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1 APPARATUS AND METHOD FOR ESTIMATION OF COMMON
PHASE ERROR IN A MIMO-OFDM SYSTEM 5The present invention
relates to an apparatus and method for estimation of a common phase
error (CPE) component of a wireless communications signal in a multiple
input multiple output orthogonal frequencqy division multiplexing

S
(WLAN), mobile systems with Worldwide Interoperability for Microwave
Access (WIMAX), and Digital Video 15Broadcasting (DVB) systems. It is
well known that OFDM is robust in frequency selective fading channels

i latively low.implementation cost and high bapdwidth ) _
S B S R o B B e At i dgacepfpation of a
increasENtipftakh pato raiiefcvensyenantot bahilibidy ttansmiffitgtions signal in

ultiplg: sign ntaining different infarmation, streams over the . 20 same. .
B B RS o hitL SR Ut aY cmien miplexing
{phidifat effitish)cpySteerconibinadidic o)t anddDEEM releheiqiesproviding an

i low:gast implementation particularly for high data rate. ~
%%ﬂ%%gﬁlitoﬁngs%oweﬁ ?‘%%\F?gq{n%(\?vnﬂ 8 %%&/gfﬁg?a%?e'?@a' common phase
gymehestiswien errors, which can 25 cause inter-carrier interference
(101) and degrade system performance. Technical publications discussing
this issue include, for example, Michael Speth, Stefan A. Fechtel, Gunnar

MOARCa T Réintécth Mdg gy’ GpeirtensiRelemepResid ifdEEESRSS 1n based high-
N MRS The o e o o S, i RSB wit
BYarghvidcaliiachprya Bty EetaMmembu@tcbmmgWMQmmt)Digital Video
B RS R B P EB P e
Splantive tieding channels with a relatively low implementation cost and high
bandwidth efficiency. Moreover, MIMO takes advantage of multipath
propagation to increase throughput, range/coverage, and reliability. By
transmitting multiple signals containing different information streams 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 (ICl) 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



10

15

20

25

30

2 synchronisation tasks include carrier recovery, phase noise suppression
and clock timing recovery. In MIMO-OFDM based WLAN systems, the
processing of the MIMO-OFDM 5 wireless communications signal
preamble is sufficient for initial synchronisation of the MIMO-OFDM
receiver as discussed in the Speth et al §nd Minn et al publications noted
above. However, solely initial synchronisation may not be sufficient due to
resi jer fr 2y @ffset imjng offset (TO)J ;
L i oI AR, e R on and
Einabdimimbreeivulated phase rotation and timing drift in the signal
can still deteriorate system performance. Consequently, there is a need
for an efficient CFO/TO tracking scheme to compensate dynamically for

S0cNNESE BRIV FeagrsYile) thsgsiaam, vilieensenensinphai éheoisiMO-OF DM
WibBIcayset Y hrambiRatigyn of ﬁ@%@@?%e%ﬁi'égg?*@%iﬂgfjgmchronisation

phase-locked loop (PLL); see, 15 for examp ertson and S.

Rhite, M ECSRias eBprisseisisiseim trendyathl eegliamsy Minn et al
. i ing M) e ‘ I

R I R

%ﬁ@!@&hﬁ&@ EndesidiuaissrinianéraLeney. ifsat CPEQIantiionrgelock offset

CPOPENTAEOE QK 0e PSHYMSdRRAIERBANY 1 SAANC)eAPsmall after coarse

estimation/equalisation (detection) modules in a receiver apparatus.

G senmsnsHiny caceH A wintasb Phpss fviativasendtisrnaagrifidanthe signal
% 81 ALeRsrRS8 @Qé%ﬁﬁ@%;ﬂa@%ﬂ%%é%%%@é’is 2 need for an

therefore, necessary to track and correct the rotation e receive

SSicRnblidYdRtdiesking sheRe toMRBANSaieBRaNisatbdpbatish phase
RN ELRAWABRAN IR QS IENS 1S TR S5 SR Rl PRSI TR BRY) Icaused by a

subcarriers containing known data, which are inserted into the signal data

sombinationtafisnsnaiese kbR sirsilaiemans @mbasedasissheena(PLL); see,
R ESERNRE, IP 2RBEARYEH NS GBksétilonbasrds( %%Sémglgblfz pbhase noise

methods for OFDM systems 30can be categorised as: 3 mean C y
verdynse sk arepey Ais anmulinexie o f@ieMhsvrrmengtaties /CC95,
951 wEaRME INVAT @sBpley Orizpwes 57, MRegiihkddidRakeifo TeaBe a CPE

Morikura, M., "A new simple adaptive phase tracking scheme employing

Pl S8 RO ATS: & EINSSiERAIke IGE LSS SahERE estmation and

tephpeieayisronfereage, HC SpilKndPRe- VehrbrériYay 8002, @R channel
1252 -1256; and, Shou-Yin Liu and Jong-Wha Chong, "A Study of Joint

PRlRAIP ARG EHAISRtIONCSIFIGcHRAR UBRE) O Bt AE CoivsimRRalatns. However

Offzet tprRfddM s dehBdISHy EFRDBI06 AE CAMHRHNIGAIPNSEICYHR initial
and Systems and West Sino Expositions, Vol.1, June 29 - July 1, 2002,

FRIEE4ORGE 13sHificieRisios Arsy At perfraanstatolt 4% ah&ry@&@j egessary to

LRI A SRR Horaib Y esTasle R desso A tBIRSSINRISRs caused by the
@éogggssmn Algorithm for OFDM-Based WLANs", IEEE Communications
t ’

NgN& TENBADRVERBP3B2, pp. 535-537; and

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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joint CFO/TO weighted LS (WLS) estimator as discussed in, for example,
Pei-yun Tsali, Hsin-Yu Kang and Tzi-Dar Chiueh, "Joint Weighted Least
Squares Estimation of Frequency and Timing Offset for OFDM Systems
20 over Fading Channels”, IEEE Trans. On Vehicular Technology, Vol.54,
Issue 1, Jan. 2005, pp. 211-223; and Mgja Sliskovic, "Carrier and
Sampling Frequency Offset Estimation and Correction in Multicarrier

Sysieisn B Byog@fdahidBEP Whafifbte VoIdsP it 328 Lafmal BF different

MIMO-OFDM receivers, some known works deal with CFO/TO tracking as
a sivsieRine fSieio6F 3pridisfsaton faciexg mers rmraweselveMizoguchi, M.,

