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[ 0001] The present Application for Patent clains priority to Provisional
Application No. 601611,028, entitled "~Noise Variance Estimation for

Di versity Conbining and Log- likelihood Ratio (LLR) Scaling in Platinum
Broadcast" filed Septenber 17, 2004, and 1 assigned to the assi gnee hereof
and hereby expressly incorporated by reference herein. BACKGROUND Field
[0002] The present dNOISEWARRNCEESTIMATTIONIN WERETIESS cations, and
nore specifically, to noise variance estimation techniques in wireless
communi cat i onsCONMMKUENICATIONS FORDEVERSIKEY COMBINING ¢caNDInO(Gy st em
the data to be transmitted is encoded wth a turbo code, which generates a

sequence of synbols, referred tIIRELIEHQAOD SABING Several code synbol s
may be bl ocked together and mapped to a point on a signal constellation,

t hereby generating a sequence of conplex "nodul ation synbols.” This
sequence nay ORimBPPHEALE wnder3BALEM, 9119 Whi ch generates a continuous tine
signal, which is transmtted over a wireless channel. [0004] At the
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on the received ints in the signal constellation. The soft decisions may
be used to exPREE PHE Ehgeenn] R S P ny et S o The
turbo decoder uses the sequence of code synbol LLRs to decode the data

originally transmtted. [0005] In a_receiver enploying nultiple antennas, a
Pil ot Wi ghted Conbining (PW) tec%%@ ten used to conbi ne the soft

deci sions forgggch antenna. The conbined soft decisions may then be used to

conpute the LL for the code synbols. One
[0002] The present disclosure relates generally to telecommunications, and more

specifically, to noise variance estimation techniques in wireless communications.

Background

[0003] In a typical telecommunications system, the data to be transmitted is encoded
with a turbo code, which generates a sequence of symbols, referred to as “code
symbols.” Several code symbols may be blocked together and mapped to a point on a
signal constellation, thereby generating a sequence of complex “modulation symbols.”
This sequence may be applied to a modulator, which generates a continuous time signal,
which is transmitted over a wireless channel.

[0004] At the receiver, the modulation symbols may not correspond to the exact
location of a point in the original signal constellation due to noise and other
disturbances in the channel. A demodulator may be used to make soft decisions as to
which modulation symbols were most likely transmitted based on the received points in
the signal constellation. The soft decisions may be used to extract the Log-Likelihood
Ratio (LLR) of the code symbols. The turbo decoder uses the sequence of code symbol
LLRs to decode the data originally transmitted.

[0005] In a receiver employing multiple antennas, a Pilot Weighted Combining (PWC)
technique is often used to combine the soft decisions for each antenna. The combined
soft decisions may then be used to compute the LLRs for the code symbols. One

problem with this approach is the potential difference in thermal noise for each antenna.



problemw th this approach is the potential difference in thermal noise for
each antenna. 2 As a result, the PW procedure for conbining soft decisions
may not optim ze the Signal-to-Noise Ratio (SNR). Accordingly, there is a
need in the art for ‘an inproved denodul ation process that considers the
thermal noise for one or nore antennas nounted on a receiver. SUVWVARY

[ 0006] In one aspect of the present invention, a nethod of estinmating noise
variance includes receiving a signal including an Othogonal Frequency

Di vi si on Ml tAspd essuhgthe (FWOMrosydoteofor cotmbdinieDbdth dscisionshanyl nboogémize nied udi ng
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vari ance for RHBIHLAAIEEHETt ones usi ng t he band-edge pilot tones, channel
estimates for the band-edge pilot tones, and the guard tones. 10007] In

anot her aspect of the present invention, a nethod of estimating noise
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i nvention, a nethod_ of estimating noise ari ance includes receiving a
signal i ncl udsigatss for the aP‘i‘ggg?fpﬂg@‘:W%%“g‘Fgu% &HeS-havi ng i n-band tones
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pilot tones and guard tones, estinating an effective noise variance for the
i n- band includes receiving a signal including a plurality of OFDM symbols each having in-band

tones including in-band pilot tones, and band-edge tones including band-edge pilot
tones and guard tones, estimating an effective noise variance for the in-band tones of |
one of the OFDM symbols by estimating a noise variance for the in-band tones of one
or more of the OFDM symbols, weighting the noise variance estimates, combining the
weighted noise variance estimates, and scaling the combined weighted noise variance
estimates, and estimating an effective noise variance for the band-edge tones of said one
of the OFDM symbols using the band-edge pilot tones for said one of the OFDM
symbols, channel estimates for the band-edge pilot tones for said one of the OFDM
symbols, and the guard tones for said one of the OFDM symbols.

[0008] In yet another aspect of the present invention, a method of estimating noise
variance includes receiving a signal including a plurality of OFDM symbols each
having in-band tones including in-band pilot tones, and band-edge tones including band-
edge pilot tones and guard tones, estimating an effective noise variance for the in-band
tones of one of the OFDM symbols using the in-band pilot tones for said one of the
OFDM symbols and channel estimates for said one of the OFDM symbols, the channel
estimates being time averaged over two or more of the OFDM symbols, and estimating

an effective noise variance for the band-edge tones of said one of the OFDM symbols



tones of one of the OFDM synbols using the in-band pilot tones for said one
of the OFDM synbols and channel estimates for said one of the OFDM synbol s,
the channel estinmates being tinme averaged over two or nore of the OFDM
synbol s, and estimating an effective noise variance for the band-edge tones
of said one of the OFDM synbols 3 wusing the band-edge pilot tones for said
one of the OFDM synbol s, channel estimate8 for the band-edge pil ot tones
for said one of the OFDM synbols, and the guard tones for said one of the
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noise variance of the edge tones and the effective noise variance of the in-band tones.

[0010] In yet a further aspect of the present invention, a demodulator configured to
receive a signal including an OFDM symbol having in-band tones including in-band
pilot tones, and band-edge tones including band-edge pilot tones and guard tones, the
demodulator including a channel estimator configured to generate channel estimates for
the in-band pilot tones and channel estimates for the band-edge pilot tones, an in-band
estimator configured to estimate an effective noise variance for the in-band tones using
the in-band pilot tones and the channel estimates for the in-band pilot tones, and a band-
edge estimator configured to estimate an effective noise variance for the band-edge
tones using the band-edge pilot tones, the channel estimates for the band-edge pilot
tones, and the gnard tones.

[0011] In another aspect of the present invention, a demodulator configured to receive a
signal including a plurality of OFDM symbols each having in-band tones including in-
band pilot tones, and band-edge tones including band-edge pilot tones and guard tones,
the demodulator including a channel estimator configured to generate channel estimates

for the band-edge pilot tones of one of the OFDM symbols, an in-band estimator



edge estimator configured to estimate an effective noise variance for the
band- edge tones using the band-edge pilot tones, the channel estimates for
t he band-edge pilot tones, and the guard tones. [0011] In another aspect of
the present invention, a denodul ator configured to receive a signal
including a plurality of OFDM synbol s each having in-band tones including

I n- band pilot tones, and band-edge tones4i ncl udi ng band-edge pilot tones
and guard tones, the denodul ator including a channel estinator configured
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estimator configured to estimate an effective noise variance for th
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tones for sai gsﬁ%ﬁ?e 91{ efo&ivgerMewmlestr the in-band tones of said one of the OFDM
symbols using the in-band pilot tones for said one of the OFDM symbols and the
channel estimates for said one of the OFDM symbols, and a band-edge estimator
configured to estimate an effective noise variance for the band-edge tones of said one of
the OFDM symbols using the band-edge pilot tones for said one of the OFDM symbols,
the channel estimates for the band-edge pilot tones for said one of the OFDM symbols,
and the guard tones for said one of the OFDM symbols.

[0013] In a further aspect of the present invention, a demodulator configured to receive
a signal including a plurality of OFDM symbols each having in-band tones including in-
band pilot tones, and band-edge tones including band-edge pilot tones and guard tones,
the demodulator including a channel estimator configured to generate channel estimates
for the in-band pilot tones of one of the OFDM symbols and channel estimates for the
band-edge pilot tones of said one of the OFDM symbols, an in-band estimator
configured to estimate an effective noise variance for the in-band tones of said one of
the OFDM symbols using the in-band pilot tones for said one of the OFDM symbols,
and a band-edge estimator configured to estimate an effective noise variance for the

band-edge tones of said one of the OFDM symbols by estimating an average effective



t he channel estimates for the band-edge pilot tones for said one of the OFDM
synbols, and the guard tones for said one of the OFDM synbols. [0013] In a
further aspect of the present invention, a denodul ator configured to receive
a signal including a plurality of OFDM synbol s each having in-band tones

i ncluding in- band pilot tones, and band-edge tones includi ng band-edge
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 is a conceptual block diagram illustrating an example of a
telecommunications system;

[0016] FIG. 2 is a conceptual block diagram illustrating an example of a transmitter in
communication with a receiver;

[0017] FIG. 3 is an example of a transmission waveform for a hybrid multi-access
telecommunications system supporting both CDMA and OFDM communications;

[0018] FIG. 4 is a conceptual block diagram illustrating the functionality of an OFDM
demodulator in a receiver for a hybrid multi-access telecommunications system;

