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embodying UWB technology may be produced in a very compact form.

The UWB industry promoter, the MultiBand OFDM Aliance (MBOA) is
developing specifications for a UWB solution using multiband OFDM'for the
physical (PHY) layer and the media access controller (MAC) layer and the
interface inbetween for a diverse set of applications, such as real-time
wireless video transmission, cable replacement (e.g. USB, 1394), direct print
from digital cameras, wireless digital projectors, wearable computing, and

wireless Desktops.

One approach for implementing UWB technology is the multi-band Orthogonal
Frequency Division Multiplexing (MB-OFDM) technique. In this technique, the
UWB signals for communications applications are specified to have a
minimum bandwidth of 500 MHz within the 3.1 GHz to 10.6 GHz spectrum.

There are a number of problems in UWB system development, including
extremely high bandwidth requirements (up to 500MHz) and very low



extrenely high bandwi dth requirenents (up to 500MHz)
and very low 2 transm ssion power. These lead to a
very hostile propagation environnment wth serious

mul ti path fading and noise likely in conventi onal
systenms. Therefore, conplicated signal processing is
generally required to achieve gsuccessful data .
transfer. In OFDM systens, the Zvai |l abl e spectrumis
conventionally divided into a nunber of sub-carriers.
By maki ng all sub-subcarriers narrow band, they
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publ i shed as | EEE Transacti ons on Broadcasti ng,

Vodegrease the performance of, for example, a Viterbi decoder due to the
reliability of received data differing from subcarrier to subcarrier. Therefore, it
is necessary to estimate dynamically the data reliability in each subcarrier
position. To attain close-to-optimal decoding performance, any coded OFDM
system must rely on the use of channel state information (CSl) in a soft

decision.

Several methods of using the CSI in a Viterbi decoder are known and a
number of such conventional techniques and systems are described in the

following documents:

“Performance analysis of Viterbi Decoder using channel state information in
COFDM system” by Weon-cheol Lee, Hyung-Mo park, ‘Kyung-jin Kang and
Kuen-bae kim, published as |[EEE Transactions on Broadcasting, Vol.44,
No.4, December, 1998, pp488-496; “A soft decision decoding scheme for
wireless COFDM with application to DVB-T" by Yong Wang, Jinhua Ge, Bo Al,



No. 4, Decenber, 1998, pp488-496; "A soft decision
decodlng schene for wireless COMw th application to
DVB-T" by Yong Wang, Jinhua Ge, Bo Al, 3 Pei Liu,

Shi Yong Yang published as | EEE Transacti ons on
Consuner El ectronics, Vol.50, No.1, Feb, 2004,
pp84-88; "A demapping Method Uspng the Pilots in
COFDM systens” by M n-Young Park and Won- Cheol Lee,
publ i shed as | EEE Trans. On Consuner El ectronics,

Vol . 44. No. 3, Aug. 1998, pp.1150-1153 and "Use of
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pp84-88) and by M n- Yountg Par k and
by using the same CSI do notf'in fact have the same CSI The number of such

bits depends on the coding rate R. Thus, in this case, only the average CSlI
can be used according to the bit deinterleaver rule. However, using the
average value of the CSl in the Viterbi decoder does not give the best results.

In the publications by Yong Wang, Jinhua Ge, Bo Al, Pei Liu, ShiYong Yang
entitted “A soft decision decoding scheme for wireless COFDM with
application to DVB-T" (published as |EEE Transactions on Consumer
Electronics, Vol.50, No.1, Feb, 2004, pp84-88) and by Min-Young Park and
Weon-Cheol Lee entitled “A demapping Method Using the Pilots in COFDM
systems” (published as |IEEE Trans. On Consumer Electronics, Vol.44. No.3,
Aug. 1998, pp.1150-1153) a CSI utilization method is disclosed. In this
scheme, the overall data reliability is obtained by multiplying the CSI with the



Weon- Cheol Lee entitled "A demappi ng Met hod Using the
Pilots in COFDM ‘systens" (published as | EEE Trans. On
Consuner Electronics, Vol.44. No.3, Aug. 1998,

pp. 1150-1153) a CSI utilization nethod is disclosed.
In this schene, the overall data reliability is

obtai ned by multiplying the CSI with the 4 decision
val ue from a demapper and this4nultiplied val ue is
applied to the Viterbi decoder. In this case, the
inmplication of the bit interleaver is clarified and
full use is made of the CSI. However, this nethod
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equalization stage being arranged to use the channel state information signal
to operate on a demodulated signal output from a demodulation stage to

produce an equalized demodulated output signal.

In particular, according to a first aspect of the present invention there is
provided a system for performing least square (LS) equalization on a signal in
an OFDM system comprising:

a receiver stage for receiving a modulated signal;

a demodulation stage for demodulating the received modulated signal
to produce a demodulated signal; '

a channel estimation stage for processing the demodulated signal to-
provide an output signal corresponding to a channel frequency response; and



a channel estimation stage for processing the

denodul ated signdl to provide an output signa
corresponding to a channel frequency response; and 5
an equal i zation stage arranged to process the output
signal fromthe channel estinmation stage to produce a
channel state information (CSI) _signal, the _
equal i zati on stage being arrangéd to use the channe
state information signal to operate on the

denodul ated signal fromthe denodul ati on stage to
produce an equal i zed denodul ated out put signal.
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pré?rgalé?ﬁ’ 9“&%@aiJl?e%aP@O&P?%qﬁ%%Hg‘?ﬁﬁW'-st age and the
decodi ng chain has a |linear response. The denodul ati on
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above-defined system According to a third aspect of

th resent, i nvention there i s praqvi [ '

confhe GerigatlaioRoes gt (b lsR paAst RovDeL ST (5 T) stage.
fourth aspect of the present invention there is

pr oyi §vesl pReferred embodiment, the equalization stage is arranged to operate

on the demodulated signal using channel state information derived from the
square of the channel frequency response corresponding to the power of the

channel frequency response.

In another preferred embodiment, the equalization stage is arranged to
operate on the demodulated signal using channel state information derived

from the amplitude of the channel frequency response.

According to a second aspect of the present invention there is provided a

receiver comprising the above-defined system.

According to a third aspect of the present invention there is provided a

transceiver comprising the above-defined system.

According to a fourth aspect of the present invention there is provided a



6 nethod for perform ng |east square (LS) equalization
on a signal in an OFDM system conprising: receiving a
nodul at ed signal; denodul ating the received nodul at ed
signal to produce a denodul ated signal; processing in
a channel estimation stage the denodul ated signal to
provi de an out put signal corresgonding to a channe
frequency response; processing ?n an equalization
stage the output signal fromthe channel estimtion
stage to produce a channel state information signal;
operating on the denodul ated signal in the
equeethedifoopedommiagusastgduaee (Chpenediization on a signal in an OFDM
i nf ormation ?ﬁé%} signal to produce an equalize

de FUHGMLERAPISMGut signal . Preferably, the method
further conprises demappi ng the equalized out put

si gnal  wsdeéingfPModRIBY Bignal;de- mapper stage having a

| i near responsSe. In a further preferred enbodi nent the
met hod further conprises decoding the output signal,
for exaﬁ’ﬁr’@d!lléatﬂ'@naﬂe\fﬁﬁ@waﬂ niedidated. sigmaldo prefiece adlemodulated
enggﬁipent, the step of decodi ng conprises decoding in
a decddi ng chain having a |inear response.

Preferably, the step of denodul ating conprises

dermodul ptacessing ; ademmshsl alstintatdhagiageomer iémddufited signal to
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on the lated signal ,using channel state . .
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. channel state information (CSI) signal to produce an equalized demodulated
output signal.

