
;pqrse3e/,$6T" '`A Wireless Communication Apparatus and Method" BACKGROUND
OF THE INVENTION The present invention relates in general to wireless
communication systems and, more particularly, to improving the downlink
performance of wireless communication systems. Wireless mobile
communications suffer from four major impairments: path loss, multipath
fading, inter-symbol interference (ISI) and co-channel interference
Adaptive antennas can be used to suppress the effects of these Factors to
improve tike performance of witeless cornmunication systems, There are two
types of adaptive antennas: diversity antennas and beamforming antennas In
a diversity antenna system multiple low-:.orrelatiot? or independent fading
channels are acquired in order to Compensate multipath fading. thus
achieving diversity gain. Beamforming antennas, on the other hank provide
beamforming gain by making use of spatial directivity, thus compensating
for path loss to a certain extent and suppressing co-channe' interference,
In a diversity antenna system, the antenna spacing is usually required to
bE large enough, e.g., 14~. in order to obtain low-corrclation~independent
fading channels, especially for small angular spread environments. However,
beamforming antennas need to achieve spatial directivity, so the signals
received at and/or transmitted from all antennas must be correlated, This
means that for beamforming antenna, the antenna spacing should usually be
small, e.g. half wavelength for a uniform linear array (ULA). Because of
the conflict between the required antenna spacings for diversity antenna
systems    and beamfonning systems) a prejudice exists that diversity gain
and beamfonning gain cannot be achieved simultaneously. S>JwIMARY OF TFIE
II~'E~ITIQN It is an object of the present invention to seek to provide a
wireless communication system benefiting simultaneously from both diversity
gain and beamfonning gain Accordingly, cne aspect of the present invention
provides a method of achieving transmit diversity gain in a communication
system having a base station with multiple transmit antennae and a mobile
terminal v,rith a single receive antenna, the method comprising the steps
of providing a signal to be transmitted s(n); space-time encoding the
signal s{n) io produce at least two separate signals s;(n),s~(n), earl: on
a respective output; feeding each ou~ut signal s;(n),s~(n) to a
zero-forcing pre-equaliser having a respective function gl(k), gz(k) to
produce an output signal xr(n)) x1(n); feeding the output si~na! x;(n),
x~(n) of each pre-equaliser to a transmit antenna: transmitting the output
signals xl(n), x:(n) over respective physical channels h;(k), h1(k);
recei~-ing the output signals x;(n), x1(n) at a single receive antenna; and
space-time decoding the received signals, wherein the functions g;(k),
g~(k) of the zero-forcing preequalisers are selected such that the channel
responses gj(k)*h;(k)) g1(kj*h~(k) of the respective physical channels
hl(k)) h~(k) are flat fading channels. Preferably. the communications
system is a time-division duplex system acid the method includes the
further step of deriving the real cha.nz~;el coefricients from uplink
channel coefficients for use in selecting the functions gl(k), g~(k) of the
pre-equalisers. Conveniently, the step of deriving the real channel
coefficients from uplittk 2 



channel coefficients uses training symbols from the uplink channel,
Advantageously, the step of deriving the real channel coeff cients frcm
uplink channel coefficients uses blind techniques. Preferably, the
communications system is a frequency-division duplex system and the method
includes the ether step of deriving ttxe roai channel coefficients by
sending a set of txaining s~Tnbols to the receive antenna of the mobile
terminal) the mobile terminal estimating the real chan.~el coif rci~nts and
feeding back channel coefficient information to the base station, Another
aspect of the present invention provides a base station with multiple
transmit artenna~ for communicating with a mobile te.~rninal having a
single receive antenna o~.~er physical channels nJ(,k), ha~k~, the base
station comprising: a space-time encoder having an input of a signal to be
transmitted s(r.~ azct at Least two outputs each producing a separate
signal s!(n),s~ ( r); at least t~~~o zeroir~rcing pre-equalisers. each fed
by a respective output sigrrral s~(n?,s ~(r~) a~~d having a respective
function g,(k), g~(kj to produce an output signal xl(n), x,(n); and at
least two transmit antennae, each being fed by the output siandl xl(n),
xi(n) of a respective one of the pxe-equalisers, wherein the fsu~ctions
gl(k), g~(k) cf the zero-forcing pre-equalisers are selected such that the
ehanrel responses g,(k) *hl(k), g?(k)*h1(k} of the respectil~e physical
channels hl(k), h~;k) are flat fading channels. Preferably, the mobile
terminal has a single receive antenna and a space-time decoder to decode
the signals received from the base station. A farther aspect of the present
in~~ention provides a method of achi=ving combined beamforrning and
transmit diversity fox frequency selective fading 3   channels in a
communication system having a base station with s;iultiple transmit
artennaz and a mobile terminal with a single receive anterma, the method
comprising the steps of: providing a signal to be transmitted S(n; k):
space-time encading the signal .S'(n; k) to produce at least two separate
signals Sl{n; k),S;(n; k), each on a .respective output; feeding eacb~
output signal S,(rc; k).5;;(n; k) to a transmit processor to produce an
nutput signal .x; {r.; k), X,(n; k); applying respective selected transmit
beatnrorming wJeights to each output signal X~(n; k), X2(n; k); feeding the
respective weighted signals to a signal combiner to perform a s:un~r~ing
function of the sigh :ls and produce a signal ~'(n;k) for transmission;
feeding the summed signal.X(n;k) to each of the multiple tr~.nsmit antennae
for transmission; txansmittinQ the signals .x(n;~.) ov?r respzetive the
physical channel h(n;k); receiving the received s~gnat r'(r;k) at a single
receive a~-tt~nna; feeding the received signal Y{n;k) to a receive
processor to pr~~duce an output signal; end space-time decoding tee
received signal. Pr;:ferably, Zlhe respective transtrrit beaznforming
weights are sele;.trd as the eigenvectors corresponding to the two largest
eigenvalues of ttze dowzlinic channel co~~ariance matrix (DCCM) of the
physical chanr_eI h(n:k), Conveniently, the physical channel h(n;h )
cor~ists of t-.vo time-delayed r aye, h;(n;k) and hz(n;k), and the transmit
processors do not add cyclic prefi~c~s arid one of the output signals ixom
the transmit processors is delayed by n = before the respective selected
transmit beatnfomzing weight is applied thereto, the bear;iforming weights
being chosen such that the delayed signal or its inverse fast fioarier
traps form (IIrFT) only goes through; one channEl J~, (n;k) between tb~.e
base station multiple transmit antennae and the receive anterma, whilst the
ur.delayed signal or its 1FFT only goes through another channel h2(n;k)
between the base station multiple transmit antennae end the receive
antenna, tlhereby creating two different channels which can lae space-time
decoded to 4   recover the transmitted signal. Ad~`antageously, the
physical channel h(n;k) consists of two time-delayed clustered rays, h~(n;
k) and hz(n;k)) the transmit processors have a cyclic prefix length of ~'~
and one of the output signals from the transmit processors is delayed by '~
before the respective selected transmit beamforming weight is applied
thereto, the beamforming weights being chosen such that the delayed
sig~o,al or its inverse fast Fourier transform (IFFT) only goes through one
channel hl(n;k) betwcez~ the base station multiple transmit antennae a,nd
the receive antenna, whilst the undelayed signal or its IFF'C only goes
through another channel hZ(n;k) between the base station nraltiple transmit
antennae and the receive antenna, thereby creating two diffcrcrat channels
which can be space-time decoded to reco~~er the transmitted signal, 



Preferably, tkie method comprises the further steps of: estimating a
powerdelay-DOA profile for the channel h(n;k); and, based on the profile:
determining the cyclic prefix length, ~~', to be added by the transmit
processors; determining the delay ~'; and determining the transmit
beamforming weights, Advantageously, the method comprises the further step
of estimating the downlink channel co~~ariance matrix (DCCM) from the
uplink channel covariance matrix (1`JCCM) to construct transmit
beamforrning weights. Conveniently, the method comprises the further steps
of: estimating the downlink channel covariance matrix (DCCIv~ from the
uplink channc! covariance matrix (LJCCM) to construct transmit beamforming
weights; estimating a power-delay-DOA profile for ci~annel h(n;k); and,
based on the prarile: determining the length, ~ ~' , of the cyclic prefix
to be added by the transmit processors; determining the delay '~ ; and
determining the transmit 5   bearnforming weights. A further aspect of the
present invention provides a base station with multiple transmit antennae
for communicating with a mobile terminal having a singl a receive antenna
over physical channel h(n;k) having tyvo time-delayed rays, hl{n;k~ and
hz(n;k), the base station comprising; a space-tiuae encoder having an input
of a signal to be transmitted and at least t,~o outputs each producing a
separate signal; at least two transmit processors each receiving one of the
outputs from a respective space-tirue encoder; at least two transmit
bearnformers each receiving an output from a respective transmit processor
and applying a transmit beamforming weight thereto; a signal combiner
receiving signals from the beamformers and operable to perform a summing
function of the signals from the beamforrmers and produca a signal for
transmission by the multiple transmit antennae. Preferably, a delay of ar
is interposed between one of the transmit processoz c,utputs and a
beamformer to delay the signal output from the transmit processor by a~'
before the respective selected transmit beamforrr~ing weight is applied
thereto, wherein the transmit processors do not add cyclic prefixes,
Conveniently, a delay of Y~ i5 interposed between one of thetransmit
processor outputs and a beamformer to delay the signal output from the
transmit processor by ~' before the respective selected transmit
beamfonning weight is applied thereto, the transmit processors having a
cyclic prefix length of a ~ . Advantageously, a processor to determine a
power-delay-DOA profile estimate for channel h(n;k) is provided and, based
on the profile, determine: the length, a'~ , cyclic prefix to be added by
the transmit processors; the delay '~ ; and the transmit bearnforming
weights. 6   Conveniently, a processor is provided to estimate a downlink
channel covariance matrix (DCCM) from the uplinh channel covariance matrix
(UCC~fi) to construct transmit beamforming weights, Preferably, the ba`~e
station further rr,~,nx rises a first processor to deterrmne a
power-delay-DOA prr~file estimate for channel n(n;k); and based on the
profile, determine t~'~e length, ~ ~ , of the cyclic prefix to be. added by
t:,he tran,sznit processors; the delay ~ ; and the transmit beamfarrnin g
wei g'xts; and a second processor to estimate a down3inlc channel
covariance matrix (DCC''M) from the uplink elxgnnel covariance nxs.;rix
(UCCM) to construct transmit bemforn~uig weights. Conveniently, tlxe
transmit and receir.~e processors are selected dam the group 



