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II. Background
[003] Orthogonal frequency division multiplexing (OFDM) is a multi-carrier
modulation technique that partitions the overall system bandwidth into multiple (K)
orthogonal subbands. These subbands are also called tones, subcarriers, and frequency
bins. With OFDM, each subband is associated with a respective subcarrier that may be
modulated with data.
[004] OFDM has certain desirable characteristics such as high spectral efficiency
and robustness against multipath effects. However, a major drawback with OFDM is
high peak-to-average power ratio (PAPR), which means that the ratio of the peak power
to the average power of an OFDM waveform can be high., The high PAPR for the
OFDM waveform results from possible in-phase (or coherent) addition of all the
subcarriers when they are independently modulated with data. In fact, it can be shown
that the peak power can be up to K times greater than the average power for OFDM.

~ [005] The high PAPR for the OFDM waveform is undesirable and may degrade
performance. For example, large peaks in the OFDM waveform may cause a power
amplifier to operate in a highly non-linear region or possibly clip, which would then
cause intermodulation distortion and other artifacts that can degrade signal quality. The



2 degraded signal quality can adversely affect performance for

channel estimation, data detection, and so on. [6] There is
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mapped onto a group of subbands used for pilot transmission and zero symbols mapped
onto the remaining subbands. The third sequence of symbols is transformed to the time
domain to obtain a fourth sequence of output symbols. A cyclic prefix is appended to

the fourth sequence of output symbols to form an LEDMA symbol, which is transmitted
in the time domain via a communication channel.



BRI EF DESCRI PTION OF THE DRAWNGS [12] The features and nature of
the present invention will become nore apparent fromthe detailed
description set forth bel ow when taken in conjunction with the
drawi ngs in which Iike reference characters identify correspondingly
throughout. [13] FIG 1 shows an interlace subband structure for a
comuni cation system [14] FIG 2 shows$ generation of an | FDVA synbol
hows a narrowband subband

N S.. [15] F| G S. )
structar o, 08, AR 3RBRa et lorichaine et 3t Keneney S EP S Sy is
group of Nresivbdnidshe crimhnibish chatheR Bl HBcSEBAW et NI FIAMR ﬂeﬁtfoxfjf"fﬁfws
with pilot _gnd dgtg bebnege{ml t(ljg exe}d acr%s_s synbol periods an .
sanpl e perPﬁ‘&ts?r EsPEerIfelcy A %]Plﬁ)&.o B mgzvgﬂ)pslnbwmlvr;ugs.cw .
DL O o CneFBMAR bRl bARAFANA SELOC TN SEAEPSASHIREY estimare
periods and sanple periods, respectively. [ | . 67'sho
wi deband pisidseived basedipw heireeei vadl piiop S}&l:d@?klzag'%dm@% lngllﬁl[agl] rilﬁélfﬁgua?ré\ crror

f I.hg a pi S : 7B
Shovs a pr GadeE Bn R RakCulella 3 it & et otppdfamprlstigaton
shows a pr cksigud diligan teeshoginphanmation shieRiabBlectid3hay boerfbra b

' . f atrapsmfter and_a receiver. _
a block di a%&%rQHC}mpmved c anne{ estimate. The channel estimate may also be improved by

performing iterative channel estimation or data-aided channel estimation.
[011] Various aspects and embodiments of the invention are described in further

detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[012] The features and nature of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the
drawings in which like reference characters identify correspondingly throughout,

{013] FIG. 1 shows an interlace subband structure for a communication system.
[014] FIG. 2 shows generation of an IFDMA symbol for one set of N subbands.
[015] FIG. 3 shows a narrowband subband structure.

[016] FIG. 4 shows generation of an LFDMA symbol for one group of N subbands,
[017] FIGS. 5A and 5B show two TDM pilot schemes with pilot and data being
multiplexed across symbol periods and sample periods, respectively,

[018] FIGS. 5C and 5D show two CDM pilot schemes with pilot and data being
combined across symbol periods and sample periods, respectively.