Preferably, the method further comprises demapping the equalized output
signal using, for example, a de-mapper stage having a linear response.

In a further preferred embodiment the method further comprises decoding the
output signal, for example using a Viterbi decoder.

In a preferred embodiment, the step of decoding comprises decoding in a
decoding chain having a linear response.

Preferably, the step of demodulating comprises demodulating in a

demodulating stage comprising a Fast Fourier Transform stage.

In a first preferred embodiment, the step of equalizing comprises operating on
the demodulated signal using channel state information derived from the
square of the channel frequency response corresponding to the power of the
channel frequency response.



anplitude of the channel frequency response. This, in
a preferred enbodi nent, the power of the channe
frequency response (CFR) is used as the CSI for each
sub-carrier, which substantially sinplifies the

i mpl ementation. Preferred a conventional soft decision
Viterbi decoder is adopted, where the branch netric
calculation is based on the sifplified Euclidean

di stance. The obtained CSI is integrated with LS
equal i zation to obtain the conbined reliability for
each sub-carrier fromthe equalized data. Thus, in

préf %rmﬁﬁeﬁp’ﬁéfdrr@érdrﬁb@ﬂmfehe thé@@nbf equalmim@nompnses operating
channel state information is utilize
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codesnden it iadepts fEsaithe duaneh enetde ¢alpgigfion is based on the

oS aph AR Aoy b SRR CEBLER IMBLRRES with Ls
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Fi @gralized datg. schematic bl ock di agram of a
conventi onal baseband transceiver architecture for a
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system 8 Figure 2 is a schematic
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utlllzatlon into the least square (LS) equalization. One or more preferred

embodiments make full use of the CSI.

Furthermore, one or more preferred embodiments not only improve or at least
do not degrade the system performance, but also substantially decrease the
complexity and costs of the LS equalization process when compared to
conventional minimum mean square error (MMSE) equalization and LS
equalization systems and methods.

Brief description of the drawings

The present invention will now be described by way of example and with

reference to the accompanying drawings in which:

Figure 1 is a schematic block diagram of a conventional baseband transceiver
architecture for a multi-band orthogonal frequency division multiplexing (MB-
OFDM) system;



Viterbi decoder; Figure 4 is a schematic bl ock di agram
of a CSl-aided LS equalizer according to a first
preferred enbodi nent of the present invention; Figure
5 is a graph showing a conparison of the bit error
rati o (BER) agai nst signal-to-noise ratio perfornmance
of CSl-aided LS equalization according to a first
preferred embodi ment of the pre8ent invention, a
conventional equalization technique and an MVSE
equal i zation technique; Figure 6 is a graph show ng a
conpari son of the packet error rate (PER) agai nst
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recelver chai n conprises a packet detection and

autrEki 6 9 rgrsmtsh@wurﬁg\@bombaago@ of&hkr méyém@Me (PER)
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conventional equalization technique and an MMSE equalization technique;

Figure 7 is a graph showing a comparison of the bit error ratio (BER) against
signal-to-noise ratio performance of CSl-aided LS equalization according to a
second preferred embodiment of the present invention and an MMSE
equalization technique; and

Figure 8 is a graph showing a comparison of the packet error rate (PER)
against signal-to-noise ratio performance of CSl-aided LS equalization
according to the second preferred embodiment of the present invention and
MMSE equalization.

Detailed Description of Preferred Embodiments

The baseband function blocks of a conventional MB-OFDM transceiver
system 1 following the MB-OFDM standard is shown in Figure 1. The system



mul ti band frequency and timng tracking stage 16, a
despreader 18, a ' QPSK/ DCM de- mapper 20, a

de-interl eaver 22, a de-puncturer 24, a Viterbi

decoder 26 and a descranbler 28. In operation, a
signal is transmtted fromthe transmtter 2, through
the nmultiband UWB fadi ng channel nodel 4 to the
packet detection and AGC st age96 of the receiver. In
t he packet detection and AGC stage 6, the data

packets in the transmtted signal are detected and the
gain of the stage 6 is automatically adjusted if
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modulation is recovered. The demodulated signal output from the stage 12 is
passed to the multiband channel estimator and equalization stage 14 where
the signal channel is estimated and the signal is equalized. The equalized
signal is applied to the multiband frequency and timing tracking stage 16, and
then to the despreader 18. The output signal from the despreader 18 is
applied to the QPSK/DCM de-mapper 20, then to the de-interleaver 22, the
de-puncturer 24, the Viterbi decoder 26 ‘and the descrambler 28, in sequence.

In MB-OFDM, the UWB spectrum is divided into sevéral 528 MHz bands, and
information is transmitted using OFDM modulation on each band. According.
to the MBOA specification and as set out in the publication by J. Foerster and
Intel R&D entitled “Channel Modeling Sub-committee Report Final (doc.: IEEE



generated using a 128-point | FFT/FFT, and the interna
precision is reduced by limiting the constellation
size to QPSK. Morreover, information bits are

interl eaved across all bands to exploit frequency
diversity and to provide protection against .
multi-path fading and interference. There are 165 data
sanpl es within one OFDNIsystenﬂOincIuding 32

zer 0- paddi ng sanples (60.6 ns) as a guard interval to
provi de robustness against nmulti-path fading, and 5
zer 0- paddi ng nples (9.5 ns) as a guard interval to
pr B@@gé 5502/#9@!11@6390 rdpéblisheswas dBERY PBORViS: WV orkivets Group for

%@%@ﬁ%ﬁ%@'ﬂ@ i, gt ErsuipRNGS i A0 Wick s available at

ctipgRfed. érg%r%@b@/@OQ)ﬁ Dhﬁbt%/?@@ﬁ/@@b@Qﬂz%PB Qarriers are

theIFTout put. I'n an system suc
sk@ﬁﬂﬁfawci:u@mgea IZSZJDIM( |f§rTaSF|ﬁE,damd1 dhe dmamamnted:lannaa reduced

 E IR0 o o G S8R, Bt bis ar

riipfErieavied aéross R3DbaHgsc® ax Bﬂmdédt;? EVefsi5 aR@tto provide
need any back-off at the tra%lsmtter his is’ set outp

rPfPFF‘é?t'BObﬁ%'aﬁt saulfipatm fafisanasdtintariagenag:l Thergsge 165 data

R0 4 T8, RIS A Eles 0

Pawtsa akba \gwakd! inte Grab tp pf@ndé/\tmtnjsmessl:‘agan@tamwtﬁpam fading, and 5
Eﬁte\sg; %pmg%%)@ggﬁg} i Oggawg}téwa}/% ;la%wdee Sufficient time for
W@WW%WMHd@WaV ed to a CP- OFDM system a

imlar

sim requency domai n channel estimation and
equal i zation may be applied with a m nor nodification,
f o‘?«n SR signsl With accyctie pesfix isgseated by dre-appgnding the samples

h f,e nst e f the over
R AL A &2 R skl o SYEHiRG zeros to
NUhe@FET,OmeutZFh %W‘B@EDMTSWmaQDCI@‘QQ thﬁ?sﬁ@m@m Figure 1, ZP
perf ormance as ystemover a nmultip

f a(é?rr?gp%q’ﬁiﬁﬁ)spFDM awqdylast@n éﬁJtCQnMe'ﬂW%INde@BﬁQdorA b;P -OFDM
sl S8 e ol MBI EXo R BRI 1B s i
patsd P&P.f orlence e ASORDNI systemedoes not need any back-off'at the
transmitter. This is set out in the publication by the MBOA entitled “Multi-band
OFDM Physical Layer Proposal Response to no Voters (doc.: IEEE P802.15-
03/343r1)" [published as IEEE P802.15 Working Group for Wireless Personal
Area Networks (WPANs), Sep. 2003 which is available at:
http://grouper.ieee.orglgroups/802/1 5/pub/2003/SepO3/]. Compared to a CP-
OFDM system, a similar frequency domain channel estimation and

