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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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s at different tinmes. The tinme-domain result is ISl of sonme formin either
case. OFDM channel estimation nethods can be classified into three
categories: pilot-based nmethods, blind nmethods and sem -blind nethods. The
pi | ot - based net hods (such as Pilot Symbol Aided Method - "PSAM') are based
on the information obtained frompilot data. Pilot data is pre-known io to
both the transmtter and receiver and is I'tiplexed with user data in OFDM
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The foll ow ng describes how the cyclic prefix is used in a blind channel
estitmtion. The input digital data streamis divided into bl ocks) or OFDM
synbol s, of size N. Each synbol, at tine n, is represented by a Nx 1
vector x(n). The OFDM nodul ati on of the synbol x(n) includes an inverse

di screte to Fourier Transform (IDFT) and %he appendi ng of a cyclic prefix.
After nodul ation, the synbol x(n) becones” S(n), the n~' transmtted OFDM
synbol after nodul ati on. The transform of x(n% to S(n) can be described by:
S(n) = Kx(n)ln the cemtetyredilot bitiaseangemarteXsem L d REcX bah several caeiers aeei
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of inter-synmbol interterence (ISl the OFDM synbol S(n-1) will be
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S(n -1) + b(n) r(n) _[kC, Co]. S(n) . -30 r, s where CQ and CT are matrices
descri bi ng tRiweendd@ kppwnidlot satiass. A6t arengeveral eynoon integpglagon - ¢
co. . . 0 = , 0 ... cl coO... ... 0s and b(n) is a noise
vect or reprgéécgr?mensgur%dgitional white Gaussi an noise (AWEN). Wthout |oss of
generality, the narthelinear mdenpotation Miethosl thetfrexpiehcydomairshahael engt h of
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descri bed asca@zyiirj%ﬁse é'mf b)?(?q—l‘?;c())( n) represent D x 1 sub-vectors obtained

fromthe (D x (Dx i)t" elements of S (n) and b(n),
respectively. S (n) is the result of the OFDM nodul ati on of x(n).
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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.



Under noi sel ess conditions, r(n) can be witten as: C, 000CoS4(n-1)0Co00C, S,
(n)| r(n) =0C, Co00S2 (n)= C ~ S(n) .0UC, Co0S3 nUOOC, CoS4 n Here the synbol
S(n) denotes the vector ~S4 (n -1) S, (n) S2 (n) S3 (n) S4 (n)~ and the
synbol C denotes the matrix. The received signal auto-correlation matrix
Rr,. is obtained fromthe 20 noiseless r(n) equation as: 6 Rrr =
Efr(n)r(n) H=CRSSCX +Qbl =CCH+~bl Co, 00 00Co, o 000 Co, 000 0Co, 00 00

Co, oC, ,, Co,, 0000 OC,, oC'Co 10C,, 00 0+0C,,0C ,,Co,,0+ a'b ICo,
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matrix C,, h ality
o F ana i ndosgesidlsEBnl | baTifiRi ooah G RIEsoleS sichd) TrRleBRARS
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transm ssi o r n M.t i r at
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RS |0l o HoprieRaragtorn (RETh R R apreiding of 8 SRt ABATY 19 bi ts of
the 64 bit %@mhﬁoﬁrtﬁe%mt Bé’cdfhéé sg&.g) Pr?éﬁ"‘%fa'ﬁ mmg@onmm'sw%dwth
the 4 bits used for pllot carriers, the 64 bits of each synbol
are avai | ablaftersnodulatiemi 'tfhert@n@mrm OfI'N r\étmﬂ(@)scan beviescribed byl fficult to

perform good channel estimation in such systens.

S(n) = Kx(n).
15
Here K describes the OFDM modulation and is determined from:

20 Fis the Hermitian of F, where Frepresents 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 (1Sl), 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, Co]{ (n D] +b(n)
S(n)
-30



is Since typical OFDM systens use both pilots and cyclic prefixes, sem

bl i nd nmet hods have al so been proposed to make use of both information
sources and achi eve a good conprom se between the two kinds of nethods. In
Muquet et al. (Bertrand Muquet, Marc de Courville and Pierre Duhanel,

" Subspace-based blind and semi -blind chanpel estimation for OFDM systens"”,
20 | EEE Transactions on Signal Processing, Vol. 50, No. 7, Pg. 1699-1712,
July 2002) information frompilots is used to renpve the phase .

i ndet er mi natwhgrei Go and €d asgimalkiced Aeretibisashe pifaeiefitherohannet aererdingNEquet
et al. is very conplex and does not nake full use of the information from
pilots. The references of Thomas et al. (Tinothy A Thonas, Frederick W
Vook and Kevin 2s L. Baum ["gem bl i.nd ochannel ifgentificatigniin OFDM',
Proceedi ngs of | EEE 55th Vehitul ar Technpl ogy Canferehce, VIC,| Spring 2002,
Vol . 4, Pg. 17471750, 2p02)| &d A - Naf f'o g &t ar. (Q'are'q Y.: Al -Naffouri,
Dinmitrios Tounpakaris, ARmgd Bahai and ogyaswari Paul t-aj c, An adaptive
sem -blind al gorithmfor channel identifjcationjin O-DM, C@nference Record
of Thirty-Fifth Asilonar 30.%enf ef eficech Signalls, $yisténs and Conputers,
Vol . 2, Pg. 921-925, 2001 ) al so propose sem -blind nethods based on

deci sion directed al gorithns, but 8 these nethods depend on the initial
decodi ng saCCaﬂcﬁbéh%Q;‘» alritiss Vet freprBseritiiy) addifionarmnie daassidanokastical ly
in lowto-nmedi um SNR scenarios. Returning to FIGURE 1, serial binary user
data 103 ent(@WGA)coding s to section 105 of a transmitter 102. The data is
t hen converted f e i J : Serja el
converter 107. Ne\&qhgﬁglogétotf%ﬁ@gfﬁ]ﬁ’qﬁ%baﬁ%gro?éamégt Nsi,sr%egla%aflbﬁt gﬁ]te ﬁe
user data i rtha lémngthadfiae teclic prefikoNh= 4Ddof sienplieitgy Taed kiDrapgeneftrsub-o
obtain the frequency domain signal, X(k) 111. An IDFT (inverse discrete
Fouri er Transbbixgf Geistdescribéd ashen. {Tihens xdd mppehaght suhraratsix dd i
transmtter signal X(k) 111 into a tinme domain signal x(n) 115 according
to: x~n)m | Riesctib¥dias @, = $0.(#) @nd b, (n)Nepieddrt D x 3 dubpeddtorsdotstathedfrenval or
cyclic prefix is inserte?rbtibnto tge time domain signal x(n) 115 by the guard
insertion segki(Dx §-473 + 0)"etol (D 0 Helemenisbof S{EY bRd BIBE résestivslyads apeist
OFDM synbol s. '§he gugrd )I nse(rti 2n section 11$@(r)ut p(l?t?[s}eabﬁi§ gnal y§~(g’§) 119.
The signal xthenpsullof the QEDM moadidation ofx@).(n~ = x~-N + n), n = -D,-D +
1,...,-1 x(n), nz= 1...... N-1.20 Th ignal x=(n) 119 is converted from
a parallel signal U?%érdﬁ@ﬁ?lpﬁ? cgpgﬁgps,b@n)}%ﬁgwrgfe&@?-i al converter 121
before being transnmtted into a channel 123 having a channel response h(n)
125. The channel 123 degrades the transnitted synbols, producing a received
signal y~(n) 129 according td&lhe eequat i @ &5 §f(n=4h{ n~h~n~+b(n~ where
Bn1roduced

b(n) 127 is additional white G&usal) an0n0|Ose é’ Den
15 r(n)={0 C, C, 0 S,(n) |=CeS(n).
0 0 C C, o] S,(n
(0 0 o C C,| S,(m |

