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.1 APPARATUS AND METHOD FOR ESTI MATI ON OFCOMMON-PHASE———-

ERROR IN A M MO OFDM SYSTEM 5 The present in
relates to an apparatus and method for esti r)ﬁ@@ﬂim‘mmlﬂmmm
common phase error (CPE) conponent of a wire

communi cations signal in a [tiple input nultipPes

out put orthogonal frequency division nultiplexing

SE

error conponent ERRORirN IAFMIM@LOFQWSYSJ*EMG 10 error
estimate. M MO GFDM T echnol ogy s extensively enpl oyed

i n | EEE802. 11n based hi gh- speed Wrel ess Local Access

Net wor ks (WLAN), nobile systenms with Worldw de

I nteroperability for Mcrowave Access (W MAX), and
Thgipresentiifeention RBiated tesdri appéfdiR) angshetridd for gstimation of a

wel I known that OFDM i s robust in frequency selective

sEmey RiRsemeIrer (FRR) somppaent el § WikipssheorBmunicatiops signal in
goﬁﬁ"“w 'EREP mmgﬁl@"’bﬁfﬂht ChithGd S yffetg@érﬁﬂvﬁfw&% '\/ﬂultlplexlng

t akes adv tage ath ropa on'to 1 ncreas
MIW@@DM) $)aahgel cdnepageulaanther mMeanhohl :e)atesayto provndmg an
naI s cont ai

P70 R Sl (P ST ostP i v o E6mmon phase

ehanéestimat MO provi des a neans of doubling or tripling
spectral efficiency. The conbi nation of M MO and OFDM
techni ques provides |ow cost inplenentation

.8 B BT EEER02:11n s
Wr\bﬁmeﬁsi drocat r AcsessimiNetwarks: Q&LAN)semobile systems with
el B TS 25 PO, S48 e
%ﬁé}?ﬁ?g%ﬂﬁ‘d@%g% Eiﬁ_éteﬁ}’éalmé YellMrioh@tihat SFDM. is $6l§u§irin frequency

ock, and Heinrich My
%@@‘@efad"ﬁﬁaﬁhgﬁnﬁﬁrww r%lf@égV@VdQWbmeW?i atien GB$thNd high

REVMEE ' sfygisror, MDYy MIBRITIGRE, adioniaty 0t mutipatn

pﬁgaﬁbmrg:avacreasel tfhahgthBerralngemosérageA Ehdtusellablllty By
s nﬁ’é"and i uenc : k‘ﬁ{\ Ch{n&né grqggd.pr{ormg nzstreams over the

same frequency channel, MIMO provides a means of doubling or tripling

spectral efficiency. The combination of MIMO and OFDM techniques provides

low-cost implementation particularly for high data rate communications.

However OFDM is known to be vulnerable to synchronisation errors, which can
cause inter-carrier interference (IClI) and degrade system performance.
Technical publications discussing this issue include, for example, Michael
Speth, Stefan A. Fechtel, Gunnar Fock, and Heinrich Meyr, “Optimum Receiver
Design for Wireless Broadband Systems Using OFDM—Part I, IEEE Trans. On
Comm. Vol. 47, No.11, November 1999, pp. 1668-1677, and Hlaing Minn, Vijay
K. Bhargava, and Khaled Ben Letaief, “A Robust Timing and Frequency
Synchronisation for OFDM Systems”, IEEE Trans. On Wireless Comm., Vol.2,
No.4, July 2003, pp. 822-839. In MIMO-OFDM transmission systems, the
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No. 4, July 2003, pp. 822-839. In M MO OFDM

transm ssion systens, the 2 synchronisation tasks

i nclude carrier recovery, phase noi se suppression and
clock timng recovery. In M MO OFDM based W.AN
systens, the processing of t MMO>OFDM 5 wirel ess
comruni cations signal preanble is sufficient for

bt AHIE MR Bl B SR R e anc

QUK timiig Ritevemt ed above. However, solely initial
synchroni sation may not be sufficient due to residual

carrier frequency offset (CFO and timng clock offset

B LM AR LG e Sl S gffctoron

wingless icotrmhumivationd signaingredniliié is suffibiens f@riaitial Syichronisation
still te sXIst em perfornmance. Consequent |

eterior \ Yoo
Sioee M0 Pesah as iseussert Indibey $eethy gkl ggd’ Minn et al
e C ASH:
SIEET}E SR SBSH.C HARIBLE SOl el SEEnRSRop may not be
sufficient du¢ te residuhlparder treqirencyt offset {CF@)saradt tilméreg clock offset
ascillator a a phase:- | op (PLL): see
T B st i Bl £ 1E0mE Bnibe Wy, 3el iy coarse
¢the edrhpehsativh, I@&@ﬁmuméémdsé RtAtPOandItinihg WO &Y the signal
di vision mul tipl exing (OF systens,” in Proc.

qancstibdeteyigratg sysiem pedfornpancer 9 Gonseguentlys thergss a meed for an

SReh EEITD, AP SRR o T SBALE i o
diftl Foudipenes, itbe systenbavih@experiemce phase ewidey (RIY) thesed by a
AP AT EP Al LA A B VLD con
foy BR&MnplY 5 YREMrtsBAwEnd, S VWAiSEr, "AMalyBRIbfithe effeBistdfHhase noise

correction is insufficient for accurate perfornance. ,
iporthogopakirequansy divisienfaviplexing: (QfIRMa systes: eigtProre/CC’95,

alq fia/lah CRLV y eldat]-qn '

{5 SRRl 8B BB L AR g 38  ore
fon allrsigre! lvadridrerartdha Gasssian-lise IGH gnal  mitiabtCPE estimation and
subcarriers, i.e., subcarriers .

compensation ' may ' be  performed inherently by the channel
estimation/equalisation (detection) modules in a receiver apparatus. However
CPE changes on a symbol-by-symbol basis, which may mean this initial
correction is insufficient for accurate performance. It is, therefore, necessary to
track and correct the rotation of the received constellation points caused by the

CFO/PN on a symbol-by-symbol basis.

One known method for this is to use signal pilot subcarriers, i.e., subcarriers
containing known data, which are inserted into the signal data symbols.
Rotation of these known pilot symbols, which are observed at the receiver, is a
measure for the CPE. Pilot based-CPE estimation methods for OFDM systems

can be categorised as:
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cont ai ni ng known data, which are inserted into the
signal data synbols. Rotation of these known pil ot
synbol s, which are observed at the receiver, is a
nmeasure for the CPE. Pilot based-CPE estimation

nmet hods for OFDM systens 30 gan be categorised as: 3
nmean CPE by averaging over nmuftiple pilots with the

?g%sgérﬁgb g gﬁ%ﬂéﬁe‘hg{g\%rn f&i%%il?)tq?ﬂ%\{im %ﬁ%ﬁa&fﬂe i1a»_rr]:different
andydfBhtifg faotord as dBcOSYEF INTROCeBHRME! HRiZNASE ., Mizogruchi, M.,

tracking ~schene enpl oyi ng phase noise estinmation fo
OFBhakdtandl. s and| Merkget, hMs, Véhinew simplec adaptiugy phase tracking

Co . i . Val,.. < f .
CorVSBF Spp\Bn ol 196 eolon e oGP e s
" A \ahicylap Tedbmatbgy Donatdrenge, AV DOTSpringE2@02. Caslr BE6-9 May 2002,
Frequency O fset and Sa@I ing dock (Ffset for _
OFDNA- biZSdcr TAPANBNY, Plrey=YiH bR and JoRenYiMha (diangnsA Study of Joint

Vor ek bt 6reaied fHbahes OHEPARN Soiffing Glpg Ofset

Ledot CHeDb-agddSWIOMNS &shEARmtRcaOfdCenmagecations, f@rcuits and
I S i ng.. Wi_and .Yeh I - LA

Ny el APELORSh Sing EEROSHATS 3o e dnage oy A0z, pp. 109-

| EEFgaCommuni cations Letters, Vol.6, 15 No.12,

Decenber 2002, pp. 535-537; and - joint CFQ TO
wei ghted LS (W.S) estimtor as discussed in, for

ex I Pai - i i N-. a i - r
Uﬂﬁﬂgh,ﬁeaﬁtogﬂu}éﬁi g@[ﬁﬁegpil_%as t'%éﬁa%% e?ﬂ%sug %r%ﬁ% Onfo(sfexample,
Fr eSpregpinyg Wl End ngehdskek tBdraessT DI S?BhwsNBEeo?&Jppression
C A BRCP o o e AR et topatShisalonmtafdl. vols,
S| I16.99! DecefrBEF 2602 381! 538083 7;Rhd Frequency O f set
Estimation and Correction in Milticarrier Systens",

| EEE Proc. OF GLOBECOM 2001, Vol.1, pp. 285-289. 25

ot ¥R TBAGTRL TS IRT od P YR 58k . 14 xampe

sy rReiryani Fadi, disibyYac iang AndnTLMDA Chtshy €Usint BXeighites Least
Squares Estimation of Frequency and Timing Offset for OFDM Systems
over Fading Channels”, IEEE Trans. On Vehicular Technology, Vol.54,
Issue 1, Jan. 2005, pp. 211-223; and Maja Sliskovic, “Carrier and Sampling
Frequency Offset Estimation and Correction in Multicarrier Systems”, IEEE
Proc. Of GLOBECOM 2001, Vol.1, pp. 285-289.

