known. Training
Scheme 3  A third training scheme, Training Scheme 3, will now be described with reference to Figure
3(b). In 552, User 1 transmits a training signal during a first time slot. User 2 then transmits a training
signal during a second time slot. 



In 556, the base station 130 receives the training signal transmitted by User 1, as well as the training
signal transmitted by User 2. The base station 130 uses the training signals to estimate the channel
parameters 1-6(n) and I-12(n). This may be carried out using one of the channel estimation techniques
that is known in the art.  26 In 560, User 1 and User 2 respectively but simultaneously retransmit the
training signals in the form of [T, T11 and [12 -T21. The transmissions take place over a third and a
fourth consecutive time slots. The training signals are received at the base station. An assumption can
be made that the channel between the users is reciprocal. Thus it can be assumed that G(n)= G1(n) =
G2(n). In the third time slot, the signal received at the base station is G.(3H, -al-r;)8. In the fourth time
slot, the signal received at the base station is.COH, + all 2 )3;  ST denotes the training signal
representation in the frequency domain. Ignoring the additive noise present in the received signals, the
coefficients aG(n) and fiG(n) can be obtained as the parameters Hi(n) and H2(n) are already known. In
the event that the channel between the users is not reciprocal, in the third time slot, the signal received
at the base station is a;HIS; -. In the fourth time slot, the signal received at the base station is a;H,S;
:"S; 6, and 6, respectively denote (n) = aG, (n), a2(n)-= fiG2 (n) such that 



I (n) = Id, (0), Or (1),-, 61 (N-Dir 02 (n) = [62(0),62 (N -1)1T  27 With the channel estimates acquired,
the user 1 and user 2 is than able to cooperate to communicate with the base station 130.
Comparative communication (43M During cooperative transmission, data is transmitted from User 1
and/or user 2 to the base station. Cooperative transmission can take place either in a Half-duplex
Mode or a Full-duplex Mode. In the case where OFDM is the modulation technique used, at a time k,
the frequency domain OFDM blocks of length N to be transmitted from User 1 and User 2 to the base
station respectively are: Sk,i(n)= (S (0), Ski-1))r Sk,2(n) = (8k,2(0). SJ"2 (I), 9 Sk,x(N -1))T After
performing inverse discrete Fourier transform (OFT), the time domain signals for User 1 and User 2
respectively are: uk,i(n)r- (uktt (0), uka (1),...,( ' IV% uk,2(n)= (k.2(1)>.2(N 1))r In the case where SCCP
or SCZP is used, no 1DFT operation needs to be done. The blocks to be transmitted from User 1 and
User 2 to the base station are in the time domain, i.e.: 



WO 2010/056203PCT/SG2009/000403 28 uk,i(n) =(N -1))7 Lik,2(n)= (uk (0), Uk2 (1),...,uk,2(N -1-))T
When transmitting signals between the users, the channel effect is considered. In a case where the
channel between User I and User 2 are not reciprocal, the channel from User 1 to User 2 is denoted
by g,(1) and the channel from User 2 to User 1 is denoted by g2(I) in such a case, the cyclic
convolution of g1(1) and uk.i(n) can be denoted as (n) and the cyclic convolution of g2(/) and u ,(n) can
be denoted as k,1 (n) = u k.)(n)(n) ak,2 (n) =g 2  u (n) w2 (n) The notation  denotes a cyclic convolution
of length N. An assumption is made that the channels between User 1 and User 2 are reciprocal. In
such a case, the channel between User 1 and User 2 is denoted g(1),1=0.1...,L . The cyclic prefix or
zero padding that is used between User 1 and User 2 is selected to be longer than L. The cyclic
convolution of g(I) and uo(n) can be denoted as Li (n) and the cyclic convolution of g(1) and u4,2(n)
can be denoted as = g(n)  uki(n)+ w, (n) 



C tk (n) = g(n)  uk,2(n)-,-(n)  WO '20101056203PCT/SG2009/000403 29 wi(o) and w2(n) are additive
noise, A reversal operation is next performed to the signals received at User 1 and/or User 2. The
reversal operation performed on ii,o(n) and 22,2(n) respectively produces: 12k,t(-10= Jo(N n),n 2(-n) =
(Lk (N - n),n Half-duplex Mode In the Half-duplex Mode, a user does not transmit and receive at the
same time. Transmissions and reception are made separately at different times. In such a mode, User
1 and User 2 use three time slots to cooperatively transmit two OFDM blocks, thus enhancing the
transmission reliability. Figure 4(a) shows the communication steps loran embodiment where the
half-duplex mode is used along with OFDM modulation. It should be understood that the reference
numerals in Figure 4(a) or the rest of the figures do not imply any form of sequence and the steps may
take place concurrently or in any order. in time slot 1, User 1 at step 210 performs an IDFT on Ski(n) to
get uka(n) . cyclic prefix or zero padding is appended to uo(n). uk,i(n) with the cyclic prefix or zero
padding is then transmitted from User 1. In step 212, which is also time 



slot 1 for User 2, User 2 receives uo (n) in the form of the signal(n). At step  30 214, which is time slot
1 for the base station, the base station 130 receives uko (n) in the form of a signal(n) In time slot 2,
User 2 at step 222 performs an 1DFT on Sk.2(n) to get uk,2(n) . A cyclic prefix or zero padding is
appended to uka(n) . /4,2(ra) with the cyclic prefix or zero padding is then transmitted from User 2, At
step 220, User 1 receives u/.,2(n) from User 2 in the form of the signal aka (n) At step 224, the base
station also receives ui., (n) from User 2 in the form of a signal x, (n). In time slot 3, an amplify and
forward (AF) scheme is used and User 1 at step 230 discards the cyclic prefix or zero padding from
(n)k.2(n) is then reversed and complex conjugated to produce. The power amplifier factorobtained
from the channel estimation is applied. A cyclic prefix or zero padding is appended to p k,(-n). The
cyclic prefix or zero padding has a length that is greater the length of the channel parameter /;(1)
where / 



