WO 2006/ 010159 PCT/ US2005/ 025609 1 | TERATI VE CHANNEL AND | NTERFERENCE
ESTI MATI ON W TH DEDI CATED PI LOT TONES FOR OFDMA CROSS- REFERENCES TO
RELATED APPLI CATI ONS [ 00011 The present application clainms benefit under 35

UusC 11 provi sional application no. 60/ ,
Decenber %8)2028f8h095em itled "lIterative Channel And I ngga‘f%s?é)ﬁ@%w@stl mat i on

Wth Dedicated Pil ot Tones For OFDMA'", and U.S. provisional application no.
60/ 588, 646, filed July 16, 2004, enti t Bd "lterative Channel and
Interference Estimation with Dedicated Pilots,” the contents of which are

I ncorporate herein by reference in their entireties. BACKGROUND OF THE

DI SCLOSURE [ OTDERATREV &MNMEMNDJINTMEE&&ENCMSEEM?&’HIQN al

comuni cati on systens, and nore ]Eart i cul arl é to estimation of channel

characteristics andVIFEDEPICATEBRILOT E SHORHFDMA03] Dermand for

wirel ess digital comunication and data processing systens is on the rise.
I nherent in nost digital conmmunication channels are errors introduced when

transferring franes, h errors are often
caused by electrical Tn eﬁ%‘er enggbgfr(fﬁgfr‘%gﬁb&@‘g&mﬁgt ransm ssion error
rat es depen@poijn Iiaer;ireseﬁmpphtm:oﬂmiimmbeﬂeﬁtamwe%mss:.uha(eyiaﬂa._s. Typical bit
error rates far hased ta _transm ssion s¥stem are in_the order of

10-6. Opti c%TP"‘F‘PB@raBPII‘E&%n P‘ifﬁp@éf’ 157, filed I esemper 225 20045 enfifled "Herativess. W r el ess
transm ssi ophayslt ABntePRreénPEEQinion W’f}pDedT@aYedrﬁN)?Tngé’s%r DEDREA", ghg 10-3 or

hi gher. The relatively high bit error rates of wreless transni’ssi on systens
pose certalHSdptfvﬁlxsmnhkapphcatlnnemﬁﬂéﬁ%@%,rfdedjh&pm rigObfentﬂtzlaﬁtda'Itbraane;m tted via

h Par t t abi | d tl
AL R T e e R R
channel s, tieorpéldicthieretn Yictdercd s their Bntitelidse

BACKGROUND OF THE DISCLOSURE
[0002] The present disclosure relates to wireless digital communication systems, and
more particularly to estimation of channel characteristics and interference level in such

systems.

[0003] Demand for wireless digital communication and data processing systems is on
the rise. Inherent in most digital communication channels are errors introduced when
transferring frames, packets or cells containing data. Such errors are often caused by
electrical interference or thermal noise. Data transmission error rates depend, in part, on
the medium which carries the data. Typical bit error rates for copper based data
transmission systems are in the order of 10-6. Optical fibers have typical bit error rates
of 10-9 or less. Wireless transmission systems, on the other hand, may have error rates
of 10-3 or higher. The relatively high bit error rates of wireless transmission systems
pose certain difficulties in encoding and decoding of data transmitted via such systems.
Partly because of its mathematical tractability and partly because of its application to a
broad class of physical communication channels, the additive white Gaussian noise

(AWGN) model is often used to characterize the noise in most communication channels.

[0004] Data is often encoded at the transmitter, in a controlled manner, to include
redundancy. The redundancy is subsequently used by the receiver to overcome the
noise and interference introduced in the data while being transmitted through the

channel. For example, the transmitter might encode k bits with n bits where n is greater




(AWGN) nodel is often used to characterize the noise in nost conmunication
channels. [0004] Data is often encoded at the transmtter, in a controlled
manner, to include redundancy. The redundancy is subsgquegtly uaeddby t he
receiver t the noise and interference introduced in the data
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adapted to carry user-specific sjgnature. BRI EF SUMVARY OF THE DI SCLOSURE
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time-varyi NYpically scattered over the entire bandwidth shared by all the users. In a traditional
single-antenna transmission, such common pilot symbols may be exploited by all the
users for the purpose of FL channel estimation. The bandwidth and channel coherence
time values that are typical in cellular applications render common pilot tones
particularly useful. However, common pilot symbols are broadcast to all the users and,

therefore, are not adapted to carry user-specific signature.

BRIEF SUMMARY OF THE DISCLOSURE
[0006] Estimation of channel characteristics and interference level in a time-varying
multi-carrier multi-user systems is carried out concurrently. To perform the estimation,
a multitude of data symbols and dedicated pilot symbols are transmitted over the
channel. Next, an initial estimate value is selected for the interference level. The initial
estimate value for the interference level is used together with the received pilot symbols
to provide a first estimate of the channel. The first estimate of the channel is used to
determine a new updated value for the interference level, which in turn, is used to
update the value of the first estimate of the channel iteratively. The iterations continue

until the iteratively updated values of the interference level and channel satisfy

predefined limits. The data symbols and the final updated value of the channel are

subsequently used to provide a second estimate for the channel.




mul ti-carrier nmulti-user systens is carried out concurrently. To performthe
estimation, a nultitude of data synbols and dedicated pilot synbols are
transmtted over the <channel. Next, an initial estimte value is selected
for the i | evel . The initial estimate valu Jnterference
| evel is Hggg&gégggﬁer with the received pil ot synbols%caﬁkﬁégéF’ a first
estimate of the channel. The first estimate of the channel is used to
determ ne a new updated value for the ihterference level, which in turn, is
used to update the value of the first estimate of the channel iteratively.
The it er at i [#087]c clntsbmeembbditriehts] first dridae@nd ¢inyelsdates /8l agsHSY aré he
interference | evel and channel satjsfy predefined limts. The data synbol s
and the fi nglatadpidHegnitinkdstimatsivaiied , dbrthemiterferance butlse qerendanye witkthet 0 provi de
a second estimte for the channel. WO 2006/ 010159 PCT/ US2005/ 025609 3
[0007] |n sOHRVEgKEREEs MY s, first and second channel estimates H'P' and
H''are related to the |n|t|al estimate value lo for the interference |evel
in accordance with the foIIovvi ng expression: [2:J " ["] (R+ (E/I ) 1'NP)'Xx
In the above expressi r and RdP are el ements of the covariance
matrix R of the cha d‘él” R$xh " Qibo ﬁ’Pg RdP R4, Rdd RPP has NP x
NP el ements, RdP has I‘}J@l(d)x ment ﬁd’ Rgdp Nd x Nd el ements.
Furtherm)re, NP is t nunb r transmtted pilot synbols, Nd is the nunber
of transmtted data synbols, EP is the pilot energy per pilot synbol, and x
is the vector of received | ot synmbols. [0008] In accordance wi th another
enbodi nent , nithe %qONﬁPXHT%StOﬁePQ; rBut andi Bsare ekmentypf e cevrianed matwyaR i ance

matrix R ,is_eigendeconposed to further sinplify
of the channel, as shown below:

R= RPP R;P
R, R,

dp
R, has N xN elements, R,, has N,x N, elements and R, has N, x N, elements.
Furthermore, N, is the number of transmitted pilot symbols, N, is the number of
transmitted data symbols, E, is the pilot energy per pilot symbol, and x is the vector

of received pilot symbols.
[0008] In accordance with another embodiment, to simplify the computations, the

pilot channel covariance matrix R, is eigendecomposed to further simplify

mathematical operations. In such an embodiment, channel estimates H'* and H'® are

related to [ o in accordance with the following expression:

