:Digital Communications Channel Estimation Method Field of the Invention
The present invention relates to a nethod for channel estimation in 5

comuni cati ons m\mm \Mmm ground of the Invention Wrel ess OFDM

<(ort hogonal frem m on nul tiplexing) comunications systens (such
as- descri bed by the.gtgpdard | EEE802. 11a) are systens in which

communi cati on devices, such as base stations, comrunicate 1o with other

devi ces, such as nmohj.le tgrnmnals, .over_.a wrelLess co ication |ink.

FI GURE 1 shows a typié ol 2P DVt ST H-E8 '%&ﬂlm of the
prior art. OFDM systens have several advantages over other systens. In an
OFDM syst erRieldhef &Y Inventiopguency bandwi dth used for the transm ssion of a
15 signal is subdivided into a plurality of frequency carriers. These
frequency carriers are transmtted through a transm ssjon channel (e.g.
air). Adjacent ThedqiesRy Eyentien Jelates 3pt aogstad f& shaRneh retimatipryin
utilizedo A&atig $Baqy spread spectrum systens due to high spectral
ef fici er?cywﬁn({glﬁt %\gﬂaﬁlﬁy ﬁ%ey utilize a cyclic prefix providing easy
renoval of inter-synmbol interference 20 (1SI). On the receiving side of
an OFDM corBackarsunshof thekinventionas a nobile terminal receiving signals
froma base station, a channel estinmation or identification is perforned

for each transm,§si | ' rd to opti.m ze the. denodulation in the
receiver in vi emr{e%t%gégéwth@%gﬁgﬁﬁgyepgysg%ﬁéo& mé@'%%?%l:t eristics or
condi tion. d¥rasiuniationsapaiehts @Gathkrveedoribet ) Chie LsRANEaEEESIRL T AmpEi t ude
and group delay. O her 1nperfections, such as reflected, multipath

si gnal s, ca¥yste/pedn whighhgoramupirationeiayicas stple asibaseddations, oonmlnueigatet is
' -synbal e i , ' S [ St ream
ot oa i b SIS Suctf A6 HIOMABKARRY, WEPBTlifelbes RaBihldtatod g

of ten does, linkxtFIGLREYlosttbws a typical OFDM wireless communications system 101 of

* the prior art.

OFDM systems have several advantages over other systems. In an

OFDM system, the entire frequency bandwidth used for the transmission of a
15 signal is subdivided into a plurality of frequency carriers. These frequency

carriers are transmitted through a transmission channel (e.g. air). Adjacent

frequency carriers are orthogonal to each other. They utilize lower bandwidth

than spread spectrum systems due to high spectral efficiency. Additionally,

they utilize a cyclic prefix providing easy removal of inter-symbol interference
20 (IS).

On the receiving side of an OFDM communication link, such as a mobile
terminal receiving signals from a base station, a channel estimation or
identification is performed for each transmission carrier in order to optimize the

- demodulation in the receiver in view of the estimated channel response,
25 characteristics or condition.

Practical channels can have frequency-response in both amplitude and
group delay. Other imperfections, such as reflected, multipath signals, can
create similar phenomena. In the time domain, the result is inter-symbol
interference, whereby adjacent symbols in a serial stream interfere with one

30 another. The spreading of symbol energy can, and often does, extend beyond

" directly adjacent symbols. Many channels have multipath reflection-delay
—_—
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directly adjacent synbols. Many channels have nultipath reflection-delay 2
responses that vary wth frequency and physical |ocation (nobile).

Refl ections result in signal replicas of random anplitude and phase that
arrive sinultaneously at the receiver, while group-delay variation refers
to the set of frequency conponents that, neke up a single signal, reaching
their destination 5 at different tines. The tine-domain result is ISl of
some formin either case.. .OFDM channel estimati on nmethods can be

cl assi fi ed 'PRAASERBR! VA Milbireaency aod Phvyed '%atiﬂsugp?twlq)nd?nﬁtﬁcﬂg?% and
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Met hod - on the i mati on al ne rom pil ot data.
Pi | ot dat a simulpareedushnat the(reteiveotwhitehgraupadeday varati@ancefeeck therseantl i s

I tipl ith er data,i synbol.s before trapsm ssjion. . This pil ot
Tt 5T e deatieficy RomROnENtss Biat JANE Ul s ingIe S aLoereRinG (et eistipaion

frequency andiftdraRt SIABE! 'Theﬁﬁm%ﬂﬁ)nﬁﬁﬁ%wlf is 18Y of 38 é’%irﬁﬁnté?ﬁnenééé@ of the

recei ved data, an estimation of the transmssion <c annel at these
frequency and ti@rDNotarmmet astimatiohynédodbtcanredcliassiiad it threecessi ng such

i | ati fil ' iCtj b formed t ti mat
fhe channel A ESBISts PRt PBe AL PBHR L BRI b SF -BIRY ePesfing - user
data. The Morel IThespildtibaseafmesree 6tk belraloMByaIddI At Medesd o “Menpgar i .
"A conparison of pilot-aided channel estimation nmethods for OFDM systens".

| EEE Tr ans&eibasedon tBegharmationaxpdaingd fiasn pilabdatme Piog dakwyis pegs:a®or3. 20

Aol 1 cati oo 0B BETBRS3ES 4Re EEORREnas BlmPen Wb UHEP B Br oM ng
pi | ot synmbadysnbold befuretap@nyibsibnt Megepitsti diita & insBibatinotABAUsefeblpdsa i s the

limted amount of pilot data in practical systens. Since pilot data
consunes phed ratternin batdiedrequansyanshtime demajne Atdhe seceiver, birost

carriers ardnd e uBoring fediiéd B BhBRABT Y nE tidiettindo)) T o
i mted anmmhannef apihkest fbafuence ama time points can easily be obtained. Then,

15  processing such as interpolation, filtering and prediction can be performed to

estimate the channel response at other frequency and time points transferring
user data. The Morelii et al. reference (Michele Morelli and Umberto Mengali.
“A comparison of pilot-aided channel estimation methods for OFDM systems”.
IEEE Transactions on Signal Processing, Vol. 49, No. 12, Pg. 3065-3073.

20 December 2001) summarizes such methods. Also, US Published Patent
Application US 2002/0034213 A1 to Wang et al. provides an example using
pilot symbols. The problem with these prior-art pilot symbol methods is the
limited amount of pilot data in practical systems. Since pilot data consumes
part of the bandwidth, leading to a lower data rate, most existing systems use

25 as little pilot data as possible (e.g. 4 out of 64 carriers are used for pilot data in
the IEEE802.11a OFDM standard). This limited amount of pilot data leads to
lower accuracy when interpolating to estimate the channel response for carriers
between the pilot carriers (e.g. due to the edge effect).

FIGURES 2(a) and 2(b) show two prior art pilot insertion patterns that

30 can be used with PSAM channel estimations. In the block-type pilot symbol

arrangement (see FIGURE 2(a)), the pilot bits are transmitted as entire symbols

at a given times. These pilot symbols are repeated over specific time periods.



J ower accuracy when interpolating to estimte the channel response for
carriers between the pilot carriers (e.g. due to the edge effect). FlIGURES
2(a) and 2(b) show two prior art pilot insertion patterns that 30 can be
used wi th PSAM channel estimations. In the block-type pilot synbol
arrangerment (see FIGURE 2(a)), the pilot; bits are transmtted as entire
synbols at a given tines. These pilot synbols are repeated over specific
time periods. 3 In the conb-type pil ot rr nts (see FI.GURE 2(b)),
several caft the corabaype pielRibarapgepentt Psﬁﬁtéel-%ﬁg%ggﬁn peyerabarigrssare
transmt t fhM&Mitehe DIEPOH éfé%??‘tl%% on
time. The Pﬁ%&%@%%%@% zﬁgﬁgﬁgﬂﬁ%@'g%()é ti/pee?é ISand as

ment i oned &itema) odsymbobtramsreisSbrctimei ers are reserved as pi I ot carrl ers.

Interpolation is. p d 0 i tet e chann res of.carriers
bet ween t he knO\SIW 3&%@? ?Q%M Br%%é‘@éﬁgﬁ E’%‘W d(;??)ol ation
schemes sus gfantdheldBhdvien 8a8uti TG BQ'G&M&@ dretrBsshvebas! pirRfidanfars domai n
channel i o response He(k) is estimated fromthe known channel response for

the carri ersterpalation isgoerfrrmped tst egfinateHpeichannpi(aspenee ierggrriers
=( HP( m*1) - H, L Oher K .
ow pass | HAWEBT 414 Bhowa Aok eerie [ibre TR ke G iBhadBaibidtc, | " e

i nt er pol at iRRenddudedgre domain interpolation. As nentioned above, OFDM
systens are substantially immune to ISI. The nulti-path, or channel,

di stortion problledhe bn@@k‘éfﬁFQQbé'OBmeOﬂéb@é’teiQHgn@héomaa%Phﬁﬁwlsarrpl es of
h OF dded
Guard 11t ereaponse il s S8 ARNbrmAhe Rnobfl drizhnst E4EREET0 e kit

syst ens tymaeafing/thiehsiiot &its HpQSk)data b| ts of a synbol are copied and
I nserted at the beginning of the synbol, resulting in an 80 bit

H, (k)= H_ (mL+1)

= (1 (m+1) = H, ()} + H, (m)
0<I<L

Other known interpolation methods include low pass interpolation, spline
15 cubic interpolation, second order interpolation, and time domain interpolation.
As mentioned above, OFDM systems are substantially immune to ISI.
The multi-path, or channel, distortion problem is taken care of by repeating the
last few samples of each OFDM symbol at its beginning, prior to its
transmission. This added guard interval is known as a cyclic prefix. In
20 |EEE802.11a OFDM systems typically the last 16 data bits of a symbol are
copied and inserted at the beginning of the symbol, resulting in an 80 bit
symbol. Blind channel estimation methods can also take advantage of these
cyclic prefixes and other redundancies introduced into the structure of
transmitted data symbols, such as virtual carriers, to perform channel estimation
25  through a statistical analysis. Keong et al. (Chin Keong Ho, B. Farhang-
Boroujeny and Francois Chin, “A comparison of blind channel estimation
schemes for OFDM in fading channels”, The Proceedings of IEEE Singapore
International Conference on Communication Systems, Nov 2000) provides a
summary of blind channel estimation methods. These methods don’t require

30 pilot data and thus can achieve the full bandwidth efficiency of the system.