(-rt) with the cyclic prefix or zero padding is then transmitted from User 1, User 2 at step 232 also
discards the cyclic prefix or zero padding from 441(n). 24,1(n) is then reversed and complex
conjugated to produce(-n). .1(-n) is negated to yield -(-n) and the power amplifier factor a estimated
earlier is  31 prefix or zero padding has a length that is greater the length of the channel parameter
12.2(/) where 1 = 0,1,   L 2 . - Cark,1 (-n) with the cyclic prefix or zero padding is then transmitted from
User 2. At step 234, the base station 130 receives a signal xk., Oh comprising -aci(-n) and fit2:,2(-n).
The above described the process when the AF scheme is used but in the event that a decode and
forward (DF) scheme is used i.e. where User 1 and User 2 decode their received signal before
transmission, step 230 includes an additional sub-step after discarding the cyclic prefix or zero
padding from 12(n) where (2(n) is decoded to produce 14,c2(n). This results in the transmission of flu,
(-n) from User 1. Step 232 also includes an additional sub-step after discarding the cyclic prefix or zero
padding from f'kr,(n) where a k 1(n) is decoded to produce u (n) and this results in the transmission of -
from User 2. In this case, the base station 130 is configured to receive the signal x(n) comprising
-au,(-n) and Sui:.2(-n) at step 234. 



Figure 4(b) shows the communication steps for an alternative embodiment where the half-duplex
mode is used along with SCCP or SCZP modulation. The steps involved are similar to that for the
embodiment that uses OFDM modulation, except that OFT does not need to be done.  32 In time slot
1, User 1 in step 260 appends a cyclic prefix or zero padding to uk,I(n). uo(n) with the cyclic prefix or
zero padding is then transmitted from User 1. At step 262, User 2 receives ut.,(n) in the form of the
signal ak J(n) . In step 264, the base station 130 receives uo (n) in the form of a signal x . In time slot
2, User 2 in step 272 appends a cyclic prefix or zero padding to u .2(n ),7(n) with the cyclic prefix or
zero padding is then transmitted from User 2. In step 270, User I receives uh.2(n) in the form of the
signal(n) . In step 274, the base station also receives u, (n) in the form of a signal x,,.2 (n) In time slot
3, an amplify and forward (AF) scheme is used, and User 1 in step 280 discards the cyclic prefix or
zero padding from iik.,(n)(n) is then reversed and complex conjugated to produce CIL (-n) . The power
amplifier factor /3 estimated earlier is applied. A cyclic prefix or zero padding is appended to fiii,",2(-n) .
The cyclic prefix or zero padding has a length that is greater the length of the channel parameter
121(1) where I = 0,1,-L1. fliC2(-n) with the cyclic prefix or zero padding is then transmitted from User 1.
User 2 in step 282 also discards the cyclic prefix or zero padding from QkJ(). (it) is then reversed and
complex conjugated to produce IC,. llj (--n) is 



33 negated to yield -1.7; (-n) and the power amplifier factor a is applied. A cyclic prefix or zero padding
is appended to. The cyclic prefix or zero padding has a length that is greater the length of the channel
parameter h2 (1) where I = 0,1,  L,. - aii:(-n)with the cyclic prefix or zero padding is then transmitted
from User 2. In step 284, the base station 130 receives a signal xk n comprising - au ko(-n) and fi (-n)
In the event that a decode and forward (DF) scheme is used i.e. where User 1 and User 2 decode their
received signal before transmission, step 280 includes an additional sub-step after discarding the
cyclic prefix or zero padding from 1./ (n) where iik,2(n) is decoded to produce ukAn) This results in the
transmission of fi24,2(-n) from User 1. Step 282 also includes an additional sub-step after discarding
the cyclic prefix or zero padding from 12k1(n) where (n) is decoded to produce uk,,(n) and this results
in the transmission of - auk*..1(-n) from User 2, In this case, the base station is configured to receive
the signal xh,3 (n) comprising -au(n) and /131C,(-n) at step 284. :tali-duplex Mode   34 



In the Full-duplex Mode, a user can transmit and receive at the same time. In such a mode, User 1
and User 2 use two time slots to cooperatively transmit two OFDM, SCCP or SCZP blocks, thus
enhancing the transmission reliability. Figure 5(a) shows the communication steps where full-duplex
mode is used along with OFDM modulation. In time slot 1, User 1 in step 310 performs an OFT on
Ski(n) to get. A cyclic prefix or zero padding is appended to uo(n) .it) with the cyclic prefix or zero
padding is then transmitted from User 1. User 1 in the same time slot also receives the signal .2(n) in
the form of the signal ka(n). The signal u,,,2(n) is transmitted from User 2 in step 312. In step 312,
User 2 performs an OFT on Sk,2(n) to get( ) . A cyclic prefix or zero padding is appended to uk,..,(n) .
244,2(n) with the cyclic prefix or zero padding is then transmitted from User 2. User 2 in the same time
slot also receives the uk,,(n) trom User 'I in the ton-n of the signal iski(n). At step 314, the base station
receives a signal zi,,,(n) comprising u1(n) and  35 