[0019] FIG. 5 is a conceptual block diagram illustrating the functionality of an OFDM
demodulator in a dual antenna receiver for a hybrid multi-access telecommunications
system;

[0020] FIG. 6 is a graphical illustration of an OFDM symbol in the frequency domain;

and



BRI EF DESCRI PTI ON OF THE DRAW NGS [0015] FIG 1 is a conceptual bl ock
diagramillustrating an exanple of a teleconmunications system [0016] FIG
2 is a conceptual block diagramillustrating an exanple of a transmitter in
comuni cation with a receiver; [0017] FIG 3 is an exanple of a transm ssion
waveform for a hybrid multi-access teleconmmunications system supporting
both CDMA and OFDM communi cations; [0018]g FIG 4 is a conceptual bl ock
diagramillustrating the functionality of an OFDM denodul ator in a receiver
for a hypord nul t iF@CTéss colepitalibiuck diagramntiusiathe e fuf@ibblityloBa dhanrsl a
conceptual block diagramillustrating_the functionality of an OFDM

denmpdul at or i FTHR3{GYSFP2 pgm{gpl}tggélpvg}‘ewwnoyewﬁmce for ifsrpspaeitve gtenna.

t el econmuni cations system [0020] FIG 6 is a graphical illustration of an
OFDM synbol in the frequency domain; and 6 100211 FIG 7 is a conceptual
bl ock diagramillustrating the DFAIFIHPESCRIPTEONhannel estimator capabl e

of conputy t he egt.l. .se. varl S I td t
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0023] FIG 1] | bl ock di j 1.l i le of
ol ecommuni catione Sk aHE FhSrL ikl st ibe indBs W pefiae an

Access Net wor#védish. 102 whi ch supports conmuni cati ons between any nunber of

[0023] FIG. 1 is a conceptual block diagram illustrating an example of a
telecommunications system. The telecommunications system 100 may include an
Access Network (AN) 102 which supports communications between any number of
ATs 104. The AN 102 may also be connected to additional networks 110A and 110B
outside the AN 102, such as the Internet, a corporate intranet, a Public Switched
Telephone Network (PSTN), a broadcast network, or any other network. The Access
Terminal (AT) 104 may be any type of fixed or mobile device that can communicate
with the AN 102 including but not limited to a wireless handset or telephone, a cellular
telephone, a data transceiver, a paging receiver, a position determination receiver, a
modem, or the any other wireless terminal.

[v024j The AN 102 may be implemented with any number of base stations dispersed
throughout a geographic region. The geographic region may be subdivided into smaller
regions known as cells with a base station serving each cell. In high traffic applications,
the cell may be further divided into sectors with a base station serving each sector. For
simplicity, one Base Station (BS) 106 is shown. A Base Station Controller (BSC) 108
may be used to coordinate the activities of multiple base stations, as well as provide an
interface to the networks outside the AN 102.

[0025] FIG. 2 is a conceptual block diagram illustrating an example of a transmitter in
communication with a receiver. The transmitter 202 and receiver 204 may be stand-

alone entities, or integrated into a telecommunications system. In a telecommunications



ATs 104. The AN 102 may al so be connected to additional networks 110A and
110B outside the AN 102, such as the Internet, a corporate intranet, a
Public Switched Tel ephone Network (PSTN), a broadcast network, or any other
network. The Access Termi nal (AT) 104 may be any type of fixed or nobile
device that can communicate wth the AN 102 including but not limted to a
Wi rel ess handset or tel ephone, a cellular; telephone, a data transceiver, a
pagi ng receiver, a position determ nation receiver, a nodem or the any
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process results in a sequepce of mbol s wi t h red ndan used by the
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modul at or 208 guhiRkiSret B8NerAighal PP HeRb Q%Y Q%mpaﬁ&tmppa&ns&mepm Rakes on

a signal constel | ati on. The coordinates of each point in the signal
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transm ssion OVer a w'reless ¢ anne
the receiver Zodpomytsheayisedotrespond verilid loeations in the orlglnal s1gnal constellation.

The demodulator 216 detects which modulation symbols were most likely transmitted
by correcting the received points in the signal constellation by the channel’s frequency
response, and selecting valid symbols in the signal constellation which are closest to the
corrected received points. These selections are referred to as “soft decisions.” Soft
decisions are used by LLR computation module 218 to determine the LLR of the code
symbols. A turbo decoder 220 uses the sequence of code symbol LLRs to decode the
data originally transmitted.

[0028] The telecommunications system may be implemented with any number of
different technologies. Code Division-Multiple Access (CDMA), which is well known
in the art, is just one example. CDMA is a modulation and multiple access schemes
based on spread-spectrum communications. In a CDMA telecommunications system, a
large number of signals share the same frequency spectrum; as a result, such as system
provides high user capacity. This is achieved by transmitting each signal with a different
code, and thereby, spreading the spectrum of the signal waveform. The transmitted
signals are separated in the receiver by a demodulator that uses a corresponding code to
despread the signal, The undesired signals, i.e. signals having a different code, are not

despread and contribute to noise.



guadrature carrier signals to their baseband conponents. A denodul ator 216
may translate the baseband conponents back to their correct points in the
signal constellation. Because of noise and ot her disturbances in the

channel 212,

t he baseband conponents may not correspond to valid |ocations

in the original signal constellation. The denodul ator 216 detects which
nmodul ation synbols were nost likely transmtted by correcting the received
points in the signal constellation by the8channel's frequency response, and
sel ecti n& valid synbol s i n t he signal constellation whjch are cl osest to the

correcte
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[6032]

symb olsinto a waveform.

FIG. 3 is an example of a transmission waveform for a hybrid multi-access
telecommunications system supporting both CDMA and OFDM communications. The
structure of the transmission waveform, as well as the specified time durations, chip
lengths, and value ranges are provided by way of example with the understanding that
other time durations, chip lengths, and value ranges may be used without departing from
the underlying principles of operation of the telecommunications system. The term
“chip” is referred to herein as a unit of time of a binary digit output by a spread-
spectrum code generator. This example is consistent with a system supporting the
protocol “cdma2000 High Rate Packet Data Air Interface Specification,” TIA/EIA/IS-
856.

The transmission waveform 300 may be defined in terms of frames. A frame
may include 16 time-slots 302, each time-slot 302 corresponding to 2048 chips. Time
slot 302 having a 1.66 millisecond (ms) time-slot duration, and consequently, a 26.66
ms frame duration. Each time-slot 302 may be divided into two half-time-slots 302A,
302B, with CDMA pilot tone bursts 304A, 304B transmitted within each half-time-slot
302A, 302B, respectively. Each CDMA pilot tone burst 304A, 304B may be 96 chips,
centered about a mid-point of its associated half-time-slot 3024, 302B. A Medium



access schene may be enpl oyed using both CODVMA and OFDM communi cati ons. This
hybrid system has been gai ni ng wi despread acceptance in the area of
broadcast services integrated into existing infrastructures, wherein such
infrastructures were originally designed to support point-to-point

conmmuni cations between a transmtter and receiver. |In other words, the
one-to-one type comruni cation systemis al so being used for one- to-nmany
broadcast transm ssions by use of OFDM nodul ati on in conbination with other
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Vél sh codes. pilot tones. The 320 chips translates into 320 equally spaced orthogonal tones across

the frequency band. Because the tones at the edges of the frequency band may be

affected by Adjacent Channel Interference (ACI), the skilled artisan may chose not to
send any data on those tones. Instead, the edges of the frequency band, referred to as

“guard-bands,” may be used to transmit “pilot tones” and “guard tones.” The tones that

are not affected by ACI are typically used to transmit modulation symbols with

interspersed pilot tones. Both the guard tones and pilot tones are modulated with known
data. Depending on the application, the guard tones and the pilot tones may be the same
or different.

[0034] FIG. 4 is a conceptual block diagram illustrating the functionality of an OFDM
demodulator in a receiver for a hybrid multi-access telecommunications system. The
OFDM demodulator 402 may be integrated into any processing entity, or distributed
among any number of processing entities, within the receiver. The processing entity (or
entities) may include a microprocessor, Digital Signal Processor (DSP), or any other
hardware and/or software based processing entity (or entities). Alternatively, the
OFDM demodulator 402 may be a separate processing entity such as a microprocessor,

DSP, programmable logic, dedicated hardware, or any other entity capable of

processing information.