For MIMO-OFDM receivers, some known works deal with CFO/TO tracking as a
simple extension of synchronisation tracking from OFDM receivers. Examples
of such publications are Seok Ho Won, Deuk-Su Lyu, and Hyeong Jun Park,
“‘Physical Layer Implementation and Evaluation of Multiple Input Multiple
Output—Orthogonal Frequency Division Multiplexing (MIMO-OFDM) system”,
IEEE Proc. Of International Conference on Communication Technology, ICCT
2003, Vol. 2, April 9-11, pp. 1348-1352; Chi-Yeh Yu, Zih-Yin Ding, and Tzi-Dar
Chiueh, “Design and Simulation of a MIMO OFDM Baseband Transceiver for
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of such publications are Seok Ho Wn, Deuk-Su Lyu, and
Hyeong Jun Park, "Physical Layer |nplenentation and
Eval uation of Multiple Input Miltiple

Qut put - Ot hogonal Frequency Division Miltiplexing

(M MO OFDM systent, 30 | EEE pProc. OF International
Conf erence on Conmuni cati on Technol ogy, | CCT 20083,

[ . 1 Y i h-_Yi
iy, TRrqaRblt viieless PRy BIBE: Of Yook Asidthadile Ghntprence
A Bceit s N?ﬁbﬁfédDEbaBS@QOOﬂf goaoé-zdal athAlrewaémzblst and
Wreless LA | EEE Proc 8 Asi a- Paci f

TonfeMéSehentsn ‘lonlementation of & MWOEQEDMS-B@SGQONFGIGSS LAN

échen : ’TI%% TR bﬁntatl Fgﬁc A Iny, M%@B aFSegauary 2004, pp.

W34945s LAN Systent, |EEE Trans. On Signal
Processing, Vol. 52, No. 2, February 2004, pp. 5
483-494. The invention is defined in the independent

??H@éﬂtl&ﬁr@ d@ﬁl&é@rﬁ" d fiepeRdet clsﬁri?kn'&\‘r?é]hgﬁ%%r@?tures of

Ined 1n the depen ent clal ns.
tbetinverition are derﬁnedathtf@'-@wdemr:blms measure is to
performa cross-correlation of a detected pil ot
subcarrier and a known pilot subcarrier. The

A kAdRGAEHRWaf dbfaihmglarOiti:? TP Frestmdtessdtimeasduiyis to perform a
col oured noise. Sone CPE estimates nay be seriously

YPpEcPEalalion el adelactsdi Bitotasuhoaminy and@ knewn pilot subcarrier.
ﬁ‘?é %ﬁ] 498 k@ 8tior (LT EPE %Wa@eﬁﬁ‘fﬁrbgg uﬁx{:{ﬂgﬁreg Ablse. Some

€ nol Se power can
(Bﬁﬁmlmaté’h maajf Ibe seripesly afferenedd)wemobmdglcﬁm ayriving from MIMO

FEleRUbT taaafioch e MRS oBfeeon ngirs Gl a7 the Aok power can

dk?a@'d‘ﬁ)h%h@ﬂ ?f cRhelhahaedferd, PerfoPmaAES chRbedyreatly enhanced
ected pilot subcarrier and a sel ected spatl al

byt pidligincnegstisietedion Q'@n%ietprﬂpés%f%ﬂ @NR)r@a@@eﬂams@r to
wei ght the initial CPE estimate/nmeasure to achieve
m ni mum variance in estimation error. The resulting
AiMataIi@PEf etwb#dimeesioslahﬁmal d:haratterleb'rqsoeanhifar a selected pilot
nction of the ot at phase caus b dCF()’ PN. N
SISt ot @ Srlecles ARl GRS 1oAY Dy ntitad for debie eighting
faBRe itd iveigttathk ahitial CPE”éétﬁnéieVFﬁééwré tefachitveRimithuhilvariance

some apparatuses it is
in estimation error.

The resulting final CPE estimate is actually the exponential function of the
rotated phase caused by CFO/PN. (Phase rotation of the known pilot symbol in
the specific spatial stream is a measure of the CPE.) In some apparatuses it is
possible to multiply the conjugate of the known pilot symbol with the detected
MIMO signal, so that the impairment of CFO and PN is substantially
compensated for if the ICl| term caused by CFO can be ignored due to a small
residual frequency offset. Such an implementation results in less complexity in
CFO/PN tracking than in conventional CPE estimators, which need to extract

the rotated phase by use of a trigonometric function.
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possible to multiply the conjugate of the known pil ot

synbol with the detected M MO signal, so that the

i mpai rment of CFO and PN is substantially conpensated

for if the ICl termcaused by CFO can be ignored due

to a small residual frequency of fset. Such an

|nplenentat|on results in less conplexity in 30 CFO PN
onvent i nal

% %éé‘%gle{nré frﬂ@ w&gqﬂ ing Bﬁpggee%a{}é ndggg%?reals thaP measures

disiIBEPH $erfousUEAbLRA: ndise AShre B HYsRfR dAvE RN whicH minimise
wei ghting of the CPE neasure is that neasures

hiesadvensriefigcts of thrucolourestnaise ooiestimadiontascuradygned
wei ghts which mnimse the adverse effects of the
col oured noi se on estimati on accuracy. 5 Apparatuses

Apparatmstsi figplehrenting ethel mvention keanusedused Gonjompidtion with a
wth a carrier _frequency offset/phase
CRITISE- TQ'ﬂﬂ&;%'EMd‘éfﬁﬁthﬁhﬁﬁﬂgn%‘Wﬂ’&eRW@R‘F rnigggoffset tracking and

(0] {
OB ioh, Ml dor MO SPBis, S iiodsd &1 Rffimonly
Wsmgapom@awmmncanomm 200606884 the content of which
i ncorporated by reference in.its_.entirety. 10 The
BHECEY NeRTRATE I P dFrenER LS GBUE beq. by vay of
exanple only, and with reference to the acconpanyi ng
drawi ngs in which: Figure 1 is a block diagram
The psesent imeraian il s be deseriked i nwak pf exapmple oply, and with

%ﬁ%@gp&%tﬁg a&%y@ggm % FSShRAITUNI cat i ons

Igure fagramillustrating a
nmore detail ed view of the CPE estimator of the

t 0 re 1 apd an. optional filter fo
ARERHar 1€ g biack stagrasn M Bindhan srearaluschie estmating a CPE

EsrhbSRe tlof a"—MQ\HOGOI'D‘D'I\Emﬁe@s@c&?ﬁnﬁhféz‘é‘t@hs’ig@ﬁm
illustrating the steps of an algorithmfor 20

kigurerad I'ﬁg? |Q§F5Ed@9{§6hdhlstr§fmgt /1 mereodBtailgdr Miews ©f the CPE
éﬁdlm%tBi'C L %pﬂ?ﬁus of FEIBE rﬂ{ Uh cgtphlghgf”f‘ﬂér Yor further

gure I's a graph®i ustr
prpcessing of tre otﬁtpuhefiappﬁi?ﬁtesamdtor Fi gures 1 and 2 and

It-'lgure %f .saaCSr%‘éSQé Ifl(cjanwaldla%sr’;mmnustré)tlng the steps of an algorithm for
estimating a CPE component of a MIMO-OFDM wireless communication signal
in the apparatus of Figures 1 and 2;
Figure 4 is a graph illustrating the mean square error of the apparatus of
Figures 1 and 2 and that of a conventional estimator;
Figure 5 is a graph illustrating the packet error rate (PER) comparison of the
apparatus of Figures 1 and 2 and that of a conventional estimator in channel D;
and
Figure 6 is a graph illustrating the bit error rate (BER) comparison of the

apparatus of Figures 1 and 2 and that of a conventional estimator in channel D.