eonsistir_g of: ~JFDM, CDM..4 and TbiV`~A processors. Adv~.zttagee~usiy,
the communications system comprises the base station and a nobile terminal
having a single receive antenna, s receive pro~essvr to produce an output
signal end a spa~e~tirne decoder to decode the output signal. t~ further
aspect of the present invention provides a method of achiwzng combined
bearnforming and ~ansmit diversity for frequercy selective fading channels
xn a communication s5~stez:x having a base station with multiple transmit
antennae and a rnobilc tcmxinal with a single receive antenna, the method
comprising the steps of: providing a signal to be transmitted s(rr);
space-time encoding a signal to be transmi;~ted s(n) to produce. at least
two separate signals s~(n),sl(n), each on a respective output; delaying one
of the space-tame encoded output signals by 4 z ; applying respective
selected transmit beamforrr~ing weights to the delayed and undclayed
signals; feeding the respective weighted signals to a signal cornbiner to
perform a summing 7   function of the signals and produce a signal for
transmission; feeding the summed signal to each of the multiple transmit
antennae for transmission; transmitting the summed signals over the
physical channel h(k) with two Hmedelayed rays h,(k), h?(k); receiving the
major components of the transmitted signals at a single receive antenna at
substantially the same time; and spacetame decoding the received signal.
Preferably, tl~e beamforrning weights are chosen such that the delayed
signal only goes through one ray h~(k) between the base station multiple
transmit antennae and the receive antenna, whilst the undelayed signal anly
goes through another ray hi(k) between the base station multiple transmit
antennae and the receive antenna. Conveniently, the delay ~z is derived
from downlink channel information. A further aspect oaf the present
invention provides a base station with multiple transmit antennae for
communicating with a mobile terminal having a single receive antenna over
physical channel h(k) having two time-delayed rays hl(k). h~k), the base
station comprising: a space-time encoder having an input of a signal to be
transmitted and at least two outputs each producing a separate signal; at
least two transmit beaiaiforrners each receiving au output from the
spare-time encoder and applying a transmit beamforming weight thereto; a
signal combiner receiving signgls from the beamformers and operable to
perform a summing function of the signals from the beamformers and produce
a signal for transmission by each of the multiple transmit antennae,
wherein a delay of ez is interposed bet<veen the space-time encoder and one
of the beamformers such that the major components of the transmitted
signals are received at a single receive antenna at substantially the same
time. 8   Preferably, the conrtmmunications system comprises the base
station and a mobile terminal having a single receive antenna and a
space-time devoder to decode the received signal. One aim of the present
in~~ention is to seek to achieve, at the mobile terminal, diversity gain,
beamformmg gain as well as delay spread reduction simultaneously by using a
base station with a multiple antenna array. The ad~~antages of the
embodiments of the present inventian are as follows: 



H eamformizg gain and transmit diversity are achieved simultaneously; Based
on powez-delay-DOA profile, delay spread is reduced adaptively.  In two-ray
environment, a frequEncy selective fading charnel is transferred into a
flat fading channel, yet the path diversity gain is maintained.  In hilly
terrain (~1'f) cm~ironment, we can transfer a long delay spread channel
into a shore delay spread charu~,el, yet still rnaint<~in tile path
diversity gain. With delay spread reduction and combined beamfonning and
:ransmit diversify, the invented Systems px~wide high spectrum
effiCi~encs~, yet cons~.unes less transmission power. The invented systems
also employ adaptiv;, rnodnlation to further improve the spectrum
efficiency based on the diversity order and s:haru~el conditions. The
mobile tex~a~inal is usually limited by physical size and battery power.
The iuventrd systems put the complicated processing at the bese station,
rather at the mobile termiunal. Thus thz mobile terminal complexity is
reduced.  The invented systems are well applicable for the applications
which require higt-~ data rate for downlink transmission. These
applacatiuns include, for 9   example, high speed downlink, packet access
(HSDPA) in 3` generation partnership project (3GPP), wireless Internet, and
wireless multimedia communications. In order that the present invention may
be more readily underst~rod, embodiments thereof will now be described, by
way of example, with reference to the accompanying drawings, in which; 



Figure 1 (Prior Art) is a schematic diagram illustrating Alamouti's
permutation transmit diversity method; Figure 2 is a schematic diagram
illustrating a method embodying the present invention using transmit
diversity with pre-equalization For frequency selective fading channels;
Figure 3 (Prior Art) is a schematic diagram illustrating orthog~nnal
freduency division multiplexing (OFDIvI] with txansmit diversiy at: (a) a
transmitter; and (b) a receiver; Figure 4 (Prior Art) is a schematic
diagram illustratiztg OFDM combined bearnforming and transmit diversity for
flat fading channels; Figure 5 is a s~hcrnatic diagram illustrating a
method embodying the pr esent invention using OFDM with combined
beamforming and transmit diversity at: (a) a transmitter; and (b) a
zeceiver; Figura 6 is a schematic diagram illustrating a method embodying
the present invention using combined beamforming and transmit diversity for
two ray 10   (TR) frequency selective fading channels at (a) a transmitter;
and (b) a receiver; Figure 7 is a schematic diagram illustrating a meta~ad
embodying the present invention using OFDM with combined beamforming and
transmit diversity for two ray (TR) nnodels at: (a) a transmitter; and (b)
a receiver; Figure 8 is a' schematic diagram illustrati~ag a method
embodying the present invention using OFDM with combined beamforrning and
transmit diversity for hilly-terrain (HR) models at (a) a transmitter; and
(b) a receiver; and Figure 9 is a schematic diagram illustrating a method
embodying the present invention using OFIaM with combined beamforrning,
transmit diversity and adaptive delay spread reduction: at (a) a
transmitter; and (b) a receiver. 