The MAC channels may be used for CDVA overhead such as power control, data
rate control, and the like. Data may be sent in the remaining portions
308A, 308B of the first half-tine-slot 302A and the remnai ning portions
308C, 308D of the second half- tinme-slot 302B. 100331 In one enbodi nent of a
hybrid tel econmuni cati ons system four OFDM synbols may be punctured into
the data portion of a tinme-slot 302. This ,results in a zeroth OFDM synbol
308A at the beginning of the first hal f-t}(ins-sl ot 302A, a first OFDM synbol

308B at t nd of nF hal -1 1,08 t1.302A,. n 0 synbol
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may be a separﬁ@@dﬂ@pcessi ng entity such as a m croprocessor, DSP,

programmabl e I'ogi c, dedicated hardware, or any other entity capabl e of
processi ni§036hf or natlheghanngl estimator 408 may be implemented with an Inverse Discrete Fourier

Transform (IDFT) 412. The IDFT 412 converts the pilot tones from the frequency

domain into the estimate of the channel impulse response of length P samples in the

time domain, where P is the number of pilot tones in the OFDM symbol. The channel’s
frequency response may then be estimated for all tones from the estimate of the channel
impulse response using an interpolation process implemented by a DFT 414. The
number of samples used by the DFT 414 to compute the channel estimate may be
reduced if the actual channel’s impulse response is less than P7, where 1/T is equal to
the chip rate of the OFDM symbol. In this case, the channel’s frequency response may
be estimated from L samples, where LT is equal to the time duration of the channel’s
impulse response. The term L is generally referred to as the “delay spread” of the
channel impulse response.

[0037] The channel estimate may be improved by time-averaging the channel estimates
for all OFDM symbols in any given fime-slot. In the example discussed in FIG. 3, four
channel estimates from four ODFM symbols may be time-averaged. Ideally, a non-
cansal symmetric filter should be used to time-average the channel estimates for the four
ODFM symbols. By way of example, the channel estimate for the first OFDM symbol
308B may be computed by averaging the channel estimates for the zeroth, first, and
second OFDM symbols 308A, 308B, 308C. Similarly, the channel estimate for the



100351 The OFDM denodul ator 402 may include a Discrete Fourier Transform
(DFT) 404, which may be used to process OFDM synbols. The DFT 402 may be
used to convert an OFDM synbol fromthe tinme domain to the frequency
domain. The output of the DFT 404 nmay be provided to a pilot tone filter
406 in a serial fashion. The pilot tone filter 406 may be inplenented as a
decimator to select the pilot tones. The decimator may al so be configured
to select all guard tones. Si gnallng fromthe pilot tone filter 406 to a
data tone filter 48795? be used i ndi cate_when the data tone_ filter 407
shoul d pass d&gend P§ Paén‘mifoﬁ‘émya)eéogﬁp@%byamwhe@at seppipd, eng fand
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OFDM symbols 308B, 308C in the time-slot should be more accurate than the channel
estimates for the zeroth and third OFDM symbols 308a, 3084 in the same time-slot.

[0038] In multiple antenna applications employing diversity combining techniques, a
sequence of soft decisions may be generated for each antenna. The soft decisions for
any given tone (k) may be combined using a Maximum Ratio Combining (MRC)
technique before being provided to the LLR computation module. The MRC technique

)2
scales each soft decision for a given tone by 1/ o e]}n % for the m™ antenna, where the

2
effective noise variance ( O, E}l)k ) is defined by the following equation:

(m)2 (m)2

— (m)2
Oesik = Ok

+ Oy (1)

where: C g k) is the Mean-Square Error (MSE) of the channel estimate for the &- th

tone received by the 7™ antenna; and

m
(’ 2 is the noise variance of the & tone received by the m™ antenna.

[0039] FIG. 5 is a conceptual block diagram illustrating the functionality of an OFDM

demodulator in a dual antenna receiver for a hybrid multi-access telecommunications



ODFM synbol s. By way of exanple, the channel estimate for the first OFDM
synbol 308B nay be conputed by averaging the channel estinmates for the
zeroth, first, and second OFDM synbols 308A, 308B, 308C. Simlarly, the
channel estimate for the 11 second OFDM synbol 308C nmay be conputed by
averaging the first, second, and third OFDM synbols 308B, 308C, 308D. This
approach m nim zes the channel estimti og% bi as caused by channel variation
i nduced by Doppl er. However, for the zeroth and third OFDM synbols 308A,
308D, this i i %I\/A
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at high nobile speeds. Either way, the ch#rinel estinates for the first and

second OFDM gyérael %y%&&lgﬁ)@&@nh}ﬂ)e} Ae0A, MBSO reidudl 1o DRaRP5E6ACTDEBAL €
t han t he channel estl mates for the zeroth and third OFDM synbol s 308a, 308d

[N Lhe same Lt: St ur [B08PL | Y ST RLEABLE0NSBRBY Rl LIRS el oyl no

generated forgeach 48 5 he soft deC| sions for any given tone (lc) may
be conbi ned using a Maxi mum Rati o Conbi ning (MRC) technique before being
provi ded0o49]t he LIFRGC6iypaigmphical iwsthatien ofTdneO VB syadimhhqt}ne Keqhéhey dombims each

ft d f 1 b 1/ ant wh th
(M2 offect i vi feseEied pieeRm et 1 TG Lk PP vl PG B uar s on

bands 602A, 602B containing only pilot and guard tones. The tones not affected by

—~

ACI are typically used to transmit modulation symbols with interspersed pilot tones;
however, a tone not affected by ACIL, may still have a channel estimate which is affected
by ACIL This is because the channel estimate is computed from the interpolation of
multiple pilot tones, and in some cases those pilot tones may extend into the guard-band
regions. Those tones outside the guard-band regions whose channel estimate are
affected by ACI, as well as the tones in the guard-band regions, will be referred to as
“band-edge tones.” These tones can be found in the band-edge regions 604A, 604B of
the frequency band for the OFDM symbol. The remaining tones, with channel estimates
that are not affected by ACL will be referred to as “in-band tonses,” and may be found in
the in-band region 606 of the OFDM symbol.

[0041] FIG. 7 is a conceptual block diagram illustrating the functionality of a channel
estimator capable of computing the effective noise variance for its respective antenna.
A noise variance estimator 504 may be used to perform this computation. The noise
variance estimator 504 may be implemented as part of the channel estimator 408, may
be a stand-alone entity, may be implemented as part of another processing entity within
the receiver, or may have its functionality distributed among any number of processing

entities in the receiver.



6(ef)k = k2 + 6(im2 (1) (mM2 where: 6e,k is the Mean-Square Error (MSE) of
the channel estimate for the k- th tone received by the mh antenna; and
(m2 hth 6k is the noise variance of the |~ tone received by them ant enna.
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of nmultiple pilot tones, and in sone cases those pilot tones may extend
into the guar#eihndones dg5 afﬁgc% ﬂ*ﬁé\ggEt%” & chinns} gRtimates gaarﬁﬁtesatﬁd%? &9156ns

whose channel yg5hidGHiRe BHE by the following equation:
3

. L
oy )Z(H)N}‘Z

=0

2
(m)2
o @)

cn J

where ¢, is the time-averaging weights for the channel estimate of the »* OFDM

(2 is the noise variance of the tones received by the m™ antenna, which

symbol, and o
are not affected by ACI. The tone index, or the subscript &, may be suppressed because
the noise variance can be assumed to be the same for all the in-band tones.

[0044) Thus, the effective noise variance is related to the noise variance by the

following equation:
3
mezg |1, L 2 _m2
Oy, (n)= (1 + ‘j;ZlCn,Il ]" 3)
1=0

The noise variance o™ may be computed and scaled using equation (3) to generate the

effective noise variance o5 (%),
[0045] A set of in-band pilot tones may be  defined as

A={k; -(P—G)/ZSkS(P*G)/z}, where G>0 is such that the

MSE of the time-averaged channel estimates for the k-th pilot tone can be represented

by the following equation:

n L : 2 m
o)~ FZ]%I ™ for keA andn=0,12,3 (4)

1=0



affected by ACT, as well as the tones in the guard-band regions, wll be
referred to as "band-edge tones." These tones can be found in the band-edge
regi ons 604A, 604B of the frequency band for the OFDM synbol. The remaining
tones, with channel estimates that are not affected by ACT, wll be
referred to as "in-band tones,” and may be found in the in-band region 606
of the OFDM synbol. [0041] FIG 7 is a conceptual block diagramillustrating
the functionality of a channel estinmator capable of conputing the effective

noi se vari anceynkRr 5 A/ P RRCHilof B RbRRRAN is the MABEr VBB RGRI BRbd, TRk @le 504
may be used to performthis conmputation.” The noise variance estinmtor 504

may be i npl emsamber Pilphionesnfangd ife-1o hntha anmber ¢frmalob fong9 Fhosepghantsd egimates

st and- al one e@fééff’écteﬁ@%&?ﬁ i npl enented as part of another processing entity
within the receiver, or nay have its functionality distributed anong any
nunber ofjo@tepcessi fibere eart | Hine sets roft time-eradive weidids HiO@E2Lhatinel etinsation;

vari ance estinpator 504 i.hcl ud L p- ban stimator 7Q2 confi dto
conpute the e Foe(Fv-i=€ﬁe’cn§a§°é ‘S%FFraﬁtggPM%a@qi ﬁc-l,bélmfl.wﬁn)eg",r tﬁﬁﬁfﬁg@@ﬁ& edge
estimator 704 conpfigured to c ut.e the iV oi se variance for .t he
band- edge toﬁggg‘)l’l’gce&ﬁmcpaﬁ'é?fg% Sﬁﬁoﬁdmiyﬁﬁ’to ’o@aﬁﬂﬂ’ﬁv’&ﬂp‘i’:t}vﬁﬂgﬁ to a
mul tipl exer ( Qﬁﬂ Lteh. . T . DUt t MJX 703 i S N t
provi ded to SCM;’J]?%QF§%§ OZ_ %g? f %ﬁﬁt(\)/rgg rn@l?élggz\]‘/néi%fgeﬁgge TOr° ‘lzarglioéB‘f’;ienféf¥~ Eh %ﬁzes
maybe conput edHEDMRyHbE is giveabgt pi |l ot tones and the channel estinates for
the in-band pilot tones. The effective_noise variance for the band-edge
tones nmay be conputgg,,fro theLﬁnd-eg pi | tones and t he channel
estimates for the Hg,m)é(% 1&? lﬁo,nle Wh’gz&gccuracy of the effective noise
variance for the band-edge tdnes nmay be® i nproved by al so usi Qg)the
guar d- band tones. [jO(Q§3] TP,@,,)opﬁr(,%Zi on of the in-band estimator’will first
be di scussed. The i/m- ﬁrE QanNes kale the tones for which the MSE of the
channel estimtes are rédfated to the noise variance of the tones by the
follow ng equation: Cn,! 6 (2) (M2 L ~ 12 (n)2 64 (n) P 1=0 where c,,,,
is the tipe#aver agiwigrawei ght 3V fave thelvembininprvedighes tichetha tf mbdreofn) QFFNs