equalization may be applied with a minor modification, for example by using
an overlap and add (OLA) algorithm for ZP-OFDM systems instead of the
overlap and saving (OLS) algorithm used for CP-OFDM systems. Moreover, a
ZP-OFDM system may achieve the same performance as a CP-OFDM
system over a multipath fading channel. This is set out in the publication by
A. Muquet, Z. Wang, G. B. Giannakis, M. D. Courville, and P. Duhamel,



transm ssi ons?" published as | EEE Transacti ons on

Conmuni cations, Vol. 50, No. 12, Decenber 2002, pp.
2136-2148. In an MB-OFDM receiver 2 such as that shown

in Figure 1, the franme and synbol timnm ng

synchroni zation are established first in the franme

sync and synbol timng stage ﬁf and 128 sanples are
extracted fromthe 165 sanples "in each OFDM synbol

In the multi band channel estimtor and equalization

stage 14, the channel estimation operates on the

preanbl e of channel  estimati on sequences after FFT o
de¢ﬂit!||@ldat 1G@yelicn mrﬁéxmsstorFoaerOerpagdmgf oflof wireless  multicarrier

RERhsdt gglﬁ usea?“l@ﬁlflrréeﬁsta' hé Bﬁ Sysﬁﬂ.lnlcatlons Vol. 50,

prea ers conven rona
nuﬂbe12,d3e<mrhbén m&z,fm. M386d42948y a serious fading and
n0| sy channel have been proposed for practical

:"Ir"gi\%ﬁég&rfﬁf@?@ @%hﬁ?}gh@z Sheyrhin F tlgug’étn ,J&lgpﬁame and
Y adyrfol Mréﬁhgﬁgzaﬁomr@oastaﬁn%é@rﬂréﬂ B fRFAESynG and

Estinmation Si ngul ar Val ue
De&wnlmjstlmmgrstag@@blaunghw aampElsEarEr@)ﬂde fromthe 165 samples

ﬁﬁ’%’!@ g)tﬁmq tgcﬂ ﬁ'\6ﬂ'§l\ﬁb %béclﬁad %grimeﬂueasqa%?ﬁ%gﬁg% equalization

Shetahé ang, e cffﬁﬁﬂd'@ilma%ldNOBa@ré?é@bm ethie preamble of channel
Equal i zation Algorithmifor OF

pudstineation sequerresraitRicklT mtgamdul@w # e %ﬁé? Rauriehransform

Sy r
AR08 oL S5 S0l 4 SE i i vicey used i
dmmﬂﬁerﬁbgairsﬁMnsmgwdl a gatnmnﬁf sttidamﬁ@iulha’ucﬂmlgsa gedbus fading
IS plied to t ecodi ng chain risi e .. .
deanCﬁtréqlméamnrﬁ heVe beethpioPered K praital; argligations and
n}gleg%faﬂ%s%h réj%éﬁro@ﬁt}heﬂhezéublﬂéﬁoﬁeby %\rf@rE‘d?oFH Magnus
syste such as that shown in Figure 1 may | mpr oved
bySamqtrbIbyJuangJaapCﬁm diedBeck/i Sarabi Katechemn,amd Rew Ola Borjesson,

Z?%anrfﬁkﬁ B ianndD Esmation; 6 singuliro vatis *fRGdmposition
hb§ é%f IEE'Tr‘éhsé&l@a\heBﬁ'G&ﬁhuﬁ%aﬁéhge%}f%em‘? Jul 1998,

deco er conprising a dermpdul at or 30, the out
of PR3 1839 santhtie @t@bl[catlgn oy iheng &3a.iJienhusLuand hunhang Mei

entitted "A Noise-Resilient Equalization Algorithm for OFDM Systems” and
published as |EEE Proceedings of the 5th International Symposium on
Wireless Personal Multimedia Communications, 2002, vol.3, ppl314-1317.

After demodulation and equalization, the demodulated signal is applied to the
decoding chain comprising the de-interleaver 22, the de-puncturer 24, the
Viterbi decoder 26 and the descrambler 28.

The performance of systems such as that shown in Figure 1 may be improved
by employing a CSl-aided Viterbi decoder and two examples of conventional
CSi-aided Viterbi decoders are shown in Figures 2 and 3. Figure 2 shows a
block schematic of a first conventional CSl-aided Viterbi decoder comprising a

FFT demodulator 30, the output of which is applied to a channel estimation



stage 32 and an equalization stage 34. The out put of
t he channel estimation stage 32 is applied to a CSl
generator stage 36 and to a further input of the
equal i zati on stage 34. The output of the equalization
stage passes through a de-nmapper stage 38, a
de-interl eaver stage 40, and aq4le-puncturer stage 42
to a Viterbi decoder stage 44. The output of the CSl
generator stage 36 is passed to a further input of
the Viterbi decoder stage 44. In the first schene

%&Eggfﬁ Iaggfe{glee ?rtllﬁ éﬁlvﬁ'gw ,@.3 Lgtﬁ%’ ﬁl?annel estimation
e“éﬂagbefzausp SPﬁlfHdTﬁﬁﬁ%?P Neratoradtage/iJeCahd t@%‘:ﬁﬁ'ﬁ%r input of the

usin nnel” state in mation 1 n  COW systeni and
puetualization stadeEB4 Trizesadtpub nthene@ralizatian istage passes through a

Vol,. 44, No. enb 998 496., th

Sheaney dagRoE T igfiR A48V S PR RURATRY stace 42

fr %t\hﬁe@ﬁaéa@d@dstégami TReesutpOt of e €N QYBHeratbi&tage 36 is
Is estinmated in the channel estination

Si gna ower
st agese;&o afurthardnpet efdhe Mikerbiidecodset slageedt-f rom al |

pilot carrier positions in the frequency domain

Sy BB £ oA S AR 1, oo i

bypélfketlﬁﬁ.mgﬁj&t ﬁan@gaad }plwveb?e'lkim,éemlﬂﬁdz%rﬁ)jmwbe analysis of
ass [o e de er he ;

de Vit Pasir §5ige CHBNI SR HOMMBHAG: i GORPMyevstem” and
Hu?ﬁs‘h&ih?? IgE@ﬁ@ﬁ a%ﬂoﬁ@ dnBr dc%rsﬁh?d%P@@r NBl £ IBecember,

eci si on decodi ng. e estf mated
aI 4998 pp48849€d the systen fOﬂ!r\Mthhdl@CSh@NHSMaﬁ@m 2 the CSl is

e Bt ok ettt SRy e BiRe w8 Ydnal power
br%”%@tn‘i‘i‘éiéd qn'tﬁe“b%éﬁr@l'&ﬂln@/hont Bﬁé@stﬁ Eﬁdsthé‘%lse power is

branch netric values that consid are obt ai ned
seestimatashirerm albpiot cBrienpasions tlrasmﬁ fregeeney dpmaérheﬂﬁahzer of

L BB AR TS T A B B, ffostimates
st gigRabPpowet By theUsdtingated omoisé quevers . Tﬁ@@q@utlmd sybols pass
the channel estimtion stage 52 is .a g@)l ed t

geﬂ’gpﬂﬁ%rthgt demappen $eqe 38, thardertie \{ﬁr %ﬁag?h@gsand the de-
%btﬁ@éj &Qgﬁtﬁ[}%ng‘%re tﬁ%g?hﬁn%ﬁ’érré’é té'? t gl %@édo%? stage 44

Isva er 1 nput
geftfrrsﬁﬂouiemlegeie&ﬁdmgd The estiteated CSI is also transferred to the Viterbi
decoder stage 44. After calculating the Euclidean distance for the soft
decision decoding, the Euclidean distance of the branch metric is multiplied by

the CSI. Thus, new branch metric values that consider CSI are obtained.