Referring now of Figure 1, a first apparatus 10 for estimating a CPE component
of a MIMO-OFDM wireless communications signal will now be described. The

apparatus 10 of Figure 1 comprises two receiver antennas (not shown), but the
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Figure 5 is a graph illustrating the packet error rate
(PER) conparison of the 25 apparatus of Figures 1 and
2 and that of a conventional estimator in channel D
and Figure 6 is a graph illustrating the bit error
rate (BER) conparison of the apparatus of Figures 1
and 2 and that of a conventi onal esti rmtor in channel

R iOURu G NG BRETRasGHEn a5l i FCEHBNT I8  SREEMIMO
EoNTigU P tioRs @rﬁﬁlo’?ﬁrﬁj‘ﬂigh‘é‘r'ﬂurﬁ‘ﬁé’\"sb@f QﬁféﬁhbbedTmTélﬂomam signals

apparatus 10 of "Figure 1 conprises two receiver
rgaewadast thetreseivenantennast aee dirstc nput giitait it b tof Faslp Fourier

e
PRRRERS G ERBlst e 126 A uBeRCig! HiBheg e domain
sigmals dontten fr%lqgead:ys ddmmm vEﬂeacorwmtedeﬂequemcyaﬂbmanﬁsugnals
are first input 11 Fast Fourier Trans

WSWGGPEQCKQQT"%@@'% |t'&'IQUGBHWen('T|TI teng é’(f%@mgl?st which are
¥5FJ51f' JH8d et 013 c#(;e1 34 SAdeaY réjc%?i?’éd1 at -g“%hannel estimation

requency- mal n Si naI S
rhoéqlee hé ywhishagendratgs ahMiMgh mmanoerr frekquegcp respdrises estimate

whj ch e outpu FET. nodul es are . .

Bl 358 .o BBt el JretheY reshBed #34maim TkArix is output
BIRAe6 BNR genttdbr aBaihdeMIMOeseteBly 188 SONPRSgersratdref&operates
matri x. The obtai ned channel frequency response

tesahtaia: @ twatdimgnsiongLB PR charagteristic o aswilh dgedescobed delow —
Q'Bf a'ngp o‘?@%lﬁcéfoéN% gﬁﬁ%ﬁéﬁﬁqgrlgt i llgs %’ &t %éut bﬁﬁ to CPE

di néns chara errs
etaﬂmhiecﬁ()be@PEmlsuma{oramjobtaims atCPREtgstimaté —SiéRwill be described

t 16 a fi i nput, 20a.to CPE .
Bdetal Shiowo- ansk 1BS: oRvD ot S5PEppaliMetcr Rbi cipplied do CPE
condSerdatér DETHDAIIdMREtion Bf f GPE. bﬂ'ﬁé’%tpu@ﬁﬂcpﬁecompensator
out put of CPE estinmator 20 is supplied to CPE

2% ispeurpliegr toogemappeiodsd dm obtaia the fcongieligteon pwrés @fi theMIMO-

P BRI By SkRyPPLAE ok o HEEMBR Sy b

alsgraids vthe hthurdmrdee dinsing urreaoyeryTrm)pp asaded eipeof itwo-diNBnsional
rd-ord

BN e 2 RS AR e Y 7 wincow
d\ﬁ”ﬂ?\/ﬂﬁmo@ﬂ@ﬁ@ d%@,cnsa@ﬁﬁdét@w B8@R0vBUBL 8428 a8 Mdtdd dbove.

Figure 2 shows components in a more detailed view of the CPE estimator of
Figure 1. When compared with Figure 1, like components are denoted by like
reference numerals. The apparatus 10 receives frequency-domain subcarrier
signals from FFT stages 12a,...,12r for each of Nr receiver antennas. MIMO
detector 18 receives the frequency-domain signals from FFT stages 12a,
..,12r. Suppose the transmitter has Nt antennas. The output of FFT stages 12
comprises 2J:Nt (- J,...,- 1, 1,...,J) detected pilot subcarriers which are supplied
to a cross-correlation stage 50a,...., 502Nt Where the detected pilot subcarriers
are cross-correlated with a known pilot symbol to obtain initial CPE estimates.

The initial CPE estimates output by stage 50 are supplied as a first input to CPE
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20 controller nodule 30, described in detail in
S&00606234- 3, as noted above. Figure 2 shows
conmponents in a nore detailed view of the CPE
estimator of Figure 1. Wien conpared with Figure 1,
i ke conponents are denoted by |ike reference
nunerals The apparatus 10 receives frequency-donain

smator 28, 4 seSatlipinie CRkceslinaie Rouutod: it postetection
quq:\egg@a{d}qg‘ requency-domai n signals from FFT stages

., 12r. Suppose the transmtter has M
antennas The output of FFT stages 12 corrprlses 2JNt

eghe ri [
e cRotgby rdm, 625 eptimdRhr 20T el plber? bk, el fliSety 1o cre
&ﬂﬂpensatlon@@e 32 ovhalternaligeld @agtieempbtheid |ﬁlth§ qiié @6main by
30 are craoss-correlated with a _known pilot synbol to

Warstage ROtwhich detheaxample of F'Q‘h’é 3 Isi an éﬂfn@PEumse response
M B ANEE . BEAE efegmorove

mondedeierrhinatiullJpﬂCPfEresﬁmaﬁnrpost det ectlon SNR

generator 16. The output from CPE estinmator 20 can
either be fed directly to CPE 5 conpensation stage 22

Phe c?t’bﬁéﬂﬂ&éﬁ/ §h thé %bp@?at%m Pﬁ@ré D, tl.*,‘flll'\t 'flﬁﬁr @@”&brﬂgrising a

I ter staeGOV\/nlc in the exanple of Figure
iosg%thng fagter $teger§3usy@m%tmgge 6@ f bﬁapkt—ewelgmetage 66 and

f%@ﬂ%&k ngd%g@tgr# ég r 'ﬁ’Pe gﬁ on offdj@!’% gtgb <n EBIlsed is

nproved eterm na | on.
él'd;rpllenttocbh\mCPfEi torapensatidnmodplea@at us of Figure 2, is
TR filter 60 conprising a forgetting factor stage
62, summation stage 64, feedback - weight stage 66 and

TI@@CH}BQJSSSI v\%%fathesk@%ﬁlé% tﬂ@ea&dﬂrﬁﬂfsegf of F%Jrél;t?rand 2 are

st age en utilised, is supplied to the CP

%’mﬁléﬁgaﬁslfgﬂ\o%dul e 22. 15 The processing of the

signals in the apparatuses of Figures 1 and 2 are
explained as follows: Matrix manipul ation transforned

Mptmaﬁmnq)ula;tm fransfoeéd loperatos dsext insthieodllowing disv@ssion are
as olloxﬂw,: 20 . (... )-' denotes matrix inverse

9venap SekAWher at i on

« (...)" denotes matrix inverse transform operation

. (...)T denotes matrix transpose transform operation

e (...)" denotes matrix conjugate and transpose transform operation

In a MIMO-OFDM based WLAN system, the transceiver signals may be
expressed in the frequency domain using relatively straightforward matrix
algebra. Considering a Ny x N- MIMO-OFDM system, where N; and N, are the
numbers of transmitter and receiver antennas respectively, the N, x1 received

signal vector on the k-th subcarrier may be written as:

y(k) = H(k)x(k)+n(k) (1

Here y(k)=(yl(k),y2(k),...,er (k))’, and x(k) is the Nix1 signal vector
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(... )T denotes matri x transpose transform operation
(...)" denotes matrix conjugate and transpose
transformoperation In a M MO OFDM based WLAN system
the transceiver signals my be 25 expressed in the
frequency domai n using relatiyely strai ghtforward
matrix algebra. Considering a Nt x N,. M MO OFDM
syste ere Nt and Nr are the nunbers of . .

R BSTE Rech Eomapn tradea 0 StenbAn 28 bRk suksaryer hictmay be
xl received signal vector on the k-th subcarrier may
WEUGR @St en as: y(k) = H(k)x(k)+n(k) (1) 30 Here y(k) _

(y, (K), y2 (k),..., vy, (k)}T, and x(k) is the Ntxl

i gnal tor, tra ftted fromN, transmtter
gqu'?gﬁ \s/(?‘flﬁ‘pq(ﬁi-k-’%‘m@ carrier, which may be witten
as x(k) = (x, (k), x2 (k), ... , xN, (k))T . The

transmtter nt enna e 1 recet ver
antefRaao ey i-iheredeivet aftdhyialhay bk)denatst jﬂ,gj k?), Eéad2

WSl FARIRY, ESSAREE: Ble & BF sliphdireb BEAT Heel 4l fi8MBmiter

(K) ... HL NL (K) H(K) = H2,1(k) H2,2 ( CN,
(K) HN'1(k) HN'2 (K) ... HN'N, (k) n(k) = (ni(k) ,n2
K),../[, k . th Y del, ideal
gy)nchr nlingwtki()o)n) ﬁf’zt(kz df%Ma?g%’gi@Z? (I?l?sm)bgen oed

assunef.Hipllover Hid(de is usl)lk)alcarrier frequency
et | and. tining 10 clock of fset between the

recei ver and transmitter -‘due to"the i smatch between
the tr m yk¥r Fnd, (kxei verHQsGi (kpirors or the
channe plgl Zr f&é’age)r:]cy shi ?’?9\,’( Is is true also
for the receiver sanpling clock. There is also usually
a sappling frequencyyof fset between transmtter and
ngé)e?(;g(k)d?ztﬁ@,--]ﬂ;vj(rk)%r.acti ce, there are nultiple
radio chains in the MMO-OFDM transm tter and

recei ver sides respectively, and these multiple radio

Ehiengbeyrsystene medal, ideabgueelypnispliondsitber O5Lbh receiver has
Hé‘xj-:rli bgétﬁnéé.d'kpov%\?ér,nﬁe'ré] id U?uélfyaélﬁg}rfetr%eq%rency offset and timing

clock offset between the receiver and transmitter due to the mismatch between

the transmitter and receiver oscillators or the channel Doppler frequency shift.
This is true also for the receiver sampling clock. There is also usually a

sampling frequency offset between transmitter and receiver side.