In such embodiments, matrix B is defined as shown below:
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mat hemati cal operations. In such an enbodi nent, channel estimtes H 41 and
are related to to in accordance with the foll ow ng expression: HP) 1 Hide
B(A+(EP/10) "N,) Ux In such enbodi nents, n}atrix g is defined as shﬁvvn

bel ow. B. 4 20061010159 PCT/ US2005/ 025609 4 r s, a N x m
uni tary rra»tvgr)i2§<06§ (Hcsa%/genvectors' corresponding to the pri?%?lbsz?ogméﬁ%onents of
RPP, Ais an mx mdiagonal matrix of the associated principal eigenval ues,
with mbeing the nunmerical rank of RPP defined below. RPP = UAU* [ 0009]
Since mrepresents the nunber of free paraneters (degrees of freedom of the
channel in Wheqdfncy Ngndn tinitery nratmveyf digensesteretartbspandar to thelpeinsipal | er t han
N,, without noticeable perfornmance |oss. Hence, in one enbodinent, inis
sel ect ed t ocdyepopemth bER , t Aais aNn x nbiagorfahoiatix offthe assoctutedrprigcipdin ot her

enbodi ments, NP may set the upper limt for m In sone enbodinents of an
OFDVA syst eergenvaluey; with /8 deirg theindmerivel lasissf Rijatefinddbeldvact ors affecting m,
in part, are the desired performance, on the one hand, and conplexity on
the other. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0010] Figure 1 shows a nunber
of communi cation deviges adapted to communicate via one or nore wreless
networks. [0011] Fig e 2UAU 3 hi gh-1evel bl ock di ?gram of sonme of the

bl ocks dis ip. the transmtting e of a wireless comuni cati on system
[0012] Fi gﬁf@sg igmée Ry ERISeRrethes ﬁrOggf&@f’%rﬁarls?rSsié?%e%fofﬁﬁ@iom)@ér&@ di sposed

in the channel in frequency and time, m may be selected so as to be smaller than N , Wwithout
noticeable performance loss. Hence, in one embodiment, m is selected to be smaller

than N, by a factor of two or more. In other embodiments, N , Iay set the upper limit

for m . In some embodiments of an OFDMA system, m may be selected to be less than
10. Factors affecting m , in part, are the desired performance, on the one hand, and

complexity on the other.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] Figure 1 shows a number of communication devices adapted to communicate

via one or more wireless networks.

[0011] Figure 2 is a high-level block diagram of some of the blocks disposed in the

transmitting end of a wireless communication system.

[0012] Figure 3 is a high-level block diagram of some of the blocks disposed in the

receiving end of a wireless communication system

[0013] Figure 4 shows a multitude of dedicated pilot symbols disposed between data
symbols to enable concurrent estimation of channel characteristics and interference

level, in accordance with the present disclosure.

DETAILED DESCRIPTION OF THE DISCLOSURE

[0014] In accordance with the present disclosure, estimation of channel characteristics
and interference level in a time-varying multi-carrier multi-user OFDMA system is
carried out concurrently. To estimate the channel and the interference level, in
accordance with the present disclosure, a multitude of pilot symbols are disposed

adjacent the data symbols in forward link (FL) transmissions. In OFDMA systems, the




receiving end of a wireless comuni cation system[0013] Figure 4 shows a
mul titude of dedicated pilot synbols disposed between data synbols to
enabl e concurrent estimtion of channel characteristics and interference
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pi | ot tonesghahfel@ccordance with one aspect of the present disclosure,

provi des a nunmber of advantages. First, dedicated pilot tones that are

scattered o t he, user .traf fic bandw dth ma e used to estipate the
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as seen by the user, particularly in synchronous multi-cell designs where the

interference level may be assumed quasi-static across any given sub-channel. Second,
dedicated pilot symbols may support channel estimation for any sub-channel user
sensitive signaling, such as adaptive beamforming. In channel sensitive signaling, a set
of dedicated pilot symbols may be transmitted according to the desired channel-
sensitive signaling. As is known, common pilot symbols are broadcast to all the users
and therefore are not adapted to carry user-specific signature whereas dedicated pilot
tones in accordance with the present disclosure are adapted to carry user-specific

signature.

[0016] The dedicated pilot symbols are used to concurrently and iteratively estimate
the channel and interference level in the absence of any prior estimate of either the
channel or the interference level. The algorithm which performs the estimation,
alternates between the robust minimum mean squared error estimation (RMMSE) step,
based on some empirical interference level value, and the interference estimation step.
Unless otherwise indicated, it is understood that each scalar quantity, vector component
or matrix element described below may be a complex number. The labeling convention
used herein for alphanumeric symbols represents scalar quantities as italic symbols,

vectors as lowercase bold symbols, and matrices as uppercase bold symbols.

[0017] Figure 1 shows an example of a wireless network 10 being used for
communications among transmitters/receivers 12, 14 and transmitters/receivers 16, 18

as indicated. Each of the transmitters/receivers 12, 14, 16, 18 may have a single or




sensitive signaling, such as adaptive beanform ng. In channel sensitive
signaling, a set of dedicated pilot synbols may be transmtted according to
t he desired channel - sensitive signaling. As is known, common pilot synbols

are broadﬁ?ﬁ%(}B(ﬁE{ the users and therefore are not qqﬂ%§§§8°%§<ﬁrry

user-specitrc signature whereas dedicated pilot tones’i ce with
the present disclosure are adapted to carry user-specific signature. [00161
The dedi cated pil ot synbols are used to6concurrently and iteratively
estimate the channel and interference |level in the absence of any prior
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transmission system is shown as including only two transmission paths, it is understood

that the wireless transmission system 100 may include more than two transmission

paths. The data transmitted by the transmit antennas 150, 180 are received by one or

more receive antennas of a wireless receive system.

[0019] Figure 3 is a simplified block diagram of a receiving end of a wireless
transmission system 200. Wireless transmission system 200 is shown as including, in
part, receive antenna 205, 255, front-end blocks 210, 260, demodulators 215, 265,
space-frequency deinterleavers 220, 270, and decoders 225, 285. Wireless transmission
system 200 is shown as including a pair of receive transmission paths, it is understood
that the wireless transmission system 200 may include more than two transmission

paths.

[0020] The following algorithm provides estimates of the channel and the interference
level using the pilot tones transmitted via either the forward link (FL) or the reverse link
(RL) of a wireless communication system. Assume an OFDMA transmission with

N orthogonal modulation symbols spaced by f, . Assume that the transmitter sends pilot
symbols over a given time frequency pattern known to the receiver, as illustrated by
Figure 4. Assume further that a given user is assigned a sub-channel including N, data