In time slot 2, in the event that an amplify and forward (AF) scheme is used, User 1 in 320 discards the
cyclic prefix or zero padding from ak.2(7). (n) is then reversed and compiex conjugated to produce
u2(-n). The power amplifier factor 00 is applied. A cyclic prefix or zero padding is appended toPk.,(-n).
The cyclic prefix or zero padding has a length that is greater the length of the channel parameter h, (1)
where / , (-n) with the cyclic prefix or zero padding is then transmitted from User 1. User 2 in step 322
also discards the cyclic prefix or zero padding from iio(n). ukI(fl) s then reversed and complex
conjugated to produce171(-n) is negated to yield - filko(--n) and the power amplifier factor a is applied.
A cyclic prefix or zero padding is appended to -airko(-n) The cyclic prefix or zero padding has a length
that is greater the length of the channel parameter 127(/) where / = 0,1,/.2. (- n) with the cyclic prefix or
zero padding is then transmitted from User 2. In step 324, the base station receives a signal x4.2(n)
comprising - n;(-n) and 14.2(- n) .  36 an additional sub-step where (n) is decoded to produce(n) This
results in the transmission of pu:.,(-n) from User 1. Step 322 also includes an additional sub-step
where 12k 1(n) is decoded to produce uko (n) and this results in the transmission of -au,(-n) from User
2. In this case, the base station 130 in 324 would receive the signal x, (n) comprising -au (-n) and fiu;,2
(-n) Figure 5(b) shows the communication steps for an embodiment where the full-duplex mode is
used along with SCCP or SCZP modulation. The steps involved are similar to that for the embodiment
that uses OFDM modulation, except that IDFT does not need to be done. In time slot 1, User 1 in step
360 appends a cyclic prefix or zero padding to uu(n). ui(n) with the cyclic prefix or zero padding is then
transmitted from User 1, User 1 in the same time slot also receives the signal .2(71) in the form of the
signal 2(n) . The signal ni,2(n) is transmitted from User 2 in step 312, In step 362, User 2 appends a
cyclic prefix or zero padding to uu(n) *.2(n) with the cyclic prefix or zero padding is then transmitted
from User 2. User 2 in the same time slot also receives the kj(n) from User 1 in the form of the signal 



j1k,i(n)   37 in step 364, the base station receives a signal .r(n) comprising uk3(n) and itk.2(71) . In
time slot 2, in the event that an amplify and forward (AF) scheme is used, User 1 in step 370 discards
the cyclic prefix or zero padding from z2L2(n)(n) is then reversed and complex conjugated to produce
u;2 (-72) . The power amplifier factor p is applied. A cyclic prefix or aro padding is appended toft (-n).
The cyclic prefix or zero padding has a length that is greater the length of the channel parameter k(1)
where / =0,1,./.1 . fiCe;.2(-n) with the cyclic prefix or zero padding is then transmitted from User 1.
User 2 in step 372 also discards the cyclic prefix or zero padding from(n) . nk,i(n) is than reversed and
complex conjugated to produce i1(-n).(-n) is negated to yield - fi(-n) and the power amplifier factor a is
applied. A cyclic prefix or zero padding is appended to -aii.,(-n) . The cyclic prefix or zero padding has
a length that is greater than the length of the channel parameter 



h2(() where/. - aiiii(-n)with the cyclic prefix or zero padding is then transmitted from User 2. in step 374,
the base station 130 receives a signal x",2(n) comprising  WO 2010(05620PCT/SG2009/000403 38 In
the event that a decode and forward (OF) scheme is used i.e. where User 1 and User 2 decode their
received signal before transmission, step 370 includes an additional sub-step where ii uk,20?) ia(n) is
decoded to produce. This results in the transmission of flu, (-n) from User 1. Step 372 also includes an
additional sub-step where 4t,(72) is decoded to produce uo(n) and this results in the transmission of -
au(-n) from User 2. In this case, the base station 130 is configured to receive the signal x (n)
comprising --calk,L(-n) and 3uL2(--n) at step 374. Signal combination (1140)  



Next, signal detection at the base station 130 is described and this will be based on four signal
combination schemes (Combining Schemes 1 to 4). The combination schemes permit the received
signals at the base station to have full diversity gains. The detection may be in a base station using a
processor that is configured to perform the signal combination steps. In all embodiments, the
combining schemes are not limited by the modulation technique used. The modulation schemes used
may for example be OFDM, SCCP or SOW. NS embodiments aiso assume that the parameters Gi(n)
and G2(n) (in the case where the channel between users is non-reciprocal) or G(n) (in the case where
the channel between users is reciprocal) of the channel between the users are known, as are the
parameters Hi(n) and H2(n)  39 respectively of the channels between User 1 or User 2, and the base
station. The embodiments also assume that the power amplifier factors a and p are known. The power
amplifier factors a and fi , the parameters Gi(n) and G2(n) (or G(n) ), as well as parameters Hi(n) and
t-12(n) optionally can be estimated during the channel estimation step 420. The embodiments are also
described with the assumption of an amplify and forward (AF) scheme but as the skilled reader will
understand, the combining schemes are also equally applicable for decode and forward (DF) schemes
since DF schemes can be treated as special cases of the AF scheme. Combining Scheme 1
Combining Scheme 1 will now be described with reference to Figure 6. This scheme is based on
Half-duplex Mode during cooperative transmission. The base station 130 is configured to receive three
signals x (n) ,(n) and 



- .3(n) during the cooperative transmission time slots 1, 2 and 3. The three signals are in time domain
and respectively are: x (n)(n)  u (n) 771(n) xt.2(n)= h2 (n)  Li (n) 772(n) x o(n) = 17-(n)  611 (-11)ail(-n)
Th 771(n), 772(n) and 773(n) are additive noise introduced by the respective channels over which the
base station receives signals in time slots 1, 2 and 3.  WO 2010/056203PCT/SG2009/000403 40 in
step 610, the cyz%c prefix Or zero padding are discarded from the signals (n) , x (n) and 1:k,3 (n) . At
step 620, a discrete Fourier transform (OFT) is performed on the time domain signals(n) ,(n) and xo(n)
resulting in the frequency domain signals X 1,4(n) , Xk.2 (n) and X13 (ii): 