1=0

1

o™, YS is the pilot observation corresponding to the K" pilot tone of the I*
OFDM symbol; and
H{™ is the channel estimate for the " pilot tone of the /" OFDM symbol.
[0048] An example will be illustrative. In this example, the noise variance estimator

will use only the first and second OFDM symbols to estimate the noise variance, which

can be represented as follows:

W, =w; =0,
and
W, = ! ! for I=1,2 6
P 1! P > 1.j
[0049] It can be shown that the mean of Y;(JM) _Hk(f(’) is
2L L o 1 o .
(1‘?% +;Z‘Cu | ]0'( . Thus, the mean of f is

2L L m
(P-G+ 1)(1~?Cl,l +;Zl Clj IZ}T( 2 because there are P-G+] in-band
J



synbol, and a(nm)2 is the noise variance of the tones received by the nM
antenna, which are not affected by ACI. The tone index, or the subscript Kk,
may be suppressed because the noise variance can be assuned to be the sane
for all the in-band tones. [0044] Thus, the effective noise variance is
related to the noise variance by the follow ng equation: 6(m2 /2 =1 + L C
2 6(mMm2e~, t >P~,,,4(3) 1=0 The noige variance a ""may be conputed
and scal ed using equation (3) to generate the effective noise variance

P 910 < ke o fonihr Pl B0 e Gine B iR TG bt~

ti me-averaged ghannel estimates for the k-th pilot tone can be represented
by the followidg”8quation: 3 Z a,,,, (n) z P Ec"al Un)2, for k EA and
n=0,1,2,3 (4) 44 where S =N/ Pis the pilot tone spacing, N is the nunber

of orthogposy] tonedn tiR dxemplalgoritiihinlwthe Firdt @hd §6266E OFBMI sfrfboly ars Sisddfer
nunber of pilot tones whose channel estimtes are affected by AC. 100461

There are fourthgehanmst estimaeny eFlitsi dle wony Rfstheoptiachre a9isneaiages maxt bon:
(co,i1,c01, co,2,eQnh of }Ji1olRe zeroth OFDM synbol, (cl0fclal,cl2,cl1l3) for the
first OFDM syrr%o%’,n ((?2, u,oc, ,1,c2,2,¢c2,3) for the second OFDM synbol , and

(c3,0,c3,1 ¢c3,2z,c33) for theg thiyd CFDM sylb I.Lﬂre tiator for ge
i n-band effective noi se(bﬁ?@ﬁw&){@? t hgnt h= : Sy B i s gi ven({g B
Y2(n)=[i+3.3 12 Wf(m i=072 (5 f(m _ y@) - Hkm |~ k=A 3

[0051] The weights were designed for the case when the first and second OFDM

symbols use the same non-causal symmetric time-averaging weights, i.e.
(05€115C125615) = (1/3,1/3,1/3,0), and (cy4,¢,4,¢,5,6,5) = (0,173, 1/3, 1/3). However,

the zeroth and third symbols use different time-averaging filters, e.g., (¢,,,¢y1,C025653)
= (2/3,1/3,0,0), and (c;,¢;,,65,,655) = (0,0,1/3,2/3). In this case, the time-averaged

channel estimates for the zeroth and third OFDM symbols may have large bias due to

the time-variation of the channel at high mobile speed. As a result, the condition
o™ (n) z%ZIcm,ra‘”” may no longer be satisfied. Hence, the channel estimates for only

first and second OFDM symbols are used in this example.

[0052] Alternatively, the channel estimate may be based on only one OFDM symbol.
In this case, the effective noise variance can be estimated as follows:
A (M2 L 2 (m)
g W=|1+Z2le,, Wt ®
j
with
1 1
n,l = (9)
’ (P-G+l)1_g£c +£ c 2
P 1,1 P ;I 1,j l
[0053] The mean of the effective noise variance is the same as before., However, the

variance is larger than that using two OFDM symbols. In other words, the former is less
accurate than the latter.
[0054] The accuracy of the effective noise variance may be improved by using the zeroth

() () ()
and third OFDM symbols, but the channel estimates Hiy and Hys usedin Y9 and

fB(M)

are without time-averaging, i,€. (¢,,Cy15C)2:603) = (1,0,0,0), and (¢, 5,¢;,,¢55,653)



[ 00471 where: W are the conbining weights such that the nean of w f (m is
r.o Y~; ) is the pilot observation corresponding to the 1rlh pilot tone of
the 1'h OFDM synbol ; and a(M is the channel estinmate for the 91' pil ot
tone of the 1 'h OFDM synbol. [00481 An exanple will be illustrative. In
this exanple, the noise variance estimator w Il use only the first and
second OFDM synbols to estimate the noi se variance, which can be
represented as follows: W=W=0, and 1 116y = 2(P-G+t1) 2L L for 1=1,2 (6)

ol Lz e b, 048 by B SR e T PR, T 1) 1.
Pc~! + P11 C | 121a (m 2 because therejare P-Gtl in-band 15 pilot tones
per OFDM synbol , &rw ' ' )v\/forfl=(o;1,)z,3.tié(b:)ones 1

6(n.)z 2 [0050] In {he &% i b_l%_[; nk ¥ fizrjst and second OFDM
g%‘ltl o! -I_I:mjgll% |

synbols are used for the channep mat s’ f-he Jmean of the effective
noi se variance nay be represented as follows: 1°( 1 1"+Pli C'J 12J( (m2+1

()2)=11 by TU 122 gl idolnd Wik QOSI TG el Yeve 9esagedyd or
e.

t he case secon y s use affe non-causal
symmetric ti -gyerﬁa}’g'zng wei ghts, 1.
”'E] Y Y of in-band tones, to get an estimate of

2L L m
(P-G+ l)[l - "‘P“Cu + "P‘Z| C,; |2JO'( ? , which is proportional to the noise
J

{m)2

variance o™ of the in-band tones. Combining weights may then be chosen so that the

mean of the result is the same as o0, °(#) for each OFDM symbol (=0, 1, 2, 3),

A (m)3

ie, £ [Uejy (’Z)]= o8”(n). (E[X] denotes expectation or mean of random variable X))

L 2
Because different time-averaging weightsc,, for each OFDM symbol, (HFE Cni )
I=0

may also be different for each symbol. This may cause the different tones in different

OFDM symbols in the same time-slot to have different effective noise variances. This

L3 2
should be compensated for in the LLR calculation by the term (l + ;Z Co ) .

[0056) The band-edge estimator will now be discussed. As discussed earlier, in-band

tones and the band-edge tones may be determined by comparing the MSE of the channel

L3 2
estimate for the k-th tone o4 (n) with FZlcn.ll o™ , where o™ is the noise

1=0
variance of the tones which are not affected by ACI. If they are close to each other, the
tones are classified as in-band tones. Otherwise, they are classified as band-edge tones.
Given the delay spread L, the number of pilot tones P, and the characteristics of the

{m)2

ACI, such as the adjacent carrier spacing and its power relative to o™, the relation

(m)2

between the MSE of the channel estimate for the k-th tone O, (n) and the noise

variance 0™ may be determined either through mathematical analysis or simulations.
This may be done in the system design phase, before the noise variance estimator is

integrated into the receiver of an AT, and then stored in memory.