In practice, there are multiple radio chains in the MIMO-OFDM transmitter and
receiver sides respectively, and these multiple radio chains share the same
frequency synthesiser such that multiple radio chains in the transmitter or

receiver side are synchronised respectively. Denote the CFO as Af, and the

normalised TO as n=(T -T)/T, where T and T' are the nominal sampling

period and the actual sampling period at the receiver. Following the system
analysis method in Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, “Joint
Weighted Least Squares Estimation of Frequency and Timing Offset for OFDM
Systems over Fading Channels”, IEEE Trans. On Vehicular Technology, Vol.54,
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recei ver side are synchronised respectively. Denote
the CFOas O, , and the nornmalised TO as q =
(T"-T)/ T, where T and T' are the nom nal sanpling 20
period and the actual sanpling period at the receiver.
Fol | owi ng the system anal ysi rret hod in Pei-yun Tsai,
Hsi n- Yu Kang and Tzi - Dar Chi ueh, "Joi nt Wi ght ed

Pvach J00; 200B\PD YL 848 B0B CRANG PEVARepBeatorgsEnhanced

WiRhSss @oh/s%H:&M' %bT:%SMP' QY27 V%ec’%ﬁ'nbe‘} 2?¥¢U90b5 (for the
Jan. 2005, pp. 211-223. "EWC HT

sp‘@hrcbmsanommhqdeﬁnfmmwo QIFIDM esyste:ma)som Gth received OFDM

Pub i ,cat nber 3rd 2005 for,_the

Res Suita Khmidie SYGTORS R0 beeielyeiL ap_ghpwn in
Eq@@ﬁdfﬁ(t)géw synbol suffering fromthe
synchroni sation error can be derived as shown in 5

Equation (2) below. It is assunmed that the infornmation
signals are encoded and nodul ated to form an OFDM

ﬁ¥§’%9%ur¥1eﬁ Khat the mg)ﬁﬁﬁ%'ﬁgé]agbfalgoég@ él}coéfaa ea[qjd' flollulated to form

transtornmation pass lati on
an GFORMBYMbbI &) H b freglehsy BoRfain. hr/qt&hIFFTlﬁaNéfUF?natlon
fadi ng channel he /-th received baseband OFDM synb
and paswarmlmmlmm than‘me domaliro trlindmitted sugﬂmlmstthmugh a
uard interva represented by N sang es. The
S5t PanGo RRghnaine T dftboieceiis dsepand -OFRosyTbol after

I
Sl i EARUIRGS o) £ N AL, e S Gy vo
represanitéd kiy NMgamplesi Khe, d¢mpdyiation )of +he @pceiyéd samples via an

K) . re c oi,se:.NJs the nunber
bt i g e R DA SR S 5 i reare Ty e
i nterval and the whol e OFDM synbol i ncl uding guard
b'r(k)e#m(/[zma@,eeNL)(Ber+2;o])Equati on (2) shows that the

z EEApnApf he k-th subcarrier data caused by ) ?1
jﬂ@gf@f)sqﬁ@%}#@gkphﬁ@@ rotation and the

ma n| t udé scal , respectively. Moreover,

t he synchroni sation error destroys the

where ¢, is phase noise; N is the number of FFT points; Ny and Nsare samples

in the guard interval and the whole OFDM symbol including guard interval

respectively.

Equation (2) shows that the distortion of the k-th subcarrier data caused by
synchronisation error includes phase rotation and the magnitude scaling,

s(n¢,, ), respectively. Moreover, the synchronisation error destroys the
orthogonality between subcarriers resulting in ICl, which is the function of
s(z¢,). As set out in Pei-yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, “Joint
Weighted Least Squares Estimation of Frequency and Timing Offset for OFDM
Systems over Fading Channels®’, IEEE Trans. On Vehicular Technology, Vol.54,
Issue 1, Jan. 2005, pp. 211-223, the definition of s(z¢,) may be expressed as:
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orthogonality between subcarriers resulting in ICl,

which is the function of s(ircbpk). As set out in

Pei -yun Tsai, Hsin-Yu Kang and Tzi-Dar Chiueh, "Joint

25 Wi ghted Least Squares Estimation of Frequency and
Timng OOfset for OFDM Syst ﬁﬁs over Fadi ng Channel s",

| EEE Trans. On Vehi cul ar Technol ogy, Vol .54, |ssue 1,

Jan. 2005, pp. 211-223, the definition of s(7r (I pk)

g@%@ b =efdt(é@’9ebl aand10 sin( 'TOpk and pk) _ nd N

sin* Tqypk )7r¢,,l\ss(,rokk) = s(2rgpk) in the case of p

= k, whe?é N and’ k are subcarrier indexes and Opk
=(1+i7)(_-+p)-k, e = O T . Wwen n and s are small,
s(7Pu.Qpkk¥s . 3 ictheseaseooflpad, s(7rl ppk) is near zero,

and the 5 magnitude distortion and the I1Cl term may
wheiegpoardi k Freusubearphadwdexesaandn dgcel snitaepx-e, e=Af-T.
subcarrier sanple x1(k) is transnmtted. The rotated

Vihenen asd esaretsmdibts(Bp,, § k9 clos@)to Af arid MGre, Nip (dar+zetb) and the
+ 27& (INS + Ng )r/ + cp, (3) The first conponent is
magnitudee distortion @ndcther ICé termm anayabpligmereflr etfuen@yphase rotation

SHARE Wan, % B0ReArhE, SEmRREARIRCPRBbwitfest e [t hase is
sfutnthanl y CFQ' PN exi sts, a CPE, 0, (k)=2 zAf(1NS
+Ng) T+, p, is introduced to all carriers in all

i The- P cha a gynbol - 15
P BT, S0 R, € BT e e BLTary 1o
estimate and correct the rotation of the received
onstel | ation poipts. caused hy the CFQO PN on
it csppenzb i e -pIaX of Satierasheamplniblieagney offsets,
B IAB sbBEnd S6GthiEsentr RIUSHidbedBbY Bampling 2flequency offset
subcarrier before M MO detection is a conbination of
exdlusiyrlyi al pilot signals

In the case when only CFO/PN exists, a CPE, g,(k)=2=f(IN, +N,)T+¢, is

introduced to all carriers in all spatial streams. The CPE changes on a symbol-
by-symbol basis. It is, therefore, necessary to estimate and correct the rotation
of the received constellation points caused by the CFO/PN on a symbol-by-

symbol basis.

As known from a MIMO-OFDM system, the received frequency domain pilot
subcarrier before MIMO detection is a combination of all spatial pilot signals
through a MIMO frequency-selective multipath fading channel. Thus
conventional weighted CPE estimation methods before equalisation may not be
applicable. Here a post-MIMO detection CFO/TO tracking algorithm is
proposed by utilising two-dimensional post-detection SNR reliability
characteristics to derive an optimal linear CPE estimation for MIMO-OFDM
systems. The optimal linear CPE estimation can then be utilised to correct the

rotation of the received constellation points.
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through a M MO frequency-sel ective nultipath fading
channel . Thus conventional wei ghted CPE estimation
net hods before equalisation may not be applicable.
Here a post-M MO detection CFQ TO tracking al gorithm
IS proposed by utilising twq-ldi mensi onal

post -detection SNR reliability 25 characteristics to

B R S e A g o
o irhpRARMAGCAT §54tal trh@l{ipfe‘lﬁrﬂf irg&ai@ér I Pragic@l WVAMO systems,

constellation points. 1 n order to take advantage
lotear tNMIM® ofetectiansisaemployedf Thig isrparticeddrlyctree fomiose dyystems

i ment | { i plexing recejver .in .
Bl A TG Mot PeBRisn e Mk, REBVEP b Eifaes Lydar receivers
@tifigeoymadtrixThnsiitipticat®r | Ul séparate Uthd Olatahositediist erdhsmitted
with a large nunber of transmitter and receiver
simuttanaausly, aediveRdy¥ei vers 5 utilise matrix
mul tiplication to separate the data streans
k(m@{(yed sinul taneously, as given by: i(k) = (@)

k) M

Gyl x(B) GaoRHs) HOK) (k) +G(k) H(k) where i (
an eStimate of the'transmtted synbol vector; and

S50 AP 5. et SR, BB SR ahd detecton
GBI ) S b oyl BRI .o, PEgIRY (@) L minmr

meant s§iraréBierior. (MKSE) dhtefidnMVERR, tﬁékbxéﬁf)fe@' fHe afeRétion is
from as discussed in Catherine Z. W Hassell

REHEQIMAsh ASSUHiNG @atﬁ&?ﬁép?;Béﬁlhﬁ{Pdl iﬂjf@riéﬁﬂtﬁMd“PE'txer When

M. Gr " i i i

05ieg OBSE. dEweTe PRRUAIRE (o, 48, Sshited LEEPYETE 7gV. Hassel
' T . P lpal. “

ekl SRURY 5 TR, PErIVEINE F08Pelfim) cram. -a

¢Bnpatigare N i detestior spgotithals danduding 28LAST sdor  Mireless

gc'?r]l"l%{u%garigg' nlrﬁ&%ﬂip?ggﬂ%nwag*,%}%lc. 3)“/%95%{ PisRe 26&? Vol.1. pp.

r
698-703:

G(k) = (H” ()H(k) + N, x 1) H” (k) (5)

here N, is noise spectral density.