Exampias0f puch RybligstirnsargiSeok %quin%éké%ébweaﬁaase tracking

Hyeong Jun Park, "Physical Layer Implementation and Evaluation o

MuliRemSueMalayierRREOPPISGoRBIMRIiRR ey BTSN SiEnalRexiFEE 55th

(M M@f%f@?"?’é&ﬁ%??%@f@@- Qf'@tggﬂ%@@@ﬁﬂr\m?@?%@“May 2002,
Communication Technology, ICCT 2003, Vol. 2, April 9-11,

[ 20 Pp. .
1348035251 208, 80dZmhot BihgiwAad Hopar WhridhonesignSingy of Joint

Simeflatigngf AﬁlMM%F&%ﬁﬁé?bﬂr@aJéﬁegC@Ngétf%{né 5i8hpling Clock Offset
Throughput Wireless LAN", IEEE Proc. Of 2004 Asia-Pacific Conference

on CREURENN-SRsierhIVibaNS o/Bbb4 Fspc2 08! 208y NAalovsn Ldistits and

and Zirgrémb/ e ovK st IBIRe PghERtishe! Y MM RAEDRY-Basgd VWitRlessp. 109-
LAN System”, IEEE Trans. On Signal Processing, Vol. 52, No. 2, February

2004, 5b. 5483-494. The invention is defined in the independent claims.
Some optional features of the invention are defined in the dependent
claims. 10 A known method of obtaining an initial CPE estimate or

meallie i§38tpSoiAia Ehods-EdfeIABiMAtadAscRispmItadvtnrfer example,

and gdamypilat sUBRarIgEhERRAMOBsCRIESKALION ISEHGEE dgliBSUppression
disturbed by coloured noise. Some CPE estimates may be serious

I
affe NP BN L I S RSB 28RN E-BNSMI G B e menuigations t{u@ﬁef& Vol.6,
MIMQudete s MBEG D) o 2nEEhs spissgower can 15vary as a

function of channel. Therefore, performance can be greatly enhanced by
utilising post-detection signal-to-noise ratio (SNR) characteristics. A

plurgdiiyt of MR TINRRSEPNBHSINR (WpsCtipHesRass tRsaslesind Riptexample,
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; 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/TQ 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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subcarrier and a selected spatial stream may be used to derive a
weighting 20 factor to weight the initial CPE estimate/measure to achieve
minimum variance 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 symbgj in 25 the specific spatial stream
is a measure of the CPE.) In some apparatuses it is possible to multlply

ﬁﬁﬁgﬂfgg?&g%h@%@ @msyfﬁ@é %‘2%%.%%. ;?Jﬂ?%erence

ent of CFO and PN is su tant ially compensate

|@1 tetivriarrd Splems, d?éff:pb@@nal%ﬁld@@t@a%m resrwdlefreqaeriglst and
affSelCINCE AR HRP e meAoRERSHIHIn éeﬁén‘i\ﬁ@p@?—‘ﬁwf‘%%'é%ﬁéless LAN

tracking than in convent naI CPE estimators, which need to extract t
n%ya@a\ﬁhé’é@&)fl@@o%rtﬁmﬁjrﬁémmwols% Alpvahthgdaasing004, pp.
fiam yegighting of the CPE measure is that measures disturbed by serious
coloured noise can be assigned weights which minimise the adverse

effects of the coloured noise on estimation accuracy. 5SApparatuses

HIHULE AL e HRYRIUIPThOAR BEI&TRh AR URAGHON ditha Bﬁﬂéﬁ{al features of

frequency offset/phase noise-independent timing offset tracking and
damipieshigonarreaasinest i rderendeiséai®ss disclosed in
commonly-assigned Singapore Patent Application No. 200606234-3, the

content of which is hereby incorporated by reference in its entirety. 10 The
presawimtaihion afiphbanrRocRR AR Cb%ﬁl\eetmeseﬁfm@mtmﬁﬁorm a

IESE8 0G50 408 ACHO RN AIBIUR AR BEWRIER and 'ﬂgk'ﬁ%\}bdsﬁlmogbbcamer

diagram illustrating an apparatus for estimating a CPE 15 component of a

NINACTORDR FRakeR b‘brﬂnﬁiﬁ’rﬁcﬁﬁiﬁ@@@ﬁ&ﬁtpr@@ﬁe QMscalewa@dmgsan Some
ihysiralingra oo spiadad MRy féﬁ%&@&b%ﬁﬁme%efﬁh%é%ﬁ%?@m MIMO

Figure 1 and an optional filter for further processmaﬁef the output of t

ee@é&mﬁar fromdiie MINQ slelastiononatiiy @ Muafauﬁgetﬁ@@ep@wer can
QR AILHLHBSK 8P &%‘Hﬂ@l‘nQ'ﬁe@@gréowaﬁrﬂé%é &’HM%?F% enhanced

wireless communication signal in the apparatus of Figures 1 and 2; Figure
Py HilpHshnnstratagtior Henm-Quaserasioots @W@L@I@%@gures

1 and 2 and that of a conventional estimator; Figure 5 is a graph

|IIustrat|ngt; the packet error rate (P BH% comparison of the 25apparatus of
PigResaityref 2WRLIRRBTIaNEnvdtofaR EattersdFm eRghn@Ipa selected pilot

subcarrier and a selected spatial stream may be used to derive a weighting
factor to weight the initial CPE estimate/measure to achieve minimum variance

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 iess complexity in
CFO/PN tracking than in conventional CPE estimators, which need to extract

the rotated phase by use of a trigopnometric function.
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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. 30Referring 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 glgure 1 comprises two receiver
antennas (not shown), but the 6 configuration of two antennas can easily

R xiendedlo olner MIMG, configuraions employno hidher Umbers of oo res
Antennas. Tine-domain signhals cenve & rECEIVEr ANtENNAS are first
dipuutrbéd, li}ltsdmudimtdédmmde rmms&mar(FtFeT)amghm Weightabwihath minimise
ﬁqong‘aqégse "SRRGS domAn 3 Sigaals toets';Fnr‘fé‘?%%eé‘axudr%%}a'” The
converted freq uenc -domain signals comprise trequency-domain high
throughput (HT) Iong preambles which are output by FFT modules 12a,
AR B TS A IO CRIMA LGS LA B GSIREAIS wih o

annel requency response es Imate matrix. Thie Obtal

chanerelffryenuy réfgmifmestimatestiatiépandetputibdihgtiofs&NRacking and
6 bt
gg%g%kméngsrﬁ)ﬁa%%@@araﬁrls%)céaa@ vv? Fgé’ﬂ‘d%s%sn 8per@?vc\j/t Olrgn%gr%monly-

am@quusmmargdaemmmig:mmm adoa ABGOPABACA, tthe RBntent of which

t ins; timate - as will be
% din 8%%” {]W Péf%? e%dr't%plt% gﬁﬁgﬁestimator 20 is supplied
to CPE 15 compensator 22 for compensation of the CPE. The output of
ﬁ%@ SNSRIG 0 r [
constellation pom{g?&f)f1 W%é sgigha% ‘5\? %Er%%/% ’C%SFEJX and with
Tﬁfere@sedetémmmahum@rmmsmmme third-order timing
recovery loop made up of two-dimensional timing drift tracking module 26,

phase rotation module 28 and FFT window 20controller module 30,
digeiendd in @etlp ok SEIIADGHBALR NG nere@ppatiUBidore @sthuiing a CPE