-Yu (n) = H1(n)S4,1(rt) r, (n) X du(n),-, R-2(n)Si,2(n)+ (n) Xk .3 (n) = H,(n) fi0 2- 112 (n)ariZI (n) 173(n)
(n) , 112(n) and F3(n) respectively are frequency domain equivalents of 1)1(n), 17 2(n) and ,(n).(n) and
0L2(n) respectively are the OF-Fs of Cek.,(n) and J24,2 (n) Assuming that the channels between User
'I and User 2 are reciprocal, C/ii(n) and Ok.2(1) can be expressed as Oki(n). G(n)S(n) +FIV,(n) Ok,2(n)
= GNSk,2(n)+ Fr2(n) X. (n) can thus be expressed as X ",3(n):--- PH l(n)G. (n)S;,(n)- cd12(n)Gra
(n)S:o(n) + A;(n)  WO 2010/056203PCT/SG2009/000403 41 



where A3 (n) PHI(n)Fice (n) - ce113 (n)TV: (n) + ['3 (ii) and X7,3 (n) is 42(n) = .11: (n)G(n)S 1,2(n) - a
TC(n)G(n)S k (n)  At step 630, linear combinations are applied to the frequency domain signals. For
the signals X (n) and Ark,2(n), they are combined to produce Yk(n) : (n) = PG(n)X,,,, (ii) + aG(n)I c (n)
= flH3(n)G(n)S k.,(n) + a H 2 (n)G(n)S (n) A(n) where A(n) = / G(n)F (n)  a G(n)F 2(n) ',.(n) can be
combined with X;,3 (n) to produce Z A (n) and Z (n) : Zic (17) = AFC (n)G. (n)Y k (n) - a H 2 (n)Gs
(n)42(n) Z kz(n) = a H..2(n)G* (n)Yk (n) + 6 H (n)C (n)4,(n) At step 640, the combined signals at step
630 are divided by a channel related constant p(n) , thus obtaining the original signals Sk,i(n) and
Skin)- 



Arranging Ic (n) and X3 (n) into a matrix, it can be shown that  Y(n)= flH1(n)G(n)a.H ,(n)G(n)\ r" S
J(n)1+- A(n) 4,(n),,:--aH;(n)G(n) flH: (n)G(n)1,2(n)  Based on the orthogonal property of the matrix, we
have S (n) = Z"(n)1,o(n) T i(n) S= Z k,..2(i) I P(72) + 2(n) where p(n) 5 (n)G(n) r + a H 2 (10G(n) rk
G(n),8 H 1(12)12 + a H 2 (n) (n)Gt (n)A(n) -a1/2 (n)G* (n)A.;(n)] 1 p(n) ;(r1) = -{alii,(n)Ge(n)Mn)+j(n)G.'
(n)-K3(n)) I P(n) The signals Sk,i(n) and Sk,2(n) originating from User 1 and User 2 respectively can
thus be obtained by dividing Z k,,(n) and Z .2(n) by p(n) which is obtained 



from the channel estimation described earlier. Combining Scheme 2  An alternative combining
scheme, Combining Scheme 2, will now be described with reference also to Figure 6. This scheme
assumes that Half-duplex Mode is used during cooperative transmission. The base station 130 is
configured to receive three signals ci (n) , Xi..2 (n) and x3(n) during the cooperative transmission time
slots 1, 2 and 3. The three signals are in time domain and respectively are:  WO
2010/056203PCT/SG2009/000403 43 ;co (n) = h1(n) uka(n) Th(n)                      X"2 (n) = 112 (n)
uk,2(n) + rh(n) xt (n) = (n)  fi- h2(n)  au; (-n)  713(n) 1),(n), 722(n) and rh (n) are additive noise
introduced by the respective channels over which the base station receives signals in time slots 1, 2
and 3. In step 610, the cyclic prefix or zero padding are discarded from the signals xko (n) , .7.74.2(n)
and .):43(n) . 



In step 620, a discrete Fourier transform (DFT) is performed on the time domain signals ;1(n), ,.2(n)
and x (n) , resulting in the frequency domain signals X" (n) , X2 (n) and X (n) X ko(n) = ,(n)S u(n) + l(n)
X k.2(n)2 (n)Sk (n) r2(n) xi:3(n). H1(n) - (n)(10:1 (n) -Fr 3(n)   (it), F2 (a) and I; (n) respectively are
frequency domain equivalents of 771(n) , i2(n) and 17 3 (n) . k (n) and u(n) respectively are the DF1s
of no (n) and fik.2(n)  44 tik,i(n)=G( )Skj (0+ Wr (n) 0A.2(n) = G(n)S k,2 (12)  W2(n) (n) can thus be
expressed as X k,3(n) = PH l(n)G. (n)SL (n) -2(n)G* (n)S*),,,(n)+ A3(n) where A3(n) = pft,(rovv; (n) - a
H 2(n)W;An) 



In step 630, linear combinations are applied to the frequency domain signals. The signals X k (n)La(n)
and XL3(n) are combined to produce W(n) and Tfrk,2 (n): Wjd(n) = H (n),111 (n) + afi H: (i2)1G (n) 12
X2 (n) aH2(n)0. (n)At(n) =1H (n)12 S (n) + a, B H:(n) G(n)r H 2 (n)42 (n)  - a H , (n)G' (n) fi H*,
(n)G(n)S .2(n) + a H 2 (n)G' (n)a (n)G (n)S k,1(n)ii (n) (I H (n) r +ce2 H (n) ri 0(n) )S fic.2(n) =(n) p,(n)
apH;(n) G(n)12 X k j(n) 4- fill l(n)G. (n)rki,(n) S 1,2(2) ai 6 H;(n)j0(n) H 1(n)S (n) + flFI1(n)G" (n) fl f:
(n)G(n)42(n) - pHl(n)G (n)a H; (n)G(n)S ,(n) + t2 (n) ((N, -E-P2 1111(n) I 0(n) i)g k .2(n)  2(n)  WO
2010/056203PCT/SG2009/000403 45 Y(n) = fr,(n)r, (n) + apir:(1-1) G(n) r2(n)-aH2 (n)G" (n)A;(n) (n) =
11-2(n)r,(n)  a/9 (n) I G(n) F (n)(n)C (n)A.;(n) 



in step 640, the combined signals at step 630 are divided by channel related constants p1(n) and p2
(n) , thus obtaining the original signals Sk,l(n) and Si42(n): Ski (n)  where (n) = fl 1(n) f +a)(n) h (7(n)
12) p(n)2(11.)P2 H (n) G(n) (12) The signals Sk,l(n) and 3K2(n) originating from User 1 and User 2
respectively can thus be obtained by dividing(n) and TV4,7 (n) by p1 (ii) and p2 (n) This combination
scheme has a diversity of order 2 and the data rate is two-thirds that of a structure where no
cooperation is used. Combining Scheme 3  A third combining scheme, Combining Scheme 3, will now
be described with reference to Figure 6 again. This scheme assumes that Full-duptex Mode is used
during cooperative transmission. The base station 130 is configured to  