(c1,0,c1,1,c,,2,c1,3) = (1/3, 1/3, 1/3, 0), and
(c2,0,c2,1,¢c2,2,¢c2,3)=(0,1/3,1/3,1/3). However, the zeroth and third

synbol s use different tinme-averaging filters, e.g., (CD D, c01,c0,2,c0,3) =
(2/3,1/3,0,0), and (C3,D,C3,1,C3,2>C3,3) = (0,0,1/3,2/3). In this case, the
ti me-averaged channel estimates for the zeroth and third OFDM synbol s may
have | arge bias due to the tine-variatiopn of the channel at high nobile
speed. As a result, the condition -7111"(n) -Ajlc,,,l 6'" may no | onger be
sati sfi e@gos7Hence, A he sethanogl osid-edyees pitt onbies , efhafi r He anebpsdemed OFDM
synbols are used in this exanple. [0052] Alternatively, the channel estimte
may be based s afky(Bré&)RBM SyMIoll, or {B2Hi S (Pas@)/ 2-hB pfdeet GVeisnhe se
vari ance can be estimated as follows: 6lff (n) = (1+L 1:1c 12 P wn, 1J1(m
(8) i with vaumber ef)band-pdgsnijot dpngs andpicis the pilot wne Jndgx00FBis sEhanavebs of

arger than (sarngd K SR6a Iy dIRaS0 R fred i 8RN 00" The former (o | oss
accur at e[ODMnbt he Alﬁé)taﬁ‘fple WDM}llu§M1mcdmﬂasyxm 1§ 'r'ré=352t)f eEtnE1 ihe @oneaindex k ol
bt the chanr@Fs Lo Tat 510, beake 1168 SE818% - atta0) 1 *(njo% 15 Thpredte

time-averagi ng, pilot %ne&ﬁec@‘?:@@ armd {3lbahdQa Qﬁﬁ)&ﬁoﬁ’é@% é.C3& 16)CTHe fAoPtones 1 ~
02>0303p (00? this case, fhe weights may be
represent ed &8¢ $R§‘P<Fdoﬂr}?§ﬂb}’flvf freqvencyltor@rm)e zor!pm@cqs b=1-16Q,1155, . p1-5¢0,5,+ Ly,

cll 1z for1lo, .]."1%0,315(5.:5.0 Based on these conditions, the in-band tones may be represented by -120
< k<120, the in-band pilot tones may be represented by the pilot tone indices -24 <k <
24, the band-edge tones may be represented by tone indices 121 < £ < 159 and -160 <k

< -121, the band-edge pilot tones may be represented by the pilot tone indices 25 < k <
31 and -32 <k < -25, and the guard-band tones may be represented by tone indices 150
< k<159 and -160 < £ <-151. But the pilot tones are punctured in the guard tones, and
as a result, the tones at &k =-160, -155, 150, 155 are pilot tones. Accordingly, there are
K =20-4 = 16 guard tones. There are 241 in-band tones and 79 band-edge tones. So
the majority of the tones are in-band tones. This example also shows the data sent on
some band-edge tones.

[0059] The noise variance of a band-edge tone is the sum of the noise variance of the
in-band tones and the variance of the ACI for the band-edge tones. The MSE of the
channel estimate for a band-edge tone is the sum of the MSE of the channel estimate for
the in-band tones and the component due to ACL In general, the amount of the adjacent

" channel interference in each band-edge tone is different from tone to tone. Hence, it is
difficult to accurately estimate the effective noise variances for band-edge tones.
However, accounting for the fact that there is ACI in the noise variance estimates, it is
possible to improve performance. This is achieved by de-emphasizing the LLR’s
computed from the tones affected by ACL

[0060] The noise variance estimator may be designed such that, in the absence of ACIL,
the following equation is satisfied:

)2 L Y
EB i )= (l+;

1=0

Coi JU " 11)

In other words, if there is no ACI, the mean of the noise variance estimator should be

the same as the effective noise variance.



(--J Pl 1-11 P P [0055] In sum the in-band estimator nmay be used to
conpute or the sumof 12 k' _f of in-band tones, to get an estimate of C
2L (P- G+1) 1- Pc, , +LP1 cr,; 12 6(m2, which is proportional to the
noi se variance o ,"12 of the in-band tones. Conbining weights may then be
chosen so that the nean of the result is the sane as 6~"(n) for each OFDM
synbol (n-0, 1, 2, 3), i.e., )2(n). (E denot es expectation or mean of
random variable X.) Because different t# averaglng melghts c",, for each

OFDM synbol , 1+ P y. al sq be different for ach S ? This may cause the
di f f er en®4lbnes i Wha|@Feréﬁﬁn°edsW@9m|@ 189 ttﬂéw%‘é‘ﬁ‘é qri the 1grease 1p gy e
different ef fe%éﬁv‘é%oﬁ@'vﬁﬁaﬁé@rdhélﬂﬁﬁé Acihlms rﬁ&}%@ Qch%eéggmﬁ T%ﬂ{e%na%agé n the
LLR cal culation by the term| lc",, : e band- edge
estimator wi Itpnesand W@It@ews@ﬂmamhwfﬁe@umsee@mm@r The mcwamhe estimate and

t he band- edg r nel
estimate for%h%gﬁ?ttﬁggéaéﬁg %ﬁk%;t?&?%‘%o?% &—Fﬁg@ tfrIPge&ep tMﬁFbé’ aréepﬁ}aﬁg%nnm se P
, 00 vari ance inbatdwiseoreiansdestimater elanod, thaf Hmdtedge JQ)]ICSA@[H bé ﬂe-ta:hplwsaedeucl ose
to each other, the tones are classifi ed as in-band tones. O her wi se, they
are classifi éc]‘Ra%o °Bdge tones. Gven the delay spread L, the nunber of
pil ot topee;P. andnhthsichag %Ideé é%étﬁ&t&falgg@ﬁmﬁgy beSilded) BBe 51@&1tﬁﬁﬁlrﬁ£3ﬁnt
carrier spacing and its power atlveto <"0' the relation between the
MBE of the cihenised tesemprie dhg @Yemg@eofkth@ Narasses of the' {amyl-cdged tanke an Hillows:
variance o'"'" may be determ ned either r,ough ma; hemati cal anal ysis or
simul ations. This may alaez S es) asie, before the noise
variance estimtor is |"‘ht ifeszTd Y e,zrrué v%ﬁ%y Dn AT, and then
stored in nenory. 17

Y(m) H(m)
“ (12)

2
(m) z : I Xm
kJ

ke

(M)

where: Q is a set of tone indices for the guard tones;

X" is the k-th tone for the /-th OFDM symbol;
Y7 = X3, where §=N/P is apilot tone spacing. By way of example,

the first pilot tone is the fifth tone of the OFDM symbol, so Y, =X S) ;
A, and 4, are the combining weights.

K is the number of elements in the set €2, i.e., the number of guard tones
within an OFDM symbol. If there are sixteen guard tones, by way of example, K is 16.

A, and 44 are chosen in the system design phase so that in the absence of ACI, the

following relationship exists:
o = AZ™+Y g (m)}
{Z Z : (13)

where E[X] denotes expectation or mean of a random variable X. In the absence of

—(m)2

ACI, this condition makes the mean of T, (n) the same as the effective noise

variance. In the presence of ACI, this O, 7 (n) may be used as an estimate of the
effective noise variance for the “edge tones” (i.e., £ = ((N/2)-1) and &k = -(N/2)). Note
that the edge tone at & = ((N/2)-1) is the rightmost tone in the positive frequency, and
the edge tone at & = -(N/2) is the lefimost tone in the negative frequency.



100571 A set of band-edge pilot tones may be represented asA={Kk;

(P-Q/2< k<Pl 2-1,0r-Pl2<k<(P-G/2-1) }, whereG 1l is the nunber of band-edge
pilot tones and k is the pilot tone index. This set may be determned in

t he system desi gn phase, and stored in nenory. [00581 An exanple will be
illustrative. In this exanple, N=320. So the tone index k goes from-160 to

159, (i.e., k= -160, -159, -158, . . . -1390, 1 ... 158, 159). There are 64
pilot tones (i. = 64), and 15 band-edge pilot tones (i.e., G = 16). The
pi | ot t onese3] are Sphaftedab@emaé of BYCTf the @ffEctReuRRe Watigite 9f (he &nd—eﬁgé’lﬁhdu[lﬂb@es K
= -160, -155,. . . . 150, 155.)., Based on these conditions,

i n-band t ones th& Sr‘%‘ﬂ’é@@ﬂ?@ﬁ"‘ﬁ? noipe yariagcg, - Butyip ghe pragencofARH thy 1}’96‘@ tones
may be repreSQQ% @ﬁ&myemsmpw&&&EEQﬂgangg&aimlaéiétﬁnéeﬂ%ﬁwehm%euéﬁgmﬁdge
tones may be represented by tone indices™121 k 55 9 and -