A second conventional CSl-aided Viterbi decoder is shown in Figure 3 as
comprising an FFT demodulator 50, the output of which is applied to a
channel estimation stage 52 and an equalization stage 54. The output of the
channel estimation stage 52 is applied to a CS| generator stage 56 and to a
further input of the equalization stage 54. The output of the equalization stage
54 is applied to another input of the CSI generator stage 56 and to a de-
mapper stage 58. The output of the de-mapper stage 58 is applied to one



mapper stage 58. The output of the de-nmapper stage 58
is applied to one 13 input of a conbined reality stage
60. The output of the CSI generator stage 56 is
applied to a further input of the conbined reality
stage 60. The output of the conbined reality stage 60
is applied, via a quantizer stage 62 to a Viterhbi
decoder stage 64. In the systemPof Figure 3, the CSI
is generated fromthe outputs of the channel
estimation stage 52 and the equalization stage 54. The
out put of the de-mapper stage 58 forns the soft bit
denpsit of avedmbinedhiezlityl stadersd:t Theraltptiedf tHeoCBhegenerator stage

signal reliabili The o al | dat l.iabilit

ot A% appliesbiesn fudrernpu e MBI neRaSakY Stada S0 The output of
SOfHe Fbﬁmbﬂﬁﬂ ﬁéa‘ﬂ ¥abe®s0 Ehép;méar Ad a Q@ otz & st@eélez ¥ a Viterbi
signal is appl |e to "t he I nput the Viterbi décoder

st dgeoder stage®gh the quanti zer _st age 62. In this
case, full use is made of the CSI and in the Viterhbi

el 0 AsRAE SEEINIR & § CCiso RIS rorh, e pUs of the

I NcRagMel BEdieREtionestage IEany ed eqoalizadich- sxagl@<$4\frrh@r<butput of the
al gorithns, the equalized data and the estimnated

Csl
ar eHpenper sﬁaseeﬁ&@dmﬁﬁhe SR Rihdecisiopdiatide.cmMaich is élractly related
2 B e JBhEL oA LR RHIE eld Sor RS cbtained by
symLEtrplylognheﬁ,SIywnn the sst ditvdadisiohevahee. ulThe @‘verzﬂbda’.tﬁl reliability

i nf or tlon arrle 0 the Vjte oder. A

P GaPh it AP, 19, e ALy Rleles VBBrY Gt tage 44 through the
pr Sﬁﬁﬁﬁfé? s‘?&@é’@?”ﬂﬂt’thﬁfcas‘éhﬁxlﬂ IRt h88e iof 15 09 dri@i in the Viterbi
Fi dure onprising an FFT dermodul ator 70, th

outlpoodert stdge 64,s theppEudideno dlsdcammaf éhnubmncbnmetnc varies
stage /2 and to first,i .of ai ded LS

cqadrpydR Bhatderfanca Wik B8 {5 iGe=n SreBtine

estimation stage 72 is applied to another input of the

CS|n @oneentidnale QS didadt iVatersit agpritims| fiee %tjtmﬂ"rzedfdata and the
which is agf&!led via a de-mapper sta

deopimatach bftlrare: befé ransiaden et e Aepodipa el te @ branch
gh?nétm? lé'élc%flatﬂ:n é/fgtcﬁrtnét 88@8%? rth?smﬁdggn didi8nce for soft decision
e-mapper stage e

or exa
decoding. The system complexnty increases W|th the nature of the CSI

information carried to the Viterbi decoder.

A CSl-aided LS equalizer system according to a first preferred embodiment of
the invention is shown in Figure 4 as comprising an FFT demodulator 70, the
output of which is applied to a channel estimation stage 72 and to a first input
of a CSl-aided LS equalization stage 74. The output of the channel
estimation stage 72 is applied to another input of the CSl-aided LS
equalization stage 74, the output of which is applied via a de-mapper stage
76, a de-interleaver stage 78 and a de-puncturer stage 80 to the input of a
Viterbi decoder stage 82. The de-mapper stage 76 may include, for example,
a QPSK/BPSK demapper. In this embodiment, the squared value of the
channel estimates determined in the channel estimation stage 72 is utilized as



a QPSK/ BPSK demapper. In this enbodi nent, the squared
val ue of the c¢hannel estimates deternined in the
channel estimation stage 72 is utilized as 14 the CSl
The CSI may be enpl oyed in the equalization stage 74
to sinplify the conplexity of the LS equali zer,

whi | st achi evi ng an |nprovenenq in performance as the
Viterbi decoder is nmaking full use of CSI. In this
enbodi nent, the equalization and CSI aided Viterbi
decoder have a very sinple and direct inplenentation

of S IHGE 8] e ST iecin s au3lizationdiatiadddp simplify the
t h@orggrexitgt of gRYers te'&%aﬁfeégu%ﬂé’tr HchVing h%a lifprRlement in

deco hus the costs o estimation
ut perfermange as theo\iteri decaderdsmalking tLiIMiseeobCStlecoder s
are avoided, and the conpl exi ty of a conventional LS

SO Sl e P ETEroE e ES TS0 B ST rave <

érzdﬁrrfm)é aiie dirett ingpledinedtonoforfiag U id, the €M liilization is
now descri bed. There are t wo opul ar conventi onal

eqiigependedoihenderoding c @jnDthSwnﬂrlsemweLéesnapper the de-

S
S BB o o RO Y105 B84y ot of O
egestimatian candmmhmtlor( &s coreentionaloOBictidedh Witdrbi tde@oders are

iﬁiﬁ@%ﬁ? ueggorg QF %é%eﬁﬁ%&&?@% gzﬁglizbeer is also decreased

en%y Fﬂﬂé‘cﬁﬂ?tth@%rn‘p@( HiIIERE wﬂﬁ‘ébégﬁwﬁl%é'rﬁuhlﬁﬁér conpl ex

I'S nore noi se robust or stnplicity of
the followng analysis, it is assumed that the channel
f r'Eh@equghzaéwdnechb fonuss in the systersaif\Figuresd! thé will now be

R et TR Sl i norklly BaheriEFaudfndfon methods for

IOf@HIBM esyswmenwe Leat Berebe )i éqlﬁéﬂ&alﬂbh' hfe@ﬁd;d)r(agyused in
Ove Edfors, Magnus Sandell, Jan- Jaa&@(\;an de Beck

Safannection With S systam ek Figare 23@ndetheoMM S tqquadization method
oS SR E BT e B BB FRlurY3)  Fhese, typ mgthods may

Cavenconsialeraxh $o BéOEqéiﬁaleNo.iﬁ a doilse I8 envippRdienf3Sut the former
solution is less complex and the latter is more noise robust.