46 receive two signals(n) and x (n) during the cooperative transmission time slots 1 and 2. The two
signals are in time domain and respectively are: xtt: (n) = h1 (n)*u, (n) h2 (n)  Uk,2 (i7) + 771 (77) -;
.2(n) = h (n)h2(n)* aL2(-n) 712(n)  m (0 and 772 (n) are additive noise introduced by the respective
channels over which the base station receives signals in time slots 1 and 2, In step 610, the cyclic
prefix or zero padding are discarded from the signals xko (n) and - (n) In step 620, a discrete Fourier
transform (DPI) is performed on the time domain signals xk,I(n) and(n) , resulting in the frequency
domain signals X (n) and X o(n) H1 (n)Ski(n) + 112 ()k' (n)(ii) Xkl(n)=(n)160:,(n)-- Fir,(n)atT ,(n)+ F2(n)
F, (n) and 112 (n) respectively are frequency domain equivalents of nt (n) and 112 (TO . 0kI(72) and
Cc) (n) respectively are the OFTs of zik,t(n) and z2kt2(n) . Assuming that the channels between User 1
and User 2 are reciprocal, (70(n) and U2(n) can be expressed as: 



Laik,i(n) G(n)Sko(n) + (n)  WO 2010/056203PCT/SG20091000403 47 L,2(n) G(r()S k,2(n) W2 (n)
XL2(n) can thus be expressed as XA (n = fl H ,(n)G' (n)S (ii)- a H 2(n)Gs (n)S;,, (n ) + A, (n) where A2
(n)H (n)W2* (n) - a H (n)FV:(n) + r, (n) and K2(n) is Ar.k.2 (n ) = igrac (n)G(n)S ,..2(n)- aH
(n)G(n)S,,,,(n)+ A;(72) In step 63O, linear combinations are applied to the frequency domain signals.
Assuming that the power amplifier factors a =Yk (n) can be obtained from 



Xk (n) as (n) = G(n)4.1(n) = a I )(n)G(n)Sko (n) + FI2 (n)G(n)S2 (n) + A(n) where A(n) = aG(n)1-1(n) (n)
can then be combined with A (n) to produce Zo(n) and 21,2(n) Zk,i (it) = a11 (n)G*(n)rk (n) - 112 (n)G
(n)X;..2(n) Z (n) = aH; (n)G. (n)Y 00+ aH (n)G (n), ric.2 (n)  WO 2010/056203PCT/SG2009/000403 48
In step 640, the combined signals of 630 are divided by a channel related constant p(n) , thus
obtaining the original signals Sk,i(n) and Arranging 17, (n) and XL, (ii) into a matrix, it can be shown
that (n)aG(n)I 1,(n)aG(n)112(n)) 8 (n)7-A(n) LXka (n) .1-(7a11;(12)G(n)(n)G(n),)(n)  



Based on the orthogonal property of the matrix, we have S u(n) Z ko(n) p(n)(n) Ska(n) = where POO
=1a Hi(n)G(n) r I a H 2(n)G(n) = a2 G(n) 2OH, (12) 2  jH,(n) 12) '11(n) =(n)A(n) - all,(n)C (n)A;(n)11
p(n) I 2(n) = -[aH; (n)G. (n)A(n) aH,(n)G* (n)A;(10] P(n)  The signals Ski(n) and 5k,2(n) originating from
User 1 and User 2 respectively can thus be obtained by dividing Zic., (n) and Zki (n) by p(n).
Combining Scheme 4  A fourth combining scheme, Combining Scheme 4, will now be described with
reference to Figure 6 again. The parameters are that the channels between User I and User 2 are not
reciprocal and the channel from User Ito User 2 is  49  denoted g (1) , while the channel from User 2 to
User 1 is denoted g2(1). This scheme assumes that Half-duplex Mode is used during cooperative
transmission. The base station would have received three signals .1),,,(n) , 



Xka (n) and XL3 (n) during the cooperative transmission time slots 1, 2 and 3. The three signals are in
time domain and respectively are: xk,i(71)-hl(n)*ILk,1(n)+77,(n) xk,(0= h2(n).(n) 77,(n) (0= h1 (ii) g;(-n).
fi (-n)- h2 (n). (-0  au (-n) +773(n)  771(n), 772(n) and rh(n) are additive noise introduced by the
respective channels over which the base station 130 receives signals in time slots 1,2 and 3. In step
610, the cyclic prefix or zero padding are discarded from the signals xt,(n) ,(n) and(n) In step 620, a
discrete Fourier transform (DFT) is performed on the time domain signals x kj(n) , x2(n) and ;3(n),
resulting in the frequency domain signals Ark:, (ii), k2(n) and Xk.a(n) : Hr (n)S k.,(n)(n) xk.2 (n)
=(n)sk,2(n) F2 (n) Xkfi Hi(n)G;(n)S;2(n)- aH 2(77)G: 074,1(n)  A-3(n)  WO
2010/056203PCVSG2009/000403 50 



Ft (ii), F2 (7/) and A (n) respectively are frequency domain equivalents of 77, (n) , 772(n) arid 7 ,(n)
rk,3 (n) can be expressed as 42(n) = a2(n)H; ()s k. (n) - O, 001-4 (n)S ki(n) A-43(n) where (n) = aG1
(n), 62(n) PG2(n) (n) and C, (n)respectively are the DFTs of gt(1) and g2(/). In step 630, linear
combinations are applied to the frequency domain signals. The signals X ki(n) , X k,2 (n) and x, (it) are
combined to produce W4 (it) and (n) qik,1 (n) = H@) X k (n) + a 2 (n)a; (n)ll; (n)X k.2(n) - (OH
2(n)X70(n) H 1(n) sk,r(t) O2 (n)O; (OH, (n)I12(n)S 42(n) a =H 1(n) f +(n) 12 )112 (n) i)sk,(0+.1,(n) Fka
(n) = 11.2(n)X k.2(n) + (n)O*2 (n)H2(n)X43 (n)  (n)H1(n)/11-0(n) =(11 2(n) R 2(n) + 62(n) 1'1(n)f )5 k
2(n)r 2(n) 