Here the symbol S(») denotes the vector

[54(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:



into the signal while passing through the channel 123. The signal enters a
"30 receiver 104 and is converted fromserial to parallel formby a

serial |l parall el 9 converter 131. A guard renoval section 133 renoves the
guard interval fromthe signal y~(n) 129 to produce the received tine
domai n signal y(n) 135 according to the eguation: s y(n~= yf(n~ h =
0,1,..., N1 A DFT (Discrete Fourier Transtforn) section 137 then transforns
the tinme domain signal y(n) 135 back to the frequency domain to produce the
recei ved frequeRcy=@pr@inpipnal Y(k) 139 according to: io Y(k)= DFT {y(n~~
k =0,1,2,..., N1 ng g,}ann@* estimati on and equal i zation processing is
perforned by a chanfetststifati on and equal i zation section 141. The passage
of the signal is th h4%4e OFDM systemis described by the frequency
domai n equati on: Y(giz Xftlf)H(k~+|(k)+|3(k~_- k =01,..., N-1 where HKk) is
the frequency domai pCghandel r@spolse @f, trf ghaoypel Gor Ohe Bt 20
carrier, 1(k) is the greguency,dongi n intierlscharmel gnterference (1Cl) for
the kt" carrier and Bék) (alv‘l@ thoe frequerqg:y coecrf'&i nr?‘dddgf"i ongl %‘P e Gaussi an
noi se (AWGN) of the|kbh cérri€;, EQualilzattijof i Lper€ornd, an@ {he,I
frequency domain estigateg tragsnitter gsilgnaly Xe(k) @42 detefm ned from
the frequency domai 1~g§1ti ?&t eg(slcgr‘]'f’ieuo'rS spo?se J@(b( k%""acgsb‘r dg’f@ to: 25
Xe(k~= ~(k~ k=0, 1, . [Co+ 10e( The o8t pooflr dnlt h&aharthel Cest ilati on section
141 passes to a parallel to serial converter 143 to produce the estinated
transmtted signal xe(n) 144. io The signal xe(n) 144 is demapped by the

demapper 145 and fjnal user, out put data 147 i t put~ byt he receiver.
Ut 1 now NG k" Babt expSElih G g e mat o PR Grot 1 8 0 R 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 §, is approximated to be

equal to the identity matrix, | as shown by:

FZ o F o
Rf[o FH]R“[O F]I

10 R, is therefore of the form:

and the last D elements of the first column are:
15
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,estimating the transm ssion channel in comunications systens. The
priof-art s pilot synbol nethods are linmted in the amount of pilot data

t hey can use due to bandwi dth constraints. The |imted nunber of pil ot
carriers reduces the quality of the channel estimations. The blind channel
estimation methods of the prior art have also proven unsatisfactory. These
nmet hods have high conplexity, |ow accuracy and | ow i 0o convergence speed.

Cyclic prefix information, introduced to solve the ISl problem has been
used to some ext eMusdhe igreodemain ehannelestimagian capthedeteeminasdirggiy has

not been fuI# LSE lized. Al 510 .r\%:#hou h blind channel estimation methods

have been prB%B 1 OPET Elbeeﬁ?? AbiNAete MPHRCY o (P W where virtual carriers
ve oeen b or t _ . .

orncti cal - Sen nrowgveln 3 B 2EnAbrogiFhaidroRRARUGEs RBCWBIR i Seléih

have only megleh agiEEE805.41afOFDM ¢ormafunittians Isystamg Haviagddrtial darmerso
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order to pfoefﬂdgft@avaa%ﬁsgmgéﬁrgme% Yt &%Wé%éﬁbﬂ%{i@%én@ébfﬁﬁ};tbpn whi | e

efficiently utilrzrng ban to optimze data transm ssion. woul d

al so be desicarties meaps thatrsomé eabridrs trackanitting ties symibol x(n)detaallyriranssyitt em
having virtual carriers. 2s Summary of the Invention, Results of i| ot
channel est i MRAPPYRT 4Pd 18y SYRIAMSaring.vIRual farders tis e joneesNalidig make
estimation. ﬂh@fé%rsﬁﬁ‘idt@'ﬂ tﬁépgﬁgi:l pts is used to renpbve the scal ar

uncertainty 1n a blind esti i on method and the resulting blind channel 30

estimate,d s used HQEREHYLIPAOADN ddmibinicalionsBidtems 9picafY 42Mbits of the
i nterpol ati on of the channel estimation for additional "I n-between carriers.

The blind ch@hhitisymbois arst dedicated taoittyal @agtienah SN hencoohinech withtthe dsbitsy st em

csti mating. e aief Cartlefs, ol oR o MRt ER meB VI B¢ eSO,
recei ved si ogighsmittivty &8ahorhis makdstitlesern Rforgidiffisulpto peddRIgoodthaangl gnal
t hrough a channel; receiving the signal with a receiver of the

conmuni cat i ORI SUANSYSEeMEal | y anal yzing the received signal to
determngsa fi rs.tsﬁﬂe!t?ﬁ[:gl QFDmngEﬁ{én@ée Bgtﬁgﬂf&%aﬁ rclyta,licf elre?i&e?.,eéerﬂit the
carriers; analyzing pifot data in e recelved signal o determ’ne an
estimate of blirel methous havesalsodeehqiroposed ta arakiearse ofarsthdofobinatiog t he

first to estinate of ,the, channel ,response for, the first set of carriers
Wih the oot SOMPES ONAaREIAVE B BeegSREPIPETS REMRrdheda et Of Bedisdsie

the channel frgngfecall MofAnadibianflars 8 Curliie S7f PiekieDufii] onal |y,

the nethod further 1ncludes renoving the scalar uncertainty e first
esti mat e usi tHyhspacedasedtdindfancheerohblindecharng estimation foh©@FRIM systems”j er s.

The statjsti S| lind chapnel-~ $,.€esti | t.h
The st 2t b5t | ke IBIRY ng B) SoRLEIBtoBURIRE Bl s B YbB.2nd, UG
matrix of thgooBdaforedtishdrsth pilets isUsedao r8mobkithél ppBasnedetefrhinaBibh @n when
virtual carriers exist in the signal. ) .
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)

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



_The invention also includes a comunications system having a receiver for
"receiving a signal transmitted through channels; a nmeans for statistically
20 analyzing the received signal to determne a first estinmate of the
channel response for a first set of the carriers; analyzing pilot data in
the received signal to determne an estinmate of the channel response for
pilot carriers; a neans for analyzing pilot data in the received signal to

determ ne an estimte of the channel response for pilof, carriers d a
means for cdéhgienmethadsedenend ondhe Hitial dﬁoamgt%cueﬁ%ﬂ{eﬁ ersé’é‘?)t?ﬂﬁénggpethe

first set of %F@%ﬁéésﬁgpﬂés%a?ﬁéélggﬁ%@ft SRan R %ﬁw dsor the pilot

carriers tohest channe onse tor-an set of the
carriers. The fi Retuming teaFESORE heseriahhimairy ueerp@atado&enmrsaadodmg
uncertainty;

I d th
scal ar uncersﬁﬁ{]‘?ﬂ 38§9 e&}ﬁ’f&ﬂ@g?%gt 3.?@}51%;[ a Gé@gseegn qn%e plel ot
carrierss a-%]ur'ﬁ dtwé%ruﬁﬁalwml%nv@@emwlNéxf:a@waﬂnseﬂérm@@lon and

thelnventl n er includes a neans for co utlngt auto-correl ati on
matri x of t hesertsipilot symiboislintd theausergdatan awaedmttﬁrhmmbot’fatmefrewnqyatu on