DETA1LED r7ESCRIP'I'lON OF THE 1NVENTTON The present invention revolves
around the use of multiple antennas at the bass station to improve the
downlink performance of a wireless communication system. Domlink
beamforniing is effective in limiting interference pollution, which is of
critical importance especially in multimedia comrr~unications. Transmit
diversity is a powerful technique when receive diversity is impractical)
especially for mobile ternunals with size andlor power limitations. It can
also be used to further improve downlink performance even though receive
diversity is available. In a multipath propagation environment, a receiver
acquires several timedelayed, ann~plitude-scaled and direction of arrival
(DOA) dependent versions of a transmitted signal. Whtn tht maximum time
delay between the first 11   arrived and last-arnved versions of a signal
along the various paths is smaller than the symbol izrterval, these paths
are not resolvable in the time domain. I-~ou~ever, these paths are
resolvable in the spatial domain as they may come from different DOAs.
Since each path may experience independent fading, using a beainfornasng
antenala array, one obtains several independent channels, to wtzich
transmit diversity is applicable. When the maximum relative delay is
greater than the symbt~I intervtil, a frequency seleoti~cre fading channel
is observed. Frequency selectivity is benel;icial for achieving divezsity,
However, it Also yields inter-symbol interference {ISI) which needs to be
suppressed a.t tha receiver. This phenomenon becomes more and mare
prevalent as the data aansmission rate increases. Onc way to suppress ISI
is to use equalization at tine receiver. ')<'he performance of an
equalizer, however, depends on the freqncncy respmses of the wireless
channels. Specifically) when the channel's frequency responses hare deep
nulls in a certain frequency band, the eqvalizatio:~ outpct yields noise
enhancem`xa, the effect of which can degrade tl~e diversity eain obtained
by the frequency selectivity. On the odrer hand, ~.n adaptive equalizer
often promotes error propagation problems when decision-direoted symbols
are used as reference signals, and the complexity of c~'~c equalizer is
further ~;omplieatod i~ the delay spread is large. l~nother method of
ryducing 1SI is to red~acc the delay spread using wdaptive a,-rtenns.s at
the base station. For example, if the base statiora knows the direction-of
ac~cival (DOA) information of each decayed version of the received signal,
it can then form a beam to one path whilst arranging for nulls or small
antenna gains at the 1:7OAs of the other paths. In this manner: the mobile
terminal only receives one path of each transmitted signal. This method,
though simple in signal detection, sacrifices the diversity gay since use
is only txing made of one path. 12   Compared to receive diversity,
transmit diversity has received greater attention during the past decade.
Delay diversity as disclosed in A. Wittneben, "A new bandwidth efficient
transmit antenna modulation diversity scheme for linear digital
modulation", Proc. Of ICC'93, pp. 1630-1b34, 1993. is one early transmit
diversity technique using multiple transmit antennas. This method
tra~asforms a hat fading channel into a frequency selective fadirng channel
making use of frequency diversity. An equalizer is provided at the mobile
terminal in order to compensate for the artificially induced rSI. The
performance of the equalizer depends on the frequency property of the
channels. Further, an adaptive equalizer often promotes error propagation
problems when, decision-directed symbols are used as refereztce signals. In
fact, it is shown in Y.C. Liang, Y. Li and K.J.R. Liu, "Feasibility of
transmit diversity for IS-l36 TD~LA systems", Proc. Of VTC '98, pp.
2321-?324, 1998, that when the maximum Doppler frequency is over 40 kIz,
this diversity method is even worse than tk~at without diversity. In S.M.
Alamouti, "A pimple transmit diversity technique for wireless
communications", IEEE loumal of Selected Areas in Comrnun~catioris, Vo1.16,
No.B, pp.1451-1458, October 1998) Alarr~outi proposed a perzz~utation
diversity method, whose perfotxnance is similar to maximal-ratio combining
(M1ZC) receive diveairy. This method only requires a simple receiver
structure. More general transmit diversity methods are referred to as
space-time coding methods as disclosed in V, Tarokh, N. Seshadri and A.R.
Calderbank, "Space-time codes for high data rate wireless communication:
Performance analysis and node construction", IEEE bans. On Inforntation
Theory, vol. 44, No. 3, pp. ''44-765, March 1998. Space-time codes include
space-time trellis codes (STTC) and space-time block codes (STBC). In fact,
permutation diversity is the simplest class of SI`BC. 13   pigure 1
illustrating Alamouti's permutation diversity method shows the permutation
diversity method with two tr~nsrr~it antennas 1, 2 equipped at the base
station (BS), The signal s(n) to be transmitted is first co~cd in a space
time coding module 3 The space-time coding module 3 works in the following
way. It has one input port and two output ports. The input Fort accepts the
transmitted sequence, s(0), s( 1 ), . . .. The two output ports provide, in
response, respective output signals s,(t) and s2(r) at time instants t=n
and t=n+1, where n 



is an even integer, as follows. t=nt=n+1Silt)s(n) I ~s~(n+ 1 ) l
i~.s~(t)s(n+1) / 1~2-s'(n) / At a single receive antenna 4 at the mobile
terrninal the signa;s received at time instants t=n and t=n+1 are gi~~en by
x(n) = a,s, (n) + a~s~ (n) + w(n) (l) x(n+1)=a~s,(n+1)+axs,(n+1)+w(n+1)
where at and aZ are the respective channel responses from the two transmit
antennas 1, 2 to the receiver antenna 4) respectively; w(n) is additive
white Gaussian noise (AWGN~. The received signal is subsequently decoded by
the space-time decoding module as follows. Specifically) equations {1) and
{2) can be written in matrix forms: x(n) ~ I s(n) s(n + 1 ) a~ w(n) x(n +
1)~ ~ s'(n + 1) -s'(n) ~az + w(n + 1)' (3) 14   x,(n) _ 1 a x~ (n + 1) ~ -
ai a~ s(n) w(n) a~ s(n + 1.) + w' (n + 1) (~) Therefore. channel
coefficients can be estimated via equation (3) using training symbols;
while equation (4) can be used for signal estirnation/detection. This
signal detection method is also called permutation decoding, It is pointed
out that, as opposed to delay diversity techniques which require a
complicated equalizer at the receiver, the channel estimation and signal 



detection for permutation diversity involves very simple numerical
operations. Also, compared to a one-transmitterltwo-receiver receive
diversity technique, even though the pezmutation diversity method has a 3
dB performance loss, it achieves the same order of diversity gain as
receive diversity techniques using a maximal ratio combining {MRC)
approach. Permutation diversity can be extended to space-time block codes
(STBC) and space-time trellis codes (STTC). All these codes achieve
transmit diversity for flat fading environment, One example of the
invention applies Alamouti's diversity method to frequency selective fading
channels. When the delay spread is greater than the symbol intcn~al,
frequency selective fading channels are observed. Figure 2 illustrates the
system model applying Alamouti's diversity method to frequency selective
fading channels. The transmitted signal, s(n), is fast coded using
Alarnouti's codes in the coding module 3, with the two branch outputs as
sl(n) and s2(n). s~(n) and s~i(n) are then passed into two pre-equalizers,
6, 7 having functions gs(k) and gZ(k), to produce two output sequences
y,(n) and y2(n)~ Yi(n) and y2(n) arc finally modulated and up-converted as
RF signals, 15   which are sent out through the trax~.smit antennas 1) 2 as
physical channels hl(k) and h~(k). The functions gl{k) and g2(k) of the
pre-equalizers 6,7 are used to pre-equalize the two physical channels,
h~{k) and h2(k), respectively. $y designing the preJ equalizers with
zero-forcing criterion, the overall channe! responses, g, (k} * h, (k) ~d
gz (k} * hz (k) ~ ~e now flat fading channels, with which Alamouti's
coding~decoding r~.ethod can be used. Mere; " * " denotes a convolution
operation. In order to design the pre-equalizers 6,7, the real channel
coefficients, hl{k) and h2(k), should be known at the base stationluansmit
antennas l, 2. Tl.is can be done in two ways. Far time-division duplex
(TDD) systems, downlink chanzael coefficients are the same as uplir~k
channel coeff cients, which are derivabie from the uplink using training
symbols or blind techniques {up to a. constant staler). For
frequency-division duplex (1~DD) systems, the base station sends a set of
training symbols to the mobile terminal, which then estimates and feeds
back the downl~r~.k charuzel information to the base station. The above
methods are also applicable for other space-time codes. Orthogonal
frequency division multiplexing (OFDM) is a laiown and effective method of
combatting the large delay spread problem, The cotnbination of OFDM with a
transmit diversit3~ method not only suppresses large delay spread, but also
achieves transmit diversity gain. Figure 3 shows a prior art OFDM system
with two-antenna tzansmit diversity as described izi Y. Li, N. Seshadri and
S. Ariyavisitakul, ``Channel estimation far OFDM systerns with transmitter
diversity in mobile wireless channels", IEEE Journal of Selected Areas in
Communications, vol. 17, No. 3, pp. 461-471, March 1999. The signal to be
transmitted, S(n;k), is first coded using space-time codes in coding 16
module 3, yielding two branch outputs as S1(n;k) and S2(n;k). S~ (n;k) and
S2(n;k) axe then passed into respective normal OFDM transmit pracessers 8,
9, whose outputs are fnally modulated and up-converted as RF signals,
rvhich are sent out through transmit antennas 1, 2. At the single antenna
receiver 4 at tlae mobile station, the received si~;zaai is passed into a
normal OFDM receive processor 1 a, followed by a space-tine decoder module
5. Specifically, the fast Fourier faansform (FF'f) output 



becomes X(ri;k)=H,(n;k)S,(n;k)+Hz(n;k}Sz(n;k)+~'(n;k) (5) X(n;k+1)=H,(n;
k+1)S,(r,;k+1)+HZ(n;k+1)SZ(n;k+1)+YY(rt;k+1) In (5) and (6), H'1(n;k) and
H2(n;k} are, zespectively, the Fouricr transforms of the channel impulse
responses, h~(n;k) between transrnic antenna l and re~eine antenna 4, and
hz{n;k) between transmit antenna 2 and receive antenna 4; W(t:;k) is the
FFT output of the additive noise, w(n;k), received at the receive antenna
4. Fermutarion decoding methods can be easily applied if S~(n;t) and SZ{n;
t) at time instants t=k and t=k+ 1, where k is an even integer, are chosen
as follows: t=kt=k~-1St(n;t)S{n;k) I fS"(n;k+I) IS2(n;t)s(n;k+ 1) ! ~-S~(n;
k) ! 17   Prior ~4rt.~ Combined beamforming and transmit diversity for
,flat fading channels. The above three methods (Alamouti's permutation
diversity method, a diversity method applied to frequency selective fading
channels and OFDM with transmit diversity) achieve transmit diversity gain
for flat fading channels) or frequency selective fading channels. The
transmit antennas belong to diversity antennas, i.e., the antenna spacixlg
is large, e.g., ten times wavelength, typically. Figwe 4 shows a known
system combining beamforn~ing and transmit diversity for flat fading
channels as disclosed in R. Negi; A.M. Tehesni and J. Ciofft, "Adaptive
antentzas for space-time coding over block invariant multipath fading
channels", Proc. of IEEE VTC, pp. 70-74, 1999. The signal to be
transnuttcd, s(n), is first coded using a space-time coder module 3,
yielding two branch outputs as sl(n) and si(n). si(n) and s~(n) are then
passed into n~~o transmit beamfonners 1 a,12, wi and wZ) respectively,
followed by a signal com6incr I3 which peronns a simple surnmin.g function
of the two inputs to producing a signal x(n) for transmission which, in
vector form, is as follows: x(n) = w;'s) (n) + wi sz (n) (') To obtain
spatial seleetiv ity, the antenna spacing, d) is set to be small, e.g.,
half wavelength, and the number of transmit antennas lA, 1B) 2, M, is
greater than two. This is a beamfornning antenna ancay, instead of a
diversity antenna array. Suppose the physical channel consists of L
spatially separated paths, whose fading coeft"~cients and DOAs are denoted
as ~a~ (t)!eE ), for k =1, ~ ~ ~, L , If the maximum time delay relativ a
to the first arrived path is 