synmbol . Blind channel estimation nethods can al so take advantage of these
cyclic prefixes and other redundancies introduced into the structure of
transmtted data synbols, such as virtual carriers, to perform channel
=estimation 25 through a statistical analysis. Keong et al. (Chin Keong Ho,
B. Farhang- Boroujeny and Francois Ching "A conparison of blind channel
estimation schenes for OFDMin fadi ng channel s", The Proceedi ngs of | EEE
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t he channehwthébpsmmtho@sns thigh cosaexityd IQM/@MU(EE:)/ andl lpw ¢onyerggndeout access
to the source

Theprobe s is.high conmplexity,
| ow accur afHeH dgilﬁﬂmtla%rﬁv‘érn&eﬂ@@ € gf)'@ﬁrdg "ﬁ%§8d qerh%(?% 'Hb“gﬁ f‘r@ %8xi sti ng
met hod for wiead VitGiaVchhidre exit iriidlel Kgndl. wher e virtual carrl ers exist in the
signal. The follow ng describes how the cyclic fprefl X is used in a blind

channel esti matliherfollawiagi dgseribas @iOWaﬂhedia/tCélC prefegimuseddn v g ehaniebl ocks,
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inverse di s¢imdois, bP sizeui @acﬁr@mﬁo}rm tﬁr’n@lﬁT)s eépiesdaﬁeam@@wmq; vebtar cyelic
prefix. After modul ation, the sy (n) beconmes S(n), the nth

transmi t t ed(OFDVIS iAW m@‘i"ﬂ‘éﬂo'ﬂrﬁﬁmeaﬂfﬁh()l X(Re iInclugas a0 mV@fS&@'ﬁFFQ"@ S(n)

b t DM nodul at
and 15 ot EOHTEETRNSIAY TR grshe dpattift B dREf B M F e e £
repr esent s nhddulation, Mhdisyatbet &(rBcedoetes S(n), the n transmitted OFDM symbol

after modulation. The transform of x(n) to S(n) can be described by:

15

Here K describes the OFDM modulation and is determined from:

- H
K{F }
FH

20 F'is the Hermitian of F, where F represents the N x N discrete Fourier

Transform (DFT) matrix. The sub-matrix F* is formed by the last D rows of F
where D is the length of the cyclic prefix.

Due to the existence of inter-symbol interference (1Sl1), the OFDM symbol
S(n-1) will be contained within the next OFDM symbol S(n). Normally the

25 length of the channel is less than that of the cyclic prefix, so IS| happens only

within the cyclic prefix of S(n).

The received signal r(n) at time n (with a length of M = D + N) after
passing through the channel can be described as:

r(n) =[C, C ][ (n = )] b(n)
S(n)

30



:Transform (DFT) matrix. The sub-matrix F'' is forned by the |ast D rows of
F' where Dis the length of the cyclic prefix. Due to the existence of
inter-synbol interference (1SI), the OFDM synbol S(n-1) will be contai ned
awithin the next OFDM synbol S(n). Normally the 25 | ength of the channel is
| ess than that of the cyclic prefix, so 4SI happens only wthin the cyclic
prefix of S(n). The received signal r(n) at tine n (wth a length of M= D

ft h th l. b bed
DS wile o Shd & 2 mecpefesaping dreofer o ihe AREnaStadcMinp 6 e

effect of the channel accordingto: CooooCM, ... C1 C1 Co 0O Co= and
C=00CM, CMl...CleO.....05andb(n)isanoisevector
representing additional I ke Gaussi aw poi se AGN) ., Wthguil | oss of

generality, the nunber of |carriers, N. s set as fqur tlrres the |l ength of
the cyclic prefix, N =c4R|f6r sforrpl | ci't yandTe=D'x D upper leflt sub- matrix
of Cois descrlbed as CO .| The D X" D @pper rlg t sub-matrix_aof C, is to
described as C, . S, (n) and b; (n) $ esent Dgx 1 sub-vegtars obtained
from the (D x (i-1) + 1)t "t'o (Dx |§ el ene ts of (n) and b(n),
respectively. S (n) is the result of the OFDM nodul ati on of x(n). Under
noi sel ess conditions, r(n) can be witten as: CL 0 0 0 Co $4(n-1) 0 Co O
0 C, S, s(n)and b(n) is a noise vector representing additional white Gaussian noise

(AWGN).

Without loss of generality, the number of carriers, N, is set as four times

the length of the cyclic prefix, N = 4D for simplicity. The D x D upper left sub-

matrix of Cy is described as 50 . The D x D upper right sub-matrix of Cy is
10 described as C,. §,(n)and b, (n) represent D x 1 sub-vectors obtained from
the (D x (i-1) + 1) to (D x i) elements of S (») and b(n), respectively. S (n) is

the result of the OFDM modulation of x(n).

Under noiseless conditions, r(n) can be written as:

C, 0 o o C,[S,»n-D]
0 C, 0 o0 C/| S
15 rimy={ 0 C, C, 0 0] S,(n) |=CeS(n).
0 0 C, C, 0| S,n
0 0 0 C C,| S,(m

Here the symbol S(n) denotes the vector

[§4(n—1) S, (n) S,(n) S,(n) §4(n)]T and the symbol C denotes the matrix.

The received signal auto-correlation matrix R,, is obtained from the

20  noiseless r(n) equation as:



A5 r(n) =0C Co0O0S (n) =C S(n). 00C CGO0S3n 000C Co
S4(n) Here the synbol S(n) denotes the vector [$4 (n -1) S, (n) S, (n) S3
(n) $S4 (n) I T and the synbol C denotes the matrix. The received signal
sauto-correlation matrix Rrr is obtained fromthe zo noiseless r(n) equation
as: 6 Rr = Er(n)r(n)H] =CRSSCH +661 ¢ =CCH +661 Co.o 0 0 0 Co,0 Cl, |

Co.l 000 O0CHLOOOOCLOCL,1 Co.l OC,000COO0O00+0C, oC
Co, 0+o01 000Co000COC Ch,b, COOOO0O0O0OCOOO0OCO1O0CLOOC.lI
Wiere "E is tlRg =Rpéexrat)i’dn operation, the matrix C, = C, C' and 6b is
the noise variancgg Que toythe orthogonality of F and the assunption of
white unit 5 variancé data.’input, RSS, the auto-correlation matrix of S,
i's approximated t-oClgg +egual to the identity matrix, | as shown by: R _ [PH

O]J]R[f O0=lI. SSQOFHXxx O F 10 Rrr ds-therefare of the formox x COO0 Rrr
= X X X + 6b2l Co,Gux x0and & he ®asCop|el Eqentls, of X he @irs® tolum are:
15 COCO 0 E0.0 0 0 O 6l,0 61,1 E0,1 0 i“:‘1,0
=lo o0 C, 0 o0+ 0 C, C, C, 0 |+o/1
O 0 0 E0.0 0 0 (~:1.0 al,l EO,]
Laoo 0 0 0 a00_ L 0 601 é1.0 Ex.l_

Where “E” is the expectation operation, the matrix EZ,.‘_,. = C, (NZ‘;’ and o} is the

noise variance. Due to the orthogonality of F and the assumption of white unit

5 variance data input, Ry, the auto-correlation matrix of 8, is approximated to be

equal to the identity matrix, | as shown by:

10 R, is therefore of the form:

and the last D elements of the first column are:

15

CoCo

[
CoyCy

CoCpo



V cOc, = COD17 Thus, the tine domain channel estimation can be
~determned directly fromRrr once the scalar indetermnacy co is known.
However, this blind channel estinmation nmethod does not work in systens
ssuch as | EEE802. 11a OFDM conmuni cati ons systens having virtual carriers. 5
Virtual carriers are at the edges of the transm ssion spectrum and are used
in order to avoid aliasing problens at the receiver. The existence of

' I h
actually {1 ansni DS rBep BB o RGPS e A b PP A T DA CVGRIY | er' i

s no | ong t; | t SS = 1. 10 In | EEE802. 11a
OFDM commﬁllbggﬁlr(ﬁgbgggt%g%;art@p?tggﬁwgegzco"gft@%gv ‘the 64 bit synbols are

dedi cated to vi Howéveeathrg @Er?d ch¥ieiel eenRigied Methbdtdesndtiisrk |H%g§tew

pilot carriers, % he 64 bits of each synbol are avail abl
transmtti IsgchlaséEE 802 *rf’@k@fDM cerwnunisations systemsthavinguirue pagess

oi Tots Ana W icerarrg el hEERbESRY bR PP R B S. To

make use ofordith avafdoélr@ém@@rotﬂ@ﬂfs@&hamdc@aém eme@ngeCéﬂmmm se bet ween
the two kinds of nethods. In Miquet et al. (Bertrand Mg

Courvi | | e &AHIEH Eeansighseme Carsefﬁsﬁﬁ:a@%ntsm&\eowrneolaﬁa §6’§H3“lzﬁltra|ﬁ‘§"‘ttthannel
o :
Vol | 120, NI EHE ST steffs hEfihg iAaRekiaRT Bhopagal OEHRSKET.

to renove tth\aeapé;mptlmmdﬁﬁtel{gg rdtion in blind estimtion nmethods. However,
the method in Muguet et al. 1s very conplex and does not make full use of
t he i nfior mati on If iBBEEROR dt1a OFDM coemanmoat&mwéysﬂsmsaypleall)am bltdioftidhy A

Thomas, Frederlck W Vook anpd vin 25 L. Bau Sem -blind channel
i dent i fi catBddit pym bRigNAre qﬁr‘ﬁ@@&%(}f@"@l’ CREISES. n\Nhen combined with th94 bits

used for pilot carriers, only 48 of the 64 bits of each symbol are available for
transmitting data. This makes it even more difficult to perform good channel
estimation in such systems.