S Furt her - pPEParbe Fomalts i ebBir . feidiay inEin T8TEXEY s chr &@ﬁTF or the
sake of examk/erwwmcnwté Fouﬁéﬁrmeom ddttioh al13anendrdnsgsrhasthe fie
FIGURE 1 shows a typical OFDM w rel ess comuni cati ons system of t r| or

art. Fl GURESOMay tranarrnf(t@) Slgmius(tk) aid nfoz tie darpaip) ignalixipk1 b%acaorsMgor
art io clgnb wbype pilot insertion pattern. FIGURE 3 shows a schematic

di agramof a w rel ess OFDM communi cations system i npl enenting the present
invention. FIGURE 4 is of a flow chavc(n)&hlzm‘jh{g((ﬂcb}e met hod steps of the
present invention. is FIGURE 5 shows ho £f ti mted channel estimates
are suppl enented by blind channel esti mi or determ ning the channel
response for additional carriers defl ned |n the | EEE802. 11a OFDM st andar d.
FI GURE 6 shows details of the blind estimation nmethod for processing an
aut o- correl at i on Nextra R-peishguaid intarvalamaystie peefix ipirsartad infhthe timend 20

mothod of - FLetia sl el PRl AR bShioh sRsen 37 g8 MG ove " ne
effect aof t hﬁevﬂerém@l betaeeheidjacdt IGH DRIGsPsissls] Theqjurd indwtitiveedioreM® 2s
FI GURE 3 shows schema;g@ﬁdl agramof a wreless O-DM cormunl cations system

149 i npl emePY H’H}Statﬁ!g%@' 1 19nvidig signal xh){11é& ig detprmined by:

x(N + n) n=-D,~-D+1,..,~-1
% (n)= { ()  n=0L.,N-1

20 The signal x1(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 yi{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



art of FIGURE 1, the cyclic prefix is renmoved by the guard renoval section
133 'prior to channel estimtion. The invention of FIGJRE 3, however, nakes
use of the carriers both before and after renoval of the cyclic prefix.
FIGURE 4 is a flow chart show ng the nethod steps of the present invention.
s A channel estimation section 153 of a receiver 151 sanples the received
signal after the signal passes through a down converter 155. The down
converted signal enters a blind chﬁnneL estimation &Egcessin se kion 156

where a bl i RANYartaidl. AQuREd rgRovelsseciion 133demavesrne gHard iferedraRy,
produci ng a : I i ¢ k ki iy At 4 of the to
channel resﬁﬁéeﬁglgﬂéw{@) gééhtg?gﬁlaﬁgé;wg%éﬁgﬁofﬁ]ﬂ?gg) %s’%glréz'frﬁ%d@r taz:ailpnt y) co ,
gi ven by: caccording fo thecapmtiGA®CD | is Part of the received signal also
passes t hrough an OFDM denodul ation section 159 which renoves the cyclic
prefix in addition to perform ng a DFT. A PSAM processing section 157 of
the chanpel estimation section 15 ﬁﬁﬂp_ I t,hep gi gal; after processing by

t he OFDM denodul ati on section 1593)( e P@ZM prééegsi ng section 157 perforns
a LS (least square) PSAM step 173, producing 20 the channel estimations for
the pilot carriers HP 175. The LS estinmation nmethod is adopted in order to
keep the conpl exiA DFTdRiscretestourar Transiosn) seetiamdd? then transfosmistthetimene

recei ved value divide cor.r in I . i}.ot rrjers.
The vect or -HOTAR FoBAr v BBk oA Aoy Bt Ratalfist he refdled oo 1
175 fromt hﬁeaﬁé%@a@ﬁ@msgiggapyg?img ddeording teonbi ned in a channel
estimation processing section 1 to produce a channel estimation of the
present Pnventi on. 14 As mentioned previously, the result of the blind
channel estimation, H 177, has a scal kggqg b@%&ty co that nust be
renoved. In the present invention the thanne i mation processing section
161 performs a step 179 in which it uUs&EdlZe:¥dnnel estimation HP 175
provi ded by the PSAM processing section s 157 to renove the scal ar
uncertainty in the channel estimation h 177. First) h 177 is transferred
into the frequenqhedHaNng| é&i@éﬁ&?ﬁﬁd%aﬂ%@fpr&éé&ﬁ? é% Bférféﬁ'ﬁéé“byfaa(?t or

co is determ ned by conparing the estination values H or the pilot
carri ers obtchanee asiimajionandequalizatiansectier ddiatihenpassagesqf the Bighaih t he

estimati_on | u H for.the nil carrier tain in . PSAM
step IO 1%73¥ﬁ?H§ﬁégngémas&tsﬁmd%8F§8ri%éﬁb%g}eeﬁﬁﬁlg%@cyﬁ&ﬂg%ae(ﬁ@;@ﬁ squar e
nmet hod such as described in the Miuquet reference (see Background section
above). The scalar uncertainty, i,s then nmoved dividing H 183 by the
scalar factor co . The channe (’Qﬁf(@ﬁ@%ﬁ&‘sééﬁé ng section 161 al so
perforns a step 181 in which channel gstonmui®s-1determned fromthe step 179

and the PSAM step is 173 are conbined to produce the channel estimtion of
the present invention. Several additional points fromH 183 are chosen to

eot 1t o ot TR B3 BBy iBgin SRaRNETEshaNR PEfne At DRER'Y 10
become ggbl io@ﬁi@rﬂgn)zigg;\ésféth_eyuaﬁiam intBr-sfannélinterfefsrsee opvior gt I poi nt s

fromHp 175 and ‘a ao_piece-w se jnterpolatiaon (the present
i nventi on c&armigreand BAg isthesiraauenay dempainadditional whitgSaHssian mgisehe

| EEEB02. 11 3G o IR dhr it e Al00or & S FadtPltfs AGGURPaSHARN®

estimates f carriers ese
estimated transmitter signal X,(k) 142 is determined from the frequency domain

estimated channel response H,(k) according to:
25
Y (k)

H, (k)

X (k)= k=0,1,.,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.



known data points. The selection of the additional points Hb 185 fromthe
'blind channel estimation adds nore data points to the interpolation to

i ncrease the 2s accuracy. The nunber of additional points and the positions
of the additional points of Hbo 185 can be determ ned by choosing those

whi ch m nimze the nmean-square-error (MSE), in a Monte Carlo sinulation.

FI GURE 5 shows how the points fromthe PSAM estinmated channel estinate are

suppl ement ed_by points fromthe blind channel estinmate for, 15 s t
provi di ng anTh@rﬁIQ@@é&S(GL%ﬁéﬂ d@%‘tapﬁﬁgibdﬁﬁ?(ﬂenmqri%@n(ggﬂﬁl%ﬂ‘sgrr%gﬂ'éhci es

defined in t I : zﬂ;@\p ard. The vector HP 175 provides a
channel estiar:’% eﬁﬁcﬁgq’?‘ﬁé&@ 0 ceglreﬁ’:ég'rs at 8, 22, 44 and 58 of the 64 total
carriers. The val Ustilafowtheredwts baerpne cOmplatdly shtisfalpry miethodeforor Hb 185
provi des values for the carrjers agt 1, 15, 29, 37,.51, 64. The value of b
" set at b ssimatnghezsansmission charyiel ireRmBriAions pyRiEE 1 S NEProRer
channel for %iﬁl?ﬁgn%l hethsdsl aFenmitagsh iﬂéﬁmbhﬁtéf?m deta M) cashsaRLbas are

conbi ned wit - estimation results for the 4 EI ot carriers. A channel
esti mat e f orbandwidticeenstegiatsi sThehnitednomber of pligt ¢arriersraduces the gualityon
these 10 results. The channel. estimation output 165 fromthe channel