18   smaller than the symbol interval, a flat fading channel is observed,
and the instantaneous channel response, h~ (t) , can be expressed as
follows: ha (r) = ~ak it~d (ae ) (8) where ad t8x ) is the downlink
steering vector at DOA ek . The received signal, y(nl, at the mobile
terminal is given by Y(n) ~ i^';~ hd tt)~', (n) ~ wi hd (t)s~ (n) + w(n)
1,9) By denoting Q~ (~) = w X ha (r) , ~'2 (t) = wz h~ (t) , the transrnit
beamforming weights can be estimated by maximizing the cost furxction: ~ _
~lp~ (~>I2 + ~Ipz (t)I` {10) s.t. ~~~ lt)!~z (t')~ = a ( 11 ) Maximum
average signal to noise ratio (SNF.) is obtained by maximising ( 10); while
condition { 11 ) guarantees that I~~ (l ) and p~ (t) are statistically
uneorrelated, thus maximum diversity gain can be achieved. Comparing (9)
with ( 1 ), with the aid of downlink bcamforming, two statistical
uncorrelated fading channels, ~~ (i) and ~~ (T) have been artificially
generated, 19   with which space-time decoding can be used to recover the
transmitted signal, s'{n), Por Alamouti's diversity method, permutation
decoding is applied. The optimal transmit beamforming weight vectors are
the eigenvcctors corresponding to the two largest eigenvalucs of the
downlink channel covariance matrix (DCCM): 



~d = E~hd (t)kd (t)~ (12) where the expectation is conducted over all
fading coefficients. Suppose alI paths have the same average power, or R~ak
{t~~T -1 ~ r , the DCCM is given by _1 Rd '' ~ ad ~ek ~~d ~Bk L k.~ {13)
For TDD, DCCM is the same as uplink channel covariance matrix (IJCCM). For
FDD) there are two ways to estinnate the DCCM, both of which are based on
the fact that uplink and downlink signals go through the same DOAs. The
first method estimates the DOAs of a11 paths from the received uplink
signals first) then constructs the downlink steering vectors, as ~e~ >'s,
and further DCCM Rd via equation (13). The second method estimates DCCM
from ~LJCCM directly via frequency calibration processiztg as disclosed in
YC. Liang and F. Chin, "Downlink beamforming methods for capacity
enhancement in wireless communication systems") Singapore Patent
Appliestion No. 9904733.4. This method does not involve DOA estimation and
its associates and is therefore simple to implemaent. 20   This system
achieves diversity gain and beamfurming gain simultaneously for flat fading
environment but it is desirable to extend that system into a frequency
selective fading environment. For mobile wireless communications without
beamforming, the twa ray (TR) model, typical urban (TiJ) model, and hilly
terrain (HT) model are three commonly used power-delay profiles. When
downlink beamfortning is added, a power-delay-DOA profile should be
considered. In picocell, microcell, and macrvcell with TU model, there is
less correlation between path delays and tl~e DOAs. r-Iowever) in
xnacrocell with T1L and HR models, the path delays ere usually
statistically dependent on the DOAs. We will show that for different
environments, there exist different schemes to achieve combined beamforming
and transmit diversity gains, as well as maximum spectrum efficiency.
Another example of the invention utilises OFDM to obtain combined
beamforrning and transmit diversity. Combined bearnforming and transmit
diversity can be achieved by using OFDM for frequency selective fading
channels. Figure 5 slows the OFDM system with combined beamforming and
transmit diversity. Even though OFDM is selected as one example to show how
the delay spread can be reduced, while yet maintaining beamforming and
transmit diversity gain, other examples being other mufti-carrier
modulation schemes, such as MC-CDMA, MC-DS-CDMA and single carrier systems
with cyclic prefix. The transmitted signal at the kth tone of the rrth
block, S(n;k), is first coded at the base station using space-time codes in
coding module 3, yielding two branch outputs) Sl{n;k) and Sz(n;k). Sl{n;k)
and S2(n;k) are passed into respective normal OFDM transmit processors 8,9,
followed by two transmit beamformers, 10,11, (wt and wz) respectively. The
beamfonazing outputs are 21   finally combined in a combincr 13, and
transmitted out through the transmit antennas lA, 1B, 2 ofthe base station
antenna array, 



With the base station antenna array lA, 1B, 2, the corrrplex baseband
representation of a wireless channel impulse response can be described as
the following vector form ~d (t' 4) ~~~m~l(t)~~l~SM,J~(T -Tm) (14) where ~
~ is the delay of the mth path resolved in time, y~.~ (t ) and ad (Bn,,; )
~e the complex amnplitude and downlink steering vector corresponding to Ith
DOA of the mth delay path. Because of the motion of the vehicular,
rT.!(t)'s are wide-sense stationary (~VSS) narrow band complex Gaussian
processes, which are zero-mean and statistically independent for different
m's, or l's. Suppose all Ym~ (t ~ 's have tl'~e same normalized correlation
function, ''(r) ( r(0) =1 )~ but possibly different average power, ~M.~ ,
then E~y~,! (t +~ ~t)y~, ! (t)~ ~. o'~.r'(t) ( 15) The Fouriez transform
(F~') of h(t~ z) at time instant t is given by Hd(t~~)-~~d(t~Z~
~~rCfts~~Y~^.!(t)Ad(Bnr,l~ m ! lb For an OFDM system with block length ~'b
and tone spacing f , the discrete value of H(t ~ .f ) is given by 22   Hd
(~~ ~]a d ~~~b s ~ ~ "" ~ Ym,l (nTr ~~d {Bm,l ~ J2~~f ~ 1 thus the
correlation function matrix of the frequency response for different times
and frequencies is given by re [an~ ~J = E~~d (n + 4n; k ~. ek]H~ (n; kJ~ =
r{~n?"b )~ e-'' ice''" Rd,M ( 18) where Rd'~ ~ amp ad (B~v )ad (8~',~ ) is
the downlzz~.k cbaruiel covariance matrix 



corresponding to the mth delay path. Note for ~ = 0 and ek = 0 , d~ ~ ~-~ Z
y r 0 0 fi 1 QmJad~em.J~ad (8~.r)~~ 19 At the mobile terminal single
antenna 4, the received signals are first passed into n;oz~nal OFDM receive
processor 10, followed by a pcrmutatian decoder 5. Within tk~e normal OFDM
r~sive processor, the FFT output becomes X [n; k] _ ~H Hd [n~ k]s, [n~ k] +
X'i h'd [n: klS2 [n~ k] + ~ (n~ kl (2p) ,X[n;k+1] = wNHd[n;k +1]SI(n;
k+1]+wNHd[n;k+1]SZ[n;k +1]+W[n;k+1] {21) where Wn~ k~ is zero mean AQUGN.
By denoting ~~ _ "'i Ha[n~k1, A~ = wi Hd[n;k], the beamforming weights can
be estimated by maximizing the cost function: ~ - E~~,~2 + ~~as~~ (22) 23
s.t. E~u ~ _ ~ (23) Again, maximum average SNR is obtained through
maximizing equation (22); while condition {23) guarantees that ~~ and pz
are statistically uncorrelated, thus maximum diversity gain can be
achieved. The optimal tiansmit beamformizxg wei~t vectors sre the
eigenvectors corresponding to the two largest eigenvalues of dowlink
channel covariance matrix {DCCM) RQ . 