51 where 2 (n)= H; (n)F2 (n) Ol(n) ;(n)H;(n),71(n) O; (n)H,(n)A;(n) At step 640, the combined signals at
step 630 are divided by channel related constants 16,(n)and, thus obtaining the original signals Ski (n)
and Sk,2(n) Ski(n) = 8h.2(n) where :61(n) = H (n)  lai(n)21 H 2(n) (2) .:02(n) 



=  112(11)  The signals Sm(n) and Sk.2(n) originating from User 1 and User 2 respectively can thus be
obtained by dividing W. k3 (ii) and Wk2 (n) by )5,(n)and /51(n) . This combination scheme has a
diversity of order 2 and the data rate is two-thirds that of a structure where no cooperation is used.
Simulations Simulation results are next provided to show the advantages of lh described embodiment.
While the results shown are for OFDM modulation, the skilled reader will understand that results for
SCCP or SCZP would be the similar. An OFDM block size of N = 256 is used, along with coded
prefixes of length 64.  52 The simulations further use the Half-duplex Mode. It is understood that a
comparable Full-duplex Mode simulation will yield a performance that is similar to that for the
Combining Scheme 1 at Half-duplex Mode. It is assumed that the channel between User 1 and User 2
is frequency selective with 4 taps i.e. L = 3 . The channel taps have exponential decay 



profile: E(1 g(1) 1) = exp(-21), I = 0,1,2,3 , While the simulation assumes that the channels between
User 1 and User 2 are reciprocal, the skilled addressee will understand that results for the case where
the channels are non-reciprocal will be the same. It is also assumed that the channel from User 1 or
User 2 to the base station is frequency selective with 62 taps each [.e. L1 =L 2 = 61. Equally expected
power is assumed for the channel taps. Let the signal-to-noise ratio (SNR) for User 1 receiving signals
from User 2 in the time slot 2 ber Correspondingly, y is also the SNR for User 2 receiving signals from
User 1 in the time slot 1. It is assumed that the received signals SNRs at the base station for the both
users are the same. It is also assumed that perfect channel information is available at the base station
for both the cooperative scheme and non-cooperative scheme, and that the system is synchronized.
For the non-cooperative scheme, zero-forcing detection is used.  WO
2010/056203PCT/SG2009/000403 53 Complex Gaussian random numbers are generated for the
channel taps and the channels are different for every different Monte-Carlo realization. The symbol
error rate (SER) is obtained from 50000 different Monte-Carlo realizations. The power amplifier factors
a and )6 are chosen such that the transmitted signal power is the same at different time slots. The
Figures 7(a) to 7(h) show for differenty values, the average SER of the signals recovered at the base
station for Combining Scheme 1, Combining Scheme 2 and where no cooperation is used. 



Figures 7(a) and 7(b) respectively show the average SER when y =10dB and BPSK and 4 QAM
modulations are used. When the channel between the two users is not good (i.e. 7 =10dB ), the
cooperative schemes (i.e. Combining Scheme 1 and 2) obtain a much lower SER for SNR lower than
25dB, but higher SER for SNR higher than 25dB. Figures 7(c), 7(d) and 7(e) respectively show the
average SER when 7 = 20 dB and BPSK, 4 QAM and 16 QAM modulations are used. When the
channel between the two users becomes better (i.e. v = 20dB ), the cooperative schemes obtain better
performance while the non-cooperative scheme remains  WO 2010/056203PCTISG20091000403 54
the same. It can be seen that at y .20dB , the cooperative schemes obtain better SER performance
than the non-cooperative scheme for all SNR values below 36 dB. This better SER performance is
especially true when Combining Scheme 2 is used. Figures 7(f), 7(g) and 7(h) respectively show the
average SER when channel estimation for the channels between the users, and the channels between
the 



users and the base station is not perfect, and the normalized mean square errors (NMSE) of channel
estimation respectively are -40 dB, -30dB and -20dB. The NMSE is defined as NmSE =E(p) Eai r 112)
where f and I are the actual and estimated channel, respectively. When there are errors in channel
estimation, both the cooperative and noncooperative schemes yield SER values that are worse.
However, it can be seen that for all NMSE values, the cooperative schemes nevertheless still yield
SER results that are consistently better than that for the non-cooperative scheme. It should be
appreciated that proposed combining and training schemes may be used for different applications. For
example, they can be used for uplink in traditional centralized cellular networks. It is envisaged that
multiple users are divided into different groups with each group having N number of users. For users in
different groups, conventional techniques can be used to allow multiple  WO
2010/056203PCT/SG2009/000403 55 access. For example, it is possible to use frequency division
multiple access (FDMA), that is, users in different groups using different frequencies; or time division
multiple access (TDMA) may be used, that is, users in different groups 



using different time slots; or orthogonal frequency division multiple access (OFDMA) is used with users
in different groups using different OFDM subcarriers. Within the same group, it is preferred that the
users use the same frequency or frequency band, that is, TDMA is used within the same group. The
proposed schemes may be for cooperation within a group to increase signal reliability at the
destination, The described embodiments should not be construed as [imitative. For example, the
described embodiment of Figure 1 uses TDMA. Alternative methods of supporting multiple access may
also be used within the group, e.g.: code division multiple access (CDMA), frequency division multiple
access (FDMA) or orthogonal frequency division multiple access (OFDMA). The users may have one
antenna each, or they may optionally have multiple antennae. Embodiments of the present invention
may have multiple base stations and/or multiple groups of users where the number of users in each
group may be different. in the case where there are multiple groups of users, conventional techniques
may be used to allow multiple access, for example FDMA may be used where users in different groups
use different frequencies. Alternatively, TDMA may be used where the users in different groups use
different time slots. Further embodiments may alternatively use OFDMA where users in different  56
groups use different orthogonal frequency-division multiplexing (OFDM) subcarriers. The usage of
multiple access techniques permits the eiirnination of multi-user interference (MU). 