-121, the bandiewgethpi hoise t yadancan estimateseprresawisyd By mie b¢| possibknethahdi ces
25 5 k!5 31 ang 2 S(Ki 25, and the guard-band tones na be represented
by tone indi ce€. l6®) <&y 5) 1&Bichngnotbefect- Thu§ thel®im Bt (¥ sapb¢ otfinedaes are
punctured in the guard tones, and as a result, the tones at k = -160, -155,
150, 155 are phligks. U ORaSaxiAGEI B ITO (%), addBE Bstide foktte 1§QSaﬂd foné$ard ilefl td ONes.
There are 241 in-band tones and 79 band-edge tones. So the mgjority of the
t ones are i n- bk tovaess foiithsedyeaones:e al so shows the data sent on sone
band- edge tones. [00591 The noi se vari ance of a band-edge tone is the sum of
t he noise variance of the 1in-band tones and the variance of the ACl for the
band- edge tones. The of tge Lhapnel timate ftona band g ne is
the sum of the MSB Gfg»{%fl?@_@ﬁ’d mr_wm@(léﬁﬁ)mam{@'g:{% 653 Qgeéni d4x he
conmponent due to ACT. In general , the anount of t he adj acent channel

i nterference i \pnEa@y oA RAGERIGE thindiahd BFei o hEREVARRE: kR tiomeorbRNCe,

it is difficult to accurately estinmate the e ectlve noi se vari ances for
band- edge tonesmboliowever, accounting for the fact that there is ACl in the
noi se variance estimates, it is possible to inprove perfor mamce)f2 This is
achi eved e- enp d ARPEE il BRd-Diet S 7] by
ACI . [006@% ﬁ’he no:}gezd\%ri&géﬁgge{é%%ﬁaiﬂagr Hh g’éﬂ deé’rlla g@gt%’h f’% Q 9%ethe

absence of ACI, the follow.n uation.,j, atl sk dne E{6( Ak~(n)}=
[1+. .EICf1J Jc rigterpolated between in- andqvanance G 5 )5( ;v)mzctn) {6(Ak=(n) }=

A 2
(m) __ ¥rm
jr - A

[0065] In the absence of ACL the mean of is

2L L 2 | o
(1—?01,1 +'I;'Z]cz,j | JG( :

{m)
Thus, the mean of & is

(G- 1)(1——~—c,,+ Z[c,j J (m)2

, since there are (G-1) elements in the

(m) (m)2

is O, since there is no signal in the guard tones.

sum. The mean of I

(m
Accordingly, the mean of 7 s given by the following equation:

(m) {ZIX(M) } Ko™ : (15)

where K is the number of guard tones. Thus, by properly choosing 4 and 4, one can

{m) (m) m
make the mean of Z’% & t Z:”'r the same as o™ .

=0 1=0



(11) In other words, if there is no ACT, the nean of the noise variance
estimator should be the sane as the effective noise variance. 18 [0061]
The noi se variance estinmator may be used to account for the increase in the
effective noise variance due to the ACI. This may be achi eved by using the
band- edge tones and guard tones to estimate the effective noise variance.
The nean of the estimate w ll not be the sane as the effective noise
variance. However, it will be larger than £he in-band noi se variance
estimate. Hence, the band-edge tones will be de-enphasized in LLR
conput at i 0j#p66] 0062] Hrthe MreseheififCb&ind-aad g adllicomttiorthaAGhcontttibntivay. Secheised,
The algorithmmay be used to conpute the average of the variances of the
band- edge tonescds (il beevses ldget fhad 208 (09 aboohnt €k he)iacrbased Ceffective Bdis@ 1l
+Eplq, ,-0 1-U bw _~I Ycm) - flI(.) I" bl kj k,! kEn (12) w _ EIx' T
where: Qis a swriande. Thisds psediinddR eompiiasioguiardd-cmphesize thx LLRs frem tthrebdadt h
tone for the 1-&@ gﬁgylsynbol; 1k(,)) = nk6J , where S=ENP is a pilot tone
spaci ng. By way &F exanple, the first pilot tone is the fifth tone of the
OFDM synbol , so.Z; ( 1&otter ¥kandple inhy balithsitativar € t he conbi ni ng wei ghts. Kis
the nunber of elenents in the set S2 , i.e., the nunber of guard tones
within an OFDM synbol . If there aré%shkve@n guard tones, by way of exanple,
Kis 16. A and A are chosen in the system design phase so that in the
absence of ACI, the followi np relationship ekists: =E{ 218(m) +E, ug("~ (13)

l=
2(G+K—1)1 2L L 2 forl=12
e = e o 2 (16
Pcz,z PEJ:] 1,j | (16)

zuo=/u3=0, ~and
3 1
:ul_z(G_l_K_l),forl:l,Z, (17)

where K is the number of guard-band tones within an OFDM symbol, i.e. the number of

elements in the set {2, and G-I is the number of band-edge pilot tones.

If only guard tones are used:
A=A=2,=4=0, (18)
and
I
ﬂo—ﬂl—ﬂz_ﬂs_:]'_k_ (19)
[0067] In the various embodiments of the receiver, methods for computing the effective

noise variances of OFDM symbols are described for multiple antenna applications using
diversity techniques. However, the method described throughout this disclosure for
computing noise variances of OFDM symbols may have many applications. By way of
example, the noise variances of OFDM symbols may be useful for SNR estimations,
LLR computations, and other processing functions. In multiple antenna applications,
noise variance computations may be used to determine which antenna is more reliable.
It can also be used to de-emphasize the less reliable data and emphasize the more

reliable data received in OFDM symbols when computing LLRs. Those skilled in the



1 1=U 1=4 J where E[ X] denotes expectation or nean of a random variable X
In the absence of ACI, this condition nakes the nean of 6a~)z(n) the sane as
the effective noise variance. In the presence of ACI, this Oma (n) my be
used as an estimate of the effective noise variance for the "edge tones"
(i.e., k =((N2)-1) and k = -(N2)). Note that the edge tone at k =
((NN2)-1) is the rightnost tone in the positive frequency, and the edge
tone at k = -(N2) is the leftnost tone in the negative frequency. 19

[0063] In theaabsiéineaditf apfcbciatt thatethére ahay be mohduy apphdatienoin whizhbavist- edge
shoul d be the sane asf t he i n-band effective noise variance. But in the
presence of AGFIAFHE ‘H&H’Hong’&éj CU¥F®cti ve noise variance will be larger than

the in-bg m;s{ef f ect irye vagbse 11%&ht?«fécﬁ)g10a§'b'ﬁfbﬁstﬂl%dﬁl@é S&rotRs,| akgentsS khdi@t es
are noi sy, may be possible that v-~; n) 6 ~2 (n) which i s not

correct. Thus comp@ent@rch@l@)izn(qeyn@a@n Méthr £ |6ﬁé’ddlmﬁntsf &bglengd  hereie magndenum of
& C7)2 Cand

vari ?ancgs f(r;r I%‘E% %%& %eﬁgogﬁg%%ﬁ ) EQ%WO%Q?OC?%ﬁﬁ %?ﬁgﬂalts?n%lx?g orc%g? -e
YZ(n)}(14) W@BSR), ias Aﬂphcﬂmhlsjmlﬁc ddtegrhted OnrcbquSEj)f e@hel&@r«gmmablaﬁawwce

f th | . 2 [0064). Next t f
oL e oty BHER o b AS el S AEEL M  S e T
variance a ' 2 d(s@ﬂet@ﬁ&d@aﬂé c?on(]i&)}lentsldfkan | dondbihA%0R Therbst ddifmal 36 oot 1AC! |,

the mean of is hus, the nean of g is (G1) 1-ZLcit+Zlictj12 a(,n)?2
PPj ,since tfmstlemaqiwqt@dﬂyer%m eheenesalipHINOPRProgesyr may be 4 migieprosesser, §ut | n k'

s a m 2., si B¢ Gnd rh%ﬁlaht?e, Re Sf)rgpe%gor' ﬂla§l h& Wrc%n{lé}fﬁ%ﬁal plto@ssor, controller,
microcontroller, or state machine. A processor may also be implemented as a
combination of computing components, e.g., a combination of a DSP and a
microprocessor, a plurality of microprocessors, one or more microprocessors in
conjunction with a DSP core, or any other such configuration.

[0069] The methods or algorithms described in connection with the embodiments
disclosed herein may be embodied directly in hardware, in a software module executed
by a processor, or in a combination of the two. A software module may reside in RAM
memory, flash memory, Read only Memory (ROM), Electrically Programmable ROM
(EPROM) memory, Electrically Erasable Programmable ROM (EEPROM) memory,
registers, hard disk, a removable disk, a Compact Disc ROM (CD-ROM,) or any other
form of storage medium known in the art. A storage medium may be coupled to the
processor such that the processor can read information from, and write information to,
the storage medium. In the alternative, the storage medium may be integral to the
Processor.

[0070} The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope
consistent with the principles and novel features disclosed herein.

[0071] WHAT IS CLAIMED IS:



Accordingly, the nean of is given by the follow ng equation: El g, m}=
E{EIXk;"' 12 } = Kor (15) kefl JJ where Kis the nunber of guard tones. Thus,
by properly choosing A, and P,, one can 3 3 nake the nean of

ZA, g, M +Zfh4"~ the sanme as o~ '2. T.D 1-0 20 [0066] In the presence of
ACl, g;m and g" will contain the ACl c&ntributions. So the (mx 6a~, (fl)
becones larger than o"' to account for the increased effective noise
variance. This is used in LLR conput io&ﬁo de- enphasi ze the LLRs fromthe
band- edge tones. Another exanple ma%é" ustrative. Ao=A =0, _ 11 A
2(G+ K1) 1I- pct,I +PEI cr,.i 12 ,for 1=1, 2 (16) J fro=f~ =0 and ~1
- 2(G+K -1) , for | =1, 2, (17) where Kis the nunber of guard-band tones
wi thin an OFDM $ynboh, demodulatdiccomprisiog; of el enents in the set K2, and G 1
is the nunber of band-edge pilot tones. If only guard tones are used: O,
(18) and 1 ,uo = Aadiscte® fouri8r trabifor(l @nfiz0@E Ap convarhe symbolofismentyodi nent s
of the receiver, net hod%réfor ca}rﬁuxi ng the effective noise variances of

OFDM synbol s ar 8OHEL4P fHSGUFSY IpMPPi pl'e ant enna appl i cations usi ng
di versity techni ques. However, the nethod described throughout this
di scl osure for a pilot tone filter operably connected to said discrete fourier transform,

wherein said pilot tone filter is configured to select pilot tones;

a data tone filter having a first input operably connected to a first output of
said discrete fourier transform and a second input operably connected to a first

output of said pilot tone filter;

a signal demapper having a first input operably connected to an output of
said data tone filter, wherein said data tone filter is configured to pass data from
said discrete fourier transform to said signal demapper and said signal demapper
is configured make a soft decision based on received data and an estimate of a

channel frequency response; and

a channel estimator having an input operably connected to a second output

of said pilot tone filter.