R, = EjHd[n;kJHd [tt;k]~ (~4) Comparing equations (20) and (21 ) with
equations (5) and (6), with the aid of downlink beamforming, two
uncorrelated fading channels aze generated, with which the space-tune
decoding can be used to recover the transmitted signal, Permutation
decoding method can be applied if Sl(n;k) and SZ(n;k) are chosen as
follows. t=kt=k+1Sl(n~t)s(n;k) l ~s'(n;k+1) ISi(n;t)s(n;k+1) I f-s!(n;k) I
f A frequency calibration method for DCCM estimation for OFIaM. In order to
generate the downlink beamforming weights, it is first necessary to
construct the DCCM. A frequency calibration (FC) method disclosed in Y-C.
Liang and F. Chin, "Downlink bearnfvrming methods for capacity enhancement
in wireless communication systems", Singapore Patent Application No.
9904733.4 is applied. 24   Using a similar method, we can show that the
correlation function matrix of the upliz~c frequency response for different
times aztd hrequencies a given by r~ (,fin; .~k) = E~H~ [n t en; k + ek)H~
[rr; k]) = r(~nTz )~ e-' ~'~~t^ R~,m (25) ~~,h~e R~~, = L ffm,,a~ (B,".,
)aw (~~,.r ) is the uplink crannel covariance matrix corresponding to the
mth dela;~ path. Note for do ~ 0 and 0k = 0 , a ~~e~~ - ~ ~ ~M.l aw ~~m.J
~au (em.l )~v fi J (26) Comparing equations (19) and (26), the FC method
devised in Y-C. Liang and F. Chin, ``Dov~~nlink beamforming methods for
capacity enhanve~nent in wireless communication systems", Singapore Patent
Applicati,.~n No. 9904733.4 is used to estimate the DCCM from UCCM. This
system provides diversity gain and beamforming gain for OfT~M sstems. In
this system, the length of cyclic prefix is determined by the maximum
physical time delay, and is the same as that in a normal OFDM system. Thus
it is readily applicable to the environment in which the DOA is
statistiLally independent of the tune delay, When the DOA of a path is
statistically related to the path delay, e.g., in TR arid HR environments)
one can not only achieve beamonnng gain and diversity gain simultaneously)
but also reduce the cyclic prefix, thus obtaining improved spect~un
e~ciency. 



25   A further example of the present invention utilises combined
beamforming and transmit diversity for frequency selective fading channels
for two ray (TR) models, Suppose tlae physical channel follows a TR model.
Vi'ith the base station antenna array, the complex baseband reprcscntation
of a wireless chan.-~el impulse response can be described as the following
vector fornn z hd ~t~ T ~ ` ~ ~d,m ~r~~z - Z" (27 j with ~d ", (T) _ ~yx.,l
(~~ad (Bm,: ) (2S) where z~ is she delay of the rnth path resolved in time,
y~,~ fit) a~~d c (~.na ) are the complex amplitude and downlink steering
vector corresponding to itlu DOA of the mth delay path. Because of tl-xe
motion of the vebicuiar, r ~~f ('')'s are wide-sense stationary (VVSS)
narrow band complex: Gaussian processes, which are zero-mean and
statistically independent for different m's, or !'s. Suppose a11 ~n.~ (t)
's have the same normalized correlation finction, ( r(0; =1 ), but possibly
different average power, ~~^,~ , then E~~,r (r + et)Ym,r (t)~ = aAlr(~)
f~9' ISI exists when az ~ T~ `z~ is greater than the symbol interval. Vfith
combined beamforming and diversity technique, if the two rays are spatially
separated, it is possible to transfer a iiequency selective fading charnrl
into .a flat fading channel, yet maintain the transmit diversity. 26
Figure 6 shows a communication system with combined beamformin.g and
transmit diversity for two-ray &cqucncy selective fading channels. The
signal to be transmitted, s(n), is First coded in a coding module 3 using
spact-time codes, with the two branch outputs as s~(n) and s2(n). s~(n) is
then fed through a delay 14 to delay s(n} by er, yielding x~(n), which is
further passed to transmit beamformer 11, (wt). The second branch output
s~(n) is directly passed to the other transmit beamformer 12, (wz). The
bearnforming outputs Ore then combined in combiner 13 and sent by
txaa-tsmit antennas lA, 1,B, 2, yielding the transmitted signal as follows:



x(n) = wxx; (n) + wi cz (n) (30) The received signal. y(n), at the mobile
terminal single ac~.tenna 4 is given by Y(n) = ~'x,h~ax~ (n) -` yy'irh~,:x~
(n _ ez) +u~i ~t~,,s~(n)+~'i'he,ssi(n-;~:)+,u(n) (31 ) Denoting ran) = Y(n
-` azl , and considering the pre-alinLTnent of the tr~~o transmitted
signals, gives; Z(n) = w y ~e,i s; (n) + u'i i h~,z s i (n - ~?) + wi
ha,lsz (n + ,~ t) ~- wx hd.z~`z (n) + u'(n + ,~ r ) (32) , The beamforming
weights are chosen such that the fizst branch output, s, (n}, just goes
through the first path, h~,lbet~~een the base station antenna array and the
receive antenna 4; while the second branch output, ,r;,{n), just goes
through the second path, h~,2 between the base station antenna array and
the receive antenna 4. Mathematically, 27   y ha,z - 0 x Iwi hall = max and
H wx ha,, w 0 x wz ha,~ = max In this case the iSZ terms are suppressed
completely, and z(,rz) can be written as z(rt) = wHhd.ss~ (rt) + wi ha,zsz
(n) + w(n + ~1t) ~~~) 



Thus the frequency selective fading cha~ncael is now transformed into a fat
fading channel, with which the transmit diversity method can be applied.
Conveniently, the transmit beamforming weights can be chosen by maximizing
the average transmit SINR functions: X /f ~i(w:) = wl Rd''w' Jz w ) - wz
Ra.x'"'. W x wi'RdZw, and 1~'x Ra.n'~'2 where Rd "~ ` ~~hd.~ ~~)ha,r~ (t)]
_ ~ ~ml ad (ern.f )ad (8n,1 r (34) is the downlink channel covariance
matrix of the mth path. Prefezably, the transmit beamforming weights can be
chosen by maximizing the average receive SI1VR at the mobile receiver,
i.e., 28   wxRd,lw1 +w2 R~,Zw; J w~ Rd,z w, + w2 Rd,, wx + Q" , (35?
Advantageously) the transmit beamforming weights) ~'m, can be chosen as the
principal eigenvector of Rd.m . Again, the frequency calibration method
disclosed in YC. Liang and F. Chin, "Downlink beamforming methods for
capacity enhancement in wireless communication systems", Singapore Patent
Application Nc. 9904733.4 is used to estimate the DCCM from UCCM directly.
The above method for achieving combined beamforming and transmit diversity
gain is called pre-aligurent (PAL) method. ~'he purpose of delaying sl(n)
by oz is to make sure that the major components of the two sequences, sl(n)
and s2(n) arrifre at the receiver at the same time. Theretbre, the delay
spread has been reduced to zero. On the other hand, beam~.fozxning is used
to minimize the ISI effect as well as to artificially generate twa
uncorrelated channels, wi~.h which the transmit diversity gain is achieved.
'the PAL method requires the delay inforntation, o z , which is embedded in
the downlink power-delay-DMA (PDD) profile. Even though the PDD profile is
time varying, it changes slowly in tirnc. Also, downlink PDD profile is
almost the same as uplink PDD profile, which can be estimated from received
uplink signals. The PAL method can also be applied to the systems whose
number of rays is 



grater than 2. In this case, it requires more than 2 branches of space-time
coding outputs, and each output except the first one corresponds to one
delay, 29   If the number of space-time coding oucpufs is fixed, say 2, the
two mai or rays can be selected in order to generate the delay, as , and
the transmit beamfozming weights. The direct application of this system is
to reduce interfmger-interferen~cc in CDMA as the total number of fingers
is reduced. Convcntionaliy; when the physical channel h(k) con~,ists of
multiple rays with t~cwo maj or rays h,(k), hZ(k) delayed by a z , the
beatnforming weights are chosen such that the delayed signal only goes
through one ray hl(k) between the base station multiple transmit antennae
and the receive antenna) whist the undelayed signal only goes through
another ray h2(k) between the base station multiple transnrzit antennae and
the receive antenna, Advantageously) when the physical channel h(k)
consists of multiple rays with two major rays hl(k), h~(k) delayed by dr,
the bearnforming weights are chosen such that the average transmit SINR
function at the base station is maximized for each ray. Preferably, when
the physical channel h(k) consists of multiple rays with two major rays h
J(k), h?(k) delayed by ~ z , the beamforming weights are chosen such that
the average receive S1NR function at the mobile terminal is maximized.
Another example of the present invention utlises OFDIvI with combined
beamforming and transmit diversity for frequency selective fading channels
for two ray (TR) models. There is a direct use of delay spzead reduction in
OFDM. In a typical OFDM system, a cyclic prefix is added iua order to
rcn~ove the ISI and to guarantee the orthogonality beiv~rec~n each
sub-channel. The length of the cyclic prefix should be greater than the
maximum time delay, which can be as large as 40 ~ 30   for a mobile
wireless communication environment. Tht adding of the cyclic prefix not
only degrades the spectrum efficiency, but also occupies one portion of the
transmit power. The spectrum efficiency and power eff ciency of the Ol~'Dhi
systems can be greatly improved if the cyclic prefix can be reduced while
maintaining the same performance, Suppose the physical chan_neI follows a
TR rnodel with parameters (ar ~ ex ~ zk ) , k = 1,2 and r1 ~ T7 . ~~ 's are
statistically independent, zero mean complex 1 Gaussian processes with
variance ~~ . ISI exists when ~ z = z~ - r~ is greater than the inverse of
bandwidth, 