(i.e., traffic) symbols and N, pilot symbols that are used together to estimate the

channel and interference level. Each symbol within this sub-channel is defined to be




transm ssi on system 100. Wreless transm ssion systemis shown as including,
in part, an encoder 110, a space-frequency interleaver 120, nodul ators 130,
160, OFDVMA bl ocks 140, 170, and transmt antennas 150, 180. Mdul ator 130,
OFDVA bl o d transmt antenna 150 are di sposed, in. prst

transm ssf\ggjzgog{%m?l]& and nodul ator 160, OFDMNA bl ockdpf!}glfstzg(ﬁﬁéwgnsmt
antenna 180 are disposed in the second transm ssion path 125. Although the
exenpl ary enbodi nent 100 of the wireles% transm ssion systemis shown as
including only two transm ssion paths, it is understood that the wreless

t ransni ssi ochasaestrieed BPDpaiaficimc whae hmarels forale tonoindear(Ond ksd W) angpat hs. The
data transmtted by the transmt antennas 150, 180 are received by one or
nor e recei vestndefonthe QFDMAMymbbEindex. ecei ve system [0019] Figure 3 is a
sinmplified block diagramof a receiving end of a wireless transm ssion

syst em 200. [0dE1]e! Aict dRABSHIHDI L tHHOTY ﬁxﬁﬂeﬂgﬁ’lg ittfe RIBIBE R0 CAdeththat | N

part, receive antenna 205, 255, front-end bl ocks 210, 260, denodul ators 215,
265, spacesf raaddprispotg dhascbof allbione/ OFDMA syant®] pairsdeldted delthedrafR5and285.
Wreless transm ssion system 200 is shown as including a pair of receive
t ransm ssi ofedpatedpilot synbolsuaspectivebyo dssuntefurthdrghaniff 64 29§ 1 Ianterofssi on syst em
200 may include nmore than two transm ssion paths. 100201 The foll ow ng

al gori t hm pfunRlerechapagl pmplitidess in thp Sequeasndamaim ¢orpRponRding fof the whele set| evel

usi ng the pi tpnes transmtted via either the forward |ink (FL) or the
reverse |i nRtl %%sRT'ﬁQ of" I\«ZIFMYF‘EOL%E’CE‘SW FHoLyRY Qﬂ‘?‘“ﬁ&"é‘é}ﬁ@yaﬁ OFDVA
transm ssi on W}thgN rtF?lgon_al nodul ati on synbol s spaced by f.. Assune that
t he transm P@EPC SBHES 3HIAEPS: synbol s over a given tine frequency pattern
known to the receiver, as illustrated by Figure 4. Assune further that a

gi ven user is assigned a sub-channel including N. data (i.e., traffic)
synbol s and NP pilot synbols that are used together to estimte the channel
and interfed‘éHcEéill.evélN.sItéach synmbol within this sub-channel is defined to be
WO 2006/ 010159 PCTI US2005/ 025609

[0022] Assume, without loss of generality, that the first N pentries of H , denoted

H'"), correspond to the pilot symbols, whereas the remaining N, entries of H , namely

H'¥ correspond to the traffic symbols. Accordingly, the second order channel model

and the observation model may be defined by the following:

x=E,H?+[n, E{HH}=R (1)

where E, is the pilot energy per pilot symbol, I is the combined interference and

noise energy per pilot/traffic symbol, n is the normalized interference assumed
independent identically distributed with zero mean unit variance circular Gaussian and
R is the expected N x N covariance matrix of the channel. In expression (1), for
simplicity, pilot symbols are assumed to have unit values, e.g., pilot values are constant
modulus ( PSK).

[0023] Expression (1) provides the minimum mean squared error (MMSE) estimates

for the pilot and the traffic channel, respectively as shown below:




7 characterized by a pair (k, n), where k stands for the tone index (0 < k <
N) and n stands for the OFDVA synbol index. (0021] A brief description of
the theory underlying the RMVBE follows. Assune that S. and Sp denote the
set of all QWA symbol pairs related to the traff cated

pi | ot synbo?s respectlvely Assume further that His a'kﬁ"ﬁgﬁﬁwg For of
conpl ex channel anplitudes, in the frequency domain, corresponding to the
whol e set of Ns = (Nd + NP) synbols, i8cluding traffic and pil ot synbol s.

Accordingly, H may be defined as follows: H=[H. ..... HN, r [0022] Assune,
W thout | oss-~@f gen aI| He f| tri Hl_ denoted H P),
correspond tsl'(g t Al op| Tot ™ &/h ﬁy?dbz ﬁrﬁgﬂhﬂ ém,trl’és of H,

nanely H(di cor gppond to the trafflc synbols Accordi ngly, the second
order channel d and the observation nodel nmay be defined by the
foll ow ng: x= EPH(PI+ lon, E{HH }=R (1) where EP is the pilot energy per
pi l ot synbol .Rij oS Rhe conblned interference and noise energy per
piIot/trafflg-s “t is the normalizéd interference assumed i ndependent
identically dis r@bu? with zero nean unit variance circul ar Gaussian and
Ris the expected N. x N3 covariance matrix of the channel. In expression
(1), for sinmplicity, pilot synbols are assuned to have unit values, e.g.,
pi |l ot val uesyhafee constant nodulus (PSK). [0023] Expression (1) provides the
m ni nrum mean squared error (MVBE) estimates for the pilot and the traffic
channel , respectively as shown bel ow. WO 2006/ 010159 PCT/ US2005/ 025609 1 8
1 H(P)- RPPIQRPP + %ﬁP/IO) 3INa) Ix, 1(d) -R, (RPP + (EP/la)t INP ) IX'

R, =N,xN,,and

R, =Ny;xN,

where Iy - is an identity matrix.

[0024] If the interference level I, is known at the receiver, expression (2) supplies the

desired traffic channel estimate. The accuracy of the estimate depends on the value of

I,,. Overestimation of I, would force more averaging thereby increasing the impact of
channel decorrelation over time/frequency. Underestimation of I, would increase the
interference contribution. Therefore, the more accurate the knowledge df I, , the more
accurate is the estimation of the channel, specially when the pilot overhead (N »)1s
small.

[0025] The iterative channel and interference level estimation, in accordance with the

present disclosure, includes alternating the RMMSE estimator with an interference

estimation step which is based on the preceding estimate H'”, as shown further below:

; 1 Rp s fe o T 7(p)
I, = ih|»e=wa%J =x-H",

(©)

where k is an integer.




(2) R=r [ RPP R(4)J (3) IL Rap Rdd where: RPP = NP x NP, Rdd = Nd x Nd,
and RdP = Nd x NP where INP is an identity matrix. [0024] If the .
interference level 10 is known at the receiver, expression (2) supplies the

desired traff nel estimate. The accuracy of the estimate depends on
t he val ue @bzb{s/oﬁ& eresti mation of lo would force rmre“%%%zﬁ‘biimﬁ Sfhereby

increasing the inpact of channel decorrelation over tinme/frequency.
Underestination of 10 would increase the interference contribution.
Therefore, the nore accurate the know edge of |., the nore accurate is the

estimation gozéheTrbasmnfte [ SReGHsBlMYGRA lﬁh@faldvﬁﬁg auahdIanddldR) 1s small.
[ 0025] The i1terative channél and interference |evel estimation, in

accor dance (RMMSH)etepTabelbela SHmeaPseudotcadt adiessoridtedr rﬁ@thérﬂﬂlcﬁhe RMVSE
estimator with an int r,f%ﬁence estinmation step which is based_on the
pr ecedi ng eg’fﬂf?ﬁé’PBS Kiepin éte"s"ﬂﬁ?/\ﬂ‘aflﬂ‘?llaﬁ%’rm%@FW estigpagion ?ISRPW 3 06/ 10159
e=[e,,... 6 S .an te
PCT/ US2005/ B‘i%"é&l“e gpf%é‘i%‘f‘yﬁe{s Zélte?t%\rgﬁaée‘i on {1 kQEu‘PSise ol ‘§}° H’é‘“é I§06C t he
follow ng Cpevgl avalla%?e 1nr{ﬁe system A conservative choice of ?/0 (i.e., if the initial estimate of

?{;’ is assumed to be significantly greater than the actual I,) may avoid divergence of

the estimation error at the early stage. However, an aggressive choice of ?{;’ (i.e, if the

initial estimate of 3{;’ is assumed to be significantly smaller than the actual I,) may be

needed if the pilot energy budget is small; otherwise estimation accuracy may not

improve by performing the iterative algorithm.