[019] FIG. 6 shows a wideband pilot time division multiplexed with data.

[020] FIG. 7A shows a process for generating a pilot IFDMA symbol.

[021]  FIG. 7B shows a process for generating a pilot LFDMA symbol.

[022] FIG. 8 shows a process for performing channel estimation.

[023] FIG. 9 shows a block diagram of a transmitter and a receiver,

[024] FIGS. 10A and 10B show transmit (TX) data and pilot processors for the
TDM pilot schemes and the CDM pilot schemes, respectively.

[025] FIGS. 11A and 11B show IFDMA and LFDMA modulators, respectively.



[24] FIGS. 10A and 10B show transmt (DC) data and pilot processors
for the TDM pil ot schenes and the CDM pil ot schemes, respectively.
[25] FIGS. 11A and 113 show | FDVA and LFDMA nodul at ors, respectively.
4 [26] FIGS. 12A and 123 show | FDVA denodul ators for TDM and CDM
pilots, respectively. [27] FIGS. 13A gnd 13B show LFDVA denodul ators
for TDM and CDM pil ots, respectively. DETAI LED DESCRI PTION [28] The
word "exent¥Rfly" FEIudEd amdrl@Brshoy ‘Ugmpglaigrsfor ADM D pilots,

i nstance, Qqt e,iph'{re tration.” Any enbodi ment or design described herein
as "exenpl arg/ I'S’not necessarily to be construed as preferred or
advant ageo@7pv er Fili$ d 8 Aemid8BrentvS KM A elirgtdslatord 9 TDM and CIDM pilots,
transm ssi on and.channel estimation techni ques described herein may
be used foFRFSHY®Vs communi cation systems that utilize multi-carder
nmodul ati on or perform frequency division nmultiplexing. For exanple,

t hese techni ques may be used for a fre%ncy division multiple access
(FDMA) system an ort hogondDHFARLEDR PESCRIPFIONI ti pl e access
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is not necessarily to be construed as preferred or advantageous over other embodiments
or designs,
[029] The pilot transmission and channel estimation techniques described herein
may be used for various communication systems that utilize multi-carrier modulation or
perform freqt}e_ncy division multiplexing. For example, these techniques may be used
for a freqﬁeij;cy division multiple access (FDMA) system, an orthogonal frequency
division mult;iple access (OFDMA) system, an SC-FDMA system, an IFDMA system,
an LFDMA séystem, an OFDM-based system, and so on. These teéhniques may also be
used for the fbfward link (or downlink) and the reverse link (or uplink).
[030] FIG 1 shows an exemplary subband structure 100 that may be used for a
connnunicaﬁqh system, The system has an overall bandwidth of BW MHz, which is
partitioned iilito K orthogonal subbands that are given indices of 1 through K. The
spacing betwéen adjacent subbands is BW/K MHz. In a spectrally shaped system,
some subﬁanﬁs on both ends of the system bandwidth are not used for data/pilot
transmission ;a,nd serve as guard subbands to allow the system to. meet spectral mask
requirements.. Alternatively, the K subbands may be defined over the usable pottion of
the system ba;idwidth. For simplicity, the following description assumes that all K total
subbands maj} be used for data/pilot transmission.
[031] For subband structure 100, the K total subbands are arranged into S disjoint
subband sets; which are also called interlaces. The S sets are disjoint or non-
overlapping in that each of the K subbands belongs in only one set. Each set contains N
subbands that are uniformly distributed across the K total subbands such that
consecutive subbands in the set are spaced apart by S subbands, where K =S-N. Thus,

set u contains subbands u, S+u, 2S+u, ..., N~1)-S+u, where  is the set index and

u€ {L,..,S}. Index u is also a subband offset that indicates the first subband in the set.