For simplicity of the following analysis, it is assumed that the channel
frequency response is known in the receiver and the channel estimation error
is insignificant as an accurate channel estimate may be obtained using
preamble sequences, as described in the publication by Ove Edfors, Magnus
Sandeli, Jan-Jaap van de Beck, Sarah Kate Wilson, and Per Ola Borjesson
entitted “OFDM Channel Estimation by Singular Value Decomposition” and
published as IEEE Transaction on Communications, Vol.46, No.7, Jul 1998,
pp931-939. '

In systems such as those shown in Figures 1 to 3 and also in that according .
to a first preferred embodiment of the present invention as shown in Figure 4,

it may be assumed that 4, (k),R,(k)and H, (k) represent the kth subcarrier



In systems such as those shown in Figures 1 to 3 and
also in that according. to a first preferred

enbodi ment of the present invention as shown in Figure
4, it may be assunmed that A ~ (k), Rm (k) and Hm (k)
represent the kth subcarrier 15 of an nth OFDM synbol
for the estimated transm ttedgsi gnal, received signal
and the channel frequency response (CFR) respectively.
In a conventional LS frequency nmultipath equalization
nmet hod, the equalized data at the output of the
frequency domai n equalizer

(FEQ nmay he given . .
aifascmily ORI sykybalder fne estinatsd transmited sianabaegeived signal,
) . . h
3‘1’ @n@%‘%ﬁa@g@ﬂég{la Sa}ﬁ%‘é@éhﬁ%@ﬁ@) estll ng¥%l ' gy Am (k) =

R (k)H" (k) Hm(k)lI2 + 2 (2) where (.)* represents ]
tihea comjargimnel bfefrequency molipath eqralizationsmethed, the equalized

variance of  the ise, which,is assuned t t he .
Sve e, otrith of e Tienedien dqma®Saizer (FERYGRY be given
td},%c ${, probable path is selected through the trellis
sear ching upon observing the received data sequence YN
=[Y,1Y21--Y]T .The maxinmal |ikelihood (M) principle

[ pl Rgtk)on the trellis searching, nanely the (1)

i ral gl gk)nt probability density function (PDF) f
(yNII Ny T"s ‘obtai ned, where IN=[I,,12...,INT is
transmtted data. Wien the additive noise is zero-

e ERsIP, iara corfuditiohal MMSE eqlalizetionanetheal, e transmitted
PDF, that is, N2 exP ZG(YN - BN)T G1(YN - BN (3) f
(date sapyples may e estimated by

_ R (0OHL() )

where (.)* represents the conjugate operation, and No = 202 is the variance of

the noise, which is assumed to be the same for the whole bandwidth.

In a Viterbi decoder, the most probable path is selected through the trellis
searching upon observing the received data sequence Y, =[y, Yoy, | -The
maximal likelihood (ML) principle is applied on the trellis searching, namely

the maximal joint probability density function (PDF) f(yN|IN) is obtained,
where I, =|I,,1,....1, | is transmitted data. When the additive noise is zero-

mean Gaussian, f(yN|IN) is a multivariate Gaussian PDF, that is,

SOuwly)= exPIi—';'(YN"BN)TC—I(YN"BN)} 3)

1
(27AC)Y?



where BN = [B,,B2,..... ,BN]T is the nmean of the vector

Y, , Cis the NxN covariance matrix of YN, ()T

denotes the transpose of the matrix and C'1 is the

reverse matrix of C. The conputation for finding the

nost probabl e sequence through the trellis may be
sinplified as follows (as di sc,Hsssed in the publication

by John. G Proakis, entitled ™"Digital

Conmruni cations™, Third Edition, McGRAWHI | |

International Editions), INarg, Nmnt Y(Ymi -Imi)2

mi arg,Nmn (y2,i +12,-21 ymilmi) mi mk (4) The
neyhére LdBg®, her,&,ifs i$ hthes qnaard ofutid desotordi Kt an€e is the
bet ween the sof t recelved sequence and the trellis

paNBy .covatiande natex lof 17, v &l) eerudtes tive trahsposmofithe matrix and C”
bit in the correct path, which takes the value 1, and
ynisitheé sevdrse sudttix ofi€ci si on i nput value to the Viterbi
decoder Negl ecting the terns that are common to al |

ne? :%P%t%tidch @Wﬁ@h@p}ﬁ@l%é{ bfobaﬁf%)sgisérgﬁ = & ougg the trellis
IK Wnﬁpebef)ﬁtﬁn'h Rfedd Sﬁdﬁ’f??ﬁ Chfobséeﬂtem lrclyexr;grgwb?nm by John. G.
anBIIOﬂé,(ISs entitiad ¢ rmgltabgé?@d@gSnkglé{ngsncltwe | Edifigne MCGRAW Hil
Trlggérg?{({"gﬂséalotr'fg@y'\gzzztsﬂnng, P{J/g: I ZZ?ng.S4! EEE)Scerrber,

1998, pp488-496, CSl is utilized to update the branch
metric as fo[lows, 17 NT:ZCSI. (Ymi -Imi)2 (6)

IN = a‘rg]N min Z(ym,i _Im,i)2 (4)

m,i

= arg,, mln{Z(ymﬁIz )_2Zym,ijm,i):|

The metric employed here is the squared Euclidean distance between the soft

received sequence and the trellis paths. I, is the bit value of the mth branch
ith bit in the correct path, which takes the value % 1, and y,; is the soft

decision input value to the Viterbi decoder.

Neglecting the terms that are common to all branch metrics, the branch metric

may be further simplified as,

Ms =Z_ym,ilm.i (5)

As disclosed in the publication by Weon-cheol Lee, Hyung-Mo park, Kyung-jin
Kang and Kuen-bae kim entitled “Performance analysis of Viterbi Decoder
using channel state information in COFDM systém." Published as IEEE
Transactions on Broadcasting, Vol.44, No.4, December, 1998, pp488-496,
CSl! is utilized to update the branch metric as follows,



m i However, this conventional schenme can not nake
full use of the CSI as$ the bits yma - Ymk (where k
is related to the coding rate) using the same CSImfor
the netric calculation come fromdifferent subcarriers
associated with different CSIs, and these are then
reorgani zed by the demapper and_bit deinterl eaver.
When a sinplified branch metrid’is adopted which is a
l'inear function of the input ymk , the CSI may be
conmbined with the decoder input and utilized as, My =

- GCIlmiymilmi =1-ymi Imi mi mi (7) Here,
CSl.,, is the reliability value for the soft bit
decision ymi . Through analysis, the functions of the

whol e decodi chain (conprising the, Viterbi branch
metric, #heseChienledmer, and the @- puncturer) al so
possess the"property of the linearity. This feature
is utilized in the conventional nethods described in

t h‘lﬁio‘%@é@cﬁ{ié RBNPENtEH sPhBRhe daRBBnidke B e oPtie CSI as the

Li ong Yang entitled "A soft decision decoding
scinitaey,f,0f yy, rehess k iCasiBiddiiot theaquoling: satepusing thwsame CS7,, for
publ i shed as | EEE Transacti ons on Consuner

El dloe nmustiic salcutatioBogome from differertcubcarriegs agsociated with different

éﬂ?ﬁlgggrhcil E{?%sieeg%@g%ﬁg rg' roun dfﬁ)? ﬁ&aélﬁgxgﬁgré%c? ﬁh dleﬁﬁerleaver.
COFDM systens, " published as | EEE Trans. On Consuner

El egheR™ SHplified: BranchanatricAb tadob®&B whigh isLa0inksbJundtion of the
t hese conventional schenes, the de-nmapper output soft

dednitoy, j ghel@Slsngnde canebinativitht theaiecoder input and utilized as,
correspondi ng received bit, then the CSI for each bit

may al so be obtained and its nmultiplication with the

sof t dagjsion G, iy,e81eddasythé, i nput  of the défoding

b myt

chai n. Thi &/met hod nakes=ful | use of the CSI and the
18 decodi ng chain does not need any nodification to

ac eaner?dC%tIﬁ ; its,t}ﬁe(r:allabilﬁly%gﬁlle' for the soft bit decision y, ;.