15 Since typical OFDM systems use both pilots and cyclic prefixes, semi-
blind methods have also been proposed to make use of both information
sources and achieve a good compromise between the two kinds of methods. In
Mugquet et al. (Bertrand Muquet, Marc de Courville and Pierre Duhamel,
“Subspace-based blind and semi-blind channel estimation for OFDM systems”,

20  |EEE Transactions on Signal Processing, Vol. 50, No. 7, Pg. 1699-1712, July
2002) information from pilots is used to remove the phase indetermination in
blind estimation methods. However, the method in Muquet et al. is very
complex and does not make full use of the information from pilots. The
references of Thomas et al. (Timothy A. Thomas, Frederick W. Vook and Kevin

25 L. Baum. “Semi-blind channel identification in OFDM”, Proceedings of IEEE
55th Vehicular Technology Conference, VTC, Spring 2002, Vol. 4, Pg. 1747-
1750, 2002) and Al-Naffouri et al. (Tareq Y. Al-Naffouri, Dimitrios Toumpakaris,
Ahmad Bahai and Arogyaswami Paulraj, “An adaptive semi-blind algorithm for
channel identification in OFDM”, Conference Record of Thirty-Fifth Asilomar

30  Conference on Signals, Systems and Computers, Vol. 2, Pg. 921-925, 2001)

also propose semi-blind methods based on decision directed algorithms, but



55t h Vehicul ar Technol ogy Conference, VTIC, Spring 2002, Vol. 4, Pg. 1747-
1750, 2002) and Al -Naffouri et al. (Tareq Y. Al -Naffouri, Dimtrios
Tounpakaris, Ahmad Bahai and Arogyaswam Paulraj, "An adaptive sem -blind
;algorithmfor channel identification in OFDM', Conference Record of
Thirty-Fifth Asilomar 30 Conference on §gnals, Systens and Conputers, Vol.
2, Pg. 921-925, 2001) also propose sem - bl i nd net hods based on deci sion
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103 enters acodlng séction a transmtter 102. The data is then
converted from Setuming to 51QERA 1.cseriadbinary insendsatear 103 entﬁr@armdm

converter 107 il er. i.nser i | ot nbol s,into the
Gsor data Setion 19et e iR Sher e de Sk Bty YRR e 1o
obt ai n the gargleneyatdnnaiserisi wndralélkdonVéiter 207 Nekt a(pﬂﬁt/ﬁ‘fs%ﬁedlwgr ete
Fourier Tr ansforg] section 113 then transforns the frequency

t ransni t t edNsgriRilotgyRPOlS inte e uaer daka inenirad Ratirralin ok ﬂnﬁe%@wm ng
10 to: x(n)yng tkrﬁgﬁo{wﬁ% ﬁglé obthiT tf?efr éuen y d{ﬂ'n hgfﬁeél)é@r Dy pP1 AL (g d

interval or c efIrx I's 1nser |n signal x(n) 115
by the guar('rdwemdﬂscmte Fectieoi rdrisfortno) ﬁéctmnn‘ertiiatr@lmwaﬂfsfomnh@tﬁeefreqn@'\dyet ween

adj acent OFDM s. oI S....The ion section 117 naI

X (ny T1o- ARG Emsmie sitanst 4T3 dbls St ppamERneLf b acomi G -
-D,-D 41, tg:,-1 x(n), n=20,1,..., N -1 20 The signal xf(n) 119 is
converted froma parallel signal to a serial signal by a parallel/serial
converter 121 before being transmni t teud)+ ADBT Y Gd%}annel 123 having a channel
response h(n) 125. The channel 123 q,egbﬁge_g Ahe transmtted synbol s,

produci ng a T

Next, a D-point guard interval or cyclic prefix is inserted into the time
domain signal x(n) 115 by the guard insertion section 117 to eliminate any
15 interference between adjacent OFDM symbols. The guard insertion section 117

outputs a signal x¢(n) 119. The signal x{n) 119 is determined by:

{x(N +n), n=-D-D+1,.-1
X, (n =
x(n), n=01.,N-1

20 The signal x{n) 119 is converted from a parallel signal to a serial signal
by a parallel/serial converter 121 before being transmitted into a channel 123
having a channel response h(n) 125.

The channel 123 degrades the transmitted symbols, producing a
received signal y{n) 129 according to the equation:

25

Y, =x, (n) ® h(n) + b(n)

where b(n) 127 is additional white Gaussian noise (AWGN) introduced
into the signal while passing through the channel 123. The signal enters a

30 receiver 104 and is converted from serial to parallel form by a serial/parallel



s,received signal yf(n) 129 according to the equation: 25 Yf =xf(n)Ch(n)+b(n)
where b(n) 127 is additional white Gaussian noise (AWEN) introduced into

t he signal while passing through the channel 123. The signal enters a 30
sreceiver 104 and is converted fromserial to parallel formby a
serial/parallel 9 converter 131. A guard renoval section 133 renoves the
guard interval from the signal yf(n) 129 to produce the received tine
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transforms tﬁé\gghtanyf(n)dngatmpr@uqaalthd6éaen1&35tumcd©rﬁamt&gnélrﬁﬁpw@y domain to
produce the received frequency donmain signal Y(k) 139 according to: 10

Y(k) = DFTacgprding tacthe eguation:© . N -1 The channel estimation and

equal i zati on processing is perfor med by a channel estinmation and

equal i zati on section 141. The passage of the signal 15 through the OFDM
system ks described by the frequeyg(ig?:(jg(vﬁi m=equat,ivonr  Y(k) = X(k)H(k) +
I (k)+ B(k) k=0,1,...,N1 where H IS the frequency domai n channel
response of the channel for the kth 20 carrier, 1(k) is the frequency

donmmi n i nter-chan terfe ence ICI faor the carrier and k |sthe
frequency domai @gjc-{ @n%q{gfe e Hﬁ St%f'%’élﬁ%? DeRyransiarms ‘Eg
carrier. E%éuﬁ%‘igr%ﬂ (Kﬁ) %B%H@th@%i ; ﬂ% fdi'%@éé‘thee Eb%&ed
transmitter signal® Xe 142 is determ rom -t requency onral n
estimat ed drenuescy despinsgnia Ykh) ‘alﬁ:acmrd@gtto 25
10
Y(k)= DFT{y(n)}

k=0)2,.,N-1

The channel estimation and equalization processing is performed by a
channel estimation and equalization section 141. The passage of the signal

15 through the OFDM system is described by the frequency domain equation:

Y(k)= X(k)H (k)+ I(k)+ B(k)
k=01,.,N-1

where H(k) is the frequency domain channel response of the channel for the k™

20  carrier, I(k) is the frequency domain inter-channel interference (ICI) for the k™
carrier and B(k) is the frequency domain additional white Gaussian noise
(AWGN) of the k™ carrier. Equalization is performed and the frequency domain
estimated transmitter signal X(k) 142 is determined from the frequency domain
estimated channel response He(k) according to:

25

X, (k)= ;(k) k=01,.,N-1

The output from the channel estimation section 141 passes to a parallel

to serial converter 143 to produce the estimated transmitted signal x.(n) 144.



Xe(k)=Y(k k=0,1,...,N1 He( k) The output fromthe channel estimation
section 141 passes to a parallel to serial converter 143 to produce the
estimated transmitted signal xe(n) 144. 10 The signal xe(n) 144 is
sdemapped by the demapper 145 and finally user output data 147 is output by
the receiver. Until now there has been ng conpletely satisfactory nethod
for estimating the transm ssion channel in comunications systens. The

prior-art il ot synb hods are limted in t a of pilot data
Phey can udhemigneLaaniid fraeoanesy By b dofiapotr Bt lrisst obhn !
carriers rq)cgagngt'gnguwlﬁytme rekeil,Be channel estimations. The blind channel
estimation nethods of the prior art have al so proven wunsatisfactory. These

met hods have hi géntd em there yas|bmenane gprpietalydatistactory metnodrfgence speed.

sred t o oAl Bt s PlhiMaRae hibehab el Rar SusRrie: FitenBEaR has
not been f yliloy sytnbbi aethodN s liraltéd aLigie hbost shsiielata eyl ¢t ugdnBthods
have been proposed for dealing with the situation where virtual carriers

exist in tH@rngm CO&SH@@@S Huited BUDEY ot Bitgh GarHesedHaen the qualityer y
practical . gé P %1 gLstinmation methods have been devel oped but
have only nmade [Imied use o ‘the pilot data. It would be desirable to
suppl enment the IThe blamti einanme| estimEtiootmdthoasusf dlde prior prtdtdviecsiso proven

t th.addi tjqnal hljnd channel estimation 20 data in
gffjn;lrj mt gap'rlﬁ%%&é *}eéﬁéne&ﬂdé&l%)’edﬂﬂk}éPal%@“B’h 8rcaey ARdilew  whil e

2so by LZ%‘%’?SL??%‘C?%‘%*’?E‘E%&'H%@E’?Pﬁ%meﬁﬁ%'ﬂiﬁﬁ%&s‘%ﬁﬁ a2 st em
havi ng vi rrrallene.dras ?éﬁ?@ uged Susameyexdént todmpneen blingh channel estimation
methods, but has not been fully utilized. Also, although blind channel
estimation methods have been proposed for dealing with the situation where
virtual carriers exist in the signal, these methods are very complicated and not
15 very practical.
Semi-blind channel estimation methods have been deveioped but have
only made limited use of the pilot data.
It would be desirable to supplement the limited amount of pilot data used
in practical communications systems with additional blind channel estimation
20 data in order to provide an éccurate, quickly converging channel estimation
while efficiently utilizing bandwidth to optimize data transmission. It would also
be desirable to perform the blind channel estimation data in a system having
virtual carriers.

25 Summary of the Invention

Results of a pilot channel estimation are supplemented with results of a
blind channel estimation. Information from pilots is used to remove the scalar
uncertainty in a blind estimation method and the resulting blind channel

30 estimate is used to supplement the pilot information for better interpolation of

the channel estimation for additional in-between carriers. The blind channel



.Results of a pilot channel estimation are supplenented with results of a
blind channel estimation. Information frompilots is used to renove the
scalar uncertainty in a blind estimation nmethod and the resulting blind
*channel 3o0.estinmate is used to supplenent the pilot information for better
I nterpol ation of the channel estinmation for additional in-between
carriers. The blind channel 11 estimation works even when the

comuni cat i ons stem signal has,virtual .carriers. The esent. i nvention
ncl udes aSRUTARS WY kS EPPTNERgNE roriuRicaRons SksmaSns! BT cat i ons
system basedrrigisa recei ved signal. The nethod 5 includes the steps of
transmtting a signal through a channel; receiving the signal with a

recei ver of theTbgrhfapeRidnVOMiossidrs asmathed fcafaqstlwaimtgziqh@nnﬁb

received si e ) - LLT [ 0 I 0 for a
first set r%”ﬁ%%%ré%fﬂsﬁ?%aﬁg §§?fﬁt§?’ﬁ$g? : g’gt%r(%ér%?\f%;ggﬁ@ei-\r/@%%selqgg;\%l to
determ ne dncludesd theedtepobf traaswiting el sigresipbraghf @ chanhal| resivingtiss and

conbining the first 1o estinate of the channel response for the first set
c i

of carri er $'IA WIDIRTESHY DFOMEHENFRIONSeSiRIBesteyrlisally gnalwing g i er s
to estimat @eddifed 5RRBPIO ASRRAMEE Fifdt c3maAdiEl fHé’&?énrﬁtéeﬁoarfs%refoFérffréter S.