If, say, 2J pilots are inserted among N signal subcarriers, the pilot subcarrier
indexes are given by m=-J,----2-11,2,---,J . If implemented with the CFO
independent TO estimation and tracking algorithm for MIMO-OFDM systems
disclosed in SG200606234-3, only a correction of residual CFO and phase
noise must be corrected and, therefore considered. Thus, s(z¢,, )is close to 1
with a small . In light of these considerations, the detected pilot subcarriers in
the th OFDM symbol incorporating CFO error and phase noise can be

represented as:

x,(m) = exp( j[27Af(IN, + N )T + ¢,]) x,(m) + G (m)n,(m) (6)
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I ndexes are given by If inplemented wth the CFO

i ndependent TO estimation and tracking al gorithmfor

M MO OFDM systens di scl osed in S&G00606234-3, only a
correction of residual CFO and phase noise nust be
corrected and, therefore conshdered Thus, s(,r0) is
close to 1 25 with a snmall e. “In light of these

consi derations, the detected pilot subcarriers in the

FayaiqoHEcap RSSEWrHe oAt VndndePENEeRLPAUAPNShas e

noi se can be represented as: z,(mn =exp(

znweﬂpwmﬁwgrmmwmwm (6) 12 Equation
can. be revvrltten as 21 N, 1 ndepeadent.- equati-nohs: (7)

AL nrpgiér&rr? Qﬁw A R R LR LU

rr) +~1.N, (m V\,here ~ define col oured noi se
wheneo e iing, dusl, tQNAV\ﬂNfrnemdmmddnmdepmmntQMUé to AWGN
m pi | ot subcarriers. This col oured noise 5 conponent
mcsrsel émddeIIM@ detedtien Mf&O mhpitste subdarridesnt | Yhist beloured noise

h t lied t [ pil
&R taR & rirckph ' < Jne RS, el Biinchtioths,gammon phase
folatidr i@"hpﬁflreﬁh@ éﬂr}ﬂm sDb!:é’rfneﬁé’ ﬂ‘bQI'I sk%rél@@re‘éﬁ%c' thas the phase

spat ial str eam observed det ect or out pu
roéata)rhefatberl@ommtqﬁ@ymbel lﬂTlﬁl@r%pQﬂf@ spatigl slream, Qbsemved at the

VUMl et o, Tty bl o

?ﬁ%égsﬁregn?em%r , N, and the power of
nown pi |s assurmed to be unity, i.e.,

b Xm § L. (m Therefore a cross-correlation of a
dx(tecter%n)éﬂ%t subcarrler with a known pil ot

sebtpyamf(lﬁ'mﬁy)ﬂrb@l xy, I 4§, @)x,Nm) CPE esti mat es (8)
d| ;5 urb colo red nol se. Sone of CPE estimates may
géﬁrg"’

sly affected 15 by noi se col oured by the M MO
t t t
\gﬁe%Cf Tt B S0 CHARABET of 1aF $ohe Rt Ve S Fmited to be

detection, po
unity, i.e., r}x,,,.(m) =1. Therefore, a cross-correlation of a detected pilot

subcarrier with a known pilot subcarrier symbol yields 2J-N, CPE estimates

disturbed by coloured noise. Some of CPE estimates may be seriously affected

by noise coloured by the MIMO detection matrix G(m) and, also, noise power

can vary as a function of channel. Therefore for linear MIMO detection, post-
processing SNR reliability measure is a parameter of interest. This reliability

measure can be exploited in a CPE estimator.

Assuming that,

z, =z, 0., 2y, (D)2 (<T D), 2y (T 4D, 2 (D sz, D
and,

& =l (=) sey, (I (ST D,y (ST D, g (D, (D]

then 2J - N, CPE estimates can be expressed as a vector equation,
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processing SNR reliability neasure is a paraneter of
interest. This reliability neasure can be exploited

in a CPE estimator. 20 Assurringthat, ~ |j~7r~ Zr
LZl.l(-/'iI,...,Zl,N,(] il,Z1.1(-J+1),...1ZIN
(-J+1),...... ,Z1.1(~, . Zl Ns("~1J and, el
=[e,l(-J), ,el, N, (- J) er | (FJ+1), , e, N

I+ ell(J), ,e, N (J) ]T then 2J N, CPE
ﬁq;n%@esjtsrn be expressed as a vector equatl@h 13
wher %é 11T is a 2JN,

here, B bt ol i 7e1N:|x§ Uit yegtoi am/&tlsraoﬂﬂv x1 vector of

| our ed .noi se val ed_on the abov , .
SolalisiToity valinSa Ha83H o B8 atlye e ARaR (ararifee Thegg solution
0 WahRSurB SkdriaRbs Ok asf s@ﬁﬁrésa'éshﬁla%m bﬁ‘tP’E €an be applied as
di scussed in Steven M Kay, "Fundanentals of

diseussad imiStevaihM. Kawc dewdagmentalst pirstatisticalhsigngl processing:

%}tgﬂe oo%e| vel l"’ r&‘glc\eLPQfFrln§a§BE§rE§bng(‘eLﬁ¥ewﬁtj§A%ﬁégaég3 and

derivedldy: | V\here W, is the elenent ini-th row and
j-th columm of a 2JN, x 2JN, weighting 10 matrix W
and zi is the j-th of}| the vector Z,. The main

i deal of the WS algdrig midijs that wei ghting the
§ﬁ€¢:|=f( Ve VapE LW e ecessary because the (10)
nmeasur es di sturbed byZé::l 6us col oured noi se shoul d be
assigned smaller weight’s to nminimse their adverse

WhéRC K5  i8NhE WlerBh1 MN-ACOW 8AY j-th NBIRhY of a8 APR2 N, weighting
estimate for each pilot subcarrier is weighted by the

Ao W e apdndi i8 ahé glth aliemishy of s Vegtor e aPki fBln ideal of the
wei ghting factors are given by wei ghtlng matrix W W

WLS algbrithm is that weighting the specific CPE measure is necessary
because the measures disturbed by serious coloured noise should be assigned
smaller weights to minimise their adverse effects on estimation accuracy.
Namely, the CPE estimate for each pilot subcarrier is weighted by the
corresponding reliability measure. The optimal weighting factors are given by

weighting matrix W:

u -l
W= Efee," |
. . . -1
€€ €€ T Gy,
. . . 1 1
€€ €6, &6,y (1)
=F '
*® * »
€n€  €2yn€2 T €355€20,

where E{.} stands for the expected value of the enclosed components, ¢, is the i-
th element of the vector e,. The CPE estimator generates a matrix of weighting

factors for a plurality of subcarriers and a plurality of spatial streams of the
MIMO-OFDM signal and generates elements of the matrix from a correlation of

coloured noise values for the plurality of subcarriers and plurality of spatial
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e,e, e,e2 e e2J.N 11 E eZe, e2e2 e2e2J N, () e2r N
ei e2r Ne2 ... e2J.N, e2r.N, where E{.} stands for

t he expected val ue of the enclosed conponents, e, is
the i- 20 th elenment of the vector e, . The CPE
estimator generates a matrix gf wei ghting factors for
a plurality of subcarriers and a plurality of spatia

Sraanee the WiRoRA M SPaR, SREm 79 48 SR @) Banatien (7).