estimation p?'!otbgs aﬂaeg%%lrp%ﬂorl%l is passed to a channel conpensator 163

for correcting thehgplind chasheieshtiniation metidda\dfaReptior akttiaveesitb Phovdrd to
provi de channel conpensated user data 167. The blind estimation section 156

for perf or mi wegatistagipryadl hess methasts Ravephigh complexityz low aecukasy angd IRWown
blind estjnmal e Of: L L al ar
indetermS dnacélérg}oér@as d s%e:rq?bgga yt]&%{'g6"@%3”&%%?%%‘@@%@V%ﬁ%ﬁcy of the
PSAM st ep 17grdbjemohds been usbd to @smid extént focinprovel bithd chahnelsdstinmdtionn

met hod (as descri be step 171 ith the result determ ned using the
o1 1 ot - et hod et buf a3 aohboen ayiuhizod. At Alinough il heedr above,
prior-art bl i&fnsiaRRkhGSS haRd bean ﬁ&&ii@?dggﬁn fith tnélshtuéﬁbr%g@b%m ’

having virtual carriers (the | EEES02. 11a OFDM ni cation standard makes
use of 12 vi vittual carders exishin tie sigrfabrtbese methods ara vemywvcomplioated aodinet| udes
a procesig'nng net hOdIIithat i nproves the accuracy of the blind channel

estimti inerthPéaB c@é‘ence of virtual carriers in the signal. In the
presence of virtugbmidlind ehannésestimatith metiodstidwl Bééwael@bped bt hgvei s no
| onger equal to the identity matrix 1 as it is in the prior art described
above becausenlydnade bmitad use ofgbailot dal@sni tted on the carriers: RFNO R F

8 ~1 ss - 0 Fx x / i j I r{i.er some
ol enents of the o) bufd B3 deshol iblrtfo IR ol Pt pldtddsfised
f r equenci es) inaprdctidal conehanieatisns aystbms with additional blind channel estimation

20  data in order to provide an accurate, 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



renoved in calculation. The vector xp is used to stand for the vector
"formed by the non-zero elenents of x{n). The matrix Fp is used to stand for
the DFT s nmatrix operating on the non-zero el enents. The OFDM nodul ation is
described by a matrix KP defined by: _F* _PICPF HPto where Fp" is
the Hermitian of FP. The received signal quto-correlation matrix R' is
obt ai ned fromthe noiseless r(n) equation as: R~ = E(rrN) = CRSPSpCH +
661 is where | is the identity matrix and a~b is the power of the noise and
R _ FPH 0 R estimptiongporksmvenihen therommunications systar sional #as vityalx of sp
RSPS. P inc«.l,a‘ﬁq only the carriers which 20 transmt signals (i.e. it does
not include Virtual carriers). FP and FPN are fornmed by the last D rows of
FP and FPS |, resfrecpresehynvehtior inzluded Aenétbaditftr estimating the clarpredf i x.
Al so, assum ng a whjte unit varjiance sgéat inBut, RXPxP = | P J!—_lﬁweveb, now
the el i m nat®8ROREE RepspMmunigrlioNssysiera basepionaseedveqkaignal {Re metildy ¢ h
no virtual | ' ty ki ' he 25 H
PP PP 0 Aspa  BUES e ST fenshitfiela Sighal Mioudt 3 cRBNRER rESTROTe O ot
in the convesignawith avecaivenaf the eomrounictionsisysian) statisticalipanalyzing dheise

RSPSP i ns _bet t AL | RPSPCH , T ke th -atri
ot hod vior k 15PNt Righal 88 p6teTRRG AgbE e inaS o fac EhaprleBEonie fr A T o
get an esti fﬁtioﬁﬂw@éarﬂ@kﬁ;-anﬂlﬁi%ﬁ PGt ath W €Y FeRRiveRIeSigREIIBIdEAéInging ampout
the structures of the H matrix and of T=( FP FP 0) to allow

| ow conpl exiesfinate eédhe ahanmeldespemserier pdot errrisrs; @pdeambiningdedirabol , the
X Gy S SR T e Shaln AIESPATRORT 1B SePBPASHEROARR MR stER S of 2

di scussed abBve W respect to ror a
channel response for the pilot carriers to estimate the channel response for an

additional set of the carriers. Additionally, the method further includes removing
the scalar uncertainty of the first estimate using the estimate of the channel
response for the pilot carriers. The statistical analysis can be a blind channel

15 estimation and the invention 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



co0... 00cD, ... ¢, cO. . .0C=~andC _. 0. . . co, cop...
. p 15 Based on the result of calculating T (for the | EEE802.11 a

standard) and the structure of FP given the positions of the virtual

carriers, the matrix C can approxi mately be organi zed as: i 8

A400000A, 00B, 00AZOO0O00A300BI 00A4 wher e A4,= FpHFP and based on the

cal cul ation result: Al 00BI HOAZOOs F FpPOOA30B, 00A4 I n nost blind estimtion

met hods only the hottom | eft sub- rix  of rr .S needed. Thus, due to

The ot mpl | 1 10RBNEASIONAL0 Fnbreyechitiion S8nnabestihation When utya) cadiers,

cal cul ating A jrege'kignal. CoA4Co instead of the full result of H CRSPSPCio

Addi tional sinplificatihons can be achieved by utilizing the structure of Co
and A4. Here, the direct sub-matrix nethod is used as an exanple to

illustrate the besent Jdnvention, but other blind channel estimation
net hods can 3H c n M%on Co is a | ower-triangular matri x and

Ad is a symmetrical matrix having identical values along all of its

di agonal s; Based PFurtlidregreférsed hsaturers 6Pt inventiem wilk ndedue eiésthiedd fdrethe
resulting vector V used in the submatrix nethod (the |ast, D el ements of the

first col um§akesofRxanpliganty withdaterpree torthedetiowing fighies, ipwhighby a scal ar
co as described with respect to the prior art CD-1 above and in the Chin

reference. Inste i ' ;

Uocach, .+ U coot PURE FEHERS B0pleap OF DY WirkfeEg enimuntfiefi systori6i®
di agonal in thé grimr@irfhg a vector: S1J - ~U U, . . . UDIi ~T . Ilterative
| oop processing is performed on V (with U, pre-stored in nenory for

| cul ati bef f i ndet i i | ar.
Chcertainey) o GURESvAAnd AR iRGatef Sl Grh BodhbRLaif & Bfiov et or
isdtthe t @ timﬂay@é pnashgémbhqmt@i-n,t he channel response with a phase
i ndet erm nati on

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. [n the prior



glven by: coco V - coca COCD_1 which is output fromthe blind estimtion
‘section 171 in FIGURE 4 as the vector is h 177 for continued processing.
FI GURE 6 shows the blind channel estinmation nethod for use in the presence
of a signal having virtual carriers. This blind estinmation nethod is for
incorporation into the blind channel estijgation step 171 of FIGURE 5. A
recei ved synbol r(n) is received as input at step 187. Next an update of

t he 20 cal cul atlon of the vector V.| ~1is Eerformed at th ste&a%gg
Processi ng @t of FSYRErbthegyelic P@Xéﬁ é?f“@‘éﬁd ¥dhe gEArd FRINQ\q |§9§¥' annel

h t
othor than (Hr 45 cREhRelacbintidh? e nyERAGPBEFIGURE SHARIS MhekBs MERT
as i n et hodhe lcasiats hotiChefors landdzftermpowival ohthe chiotic |pre3fl>at|FI\83U|EEodarssa;| ng

met hod of the pre 2s inventjon can a i ncl ude aI t he col ums of the
sub-matri x L]‘Q“hﬁh@'ﬁ@h@‘éﬂﬂg theJpetioq) steps o a‘}fepretS@P W@B iMf-ocessing can stl I I