Table 1

f0=2{§);

while iterations

-~ _ -1
A? =R,, (R, +(E,/L)" I, | ;

A

N, -k

end

[0027] Convergence of the iterative procedure in Table I may pose certain difficulties.
Due to the non-linear form of the update, the stability analysis may become intractable.
Some heuristic arguments on the statistical behavior follows. First, both channel and
interference estimation error variance exhibit monotonic behavior. A reduction in
channel estimation error variance may lead to the reduction in the interference power

estimation error. Likewise, more accurate interference power estimation may improve

channel estimation accuracy. Furthermore, an abnormal behavior of the channel




(RMVBE) step. Table | bel ow shows a pseudo-code and associ ated mat hemati cal
expressions used in the iterative channel and interference estimtion
algorithm The initial value of lo, nanely o, is selected based on the

know edge interference |evel available int A
\QBQE‘{?/U&J}% %1?&'53&(%%536 0Y

conservative choice of 1 (i.e., if the initial estimate 0 I's assuned to
be significantly greater than the actual 10) may avoid divergence of the
estimation error at the early stage. Hd@ever, an aggressive choice of 1
(i.e., if the initial estinate of Y is assurred to be significantly smaller

than the acéstialate, cgused Yoreramplegsiediting I, kel piak dicre@se gyt thefgestep of smal | ;
ot herwi se estinmation accuracy may not inprove by performng the i terat Ive

al gorithm ihédefefente pdvﬁer_esm?(ﬁbnml B sb iRFeikdd) B Por Enservative vhlue of I is :
- RPP(RPP+1En~lo~ IN} ; |0 KI'Tz- | TP) | 2 end [0027] Convergence of the

iterative pusedetthe Qilétmb?abdtiani; aaqa;recpdmm@mmeat stepsliThedefore, ttheigeratiieue to t he
non-linear formof the update, the stability analysis nmay becone

i nt r act abl eprocyrredenerihed sn Teblef prowides gabdmvalies fort kit inssomeadmbpdimentsoof f ol | ows.
First, both channel and_ interference estimation error variance exhibit
monot oni ¢ bBRAYGMuUMEnEd galewlatiensi hto Wrteratiens as piilzed fostimptedhe chansednce may
lead to theaﬂdﬂﬂé‘&“tér%?en‘c@le@@le interference power estimation error. Likew se,
nore accurate i1nterference power estimation nay i nprove channel estimation

. Fyr bno beh /010159
T/ Usz00s1 H988000% Goitée il Breriinasios sk Bl peein, owr i HpIab IS | onay
I ncrease | 0th§'ina%?1n08>§iton LR rg;;eatedly performed to updated the value of Io. This

operation may be complex for a practical sub-channel size and the corresponding

number of pilot symbols (N, > 10). To handle such situations, in accordance with the

present disclosure, a simplification based on the eigendecomposition of the pilot

channel covariance matrix R, is made, as described further below:
R,, =UAU ™

[0029] Inequation (7), U isa N, x m unitary matrix of eigenvectors corresponding

to m principal components of R, and A is an m x m diagonal matrix of the

pp’

associated non-zero eigenvalues, with m being the numerical rank of R,

[0030] Table II below is a pseudo-code and associated mathematical expressions
defining an algorithm, in accordance with present disclosure, that is obtained by
combining equation (7) with the algorithm shown in Table I, and performing relevant

algebra.




interference power estimation. If iois so increased, a nore conservative
lo is wused at the pilot observations acquired during the next
step. Therefore, the iterative procedure described in Table | provides
stabl e VaJNS%m&R@mE9 I n sone enbodi nents of the above

val ue of

cal cul at

i ons,

ical._
0 10 iterations are utilzed to estimate O%ﬁ’é?fﬂ%l and

the interference |evel. [0028] One nathematical operation associated with
the algorithmshown in Table I, is thellmatrix inversion that is repeatedly
perfornmed to updated the value of lo. This operation may be conplex for a

practical sub-channel size and the cof#dsBonding

nunber of pilot synbols

(NP > 10 ). To hagdte—such—stttattons—rr—aceordarce—wt+h—t+re—pr esent

di sclosure, a sinplifigcation b sgg on the ei gendeconposition of|the pil ot
channel covari anc natprrlexcﬂﬁﬁugg frade, as described further bel pw RPP =
UAU (7) [0029] I equation (7), Uis a NP x munitary matrix o

x mdi agonal matrifx ofBthe_  a

soci ated non-zero eigenval ues, wifh m being

ei genvectors corr spondi:aflwig m princi pal conponents of RPP, ahd Ais an m

the nunerical rank of RP

Rapf] 030] Table Il belowis a pseudo-cpde and

associ ated mat hempiti cal expressions defining an algorithm in pccordance
Wi th present discllosure, that is obtained by conbining equatiop (7) wth
the al gorithm shoyn i do'ﬁa?@te |, and performng relevant al gebrph. WO
2006/ 010159 PCT/ U$2005/ 025609 11 Table Il Pre-conputed: UA 1| B : =

u.

while iterations
. N U
=2 :=B(A+(Ep/lo) INP) U'x ;

- 1
I, =
° N, -k

o=

end

[0031] The inversion of the diagonal matrix is equivalent to m scalar inversions. A
relatively large amount of memory may be utilized to store the values associated with
matrices B and U . This memory requirement may be reduced by truncating the

number m associated with the principal components of R, . Since m represents the
number of free parameters (degrees of freedom) of the channel in frequency and time,
m may be selected so as to be smaller than N » Without noticeable performance loss.
Hence, in one embodiment, m is selected to be smaller than N » DYy a factor of two or
more. In other embodiments, N, may be the upper limit for m. In some embodiments

of an OFDMA system, m may be selected to be less than 10. Factors affecting m, are

the desired performance, on the one hand, and complexity on the other.

[0032] The channel and interference level estimation may be carried out using various
codes of one or more software modules forming a program and executed as
instructions/data by, e.g., a central processing unit, or using hardware modules

specifically configured and dedicated to determine the channel and interference level.

RAPU J



10 = _ hoO~ while iterations |TP .=B(A+(EP/10)-" INP) Ux | | o1
kI'x-H(P)I12 N; P end [0031] The inversion of the diagonal matrix is
equi valent to mscalar inversions. A relatively |arge anount of nenory

maybe utily@egi@oss Or € the val ues associated with matl;rso S6SeRBRYy U This
nmenory requirement may be reduced by truncating the m associ at ed

with the principal conponents of RPP. Since mrepresents the nunber of free
paraneters (degrees of freedon) of the hannel in frequency and tine, m may

be selected so as to.be smaller than NP wi.t hout notlceabl e .performance | oss.
Hence, in oﬁite@ﬁ% ﬁ%h?tﬁ eRPPUMSRs e ehpnne) apdinisrerongs et"ﬁla"ﬁtlmatl%vnﬁy factor of

two or norege cdrﬂec%dﬂﬁgmgme%bﬁﬁmnsof s%ﬁ@ﬁn@%&&@@re%ﬁf sJimt for in. In

sone enbodi ments of an  OFDVA system mnay be selected to be | ess than 10.

complexi 1y Bothe aPihSaysd5r R bR R b e r e Pyl Heatoror °°

estimation shynpds tise feckatlqudd imaybe MPipéMEAtOd H hatdwiRs softw R orQl cofBiRtisPf t war e
nodul es forning_a program and executed as i nstructions/ data by, e.g., a

central prolEESf. nEpradiardwase maplementation the Processiag bais usep&richinas) | v conf i gur ed

2006 010150 BeH oRBEELF sBshsRed 3 Rhe BRol ApBicREr BRI el < (e

channel andcirquite (ABICs)digitabsigial pokeéssas (D$Ps|)nijg1tabagm pracestinpuievidged ng a
conbi nati on (I?gPﬁs?,f;}rggargr?un%g]% 1955 é"",?geg sl)l,l ﬁee?d programmable gate arrays
(FPGAs), processors, controllers, micro-controllers, microprocessors, other electronic
units designed to perform the functions described herein, or a combination thereof.
With software, implementation can be through modules (e.g., procedures, functions, and

so on) that perform the functions described herein.