2. The demodulator according to claim 1, wherein said pilot tone filter is also

configured to select guard tones.

3. The demodulator according to claim 1, wherein said channel estimator is
configured to generate channel estimates for in-band and band-edge said pilot

tones.

4. The demodulator according to claim 1, wherein said channel estimator is
configured to generate channel estimates for said pilot tones using least-squares

channel estimation.



conputing noi se variances of OFDM synbol s may have many applications. By way
of exanple, the noise variances of OFDM synbols may be useful for SNR
estimations, LLR conmputations, and other processing functions. In nultiple
antenna applications, noise variance conputations may be used to determ ne
which antenna is nore reliable. It camqal so be used to de-enphasize the

| ess reliable data and enphasize the nore reliable data recei'ved in OFDM
synbol s when conputing LLRs. Those skilled in the 21 art will readily
appreciate that there may be numerous applications in which noise variance

information may be useful. [00681 The various illustrative |ogical blocks,
modul es, circuits, epraghsdulAPPARbrdifLIRIARNT Svitksh shideahitl CQRRAGGL&ON Wi th
t he enbodi nents di sclosed herein may be | nplenmented or performed with a

gener al pur pose cprigesisioprovaddDingistimbteSif gmd khdmel efsmrency ©§RNse.an Appl i cati on
Specific Integrated Crcuit (ASIC), a Field Programable Gate Array (FPGA)
or ot her programmabl e | ogic conponent, discrete gate or transistor | ogic,

di screte hardware conmponents, or any conbination thereof designed to perform
the functions descrirhedemed@ntor abcod@Gng talclaimr RQOskerih 0RRE SinneiBystiBAtoR

m croprocessor, but in the alternative, the processor nay be any
conventional process6yMP@SAtroller, mcrocontroller, or state nmachine. A
processor may al so be inplenented as a conbination of computing conponents,
e.g., a conbination e inyensRisgret: Wuripd eanstormsergired B ¢oinyerapiletyorss into

m Ccr opr ocessors, ?ne or l.croprocessors ;in conjunction wth a DSP

core, or any ot hé) msf:‘ltjeéﬁfgg%z}eqnnfui?ng)t‘l%rli@pf'&f%w The met hods or al gorithns

described in connection with the enbodjnents disclosed rein, be

enbodi ed di rectly i nREFUWRIECroRHOANSOTTE ARRITTY ‘BRIl i) Tlverse
processor, or i nd@cre@ibirnatiaNtodf the two. A software nodule may reside in
RAM nenory, flash nmenory, Read only Menory (ROM, Electrically Programmbl e
ROM (EPROM) nenory, Electrically Erasabl e Programrabl e ROM (EEPROM nenory,
regi sters, hard disk, a renovable disk, a Conpact Disc ROM (CD-ROM ) or any

other form ol syoraqg. TRl P AWbifle WAL 3, (habilr a8P SRALU IR e

coupled to the processor suc processor can read 1T nformatlion from
and write informatioromprisest he storage medium In the alternative, the
storage nedium may be integral to the

an inverse discrete fourier transform configured to convert pilot tones into

estimates of a channel impulse response; and

a second discrete fourier transform operably connected to said inverse

discrete fourier transform.

8. The demodulator according to claim 5, wherein said symbols are OFDM
symbols and wherein said channel estimate is time averaged for said OFDM

symbols in a time-slot.

9. The demodulator according to claim 6, wherein said second discrete
fourier transform is configured to estimate said channel frequency response from

said channel impulse response for all tones using interpolation.



processor. [00701 The previous description of the disclosed enbodinments is
provided to enable any person skilled in the art to make or use the present
invention. Various nodifications to these enbodinents will be readily
apparent to those skilled in the art, and the generic principles defined
herein may be applied to other enbodi meAts wit hout departing from the
spirit or scope of the invention. Thus, the present invention is not

intended to be L|jimted to the enbodi.nents shgwn, herei n but is t

accorded t he mﬁdé@t ?@85%“m8@ﬁ@f§?@ﬁ¥“%ﬂ%ﬁaPhgaBP?H@#BF%@“&H&Sﬁ83¥$%¥éatures
di scl osed her ei Rymb8R Mler¥hiAdidl chakdePbdviptatd S tindlavefdodd My saill. OFDEESRbIsat or ,
conprising; a discrete fourier transformconfigured to convert a synbol from
a time donmin tibadime-gau@noyhaeinapid;seeondidisstety Enaier rppsEprmpisspabeyeEBnnect ed
to said discrete_f ier i i i : I i
configured to SS?Q@F&Slw&%Eﬁgﬁégé&%c%ﬁggﬁﬁ%ﬁgﬁﬁ%@%g%$ﬁgdﬁﬁgﬁgp%+§§%i?ﬁput
oper abl y connecttekstuging iftempslationt put of said di screte fourier transform and
a second i nput operably connected to a first output of said pilot tone
filter; a signal demapper having a first input operably connected to an
output of said data tone filter, wherein said data tone filter is

configured to pasngqiﬁwﬁ%g@fd@ﬁb&ﬂﬂﬁ@@p@b@&ngﬁgkﬁﬁl;ransforn1to sai d signa
demapper and said signal denmapper is configure naﬁe a soft decision based

on received data and gpv&gid MboP o a GHABNRAInTS & ARGy tGARANSE; and a
channel estimator having an i1 rdput operably connected to a second output of

said pilot tone filteL. 2o iEideyodul ator according to claim1, wherein
said pilot tone filtquﬂs%ﬁsou)g%ﬁfigured to select guard tones. 3. The

denodul at or according o claiim1, . ein I.d .chann estimator is
configured to gener agneakér}g’aan%&naegssfo%%egso r%%l‘?eg-dé%haﬁgnd band- edge sai d

il ot N
P estimating a channel frequency response.

12.  The method of demodulating according to claim 11, further comprising

selecting guard tones.

13.  The method of demodulating symbols according to claim 11, further
comprising generating channel estimates for in-band and band-edge said pilot

tones.

14.  The method of demodulating symbols according to claim 11, further
comprising generating channel estimates for said pilot tones using least-squares

channel estimation.

15.  The method of demodulating symbols according to claim 11, further

comprising providing an estimate of a channel’s frequency response.



tones. 4. The denodul ator according to claim1, wherein said channel
estimator is configured to generate channel estinmates for said pilot tones
usi ng | east-squares channel estimation. 23 5. The denodul ator according to
claim1l1, wherein said channel estimator is configured to provide an
estimate of said channel's frequency resfonse. 6. The denodul at or according
to claiml1, wherein said channel estimator conprises: an inverse discrete
fourier transform ilot tones i.ntag s of a

i dt t. . g t
channel inpul se régggﬁieg&ﬁﬁﬁ>§f§§5§ rﬁH&s@@@F)SPSﬁ¥@8$'?rgﬁg#g?nsﬂﬁﬁfably

connected to sai Qoh@bﬁ@i&%%onﬁé@iﬁg%ﬁi Eﬂw tomes tintansfigais of. a henmdemgulsat or
according to claim 3, erein said channel estimator conprises: an inverse

di screte fourier ¥8A%f orm configured to convert pilot tones into estinates
of a channel inpulse response; and a second discrete fourier transform
operably connected to said inverse discrete fourier transform 8. The
denodul ator according to claim5, wherein said synbols are OFDM synbol s and
wherein said chanifel Elst inreliod DS dempadulatingr sygeleblf accsding tOFDMM d§nibotieri n a
time-slot. 9. The denopdul at or accor di to claim@, wherein said.second
discrete  fouri erOMPANGECTINFUNE G BftelPnED TG FHERES <ol ¢ AR PR Pequency
response from sqggmﬁggnnel i npul se response for all tones using
interpolation. 24 "10. The denodul ator according to claim7, wherein said
synbols are OFDM synbol s, wherein said channel estimate is tinme averaged
for said OFDM synbols in a tinme-slot and wherein said second discrete

fourier transtof g s cfaHA Efabfoqu Rtk Thhbols AbAhRGhinf 1L WRAGY sfigsponse

from said channel T npulse resp
symbols are OFDM symbols and further comprising time averaging said channel

estimate for said OFDM symbols in a time-slot.

19.  The method of demodulating symbols according to claim 16, further
comprising estimating said channel frequency response from said channel impulse

response for all tones using interpolation.