[30] FIG 1 shows an exenplary subband structure 100 that may be used
for a conmunication system The system has an overall bandw dth of BW
MHz, which is partitioned into K orthogonal subbands that are given

i ndices of 1 through K The spacing between adjacent subbands is BWK
MHz. In a spectrally shaped system songe subbands on both ends of the
system bandwi dth are not used for data/pilot transm ssion and serve
as guard subpahwbbansls it pashsetivee intesloeas with the 8 subparels imbachms khe other S —1
requi renents, Alternatively, the K subbands may be defined over the
usabl e portion of the system bandwi dth. For sinplicity, the follow ng
descri pti ofi0323sumddGt hahows b specifint adbbsubhanaise. " Yeneal Us abbh®I structure
data/pilot tran r subband structure_ 100, the K total
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each of thegretheno®isEtsi., [32] FIG 1 shows a specific subband
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I
subband sef®3] and TogShsubbindnigls mascbavewethes B ehtraelsghatgudybzneted faidata
sets may i jd ME8 1R ) " . bands... For
xanpl o SoLHER AREnBAGE Por ClarioR BRn (HEHRY e Uy itk BB ot st end
i ncl ude 2Ngatamndpilobfne eattheser muaybles semt osubd assiimed Fhsbaadbangusk® mach

set are unj; I i.but.ed, (. €. e ced). across.the K
otal subbirutibuly Hebbely oty & e Bibnind R Hkes FesEae bekna e
si npl i ci t ystatidie Tiod bassvstagortmag bisp binoitaA@RbREnihe dHESI0f orF WRRARMband
structure 100 . F%gG é LSg] The_S subband sets may be viewed as
channel s t VlFrg‘V Ev3rd Sgk 18 veras- aFofifaclhlinp uptte MoadWaiosrsymbels may be

exanpl e, eaahinUHeR syEdh] Bgrét?éé(gx:lq ?ﬁig %r ?ﬁiﬁeglé’@%% ﬁ%ﬁ%%a%ﬂgin%%fse%%@%ts

pilot for each user may i gned subband se
may si nul t eAEBestgierennedaihe oter subbandtetsom trvdulStisnudymatodl isseadompldxavaldee

reverse |i - a. Len. The ha I | so

si mul taneo%g F?&tﬂ?gﬁ%ﬁnﬁﬁéﬁsgﬁ %il qno(?.gaﬁorﬁﬁé@ivgm%gn% a the

for wgr d |i[9R4X o SFus@F@M,:%nodteamh' ; dyiridlsls dtp nﬁﬂsnf&itta@ﬂuhﬁtlgréqmeﬁwmh .
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synbol , or : nbol . e nodul ation synmbol is nmapped to each
of the N s%%@aﬁ%‘g%%y?%ﬁ’?@%?ﬁ%@# 16 ﬁ“ezféeﬂaewr?@mw( iRrthe time s
a signal wimain by pefoehingsa riappia ik@rRagdt %uﬁéietralﬁsfony gtmdffv‘g&n the K
subbands. The.K nod Iatlonwgn zero si{rrbols are transforned fromthe

frequency BT B 80 SYReCl dorgibipinn K pimerdorsim saraples. pdhattimeriense
fast Four isemples sashave MdhlFAPR, on the K nodul ation and zero symbols to
obtain K tjnme-donmain sanples. The tine-domain sanples can have high
PAPP. . [ 38351FI G FiosRoRhews rhe genmaticni ofi aof IFDMA Fiheos \iob ohe fsef o®NE

set of N suphands . B ahiidnal  se nce of N nodyl ation synbols to be
transmtted 1n %né syn%%%lg%g%n% °§§FFW§“#*%BH8 & 19 Re dpsipifted dn one
symbol period on the N subbands in set « is denoted as {d\.dy,d,,...,dy} (block 210).