Addi tionally, the method further includes renoving uncertainty
of the fir setekthenardgelssianglyzing pilot idata i e reheivet ssigred! to detgronise ahor t he
pilot carriers. The,statistical analysis .can.be a Rhlind.chanpel. 15

esti mation e&ﬁﬁ‘?ﬁ%ﬂ*}%@mwﬁ% rcfzsbﬁqrﬁgrfg{ Rﬁ?tﬁfége@' ﬁBBﬁGH‘%'B‘PQBB%\ﬁ%i ng the
aut o- Qor r elséinabs offtid thariel réshdrRedby 8b fistBal off GrkigRy WS thd 8stithhfitfof
channel estimation when virtual carriers exist in the signal. The

i nventi on &haenelvespaese fordbepilat eartiptmto estirnale thewahagne! respensefor dror

20 anal yei ngotRER) shEGRE B ifts) ARMERANTIRG Bt EFRRE I Bmolins™ ¥

channel r especsiar incemaihty oft thedirstodstintgteamsing tHesestinaleyaritne dpiahakl data in
the received signal to determ ne _an estimate of the channel response for

pi | ot carrif8PRONSE iop i PHQfcardars: yestaislic! apatysis ¢an he & klgsl ehannglgnal to
determ e aitifihibABR Be ihléntion further includes a method for computing the auto-

correlation matrix of the received signal to improve the blind channel estimation
when virtual carriers exist in the signal.
The invention also includes a communications system having a receiver

for receiving a signal transmitted through channels; a means for statistically

20  analyzing the received signal to determine a first estimate of the channel
response for a first set of the carriers; analyzing pilot data in the received signal
to determine an estimate of the channel response for pilot carriers; a means for
analyzing pilot data in the received signal to determine an estimate of the
channel response for pilot carriers; and a means for combining the first estimate

25 of the channel response for the first set of carriers with the estimate of channel
response for the pilot carriers to estimate the channel response for an additional
set of the carriers. The first estimate of the channel response has a scalar
uncertainty; and so the invention also includes a means for removing the scalar
uncertainty using the estimate of the channel response for the pilot carriers.

30 The statistical analysis can be a blind channel estimation and the invention

further includes a means for computing the auto-correlation matrix of the



.channel response for pilot carriers; and a neans for conbining the first
estimate 25 of the channel response for the first set of carriers with the
estimate of channel response for the pilot carriers to estimate the
schannel response for an additional set of the carriers. The first estimate
of the channel response has a scal ar ungertainty; and so the invention also
i ncl udes a neans for renoving the scal ar uncertainty usi ng the estimate of
t he channel response [or t he oB.c rriers. he Stat'ﬁﬁ%ﬁ anal ysi s
can be-a brecevenaRRel Rt i bidehrEnehenlraton Whih iitiat Breidifes
neans for Qe thHedsighar. auto-correlation matrix of the 12 received signal
to inprove the blind channel estimtion when virtual carriers exist in the
signal . Brief Description of the Figures 5 - Further preferred features of

t he inventi for the sake of exanple only with
reference tlé)rn fvbé G l‘.i"oR%fq gcpr. BF& in which: FIGURE 1 shows a typical OFDM
W rel ess communi cati ons system of the prior art. FIGJRES 2(a) and 2(b)
illustrate a pr iF@rrttmrtpréfem(eld- te)amareamsf thepnventiar will Aowdmrbesynitedofdrdhe

i nsertion paﬁitern RE 3 | a schematic diagram of a w rel ess OFDM
communi cat 58 §°§§a§?@m RpIYeH ﬁbertq?et edeliRwing Jigures.dA WHERURE 4 is of a
fl ow chart show ng the rret hod steps of the present invention. 15 FIGURE 5

shows how PSAM eqiurat ed shbasngltysishi M @rr&es§%%renﬁraaﬁen9>gy@{énﬁld;f
channel estimates for determ ning the channel response for addi'tional

carriers ddhems@ran. t he | EEE802. 11a OFDM standard. FlI GURE 6 shows details
of the blind estimation nethod for processing an auto-correlation matrix

cor porat on | G RESHr (A hapmel CadeBrariion S oo Bhp hdmedid o 1"

10 comb-type pilot insertion pattern.

FIGURE 3 shows a schematic diagram of a wireless OFDM

communications system implementing the present.invention.

FIGURE 4 is of a flow chart showing the method steps of the present

invention.

15 FIGURE 5 shows how PSAM estimated channel estimates are
supplemented by blind channel estimates for determining the channel response
for additional carriers defined in the IEEE802.11a OFDM standard.

FIGURE 6 shows details of the blind estimation method for processing

an auto-correlation matrix when virtual carriers are present. This blind

20  estimation method is for incorporation into the blind channel estimation method
of FIGURE 5.

FIGURE 7 illustrates the processing of V to remove the effect of the

virtual carriers.

Detailed Description of the Embodiments

25 FIGURE 3 shows a schematic diagram of a wireless OFDM

communications system 149 implementing the present invention. In the prior



.FIGURE 7 illustrates the processing of Vto renove the effect of the
virtual carriers. Detailed Description of the Enbodi nents 25 FI GURE 3 shows
a schematic diagramof a wireless OFDM comuni cati ons system 149

s npl.enenting the present invention. In the prior 13 art of FIGURE 1, the
cyclic prefix is renoved by the guard rggoval section 133 prior to channel
estimation. The invention of FI GURE 3, however, nmakes use of the carriers

both before a nova clic fix. GURE ow
ohart  showProt HEURE Ho 38 lHic et i Pl BY i Biveidiemaral seRtichdss
estimation p?l%ﬂd eRardivs eRfimatioRC efnetinvértlors 8IPICIRENE HAwSIeremakes @Baloraf ter
t he signal passes through a down converter 155. The down converted signal

enters a bithegauleanibeth beforeandaitesreneyel elgtheeyclioprafbe FIHERE 4istd i nd

vector n 19 it alaffaaherhSFRde arEr e.aBeRl 8RR 1,2 10" channcl

response vmth ambﬁamelryéahﬁtﬁhrwdncn 1563 ofst Adcrivar NEEr $@hplegthé (&geivegd ven

by: coco h = COCD-1 15 Part of the received S|3nal al so passes

t hrough an waﬂéﬁﬁlﬂﬁ'gf‘?ws%cthf%hEQOWﬁh GHVEERDV 9 t H@ 'Pl c prefix
in additio t he
channel es&ohg?ﬁgﬂ ectI Pgtne?‘i?:gmd% gﬂglﬁéﬁgf&%% proceSS| ng by the

OFDM demdw&ta&rbmblsmbthmnel@@tlmﬁmenI%@;b/ﬂ7pr(seeES(BU§{Esé):tS| merfdriiedper f orns a
LS (l east square) PSAM step 173, producing 20 the channel estimations for
the pilot qaodiiging af Yectdish TiverdpBeseantinathiedime nletﬂ*ainleisﬁnmdioptoé@én order to
keep the conplexity I ow Thus, the channel response is the resujt of the
recei véd vAahgeng| RﬂS(H’QHS%)W”thh% Phase é’t‘%ﬂiﬁﬂﬂ'ﬁ@t"?'&l(@fesca*@rUQQ@%‘NV))FO 3yen ers.

by:
C;co
B’= c(‘).cl
C;CD—I
15 Part of the received signal also passes through an OFDM demodulation

section 159 which removes the cyclic prefix in addition to performing a DFT. A
PSAM processing section 157 of the channel estimation section 153 samples
the signal after processing by the OFDM demodulation section 159. The PSAM
processing section 157 performs a LS (least square) PSAM step 173, producing
20  the channel estimations for the pilot carriers H, 175. The LS estimation
method is adopted in order to keep the complexity low. Thus, the channel
response is the result of the received value divided by the corresponding value
for the pilot carriers.
The vector h 177 from the blind estimation section 156 and the vector
25 H, 175 from the PSAM processing section 157 are combined in a channel

estimation processing section 161 to produce a channel estimation of the

present invention.



.The vector h 177 fromthe blind estimation section 156 and the vector 25
HP 175 fromthe PSAM processing section 157 are conbined in a channel
estimation processing section 161 to produce a channel estimation of the
spresent invention. 14 As nentioned previously, the result of the blind
channel estimation, h 177, has a scal ar jgncertainty co that nust be
renoved. In the present invention the channel estinmation processing
section 161 perforns a step 179 in which it uses the channel estimation HP
175 provi ded by AsHaepipneg poideesinghe sesulbal thelgindg ehannabestimatosc Bl ar
uncertaintygan t he channel esti mati Fi rst ransgerred

h 177. \ 177 i
{ZGuBRES S et 185t fws{ BevmaNedan the prestakiArIGR o

into the fr

carriers. ofvarnea e R s WiebRES B SRRY 87 FRuktFEe S AR0 L wlfianfhy Che
estimation \akygs chg?ﬁglﬁéttf?ﬁaﬂd?ﬁfpj h 95 é‘\?igéé’r %ﬁ%tg?mdpr’déé %%QQCTPO'?AM

step 10 173. The scalar factor co'Is then dete using a st-square

met hod §UChI57at§> I %Q/Eaithg cia[brttnﬁem ‘n {heéfé” ?eg fati gcﬁ nIglir ecﬁ I on
y s 183" Dy 't he

above). "The ~'scal’ar uncertaint n renoved by di viding

scal ar factf7 i§Qransfdifed MO fr@ﬁhéﬁ(ﬁﬁ H&Mall &Cﬁr%gihee tﬁ@@%&:@? A483al1$

performs a step 181 in which chann estimates determned fromthe step

179 and t hescBRA¥AGbER, id Befefmimsdby eBlipatidgithe MstfittdntRUSH MIES for the
estimation of the present invention. Several additional points fromH 183

are chosen gilot tamriersiobined ukingvthe ddind chpahak sstinatien obstepnied Wwitilgéicer with
the channel estimate for the pilot carriers HP 175. These additi onal

poi nts frorastima®niwdeese H, Ji7orfar d1eapiladicagiars mtained asing thadP 386 stept h

t hese known data points fromHP 175 and fib 185, a 20 piece-w se

i nt er poloat i 073 (T serlastantol ny inthiearatamminee usinga derbtaatiere matbed pathat i on
for inplenenting the | EEES02. 11a OFDM standard) can be done to generate
nor e accur ASEIRIAIRRE|IN dae Muausd referenqea(segrBadiasourd seetirn abrve). a—rﬁt@m dat a

poi nts. The_ sel ectign.of .the additiaonal pojnts<Hp, 185 fromthe blind
channel estq%gqri%ﬁegaﬁgyh% ”Je?fTéOVﬁéiirbM g'e 9 ﬁi@%%’&t[ﬂ%ls&g‘%g&‘%r Cacr ease
the The channel estimation processing section 161 also performs a step 181

in which channel estimates determined from the step 179 and the PSAM step

15 173 are combined to produce the channel estimation of the present invention.