ESBBRERtnAIe ASHHRFRILALbS AR RatimRoL Ry Foure 2

hen compared with Figure 1, like components are enot y like v
Féweho% ifirAeRIRCKT Hagipataillestatnive sisquentsyiadmeérw of the CPE

SURRRSHST Jp SIGDalBamTRT Stages 1eaq. el Iaheaeioh " 'fﬁfé?“’%r further

antennas. MIMO detector 18 receives the frequency-domain signals from

PrOCesies abthe outpuiRfipese itk ealifsainter has Nt antennas. The
#% B of RE T Skgesd? ﬁ&W‘RﬁIé@?&gﬂN IL(lst]r*ahng%'tlle sl pstested pg%‘onthm for

carriers which are supplied to a cross-correlation stage 50a,..

aptEmetigdeeBecpianepbh@icts\thdfe- o cvirelarsl GeEaUpiealion signal

ml%@g’%g}é@u@t{g@p@u@ Cf%%@glmates The initial CPE estimates
output by stage 50 are supplied as a first input to CPE

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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7 estimator 20. A second input to CPE estimator is output from the
post-detection SNR generator 16. The output from CPE estimator 20 can
either be fed directly to CPE 5 compensation stage 22 or, alternatively can
be smoothed in the time domain by filter stage 60 which, in the example of
Figure 2 is an infinite impulse response {IR) filter. The smoothing with
filter 60 may provide a yet further improved, second determination of CPE

eshmalicnohO Tde QRlionakIELdN (6 aRpARuS,Er FIgtdRdedS KR BiREr MIMO
60 comprising a forgetting factor stage 62, suimmation stage 64, feedback

coRfightatage jBgdbigher qumbsaeyebenernaspul Bariemain signals
$RRRE0. whenautlised, ds simBlied o the GRE GopRensatiofMBoHIeL2: Fourier

15The processing of the signals in the agparatuses of Figures 1 and 2 are

Jiﬁf@ﬁﬁ%@ﬂa@%ﬁév@%@%@@ TranijdbtwRIFRnersREd Beeraealyededime domain
41gr{alloMdngndiseUaRIoNE BRIES FPHRWE AP ekl HERQERII8E N ain signals

inverse transform operation (.)T denotes matrix transg;se transform .
6pEMRTiSA (reguaBRytEsmRIft jHyedhmytraidpoln gaREzamples which are

eResatiany A MY RP M Basesh V-ANsusterbilg) ransceiMahaliNgitimation

may be 25 expressed in the frequegr;l\céy domain using relatively _
ShefyierothardicratarRRIaRa. edMtiderisganar!xfeananRy-crspense estimate

satam, WheteobitansuNEREe kae ﬁaméwfrgmg%aﬂﬁéﬁéﬁ&ﬁx is output

antennas respectively, the Al, x1 received signal vector on the k-

SadedrieNRgane@irfehta g MQudRtrATINEL) INFREsRRIGioNJiH Rperates
iaRyRifenaNs MR AS Mk SRUBRaHR e MdtEN MAY f WHlEBRFiNEW Felow —

(x,(k), x 2(K), ., x o L

and a first’ output of SNR generator 16 is input as a first input 20a to CPE
estimator 20. CPE estimator 20 obtains a CPE estimate — as will be described
in detail below — and the output of CPE estimator 20 is supplied to CPE
compensator 22 for compensation of the CPE. The output of CPE compensator
22 is supplied to demapper 24 to obtain the constellation points of the MIMO-
OFDM signal with improved accuracy. The post-detection SNR characteristic
also aids the third-order timing recovery loop made up of two-dimensional
timing drift tracking module 26, phase rotation module 28 and FFT window

controller module 30, described in detail in SG200606234-3, as noted above.

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,....,502,n: 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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The channel frequency response of the k-th subcarrier from the j-th
transmitter 5antenna to the i-th receiver antenna may be denoted by
I-1,,1(k), and H(k) = 111,1(k) H2,1 (k) (K). . H2,2 (k) HN, 2 (K)... .H1, H2,N,
(k) HNr.N1(k) Inthe above system model, ideal synchronisation in the
OFDM receiver has been assumed. However, there is usually a carrier
frequency offset and timing 10 clock offset between the receiver and

HW&?ESP%Q%@SHH?@?E&H reqs&im%t@?ﬁ? r: 6@1’9%‘3&% st-detection

oscillators or the channe uency shift. This'Is true or the
FedB\aaneiaiplirid clock. There is also usually a sampling frequency offset
between transmitter and receiver side. 15In practice, there are multiple

radio chains in the MIMO-OFDM transmitter and receiver sides

Tdypectively, drurthésBimgsteatalio 2haikrrsheitbene Banfedredivesity to CPE
g %ﬂé&f‘éﬁ"é@a‘g %Fplﬁté?ﬂg%‘% NS B e QhEGRYdomain b
SI}S e}%re syhchron eg?esriective y.lDe?ote thﬁegéggggesﬁ%\ ,%nd the omain by
filter stage 60 which, in the example of Figure 2 is an infinite impulse response
(lIR) filter. The smoothing with filter 60 may provide a yet further improved,

second determination of CPE estimation.

The optional filter, in the apparatus of Figure 2, is lIR filter 60 comprising a
forgetting factor stage 62, summation stage 64, feedback — weight stage 66 and
feedback — delay stage 68. The output of lIR filter stage 60, when utilised, is
supplied to the CPE compensation module 22.