[0034] What has been described above includes examples of one or more
embodiments. It is, of course, not possible to describe every conceivable combination
of components or methodologies for purposes of describing the aforementioned
embodiments, but one of ordinary skill in the art may recognize that many further
combinations and permutations of various embodiments are possible. Accordingly, the
described embodiments are intended to embrace all such alterations, modifications and
variations that fall within the spirit and scope of the appended claims. Furthermore, to
the extent that the term “includes” is used in either the detailed description or the
claims, such term is intended to be inclusive in a manner similar to the term
“comprising” as “comprising” is interpreted when employed as a transitional word in a
claim.

WHAT IS CLAIMED IS:




[ 0033] The techni ques described herein may be inplenented by vari ous neans.
For exanple, these techniques may be inplenented in hardware, software, or
a conbination thereof. For a hardware inplenmentation, the processing units
used for channel estimation nmay be inplenmented within one or nore
application specific integrated circuits (ASICs), digital signal processors
(DSPs), digital signal processing devi Bes (DSPDs), programmabl e | ogic
devices (PLDs), field programmabl e gate arrays (FPGAs), processors,
controllers, mcro-controllers, nic&gppﬁﬁgssors, ot her electronic wunits
designed to performthe functions d d herein, or a conbination
thereof. Wth software, inplenentation can be through nodules (e.g.,
procedures, functions, and so on) that performthe functions described
herein, [0034] Wat has been descri bed above includes exanpl es of one or
nore enbodinents. It is, of course, not possible to describe every

concei vabl e conbi nation of conponents or nethodol ogi es for purposes of
describing the aforenmentioned enbodinments, but one of ordinary skill in the

art may recoghize that many fulinb@bd ofcQimRhdiatad BR PR REREUL AL QRS Ha
various enbodi ments.are possihble. Accordingl e described enbodi nents

_ th
are inteﬁﬂ@@”ﬁ@”@ﬁﬁﬁﬁ&@‘%FW“EH@WOQPW%?@Hﬂ%M§¥ﬁﬁ@ﬂkﬁﬂ@amﬁdng and variations

that fall wi tBidvihP8 nfPithid ordd spHONSHDsnbd ] aims. Furthernore,
to the exteﬁt €ﬁé éhe ter%1"iﬁzludeggq?iﬁﬁégggﬁﬁggg?%br t he detailed

descri ption OFCcaVBe a @julfithde ofslgdipatecyilot fyntiohtdispded Hetwdoe thenoltisiyef damn a
manner siyryoar: Ne L heCRIRE Sing". as "conprising' is interpreted when
el oyed aw Rt G CEAIT T A I B sl Sl Clapiis RS G e

A et hodspstifesignatré;ng a channel and an interference level of a wreless .

nication_system the co er-i ement ed nmethod conprisin
conmu aS'Slgnmg QA estimate vam)e%r t[le {ngc? [erence levecﬂ; P g

determining afirst  estimate value for the channel and defined by the received
dedicated pilot symbols and in accordance with the estimate value of the interference level;

modifying the estimate value of the interference level in accordance with the first
estimate value of the channel and the received dedicated pilot symbols;

modifying the first estimate value of the channel in accordance with the modified
estimate value of the interference level;

- repeating the modifying steps until the modified estimate values of the interference level

and the channel satisfy predefined conditions; and

determining a second estimate value of the channel and defined by the received data
symbols and in accordance with the modified estimate values of the interference level and the

channel and that satisfy the predefined conditions.

2. The method of claim 1 wherein said computer-implemented method is

applied to symbols received via a forward link of a wireless communication system that is an
OFDMA system.

3. The method of claim 1 wherein said computer-implemented method is

applied to symbols received via a reverse link of a wireless communication system that is an
OFDMA system.




receiving a nultitude of data synbols transmtted over the channel
receiving a nultitude of dedicated pilot synbols di sposed between the

mul titude of data synbols and transmitted over the channel, the dedicated
pil ot synbols adapted to carry a user- specific signature; assigning an
estimate value for the interference |level; determning a first estimte
val ue for the channel and defined by tHh#& recelved dedi cated pil ot synbols
and in accordance with the estimate value of the interference |evel;

nodi fying the estimate value of the interference level in accordance with
the first estimte value of the channel and the received dedicated pil ot

symbol s; nodifying thertfi ﬁl%ﬁloﬁéfélﬂﬁtt]ew%eéllffﬂ}e eptﬁnzﬁp%mgr PR RESH a[np%gcfhe

W th the nodi fied estimte value of t erence evel ; re &X

modi fyi ngncﬁt@t@?e%ohﬂq&fn'n}ateh@al dﬁ;df' % S a%‘eedeyme hggt é?%‘t er.enee level

and the channel satisty predefined con |t|ons §e ond

est i mat ethgahtergerafcetiével edhvhnwebelawd defi ned by the recelved data synbol s and’
in accordance with the nodified estimte values of the interference |evel
and the channel and that satisfy the predefined conditions. 2. The nethod

of claiml o ?g conputer-lnplenented nmethod is applied to synbols
recei ved V|a ;4 mnk /@ mureless comuni cation systemthat is an
OFDVA syst em ((” hd’d c‘l ai )| "wherein said conputer-inplenmented
met hod is to synbols received via a reverse link of a. wireless
connunicatlon systentthat is an OFDVA system 14 4. The nethod of claim!]l
wherein the first estimte value rgcrn of the channel and the second

esti mat e val uehed R heR ¢ hadhRg| araclemees bhedoby dsteodh babwest i mate val ue P. of
the interference | evel as shown bel ow

R _ {Rl’/’ de}
- >
de R{I{I
where R is the covariance matrix of the channel H , wherein RW has N » XN, elements,
wherein R, has N, x N, elements and wherein R,, has N, x N, elements, wherein N, is the

number of transmitted pilot symbols and N,, is the number of transmitted data symbols, wherein

E, is the pilot energy per pilot symbol, and wherein x is the vector of received pilot symbols.

5. The method of claim 1 wherein the first estimate value. d ) of

. (d)
the channel and the second estimate value & of the channel are defined by first estimate value

Io of the interference level as shown below:

%(p) |
e ::B(A+(Ep/%) IN,,) U'

UA
wherein B :={ U Wwherein U isa N » Xm unitary matrix of eigenvectors corresponding to

dp

the non-zero principal components of R,,,and A isan mxm diagonal matrix of the associated




f(rl PP [R'""](R,,,+(Er | ~fo~ INr~ x where R'r, Rer and RP are elenents
of vector R as shown below R =r1 Rr LRr, Rrn where Ris the covariance
matrix of the channel H, wherein R'r has N x N,, elenents, wherein Rdn has
N x NN el ements and wherein R, has N, x N, elements, wherein N, is the
nunber of transmitted pilot symbols and_k, is the nunber of transmitted data
synbol s, wherein Ef, is the pilot eneﬂay per pilot synmbol, and wherein x is
the vector of received pilot synbols. 5. The nethod of claim1l wherein the
first estimate value. Vir> of the channel and the second estinate value (>
of the channel are defined by first estimate value Po of the interference

| evel as neihane eigehaties,(wilh m=EeiihER@erlcAdndBXR | Wvher ek &) wnehar ein U
isa N xr r unitary matrix of eigenvectors cd?respondlng to R,rUthe
non-zer o Ryy.i Rgiapdilr, coplenents sf edctdrfR as @BGnAelo: an m x m di agonal matrix of

t he associated 15 non-zero eigenvalues, with in being the nunerical rank of

Rnn, wherein RP = UAU , wherein R ,n, R,,, and are elenments of vector R

as shown below R = n dp RO, Itdd where Ris the covariance matri X

of the channel H, wh Pei R, ey, has N,, x N' elenments, wherein R ,,, has Nd
x N, elenments and wherepnthas Nd x Na el ements, wherein N, is the nunber
of transmitted pilot "synfbts and N,, is the nunber of transnitted data

synbol s, wherein

where R is the covariance matrix of the channel H, wherein R ” has N )X Np elements,
wherein R, has N, x N, elements and wherein R, has N, x N, elements, wherein N , isthe
number of transmitted pilot symbols and N, is the number of transmitted data symbols, wherein

£, 1s the pilot energy per pilot symbol, and wherein x is the vector of received pilot symbols.