be inpl enented i tﬁbﬁéhﬂé'e?éhﬁ%tf&ﬁ‘%é&uoﬁoﬂaaf‘&?a R r°l‘5€15§érﬂ6|3§fth¥ ré&eiV
the effects of the virtu carriers is illustrated in nore detall Int
fl owchart ofsighabafer the Jighal passassthrougha dowtt conventent! 86. tThe dewns of the

t [ b Uo cD. 1
0D Coco ThebatEe saiEn Eoierera B ferlies §¥Gidstior BEaae Ess iR o he
step 195 i o wiéreha Biind sieanridi@stirition stepy 71 lieedPICGURENS tsqyérﬂfrrﬂéd= ~Uo U,
UD_, ~T described above according to the equation Vo Vo/ Uo . Next, an

iterative | QrEdiSing 1t BscRer ACTRN dpwesérﬁmgmeqmvemalﬁésmmanrmfkhes
incremented from1l to D1 k-1 and the operation VK = (Yk - ~ U * Yk_; ) |
Uo is i tier atdhaging! resppbosendthaa phhsevindetemminatiorn (dr skedar Wicealainty) g given
processed vector Vis output as the estimated channel is response h 177 at
step 201. |rP¥anot her enbodi ment of the present invention the blind channel
estimation nethod for use in the presence of a signal having virtual
carriers can be used w thout using the PSAM output to renove the scal ar

i ndeterm nacy. Also, in addition or alternptfyelly, the blind channel
estimati on nethod for use in

h= COCI
CoCpy
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.



20 the presence of a signal having virtual carriers can be used w thout the
addi’ti onal channel estinmations provided by the PSAM out put. Al so, while the
preferred enbodi nent refers to PSAM channel estimation, the pilot bit
patterns used can be bl ock type, conb type or other pattern types known to
those skilled in the art. 2s Al though thg invention has been described
above using particul ar enbodi nents, many variations are possible within the
scope of the clainms, as will be clear to a skilled reader. 21 Ccdains W
claim A method Aemerstionest pregiotishy thes resedtpfiibe bilind zhannelestiaatioondh syst em
based on a received signal conprisjng the steps of: transmtting a signal
through a cmahrfeas a ﬁé@@rw\ﬁgﬂ@lﬁé\’ Si amlmv@tthe eerp@yad. visy therpresent invention

commruni cati gns m,statistically anglyzjng the receive
Geter i ne. aihe GANEL BEHBELOB ProvrssLSRdion LebasRemSA %e?q@t"?g@vcfb? the
carriers; to_an ' an
cot |t e of U%Sdﬁ}%%harﬁ@%ﬁ@fbafﬁﬁrwé" b Hedt E e IRl leheg e elfpct
esti mate of channel onse for, the first s f carr the
oot | mat &5 of 15 AIRFRINOVS tyb RAISF BrosiRinti i 4he b e B, RS2 Fhae S e
response fo f aim
1. wheroi n (AER F?%?ftearéﬁ oo dFoqsy AR S podinbunkabdBL BEfE e
uncertaintyg Lcdmp r [ he
scal ar uncer?aglgﬁ a&’&ﬁ’é"ﬁfg%gﬂé@%ﬂ%te 0 éﬂ'@eﬂﬁhanneﬁ%vggg%oﬁgggffggth{eh
pil ot carri g6t catrierSsbtameaasbsing tHe Bind éhaﬁﬁé?bétlmahbﬁ of istey) 12FWithahg of the
channel response has a scal ar uncertainty; and the nethod further conprises
the step of estraatiemosiues Hhel 78 fdrahe pilcecaraiens ybtbihepeusing the PSAM stseps of :

10 173. The scalar factor c; is then determined using a least-square method such

as described in the Muquet reference (see Background section above). The

scalar uncertainty is then removed by dividing H183 by the scalar factor c; .

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

fl 175. These additional points from H 183 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 present 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 A , 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 H, 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



~transferring the first estimate of the channel response for the first set
of carriers into the frequency domain using a discrete Fourier Transfer;
conparing the frequency domain first estimate to a frequency domain

esti mate of channel response for the pilot carriers and using a

| east-square ~o nmethod to calculate a scgdar factor for the pilot carriers;
and renovi ng the scalar uncertainty by dividing the frequency donain first

estimate by the scal ar factor 2 4. '{,he matg 'g of Claim1, wherein the
estimat e of PEMIRGIN BypRYRS channdliestinaton fBapAvEPEal GarEer FeHERKSS domai n
ecel ved o BRaned il® EEEERZ YA RAhA T wISeH TR e
(i et , PR . L
ot er i ne. aChRag SsTpiéagfor Bie it bafrerel ¥, 22044 R et R ehaxaaifts,
Caimb5, whehgivldsf §HERIGAEIBNS2 YA FYY Thel vedesr ¥ .1 188 breAdéd Paltes
transmtting substantially no power. 7. The nethod of 'Caimb5, wherein the

comuni cat i esrkhecaridrsiatdl, 18e89caT ri g rest. t Thasalubtofrigisddt fatbent 1,118y @os of
power. is 8. _The nmethod of Cdaim1, wherein jnterpolation is used to

conbi ne t he 37i P4 6Dst Thif estipnationresyits o the eR@mal dot the § parriers detesainedt t he
carriers w ' : I ?{yﬁ&? ' o to
estimate thz%%g%ngﬁ“r%@%r@r?zfgsg&gp Eg aer%glﬁ [ (')na \fl‘@éttﬁ%% Spﬁgﬂégﬁ§§tg¥f{0§20 9.
The met hod ttie &lpiiohcdrrietsr Aighanhel estimate foabthercasyersdsthien ealc@Bi¥dd by st em

10. The methqd of Claim9 erein the OFDM system has 64 carriers zs
i ncl udi ng 4"}5?7"(933”%6\??%0’3%%%/@%%} carriers. 11. The nethod of Caim

L whergpn the ranglcfing] BShation baidh 185%ksth the BABRAY) estfithtich Prevent the
S (0] a

interference of bits of adjacent sy S an I'so used by the step of
st ati sti cal pyocassingsseagionHd Irisqeissed te iagthannebcompensatos 183ffor sorrgeting

The motnod 416 Ba AREReg ERRTS Bt dedfodiubRy sefliel ab T & ds stelie of o

compensated user data 167.

to

The blind estimation section 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 c; (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, Ry, 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:

F¥ o F o
Rf[o F,,]Rxx[o F]ﬂ

30



carriers. 13. The nethod of Claim®6 wherein the blind channel estimation
met hod s eval uates the auto-correlation matrix of the received signal to
determne the first estimate of the channel response for the first set of
the carriers. 14. The nethod of Claim 13, wherein the auto-correlation
matrix of the received signal is given by, R-r = E(rr" ) = CRSpSP CH + ~b
wherein: E is the expectation operation, r is the received signal, r" is
the Hermtian of r, is Cis a mairix describing the effec} of the chaqpnel,
C' is the Hermi tiWithgheexistenae ehurttabeariers. saima qlemants o mfeswaﬁelrx(a t he

noi se, and Réﬁ%lvﬁakg gybe(a%tﬂﬁrg-vwai géﬁfér%qﬁaha'bq 8hd s hintSBan bel. SP
represents a trans ed' synbol ‘and has sone vector elements representing
the virtual eaoveeria catculatioh. The vebior o, is BSEER $taind.fol the Veatonfarmed myf
Claim13) wherein the receiyed, sjgn confaips a cyclic 2 refi aving a
Cength of D BRNSTIR ASMENEaHFrnd hemal pa dsabrortand fit e Bibn:
symbol s; andnbie (ggég?grr}ggﬁqﬁglnoﬁsi% tl%lﬂ@nfg?t hod further conprises the step

of : evaluating a nt vector e auto-correlation matrix of the
recei ved signal tBhel@FMimedulation iis desarieidny @ naatrix G, definadeby:r esponse for
the 30 first set of the carriers. 24 16. The nethod of O aim 15, wherein
the D-el enent vector is evaluated by: pre-storing D coefficients determ ned
fromthe structure of the received signal fganyd performng iterative
processing on the D el enent vector using= ﬁle re s stored coefficients to
determine the first estimte of the chdnn F,r ¢sponse for the first set of
the carriers. 17. A nethod for estinmating the frequency domai n channel
response in a comruni cations system having a channel transmitting a signal

having carriers igwof .different r levels conprising the steps of:
transni t 14 ngVae§ éﬁa’ﬁ tgﬁ}[ﬁﬁﬁ'ﬁt"%{‘ gﬁémﬁnel ;
The received signal auto-correlation matrix R,, is obtained from the
noiseless r(n) equation as:

R, =E(r")=CRy ¢ C" +0;1

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

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

20  transmit signals (i.e. it does not include virtual carriers). F, and F,” 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, . =1,.
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



‘receiving the signal with a receiver of the comunications system
statistically analyzing the received signal to deternine an estimte of the
channel response on a set of the carriers fromthe carriers of different
power is levels. 18. The nethod of Caim 17, wherein a blind channel
estimation method is used to statistically analyze the received signal to
determne a first estinmate of the channel response. 20 19. The net hod of
Claim 17, wherein the comuni cations systemincludes virtual carriers. 20.
The met hod of Cl aim 17) wherein the conmunications systemincl udes 2s

carrLers Lranem UL g5 BT okt 50RO e AN nRL b
O 2. Mhgtghch iGN HE BB, COTEIATS N if o Widbeg ae
he rece! vedeq 90k O0NAAE SRSk UPC SR HE e

statistically analyzing the received signal to deternine an estimate of the
channel riespeffest of Rs,q BeE(af’)dgraat@nsestination gh€Giet hod of O ai m 17,
wherein the first set of the carriers consists of 6 carriers. 25. The

met hod of C ai m IBhepheeseint inveatibhiuses obsenations taboat thenstmettices ofdheval uat es
the auto-correlation matri x_-of the recejved signal to determine the first

esti mate of , ele respBAI, for0t he i Al

met hod of C @?ﬁé@%@h@r%?&ft hg augo?go rlfé)l %@Moﬁwﬁgé)&ipﬁe%{!}& p?{zé%%fgei @Qg
signal is given by: IS R-~ —E(rrH):E:R pCH +Qbl wherein: Eis the

expect ati on nAEatiuRIre lof tive égmb@tiﬁe WRslriR 0D rgahized ast he Hermitian of r,
20 Cis a matrix describing the effect of the channel, C' is the Hermtian
of C | is the identity matrix, ~b is the power of the noise, and

[¢, 0 0o o C,]
0 C, 0 0 C,
10 0 C, C, 0 o0
0 0 C C, 0
(0 0 o0 C C,|

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

c 0 - 0 0 ¢py - ¢
~ e ¢ oo ~ :
C,=| | . 0 and C, =| .
: P : Cpa
Cp ¢, ¢, 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:



RSPSP is the auto-correlation matrix of the vector Sp , 2s SP represents a
transmtted synbol and has vector elenents representing the virtual

carriers renoved) and wherein RSPSP ~ | . 27. The nethod of C ai m 25,
wherein the received signal contains a cyclic 30 prefix having a |l ength of
D bits used to prevent the interference of bits of adjacent synbols; 26

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 deternmine theg Ajrs@ edtinfite ®ff the channel response for
the first set of carriers. 28. Thg ngthog of C g m 27) wherein the

D-el ement vector is evaluated by: pre-'storing D ¢defficients deternined
fromthe structure of the receivie@ si%nat; ald perlffornming iterative
processing on the D-el ement vectjop uspng ot hesprepijo stored coefficients to
determne the first estinmate of tge ﬁran el responise for the first set of
carriers. 29. A communications slyste 1coR’pri ingﬁJa recei ver for receiving
a signal transmtted through a channel; is neans for statistically

anal yzing the received signal to determne a first estinmate of the channel
response fo i{St zse ' : : .yzin ilot data in the
recgived sigﬁgyéf%4HgﬁeﬁhgﬁgpgﬁﬁggéﬁHgggggﬁagﬁgﬁne Lyespgnge for a pilot
carrier; and nmeans for conbining the first estinate of the channel response
for the 20 first set of carriers with the estimte of channel response for
the pilot carriers to estimate the chpapelOredponBg|for an additional set
of carriers. 30. The systemof C aimpPg, erein bh first estimate of the
channel gesponse has a scal ar pﬂhgy&a nty; %and further conprising a neans
for removing 2s the scal ar uncertaintlyOusit®g BAhe 8stimate of the channel
response for the pilot carriers. 31. [Tge systgmof €l aim 29, wherein the
first estimte of the channel : ¢

In most blind estimation methods only the bottom left sub-matrix of EGr?) is

needed. Thus, due to the simplifications, the blind channel estimation can be
performed by calculating the result of C,A,CZ instead of the full result of

CRSPSPCH .

10 Additional simplifications can be achieved by utilizing the structure of (Nlo
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 C, is a lower-triangular matrix and A, is a symmetrical

matrix having identical values along all of its diagonals. Based on these
15 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 c, as described with respect to the prior art

Cpy

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



response has a scal ar uncertainty; and further conprising a neans for
" rendving 30 the scalar uncertainty by: transferring the first estinate of
t he channel response for the first set of carriers into the frequency
dormai n using a discrete Fourier Transfer; 27 conparing the frequency
domain first estimate to a frequency donpjn estimate of channel response
for the pilot carriers and using a | east-square nethod to calculate a
scal ar factor for the pilot carriers; and renoving the_scal ar uncertainty
by dividing the frequency donpin first d/gstj mate by the scalar factor. 32.
The system of Claim29, where|n the gsttimatg of channel| response for the
pilot carriers is a frequeicy|domai n channel ' Pésponse det er mi ned by
perform ng a | ease square nmethod on the received signall. io 33. The system
of Claim29, the neans for sta@ﬂgkicq&kgyanaLy;;gg fr tther conprises a
bli nd channel estimation means fJor°3tat'i$ticaliy dnalyze the received
signal to determne a first estimate of the channel response. is 34. The
systemof Caim 33, wherein the communications systemincludes virtual
carriers trwherd Uiisihe vahia efthedl”| giagenaldned , famiingigevegiet em of O ai m 33,
wherein the comuni cations systemincludes carriers transmtting different
| evel s of power. 20 36. The systemof C aim29, wherein interpolation is
used to gonbine the first estinng &f kpe_qh%pner response for the first
set of carriers with the estimat 'J ochannel TYesponse for the pil ot
carriers to estimate the channel response of the additional set of
carriers. 25 37. The systemof Cl aim 29 wherein the comrunications system
is an OFDM syst elterati@e |ddpeprycessimgdé perfarmmed bn Wiwitkilh préstcebivh syerhery has
[ 4 pil ot ﬁgFriers and 12 virtual carrjers. 28 39.

64 carriers_30 |ncludin
The system WCG;%??HOZ@P erremeviaher thedhasedndetgraination (@rssaldrcycl i ¢

prefix used : | ; f i nd
Dl 0 used by CHERYE ot U7 AR Al AR e ok g, (8 HeSaERY BTN BT
det er m ne atimerdamaistdstimationf ofithe ahlaanekiespespemith 4 phase indeiermsinatiar

carriers. 5 40. . The systemof Caim?29, wherein the first set of carriers
consi sts of I8€RaWri ers.