The processing of the signals in the apparatuses of Figures 1 and 2 are

explained as follows:

Matrix manipulation transformed operators used in the following discussion are
given as follows:

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

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

e (...)H 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):(y}(k),yQ(k),-..,er(k))T, and x(k) is the N1 signal vector
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normalised TO as /7= (11" -T)/T, where T and T' are the nominal sampling
20period 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 nging Channels", IEEE Trans. On
Vehicular Technology, Vol.54, 9 Issue 1, Jan. 2005, pp. 211-223, and

"EWC T PHY ification.., Enhanced | SOl
RS O o T e SR T SR i whigh may be
WFIMJM%OFDM systems), the /-th received OFDM symbol suffering from
the synchronisation error can be derived as shown in 5Equation (2) below.
It is assumed that the informati n signals are encoded and modulated to
fatinan \QHBM sylmbol x/gk) (k1 e.frequency domain. After IFFT

transformation and pass- -band modulation, the time-domain transmitted

ass through a 10 MIMO fad nel. The /- th eceiyed . ,
R o B S SRRt Oy S TSSO Ry Hiy-th transmitter
HRRSYOtEMeaFdrstevE dRnbe eRie BRGNS dNIsamDIes) Thad
demodulation of the received samples via an N-point FFT ylelds the

received OFDM symbols in the frequency domain y (k) = exp( j[2;rAf (IN +
l\ég)ifl; 7)}[l 1@]@‘) eXE(HYE‘(%B + Ng jhmik}gfl(m;( fOk")+ ICIL(K)+ n, (K)

whe S elet numper of FFT points; Ng and
N %?kBp??{{‘?cf By 8?) PO 79

AT

9

HN,.,I(k) HN,,z(k) HNr,Nt(k)

n(k) = (n, ()., (K., m, ®) .

in the above system model, ideal synchronisation in the OFD.M receiver has
been assumed. However, there is usually a carrier frequency 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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in the guard interval and the whole OFDM symbol including guard interval
respectively. 20Equation (2) shows that the distortion of the k-th subcarrier
data caused by synchronisation error includes phase rotation and the
magnitude scaling, s170kKk) , respectively. Moreover, the synchronisation
error destroys the orthogonality between,subcarriers resulting in ICI, which
is the function of s(70 pk) . As set out in Pei-yun Tsai, Hsin-Yu Kang and

i-Dar Chi el ighte STEpyimationof .. v
l%a%aéﬁn’c‘géﬁ? %drﬁ |r:5g£ o%@ﬁ%?o%%a%@%ﬁf over I%%lér@ @ﬁgﬁﬁélsg?hamed
|Bfre/arsand. arsarédbiouldubdcaniotngyy Va4, Desgenberar2 1005 2095 (for the

- finjti fs(7Q1k-m as, 10, sin( Z1-0 vk,)
e R IS ERE TR Tl T nfehee) orom
Wiieveoh antiediage soptdhéesimiinesisat n=qiter7da(E-be)drri@edras shown in
\g&ggt{éﬁ&%%&wmall, s(nvkk) is close to 1 and s(n-copk) is near zero,

and the 5mdgnitude distortion and the ICI term may be ignored. Thus, a
phase rotation occurs when the subcarrier sample x1(k) is transmitted.
The rotated phase is such that 01(k)= 271-4f+ N g)(1+ ti))T +2 Nnk (11V +

N Blddd thae tstSRIMAaNSAt fynadniRE RIAY I &ERHSE #Rddulated to form

sampling frequency offsets, 10 and the second component is contributed

s s@inpiv osfrendnae ng)( bifsiet thelErsiveisniy tHeroase wAée oiRFTRENRormation

exists, a CPE, 8,(A) -,27¢c./VON +Ndr,-(01 is introduced to all carriers in all
iSRS TR B RN R IBsrdoRRibERNSMitted signals pass through a

MIMO fading channel. The /th received baseband OFDM symbol after
sampling with sampling clock T and removing the guard interval, may be
represented by N samples. The demodulation of the received samples via an

N-point FFT yields the received OFDM symbols in the frequency domain

¥y, (k) =exp(jl27f (IN, + N )1+ mT +¢,])

27k(IN, + N ) (2)
TN

jH (k)x,(k)s(zg,. )+ ICI, (k) +n, (k)

where ¢, is phase noise; N is the number of FFT points; Ny and Ns are 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(zp,. ), respectively. Moreover, the synchronisation error destroys the
orthogonality between subcarriers resulting in ICI, 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(7¢,.) may be expressed as:
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15 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-bysymbol basis.  As known from a MIMO-OFDM system, the
received frequency domain pilot 20subcarrier 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
@I@t@%ip& Cﬁﬁg‘fgﬂécki@dlgorithm is proposed by utilising
two-dimengiosqu ﬁﬁshgetection SNR reliability 25 characteristics to derive
an optimal linear CPE estimation for MIMO-OFDM systems. The optimal

ng@i@gggﬁé}fmmi%c%gwgpﬁg ytilised to correct the rotation of the

ation points. In order to take advantage of its
wiReeSAg e hismasiplicirnidnelids gfklmtzlen;{??gl m%fyswee}t@l =Af-T.
multiplexing receiver in practical MIMO systems, finear MIMO detection is

wneleyednd kisie parigularygryeidocidnseosysiemssyilh 3 IRgeaundier and the
of transmitter and receiver antennas. Linear receivers 5utilise matrix
madipticdealistodeparnd tive delatstroamaytraasgarineedsimuiti cppigsasrotation

i 1K) = G g K)+G(k) . erel(k) i .
BRSNS O b niboingl rose
dactothauted according to a zero-forcing (ZF) or minimum 10mean square

error (MMSE) criterion.In this exgmple, the detection is performed
Asdymibg\AY G(YHE =71 where INs anvidentity, ma@ix. When using

MMSE, G(K) is calculated from,"as discussed in Catherine Z.W. Hassell
Sweatmean, John S. Thompson, Bernard Mulgrew and Peter M. Grant, "A

The first component is the inter-play of carrier and sampling frequency offsets,

and the second component is contributed by sampling frequency offset

exclusively.