Figure 7 illustrates an OF171vI system with combined bear:~fernning and
transmit divezsity for TR models embodying the present invention. The
transmitted signal at the kth tone of the nth block, S(n;k), is first coded
using space-tune codes in coding module 3) yielding two branch outputs,
Sr(n;k) and S=(n;k). Both branch autlsuts S~(n;k) and S2(n;k) are passed
into respecti`-e OFDM transmit processors 8,9 without adding cyclic
prefixes. S~(n;k) is then. delayed in delay 14 by aT , yielding Xl(n;k),
which is furrher passed to transmit beamformer 11, (wI). The second branch
output SZ(n;k) is direr-tly passed tc> the other transmit beamformer 12,
(w2). The bcamforming output' aze then combined and sent on the base
station Transmit antenna array lA, 1B, 2, yielding the transmitted signal
as follows; x(n; k) = wx~, (n; k) + wz .si (n; k) (36) At the mobile
terminal single antenna 4, the received signals are first passed into a
normal OFnM receive processor 10. The beamforming weights axe chosen such
that the first branch output, S1(n;k) or its inverse FFT (IFFT), ~1(rt;k),
just goes through the firsi path, ht(n;k) between the base station 31
antenna array and the receive antenna 4; while the second branch output,
S2(n;k) or its inverse FFT (IFFT), s2(~;k), just goes through the second
path, hl(n;k) between the base station antenna array and the receive
antenna 4. Once the transmit beamforming weights arc properly chosen, the
FFT output of the received signal at the mobile station becomes Z[n;
k]~w~'H,[n;k]S,[n;k]twz Hz [n;k]SZ(n;k]+W~n;k=ldzf~ j~ (37) Comparing
equation {37) rx~ith equation (5), with the aid of downlink beamforming,
two different channels have been artif cially created which can be
space-tisne decoded by module 5 tv recover the transmitted signal. Further,
permutation decoding method can be easily applied if S,(rr;k) and SZ(n;k)
are chosen as follows. t=kt=k+Is~{n;t)s(n;k) I~s~(n;k+1) ls(n;k+ 1 ) I ~
(.,r`(n~k) I yr Vfhen PAL is applied to an OFDM system with combined
beamforming and transmit diversity for TR models) it is not necessary to
add the cyclic prefix, 'Thus benefiting from flat advantages of; traz~srnit
diversity; bcaznfonnin~g gain; 



and increased spectrum. efficiency. Conveniently, the transmit
beam~onni~rag weights can be chosen by maximizing the average transmit SINR
functions, 32   Preferably, the transmit beamforming weights can be chosen
by maximizing the average receive SINR at the mobile receiver.
Advantageously, the transmit bearnforming weights, wm, can be chosen as the
principal eigenvector of R~~,A , Again, the frequency calibration method
disclosed in Y-C. Liang and P. Ci~xo) "Downlink bearnforming methods for
capacity enhancement in wireless communication systems", Singapore Patent
Application No. 99a4'33.4 is used to estimate the DCCivI from UCCM
directly, A comparison of the spectrum efficiency and power savings by
using this delay spread reduction method will follow. A further example of
the invention utilises GFDM with combined beainfoz~nirg and transr.vt
diversify for frequency selective fading charnels for hilly terrain (HT}
models. Even thougk~ the maximum time delay can be as large as 40~, a
wireless channel satisf~~ing I-IT model can be described by several
dominated clustered paths, each o~ which has a small delay spread. These
clustered paths are also spatially separated. For an OFDM with typical HT
power-delay profile whale maximum time delay is 20 ~' , and maximum delay
spread for each clustered path is 2 ~' , the minimum length of cyclic
prefix is 20 ~ in order to remove the ISI. However, with the PAL method,
the cyclic prefix duration can be reduced to 2 ~ 33   Suppose the two
clustered paths axe delayed by ~Y, and for sunpliL~ty, assume the delay
spread for each clustered path is ~ ~' . The impulse : espar~se of the time
varying channel can be des:,ribed as 



h(r~ T) = ni (t ~T)~u(z) - u(r _ a~V)jy ~ (r~Z " ~ l~u(t ' J~! - u(= ' W
-''Y)~ r;3$) where hi (~~ r) and ~T2 (t~ z) coaespond to the channel
respotfses of the f~rst and second c lustered paths; respecci~rely; and
u(x) is a unit step fl:nction. . Figure R shows an OFDI~I system embodying
the present invention ,~ith cam5ined beamfonning and transmit diversity for
hilly terrain (H t) model in encoder module 3. The signal to be transmitted
at t:~e ~.~th tone c` the nth block, S(n:k), is fast coded using space-nme
codes n encoder mod~!le ~, yielding tu~o branch outputs, S1(n;k) and S2(r.;
k) which ~e passed ir:o respective normal OFDM transmit processors 8,9,
whose c5~ciic pre:ix iengtn a r9'` , i.-stead of S~ ~ ~ ~' . The output
from the first branch is then delaye d by ire delay l~, while tine outpea
&c~m the second brar:ch remains unchanbed After that, tl:e signals are
passed into respecti~~e tra~~smit bcamformers l 1.1'?, (w ~ and w~).
respectively. The bearnforming outputs are then cornbine4 in cornbiner 13,
and transmitted out through the base station transmit antenna arra~~ 1 A, 1
B, 2. ih~ beamfcrming weights are chosen. such that the first brsnch input
,;ust goes through the first clustered path, while the second branch input
Just goes through the second clustered path - i,t, the bearztformirzg
weights are chosen such that the first branch output, s,(n), dust goes
throegh the first path, h~,lbetween the base station antenna array r~.nd
the receive antenna 4; vc~hile the second branch output, sz(n), just goes
through the second path) iy~,2 between 34   the base station antenna array
and the receive antenna 4. The signals received at the mobile terminal
single antenna 4 are first passed into a normal OFDM receive processor 10,
followed by a space-time decoding module 5. Vfithin the normal 4FDM receive
processor 10, the received signal after FFT becomes Z[n;k]=wHH,[n;kJS,[n;
kJ+w2 H2 (n;kJS2(n;kJ+i~V~n;k+~~f,~ (39) where lx~ denotes the ma~cimum
integer which is z~ot greater than x Comparing equation (39) with equation
(5), with the aid of downlink bcaraforming) two different channels have
been artificially generated, which are space-time decoded to recover the
transmitted signal. permutation decoding methods can be easily applied if
Sl(n;k) and Sz(n;kj are chosen as follows. t=kt=k+1S1(n~t)s(n;kj i ~s`(n;
k+1 j !S2(n;tjs(n;k+ 1 ) I ~ 2-s"(n;k) l Conveniently, the transmit
beamforming weights can be chosen by maximizing 'the average transmit SZNR
fi,uictions. Preferably, the transmit bearnforming weights can be chosen by
maximizing the average receive S1NR at the mobile receiver. Advantageously,
the transmit beamforming weights, wT , can be chosen as the 



principal eigenvector of Rd,T . 35   As previously mentioned, there follows
a comparison the spectrum efficiency of a OFbM system with different cyclic
prefix lengtkzs. The parameters are Bandwidth B = 800 kHz, ma~cimum tinge
delay - 40. For HT models, the maximum delay spread for each clustered path
is 5. To male the tones orthogonal to each other, the symbol duration is
h~B, where N is the number of tones in each OFDM symbol. The total block
length is the summation of the symbol duration and the additional guard
interval, which is 40, S, and 0 for OFDM without PAL, FIT with PAL and TR
with PAL, respectively. Table I illustrates tire uncoded transmit data rate
for OFDhi systems with different number of tones using Q1'SK modulation. It
is seen that, or a given modulation scheme and with the same number of
tones, the transirxit data rate can increase to 1.6.'vlbps for TR
environments by using PAL, independent of the N value. For HT with PAL, the
spectrum efficiency is also increased as compared with that without PAL.
Table I: transrrdt data rate comparison N= 128N=64N=32Without PAL1.28
Mbps1.07 Mbps800 kbpsHT with PAL1.55 Mbps1.51 Mbps1.42 MbpsTR with PAL1.6
Mbps1.6 Mbps1.6 Hibps Here follows a comparison of the power savings for
OFDM with different lengths of cyclic prefix: 