6. ~ The method of claim 5 wherein N , 1s greater than m .

7. An apparatus adapted to estimate channel and interference level
of a wireless communication system, the apparatus comprising:

a first module adapted to receive a multitude of data symbols transmitted over the
channel,;

a second module adapted to receive a multitude of dedicated pilot symbols disposed
between the multitude of data symbols and transmitted over the channel, the dedicated pilot
symbols adapted to carry a user- specific signature;

a third module adapted o assign an estimate value for the interference level;

a fourth module adapted to determine  afirst  estimate value for the channel and
defined by the received dedicated pilot symbols and in accordance with the estimate value of the
interference level;

a fifth modifying module adapted to modify the estimate value of the interference level in
accordance with the first estimate value of the channel and the received dedicated pilot symbols;

a sixth modifying module adapted to modify the first estimate value of the channel in
accordance with the modified estimate value the of the interference value; wherein said fifth and

sixth modifying modules are further adapted to continue their respective modifying operations




EP is the pilot energy per pilot synbol, and wherein xis the vector of
received pilot synbols. 6. The nethod of claim5 wherein N,, is greater than
m 7. An apparatus adapted to estinmate channel and interference level of a
Wi rel ess communi cati on system the apparatus conprising: a first nodul e
adapted to receive a nultitude of data synbols transmtted over the

channel ; a second nodul e adapted to red¢@ive a multitude of dedicated pil ot
synbol s di sposed between the nultitude of data synbols and transmtted over
the charnel., the dedicated pilot synbols adapted to carry a user- specific
signature; a third nodul e adapted to assign an estimate value for the

i nt er f er 8/Hhq modificd estifraterihicsroiiit atispteidvd andigt ehdnfeasstf plegdfinggt | Mat e

val ue fog, th ngQﬁgnel and defined by the received dedicated pilot synbols
and in accordarice with the estinmate value of the interference level; a

fifth nodifyingvenhuloduladagtaido el £ cbiies@aki VRLE UG aale Lie
interfer ﬁce i ccordance with the first estimte val ue of the

he el in ( \ _
channel fred EﬁFé?§P@g§a@éﬂp 1 &Y ippecordasertish the modifieil xetmatodildey bfige nodul e

adapt ed tn@eriRatd KvdlRad tHelchinn®Bihh TRE S M@ &hannel in accordance with
the nodi fied estimte valuénkhe of f%e %ﬁ?gﬁ%@%@ﬁ@%“§a|ue; wherein said

fifth and sixth nodifying nodules are further adapted to continue their

respective nodifying opgrati 6 . til .the nodified estimte val ues of
the interference |evel an%g%r%@l?g Cf?lar‘{lrrlllgfl1 Wféeé‘?‘il&gl/a}fﬂaba&@f‘f‘ ted Q¢ PI8NS; and a
sevent h ot endasteptdediimatcslef the etiange] af sRew#d 1igk bf MMLEcKAbHgEREdNe channel

and def ] t he ived data synbols and in accordance with the
nDdifiedgggiFﬁé{gagéﬁﬁgﬁAﬁyg?ﬁe interference | evel and:. the channel that

satisfy the predefined conditions. 8. The apparatus of claim7 wherein said

appar at us is(pdapted to determine the first and second estimates of the
channel of a%orward |ihserearatys of daimdsshestmsnichanpataiuwis adapted to determine

the first and second estimates of the channel of a reverse link of a wireless communication

systems that is an OFDMA system.

10. The apparatus of claim 7 wherein the first estimate value H “

) . 3 ()
of the channel and the second estimate value [~ of the channel are defined by the first estimate

value [o of the interference level as shown below:

%(F) R o .
— 124
E}(d) - R }(RPP -F(Ep /[]l) ]Np) x

R,,
Where 2, , R, and R,, are elements of vector R as shown below:
R - R!’P R([I]p
Y Ry

where R is the covariance matrix of the channe el ¢
annel A, wherein R, has N »x N, elements,

whereir C el ’ i i
1 Ry, has N, x N, elements and wherein R, has N,x N, elements, wherein N , 1s the




systens that is an OFDVA system 9. The apparatus of claim7 wherein said
apparatus is adapted to determne the first and second estimates of the
channel of a reverse link of a wireless communication systens that is an
OFDVA system 10. The apparatus of claim7 wherein the first estimte val ue
WP> of the channel and the second estipate value I~ (dt of the channel are
defined by the first estinmate val ue 1d70f the interference |evel as shown
below. (rl [,R,n jld(Rvv(F,, 71,) "NP |1 J x Wiere RPP> Rm and RdP are

el ements of vector R as shown below. R = RPP RIJIP RddP Red where Ris the
covariance matrix of the channel H, wherein R ,P has N, x N' elenents,

wher ei n Rapbas 5 trapsmitted pilogsyarbelstasd ddis Wsemmber dRitransnhisisd dddha synitidlseivbereint s,
wherein NP is the 17 nunber of transmtted pilot synbols and N. is the
nunber offirBHRIALEPEEY BPPHOSy Bl and wkeesieixnis tePerter offrecapied pilotesyabgly. per

pil ot synbol, and wherein x is the vector of received pilot synbols. 11. The
apparatus of claim7 wherein the first estimate value !'rk" of the channel
and the seconﬂ estimate_ value |~ nr of the channel are defipggd by the first
estimate val ud: 1o of tH¥ aPRYaEPs erdtimd wlmptheasﬁr%wmmtwlmﬁ O'ofthel t~r) 1 1,
=B A+(E AT% T;[l INr U x UA mherqimB = R U , wherein Uis a NP x rn

uni tary AREPGR ‘Bﬁ‘heé?cﬁéﬁﬁiﬁﬁf’(ﬁ’r‘éﬂ@&}r e§pbaehangeltars definedyby the first estimate value

Io of the interference level as shown below:

ﬂ.(p)
A ”
UA

wherein B ::{ } , Wherein U isa N , > m unitary matrix of eigenvectors corresponding to

dpy
the non-zero principal components of R e and A isan mxm diagonal matrix of the associated

non-zero eigenvalues, with m being the numerical rank of R,,,wherein R =UAU", wherein

R,,, R, and R, are elements of vector R as shown below:

*
R= [Rllll de}
- >
_Rd/’ 16{11/
where R is the covariance matrix of the channel , wherein R o nas N XN, clements,
wherein R, has N,x N, elements and wherein R, has N, x N, elements, wherein N, is the

number of transmitted pilot symbols and N, is the number of transmitted data symbols, wherein

£, is the pilot energy per pilot symbol, and wherein x is the vector of received pilot symbols.