In the case when only CFO/PN exists, a CPE, g,(k)=2mf(N,+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-seiective multipath fading channel. Thus
conventional weighted CPE estimation methods before equalisation may not be
applicable. Here a post-MIMO detection CFO/TO ftracking 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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comparison of detection algorithms including BLAST for wireless
15communication using multiple antennas”, Proc. of IEEE PIMRC 2000,
Vol.l. pp. 698-703: G(k) = (WI (k)11(k) + N x 1(k)(5) here No is noise
spectral density. 70If, say, 2J pilots are inserted among N signal
subcarriers, the pilot subcarrier indexesle}re given by m. If implemented
with the CFO independent TO estimation and tracking algorithm for

IMQ- systems. disclosed in SG200606234-3 ly a correction of

e o B R R e aR o) SRS Tiert methods

obnisipdeene g, a(Bpatial) mdigdexng 2B8witivarsmalbmadtidighiviiMese/stems,
nsi ' . the detected pilot subcagriers in the /-th OFDM bol

T R TS B o LS R BRI R se systems

Bifhatiola (63 canrbearwfittenas 2@ snderraient eqtatioas. (ibjrearpleceivers

jl[n%ﬁé'g‘f (Watmg )%GI&BI{S%&&SW +t<gm)s'@pzafgté'1’tlﬁg ’ dat]a' (Qtreams transmitted
simultaneously, as given by:

X(k) = G(k)y (k)

G (@)
= G(H(K)x(k) + G(k)n(k)

where x(k) is an estimate of the transmitted symbol vector; and detection
matrix G(k) can be computed according to a zero-forcing (ZF) or minimum
mean square error (MMSE) criterion. In this example, the detection is
performed assuming that G(k)H(k) =1, where Iis an identity matrix. When
using MMSE, G(k)is calculated from, as discussed in Catherine Z.W. Hassell

Sweatmean, John S. Thompson, Bernard Mulgrew and Peter M. Grant, “A
comparison of detection algorithms including BLAST for wireless
communication using multiple antennas”, Proc. of IEEE PIMRC 2000, Vol .1. pp.
698-703:

G(k) = (H" (l)H(k) + N, < 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,-1,1,2,---,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 + ¢, 1)x,(m) + G(m)n,(m) (6)
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(m) = exp(j[2zAf (IN, + Ng )T +9,])2 c (in) + " (m) where j,,,(m), | =1,-,N"
define coloured noise components due to AWGN noise and MIMO
detection, for m pilot subcarriers. This coloured noise 5 component is a
function of the MIMO channel. Evidently, the common phase rotation is
applied to all pilot subcarriers in all spatig) streams. Thus the phase
rotation of the known pilot symbol in the Specific spatial stream, observed
zg:thetMllggEcete tor ou t 5 a ure or the CPtE Th re are a total
AR gu'r%vél v%d as: (ing1 Pﬁ?(_jﬁn
+Ng)T+col2 cOn)(8) =CP4 e,, (in) Where i= 1, ,N" and the power of the
nAwhBifcryitEof (S agVnledtd e Unity;.i @)=1. Therefore, a

ross-correlation of a detected pilot subcarrier wrtﬁla KrowiT p%@ (7)

ubcarnercsynibolialds 217N «ORE, astimatesm) disturbed by coloured
noise. Some of CPE estimates may be seriously affected 15by noise

GoRveed:bydhe MINIO dgiectianBalibidaten Hblsa!sdmpEitRVeLEA AWGN

vary as a functron of chanhel. Therefore for linear MIMO detection,

poseracesdig/ENRetltility foeasurgilsta paseaelersof Iﬁthrede[b'wred noise
reliabilit

easur can be e oit ndi %PE esti tor F's]umin that,
fonw %%B (ﬁ?r upatrog %\ ﬁ neoe \Qde e Co mon phase
rotation is applied to all pllot subcarners in all spatral streams. Thus the phase
rotation of the known pilot symbol in the specific spatial stream, observed at the

MIMO detector output, is a measure for the CPE. There are a total of 2J- N,
CPE measures, derived as:
z,(m)=%, (m)xz*,i (m)

=exp(2Y (N, +N)T+ ), (m] +&, (myc, (m) (8)
=CPE +e,;(m)

where i=1,---,N,, and the power of the known pilot symbol is assumed to be

unity, i.e., )xl,,.(m)’2 =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, =[e (<)o 2y Rz (R 4D, 2, (T + D, 2 (D)2 (D
and,
€, = [81,1 ("'])a' . '76)1,/\/1 (“J)aem (_J+1)a' i e/le (_J+1)a' Tt E (J)a "’el,N, (J)]T

then 2J- N, CPE estimates can be expressed as a vector equation,
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then 2J N, CPE estimates can be expressed as a vector equation, 13 =
CPE .15 + ei(9) where=[1,1,,1] ris a 2JN x 1 unit vector and el is a 2J1V
x 1 vector of coloured noise values. Based on the above equation, the
optimal linear solution to minimum-variance least squares estimation of
CPE can be applied as 5discussed in Sfﬁven M. Kay, "Fundamentals of
statistical signal processing: estimation theory", Prentice-Hall, Inc. Upper
%atj__d?ﬁiyq;,J\éJ, USA, 1993, and derived as: ZiWid C'PE, (:9$UT ULu
- 0) !

where U=[L1,---,1]"is a 2JN,xlunit vector and e is a 2JN,x1 vector of

coloured noise values. Based on the above equation, the optimal linear solution
to minimum-variance least squares estimation of CPE can be applied as
discussed in Steven M. Kay, “Fundamentals of statistical signal processing:

estimation theory”, Prentice-Hall, Inc. Upper Saddle River, NJ, USA, 1993, and
derived as:

| S O
CPE, =(U"WU)'U'Wz, = L~

ZZ%
T

where w, ;is the element in /th row and j-th column of a 2JN, x 2JN, weighting

(10)

matrix W, and z,is the jth element of the vector Z,. The main ideal of the

WLS algorithm 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:

H 1
W=F {e /€ }
r * # * -1
€€ €6, o €€y,
* * * 1 1
_E €6 €6 T &y, (1)
* * *
| 2N €GN € T G S,

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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where is the element in i-th row and Oh column of a 21N x 2IN weighting
10matrix W, andis the j-th element of the vector Z1. The main ideal of the
WLS algorithm 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 fo éach pilot subcarrier is weighted

by the 15caor, g |I|t asure. The optimal wej ht| fa tors

aér{e glven%%y{wep&]ﬂg QEIW gW‘%Ec Fér@gpe{ Qi‘e INFggation (7),
and Equation (8), we can get,

€ € B G B (m)nl’[; (m)xl,ﬂ (m)G B (m)n;, Al (m)xl, Al (m)

where G,(m) and n, ,(m) denote the S -th row of the detection matrix G(m),

and g -th spatial noise vector respectively.
* 2
Forthecaseof i=j, ee, = E]'Gﬂ(m)nlﬂﬂ(m)ﬂ :