The original sequence of N modulation symbols is replicated S times to obtain an



6 extended sequence of K nodul ation synbols (bl ock 212). The N
nmodul ati on synbols are sent in the tinme domain and coll ectively
occupy N subbands in the frequency donain. The S copies of the
original sequence result in the N occupi ed subbands bei ng spaced
apart by S subbands, with S-1 subbands of zero power separating
adj acent occupi ed subbands. The extendedl sequence has a conb-1i ke

frequency s c%rumthat upi.es, subband set 1 in PIG_ 1. [36] The
ext ended sggﬁg ecdeseﬂ’éenﬁﬁlo?%‘gﬁngg'ﬁa%ntsﬁ” Olgl{alé’ék Padp The Bsmagduiptign symbols
f requency- tarBat ah abe s@wamanoind%mjewvegys&%w rfr%%&ﬁd% éﬁ‘)gthe ﬁ%gxﬁkgay

out put synmbol in _the frequency-translated sequence may ener
as f ol | ows:domeaing Thoy gopies)of the: ariginel saquence result.in the N Bocupisd snhiemes being s

the n-th i Y, i xte eguence and xy, .the n-th
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in the expSHERE SPRAT SHHAR are due to indices n and is

starting we3s]' 1' Thastaasteal seqlence TREmH iibcpl\&@l@ta'f ?sﬂas‘@' H?n}} s Qpase,
ranp in thiﬁt' me domai n_translates the cgnb-l |lke equency spectrum
of the ext&RUEFCEEFEHD Seayenas of rostpub spbade (Wbt 214he Bach output symbol in

frequency- C IS t 1sin the
froquoncy doanaudifumetaNfienRits) FoeiHa A ARy T he
frequency-transl ated sequence are copied to the start of the
frequency-transkatdy S€qlitit¥ t o f dormm an, | RDVA synbol that cont #qng) K
+ C out put synbols (block 216). The C copied output synbols are often
called a cyclic prefix or a guard interval, and Cis the cyclic
prefix | enyffre dhés tpcrile modakation symbm ed the extendsdt seiudree aydhg)| the n-th
interference (151) caused by frequency selective fading, which is a
frequency PEBPFSHEECkIRke freguepey-taanslited sequenesy Jhe phivemainp ¢t A~ 1@ Kpas C

out put sy i -PIVE .qare transmtted.in + C sanpl e
peri ods, g%gh%ﬁtsgg_tg Q‘E&%@M)Z 8ac 10@5%5'1“:”" Eé‘ﬂ’%hl.eqks 1B &t o dlheor
| FDVA i s t henslty at P and of; -gnen HeRPposyibohe ?H&e 'r%‘rxfg%adémztﬁ idicks & and u

sanpl e periods. A sample period is also often c i'p period.
[38] Si nceSHHaSs MiMA' dysiend) ofi 9 .pdine gabltiplicatiom avithi tire pHiesraiamp(iaxhe fine

for the phasgsi D, ccupi e se f, N equal ly
spaced subbandlg %Ig?%lt?tf % % %Md:né%ug%%g&%gpqﬁ%g sgfvﬁ‘%? ﬁxtﬁ"g‘?defeéﬁgmgdﬁblﬁnd
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anot her, s}rgaule&ry &O%m(]]fDI\/A.

[037] The last C output symbols of the frequency-translated sequence are copied to

the start of the frequency-translated sequence to form an IFDMA symbol that contains
K+C output symbols (biock 216). The C copied output symbols are often called a
cyclic prefix or a gnard interval, and C is the cyclic prefix length. The cyclic prefix is
used to combat intersymbol interference (ISI) caused by frequency selective fading,
which is a frequency response that varies across the system bandwidth, The K+C
output symbols in the IFDMA symbol are transmitted in K+ C sample periods, one
output symbol in each sample period. A symbol period for IFDMA is the duration of
one IFDMA symbol and is eqﬁal to K+C sample periods. A sample period is also
often called a chip period.

[038] Since the IFDMA symibol is periodic in the time domain {except for the
phase ramp), the IFDMA symbol occupies a set of N equally spaced subbands starting
with subband u. Users with different subband offsets occupy different subband sets and
are orthogonal to one another, similar to OFDMA.