Several additional points from H 183 are chosen to form a set of known data

points to be combined together with the channel estimate for the pilot carriers

" H, 175. These additional points from I-I183 become a blind channel estimate

vector H, 185. With these known data points from H, 175 and H, 185, a

20 piece-wise interpolation (the présent invention can use a second-order
interpolation for implementing the IEEE802.11a OFDM standard) can be done

to generate more accurate channel estimates for the carriers between these
known data points. The selection of the additional points H, 185 from the blind

channel estimation adds more data points to the interpolation to increase the
25 accuracy. The number of additional points and the positions of the additional

points of ﬁb 185 can be determined by choosing those which minimize the

mean-square-error (MSE) in a Monte Carlo simulation.
FIGURE 5 shows how the points from the PSAM estimated channel

estimate are supplemented by points from the blind channel estimate for



.25 accuracy. The nunber of additional points and the positions of the
additional points of Hbo 185 can be determ ned by choosing those which
mnimze the nmean-square-error (MSE) in a Monte Carlo sinulation. FIGURE 5
*shows how the points fromthe PSAM esti mated channel estimate are

suppl enmented by points fromthe blind channel estimate for 15 providing an
i nproved channel estimation for additional carrier frequencies defined in

et mate f SIOVRBSAT 50 BIFR cBpondfedifafin b i BlalinER Rane s

carriers. t 2 4 r.Hb 185
provi des vaﬁﬂggag{#%rﬁ QSQ%J?IEeOrgﬁgfstan%gd 'gge V%st&é% 12??‘)6?%&}8%?% of b
is set at Rkhankdl estimatéSor the/pildtbarfehs. at B)12D, 83tdnwEss entHesa kdtal @drriehe
channel for the 6 carriers determined fromthe bli nd channel estinmation

ar e .conbi ndthewalte bhe ieset abpi=o@, Bsddf 58) oFhe vaetod Kpj 186 pravideevalued
channel estimate for other carriers is then calculated by interpolation
based on t Hes@el@rriesudts. 11 @9TRE, bhabrhellhestilumof biis settain =16515,r2fn t he

h I t ti 1 ed tg a chan

compensat o183 Par B BaTirAon Frel B NP 5B ER P CRE RN HIENBER! at or
section 159rdm tis Blindl ehahsansitimatmnaesesrabinkg evitHiede stiPrfatiol @ shits Rt
estimation section 156 for performing the blind estimation step 15 171 can

use any kndbm 4Rilohgarriars mdy channgt getimaterfar otbeneririers isitoeREalculated byr enove
t he scal ar ht{éﬂ%ﬁgwgggdgﬁ}ggqugsrg ullPsEd at step 179) and inprove the

accuracy of conbining the result of the blind channel
est i matioon met hoithe( elsartes @stibreadioatoutputp! 65 frpmvihislcHamaer estimatioet er mi ned
usi ng theﬁﬁ_l | ot - met hod. (?éﬁdescrl bed at ste 181). However as re%gl ai ned

above, PEeSSing SBet shRasseskio ashag 1ot fansok ng in
syst ems ha\th@ﬁiaté’kééér‘@éd ﬁéﬁ'f!h%rérbw&eh%%ﬁmgtr%éﬁloﬁér X mecaiié

standard makes use of virtual carriers) presen
i nvention alompénsatedeseadptaot@bsi ng method that inpr oves t he accuracy of
the blind channe‘Lh tS)m esflmatlon secr;]tlon 156 for performing the blind estimation step

15 171 can use any known blind estimation scheme. The method of FIGURE 4 will

remove the scalar indeterminacy ¢, (as described at step 179) and improve the

accuracy of the PSAM step 173 by combining the result of the blind channel
estimation method (as described at step 171) with the result determined using
- the pilot-method (as described at step 181). However, as explained above,

20  prior-art blind channel estimation methods do not work well in systems having
virtual carriers (the [IEEE802.11a OFDM communication standard makes use of
12 virtual carriers). Therefore, the present invention also includes a processing
method that improves the accuracy of the blind channel estimation in the
presence of virtual carriers in the signal.

25 In the presence of virtual carriers, R, the auto-correlation matrix of S,

is no longer equal to the identity matrix | as it is in the prior art described above

because, due to unequal power transmitted on the carriers:

~ =
Rsst OHR 0 ey |
- 0 F XX\ 0 F

30



.presence of virtual carriers in the signal. 25 In the presence of virtual

carriers, RSS, the auto-correlation matrix of S, 1is no |longer equal to the
identity matrix | as it is in the prior art described above because, due

t o unequal power transmitted on the carriers: R_[VHO]JR[f O # SS O FH
xx 0 F 3016 Wth the existence of virtgyal carriers, sone el enments of the
synbol x(n) are always zero (at the virtual carrier frequencies) and these
el ements can be  renoved. in calculation.. The vector xP i? used to stand for

the vector fornedtByne existense. iUl carEsiss Semegianenihar tha sYMPex(Py used
to stand f | W il YRy (xpe=taly e OFDM
nodul at i On‘Hirgta'é\ggsy?:?%rgd(%ggﬂéa%E&Bﬁ%ﬁﬁgﬁgg]@?ﬁggs by: ﬁﬁs% (IQ%P F :E?:%Ealo
wher e FP"' iremaved e calauiationof TIRPvedthe xp écesadttd stagddor thet weator fosnetlibyn

R R L o D B e BT
power ofs t haatiicperativeg oRthe RBHZrRReldrieMs0 SPSP 0 FP' XPxP FP is the

auto-correlation_ mtrix of SP . RSPSP includes only the carriers which 20
transmt signal sThe Of DM imedidationis deraribee by @ mairix Kardafined)by:Fp and FP"

are formed by the last Drows of FP and FP" , respectively, where Dis the
| ength of the <cyclic prefix. Also, assumng a white unit variance data
input, RXPKP = IP . FH
K,=|",
Fp

10 where F," is the Hermitian of F,.

The received signal auto-correlation matrix R,, is obtained from the
noiseless r(n) equation as:

R, =E@r")=CR,  C" +0l1

15 where I is the identity matrix and o, is the power of the noise and

is the auto-correlation matrix of S, . Ry, includes only the carriers which

20 transmit signals (i.e. it does not include virtual carriers). FF and i‘,,” are formed

by the last D rows of F, and F,” , respectively, where D is the length of the
cyclic prefix. Also, assuming a white unit variance data input, R, =L.

However, now the elimination of R  is not possible as it was for Ry in the

case with no virtual carriers because F, is not the full DFT matrix anymore:

25



.However, now the elimnation of RS ,SP is not possible as it was for RSS in
the case with no virtual carriers because FP is not the full DFT matrix
anynore: 25" R=FPFP O ~1 . SPSP O FP'FP 17 It is very difficult to
*solve for CCH in the conventional manner to provide a blind channel
estimation because RSPSP renmi ns between,the two matrices as CRSPSPCH . To
make the sub-matrix nmethod work, it's necessary to renove the 5 effect of
RSPSP in E(rrH) to get an estimation of CCH The present invention uses
observati ons about the structures of the matrix Cand of T = ( FP FP 0 )

L0 ol % how CoPlsSry MirREAERPSO08 1oeR ! T Elnlehybls SRHE 8 Gigllgel

synbol, the matri S organi zed as HeC Co

00 00 Ca amcﬁch@qr%l@sfﬁnafﬁan bételee RS dréiﬁélﬁ%%tﬂ'B@MQhé\ﬂtWB nﬁﬁﬁ@é’é:hsto
the prlor art: . 00CD>1Cl Co%o and C, = . C1

st andé.r d) an%ﬂﬁngﬁfﬁ‘gg grtégglu Béﬁg b %t@e‘ﬁ%@‘gﬁt{ |n rg%%es%]a% e re\‘?;??YthEBOZ e
carrier $ er}?ect o% rlisxs mcga.r,,?qg X Iarﬁaés JrXatlt%)en 8{8%0:" .zed as:

The present invention uses observations about the structures of the

F°F, 0

matrix C and of T = ( u
0 F,(F,

}) to allow low-complexity processing. Due

to the structure of the symbol, the matrix C is organized as:

¢, 0 0 0 C,
0 C, 0 0 C,
10 0 C, C, 0 0
0 0 C, C, 0
(0 0 o0 C C,

where, as discussed above with respect to the prior art:

¢ 0 - 0 0 ¢cp, - ¢
~ ¢ ¢ .o ~ 0
C,=| . . . and C, =
; R Cpo
Cpo ¢, ¢ 0 0

15
Based on the result of calculating T (for the IEEE802.11a standard) and
the structure of F, given the positions of the virtual carriers, the matrix C can

approximately be organized as:



.18 A4 00

FPHFP and based on the calculation result:
00A30 AO0OOALIn nost blind estimation nmethods only the bottom | eft

ssub-matri x

00 OA 00B, OOA OO OOOA30 O0B1OO A4 were A4

of E(rrH) is needed. Thus, due to the sinplifications, the

bl i nd channel estimation can be perfor nlgd by cal culating the result of

COA4C0 instead of the full result of
sinplifications can be achieved by utilizing the structure of Co and A4.

CRSPSPCH . 10 Additi onal

Here, the direct sub-matrix nmethdd i 8 used & af nxarrple toillustrate
present invention, but other blingd channgl qstigation nethods can also be
used. By definition Co is a |l ower- trlan ul ar mat'r x and A, is a symetrical
ng identical val ues I(bng al Pof 9 ts0d agonal s. Based on these
15 observations, it can be dedu e(d tbat ¢ hearesolting vector 1/ used in the

matri x havi

sub- matrix rrethod (the last D f the st columm) is no | onger
mul ti (fggﬁ § scd;I d%u‘o as described with

t he channel
respect to

10

15

co vector c

Al O0OBL 5FPHPOA O0O0F

t he

the prior art CD-1 above and in the Chin reference. Instead V
is determned from 19 UocaC0

where A, =F,”F, and based on the calculation result:

B

i

o o >

F,"F, ~

3

0

A2
0
0

o P o o

0
0
B A

1 4

In most blind estimation methods only the bottom left sub-matrix of E(rr”) is
needed. Thus, due to the simplifications, the blind channel estimation can be

performed by calculating the result of C,A,C” instead of the full result of

CR,,,C".