12. The apparatus of claim 7 wherein N » 1s greater than m .




the non-zero principal conponents of R'v, and Ais an nix in diagonal matrix
of the associated non-zero eigenvalues, with in being the nunerical rank of

RPP, wherein R,,, = UAU, wherein ReP, R4 and R ,P are el enents pf vect or
R as shown below R=r RWP 1?;,, R1,,, k'/ J where Ris the covari ance

matri x of the channel 1- 1, wherein R, has N1, x N,, elenents, V\,he_reln R,_,P
has N,, x NP elenents and wherein Rd, h8s N,, x N, elenents, wherein N,, is

the number of transmitted pilot symbols and N. is the nunmber of transmtted
data synbols, wherein EP is the pilot energy per pilot synbol, and wherein
Xi s the vector of receiyved pilot symbols. 12. The apparatus of claim7

wherein N. islyreater tHgmrpategof dam Tierappad ftsusewhd chiad, fowrthwhigh,ei n sai d

first, s n A a T2 Fifth, i xth, and sev_enth _m)du!es are
har dwar eg(rx\r@d%ldebg@ng@m(ﬁllﬁ%gaté%%%{i\g{'ltEJglog 1§§C| aim7 wherein said first, second,

third, fourth, fifth, sixth, and seventh nodul es are f]_oféwa][e rmﬂul ]?-S];tﬁa
The apparatus, of claimZ wherein i.d first, second, third ourth, fi ,
si xt hl,opand sevent h nodu l}eesapPﬂﬁtf‘fJ%é&g‘Bf7t‘WFe_én %ﬁ‘fggﬁéﬁ%ﬁ%@éhl denrdstifiyg. An
appar at usixidagtsecentiomedilésmd efehani@iand interference values of a wireless
comuni cation system the apparatus conprising: means for receiving a
mul titude of data synbols transmtted over the channel; neans for receiving

a mul titude dedi cat eg, Rl uSYR, | : : | ti.tude of
data symnbol sOIraShd trans mﬂ}e? gﬁéﬁg\giém?ﬁg%c‘ﬂgﬁagﬁ%?g?ﬁgg%%gﬁlctﬁalFagg) “g‘!}{ 1 1'(])' th’syn‘ool S
adapt ed S, adspyenth medies inghedsispitwars aghlzrdwae modalas f or assigni ng an
estimate value for the interference level; nmeans for determning a first
estimate value for the channel and defined by the received dedicated pil ot

synbol s and il%. accordance w t hAh bgpafatusatiapest tb BRtreatdy dlaviel @hd InbSference
values of a wireless communication system, the apparatus comprising:
means for receiving a multitude of data symbols transmitted over the channel;
means for receiving a multitude of dedicated pilot symbols disposed between the
multitude of data symbols and transmitted over the channel, the dedicated pilot symbols adapted

to carry a user- specific signature;

means for assigning an estimate value for the interference level;

means for determining a first  estimate value for the channel and defined by the
received dedicated pilot symbols and in accordance with the first estimate value of the
interference; |

means for modifying the estimate value of the interference level in accordance with the
first estimate value of the channel and the received dedicated pilot symbols;

means for modifying the first .estimate value of the channel in accordance with the
modified estimate value of the interference level, wherein said modifying means are further
adapted to continue their respective modifying operations until the modified estimate values of
the interference level and the channel satisfy predefined conditions; and

means for determining a second estimate value of the channel and defined by the received
data symbols and in accordance with the modified estimate values of the interference level and

the channel that satisfy the predefined conditions.




interference; neans for nodifying the estinmate value of the interference
| evel in accordance with the first estimte value of the channel and the
recei ved dedi cated pilot synbols; nmeans for nodifying the first estinate
val ue of the channel in accordance with the nodified estimate value of the
interference | evel, wherein said nodi fi%)ng means are further adapted to

continue their respective nodifying opéfations until the nodified estinate
values of the interference |evel and the channel satisfy predefined
conditions; and neans for determ ning a second estimate val ue of the channel
and defined by the received data synbols and in accordance with the

nmodi fi ed esti it e val uekhegparhies piEmf iGrdrodn Said/gipaand is 4dapted haderehink hat

satisfy the. .pr ' - iphons. 19. 17, The apparatus of claim 16 wherein
sai d appg{agjtlﬁgﬁlﬁjggcgﬁﬁ%{lgﬁ{%g 81;15%? earnﬁgjlr?ga%%ga‘fl?wgtopgw&e SO B ofht es of t he
channel efsteansftiot waemdD DMK fted. Wi r el ess communi cation systens that is an
OFDMA system 18. The apparatus of claim 16 wherein said apparatus is
adapted to determine the first and second estinmates of the channel of a
reverse link of a wrel'BgSpsaRIUsH i . d y : stem
19. The apparatus of cl ai mpf:;LG V\,her%i@% I?h%élcﬁf%fd% %@%fgeﬁslg%g%ﬁgf t he
channel HfdUt AR geonstrgtimaies pethe chaangl of arevgramlinf oftaheiratsanmemusicaiodef i ned by
the firstyseafsimBisen\inaa 4,8.4f the interference |evel as shown below n) r
/11 ;

(I LR n I (Ran+ Rnl hJJ' hP x Wiere RPP, R ,,, and R ,,, are
el ements of vector R as shown below R=r RN R,, J 1,
19. The apparatus of claim 16 wherein the first estimate value ﬂ(p) of the

; ()
channel and the second estimate value ' of the channe! are defined by the first estimate value

[o of the interference level as shown below:

]{—_}'(p) R - o -
| :
oo | 7|k, [Rp,,+(E,,/1°) Iij x
dp

Where R, R, and R,, are elements of vector R as shown below:

R= {RPI’ Rc:/) J
Rd/’ R{Izl

where R is the covariance matrix of the channel H , wherein R o Nas N x N elements,
p

wherein R, has N, x N, elements and wherein R, has N, x N, elements, wherein N » 15 the

number of transmitted pilot symbols and N, is the number of transmitted data symbols, wherein

E,is the pilot energy per pilot symbol, and wherein x is the vector of received pilot symbols.




R +r R ,, where Ris the covariance matri x of the channel |f, wherein RPP
has N,, X NP elenents, wherein R ,, has N x NP elenents and wherein R ,,
has N,, x N. elenents, wherein NP is the nunber of transmtted pil ot
synbols and N,, is the nunber of transmtted data synbols, wherein E ,,is
the pilot energy per pilot synbol, and wherein xis the vector of received
pilot symbols. 20 20. The apparatus of9claim 16 wherein the first estimate
value Vk YPt of the channel and the second estimate value [14(,t) of the
channel are defined by the first estimate value in of the interference
| evel as shown below 1Y::::=Bl A +(Er/ Q) Iwo,) U*x A wherein B:= ,wherein
Uis a N' x nitary ri.x of ekgenvectors corresponding tp@dRdftu U the
nas o ohiebeRlyy SHASR T e i SR v Pagoria

non-zero principal conpone ; agBn'df matrix

of the a i non-,zero .ei gengabues, with in_ being the nunerical rank of
RPP, m(g?%}?ﬁ&%&ﬁﬂxg SPAS eStipas Eégﬂe Y}é O?ﬁ’ﬁﬁi,i\g”ﬁ?l, are d%feF‘éd gY diedisttsstypaiewdicor R as

shown bengwﬁfﬁﬁn@ﬁagég[ﬁgggﬁﬁgggﬁﬁm&,mhere Ris the covariance matrix of the

channel H, wherein el ements, wherein R ,,, has N,, x NP
el ements and wherein * R N has Nd x Ae elenments, wherein NP is the nunber
of transmtted pil L nbols and Nd is the nunber of transmtted data
synbol s, wherein BP'is the pi | ot, \enengy per pilot synbol, and wherein xis
the vector of rec iygﬂiﬁﬁidﬁ«éy )IdMDZIZXThe apparatus of claim 20 wherein
N is me&erthabio 22. A conpute

code stored thereon, conprising: 21

-readabl e nmedi um i ncl udi ng program

UA

wherein B :={ J.,wherein U isa N,xm unitary matrix of eigenvectors corresponding to

dp

the non-zero principal components of R,,and A isan mxm diagonal matrix of the associated

non-zero eigenvalues, with m being the numerical rank of R, wherein R, =UAU ", wherein

n?