-
€oCo
*
V= CoCy

L]
€oCpy

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

15 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

20  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 177is
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

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



41. The system of Claim 34 wherein the blind channel estinmation nmeans io
eval uates the auto-correlation matrix of the received signal to determne
the first estimate of the channel response for the first set of carriers.
42. The system of C aim41l, wherein the auto-correlation matrix of the
received signal is given by: 15 R~~ = E(4y H) = CRSPSp C H + O-b |
wherein: Eis the expectation operation, r is the received signal, r" is
the Hermtian of r, 20 Cis a matrix descrjbing the effect of the channel,
CH is the HeRmalysign The iteralive pragessingesan st baimplementeq esativelyRolmBibyt he
noi se, and Sghn s the auto-correlation nmatrix of the vector Sp , 2s Sp
represents a transnmitted synbol and has vector el enents representing the
virtual carriers TeeprezgssimglofWWetoaiemd¥eRtp effdcts ofithe viftealsgestiers isf Cl ai m
41, wherein fhe recgeived sjgnal contains i efix havin | engt h
of D'bits usbuSaSHia e deal in e SrdcEo i CRe ¥ ThE rbedeag dned

29 and the bihmHufdaaRBebrrls bf tHE V&lofgie8s abdyeher performs the function of:
evaluating a D elflement vector of the auto-correlation matrix of the
received signal to determne the first estimate of the channel response for
the first set of carriers. 5 44. The system,of C aim 43, wherein the

D-el enent vector is evaluated py: pre-stdfic@ D coefficients deternined
fromthe structure of the rece|ved sigmo@l(;c;1 mfj;;@oerform g iterative
processing on the D-el ement Wegtor using the pre io stored coefficients to
determne the first estimate of the channel' response forp the first set of
carriers. 45. A systemfor est|bpdcpg+ihe dr.equenty, dagai n channel response
in a communications systemhaving carriers transmtting different |evels of
power

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

described above according to the equation Vo = Vo/Ug . Next, an iterative loop
is entered according to the counter 197 wherein k is incremented from 1 to D-1

k~1
and the operation vV, = (V, - ZU,. *V..)/ U, is iteratively performed as shown in
i=1

block 199. Finally the processed vector Vis output as the estimated channel

15 response h 177 at step 201.

In another embodiment of the present invention 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

20 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.

25 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.



I's conprising: a receiver for receiving a signal transmtted through a
"channel ; and means for statistically analyzing the received signal to
determne a first estimate of the channel response for a first set of
carriers. 20 46. The system of C aim45, wherein a blind channel estinmation
means is used to statistically analyze t?@ received signal to determ ne a
first estimate of the channel response. The system of C aim45, wherein
t he communi cations systemincludes 2s virtual carriers. 48. The system of
Clai m 45, wiang t he communications systemincludes carriers transnitting
different levels of power. 30 49. The systemof Caim45 wherein the
connunicathgéé%¥ enlls an OFDM system 30 50. The system of C aim 49,
wherein the system has 64 carriers including 4 pilot carriers and 12
virtual carriers. 51. The system of C aim45, wherein the received signal
revent the interference

t | f dt
SOOI S - WA R R i R o SRR R lona 'SRt

det erm ng arba%‘éﬁ'dﬁié‘?e@élvédl‘§|q%||éﬂ8&%br|§iﬁ§;ﬁﬁé%€eﬂs%f a set of carriers. 52.
The systemof Claim45, wherein the first set 'of carriers consists of 6 to

carriers. 53. Thdrwmlﬁm@ srgnal thraaglwae;mnnet he blind channel estl mat i on

dot erm no. the i MSEoRL HEAOTH ircE sfBiverorthe soubTRERtERR SRR se of
carriers. 15 54. sthtstRuby eﬁaqum@tﬁerreés&vea\ﬁs reil o HeRrmiiea dipstr edtinidto of
matrix of the received signal given b ~ =E(rrN) =CRSPSpCH +~bl

wher ei n: 2o theichappel T@)‘%B@B%J@Rﬁ]“@béﬁh@ﬁ 8,Cariers; t he received signal, r" is

the HerELtlan of ér}ah%lﬁigﬁ‘?tr%té'ﬁtﬁee él@d‘ﬂg{a%\ecoqét%ﬁmgf i@&lrﬁ%rlﬂ'el c'

is the rmtian the tdentity e power of the
noi se, and Rb28Rel espbesadoopittcaeiet) and matri x of the vector S P, Sp

represents a (ransmited gynbol gnd has weel o ol orenie fensenty gt he
carriers with the estimate of channel response for the pilot carriers to estimate
the channel response 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.



.31 55. The system of Caim53, wherein the received signal contains a
cyclic prefix having a length of D bits used to prevent the interference of
bits of adjacent synbols; and the blind channel estimation nmeans further
perfornms: s evaluating a D el enent vector of the auto-correlation matrix of
the received signal to determne the firsjf, estimate of the channel response
for the first set of carriers. 56. The systemof C aim55, wherein the
D-el ement vector is evaluated by: to pre-storing D coefficients determ ned
fromthe structure of the received signal; and performng iterative
processing op th : |
determne t h‘g fi ‘I?EH[% g{se? tﬁ’@%?g%ﬁﬁm\}d %%%‘ng{éerﬁgﬁ?)%gﬁﬁgﬁﬂ? LHS% :Oﬁg% ?%rgtﬂe
carriers. 15iloA8amérs Asye frlqudhcyAdomain channel response determined by performing
AL, A& A A&y. AYE A9y A9, ALR. A&A, . Al 'ATL' A9h. A&2 . A9y. AAy. A9. A. A(E
A A9 y. A9. 18 gﬁJa{@meb]oécp]nthe received signa
~ytoj e [\ ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca
]calca U c”alca U c"a]c”a c’\a ] caU cal ca h "MEnm\¥B6sv

} xsni cMY] c] ] ca hmm&if]l@di Elaiad taybeqeuapdmpd@haapebwwa@qmmqtmq isa] ca] ca

caV]caV]calc ca
ITa i SRl arh kiRt sl plonpbintetering 2 SR 80T 9f ca ca
] caV] ca] caV]palchavhepbdes fbﬁ% ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca
$$98B8048 % Yo% YBYEYDVEY Y% YRBARE( &, &9&: &>&F&J&&} wgkf a[ VI ga\ V] caV] ca] ca
] caV] caV] cal] ca] ca] caV] ca] caV] ca] caV] ca] ca] ca] cal] ca] cal] ca] cal] ca] callca]c

aU] ca] ca ca < i G ~xsmh
c’L‘J]YS\/} ca]&ca] ca] 'cJ]aTﬁé ma{/ﬁém Q{V r& %gﬁ@gﬂgﬁr}é{&)&(%% caﬁ cal] ca
] ca] caV] ca] cvithaladardaéfsctedresmhitting sutjstantially no power.