Through analysis, the functions of the whole decoding chain (comprising the
Viterbi branch metric, the de-interleaver, and the de-puncturer) also possess
the property of the linearity. This feature is utilized in the conventional
methods described in the publication by Yong Wang, Jinhua Ge, Bo Al, Pei
Liu, ShiYong Yang entitted “A soft decision decoding scheme for wireless
COFDM with application to DVB-T."” published as |IEEE Transactions on
Consumer Electronics, Vol.50, No.1, Feb, 2004, pp84-88 and in the
publication by Min-Young Park and Weon-Cheol Lee entitled “A demapping
Method Using the Pilots in COFDM systems,” published as IEEE Trans. On
Consumer Electronics, Vol.44. No.3, Aug. 1998, pp.1150-11563. In these
conventional schemes, the de-mapper output soft decision is the signed
réliability of the corresponding received bit, then the CSI for each bit may also
be obtained and its multiplication with the soft decision is treated as the input
of the decoding chain. This method makes full use of the CSI and the



According to a preferred enbodi nent of the present
i nvention, the function of the QPSK demapper is
denoted as M.), whose output soft reliability may be
rewitten as: MAmM (k)) = {Re(Am (k) ), Im(Am (k))}
(8) Thus, the function of the QPSK demapper is also a
linear function of its input k). The sane channel
state information for the kth bcarrier CSI, is
applicable for two outputs of the demapper. Thus, the
output is the CSI updated branch netric, CSIk * M Am
(k)) = MCSlk * Am (k)) (9) Fromthe above equati ons
( 8Jecasing Shain dsesandefeed ayumadifigation te@seammedatgethe CSI
der|v§d as set out below The signal/noise ratio (SNR)

used as the CSI for the Viterbi decoder. The
nmeasure of SNR for the individual sub-bands (and hence
t hecdartiingbtol a pyefefredtdmbaodinens pb tiok popdamt dverdion, the function of

e PSR damprast uenied @ Winawhess Sutpllsdt telbiity may be

the noi se spectral density is unknown. However, the
rewa{ﬁ .st of each sub-band is proportional to the
ma mtude of the corresponding el ement Hm k) thus, 19
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out put of the equal i zati on stage may be denoted by

(CSTKuﬁthé Kdnctidn MhekQPSKRIRMapper 8 41Kd M liféar fanctidn of its input

A (k). The same channel state information for the £ th subcarrier CS/,

. applicable for two outputs of the demapper. Thus, the output is the CSI
updated branch metric,

st M4, (k)= m(cst, *4_#)) ©)

From the above equations (8) and (9) a CSI aided LS equalization method

may be derived as set out below.

The signal/noise ratio (SNR) may be used as the CSI for the Viterbi decoder.
The measure of SNR for the individual sub-bands (and hence the reliability of

the corresponding data) is determined from

SNR_ (k) =

where f,, is the sub-carrier bandwidth. In practice, the noise spectral density

is unknown. However, the reliability of each sub-band is proportio'nal to the

magnitude of the corresponding element H, (k) thus,



The schene according to a first preferred enbodi nent

of the present invention integrates the equalization

and CSI aided Viterbi decoder into a very sinple and

direct inplenmentation format for use as an LS

equal i zer for a CODFM system which is nore econom c

and | ess conpl ex than conventional LS equalizers as

the conpl ex dividers of convengtgonal systens are

replaced with a conplex multiplier, and the

correspondi ng normnal i zer designed is also sinplified.

TPe ﬁchene according to a first preferred enbodi nent

of the present, invention also substantially inproves

t hESEY&) el p bk )iornance. The CSI-aided LS eqﬁalrgation(11)

nﬁthod according to a first preferred enbodinment of

the invent i s derived fron1Ih Speci rit

t nEmaRg LBoravalralioR AndepREP e E A ane gy M ELaton (1), the

SCBEBES of fH Padnizaleh stdd¥f ey be@shdadingn (DOV) whi ch
o a va nDduIatlon sCheme in MB- OFDM based

gMB syst ens, do n%%ﬂgﬁve this. speC|aI linearity in the

e rovl hi possi bl e that the

abgszgﬁﬁéboggdkﬁﬁbﬁ ngii k e suitable for use iQZ)

ot her nodul ati on sdﬁenes Thus, according to a second

preferred enbodi nent, a further solution has been

dthéoselwbmah'acbording apphi Gieddl preferred | emibodimeint of the present

o Euettien preseirelieamulizalinh 250 CHLSHRY JARH! fdiet hto a very
Cssm?;ﬁ:% Rarkd et %ﬁ (f‘(ﬁéh’cﬁtld)ﬁ‘%ﬁﬁé’t Rfr uss d%oéﬁfLSSedd”a@izer for a

ormati1 on, assunes t hat he derrap er a
ap QD Mes yestem twmcheqmorecedomm apd dpes sqmpﬁeam’éw conyentional

b Setaale s GRS cpbrte aeTs| SR B HRG FF 8 Teplaced

R”Mth)a BHAPER tulfiplien) érhd tie& bofrédpordingnnbamalizemdésigned is also
Il be seen that this is an equival ent phase
snmphfled The scheme according to a first preferrefd embodiment of the

present invention also substantially improves the system performance.

The CSl-aided LS equalization method according to a first preferred
embodiment of the invention is derived from the special linearity in the
BPSK/QPSK demapper. Other linear modulation schemes, such as dual
carrier modulation (DCM) which is also a valid modulation scheme in MB-
OFDM based UWB systems, do not have this special linearity in the
demapper. In view of this, it is possible that the above proposed scheme may
not be suitable for use in other modulation schemes. Thus, according to a
second preferred embodiment, a further solution has been developed, which
is applicable to all kinds of modulation schemes. This further scheme
according to a second preferred embodiment of the invention adopts the
CFR's absolute value instead of its power as the CSI information, and
assumes that the demapper has approximately the reqUired linear property,

namely,



equal i zation as only the phase information of the
channel estimation (CFR) is wused in the equalization
process. Variations in the anplitude of the CFR used

in the equalization are counteracted in the CSI-aided
Viterbi decoder. The above anal ysis shows that, from

t he perspective of the COFDNIgy tem the algorithns
according to one or nore prefefred enbodi ments of the
present invention are conparable to a conventional CSI
aided Viterbi decoding algorithmin a COFDM system

w t h BPSK/ QPSK nodul ati on, whilst fromthe vi ewpoi nt

of CRI(R) £ tKEgUehcy domai n equal i zation, they are (13)
conparable to MMSE equalization. This point will be
denonstr at ed bé the followng sinulation results. In

t hEha CRltaidedhS equalipaipnnay ba maresentsdase verifi ed
using a practi cal channel estimator. Qher system

i mpai r ments such requency of fset and phase noise
arg IAs k dcz t=hle &y& | ati on al t hough (14)
they&arg Lo?yq: d?ﬁ@%ed |%yt%?z]§2€gntlon In the
simulation, CML nmultipath fadi ng channel provided by

| EEE 802 15,3 d the dgt ai f which :

R OBt B B B a6, Y Hllifagt prose

R&%ﬁﬂﬁz Ebﬁ%s&h il hiBE fbAatRyD of BrE Aol BefiATation (CFR) is
%o\ 802. 15- 02/ 490r 1- SG3a) , " publ i

she
asuseagtin ﬂh&oaqmﬁnzmmpr@ce@sougnah@is ivthel am@lltndeﬁrtae CFR used

ht wﬁh%ﬁ“‘é 5%*1‘0(’1 %Al\g%qrﬁg'ga?&?fﬁg‘qgﬁgﬁ'ﬁﬁgg/@%@/ Eoosisr-

There are 10 packets for each channel realization and

100Re Rd©YEtadlysis @haWsethat $iomltiaé perdpmctioe 2F tbp@oFDM system,
SNR val ue, Figures 5 and 6 show t he Bql? é_blt er f 1h
r athe) algritimR aFﬁ%fé’I{'& lQreRe Qrafmorecprele egnag}bodlments of the

|
COMAER ik el aneess EStomditiig) O aced Vi
enb@d)dmgltalgﬁrlthllneml mmﬁmwhsystenwwitm BRSKERSGKmedulatien, whilst
e e Sisypoihy ol e ety tpfih ol BfzetioR ™ ey  are
‘;séé@mﬁrabw%%wtéd&%ﬁiatbﬁ %iéabbi?ﬁtww?"bé depiorigialéd by the

I'S a one-tap zero-forcing equalization based
following simulation results.