For the case of i = j, eie; =0 , because the noise vector for different subcarrier
and different spatial streams is uncorrelated. Thus, the off-diagonal terms of
E{e,e,”} are all zero, and the matrix inverse operation involved in Equation (11)

is simplified to an inverse of the corresponding diagonal elements. Therefore, /-
th diagonal component of weighting matrix W , is given by:
_ 1 _ 1
E|G,mm, ,(m)] N,E|G, ()]

(12)

The CPE estimator 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 A -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 H (mH(m)+ NI
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e 2J,AT C2a-2J N, -2J.N, where E{.} stands for the expected value of
the enclosed components, e, is the i20th element of the vector el. 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 frggn a correlation of coloured noise
values for the plurality of subcarriers andplurality of spatial 14 streams of

the MIMO-OFDM signals. Referring to Equatjon (6), Equation (7), and ,
S ciRor 1o, IR BLRr o LI o5 I GRS ) oS BEHAMY A (e matrx

el ) e fi-th o) ti trj
B R e s ) DR IO e B gidRea ore
Esimeahpntiis @itairet the case of i #j, e,e; = 0, because the noise vector
for different subcarrjer and different spatial streams is uncorrelated. Thus,
the, off-diagnsalRerds 6fn)x; , (m)
CPE, = Z=l—— (14)

> 2SNR, .

i=lm=1

where SNRy; is the two-dimensional characteristic from which the weighting

factor is derived and z (m)=x(m)x, (m) is the initial CPE estimate for a

subcarrier . Therefore, the apparatus of Figures 1 and 2 estimates the CPE
component of the MIMO-OFDM wireless communications signal by generating
a plurality of two-dimensional post-linear MIMO detection SNR characteristics of
the signal, generating a weighting factor from the plurality of said characteristics
to apply the weighting factor to an initial CPE estimate thereby to estimate the
CPE component.

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 piurality 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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} are all zero, and the matrix inverse operation involved in Equation (11)
10is simplified to an inverse of the corresponding diagonal elements.
Therefore, j- th diagonal component of weighting matrix W, is given by: 11
14)= Gfl(m)nu(n) The CPE estimator receives an output signal from
MIMO detector 14, and generates a weighting factor for the estimation of
a CPE component from a 15value of the MIMO detector detection matrix

ssum that the tran e nal x has been ormah d the
dnpvera?"/k HS 2 B)rn%?g\c%ﬁ‘t%? grvycln irensIona Izsngt ninproved CPE

etjmeriey dimensions) SNR of the post MIMO detection for m-th pllot

subcarrier and ia -th 20 spatial stream. When MMSE MIMO detection is

employed, the post-detection SNR reliability in the frequency and spatial

d o asigioaljtth rsvibestration gertenathr pdath sgboaraty isf@m’teémisslties as weighting
Wln uatl n as derl ed fr bert W,.Heat andLAragyas

éau Yah ?& enﬂ%? Své’f}egp m?or%%g{%l r%lt%ﬁeg{ieﬁ% §rystems aseé’ %a‘:rgllrlers of

Niiifmmnh EpairdRaetdBEETheadrnatidhal ZPCoefstierate oior each subcarrler is

Comgk?ri}(%a gl%sd \r/eoslbzin‘]djﬂs ;&%‘mﬁ@/ I%% %&%8%3 n'gltlééf %b]o(\}ég‘)T'g implement
this feature, the CPE estimator generates first and second weighting factors, the
first weighting factor being different from the second weighting factor. In some
apparatuses, all weighting factors generated by the CPE estimator are different.
All, or at least the first and second. different weighting factors are then applied

to respective different subcarriers.

When the residual frequency error is small, i.e.,eN << 1, the CPE shift over one
OFDM symbol is small, which means that the CPE estimates among continuous
OFDM symbols are correlated. Moreover, the phase noise and thermal noise
contribute more to the overall CPE in most applications, which is a slow random
process and is invariant within continuous OFDM symbols. In this case, the IR

filter is used to improve the estimation performance further to suppress the
variation in phase noise and thermal noise. The improved CPE estimate Cf’E'g
is given by:

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

where CPE‘, 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”, |[EEE Communications
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15 where, ai denotes the j-th element on the diagonal of the inverse
matrix. Combining the above equations, the final expression of the
proposed CPE estimation is obtained, SNR"(m)4,;(m)) clE _ 1=1m=1
5where SNRro is the two-dimensional characteristic from which the
weighting factor is derived and ze.,(m)=(m)x;:,(m) is the initial CPE
estimate for a subcarrier . Therefore, the apparatus of Figures 1 and 2

stimates t PE onent of t IMO- ireless .. .
R B NG AT Es SR A R iy op o Wi iiigo one method
postrprear MHd/ e tietaidtinra Sdlikacharapiatistics! o) tathessigmabssed as:
generating a weighting factor from the plurality of said characteristics to

apply-threlyyeigfiting faCtor to an initial CPE estimate thereby to estimatep)
the CPE component. This can be expressed alternatively as the apparatus

o¥tHigrirelancendausiessritPe LaCR0 domipsipitenf HamEOMBKare different
Wreless gng@gpications 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

3N %Eﬁ%ﬁ?ﬁg’g}éc@ St ERMIMP QRO NS0 g0 aﬁhﬁ@‘ﬁﬂ%qmﬁm is weighted

estimate the of the MIMO-OFDM signal by implementing the stéps

SV hthissteadhardis! fhemapis §mminatpniraitfrofanhtiae arumeut at th
eitReMIMKP-OFDM signal. That is, the CPE estimator generates a

plurality of weighting factors for a plurality of subcarriers of the 25

RiMEstestom (witkiess teemegnie A nans| g diltaid kepesatiberriialing deedback.
\eeightioe @95%t%mgwgamlé@woqﬁmiﬂ?%%ﬁ&m%ms[ﬁ!oy

to estimate the CPE of the MIMO-OFDM signal. Thus, the CPE of the
stgnH) GaWeE! mdnifdtets Ll aeesh iym dnmehiyiBeEg it 628 Frgors an 1IR

2Mt‘é’h?r'|”b ?@edback). Their mechanisms are totally different.