Additional simplifications can be achieved by utilizing the structure of 60
and A,. Here, the direct sub-matrix method is used as an example to illustrate
the present invention, but other blind channel estimation methods can also be
used. By definition (NTO is a lower-triangular matrix and A, is a symmetrical

matrix having identical values along all of its diagonals. Based on these
observations, it can be deduced that the resulting vector V used in the sub-

matrix method (the last D elements of the first column) is no longer the channel

Co

vector multiplied by a scalar ¢; as described with respect to the prior art

Cpa

above and in the Chin reference. Instead Vis determined from:



.Uococl +U,co Vco = UocoCD1 + UCCCD, +... + UD 1COCo where U, is the

value of the i th diagonal in A4 forming a vector: 5 U=s[U0 U, UD,]T.

Iterative | oop processing is perforned on V (with Ul pre-stored in nmenory

sfor calculation) before renoval

of the phase indeterm nation (or scal ar

uncertainty) fromV. After this inventiwvwg processing, the resulting vector
is the 1o tinme domain estimtion of the channel response wth a phase
indeterm nation given by: co* ca V = coc| COCD1 ich is output from

the blind estimation section {171 in Fl GURE,c4 as the vegtor
continued processing. FIGURE 6 showsgt pe. Qld;nd, channel | estimation nethod
for use in the presence of = signal HKaling VfFtual catriers. This blind

15 h 177 for

estimation nmethod is for i ncorporatl on into the blind|channel estinmation
step 171 of FIGURE 5. A receiyygfe syhbot cr (). issuregei yed as input at step
187. Next an update of the 20 cal cul ation of the vector Vin Rr is

performed at the step 189. Processing of V
and then the estimated channe] rgsponse h 177 is out put at step 193. In

some bl i nd WREEH's e MaUERIdhet h

lagenRa in He, BTMiRG aM@stotmt ri x net hod,

whol e sub-matrix is used (such as in nethods based on Chol esky
deconposition). The iterative processi ng nethod of the present 25

inventign can al so include all L
20 analysis. The iterative processithg dan stlfT
col um by

10

15

20

25

col um.

Iterative loop processing is performed on V (with U; pre-stored in memory
for calculation) before removal of the phase indetermination (or scalar
uncertainty) from V. After this inventive processing, the resulting vector is the
time domain estimation of the channel response with a phase indetermination
given by:

c;c0
y |

.
CoCpo

which is output from the blind estimation section 171 in FIGURE 4 as the vector

h 177 for continued processing.

FIGURE 6 shows the blind channel estimation method for use in the
presence of a signal having virtual carriers. This blind estimation method is for
incorporation into the blind channel estimation step 171 of FIGURE 5. A
received symbol r(n) is received as input at step 187. Next an update of the
calculation of the vector Vin R, is performed at the step 189. Processing of V

is performed at the step 191 and then the estimated channel response h 177 is
output at step 193. In some blind estimation methods other than the direct sub-
matrix method, the whole sub-matrix is used (such as in methods based on
Cholesky decomposition). The iterative processing method of the present

invention can also include all the columns of the sub-matrix using the same

is performed at the step 191

t he

yms  of th]:z sub-matri x using the sane
be inplenented iteratively



.The processing of V to renove the effects of the virtual carriers is

illustrated in nore detail

nmet hod 5 conputes the terns of the vector given above: Uocaco Uococl
<+U coco Uococo | +U coco_, +...+UD |Icoco The updated vector Viromthe step
189 of FIGURE 6 is input to the step 195, 10 which divides the vector V by

the Uo of t

th ti = Vo/ Uo . . Next, iteratjve I is entered ding t
the count orAnBURISL P alveSpIoke SRR BB P ormplogeplon TRiatvelygoln by
mhk VK

operation
bl ock 199.

he vector U=[Uo U ... UD1 ]T described above according

ati
VK - U * Vk_;) / Uois iteratively perforned as shown
Finally the processed vector Vis output as the estimted

in the flowhart of FIGJRE 7. This processing

to

in

channel 15 respoeprocersingtofst dp reomvelthe siffectscof thebiduatmarriens ishe present

i nvention t
si gnal havi
to renmowe t

the blind channel estimtion nethod

havi ng virt

(e P8 P e TS (YRR e D ot R

of a
ut

étﬁnﬁ@t@bdhe&é\ﬂﬁﬁ@ﬁﬁiieﬂmbmr%i%ﬁ@bobét addition or alternatively,

ual carriers can be used wi thout the additional channel

estimations provided by the PSAM output. AlL.so, while the preferred
refers to PSAM chahnel esti r{‘élcb%n, the pilot bit patterns used
can be bl ock type, conb type bor othe  cpatt&dic,types kmown to those skilled

enbodi nent

in the art.
particul ar
t he cl ai ns,
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25 Al t hough the Tpvention has :been descri bed above using
enbodi ments, many| var,i ations,_are possible wthin the scope

or use in 20 the presence of a signal

of

as wll be clear|¥Ysoarskill can_readel, tiyD WSE 21 C ai ns

The updated vector V from the step 189 of FIGURE 6 is input to the step 195
which divides the vector V by the Up of the vector U=[U, U, - U,,J

described above according to the equation Vo = Vo/Uy . Next, an iterative loop

is entered according to the counter 197 wherein k is incremented from 1 to D-1

and the operation V, =(V, - kZ_]:U, *V.. )/ U, is iteratively performed as shown in
i=1

block 199. Finally the processed vector V is output as the estimated channel

response h 177 at step 201.

In another embodiment of the present i'nvention the blind channel
estimation method for use in the presence of a signal having virtual carriers can
be used without using the PSAM output to remove the scalar indeterminacy.
Also, in addition or alternatively, the blind channel estimation method for use in
the presence of a signal having virtual carriers can be used without the
additional channel estimations provided by the PSAM output.

Also, while the preferred embodiment refers to PSAM channel
estimation, the pilot bit patterns used can be block type, comb type or other
pattern types known to those skilled in the art.

Although the invention has been described above using particular
embodiments, many variations are possible within the scope of the claims, as

will be clear to a skilled reader.



W claim 1. A nmethod for estimating channel response in a communications
system 5 based on a received signal conprising the steps of: transmtting
a signal through a channel; receiving the signal with a receiverLWYDIWESE
sconmruni cations system statistically analyzing the received signal to
determne a first estimate of the channgl response for a first set of the
carriers; 10 analyzing pilot data in the received signal to determ ne an
estimte of | channel response for pilot carriers; and conbining the first
estimate ofC@HBSchannel response for the first set of <carriers with the
estimate of channel response for the pilot carriers to estimate the
channel respangsinf-or an additional set of the carriers. 15 2. The nethod of
Claim 1, wherein the first estinmate of the channel response has a scal ar
uncertainty; and the nethod further conprising the step of: renoving the

o tot carriro. amelfd o iR dolbe R o A LERE NG of e

channel s r esgyeassh hascelved slgnal UbeRFisimigthi stepilot. he met hod further
conprises the step of; 25 renoving the scalar uncertainty by perform ng the
steps of : transflEaNsMifingm signatthradgh gegh@ndelit he channel " response for the

first set of = Ccagbhiing hildaddSuilll S96ad6 HUBIBriRLABATR0M SELighe Fouri er

Transfer; conparing tthe frequency donaln tirst eto requency
domai n esti mat e siétisticatipehalyesgotheaeteived sgnal totemamineasirstrabtinsdato of a
Ieast-squa&ﬁa C?ig met hod to gal c cal ar factor for the pilot

| ate a
carriers; RBG! TR§PPRRE VA ﬁps ﬁﬁk@?%&iqﬁfg}em di vi di ng the frequency
domai n foi rst  esdridilifg Blof dask héfedddddPéignal to determine an estimate of

channel response for pilot carriers; and
combining the first estimate of the channel response for the first set of
carriers with the estimate of channel response for the pilot carriers to estimate
the channellresponse for an additional set of the carriers.
15
2. The method of Claim 1, wherein the first estimate of the channel
' response has a scalar uncertainty; and
the method further comprising the step of:
removing the scalar uncertainty using the estimate of the channel
20 response for the pilot carriers.

3. The method of Claim 1, wherein the first estimate of the channel
response has a scalar uncertainty; and
the method further comprises the step of:
25 removing the scalar uncertainty by performing the steps of:
transferring the first estimate of the channel response for the first set of
carriers into the frequency domain using a discrete Fourier Transfer;
comparing the frequency domain first estimate to a frequency domain
estimate of channel response for the pilot carriers and using a least-square
30 method to calculate a scalar factor for the pilot carriers; and
removing the scalar uncertainty by dividing the frequency domain first

estimate by the scalar factor.



.LLOYD WSE 22 4. The nethod of Claim1l, wherein the estimte of channel
response for the pilot carriers is a frequency domai n channel response
determ ned by performng a |east square nethod on the recei vedLsDYMAMISE 5

:5. The nmethod of Caim1, wherein a blind channel estimation nethod is
used to statistically analyze the receivgd signal to determne a first
estimate of the channel response. 10 6. The nethod of Claim5, wherein the
comuni cations systemincludes virtual carriers transmtting substantially
no power. 7. The nmethod of Caimb5, wherein the comunications system

i ncludes  carri efin HANST O lbileﬂﬁh ﬂ%lﬁ@rre%‘gwé[ gytﬁjn%;&o(f)f «’R’ﬁqere% res to%sgs Eyyget hod

of Claiml1, wherein interpolation Is use 0 CO ne T I mat e of
t he channelpilotspuiese if affreduenty detmasethafnelhespanse determiridd b eerfeshingat e

of channel respopnse for the pilot carriers to estimte the channel
response of@ E’?‘épﬁﬂfﬂ?rpi@ﬁ&lo%&? h?:?f recRyesiPnaks. 20 9. The nethod of Claim 1

wher ei n st he communi cations systemis an OFDM system 10. The net hod of
A aim9, wherein the OFDM system has 64 carriers 25 including 4 pilot
carriers ard 12 Ve meihod gf Klaims1, whereime himdirahdnok! estimatidn mwbodis t he

received si CQNs Al Li fl t revent .the i.nterference
of “bits of SoanRtidliahy RoskRs e cBOdiied sipriq Qe R RY R ntlihst Bt
anal yzi ng tthe chaoaevegpshgeal to determine a first 30 estimate of the
channel response for the first set of carriers. LLOYD WSE 23

10 6. The method of Claim 5, wherein the communications system inciudes

virtual carriers transmitting substantially no power.