In the simulation, the proposed algorithms are verified using a practical
channel estimator. Other system impairments such as frequency offset and
phase noise are also included in the system simulation although they are not

addressed in this invention.

In the simulation, CM1 multipath fading channel provided by |EEE 802.15.3a
is adopted (the details of which are described in the publication by J. Foerster
and Intel R&D entitled “Channel Modeling Sub-committee Report Final. (doc.:
|IEEE P802.15-02/490r1-SG3a),” published as IEEE- P802.15 Working Group
for Wireless Personal Area Networks (WPANSs), Feb. 2003 and available at:
http://grouper.ieee.org/groups/802/15/pub/2003/Feb03/. There are 10 packets
for each channel realization and 1000 packets in total are simulated for a



on the peak distortion criterion. It has the sane
problem as the linear equalizer, nanely, noise
enhancenent, which will substantially degrade the
performance of a COM system It is known that MVSE
equal i zati on can sol ve the problem of noise
enhancenent in a zero- forC|ng gorithm Therefore,

t he performance of the efiual i zati on and the
CSl - ai ded LS equalization nethods according to the
first preferred enbodi nent are al so conpar ed, and t he
- BER and PER curve conparisons are al so shown

Fi specific SNihuaBier é’s.gwes@enq 6 showithe BRRR (béeefrqrrf@tce) and PER

ocfpanKe Sl PGl BURRR inded Ganyblfor T 5 eHEF2zlon and CSi-aided

endasHIiZaadn b@éom@w thiel fﬁ'smiéfé]’fédiéﬁmodﬂnemthﬁ tWEiE/enﬂon It will
equal i zation but wth nuch | ower conplexity

al B® sggpdhabthe perforaanceh ot genvtiong quwahzatlwanﬁor a COFDM
Thée)g‘r?rgmho&g% @o&e% @fmﬁycl’g@'e%ﬁ délﬁfe@ gfol d. efrl'f@a&frﬁrentlonal LS

ording to a seco erre enbodi

Ofedidaﬂz]?ﬂmem aarOFBM aystenvisra bnedap;zetm&)rslngwmallzatlon based
Its perfor

e i s conpared h that of the
e FBabrBR dsiorio iate ol hamAe: same. BRaNEN, @ the linear
%}ﬁ”ﬁﬁ%ﬁfﬁ%ﬁﬁ ri{t_ﬂh\léé‘ e@ﬁ%éﬂ%gm ahien v SubddiRgly Wddrade the

( _ tai ned BER and PER curves are
s hpevforinmariiegefr @ €OF QMds\&teraspect i vel y.  When conbi ned

vviththe results shown in Figures 5 and 6, it will be

2 Enisudons e HRESE Chufiafitn EatpdE, M PPie of noise

tOeﬁW@)cé‘n@éntQﬁSh( z'éﬁ@%r@hgoéllg@ﬂmr 'Eﬁlewfdir’e ftHite p¥MBEmance of the
equal i zation (and the or |§| nal CSl - ai de

eqUi Sk eﬂqt@wa“%ﬁn@ﬂhwc cﬂiﬂj@@é—%eqm@f@é‘gf}@ﬁ@pﬁlﬁmommg to
dg@%gﬁr?s%fe?ye% e%d‘r\rﬂg?{? td A ¢ tpﬁ?éddgegnc\t/ 'tlﬁ@réERzé’nd PER

reover es s emand ne according t
t hwwemmparlycﬂ!fseareeaisemhodmnarﬁlgumﬁ &angefheesnelcyvely It will be

appl i cabl e tQ nunerous du ati
no?e%\ibat h\é"tgﬁ’éha@ly Pe %W%ﬁ%g%ﬁ yﬁﬁr g%rﬂmg?‘g L§° equalization
Th fn%‘f Hréferrdlacambblintdri S cdmparhbe performance to
catet or data rate
the MMSE equahzatlon but with much lower complexity. It is also superior to
the conventional LS equalization method both in terms of complexity and

performance.

The method according to a second preferred embodiment of the invention is
also verified by the simulation. Its performance is compared with that of the
MMSE equalization for two kinds of modulation scheme (data rate of
200Mbps with QPSK modulation and 320Mbps with DCM modulation). The
obtained BER and PER curves are shown in Figures 7 and 8 respectively.
When combinéd with the results shown in Figures 5 and 6, it will be seen that
the second preferred embodiment method, although it has some performance
degradation (0.5dB to 1dB) for QPSK modulation compared with the MMSE
equalization (and the original CSl-aided LS equalization), may still achieve a
large performance improvement over the conventional CSI aided Viterbi



of 320Mops wi th DCM nodul ati on, the nethod according
to the second preferred enbodi nrent may achieve a
better performance than the MVBE equalizer. In
summary, one or nore preferred enbodi nents of the
present invention provide a CSI aided | east square
(LS) equalization system and thod which does not
suffer fromthe probl ens of pgifornance degr adati on
and high inplenmentation conplexity present in a
conventional CSI aided Viterbi decoder. In
particular, in an enbodi nent of the invention, the
cdetodasd  Moreayvsr) ithe syfstemean@c@ieuwsmccmn%eto the second

b

oA 4TSy 2 B SEpIE T8 p frefist Foctator
EQ@hérﬁégnW@l’nCHo met r havet thes smsbiali Nineahepropsrtyofpresent in
the circuitry used to proc; [

f5| .Séﬂﬂ A3K. Thapressitersh %‘"ﬁeé%gifgé%%@a%?thaék@f data rate
C orrp?1 O t?ﬂy QQRL?CMh?néa%'IatloH NthadfHdthed éc‘bo?éﬁhgttd Wee second

equal 1 zat1 on decreases substa
referred usmbodnmdmt eyt ackcwn d rbettbocﬂmrbcmndért@anothe MMSE
t e present invention may be particularly- useful in
cBAHBES on wi th devices for use as a receiver for a
communi cation system Various nodifications to the

em’%@irﬁfﬁﬁ e bh%@féeﬁﬁéfbrrbﬂV&ﬁbb@méiﬁ§ Cafi ﬂh@dpr@@m‘/&nventlon
be madé. For exa ot her components and net

ipwﬂdearﬁsbéld@@déasbﬁiql@ﬁﬁétﬁ gauliZzagipnigystam %@v@e%d which
"O85n Tl BRYER S 0L oo SRmie 8 o

Dﬂﬁﬁ!ehh@tauéﬂmCbmFExﬁpOpmsehttlheaclwnnentlcmalvaSI bigled Viterbi
clear to the skilled, reader wthouf]tdepartl n

t IdGC@,‘éﬁBrrl tinapartise@pe iban: REbOFRSRY 8h the Inyent] fthf combined
S¥§‘I a%nﬂtg Qf 1 Féééwgdgﬁlﬁkzﬁ@ﬁﬁe PBLAE (P @cﬁljb?llzbﬁ@ﬁ sRiye instead

nal em conpri si ng: recei ver
sba@e thermpnetcef mmg’lterbmtbﬂodee@nsh |gnﬂn|e mdda«b&ucksdeafhbranch

stage f d dul
metric, t Irus r%ré%cynga{hlengo thoef thgccei}c\ﬁry ﬂrg((a]lcllj ltg tp(?gcese!.sq{hae combined
reliability. Moreover, the Viterbi decoder may take full advantage of the CSI.
In addition to this, the complexity of LS equalization decreases substantially.