36   _'~6 Due to the adding of a cyclic prefix, the effective No is smaller
than the actual _~6 transmit No . With delay spread reduction, the transmit
power is more efficiently used. Table TI illustrates the power savings for
OFDM systems with delay spread reduction using PAL for different number of
tones in each OFDM block, as compared to normal OFDM systems. 'fable Zl;
Power savings N=128N=64N=32HT with PAL0.84 dB1.5 dB2,5 dBTR with PAL0.97
d$1.76 d133.0 dB Beamforming and diversity gain: _'~b With combined
beamforming and diversity gain, it takes less ~''a in order for the system
to achieve a given bit-error-rate (BER) requirement. ~tematively, the
beamforming and diversity gain can be translated to larger spectrum
efFciency using higher modulation scheme such as 128 QAM or 256 QA?~~, A
further embodiment of the present invention relates to adaptive delay
spread r~eductaon with combined beamfonning and diversity gain: The
previously described embodiments are designed for different environments.
In real applications, the power-delay-DOA {PDD) profile may change with
respect to time due to the motion of a vehicle, thus the delay 



spread reduction scheme should follow this variation accordingly in order
to 37   achieve maximum spectrum eff eiency. Figure 9 shows an OFDM system
with combined beamfozm~iz~g, transmit diversity and adaptive delay spread
reduction for dowxxlink embodying the present invention. The OFDM system of
Fig~.tre 9 comprises the system of Figure 8 but supplemented by UCCM
estimation and power-delay-DOA profile estimation. Thus, in addition to the
flu~ction2lir~~ provided by the system of Figure 8, this system has the
following functionality.  Frorn uplink signals received at the base
station, the time-delay and direction-of arrival (DOA) information is
estimated for each received path, using training sequences or blind
techniques. Based on. the estimated time-delay and DOA information, uplink
power-delay-DOA (PDD) profile, and each clustered path's UCCM are
estimated;  Based on uptinl~ PDD profile, tk~e following parameters are
determined: diversity order, time delays for each clustered ,path, and the
maximum delay spread for the clustered paths.  The uplink PDD profile is
used to design the adaptive delay reduction scheme, thus the adaptive
cyclic prefix adding scheme;  Each clustered path's bCCM is estimated from
its corresponding UCCM using FC method disclosed in Y-C. Lung and F. Chin
"Downlink beamforming methods for capacity enhancement in wireless
communication systetxrs") Singapore Patent Application No. 9904733.4, then
applied, together with time delay information, fvr constructing transmit
beamforming weights;  'The bast station informs the MS the length of added
cyclic prefix; Adaptive modulation is also used to further improve the
spectrum efficiency based on the diversity oxderlchannel c4nditiorx.
Specifically, based on uplink PDD profile, the maximum achievable diversity
order is determined. If the achievable div ersity order is Iarge, a higher
modulation scheme is applied; otherwise, a smaller modulation scberzie is
applied. 38   It should be noted that the number of branch outputs after
space-time coding in module 3 can be greater than two, depending on the
diversity order to be achieved. The above description considers the
combined bcamfonning, transmit diversity and delay spread reduction
implemented at the base station. In fact, multiple diversit~~ anten,zaas
can be added at the mobile terminal as well to achieve receive di~ersxty,
In this case, larger diversity gains can be achieved: Even though OFDM is
used to show how the delay spread can be reduced, while yet maintaining
beamforming and transmit diversity gain, the disclosure in this application
can be applied to other mufti-carrier modulation schemes, such as MC-CDMA,
MC-DS-CDM,A, and single carrier systems with cyclic prefix. In a multiuscr
environment, the beamfozming weights can be generated by considering a11
users' channellDOA information; therefore, the disclosure in this
application is applicable in different multiple access schemes, such as
time-division-multiple-access (TDMA}, frequency-division-multiple~access
(fDMA,), and code-division-multiple-access (CDMA). "comprising" means
"including or consisting of'. The features disclosed in the foregoing
description, or the following claims, or the accompanying drawings,
expressed in their specific forms or in terms of a means for performing the
disclosed function, ox a method or process for attaining the disclosed
result, as appropriate, mar, separately, or in any combination of such
features, be utilised for realising the invention in diverse forms thereof,



39   CL.A,~MS 1. A method of achieving transmit diversity gain fur
frequency selective. fading channels in a communieat:ion system having a
base station with multiple transmit antennae and a mobile terminal w ith at
least a single receive antenna, the method comprising the steps of:
providing a signal to be transmitted s(n); space-time encoding the signal
s(n) to produce at least two separate signals s!(n),s2(n), each on a
respective output; feeding each output signal sl(n),s?(n) to a zero-forcing
pre-equaliser having a respective function g~(k), g2(k) to produce an
output signal xl(n), xl(n); feeding the output signal xl(n), x~{n) of each
pre-equaliser to a transmit antenna; transmitting the output signals xl(n),
x2(n) over respective physical channels hr(k)~ h~(k)~ receiving the output
signals xl(n), x2(n) at at least a single receive antenna; and space-time
decoding the received signals, wherein the functions gJ(k), gz(k) of the
zero-forcing pre-equalisers are selected such that the channel responses
gl(k) *h,(k), g~(k)*h?(k) of the respective physical ehanncls h~(k), hz(k)
are flat fading channels. 2. A method according to Claim l, wherein the
communications system is a timc-division duplex system and the method
includes the further step of deriving the real channel coefficients from
uplink channel coefficients for use in selectiztg the functions gl(k),
g~(k) of the pre-equalisers. 3. A method according to Claim 2, wherein the
step of deriving the real channel coefficients from uplink channel
coefficients uses training s~nbols from the uplink channel. 44   4, A
method according to Claim 2, wherein the step of deriving the real channel
coefficients from uplink channel coefficients uses blind techniques. 5. A
method according to Claim 1, wherein the communications system is a
frequency-division duplex system and the method includes the further step
of deriving the zeal channel eoeff eients by sending a set of training
symbols to the receive antenna of the mobile terminal, the mobile terminal
estimating the real channel coefficients and feedung back channel
coefficient information to the base station, 6. A base station with
multiple transmit antennae for communicating with a mobile terminal having
at least a single receive antenna over physical channels h j(k), h1(k), the
base station comprising: a space-time encoder having an input of a signal
to be transmitted s(n) and at least two outputs each producing a separate
signal sl(n),s~(n); 



at least two zero-forcing pre-equalisers, each fed by a respective output
signal sl(n),s~(n) and having a respective function g!{k), g1(k) to produce
ar_ output signal x,(n); xa(n); and at least two transmit antennae, each
being fed by the output signal xr(n), x~(n) of a respective one of the
pre-equalisers, wherein the functions gl(k), gz(k) of the zero-forcing
pre-equalisers are selected such that the channel responses g~(k) *hl(k),
g?(k)*h~(k) of the respective physical channels hl(k), h~{k) are flat
fading channels. 7. A communications system comprising the base station of
Claim 6 and a mobile terminal having at least a single receive antenna and
a space-time decoder to decode the signals received &orn the base station.
8, A method of achieving combined beamforming and transmit diversity for
firequez~cy selective fading channels in a communication system having a 41
base station with multiple transmit antennae and a mobile terminal with at
least a single receive antenna, the method comprising t'te steps of:
providing a signal to be transmitted S(n; k); space-time encoding the
signal S(n; k) to produce at least two separate signals S; (n; k),Sz(n; k),
each on a respective output; feeding each output signal S~{n; k),S~{n; k)
to a transmit processor to produce air output signal X,(n; k), Xl(n; k);
applying respective selected transmit beamforming weights to each output
signal X~(n; k), X2(n; k); feeding the respective weighted signals to a
signal combiner to perform a summing function of the signals and produce a
signal X(n;k) for transmission; feeding the summed signal X(z~;k) to each o
the multiple transmit antennae for transmission; transmitting the signals
X(n;k) over physical channel h(n;k); receiv ing t<he received signal Y(n;k)
at at least a single receive anten, a; feeding tre received signal Y(n;k)
to a receive processor to produce an output signal; and space-tune decoding
the received signal. 9. A method according to Claim 8, wherein the
respective tzansnnxt beamforming weights are selected as the eigenvectors
corresponding to the two largest eigenvalues of the downlink channel
covariance matrix {DCCIvI~ of the physical channels h(n;k). 10. A method
according to Claim 8, wherein the physical cha_~nel h(n; k) consists of two
time-delayed rays, h~(n;k} and h2(n;k), with delay 'r , the transzuit
processors do not add cyclic prefixes and one of the outpu~ signals from
the transmit processors is delayed by 0r before the respective selected
transmit beamfonning weight is applied thereto. 



42   11. A method according to Claim 8, wherein the physical channel h(n;k)
consists of two time-delayed rays; h~(n;k) and h2(n;k), with delay er, the
beamforming weights being chosen such that the delayed signal or its
inverse fast Fourier transform (IFFT) only goes through one channel h~(n;k)
benveen the base station multiple transmit antennae and the receive
antenna, whilst the undelayed signal or its TFFT only goes thxough another
channel h2(n;k) be~.veen the bast station multiple transmit antennae and
the receive anterma) thereby creating two different channels which can be
space-time decoded to recover the transmitted signal. 12, A method
according to Claim 8, wherain the physical eha~~r-~el h(n;k) consists of tw
o time-delayed rays, hl(n;k) and h2(n;k), witl~ delay ~ T , t~'~;,
bearaforming weights being chosen such that the average transmit SINK
function at the base station is maximized for each ra~r. 13. A method
according to Claim 8, wherein the physical ch~annal h(n;k) consists of t~vo
time-delayed rays, hi(n;k) and h2(n;k), w ith delay .~ r , the beamfonning
weights being chosen such that the average receive SI:v'R function at the
mobile terminal is maximized. 14. A r.zethod according to Claim 8, wherein
the physical charnel h(n;k) consists of two tinne-delayed rays, h 1{n;k)
and hz(n;k), with delay o r , the beamforming weights for each ray are
chosen as the principal eigenvector of the downlil-ik channel covariance
matrix (IaCCM) corresponding to that ray, 15. A method according to Claim
8, wherein the physical channel h(n;k) consists of two time-delayed
clustered rays, ht(n;k) and h2(n;k), with delay w, and maximum excess delay
for the clusters o ~ , tlxe transmit processors have a cyclic prefix length
of D ~r and one of the output signals from the transmit 43   processors is
delayed by ~ before the respective selected transmit beamforming weight is
applied thereto. I6. A method according to Claim 15, wherein the
beamforming weights are chosen such that the delayed signal or its inverse
fast Fourier transform (IFFT) only goes through one channel h~(n;k) between
the base station multiple transmit antennae and the receive antenna, whilst
the undelayed signal or its IFFT only goes through another channel h~(n;k)
between the base station multiplz transmit antennae and the receive
antenna, thereby creating two different channels which can be space-time
decoded to recover the transmitted signal. 17. A method according to Claim
15, wherein the beamforming weights being chosen such that the averaee
transmit SINK function at the base station is maximized for each clustered
ray. 18 A, metltc~d according to Clai,zn I5, wherein the beamforn~ing
weights being chosezt such that the average receive SINK function at the
mobile termizxal is rn.aximized. 19. A method according to Claim 15,
wherein the beamforming weights for each clustered ray are chosen as the
principal eigenvector of the downlink channel covariance ma~ix (DCCIvn
corresponding to that clustered ray, 