It should also be apparent that the described embodiments also apply to SCOP and SCZP, Also, the
present invention may be extended to P> 2 and the users in such a case do not have to cooperate
pairwise, but rather can cooperate in a daisy chain fashion. While example embodiments of the
invention have been described in detail, many variations are possible within Inc scope of the invention
as will be clear to a skilled reader.  MCSLLP  57 CLAIMS  1.A space-time coded cooperative
communication method for a wireless communication network, the network including a first
communication device and 5 a second communication device, each of the communication devices
being associated with respective users and configured to communicate with a common destination, the
method comprising the steps of: the first communication device, transmitting a first message to the
second communication device for transmission to the common destination as a 10 first routed
message and to the common destination in a same time slot; and receiving a second message from
the second communication device for transmission to the common destination as a second routed
message. 



A pace-time coded cooperative wireless communication method 15 according to claim 1, wherein
transmission of the first message to the second communication device and receiving the second
message from the second communication device are carried out in the same time slot. A space-time
coded cooperative wireless communication method 20 according to claim 1, wherein transmission of
the first message to the second communication device and receiving the second message from the
second communication device are carried out in different time slots. Amended Sheet IPEA/AU
MCSLLP  58  4. A space-time coded cooperative wireless communication method according to any
preceding claim, further comprising the steps of: 



discarding a first padding from the received second message; performing a complex conjugate on the
received second message; 5re-ordering of the received second message; and inserting a second
padding into the received second message, to form the second routed message for transmission to the
common destination.  5. A space-time coded cooperative wireless communication method 10according
to claim 4, wherein the discarding, performing a complex conjugate, re-ordering and inserting steps
are performed in a time slot different from the time slot for transmitting the first message  6. A
space-time coded cooperative wireless communication method 15according to claim 4 or 5, wherein
the first padding and/or the second padding includes acyclic prefix,    7. A space-time coded
cooperative wireless communication method according to any of claims 4 to 6, further comprising the
step of decoding the 20 second message after discarding the first padding from the second message,  



MCSLLP  59 B.A space-time coded cooperative wireless communication method according to any
preceding claim, further comprising the step of amplifying the second message.  9. A space-time
coded cooperative wireless communication method according to any preceding claim, further
comprising the step of: negating the second message.  10. A space-time coded cooperative wireless
communication method 10according to any preceding claim, further comprising the step of converting
the second message from frequency domain to time domain.    11. A space-time coded cooperative
wireless communication method according to any preceding claim, wherein the second routed
message is 15transmitted using OFDM modulation,  12. A space-time coded cooperative wireless
communication method according to any of claims 1 to 8, wherein the second routed message is
transmitted using Single Carrier -Cyclic Prefix modulation. 20  13. A space-time coded cooperative
wireless communication method according to any preceding claim, further comprising the step of; the
second communication device, receiving the first message for transmission to the destination. 



Amended Sheet IPEA/AU  MCSLLP  60 14. A space-time coded cooperative wireless communication
method according to claim 13, further comprising the steps of: the second communication device,
discarding a first padding from the received first message; perforthing a complex conjugate on the
received first message; re-ordering of the received first message; and        inserting a second padding
into the received first message, to form the first routed message for transmission to the common
destination. 10  15. A space-time coded cooperative wireless communication method according to
claim 14, wherein the discarding, performing a complex conjugate, re-ordering and inserting steps are
performed in a time slot different from the time slot for receiving the first message. 



15  16. A space-time coded cooperative wireless communication method according to any preceding
claims, further comprising the steps of: the common destination, receiving the first message directly
from the first communication device, 20 receiving the second message directly from the second
communication device; and decoding the received first and second messages and the first and second
routed messages.  MCSLLP  61  17. A space-time coded cooperative wireless communication method
according to claim 16, wherein the decoding comprises the steps of:       converting the received first
and second messages from time to frequency domain; and 5obtaining a first combination sequence by
linearly combining the frequency domain first and second messages. 



18. A space-time coded cooperative wireless communication method according to claim 17, further
comprising the step of 10obtaining a second combination sequence by linearly 'combining the first
combination sequence and the first and second routed messages.  19. A space-time coded
cooperative wireless communication method according to claim 17, wherein the decoding further
comprises the steps of: 15converting the first and second routed messages from time to frequency
domain; and wherein the first combination sequence includes linearly combining the frequency
domains of the first and second messages, and the first and second routed messages. 20 20. A
space-time coded cooperative wireless communication method according to claim 16, wherein the
decoding comprises the steps of:        converting the received first message and the first and second
routed message from time to frequency domain; and Amended Sheet IPEA/AU  



MrSLLP  62        obtaining a first combination sequence by linearly combining the frequency domain
first message and the first and second routed messages. 21A space-time coded cooperative wireless
communication method 5according to any of claims 18 to 20, fUrther comprising the step of:
dividing the first combination sequence or the second combination sequence by a channel related
sequence which characterizes a first transmission path between the first communication device and
the Gammon destination, and a second transmission path between the second 10communication
device and the destination,  22. A space-time coded cooperative wireless communication method
according to claim 21, wherein the channel related sequence is obtained by combining a first channel
parameter which characterizes the first transmission 15 path and a second channel parameter which
characterizes the second transmission path.  23. A space-time coded cooperative wireless
communication method             according to any of claims 16 to 22, further comprising the steps of,
prior 20to the decoding step, the common destination, discards a first padding 



from the received first message; discards a second padding from the first routed message.  63 24. A
space-time coded cooperative wireless communication method according to any preceding claim,
further comprising the step of:       the first communication device transmitting the second muted
message to a third communication device of the network, and the third communication 5device
relaying the second routed message to the destination. 25. A space-time coded cooperative wireless
communication method according to any preceding claim, further comprising the step of: the second
communication device transmitting the first routed message to a fourth 10communication device of the
network, and the fourth communication device . relaying the first routed message to the destination.
26. A space-time coded cooperative wireless communication method according to claim 22, further
comprising, prior to decoding the received first 15and second messages, the common destination
estimating the first channel parameter based on a main training signal transmitted by the first
communication device, 