Gf.//00119%-11111162y2{2~233Y4miz44455c5t 5z25555zupke” ZUV] ] caV] ca] caV] ca] ca
] ca] ca] ca] caV] ca] caV] ca] caV] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca] caV]ca] caV]ca] ca

55556660660067737 B 2 SIRIMLS, haisih U Com MU R SRR 19445 % 4] cavy
ca] ca] caV] cajare®fsc fpoainitting differpohleval) @‘e;]am]rca\/] ca] ca]ca]caV]ca]ca]ca]ca]c
a]ca\/]ca 999999: a:::::::{;
; <a<| <<Bccccccc=B=]= MeX=} xsni c*YTV] ca] ca] caV] ca] ca] ca] ca] ca

}4 c:/JaVJ ca] cag.caV] Tivd pidthed o disial ¢alhendis mitepdlatrintia dsedlte abemliaalialiise al ca

caV]ca
X=n====]>>>"7¢stimatenf Ahe rhappelrespeusefantopiicst setefl the eavipes withdde ca) ca] ca) ¢
aU]] E?L]Cgll]cga]cgsat ng% c%{']"é‘a c8 ca e é?rthfc"" £S rne[ 5 ma ecta ca a‘]e!:a\/] ca! NN
ONf NN G MBBMRWMW@/W VX~ysngaZka a\W]ca U/caV]ca
WV] ca] caﬁca] ca

UV] ca] caf'ta] ca] ca] ca] c*a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cha]ca]c

al ca : i
XXXXYYYYZZ[ Z%ZZZST el%ﬁ’? [0{ 8'?4('] Q\v(']e\{fll?]tj Cft’%TE”%E? ?\?\]’ ]Dca] caj
ca] caV] ca] ca‘.}ymf]maU] ca] ca] cal] ca] cal] ca] ca] caV] ca] ca] ca] caU] ca] ca] ca] caV] ca
] caU] calcaV]ca ]] K’\ A[ ANN

dgory Y “““ HaRaUaaabNbQbSbVbzupkf a\ Vkf a\ W ] ] ca] ca] ca] ca] ca] ca]

C?VJ i:a] i:a] caj@.a] chive erdthad erIotaiht 9) whdtdimlratFOM eayMietahasdicadriiand ca] cal] ¢
a] ca] ca] ca

Vbbbxc{ c¥=eelbetudingd eflot eamierg apd j12;vinyadoakiemkkk{ vgke [ V] ] ] ca] ca] caU] caU] ¢
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]caV]
ca]caV] ca] ca! kkkk*I -1 BI A bl Inl}ITETTETTEITT mmmmnnn{vpke [ UP] cal] ca] ca] ca
V] ca] cal] ca] ¢4] cathe mdthbd af dlaitel cabbrsid efd/fevrived 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.
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o} is the power of the noise, and

Ry, is the auto-correlation matrix of the vector S, ,

20 S, represents a transmitted symbol and has some vector elements

representing the virtual carriers removed, and wherein

Rspsp #1.

15.  The method of Claim 13, wherein the received signal contains a cyclic
25  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

30 first set of the carriers.
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17. A method for estimating the frequency domain channel response in a
communications system having a channel transmitting a signal having carriers
10 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
15 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.

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

20. The method of Claim 17, wherein the communications system includes
25 carriers transmitting substantially no power.

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

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

26. The method of Claim 25, wherein the auto-correlation matrix of the
received signal is given by:

15 e = EQr™)=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

Rﬁ;el.

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;
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31.  The system of Claim 29, wherein the first estimate of the channel

response has a scalar uncertainty; 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;
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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.
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40. The system of Claim 29, wherein the first set of carriers consists of 6

carriers.

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")=CRy,C* +01

wherein:
E is the expectation operation,
ris the received signal,
M is the Hermitian of r,
20 Cis a matrix describing the effect of the channel,
¢ is the Hermitian of C,
I is the identity matrix,

o} is the power of the noise, and

Ry, 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
Rﬁ =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;



T10% & () ol quvvvvvvv| obW/ & 10% #: & ()-"10"10"10"( &S510% & ()-(
&@!10% & ()-g° N&@#10%! (& ()- &@10% & ()-vv wewww| [: b4/ &

& 10% #: & ()- & 10% #: & ()-( &F10% #: & ()-F( & 10% #: & ()-4' 6

1099x" J& () - & 10%: & ()-xexxxxx#y|[:bUA/ & &' 110%# & ()- 1YL109%E| "E& ()-(
8\ Y10% ": & ()-( &y10% #: & ()-' & 10% #: & f) -

10% #: & () #yFyyy zozz|[: bW/ & &O#10% #: () &S/ 10% #: & () -(

& MLO% #: & ()-( & 10%#: & ()-' & s*Y1Q0% #: & (

&(10% #: & () - Fz{ @M Bed)iind cfh,qyk{yel &ﬁtlmgly@&n@ans@urﬂwgop@@(ms the function of:

G 10%a () & SR B PEVEshE o ne oot atk e )11 vEY

& 109 & () - }receivifl sidial t&dat@ranstrs: finst &s&hﬁﬁﬂ'&ﬂ%&bf{a}nnﬁé&r&‘po&!séd% we() Z
& , & 10% & () -7 &f &1 109 & ()-Z &L& 109 & ()-F:# | [: VU4 & &@10% & ()-&
&yl mo%s & ()firskeseiOf LEIHRIS (). &f + 10% & ()-' &yL*10% & ()

&1 (& 109%&' () -~ [ NA4/ 10" 10" 10" & &y810% & ()- & &YF7S 10% & ()- &L52

109% & ()" &3 10% & ()- &f210% & ()-)]|[: NA4/ 10 &LO% & () -

&S9° 10% & ()44 & Tlwsysten ofeGlaimUB ondigr mth&@&@m&'\f(\)ectmle%vaiqa)tedby

es100 & () 1] [DREPTR &ép Ghfiehls Jetgrihed fistuths SRS G pocBived © O

8910% & () -'sigSaIOqh () - &S 10% & ()-s, k| [: NA4/ 10 &y2mlO%W & ()-&
& 1109% & () - &&9f/10% & ()- & - @v&()-' & *10% & ()- &9 ' 10% & () - B89;
| [ NA4/ 10" 10" 10" & Reriorovpaiteratiyeqsacassingopthe Deplementyecior usiygtheopnies: ()

astoon a 1) -+ 9B g S UeoBe the Bt et o1 ”&e@ﬁ%%%%*%{%@‘% F s
& 10% & () - &h&FESet of LarB810% & ()-' ?29Y! 10% & ()- &@L10% & ()-

*7zYSNA4/ 1 & 510% & ()-- & "3M10% & ()-- &Y1IMO% & ()- - &9, 10% & ()--
&S) 910% & () - - ! a&@#S#10% D; D& () - zbvU4/ &f Z10% & () - &SsSMLOW & () - &f

10% & () - &yAH% atbO 30" 10" AR ) ()--&
vor 100 & (10 eyt eethatfiahd fgfeheb domafsEhafinseshoredtss

& #1096 &' () -¢arhinunicalions. sgsten0aging)catriars' tebmitting differsit 0sdets of peRe:
10% & ()-. & " 10% & ()- fOF 10% $ -& ()--*{ZMaB/ 10" &10" 10" &L5"10% & () -
y2S 10% & ()99BRSED 00k ()- &@fF/4"10% & ()- &+ 10% & ()-4ht |[: M@/ 10

&s,1'10% & () - &Slﬁ%c%Mérfo&@oWn§La(§l nattfeiiinittéd thro aj&?érﬁqeﬂ)and
&sy109% & ()- ,sb|[: M@/ 10 & 10% & ()-= &Tl0% & ()- &&FFL0% & () - &%St()
%

10% & ()- &@L0% SMERns for sl_tet}sf&adlya@@lywn@ﬁlrecay&dmr@l to de@@me)

& 100 e () Ve ieiel 6 Shadbot RERN ford st dleamersest 1o & () -

&(& "10% & () - &@10%&() &S'S 10% & () -\ ~|[ NA4/ 10 &Sy  10% & () -

i‘i’%&??‘z% DAL ‘Vii‘st&@é%@“u”mifﬁf v&qm %@E‘n@%sgmnonm% BO)-
& 10% & ()-Zi |[: M@B/ 10 & 10% & ()- & 10% & O)- &T 10%& ()- & s109% & ()-
47. The system of Claim 45, wherein the communications system includes

25  virtual carriers.

48. The system of Claim 45, wherein the communications system includes
carriers transmitting different levels of power.

30 49. The system of Claim 45 wherein the communications system is an
OFDM system.
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wherein:
20 Eis 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,
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 Ry, #1.
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55. The system of Claim 53, 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 means further performs:

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:
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.