ARd EQuMfidi W@fcérl“?‘et lurality of subcarriers and
plurglltygspat ] streans of the M MO OFDM

R G (&m) Equat 7 d
E’Sﬁat.gﬁm)?%?mﬂggn ”ég?)@ét(gm QQM) 8(m . I ’B §n§X| o

whdfe QL(m)nandn, %](m( denotgmhempette r&vfiif the afeedtion. MafriR) G(m)

denote 'the j8 -tth row of the detection matrix G m,

andl ﬁ&hsbhtn@mwisea{/ecftotmpéewew respectively. For the
case of 1 J, e,e; = E1 &G(mnl, 6(mIl2. For the case

* = 0, noi se vector for
?%grcgﬁg subcérleeter Eﬂ rf’ggﬂlﬁ(wlgnt spatial streans is
uncorrel ated. Thus, the off-diagonal ternms of Efe H
'forahh@ Gase et/ &%d The bﬁﬁ@%@dh%@ﬁg é’eﬁﬁ@érf%&‘ﬂ'ﬁﬂfem subcarrier

i ltsiest Soats i‘%‘yq"a&géi%@n%érr‘efa&%“ﬁ'ﬂbélﬁeeﬂ ‘giagonal terms of
Qe;e%’e& q/§ gll eéﬁgvaerﬁi or[r]% rfx linv ros%etg@g{[orl ry%?nggl A Eéuatlon (11)
& Siipiricdl AP vele g cHifespBiu diagh i cIGREn? TRferore, -
thedighdnal gofreocinent 6Oweighting shatimW pis gite@b®PE conponent

froma 15 val ue of t he MI\/Ddetector detection matri x
ted signal, x(K)q

a
béén s t hqv Gi Y 2 wei ghting factor is
act uaI the"ge(%)|| di rre%j ﬂ (spatial and frequency

The CPE estlmator receives an output signal from MIMO detector 14, and
generates a weighting factor for the estimation of a CPE component from a

value of the MIMO detector detection matrix G.

Assuming that the transmitted signal, x(k), has been normalised, the derived
weighting factor is actually the two-dimensional (spatial and frequency

dimensions) SNR of the post MIMO detection for m-th pilot subcarrier and g -th

spatial stream. When MMSE MIMO detection is employed, the post-detection
SNR reliability in the frequency and spatial domain for j-th sub-stream and m-th
pilot subcarrier is given in the following equation as derived from Robert W.
Heath Jr. and Arogyaswami Paulrah, “Antenna Selection for Spatial
Multiplexing Systems based on Minimum Error Rate’, IEEE International
Conference on Communications, Vol.7, June 2001, pp. 2276-2280:

1

SNR, ; = -1 (13)
TN o HOm) + NI
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di mensi ons) SNR of the post M MO detection for mth
pil ot subcarrier and Q -th 20 spatial stream Wen
MVSE M MO detection is enployed, the post-detection
SNR reliability in the frequency and spatial domain
forj-th sub-streamand mth ilot subcarrier is given
in the follow ng equation as derived from Robert W

ath and Arogyaswam Paul rah, "Antenna_ Sel ection
resdjl senolas th%véfm'@“s%fben@ebﬁ@eenelnowﬁ dygrse matrix.

@awﬁm\ G tfe ARV BRUSO arib S0, gg%gggfggggp By Praposed CPE
dstimatiopNs Bbtaind@[ HHM H(m +Nol i ,i - 1 15 where, []id

denotes the J-th el enent on the d| agonal of the
mvers%ﬁ&g (’%?x ng t he above equations, the
g h If proposed CPE esti rmt(:ﬂ:_%{] is
btarne d N:2J Y Y SNRm;(xi,r(mxi,;(m) N, 2J
(14) Y Yzwmu_l mel 5 where SNRmi is the
t wo- di mensional characteristic from which the
wieergh SRy, isatheotwd-dintensiored aharlaateritig #nom Mﬁltm tkhenweighting
is the initial CPE estinmate for a subcarr
fagtor etso derived cang pay el a&, G9x Ky uise they 'QW@' ZC%Et ERtmate for a
the CPE conponent of the M MO-OFDM wi rel e
%{Pr?ﬁ‘{ﬁ'ﬁ’catmﬁ@ %?gﬂ‘eﬂ aBW@%PBF |'Q+§esa1 Br‘ﬁr?aleﬂ"?"aéﬁs the CPE

c&’qﬁ?é’r‘néfﬁrb°f'tﬁ@%lhﬁ?ﬁ%ﬁ%%l%'@nﬁﬁhﬁ&%h%‘s siRal by generating

aracteristics o e signal, generating a
awplugality of twerciroensionah ndsé—hpéaﬂr MIIMOydetéctnm 8NR characteristics of

PR Gorallo a0t e 5306 el o ricensics
e € weldHtimgCrabtdp o PingRs @P@Le%ﬁmaeé th@bb&)@@ ektiMate the
ag ar at us of Figures 1 and 2 15 estimates a E

. a M MO OFDM wi r el ess conmuni cati ons

This can be expressed alternatively as the apparatus of Figures 1 and 2
estimates a CPE component of a MIMO-OFDM wireless communications
signal, by estimating the CPE from a weighting of an initial CPE estimate, the
weighting having a weighting factor generated from a plurality of two-
dimensional post-linear MIMO detection SNR characteristics of the MIMO-
OFDM signal.

The apparatus can estimate the CPE of the MIMO-OFDM signal by
implementing the steps above across a plurality of sub-carriers (and a plurality
of spatial streams) of the MIMO-OFDM signal. That is, the CPE estimator
generates a plurality of weighting factors for a plurality of subcarriers of the
MIMO-OFDM wireless communications signal and applies the plurality of
weighting factors to a respective plurality of initial CPE estimates thereby to
estimate the CPE of the MIMO-OFDM signal. Thus, the CPE of the signal can
be monitored and derived dynamically. The apparatus of Figure 2, when
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signal, by estimating the CPE froma wei ghting of an
initial CPE estimate, the weighting having a

wei ghting factor generated froma plurality of two-

di mensi onal post-linear M MO detection SNR
characteristics of the MM> DM signal. 20 The
apparatus can estimte the CF; of the M MO OFDM si gnal

ClpjerngPling iae (dhighd WRuFtRF dtovidas s fiies tsBeand] fojprayed cPE
s&tendMeMO- OFDM si gnal . That is, the CPE estimator

generates a plurality of wei ghting factors for a
plurality of subcarriers of the 25 M MO OFDM wi r el ess

m%aﬁlgé%gi%o%t%nglen%%rae%' %e?%\ %}&%@ﬂe'rl,%ycs ats a?lghtmg

rs t respéct i
fakctore swhemt ¢dse tveighkting lf@ctosstarermlféerbhe féiPﬂlftB‘renheubcarrlers of

h | b
wgﬁrqrg%@hostﬁéms«%%y%aﬁhea&g ooh@ale Jar @asd sybcarrer is
ﬁéﬁ;‘ﬁfé"d 3¥ oﬁl‘bsb@n?lr@r‘e‘ﬁﬂﬁmfg) rﬂ%a&%ﬁ% QEtrio‘PéEEf‘EabMéR To implement

es a her econd I mpr oved
thiés feature. then@ PEi ey’tmatoogemw&s first andjeaeonx welgmmg factors, the

erat.e. ch cteri st ightin 5 fa
fHRL e il AG R tiing St iR Me 1 Pon wriBFipg JadlBF IR some
é%tbu?afds!eer all Welglﬂinﬁ_;ffaét@?é généfatéd b the FE dSthalo? aré @ffferent.
E estimate for each subcarrier is weighted by a

Abrereatleash the first padisecend.ndifferant anghtm tagterpAre them applied
#o%g?gaﬂ{? ditfBieht 6BL |Srs the CPE estimator generates
Irst an seconé welr ght

Ing factors, the first
wei ghting factor being different fromthe second

f I 10 a 1 .
Wheherigetile! 6augmnisiah oAt e e cl: PR stiftover one
OFDM E§Mmbol isAlrhall, Whigh mMedmstthhhthel CPElestiffhtS£aRMAg continuous
di fferent weighting factors are then applied to

OEENE sympeolsipfe epealated,hMerepeers theyphase Hwisegnddhermal noise

LORRUERSHORLARe FTAPLPE bogt FERIche MR S fandom
proeeS¥Bndds invariaat withingcantinuous QRFDMGEybib aly.ntrothds gase, the IIR

h
ﬁfﬁr rél L?éeedj to l\l/r%rp?c?yeeﬁhe tes‘telr’r’!%tl‘gfciepé1 cl)r%%n%gdfurtherqg suppress the

variation in phase noise and thermal noise. The improved CPE estimate CPE',
is given by:

CPE', = yCPE, +(1-y)CPE',_, (19)

where Cf’E', is the output of the IIR filter, and y is the forgetting factor, 0 <y <1.
The applied forgetting factor’s value depends on the power spectrum density of
the phase noise and thermal noise to be suppressed as discussed in P.
Robertson and S. Kaiser, “Analysis of the effects of phase noise in orthogonal

frequency division multiplexing (OFDM) systems,” in Proc. ICC’95, vol.3,
Seattle, WA, 1995, pp. 1652-1657.