27. A space-time coded cooperative wireless communication method  20 according to any preceding
claim, further comprising the steps of, prior to transmitting the first message, the first communication
device transmits an auxiliary training signal to the second communication device,  MCSLLP  64 and
obtains an inter-device channel parameter which characterizes an inter- device transmission path
between the first and the second communication device based on the training signal; and transmits the
inter-device channel parameter to the common destination, 5 28. A space-time coded cooperative
wireless communication method according to claim 27 and when dependent on claim 26, wherein the
main training signal is the auxiliary training signal. 10 29.A space-time coded cooperative wireless
communication method 



according to claim 27 or 28, wherein the auxiliary training signal comprises a first training signal and a
repetition of the first training signal. 30. A space-time coded cooperative wireless communication
method 15 according to any of claims 27 to 29 and dependent on claim 8, the second communication
device retransmitting the auxiliary signal to the common destination which estimates an amplification
factor based on the auxiliary signal for decoding the amplified second message. 20 31.A space-time
coded cooperative wireless communication method according to any of claims 27 to 30, wherein
transmitting the inter-device channel parameter comprises transmitting a complex conjugate of the
infer-device channel parameter. Am ended Sheet IPEA/AU  I SLLP  65 32.A space-time coded
cooperative wireless communication method 



according to claim $1, wherein the transmitting the inter-device channel parameter further comprises
transmitting a negation of the complex conjugate of the inter-device channel parameter.       A
space-time coded cooperative wireless communication method according to any of the preceding
claims, wherein the second routed message comprises: in a first signal interval, a first training signal;
and 10in a second signal interval, a second training signal, the second training signal being a negation
of the first training signal. 34.A space-time coded cooperative communication method for a wireless -
communication network, the network including a first communication device and 15 a second
communication device, each of the communication devices being associated with respective users and
configured to communicate with a cannon destination, the first communication device being configured
to transmit a first message to the second communication device and to the common destination in a
first time slot, the second communication device being configured to transmit the first message as a
first routed message, the method comprising the steps of:       the common destination, receiving the
first message from the first communication device in the first time slot and the first routed message
from the second communication device in a second or third time slot.  MCSLLP  66 



and receiving a second message from the second communication device in the first or second time
slot and a second routed message from the first 5communication device in the second or third time
slot, the second routed message including the second message transmitted by the second
communication device.    35. A space-time coded cooperative communication method according to
inany preceding claims, wherein the wireless communication network is a cellular network.    36. A
space-time coded cooperative communication method according to any preceding claims, wherein the
communication devices are mobile 15communication devices. 37. A communication device configured
for space-time coded cooperative communication with a second communication device in a wireless
communication network, the communication device and the second 20communication device being
associated with respective users and 



configured to communicate with a common destination, the communication device further configured
to transmit a first message to the second communication device for transmission to the common
destination and to the common destination in a same time slot; and to  MCSLLP  67 receive a second
message from the second communication device for transmission to the common destination. 38. A
communication device according to ciaim 37, wherein the 5communication device is configured to
transmit the first message to the second communication device and receive the second message from
the second communication device in the same time slot. 39. A communication device according to
claim 37, wherein the 10communication device is configured to transmit the first message to the
second communication device and receive the second message from the second communication
device in different time slots. 40. An integrated circuit (IC) for a communication device which is
configured 



15for space-time coded cooperative communication with a second communication device in a wireless
communication network, the communication device and the second communication device being
associated with respective users and configured to communicate with a common destination, the IC
comprising: a processing unit configured to transmit a first message to the second 20communication
device for transmission to the common destination and to the common destination in a same time slot;
and to receive a second message from the second communication device for transmission to the
common destination. Amended Sheet IPEA/Ali  IvICSLLP  



68 41. An Integrated circuit (IC) for a base station of a wireless communication network including first
and second communication devices configured for space-Urns coded cooperative communication,
each communication device being associated with respective users and configured to communicate
with the base 5station, the first communication device being configured to transmit a first message to
the second communication device and to the base station in a first time slot, the second
communication device being configured to transmit the first message as a first rouied message, the IC
including a processor configured to: 0receive the first massage from the first communication device in
the first time slot and the first routed message from the second communication device in a second or
third time slot, and        receive a second message from the second communication device  In the first
or second time slot and a second routed message from the first 15communication device in the
second or third time slot, the second routed message including the second message transmitted by
the second communication device. 42. An IC according to claim 41, wherein the processing unit is
further 20configured to:       convert the received first and second messages from time to frequency
domain; and 



obtain a first combination sequence by linearly combining the frequency domain first and second
messages. Amended Sheet, IPEA/AU  MCSLLP  69 43,An IC according to claim 42, wherein the
processing unit is further configured to obtain a second combination sequence by linearly combining
the First combination sequence and the first and second routed messages. 5  44. An IC according to
claim 42, wherein the processing unit is further configured to convert the first and second routed
messages from time to frequency domain; and wherein the first combination sequence includes
linearly combining the frequency domains of the first and second messages, and the 10 first and
second routed messages.  45. An IC according to claim 41, wherein the processing unit is further
configured to convert the received first message and the first and second routed message from time to
frequency domain; and obtain a first combination 



15 sequence by linearly combining the frequency domain first message and the first and second
muted messages. 45,An IC according to any of claims 41 to 45, wherein the IC is further configured to
divide the first combination sequence or the second combination 20 sequence by a channel related
sequence which characterizes a first transmission path between the first communication device and
the common destination, and a second transmission path between the second communication device
and the destination.  Amended Sheet IPEA/AU  MCSLIP  70  47. An IC according to claim 46, wherein
the channel related sequence is obtained by combining a first channel parameter which characterizes
the first transmission path and a second channel parameter which characterizes the second
transmission path. 5 



48. A base station including an IC according to any of claims 41 to 47. 49A wireless communication
network comprising more than one       communication device according to any of claims 37 to 39 and
one or more 10base stations according to claim 48. 