In conclusion, the systems and methods according to the present invention
may be particularly-useful in connection with devices for use as a receiver for

a communication system.

Various modifications to the embodiments of the present invention described
above may be made. For example, other components and method steps can
be added or substituted for those above. Thus, although the invention has
been described above using particular embodiments, many variations are
possible within the scope of the claims, as will be clear to the skilled reader,

without departing from the spirit and scope of the invention.



to produce a denodul ated signal; a channel estinmation
stage for processing the denodul ated signal to
provi de an out put signal corresponding to a channe
frequency response; and an equalization stage arranged
to process the output signal fromthe channe
estimation stage to produce a,ghannel state

i nformati on signal, the equa??zation st age bei ng
arranged to use the channel state information signa
to operate on the denodul ated signal fromthe
denodul ati on stage to produce an equalized
dEtaighgt at ed out put signal. 2. A systemaccording to
claim1l1, further conprising a de-mapper stage for

adcar arfEn 85 SEHORIAG e del Rillard (337 equplizdtioty Bh i kignal in an
C ORDNM System @odqwristigdg chain for decoding the
equal i zed denodul at ed out put signal. 4. A system

according to claim wher.ei n the decpdi ng, chain
conpri &€ cglve(/ﬁagleggi’ HeShdRy @ @Qgﬂa%iﬁ'gﬂglaccor ding to
claim 2, wherein the demapper stage has a |inear

I espongederfoddiafivh tstaa e fsrodsthbdulbiing e @8€eivéd Phedurated signal
or 4, wherein the decodin chain has a linear

r tspotkice ydemogiptatedsign@sr di ng to any one of the
precedi ng cl ai ms, wherein the 24 denodul ati on st age

conpri se Slasi e f T :
yer enp Vi ot StadE 38 bResiiclIng BT fatedt signal to
whes\edé ahltuitp@icslghalzartespoadingetoissclranreh feduency pespainse; and
on the denodul ated signal using channel state

i nformation %ergved fromthe a uar e of iﬁe chantnel Lf th
f r equeAByCAYRIZALAR S0 ATERGRT RPLGEPH NG QHIRULFIagfrom the
CRABRARS! ééf'tﬁﬁélﬁr%tdg%swaﬁﬁiuca- a RhaYREE Blads Gsfofthation @ignal, the

any one o 7, "wherein the eﬂual i zation stage is, )
aegualizadionostage heing erranged de nsgdhachansegstate ipdermgation signal

g?g BH%"&%E&’&%&E‘P 46{1"&%@3%{9{;!0%}%@%3% Qhé 48 FatRPLaGY U6 produce

an equalized demodulated output signal.

2. A system according to claim 1, further comprising a de-mapper stage for
demapping the equalized output signal.

3. A system according to any one of the preceding claims, further comprising
a decoding chain for decoding the equalized demodulated output signal.

4. A system according to claim 3, wherein the decoding chain comprises a

Viterbi decoder.

5. A system according to claim 2, wherein the demapper stage has a linear

response.

~ 6. A system according to any one of claims 3 or 4, wherein the decoding

chain has a linear response.

7. A system according to any one of the preceding claims, wherein the



10. A receiver conprising the system of any one of the
preceding clainms. 11. A transceiver conprising the
system of any one of clains 1 to 9. 12. A nethod for
perform ng | east square (LS) equalization on a signa
in an OFDM system conpri sing: receiving a nodul at ed
signal ; denodul ating the receiyed nodul ated signal to
produce a denodul ated signal; %focessing in a channe
estimati on stage the denodul ated signal to provide an
out put signal corresponding to a channel frequency
response; processing in an equalization stage the
oudgaodylationistdgepompesenhamast Fouden heansfarms Ryl stage.
produce a channel state information signal; operating

on, the_d duyl lgn [ uald ' g .

o0 AL RR B 0By [ O BB BHIEPIIRAERIneren the

prétﬁléﬁ@a&bh tagd iig erratigeddol aperdte ont thet demgdalated Xignial using

met hod according to claim 12, further conprisi

deahapmehtathdnfodmadon aried em Geghiare 2 the cliennel frequency
i ' ' e.

e 1 Bt o 3ol oE B Rrp) feadhoy pespons

met hod according to claim14, wherein the step of .

de®.04i systernaguording td@nydinegoluttad@, whergisrtbe egwelizrtion stage is

16. A hod di | ai 3, wh ' ;
oraRibtn oo Bt ee A aitAle TR el st
st iR n{Eionderived AGMAthé enmsitdds oflthe dhariehfrdqasney isponse.

to claim14, wherein the step of decoding conprises

decodi ng in a decoding chain havipg a Ii% response., .
1810.A ndrraeeivaceemarisigarthe systepnel 8y engiohing precgding claims.
wherein the step of denodul ating conprises

g:ﬁ;‘f.dm ﬂtt}d?\%cilaﬂe?cgo @Hgﬁ?é'@s@nﬁ‘%aﬁ?@%i SFidMInt 1 to 9.

Fourier rans m strage.

12. A method for performing least square (LS) equalization on a signal in

an OFDM system comprising:
receiving a modulated signal;

demodulating the received modulated signal to produce a demodulated

signal;

processing in a channel estimation stage the demodulated signal to

provide an output signal corresponding to a channel frequency response;

processing in an equalization stage the output signal from the channel

estimation stage to produce a channel state information signal;

operating on the demodulated signal in the equalization stage using the
channel state information (CSI) signal to produce an equalized demodulated

output signal.

13. A method according to claim 12, further comprising demapping the

equalized output signal.



19. A nmethod according to any one of clainms 12 to 18,

wherein the step of equalizing conprises operating on

t he denodul at ed signal using channel state

i nformati on derived fromthe square of the channe

frequency response corresponding to the power of the

channel frequency response. 2055A nmet hod according to

any one of clainms 12 to 18, wherein the step of

equal i zi ng conprises operating on the denodul at ed

signal using channel state information derived from

the anplitude of the channel frequency  respanse. )
14. A method according to any one of claims 12 or 13, further comprising

decoding the output signal.

15. A method according to claim 14, wherein the step of decoding
comprises decoding using a Viterbi decoder.

16. A method according to claim 13, wherein the step of de-mapping

comprises de-mapping using a de-mapper stage having a linear response.

17. A method according to claim 14, wherein the step of decoding
comprises decoding in a decoding chain having a linear response.

18. A method according to any one of claims 12 to 17, wherein the step of
demodulating comprises demodulating in a demodulating stage comprising a
Fast Fourier Transform stage.

19. A method according to any one of claims 12 to 18, wherein the step of
equalizing comprises operating on the demodulated signal using channel
state information derived from the square of the channel frequency response
corresponding to the power of the channel frequency response. '

20. A method according to any one of claims 12 to 18, wherein the step of
equalizing comprises operating on the demodulated signal using channel
state information derived from the amplitude of the channel frequency

response.