7 [39] FIG 3 shows an exenplary narrowband subband structure 300
that may be used for a communi cation system For subband structure
300, the IC total subbands are arranged into S non-overl apping
groups. Each group contains N subbands that are adjacent to one
another. In general, N>1, S>1, and K=S N, where Nand S for
nar r owband _subband structure 300 may be the sane or different fromN
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SC- FDVA ) o ekhersaavrage Bl Bt syambelsga éhenpimnnﬁosme@ to the mme domain
with a K-point IFFT to obtain a sequence of X time-domain output symbols (block
416). The last C output symbols of the sequence are copied to the start of the sequence
to form an LFDMA symbol that contains X +C output symbols (block 418).

[041] Th; EFDMA symbol is generated such that it occupies a group of N adjacent
subbands starting with subband k+1. Users may be assigned with different non-
overlapping subband groups and are then orthogonal to one another, similar to OFDMA.
Each user may be assigned different subband groups in different symbol periods to
achieve frequency diversity. The subband groups for each user may be selected, e.g,,
based on a frequency hopping pattern.

[042] SC-FDMA has certain desirable characteristics such as high spectral
efficiency and robustness against multipath effects, similar to OFDMA. Furthermore,
SC-FDMA does not have a high PAPR since the modulation symbols are sent in the
time domain. The PAPR of an SC-FDMA waveform is determined by the signal points



in the signal constellation selected for use (e.g., MPSK, M QAM and
so on). However, the tine-domain nodul ation synbols in SC- 1-11)MA are
prone to intersynbol interference due to a non-flat comuni cation
channel . Equali zation may be performed on the received nodul ation
synbols to mtigate the del eterious effgcts of intersynbol
interference. The equalization requires a fairl g accur ate channel
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synbol s rraﬁ]gg]e/ cqﬁﬁrted to an | FDVA synbol or an LEDVA synbol as
descri bed e FI9%s. ShQ‘VFaﬁdTEMrléklpééhmfeﬁin mthsmqtmd datativing

may be an i @%}S n
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[46] A TDI\% %ﬁ‘g ég @% ey al s ?}Iné%ﬁ’ﬁ ﬁngiéﬁ%‘g SyapP %@Pé@%t h
synbol perdyousl. arich §€®DMApeymMSconﬁﬂﬁn§>éal}?PﬁuﬁJt idalafledR} 1[Bt|§t§-F_D
symbol s e S nths B@/%@M‘gerl ods, only data synbo S M%e
sent in sosgﬁ? 8b ke t FUmBel g %)Pll‘éft@msﬁnbﬂy AmaSQent
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W th pllodaglq ma bei ng conmbi_ ned across sy
embodi nentCat BYRROLSF 2 g AF R M swobd. i s” nul ti pl i ed vm th a first
M chi p ortipggonal FREASE NGB Wk Ipit© t ce caI ed data
synbol s, where M >1. Each sequence Bﬁas%’lggmﬁ 53l t?f‘tg‘yﬂﬁ?fl %n dagpbeingied
multiplexed across sample periods. For this embodiment, data and pilot are multiplexed
within the same SC-FDMA symbol. For example, data symbols may be sent in D,
- sample periods, then pilot symbols may be sent in the next P; sample periods, then data

symbols are sent in the next D, sample periods, and so on. In general D, =1 and

P, 21. For the example shown in FIG. 5B, D, =1 and P; =1. A sequence of N data



by multiplying the original sequence of data synbols with one chip of
t he orthogonal sequence { wd } . Simlarly, a sequence of N pil ot
synbols is nultiplied wwth a second Mchip orthogonal sequence {wp }
to obtain M sequences of scaled pilot synmbols. Each sequence of

scal ed data synbols is then added withga correspondi ng sequence of
scal ed pilot_ synbols to obtain a sequence of conbined synbols. M
sequences &id Yinbels sipitbe sent ap ene Bt/ Bpup Hdéanly symbolipesed erehimes
of scal ed b - S i ] qt, synbol s.
Each sequ eﬁég&e&lgg M%%%b@n%@%%? gg%%%%rﬁtagévet fé?gﬁg%%_:{g synbol .