7. The method of Claim 5, wherein the communications system includes
carriers transmitting different levels of power.

8. The method of Claim 1, wherein interpolation is used to combine the first
estimate of the channel response for the first set of the carriers with the
estimate of channel response for the pilot carriers to estimate the channel
response of the additional set of the carriers.
20
9. The method of Claim 1 wherein the communications system is an OFDM
- system.

10.  The method of Claim 9, wherein the OFDM system has 64 carriers

25 including 4 pilot carriers and 12 virtual carriers.

11. The method of Claim 1, wherein the received signal contains a cyclic
prefix used to prevent the interference of bits of adjacent symbols and also used
by the step of statistically analyzing the received signal to determine a first

30  estimate of the channel response for the first set of carriers.



.12. The nmethod of Claiml1, wherein the first set of the carriers consists
of 6 carriers. 13. The nmethod of Caim6 wherein the blind cha,_r,_ D Wis
estimati on nethod 5 eval uates the auto-correlation matri x of the recei \;ed
;signal to determine the first estimate of the channel response for the
first set of the carriers. 14. The netheqd of C aim 13, wherein the
auto-correlation matrix of the received signal is given by: 10 Rrr =

E(rrH) =

CRSPSPQY r  +6D ein; i s . the expectatjon operation, is the
recei ved si1§nal, .miegwqdng] 'F?i?vi"g'ff’r&f” e firﬁp'ﬁ?ti téeﬁéfl"?rﬁ CeBsISiS B{‘?lg t he
effect of tBgighannel, CHis the Hermtian of C, | is the identity matrix,
6b is the power of the noise, and RSPSP is the auto-correlation matrix of

t he vector

el enent s

SP , 20 SP represents a transnmtted synbol and has sone vector

ting t i.rtual i . d d in R SPSP #l .
5 The metthd JPerama g Ay EmiERR FERUNG ERAE e AL Sl i ¢
25 prefisx RagiuzgestHeagioicstelBtidn hiathg of tHOrddeteNdighAlaol d¥tefrhiReans ¢iralf

bits of

adj acent sgwnbol s; and the blind channel estimtion nmethod further
conpri ses tdsimateof gre

channglyasperseafontiee Srdset obtheosargers. he

auto-correlation matrix of the received signal to determne the first
estimate of the channel response for the 30 first set of the carriers.
LLOYD W SE 1424 The method of Claim 13, wherein the auto-correlation matrix of the

10

15

20

30

received signal is given by:
R, = E(rr”)=CRg C" +0,1
wherein:
E is the expectation operation,
r is the received signal,
r' is the Hermitian of r,
C is a matrix describing the effect of the channel,
C" is the Hermitian of C,

1 is the identity matrix,

o, is the power of the noise, and

R s, is the auto-correlation matrix of the vector S, ,

S, represents a transmitted symbol and has some vector elements

representing the virtual carriers removed, and wherein

Rs,,s,,'il-

15.  The method of Claim 13, wherein the received signal contains a cyclic
prefix having a length of D bits used to prevent the interference of bits of
adjacent symbols;
and the blind channel estimation method further comprises the step of:
evaluating a D element vector of the auto-correlation matrix of the
received signal to determine the first estimate of the channel response for the

first set of the carriers.



.16. The nethod of C aim 15, wherein the D-elenment vector is evaluated by:
pre-storing D coefficients determned fromthe structure of the received
signal; and performng iterative processing on the D el enent ve(H-Q?/DL‘MSElg
sithe pre- 5 stored coefficients to determne the first estimte of the

channel

response for the first set of the carriers. 17. A nethod for

estimating the frequency domai n channel response in a communications

system havi a-channel tr mtiing a sign having carriers 0, of

1 Sher SRR HEP RNt oo e ThelempanuaHtpt foy aludpg By
through a channglre-st&fify Bi di@ffidien! dil@mitet iroin tI8€ Struefure of tereceived
communi cations system ~ statistically analyzing the received signal to
det ermi ne &OnN&ianfhte of the channel response on a set of the carriers
fromthe carrier f_di ] ho f aim 17,
wherein a blind p}hrfg)rrlrrr]@'}é %%{aﬁ%ﬂ?g%@%éigh%ﬁﬁ%lgéﬁer{tyégoﬁsgqj@% ﬁ’r?' anal yze
t he recei vetoredgiusfidientd &b eletémeina the fisst estifiat@be thid chameelcbspore foesponse.

di fferent

20 19. The
cart

vi rt ual

gEt,hod of aim317, wherein the communi cations system i ncl udes
¢ &rst sebpf theealfigfhod of C aim 17, wherein the communi cations

systemincludes 25 carriers transmtting substantially no power. 21. The
met hod of Claim 17 wherein the conmuni cations systemis an OFDM system 30
22. The netiod & n@thodfariestinmatimg thet fnequ@EFiolyl doysaiemhaanebrespanse én a

i ncl udi ng
met hod of

10

15

25

30

4opi | ot . c?rri ers anﬁ 12 vi rﬁ ual farri et@s. LLOYD WSE 25 23. The
G IFAIGRR PETAT PRVING ARl figRsintiBd caraealhayey pariers
of different power levels comprising the steps of:

transmitting a signal through a channel;

receiving the signal with a receiver of the communications system;

statistically analyzing the received signal to determine an estimate of the

channel response on a set of the carriers from the carriers of different power

levels.

18. The method of Claim 17, wherein a blind channel estimation method is

used to statistically analyze the received signal to determine a first estimate of

the channel response.

19.  The method of Claim 17, wherein the communications system includes

virtual carriers.

20.  The method of Claim 17, wherein the communications system includes

carriers transmitting substantially no power.

21.  The method of Claim 17 wherein the communications system is an
OFDM system.

22.  The method of Claim 21, wherein the OFDM system has 64 carriers
including 4 pilot carriers and 12 virtual carriers.



-prefix used to prevent the interference of bits of adjacent synbols and

al so used by the step of statistically analyzing the received signal to
determ ne an estimate of the channel response for a set of carllioapsysp 24.
:The method of Caim 17, wherein the first set of the carriers consists of 6
carriers. 25. The method of O aim 18 whegei n the blind channel estimation
nmet hod 1o eval uates the auto- correl ation matrix of the received signal to

determ ne t ef| he chanpel response for the first set of
Cor o oS S L melited GF Claif 1 S STaLING: 1 CBRBORIg e ot ol R ea s | %
of the rec{?rbfb@gsédi W leveht He Fllerdrente o'fz’mté o?a@&ﬁe\‘ﬁs BRI Ak o tRRY

wherein: E'Is the expectation operation, is the received signal, r" is
t he Her mi t itaynthefstep opetatistisally amalyzirg dle@cect&wetgsgnel tef defermioke athe channel

C' is the Herm ti of L h entity  nmatrix, o is the power of the
noi se, and %Ig@e%gtrg%gﬁ%m%l_r%b?&;e fqr@ns%qfﬁ%”%ﬁ‘s the vector S P, 25 SP
represents a transmtted synbol and has vector elenents representi ng t he
virtual carriers_ renoved d wherein RSPSP #I . 27. The method of Cdaim

25, wherei R4-he Themefaed §>f &J@m torwvhenedn theclist pet ofdbemiastiers qpasisiyobd

| engt h of used to prevent the interference of bits of adjacent
synbol s; L%Bé§vSE 26

25,  The method of Claim 18 wherein the blind channel estimation method
10  evaluates the auto-correlation matrix of the received signal to determine the first

estimate of the channel response for the first set of carriers.

20. The method of Claim 25, wherein the auto-correlation matrix of the

received signal is given by:
15 R, =E(@r")=CR  C" +0;1

wherein:
E is the expectation operation,
r is the received signal,
r" is the Hermitian of r,
20  Cis a matrix describing the effect of the channel,
C" is the Hermitian of C,

I is the identity matrix,

o, is the power of the noise, and

R, s, Is the auto-correlation matrix of the vector S, ,

25 S, represents a transmitted symbol and has vector elements representing the

virtual carriers removed, and wherein

Rsps,, 1.

27. The method of Claim 25, wherein the received signal contains a cyclic

30  prefix having a length of D bits used to prevent the interference of bits of

adjacent symbols;



.and the blind channel estimation nethod further conprises the step of:
evaluating a D el enent vector of the auto-correlation matrix of the

recei ved signal to determne the first estimate of the channel responsgyger
sithe first set of carriers. 5 28. The nmethod of C aim 27, wherein the

D-el ement vector is evaluated by: pre-ggoring D coefficients determ ned
fromthe structure of the received signal; and perfornmng iterative

processing on the I nt vec t 10 stored coefficients to
determ ne the flaln sbfflﬁﬁac[r@ngp %tgngﬁ%rﬁ%qu_ﬁpggmézwrlsetsh SSteR Ll set of

carriers. 29. ALAMUEINGERD SBMehY SEEHY SPIAY hsiolEbralali®f Riathx of e r ecei vi ng

a signal transmtted through a channel; 15 means for statistically

anal yzi ng trﬁ@e'V%‘éélgf\@djtcsﬂgi@&ﬂnlﬂ%tr@efﬁét astimate of thetchassel respense fehtbechannel

response f‘?frst Orf%é el of carriers; nmeans for analyzing pilot data in the

recei ved si gn erm ne an estimate of channel response for a pil ot

carrier; and neans for conbining the first estimte of the channel response

for the 2Q flrs11 set of ¢ QL%IerS with the estinmate of channel response for
il

the pil ot he methed BT e 4 havhergimihie PDloprstveder isevaiated dal set
of carriers. 30.,dR8%Y§ é?flClQ\@'dBtéﬁnln\é/@echﬁHQhé QﬁHEfurébfﬂ% @l the

channel response has a scal ar uncertail nt fur nprising a nmeans
for renovi reignatsande scal ar uncertainty usi ng the estimate of the channel
response for the

i1l ot arriers. 31. The of Clajm 29, wherein the
first estimte pqeprtq{g'n%ﬁﬁ%qve W@%‘?ﬁﬁ%oﬂﬁég '? PEH Vt?ﬁt%r’“iséﬁ%m?' Pr&nd
fur t herocorgbiedi dbfAciBRBNS dabrrhinBaNé fitst ABinidte of &R Bhantii PEEFdRYeYfoRY:
transferrl ng the first estimate of the channel response for the first set
e

car ri ertBeifirgteet I9é cafrE@iSency domai n using a discrete Fourier Transfer;

29. A communications system comprising:
a receiver for receiving a signal transmitted through a channel;
15 means for statistically analyzing the received signal to determine a first
estimate of the channel response for a first set of carriers:
means for analyzing pilot data in the received signal to determine an
estimate of channel response for a pilot carrier; and
means for combining the first estimate of the channel response for the
20 first set of carriers with the estimate of channel response for the pilot carriers to

estimate the channel response for an additional set of carriers.