R, . R, and R, areclements of vector R as shown below:

pp?
g=| R
Rf/p Ra'd

where R is the covariance matrix of the channel X , Wherein RW has N , XN, elements

) P ’
wherein R, has N, x N, elements and wherein * R, has Ny x N, clements, wherein N, is the
number of transmitted pilot symbols and N, is the number of transmitted data symbols, wherein

E, is the pilot energy per pilot symbol, and wherein x is the vector of received pilot symbols.

21. The apparatus of claim 20 wherein N, is greater than

m.

22. A computer-readable medium including program code stored

thereon, comprising:




prograncode for receiving a multitude of data synbols transmtted over the
channel ; program code for receiving a multitude of dedicated pilot symbols
di sposed between the nultitude of data synmbols and transmitted over the
channel, the dedicated pilot synbols adapted to carry a user- specific

si gnature; program code for assigning an estimate value for the interference
| evel ; program code for determning a £lrst estimate val ue for the channel
and defined by the received dedicated pilot synbols and in accordance with
the estimate value of the interference |level; progr a(rjn code fo; hrr:)gl f%/l ngt

he estimate value of the interference | evel in accordance w e firs
Eas'? i mat e val uBfgrRM tde fprdpsrainghrultise o dats szyeldmlfémn@attte@lomrltlmchgwbol s:

program code PR)rglaﬂpéUdtc Yélr}gceq\g?gezis h?%%dg%slg{a% ¥’ﬁ{’%§m%ts tdﬂgos%lc? fQ0% e n the

accordance withthe arence feve el :
progr am dodéufee! daepeabdlignd esmirtidfoyérmile e, thiadddicatdaepi I ejrhbadladpted mat e

val ues of otc!i'ﬁ 8@&@@&@&&@9 eu?é/el and the channel satisfy predefined

condi tions; ram co Or determ ning a second estimate val ue of the

channel and dplfogmedodaymlheslgrﬁ@g:ﬁ sseflald tiae foy MRS faRskellEvepCcCOr dance with the
nodi fied estinmate val ues of the interference level and (he channel and that

satisfy the pPO8ER 188 I ¥daEringys. st TR ledor the shamrlandddingtbof cl ai m
22 wher eigg s@k@d d@dfleagécﬁisﬂ&@ﬂ%l@erlﬁ 1&9&&1d9ﬁbfe%ﬂthtt9e &%nﬁ{%%lu%%f[% symbol s

received via a forward link of a wireless comunication systemthat is an
OFDVA sydittefarenealevilhie conput er - readabl e nedi um of cl ai m 22 wherein sai d

pr ogr am codesyay6-GaLFOLESh ko dhe ARALLAML LAnSHIDRl S Lacsived vl a reverse

link of a wir comunl cat fon Sys
conput er witéa}dﬁbbtashmducwahuebfmhahamnélzn&\hﬁrr@bmdi Bkﬁh(fatddqilot gafbbBt € val ue 1~ t
of the channel and t channel are defined

by the 1irst WSPRRPRE URRTE T BEdr FHemy HierT or eribereain eogRsa béow
modified estimate value of the interference level;
program code for repeating the modifying steps until the modified estimate values of the
interference level and the channel satisfy predefined conditions; and
program code for determining a second estimate value of the channel and defined by the

received data symbols and in accordance with the modified estimate values of the interference

level and the channel and that satisfy ihe predefined conditions.

23. The computer-readable medium of claim 22 wherein said
program codes are configured to be applied to symbols received via a forward link of a wireless

communication system that is an OFDMA system.

24. The computer-readable medium of claim 22 wherein said
program codes are configured to be applied to symbols received via a reverse link of a wireless

communication system that is an OFDMA system.

25. The computer-readable medium of claim 22 wherein the first

i ) . ()
estunate value @ of the channel and the second estimate value & of the channel are defined

by the first estimate value 7o of the interference level as shown below:




22 (P) V ,tdt [R, Rx dP where R,P, Rdd and R, are elements of vector
R as shown below RPP R Pl R Rdp Rddj, where Ris the covariance matrix of
the channel 1-1, wherein RPP has N, x N, elements, wherein R,,, has NN,
X NP el enents and wherein R4~, has Nd x Nd el ements, wherein NP is the
nunber of transmitted pilot synmbols and Nd is the nunber of transmitted data
synbols, wherein EP is the pilot energy per pilot synbol, and wherein xis
the vector of received pilot synbols. 26. The conputer-readabl e medi um of
claim 22 wherein the first estimate value eP> of the channel and the second
estimate value Ilcdt of the channel are defined by first estimate value lo

of the interf gﬁﬂ e tgv as shomnlbemeﬁ (P1 ~t<rt :=B~A+(EP /4 I NPY U'x
UA wherein B (= It £ IW,QMen Eviis @ N' x in unitary matrix of

ei genvectors ¢or'fespphging”to ” the Abn-zero principal conponents of RPP

and Ais an in x in diagonal matrix of the associated non-zero eigenval ues,
with in being the nunerical rank of RP" wherein RPP = UAU , wherein RPP ,
R ,,, and Rd" are elenments of vector R as shown below. 23 R = RP Rdp Rd, n

Rd, where R i &bglseR gcofardndnearvatenientsof vicke £ hasineln belowsher ei n Rn" has N. X

Nn el enents,
R :’:R‘UP R‘;PJ
Rdlf Rd(l

where R is the covariance matrix of the channel # , wherein R,, has N, x N, elements,
wherein R, has N, x N, clements and wherein R, has Ny x N, elements, wherein N, is the
number of transmitted pilot symbols and N, is the number of transmitted data symbols, wherein

E, is the pilot energy per pilot symbol, and wherein x is the vector of received pilot symbols,

26. The computer-readable medium of claim 22 wherein the first
. (p) . R (d)
estimate value 7 of the channel and the second estimate value ]'} of the channel are

defined by first estimate value /o of the interference level as shown below:

@(p) . " -1 )
o =B A+(Ep/1-o> I, | Ux

UA

wherein B = [R [ /_J ;wherein U isa N » X m unitary matrix of eigenvectors corresponding to
dp

the non-zero principal components of R, ,and A isan mxm diagonal matrix of the associated
non-zero eigenvalues, with m being the numerical rank of R > Wherein R =UAU ", wherein

R,,, R, and R, are elements of vector R as shown below:




wherein R ,,, has N,, x Np elenments and wherein R ,,, has N x N: el enent s,
wherein N1, is the nunber of transmtted pilot synbols and N,, is the
nunber of transmitted data synbols, wherein EV is the pilot energy per

pi l ot synmbol, and wherein x is the vector of received pilot synbols. 27. The
conput er -r eadabl e nmedi um of cl ai m 26 MQ?FEIH Alp is greater than rn.

R [gﬂ
re i,
R= { ,
Rrip R(Id
where R is the covariance matrix of the channel H , wherein R, has N , XN, elements,
wherein R, has N, x N, elements and wherein R,, has N, x N, clements, wherein N , is the

number of transmitted pilot symbols and N, is the number of transmitted data symbols, wherein

E, is the pilot energy per pilot symbol, and wherein x is the vector of received pilot symbols.

27. The computer-readable medium of claim 26 wherein N , 18

greater than s .