20. A method according to Claim 15, comprising the further steps of:
estimating a power-delay.DOA profile for channel h{n;k); and, based on the
profile: determining the cyclic prefix, ,~ ~ , to be added by the transmit
processors; determining the delay y~ ; diversity order aztd modulation
scheme; and determining the transmit beamforming weights. 44   21. A method
according to Claim 20, comprising the further step of estimating the
downlink channel covariance matrix (DCCRT) from the uplinh channel
covariance matrix (UCCM) to conswct transmit bearnfurming weights, 22. A
method according to Claim 21, comprising the further step of determining
the di~-ersity order and modulatian scheme based on the profile. 23. A
method according to Claim 8, wherein the transmit and receive processors
are selected from the group consisting of: OFDM, MC-CDhZA MCDS-CDMA and a
single carrier system ~-ith cyclic prefix. 2.~. A base station witb
multiple tzans~onit antennae for communicating with s mobile terminal
having at host a single receive antenna over ph~~sical channel h(k), the
base station comprising: a space-time encoder having an input of s signal
to be transnitred and at :eas: r~ro outputs each producing a separate
signal; at least tvvo trdnsnvt processors each receiving one of the
outpt!ts from a respective space-time encoder; at least two transmit
beamformers each recei~~ing an output from. a respective transmit processor
and applying a transmit beamfonning weight thzreto; a signal combiner
receiving signals fxom the bearr~formers and operable to perform a summing
function of the signals from the beamforrners and produce a signal for
traranussion by the multiple transmit antennae. 2~. A base station
according to Claim 24, wherein the physical channel h(n;k) consists of two
time-delayed rays, hl(n;k) and h2(n;k), with delay ,5 z . further
comprising a delay of ~ z interposed between one of the multiple access
transmit processor outputs and a beamformer to delay the signal ou~ut fiom
the transmit processor by 0z before the respective selected trar~mit 45
beamforming weight is applied thereto) wherein the transmit processors do
not add cyclic prefixes. 2b. A base station according to Claim 24, wherein
the physical channel h(n;k) consists of tvvo time-dzlayed clustered rays,
hl(;k) and h~{n;k), with delay ~r , and maximum excess delay for the
clusters o ry , further comprising a delay of W interposed between one of
the multiple access transmit processor outputs and a beamforrner to delay
the signal output from the transmit processor by ~ before the respective
selected transmit bez~nforming weight is applied thereto, the transmit
processors having a cyclic prefix length of ~ ~ . 27. A base station
according to Clairn. 24, further comprising a first processor to determine
a power-delay-DOA profile estizrate for channel h(n;k); and, based on the
profile, determine: the lengt~'~, ~1 a , of the cyclic prefix to be added
by the transmit processors; the delay y ; diversity order and :nodulaticn
scheme; and the transmit beamforming weights. 



2R. A base station according to Claizxi 27, further comprising a second
processor to estimate a downlink channel covariance rzaatrih (DCC`T from
`.he uplink channel covariance matrix (UCCM) to construct trd.nsmit
beamforming weights. 29. ,A base station according to Claim 15, wherein the
transmit and receive processors are selected from the group consisting of
OFDM, MC-CDIv~LA MC DS-CDMA and single carrier system with cyclic prefix.
30, A communications system comprising the base station of Claim 24 and a
mobile terminal having at least a single receive antenna, a receive
processor to produce an output signal and a space-time decoder to decode
the output signal. 46   3 i . A method of achieving combined bealnformang
and transmit diversity for frequency selective fading channels in s
communication system having a base station with multiple transmit antennae
and a mobile terminal with at least a single receive antenna, the method
comprising the steps ox; providing a signal to be transmitted s(n);
space-time encoding a signal to be transmitted ,r(n) to produce at least
two separate signals s~(n),sz(n), each on a respective output; delaying one
of the space-time encoded output signals by ~z ; applying respective
selected transmit beaxx~for;ming weights to the delayed and undelayed
signals; feeding the respective rweighted signals to a signal combiner to
perfornl a summing function of the signals and produce a signal t:or
transmission; feeding the sumlr~ed signal to each of the multiple transmit
antennae for trarlSIn19Si0n; transmitting the summed signals over the
physic$l c:launel h(k); receiving the major components of the transmitted
signals at at least a single receive antenna at substantially the same
time; and space-time decoding the received signal. 3~. A nnethod according
to Claim 31, wherein the physical eh3nllel h(k) ~On51St5 Of t'Vv'O
time-delayed rays hl(k), h1(k) with delay fir, the beamforming weights are
chosen such that the delayed signal only goes through one ray h;(k')
between the base station multiple transmit antennae and the receive
antenna, whilst the undelayed signal only goes through al-~other ray hz(k)
between die base station multiple transmit antennae and the receive
antenna. 33, A method according to Claim 31, wherein the pHysical channel
h(k) consists of two time-delayed rays h~(k), h~~{k) with delay .~ z , the
beamfonning ~7  



weights are chosen such that the average transmit SZNR function at the base
station is maximized for oath ray, 34, A method according to Claim 31,
wherein the physical channel h(k) consists or two time-delayed rays h j(k),
h~(k) with delay ar, the beamforming weights are chosen such that the
average receive SINK fw-tction at the mobile teznainal is maximized. 35. A
method according to Claim 31, wherein the physical channel h(k) consists of
two time-delayed rays hJ(k), h2(k) with delay er, the beamforming weights
for each ray are chosen as the principal eigenvector of the downlink
channel covariance matrix (DCCM) corresponding to that ray. 36, A method
according to Claim 31, wherein the physical channel h(k) corsiss of two
time-delayed rays hl(k); hz(k) with delay fir, the delay er is derived from
dowlink channel information. 37. A method according to CIaim 31, wherein
the physical channel h(k) consists of two time-delayed rays h,(k)) h~(k)
with delay Or, the delay 'r is derived from uplink channel information. 38.
A method according to Claim 31, wherein the physical channel h(k) consists
of multiple rays with two major rays h~(k), hz(k) delayed by D r , the
bcamforming weights are chosen such that the delayed signal only goes
through one ray hl(k) between the base station multiple transmit antennae
and the receive antezu~a, whilst the undelayed signal only goes through
another ray h2(k) between the base station multiple transmit antennae and
the receive antenna. 39. A method according to Claim 31, wherein the
physical channel h(k) consists of multiple rays with two major rays h~(k),
hz(k} delayed by ar, the 48   beamforming weights are chosen such that the
average transmit S1NR function at the base station is ma~cimized for each
ray. 40. A method according to Claim 31, wherein the physical channel h{k)
consists of multiple rays with two major rays h~fk), h~(k) delayed by a r ,
the beamforming weights are chosen such that the average receive Sl~~
function at the mobile terminal is maximized, 41. A method according to
Claim 31, wherein the physical channel h(k) consists of multiple rays with
two major rays hl(k), hs(k) delayed by a T , the bearnforming wei~ts for
each ray are chosen as the principal eigenvector of the downlink channel
covariance matrix (DCCIvI) corresponding to that ray. 42. A method
according to Claim 31, wherein the physical channel h(k) consists of
multiple rays with two major rays h,{k), h~(k) delayed by a r , the delay
aT is derived from downlink channel information, 43, A method according to
Claim 31, wherein the physical channel h(k) consists of multiple rays with
two major rays h!(k), hz(k) delayed by ar, the delay c1a is derived from
uplink channel information. 44. A base station with multiple transmit
antennae for communicating v~ith a mobile terminal having at least a single
receive anteruia over physical channel h(k) having two time-delayed rays,
hl(k) and h2(k), the base station comprising: a space-time encoder having
an input of a signal to be transmitted and at least two outputs each
producing a separate signal; at least two transmit beamfonners each
receiving an output from the space-time encoder and applying a transmit
beamforming weight thereto; a signal combiner receiving signals tom the
beamformers and operable to perform a summing function of the signals from
the heamformers and produce 49 



a signal for transmission by each of the multiple transmit antennae,
wherein a delay of ~a is interposed between the space-time encoder and one
of the beamforn~ers such that the major comuponents of the transmitted
signals d.re received at at least a single receive antenna at substantially
the same time. 45. A communications system comprising the base station of
Claim 24 and a mobile terminal having at least a single receive antenna and
a space-tune decoder to decode the roecived signal. 50 .A_.As;
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