30.  The system of Claim 29, wherein the first estimate of the channel
response has a scalar uncertainty; and further comprising a means for removing

25 the scalar uncertainty using the estimate of the channel response for the pilot

carriers.

31.  The system of Claim 29, wherein the first estimate of the channel
response has a scalar uncertéinty; and further comprising a means for removing
30 the scalar uncertainty by:
transferring the first estimate of the channel response for the first set of
carriers into the frequency domain using a discrete Fourier Transfer;



_LLOYD WSE 27 conparing the frequency domain first estimate to a frequency

o

domain estimte of channel response for the pilot carriers and ng'@iyngw,g

| east-square nethod to calculate a scalar factor for the pilot carrierg;
and renovi ng the scal ar uncertainty by dividing the frequency domain first
5 estimate by the scalar factor. 32. Theysystemof C aim 29, wherein the
estimate of channel response for the pilot carriers is a frequency domain

channel response determ.neq b erformng.a |.ease.s re method on the
Fecel ved st gnat compang thaaraerBy o 25rosyiiaih 18 BBG ATy miRGt fcar 1y
anal yzi ng fedfifna@s of ERaMéITeSpehde forthe badedrriest AnftRlsing SRREsHQ4re
statistically analyze the received signal to determne a first estimte of

t he channelmetbeddasalculme uscalarcfasipsifenthss pigt gareds; andherei n t he

conmuni cat i ons i acl Vi T ler I 1 tri antially
no power. 35. T éﬁfsoss et'rp‘n%o%%(a éi”&e%&ﬁmgfdéY'ﬁﬁ‘PﬁBgéﬁéﬁﬁ?ugﬁﬁa |o%}s{l?§‘§;stem
includes ea&tif=es dyttharsalar fadigr.di fferent | evels of power. 20 36. The
system of Claim 29, wherein interpolation is used to conbine the first
estimate of the channel response for the first set of carriers with the

estimate Ofsfhawd?{ﬁérm S(§1afr{5?r2f9t, %ePéih%e%%EH?% B%Eﬁaﬁﬁélirgﬁég?éééﬁﬁha””e'

response of the Ional set of carriers. e syste aim29
wher ei n t héhe pitoucarcets isresfregeerey demain clEFDM sgstcarse @3errimedsyyst em of

Claim 37, wherein the OFDM system has 64 carriers. 3Q including 4 pilot
carriers afPrOImNg pURToc S A B Bo B YN eenved Sighal,
10
33.  The system of Claim 29, the means for statistically analyzing further
comprises a blind channel estimation means for statistically analyze the

received signal to determine a first estimate of the channel response.

15 34. The system of Claim 33, wherein the communications system includes

virtual carriers transmitting substantially no power.

35.  The system of Claim 33, wherein the communications system includes

carriers transmitting different levels of power.

20
36. The system of Claim 29, wherein interpolation is used to combine the
first estimate of the channel response for the first set of carriers with the
estimate of channel response for the pilot carriers to estimate the channel
response of the additional set of carriers.

25

37.  The system of Claim 29 wherein the communications system is an
OFDM system.

38.  The system of Claim 37, wherein the OFDM system has 64 carriers

30 including 4 pilot carriers and 12 virtual carriers.



.28 39. The systemof Caim?29, wherein the received signal contains a
cyclic prefix used to prevent the interference of bits of adjacent synbols
and al so used by the step of statistically analyzing the receilt@dD\N!§nal
<to determne a first estimate of the channel response for a first set of
carriers. 5 40. The systemof Caim 29, ,yherein the first set of carriers
consists of 6 carriers. 41. The systemof C aim34 wherein the blind
channel estimation neans 10 _eval uates the auto-correlation matri x of the

recei ved sidfnal e BStPRTfdalmeYs whereindle ragrived sIgnRECeMBe? CYeponse
for the firgks hefrs i ; j wher 4

aut o-correIpZ%fll)iﬁé%d;ftor ?%rvgp tr%elnf’t%r(fa%%ﬁ@%?ygftgﬁﬁaﬁ&la% STE %’ﬁgglﬁ: 159§2§P EE&
E(rrH = CRGRBP s@p of statisticdibyraialyziig the tdoeivedosighalttoaietepeinata tinsf r i s
the received,signal, r" is the Hermitian.of r, 20 Cis a matrix descri bing
the effect qﬁm}ag%oé%ﬁtéqxr,melées;?%@enftgrlq&}rﬁ{ 3611 GRS | is the identity
matrix, s0 is the power of the noise, and RSPSP is the auto-correl ation
matrix of the vector SP , 25 SP represents a transmitted synbol and has
vect or el erfbht s Thepsystemtofifgairna9, wWhereialthe dirstisat of carrigre ¢onaists eftfer ei n
RSPSP #1. 'Jae system of Cl aim 41, wherein the received signal contains

T
a cyclic rrp')?'efix having a |l ength of D bits used to prevent the

interference of bits of adjacent synbols;
41.  The system of Claim 34 wherein the blind channel estimation means
10  evaluates the auto-correlation matrix of the received signal to determine the first

estimate of the channel response for the first set of carriers.

42.  The system of Claim 41, wherein the auto-correlation matrix of the
received signal is given by:
15 | R, =E(r")=CRg  C" + 01
wherein:
E is the expectation operation,
r is the received signal,
r" is the Hermitian of r,
20  Cis a matrix describing the effect of the channel,
C" is the Hermitian of C,

I is the identity matrix,

o. is the power of the noise, and

R,s, is the auto-correlation matrix of the vector S, ,

25 S, represents a transmitted symbol and has vector elements representing the

virtual carriers removed, and wherein

S5, 1.

43. The system of Claim 41, wherein the received signal contains a cyclic
30 prefix having a length of D bits used to prevent the interference of bits of

adjacent symbols;



_LLOYD WSE 29 and the blind channel
function of:

of the

determ ned fromthe structure of the received si gnal and perform ng
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performing ltcrative processing on the ement vector using
stored coefficients to determine the first estimate of the channel response for

the first set of carriers.

45. A system for estimating the frequency domain channel response in a
communications system having carriers transmitting different levels of power
comprising:
a receiver for receiving a signal transmitted through a channel; and
means for statistically analyzing the received signal to determine a first
estimate of the channel response for a first set of carriers.

46. The system of Claim 45, wherein a blind channel estimation means is
used to statistically analyze the received signal to determine a first estimate of

the channel response.

47.  The system of Claim 45, wherein the communications system includes

virtual carriers.

48.  The system of Claim 45, wherein the communications system includes

carriers transmitting different levels of power.

49.  The system of Claim 45 wherein the communications system is an
OFDM system.

estimati on neans further perforns the
evaluating a D el enent vector of the auto-correlation matrix
received signal to determne the first estimte of the channel
.response for the first set of carriers. 5 44. The system of CILAOMDABSE

wherein the D-el enent vector is evaluateg by: pre-storing D coefficients



+30 50. The systemof C aim49, wherein the OFDM system has 64 carriers
including 4 pilot carriers and 12 virtual carriers. 51. The systemof Caim
45, wherein the received signal contains a cyclic 5 prefix usedLOWDp8Eent
sthe interference of bits of adjacent synbols and al so used neans for
statistically analyzing to determ ne ansgstimate of the channel response
for a set of carriers 52. The systemof Caim45, wherein the first set of

carriers c SIS 1 arri Th of C 46. wherei n the
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response for the fi rst set of carriers. 15 54. The system of C ai m53,

wherein the auto-correlation matrix of the received signal is given by:

operation, 1 1 S0 R a5, KHEr A e Foadvid e ERREHSA b,

matri x des qrreﬁ»'t 0ged keprivieat thedintdferenbamidlts of @djacent dgmbelsrard slsoekef, 25
| is the identity matrix, 6b is the power of the noise, and RSPSP is the
aut o- cor r el™BeRRIAFRAtSticaHy ?H@'W@Qtterdeéﬁfm'”?ﬁrr @ﬂ%@@rﬁ’fsthﬁ dheaAshi t t ed

synbol and epresenting the wvirtual carriers renoved,
and wher ei n@g%or%@g %t LLE%EWSE

52.  The system of Claim 45, wherein the first set of carriers consists of 6
10  carriers.

53.  The system of Claim 46 wherein the blind channel estimation means
evaluates the auto-correlation matrix of the received signal to determine the first

estimate of the channel response for the first set of carriers.

54.  The system of Claim 53, wherein the auto-correlation matrix of the
received signal is given by: -
R, =E(@r™)= CRs,,s,,CH +o;1
wherein:
20 Eis the expectation operation,
ris the received signal,
r' is the Hermitian of r,
C is a matrix describing the effect of the channel,
C" is the Hermitian of C,

25 1 is the identity matrix,

o, is the power of the noise, and

R s, is the auto-correlation matrix of the vector S, ,

S, represents a transmitted symbol and has vector elements representing the

virtual carriers removed, and wherein

30 Rsﬁ:tl.



s 31 55. The systemof C aim53, wherein the received signal contains a
cyclic prefix having a length of D bits used to prevent the int q_rLfoeYquM%%
of bits of adjacent synbols; and the blind channel estination neans

<further perfornms: 5 evaluating a D el enment vector of the auto-correlation
matrix of the received signal to determjne the first estimte of the
channel response for the first set of carriers. 56. The systemof Caim

55, wh i h I t t i | yated hy: , 10 -stori D
cobf Tl ontid: de QT AIETIOI AR 6% WhRcen o Sroaied sl Geas GREHS and
per f or ni ng drbff ARUIMG LlPGEPST DDHIRNLIFIODRVSAEAE iNRHMPEndSbNGitd bE Pre-

stored coefficients'to détermne the first estimate of the channel response
for the fiadiacemdtsyotolsirriers. 15

and the blind channel estimation means further performs:
5 evaluating a D element vector of the auto-correlation matrix of the
received signal to determine the first estimate of the channel response for the

first set of carriers.

56.  The system of Claim 55, wherein the D-element vector is evaluated by:
10 pre-storing D coefficients determined from the structure of the received
signal; and
- performing iterative processing on the D-element vector using the pre-
stored coefficients to determine the first estimate of the channel response for
the first set of carriers.

15