The processing of the signals as explained above may be better understood
with reference to Figure 3. The process starts at step 100. At step 102, FFT
stage 12 performs a Fast Fourier Transform on the received time-domain
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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implementing the optional IIR filter provides a further (second) improved
ORE estimate. The signal-to-noise ratio generator can generate
characteristics as weighting 5 factors where the weighting factors are
different for different subcarriers of different spatial streams That is, the
ORE estimate for each subcarrier is weighted by a corresponding
reliability measure, as noted above. To implement this feature, the CPE

eptmalor qeneralfs fshand seeondwelantino iRalors, Jhe sl welaind, g tne
actor'being ditrérent rom{ e second weighting Tactor. Tsome 10 9
fippatituddsgalteneighsiep fat obe tpediateal dyritenGREsestistatod 46

different. All, or at least the first and second. different weighting factors are

then applied to respective different subcarriers. When the residual

fredeeingy eganiderhighias, tt2nd12 thbeCBEcshift ORE @wimBa©FRBMctually the

B e B R R R0 DB ST 5, SO TS HiLiping
tiudsewyngiietehibie watbe avithdih€REieatass\iddlicatprs, Whdcinpairment of

IR e R A TR L RSB o oo
athdetognuppesivh d@Graahtiesittushdseqnmseand seérnmblsnosmplTsation is

; PE esii b " —2ICPE. (1.
B ST B e D e o I BRARE Ly IS 1 and 2 may
fotottieg favtoh) desses 1come|ap‘miet@ fehge i@ fatiotravking thgperumnventional
e R B S e A e a0l

the effects of phase noise in orthogonal frequency division multiplexing

PR ORsi I 9 :
B AR T, (5 SRR 8,1 8% gt omvlosng
wh2n2ubidiHg-ereive thaskd Mphdvesiistarstiplatiormaccliversfialtistieams are

car e =P (vl irst glance, Equati
AR SRR TD Relic e nls i AR BRI EIBALA R, viising
Epat&brd{8jas amURfikinthd 8M puipcihatgugstimedastanytisnal codes with

i S s, fe ck af th lous tirpe instant /-1-th, and.

et BRI e SRR oy U e G, svstem
fipecifeatiobeitheeteigen foetiimnddLAN 802.11n standard draft as specified in
‘EWC HT PHY Specification”, Enhanced Wireless Consortium Publication.
V1.27, December 23rd, 2005. A type D MIMO 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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Equation (20) weights and combines two new inputs to get the output. 3.

In a word, IIR filters only need one input, while Equation (20) is not an IIR

filter (no feedback). Their mechanisms are totally different. 15The

processing of the signals as explained above may be better understood

with reference to Figure 3. The process glarts at step 100. At step 102,

FFT stage 12 performs a Fast Fourier Transform on the received
ine-famassigngls. MIMQ detes Pé%% ' ' ' i
the MIMO-OFEDM signal at st%p 1(?4. g?ﬁiﬂ]%&%%@]ﬁﬁaa%r §egt%ﬁ?%§ gbove is
steieh desaréh20 flegfuehibie dmeanposelslectiol Bigregimateresiena wide SNR
eaHiRY fregusney offsgtandipRage hgise. Jhe syheainrs ag-rePIBReNIE

by Equations (6) and (7) aﬁove.%lﬁhe 2J-Nt p§ot su@aﬁlﬁers are Ot}tputr%y r rate)
MRMEadisRitsoEdBattotecoieeriile PesigieBatiDhe CMpuestimator and the
R RS IALPIRAC OES BRSPS RIS NS IR S shown i
shown at step 108. At step 114, post detection signal-to-noise generator .
Foodssivés mradwbigurrenBiorREBIchvetaractéhsticcgiveansoRqUaretyes3) various
AR ErathSPL SHRRELS QLG IRB YL . 1RE MARTONE BSB ENGSHTIAIR S respective

passed through the filter 60 of Figure 2 at step 117 before the algorithm
ERENGL KAtes 168 R efdrb(§ agdne tiesiglids Tignee2d taadddprtedelearly show

BFHMAE iachilly s treRensAtiaPENcUaR AtiG ofRd Ahash £ RR ntional
by CFO/PN. Thus multiplying the conjugate of this value with the detected
RNRessdrBE thetimpFment of CFO and PN is substantially

compensated for if the ICI term caused by CFO can be ignored due to

small residual frequency offset. This compensation is implemented in CPE
coWierR aBpreciated éé@bmugmm@mé@q baerpdaagtwAHRg WY Nl @xample

IssLRRAMABIRXTY AJRSiCORNI AN MR C RS TBIOPRAGE Fithout departing

estimators, which extract the phase from a trigonometric function.
gostetng epigiAaAEERRY Pdw AsiaeRded iRigSpect to an example
employing a 2x2 MIMO-OFDM based WLAN system platform. Two spatial
streams are 15transmitted over a MIMO fading channel with 20MHz
frequency band by utilising spatial division multiplexing (SDM)
techniques.Convolutional codes with different puncturing rates are
adopted.One suitable detailed system specification is referred to the
WLAN 802.11n standard draft as specified in "EWC HT PHY
Specification”, Enhanced Wireless Consortium Publication.
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20 V1.27, December 23rd, 2005. A type D MIMO fading channel model as
specified in "IEEE P802.11 Wireless LANs TGn Channel Models", doc.:  MCSLLP
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 antennas48 a half carrier wavelength. 25

In the considered system, a residual CFO of 1000Hz and optimal TO

tré\clkﬁ"ly§re assumed. The least square MIMO channel estimation without
smoothing and MMSE MIMO detection are adopted in the receiver,

Moreover, Viterbi decodingcl] with trace-back length of 128 is employed.

With the 2BBIERYS S BRERRI BY-APRENIARIME M EAIPE GemBRIRY of a MIMO-
the FTYRNIAFERASS-d6tastin cabens igiaiotier dypsrRdIMhehame! is

obtained and compared with the conventional average CPE estimator, as

iilustratef. FINFEA-BRIRRS LS GeRerRiNI SEigHESEMaRDRTAtBIarAHaIY of two-
theiteshsisihessiraciinest ahmveiz Blestidrssidiai hainéhrasenyratigialistics of

mean estimator over a wide SNR range. Moreover, the PER (packet

er&?ﬁ @@@m%m@%m%m@%m@@ the described
post-detectiomfBh pREBWEI GNEstastSIOBYANEARSYH Wejaaeratta first weighting
e tinéator over Type MIMO_chag{?el are shown in Figure 5 and Figure 6

re 458 .al'ﬁé/ PERISHING, G FERButh e BRI PEWerigiensional post-

nagimedy, MBIV dbb&ativhagig A6 Mot ey nsipastirestesinadateapply the first
1/2 and 5/6. The results ;fn Figure 5 and _Figure 6 clearly show that the
180G BREPSGIGBERg R S LD AR BRSO IRRPIRSERehSHnate thereby

1%\&(;&9@@%?315 ﬁmﬁmnltpﬁﬂisll@e @(FD@IFI %dﬁfﬁsbd Hbﬁtaf\)vlﬁa lé’f @iﬁolhééﬁrﬁt weighting
been descri a example only and various modifications to the
in%eér]ﬁ?l{ﬁ rwgtg E?é%ﬁ%fé %ﬁwgﬁ?%‘wfﬁ@%?ﬂ%%pirit and scope of the
appended claims. 15 MCSLLP 20 CLAIMS 1:Apparatus for estimating a
cgmmon,phase error com oner&’of ? MIMO- OHDM wireless

commurf R AR ASCRRS ol AR TNt prERE A SR aCRmARRE plifse error
gestirattorcnbgnfiet tedyengeaieratel dr ality Siftpusk WisighirignRktors for a plurality

past-linear MIMO . detecti i -fo-npise ratio characterjstics of th

wﬁfx%‘%ﬁﬁﬁr%f?& sﬁéfﬁm i ﬁ?owg% Hacgmynunications signal and to apply
the plurality of weighting factors to a respective plurality of initial common phase
error estimates thereby to estimate the common phase error.