20.  The method of demodulating symbols according to claim 17, wherein said

symbols are OFDM symbols and further comprising

time averaging said channel estimate for said OFDM symbols in a time-

slot; and

estimating said channel frequency response from said channel impulse

response for tones using interpolation.

21.  An apparatus for demodulating symbols, comprising;

means for converting a symbol from a time domain to a frequency

domain;

means for selecting pilot tones;



tones using interpolation. 11. A nethod of denodul ating synbols, conpri sing;
converting a synbol froma tine domain to a frequency domain; selecting
pil ot tones; making a soft decision based on received data; and estinmating
a channel frequency response. 12. The nethod of denodul ating according to
claim 11, further conprising selecting guard tones. 13. The nethod of
denodul ati ng synbols according to cl ai m?®1, further conpri sing generating
channel estimates for in-hand and band-edge said pilot tones. 14. The

met hod of denodul ating_ s ol s.according.tq claim 11, further conprising
generating channel es Efarrrlé (gsmefﬁ(cl)r}g %Sétolfgéeﬁ%’foélﬁ’atq'eodﬁoélsreﬁes“(eﬁjg&jaltaé3151 -squar es
channel estimation. 15. Tge met hod of denuodul ating synbols according to
claim 11, further cdoRfA" &G IHPERE TR e@???ﬁﬁ%@“ﬁ?'a channel ' s frequency
response. 25 16. The nmet hod of denodul ati ng synbols according to claim 11,
further conprising converting said pilot tones into estimtes of a channel
i npul se response. 17. The nethod of denodul ati ng synbols according to claim
13, further conp@i si iy womaBsteidgmoditatipg pesordieghosclaing B, dythergeraptivre a
channel i npul se : t hod of denodul ati ng synbol s accordi ng
to claim15, mhe?é%%qggﬁﬁcuégﬁﬁgﬁgmgfe OFDM synbol s and further conprising
time averagi ng said channel estimte for said OFDM synbols in a tinme-slot.
19. The method of denodul ating synbols according to claim 16, further
conprising esti i ng.sai d chanpel, frequency response.from sai d. channel

i npul se respons %f O?T}E "I‘pﬂa@ﬁ@sgﬁ&eﬁ@g‘iﬂﬁtﬂ% gi'élilbé’?ﬁp@)“r‘ff’rdﬂ)g. t(’l'ﬁlé"?rgtlhg‘ﬂth@f
denmodul ati ng syniphsisaGCResisN@r lenhtgMhhhnel WREMEIeH f8indband and band-edge

said pilot tones.

24, The apparatus for demodulating symbols according to claim 21, further
comprising means for generating channel estimates for said pilot tones using

least-squares channel estimation.

25.  The apparatus for demodulating symbols according to claim 21, further

comprising means for providing an estimate of a channel’s frequency response.

26.  The apparatus for demodulating symbols according to claim 21, further

comprising

means for converting said pilot tones into estimates of a channel impulse

response.

27.  The apparatus for demodulating symbols according to claim 23, further
comprising means for converting said pilot tones into estimates of a channel

impulse response.



synbol s are OFDM synbol s and further conprising tinme averagi ng sai d channel
estimate for said OFDM synbols in a tine- slot; and estimating said channel
frequency response fromsaid channel inpulse response for tones using
interpolation. 21. An apparatus for denDduIatlng synbol s, conprising; neans
for converting a symbol froma tinme dond’n to a frequency domain; neans for
sel ecting pilot tones; 26 neans for making a soft decision based on

recei ved data; a ans for esti,m a ch requen r nse.

The appar at us fo&gde uﬂ%??ﬂﬁig 8%?%¥W8m€&Y@| ﬁ???dngPt%éwzggﬁg?F¥1ng
nmeans for sel ectdaip sgmesld 4eNOFDMIymbaR aRPFuAkdsS cdpristgiTRsiahatfongingy mbol s
according to claim?2l, further conpr|5|ng nmeans for generating channel

estimates for i rAvgegingsaid dramnsl edimate Hapa MIEDR symbels in 26imeipé appar at us f or
denodul ati ng synbols according to claim?2l, further conprising nmeans for
generating channel estimates for said pilot tones using |east-squares
channel estimation. 25. The apparatus for denodul ati ng synbols according to
claim 21, further29. cohpr apparagsniearismbdulatirgossinthotgyaaordisg tarataen @b, &urthkannel
frequency response. . 26. The

app par.atuys for 3@gnq é t|n%/ ¥ nbol s_.accor di ng to
claim?21, furt he‘fompcf’élﬁgr meptig iqresshimaing SpigntRRRT nGeWSNTY BYSPoTse: Bedssaitt o

estimates of a chaphglimp ﬂgyk%ﬁnméﬁﬁggﬂﬁﬁsugggnmﬂﬁﬂgﬂﬁpratUS for denodul ating
synbol s according to claim?2 further conprising nmeans for converting said

pilot tones into estimtes of a channel inpulse response. 27

30.  The apparatus for demodulating symbols according to claim 27, wherein

said symbols are OFDM symbols and further comprising

means for time averaging said channel estimate for said OFDM symbols

in a time-slot; and

means for estimating said channel frequency response from said channel

impulse response for tones using interpolation.

31. A computer program product, comprising:
computer-readable medium comprising:

code for causing a computer to demodulate symbols
comprising

convert a symbol from a time domain to a frequency

domain;
select pilot tones;
make a soft decision based on received data; and

estimate a channel frequency response.

32.  The computer program product according to claim 31, further comprising

code to select guard tones.



28. The apparatus for denodul ati ng synbol s according to claim25, wherein
said synbols are OFDM synbols and further conprising neans for tine
averagi ng said channel estinate for said OFDM synbols in a tinme-slot. 29.
The apparatus for denodul ati ng synbols according to claim 26, further
conprising nmeans for estimating said channel frequency response from said
channel inpul se response for all tones 4Sing interpolation. 30. The
apparatus for denodul ati ng synbol s according to claim27, wherein said

synbol s are OFDM_sy | s and further co i sing nmeans for tine averaging
sai d channel esti‘ﬁameo(\ronépélite& p&ﬁ?f’ﬂ?@g{ %Ccofd%’gatotcil?‘}@-ﬁs)ll’J?r;theéﬁamﬁléﬂ'%% for
estimating said edamndgénetdiechianestiBaBORS th-bandng dhati-edranal pilot B se
response for tones using interpolation. 31. A conputer program product,

conprising: conputer-readabl e medi um conprising: code for causing a
conputer to denodul ate synbols conprising convert a synbol froma tine

domain to a frequgncy Tk to P nes: a -5l 0N
based on recei vel-ib)g datg}ed%r@u%r ti r%?é)r(gdugﬁgcﬁh@ troe%%}gl?cly ﬁ?[g[{set[r)gﬁlggf.lﬁfg. The
conput er pr ogr amgiedo gaterae clomdelragtimates foatisand Pilpt fouest dserg lempquasisannebde t o
sel ect guard tone%.. 28 33. The conputer program product according to claim
31, further conpt81PHE" code to generate channel estimates for in-band and
band- edge said pilot tones. 34. The conputer program product according to
claim3 1, further conprising code to generate channel estimates for said
pil ot tones usi ng%l east - squares channel estimation. 35. The conputer
program product abeor BiePIRIE | PEPgHAB Produgt pqserdingoiopiainy hig further comprising

code to provide an estimate of a channel’s frequency response.

36.  The computer program product according to claim 31, further comprising

code to convert said pilot tones into estimates of a channel impulse

response.

37.  The computer program product according to claim 33, further comprising

code to convert said pilot tones into estimates of a channel impulse response.

38. The computer program product according to claim 35, wherein said
symbols are OFDM symbols and further comprising code to time average said

channel estimate for said OFDM symbols in a time-slot.

39.  The computer program product according to claim 36, further comprising
code to estimate said channel frequency response from said channel impulse

response for all tones using interpolation.

40. The computer program product according to claim 37, wherein said

symbols are OFDM symbols and further comprising



code to provide an estimate of a channel's frequency response. 36. The
conput er program product according to claim 31, further conprising code to
convert said pilot tones into estimates of a channel inpulse response. 37.
The conputer program product according to claim 33, further conprising code
to convert said pilot tones into estinmat?ds of a channel inpulse response.
38. The conput er program product according to claim35, wherein said
synbol s are OFDM synbol.s and furt her ri co e said
channel estimte for ©4f & E‘ffllﬁl\ﬂvgﬂ?ﬁf)é‘"l“g Hﬁ" ?ﬁt‘g@t%?oétsa‘%éﬁﬂg%@"% ter
program product JgeOdet Ry to claim 36, further conprising code to estimate
sai d channel frequency response fromsaid channel inpulse response for al
tones using interpol to
claim 37, wherein sai hﬁﬁmn%&ﬂ§£§§g@CF &§§n§%ﬁgﬁandﬂ?ur?ﬁgpégggpr @%%g 29
code to tine avenaqensﬂbdmohamn@hneskmnmme for said OFDM synbols in a
tinme-slot; and estimate said channel frequency response from said channel

i mpul se response for tones using interpolation.