As discussed in Songping Wu and Yeheskel Bar-Ness, “A Phase Noise
Suppression Algorithm for OFDM-Based WLANs”", IEEE Communications
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contribute nore to the overall CPE in nost
applications, which is a slow random process and is
i nvariant within continuous OFDM synbols. In this
case, the IR filter is used to inprove the
estimation performance furthgy to suppress the 20
variation in phase noise and thermal noise. The

d j by: CPE. .. = '
B8, 016 g T 2ppotegr og bp e S3837. %@Hﬁl"awpene method
t@fm{ph@vé tHe &Stimatidi accuirécy, dadiatib® f(‘f o) it Bﬁprfe§§é@ bs:; O
<y <1l The appl|edforgett|ng actor's val ue

t.h spectrum density of 25 the e
ggff 1 r)rgf)'\'?ﬁgl sg to be suppregsed as di scuggég

A?f B‘ﬁ@?r Eﬁ@é‘tl(ﬁ'&dﬁ@% aka'(86) Iook%ﬂﬁilgrs ﬁo@évérhfhey are different

ase no I'n “or't hogonal " freque

ujlthrea aspeuts tiplexing (OFDM systens,"” in Proc
ICC 95, vol.3, Seattle, WA, 1995, pp. 1652-1657. 30
As di scussed in Songpi ng Wi and Yeheskel Bar-Ness, "A

EEJaN@h Ee:gE) iBUAP TIRSHtedNthd 86w I Sutipuits &1 1-tRRiAkG Emm |slvzve|ghted

Conmuni cations 17 Letters, Vol.

maafrﬂ@fs feerback s the peeviawrs timednstant F1-4h, rﬁj‘d)ﬂi‘@ nRw iRyt at ~th
tﬁ)rﬂe inQ5qve the estimation accuracy, equation (19) can

e expressed as: IM=/ | M+Q7)I "m (20) At first
2l tha:letlo|[£((121$t)]tc mcreﬁer(afh@é |sandthér2(I]R fllmkbecméealheré‘ﬁs/\ﬁd_ ééedback.

[ rent in three aspects uati on

G 20H Werdhts Andaomtings WéQ/\PSWt'BQJ‘t'tSé? gt e Gutat
3.N%4 @Mvord, SIIRV?MG@ Sﬁ' r?éé'a Slf'ue tnﬁbuz WE» tigh (?b? is not an IIR
'prew ous tine iInst an - I npu

lter ino feedback) t Tineir nrs@hamsmana totallyzﬁfferent ref erence

is not an IIRfilter, because there is no feedback.

Equati on (20) wei ghts and conbi nes two new i nputs to
Ted proeessingoof thes signalsaascexplainé® dbove emay ase beﬂeﬁdnderstood

one input, whi]e Equ is. not an IR fi

5 rolBbRitiectt Fiovro s HRS RApGESh:StaRE &t sian 1P0ciAk ¥pa 02, FFT
stagd "2 eforms! BIFAst FBﬁnélf anahsortn 6 P! RREIVERC Yifhe-domain
may be better understood

signals. MIMO detection module 18 performs detection on the MIMO-OFDM
signal at step 104. The resulting signal after detection at step 106 are
frequency domain post-detection signals with residual carrier frequency offset
and phase noise. The subcarriers are represented by Equations (6) and (7)

above.

The 2J-Nt pilot subcarriers are output by MIMO detector 18 to cross-correlation
stage 50. The output of cross-correlation stage 50 is the vector result defined
by Equation (9) as shown at step 108. At step 114, post detection signal-to-
noise generator 16 derives the two-dimensional SNR characteristic given by

Equation (13) above.

At step 116, common phase estimator 20 derives the improved CPE estimate in

accordance with Equation (14) given above. Optionally, the algorithm can end
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with reference to Figure 3. The process starts at step
100. At step 102, FFT stage 12 perforns a Fast
Fourier Transformon the received time-domain

signals. M MO detection nodule 18 perforns detection
on the M MO-OFDM signal at sfep 104. The resulting

Si gnal after detection at step 106 are 20 frequency

P Bltoh s 3t 41E5ta e the JBproHsHL G PEreRInelB s ARsaed tiouah the

fikd 66 8NEIRUrdY aaied 1 PNBefobe tl?é‘gl&Bﬂhm ahay at stepe1 18)- M
pil ot subcarriers are output by MO detector 18 to

cross-correlation 25 stage 50. The out put of

ReEG Yh BBk P SeCe’ Bl B G SEBltes apupy e
éiﬂoneﬂﬁ&l fLﬂ'ﬁ:tleﬁtdfmé fotgted pha’se calsed I9eCECIPN. Iﬁus multlplylng
derives the t i mensi on SNR characterjstic

fip cenigricont thsyahsowish 1B GRioeea VMG SigDakind jpaiment of
aCCOg@B%N%Q s‘?ﬁeg\hﬁéng %Srﬁ(ﬁﬁ%%%dfo@ﬁg%ﬂm”%o% ééhﬁeld by CFO

ance Wt I'ven above
cae b mqrdamrdueatm small résidaial fregpetdys offset. This compensatlon is

| h CP ti
P EaRted i EpE CanpgRiar goo T Shhiafs o FRES and 2 may
Hﬁﬁbd@béorhuélh e scathplekitp td tRe EROMPNI tRacIdSRitRan ‘bo)r/wentlonal

Figures 1 and 2, the second CPE estimate is actual
ERE eglimaztesh avhich Extragtdbe phase fioneatdgenaraetsisfyaction.
caused by CFO PN. Thus nultiplying the conjugate of
this value with the detected M MO signal, the

Smstam perfornudnceQin@y diedcdtisideredukitti paspeat tQ/an @xpmpaeatploying
by CFO. can be ignored due

e | term cause
@%T&I W? @%Ma@a%ﬂde\ﬁ\ﬁ&@mm Slatiorm. s Twehseatiali sterams are
e(;u%r,l C‘tg.lwl [
{r ns'llng%lrdes 1tagﬂo‘\/|5 f%g@g 10 |ﬁ‘tgfo ﬁgg@uﬁﬁgﬁessg é“djﬁy utilising
emledwtswrt danultipleging P8DM)adedhriquesan EConvelotionalakcodes with

ST, PP P, JHeR) 458 BB, RSl taid system
smilcmbaduswdférrwwethé VWOAN 802a1Mp1 Stadidakd \drany asasﬁéafled in -
R R 8" SperfiaRicns (Sandrver WiRias (GesagliehaRuelication
Vh (27, 208kEmbEeE 23rEIC 3085 Nd AbYy Y ID ININIG fading channel model as
specified in “IEEE P802.11 Wireless LANs TGn Channel Models”, doc.: IEEE
802.11-03/940r4, May 2004 is employed in the system performance
assessment. The antenna configuration is of the linear array type and distance

between adjacent two antennas is a half carrier wavelength.

In the considered system, a residual CFO of 1000Hz and optimal TO tracking
are assumed. The least square MIMO channel estimation without smoothing
and MMSE MIMO detection are adopted in the receiver. Moreover, Viterbi
decoding with trace-back length of 128 is employed. With the above
established example, the MSE (mean square error) of the invented post-
detection CPE estimator for Type D MIMO channel is obtained and compared
with the conventional average CPE estimator, as illustrated. Figure 4 shows
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15

spatial division nmultiplexing (SDM techniques.
Convol utional codes with different puncturing rates
are adopted. One suitable detailed system
specification is referred to the WLAN 802.11 n
standard draft as specified i1 "EWC HT PHY

Speci fication", Enhanced Wrel'ess Consortium

R TRE R i e bt s
3R 18ds Wdreihas of tNsorfahtisRanian\bHE! &stim#6€ over &£fide SNR

802. 11-03/940r4, May 2004 is enployed in the system
fangeor nMieceovess dee sERt (Patket agfrenated oand gBER: i(bit ersor rate)

Smbefisid $2udi e IPEARY. PbstaEBion AL Extimptor and the
tonventionahavetage CREY istimater 6vasi Thpl DARM Of chidieHareasbown in
W%E’ti mal TO trackin are assunmed, The | east square

WES cRaARE| Fige vkt iresPeativalut JRBoCRMRAGIISARd INVipties various

' I [ I ' ;
ol e ran A P SI, TE LM GRaR4CEAM Wi WP Fespective
eogingyates My i/ antib/Gbolhe BBudistinlfliguiech asddriglure, 6 tdtmarly show

an uare .error) o e lnvente oSt - .
thar ¢ BB Re AR5 FaRIBEory GPErspli ot orBRR A the sonventional
adrageTPRedtimargrared with the conventional average
CPE estimator, as illustrated. Figure 4 shows 19 that
the MSE of the estimator inplenenting the techniques

D '
A58 e S el ot o8 eh T bl Ubeh Wechihel K way of example
ogl_ytgmd Wcmsv?bdiﬁbhh‘aoﬁta (tmimlventticm nmyt %@h\?dawﬂgﬁ?ﬂepaning
it.error rate c arison et ween e descri be