3. Apparatus according to claim 1 or 2, wherein the signal-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.

4, 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.

5. Apparatus according to claim 4, wherein the apparatus is configured to
convert the common phase error estimate to a time-domain signal and wherein
the filter is an IIR filter configured to receive the time-domain signal.
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a common phase error estimator configured to generate a first weighting

factor and a second weighting factor from the plurality of two-dimensional

post- 10 linear MIMO detection signal-to-noise ratio characteristics and toyCSLLP
apply the first and second weighting factors to an initial common phase

error estimate thereby to estimate the co¥mon phase error component,

wherein the first weighting factor is different from the second weighting

factor. 15 2.Apparatus according to claim 1, wherein the common phase

ergor estimpardf coRficsBrhiRiNg e EIR A Bl Iibs o wRipRiRYGSLE PG MIMO-

g}{grahty of subcarriers of the MIMO-OFDM wireless communications
si

Mhantsedpiy aRapiRitgtianteRjanal dbeoranaiatispdesing configured to
plestinatd itHBaepRrA Bﬁ§§§ R Q%Wb@%meﬁ%ﬂ g %@@%ﬁéhﬁf an initial

common phase error. 20 3 paratus according to claim 1 or herein

Ap
th@oéwﬁﬁptBWﬁﬁ?eegﬁ@{e?ﬁfﬁp?éeocmﬁgWFéﬂnﬁ% ingrAdlifphveighsingdactor and

a M%&datmﬁghth@cmp@awr%ﬁswm@wr& GRR{gIHRAHNal post-
g nerat(?vﬁlyl ﬁ%@ﬁl factor from a value of a detection matrix of the MIMO

de e oS AP Rtig chatrt istisseihbe MIMO-OFDM

cw@wmmmmﬁrwﬂwr%t@mlf&me 10aIRABANREM QHETRTHRAVeighting
388&0 output a second common phase error estimate. 30 5.Apparatus

afng to claim 4, wherein the apparatus is configured to convert the
common phase error estimate to a time-domain signal and wherein the

fl|?l’ is an IIR filter configu receive the time-domain signal. MCSLLP
o AR, St FERG W o HTHERs BTG oRt R aBPanent n an

Mg apatdVIfolressivinraunitBuCRDN alvitefeaBPadAtsUIRIAlions signal, the

conflﬁ? red to estimate the common phase error component from a
WQ?S 7Y SRS 5 common phase error estimate, the weighting

having admwemjwwmadqroam@a@mgbmembnmf@@@ém@%rmnty of two-

S RO HaR Db MNC] CaiP MR OIoRR S T o flpugsteristcs of
thigdinstl Méjgbﬁrﬁg\ﬁammesdlﬁemmﬂjmttbﬁ§ew \waghting factor. 10

coparat OB 6 SRR ABI 1 FoLC EIR RCHRERE St weiohting

thfactmthmﬂ coByrEioweig htmgrmctbmgrarﬁlghelﬁmmmdﬁtlﬂcgéméai@bnal post-
ener of two imensional.post- I|ne O detection
SURRECHL Hee e Rmanalie orike v HeReand 16" Bpply the
cwerghmt@tﬁao&:smah anitial common phase error estlmate thereby to estimate
the common phase error component, wherein the first weighting factor is

different from the second weighting factor.

8. The method of claim 7, 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

9. The method of claim 7 or 8, comprising receiving an output signal from a

MIMO detector at the signal-to-noise generator and controlling the common
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controlling a common phase error estimator to generate a first weighting

factor and a second weighting factor from the plurality of two-dimensional
post-linear MIMO detection signal-to-noise ratio characteristics and to MCSLLP
apply the 20 weighting factor to an initial common phase error estimate

thereby to estimate the common phase ef®r component, wherein the first
weighting factor is different from the second weighting factor. 8. The
m@ﬁ‘%i?cﬁ%%iﬁﬁ?‘%%?émg;@m@ﬂmg weigbtinadaginaderr@valge of a detection
eshaRQ LEGHBAUFRR08BRI&HIT 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

pluglity afHgitabEsENEMPRASE BERME TGS thRFRPYJMSSHENCE R iving, at a
common pqgase error MCSLLP 22 phase error estimator to generate a

weilRtiRh R EPRBFANEYall8 SPHRA8CRBASARObMRBIMAIR Gk @utprtting, from
1GhEHiencthescohanyophelatinshade Srisrbstipateprising receiving, at a

Sfilter of the apparatus, the common phase error estimate and outputting,
from the filter, a second common phase error estimate. 11. The method

of tlaim Thefurtieeh c@nyirisinthtornye finn éhe eHpPRSMENasRRIMg the common
estimate to a time-domain signal and wherein the filter is an MR 10filter
c

AR B rEStiMAtRct Ao tRFdRMahalgnal Andesrenetiemilieiis an IIR

a fingroonfignred fIrascRIVenRAe SoMBIOSHHM wireless
communications signal, the method comprising estimating the common

phase error component from a weighting of an initial common phase 15

eroy. estimatetiiod \weigbtintatiayiRg cdEoME[SHENY BT RMBDRERORA a MIMO-

VIR ML S G IR0 RhH B e SR M Espnating the

sigoednvaregiagbechirst wergpting iactorisadiffeightifi®ftha seaNM¢ommon phase
weilghtinégs[actqr. I . . N
error estimate, the weighting having a first weighting factor and a second
weighting factor generated from a plurality of two-dimensional post-linear MIMO
detection signal-to-noise ratio characteristics of the MIMO-OFDM signal,

wherein the first weighting factor is different from the second weighting factor.