St g rat A scepe AIb ARBERIeBAIME 5 convent | ona

average CPE estimator over Type D M MO channel are

shown in Figure 5 and Figure 6 respectively. The
conparison involves various nodul ation schenes,

namel y, BPSK, 16QAM and 64QAM with their respective

coding rates 1/2, 1/2 and 5/6. The results in Figure 5

and ‘Figure 6 clearly show that the described

post - detecti on CPE estimtor out-performnms the

conventional 10 average CPE estinmator.
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It will be appreciated that an invention has been
descri bed by way of exanple only and various
nodi fications to the invention nay be nade wi t hout
departing fromthe spirit and scope of the appended
claims. 15 20 CLAIMS 1. Appayatus for estimating a
common phase error conponent of a MMO 5 OFDM
wi rel ess communi cations signal, the apparatus
conprising: a signal-to-noise ratio generator
cpaimgured to generate a plurality of two- di nensional
post-linear M MO detection signal-to-noise ratio
characteristics of the M MO OFDM wi rel ess

onmmu [ S r
ot rapBatait forsestifing Y ofn AT PR RFRF cSlistinent of a MiMo-

O&OIM wifeless ¢dremuhicatibn$ gigntl, ttM@aﬁpM@s Ctbmbnsmg
post-1lipear M MO detection si | - to-noise rat

char 3 SEINALG-peisealia GEperaiar cRnligwedip gapsiaie aPluality of two-
ﬂlﬁﬁéds%né?cq;a@ﬂneé}hﬁﬁlﬂ()e Hé@cﬂ@ﬁ%%ﬁl%tn%%ree Péfﬁ:t Bharacteristics of
t onponent . :

estimate common phase error
thpprMOu@F@Mmmrelesg CtommUalcatlans sigeakiandt he common
phase_error st imator

P ar of S RRgs ity rantiafier ongdisd, fo, BEfgrasra weighting

fieisradrnethe ;ﬂﬁrdllt}eonb@dﬂ?a%Mhéled)&‘ﬁméQmM@Qfe'télﬂ%n signal-
signal and to apply the pI urality of weighting

mawgﬁ: gati¢ Cbafaé?é%fésélpﬁ Je apply the weighting rfat:tiomto @csmmﬂral common
PieRferrEf é&fm%%ﬁéﬂ%ﬁoﬁe%ﬁﬁ%?% Crieg?cgﬁHo'ﬁBﬂr?a r‘léarrc?rozd‘gl‘i’?[.')]onent

phase error I'ng t a| m
wherein the common phase error estimtor is
onfigured.to gen Jlate fi nd second, wei ghti ng

oot RBDaTaS R tding oy AT 1t ABSETbANR AN Gase error

Estatoh®s s6FRYINedved gBhé e BagiLiRtity 6f wé@ﬁﬂﬁ?tfé’étors for a plurality
according tao aan E@ecedl ng claim wherein

of gjtheariieys i ithe MIMO-QEfi{Mwisgless cemmuynicationst signal @sdte apply
88 40 o GBRlnd 1808 RS Bk 61 BT EBmon pnase
momﬁtmgﬁesabereby té eetmate/ﬁdemnrmhoa phase@riosn nat ri x

of the M MO detector. 5. Apparatus according to any
preceding claimfurther conprising a filter

3. Apparatus according to claim 2, wherein the common phase error
estimator is configured to generate first and second weighting factors, the first

weighting factor being different from the second weighting factor.

4, Apparatus according to any preceding claim, wherein the signai-to-noise
generator is configured to receive an output signal from a MIMO detector, the
common phase error estimator being configured to generate a weighting factor

from a value of a detection matrix of the MIMO detector.

5. Apparatus according to any preceding claim further comprising a filter
configured to receive the common phase error estimate and to output a second

common phase error estimate.
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30 configured to receive the common phase error
estimate and to output a second common phase error
estimate. 21 6. Apparatus according to claimb5,
wherein the apparatus is configured to convert the
conmon phase error estimate a tinme-domain signa

and wherein the filter is an'lIRfilter configured to

ecei ye the tine-domgjn si .. 5 7. Apparatus for

ot i PP BGRAHAING IR g, ginelsif, I REPERIUS | fRsfigured to
Wrﬁ/\ih@%cﬁ‘ﬁﬁoﬁ?ﬁ&@ &redr SstimstedBa timel®orARiRadighalsand wherein
being configured to estimte the conmmon phase error

herfilien énan 1IRdfites opefiginedrig receive thetimedomaiorgignalphase
error estimate, the weighting having a weighting

factor generated froma plurality of two-dinensional

post - Apparatusvioviestietatingi @ comhiors ppase etror toimponeat bba MIMO-

racteristics of the M M) OF signal. 8. A.nethod
G B ireleBh oo BWmRAOBhSaTak r1DF SBRATIEEaIT Fpniigured. to
EitRRAR! the EShnﬁcﬁ??h‘éb@ge MWPQEQM YohtlaSHi hting of an initial
communi cations signal, the nethod conprisi ngg.
cammonl |phagea esiognestimatenothee weightingyehaving oa weighting factor

enerate.a plurality of. two-,.dinensional, post-|j r .
Griaed 2 4 By “of, MG wbePSPRa’ Bst-itear, MFRE detection
signalttoendiddvkatidENdratteibRssSoBETMIM O ADFDRBsighainal ;  and
controlling a conmon phase error estimator to generate

a weighting factor fromthe plurality of

Wo- dj j kil pegr [ [ - ;
o o o e 2or, REfinathg 8, O HRRE ol Kafbonét in an
apparatusnfprf eceiving @ MIMOYORRM woetess @dmswnaations signal, the
estinpte thereby to estimate the common phase error
TSM%WPr'ﬂpg'The nmet hod of claim8, wherein

cont r @drtidiithd & eighaM¥@AoidBaafo YehBFatoPf §sidrBR 8/plurality of two-
conprises generati n?Ma plurality of weighting factors
digiengignal, pest-tigeass MIM( detectian Sigiralteraopenatioreharacteristics of

\ i _ ! h
ﬁeﬁ\ﬁh\f@%ﬁ@%{eg E!c%gﬁpéh.aaﬁénsaaenapaha ' ng €

uralrty o ting ractors to”a respective
pl ur a¢antroliofy mancomaiorc pimase einars estimatar toegenemtesa weighting

ttar&ForrefPa/mttReepShtJr'arlrlR(t Sf h&d%%gn hp?cas’s?-liﬁégp R/IIMO detection signal-
to-noise ratio characteristics and to apply the weighting factor to an initial
common phase error estimate thereby to estimate the common phase error

component.

9. The method of claim 8, wherein controlling the common phase error
estimator comprises generating a plurality of weighting factors for a plurality of
subcarriers of the MIMO-OFDM wireless communications signal and applying
the plurality of weighting factors to a respective plurality of initial common phase

error estimates thereby to estimate the common phase error

10. The method of claim 9, wherein the method comprises controlling the
common phase error estimator to generate first and second weighting factors,

the first weighting factor being different from the second weighting factor.
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30 10. The nethod of claim9, wherein the nethod
conprises controlling the comon phase error
estimator to generate first and second wei ghting
factors, the first weighting factor being different
fron1the second wei ghting fag& 22 11. The nethod
of any of clains 8 to 10, nethod conpri si ng
receiving an output signal froma M MO detector at
the signal -to-noi se generator and controlling the
CRMOTHhe h?éﬁo@rdf%rne/ecﬁtdlﬂ'ﬁw r'g t® 198 Alethéd %hﬂfr‘?slrf@grecelvmg
factor 5 froma value of a detection matrix of
an votpidt ignalr frompa MHMOndetestoroat they smadrtcana@esgemerator and

ﬁgc]qtliotllm% ﬂ?e{ Egglgﬁ) &JQ?E% ec}Fcﬁ'gé%t dﬁﬁftgﬁ tgc e'g\é'rgtgrg vBenShtmg factor

feorhiwdlae ahd detedtiont mattix of the MIME detddier, a second
common phase error estimate. 10 13. The net hod of

claim 12, further conprising converti ng the conmon

%asen% h‘i’éth?&tdf@ﬁf of Qfms '? oﬁa'tﬂesf’n?l gld ffther comprising

erein th | ter an IR [tér con ured to
neeewvings athe fittenef cuhmmppamtga,athe ééminbn phase leoobrodstimate and

estiati C hase error c onent aMI\/D
SR, EFman MR et Sop hEse e catmae
conprising esti rmtl ng the comon phase error
component froma weighting of an initial common phase

b?rorT't%tmﬁfﬁ\Pd of taimelghtfurgemhgompgisingwepgyerting the common

ositéoérrgte Qgﬁ@%ﬁ%dotcf 501 dcg‘hglhaélg{‘lM glfid Wi%'rgf.n %Si’ilf)%gg an IIR

i near de tec ion signal-to-nolse ratio
ﬁimrcanﬂguredtto cecaive tHeetirheMontkibigriginal .

14. A method of estimating a common phase error component of a MIMO-
OFDM wireless communications signal, the method comprising estimating the
common phase error component from a weighting of an initial common phase
error estimate, the weighting having a weighting factor generated from a
plurality of two-dimensional post-linear MIMO detection signal-to-noise ratio
characteristics of the MIMO-OFDM signal.