[ 48] The oldbgonak TEAfpdoicebemmmab alsvamdtiplee gilanmd slataQdhiss detiUSADRS,

and so on. For, the exanmple sh in Fl 5C, M= 2, the first .
or t hogonal P%‘é’&ﬁé*ﬂ%é"%‘ G{P\ﬁﬂocfs' %EX%I‘?’%&WW%E@' H7Y A6 §3Y ap some

sequence i syr{d pericds;dnly thta syhbBéls bhefae 3 BGLS oRbLsyibol bekdgd
for synbol E)eri gd t andyal soy%y +1 a?or gy_nbol pgri oS t+1.b Thog alilﬁ);;cinlr%t

symbol s ar Blohsyebels may bsyent in edsteinyymbel PEodod t and by -1 for synbol
period t + or ' e r.e
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wi th pilot_apd.data_.being ¢ I ned across sanpl e periods.. For this
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enbodi nent
M chip ort t btain a seque of scal.ed .
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obtain the first M ?084‘1%@ ata synbol s._the next data synbol d2(t) is
mul ti pl i ed> S PENe e ort & sequeace AN pilgd symbels smultiplied withegecand
scal ed dat nmbol s nd so o and.the ] ast data synmbol dNim (0_in
the 10 orVeHB P dend et hes TP sblaBtM SRt et sra OB B, Erde
{wd } to o ' ed.datg.s ols. Simlarly, a seguence
of N M pi |%’E‘9és“§?r%gg%"‘h?ad§&% ’??“ﬁ’%}s’i ts gt ""%"ﬂ@“ RECRTBOY RSB FLe of scaled
sequence {pilot symbals abtohiain a sapeuenTaoaibinddsyaber. Pt LhusksPS! ®mbined
symbols are obtained by adding the M sequences of scaled data symbols with thc‘ M
sequences of scaled pilot symbols. Each sequence of combined symbols is converted to
an SC-FDMA symbol.
[048] The orthogonal sequences may be Walsh sequences, OVSF sequences, and
so on. For the example shown in FIG. 5C, M =2, the first orthogonal sequence is

{w;}={+1 +1}, and the second orthogonal sequence is {w,}={+1 ~1}. The N data

symbols are multiplied by +1 for symbol peried ¢ and also by +1 for symbol period
t+1. The N pilot symbols are multiplied by -+1 for symbol period ¢ and by -1 for
symbol period z+1. For each symbol period, the N scaled data symbols are added with
the N scaled pilot symbols to obtain N combined symbols for that symbol period.

[049] FIG. 5D shows a CDM pilot scheme 540 with pilot and data being combined

across sample periods. For this embodiment, a sequence of N/M data symbols is

multiplied with the M-chip orthogonal sequence {w,} to obtain a sequence of N scaled
data symbols. In particular, the first data symbol d,(#) in the original sequence is
multiplied with the orthogonal sequence {w,} to obtain the first M scaled data symbols,
‘the next data symbol 4,(z) is multiplied with the orthogonal sequence {w,} to obtain

the next M scaled data symbols, and so on, and the last data symbol dy,, () in the



The sequence of N scaled data synbols is added with the sequence of N
scal ed pilot synbols to obtain a sequence of N conbi ned synbol s,
which is converted to an SCFDMA synbol. [50] For the exanple shown
in FIG 51), M= 2 , the orthogonal sequence for data is {wd ) ={+1
+1} , and the orthogonal sequence for pplot is {w,} = (+1 -1). A
sequence of N 2 data synbols is nmultiplied with the orthogonal
sequence (-fuginalseguengbtamnltipliskyite tteeortibgdtat cajuentedfr 3 oy fe last M
Simlarly, a_sequence of N2 pilot synmbols is multiplied with the
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pilot. [54] FIGS.  5A.through 6 show exenplary pilot a
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forthe reverse link. For this embodiment, each user transmits a wideband pilot, which

is a pilot that is sent on all or most of the X total subbands, e.g., all subbands usable for

transmission. The wideband pilot may be generated in the time domain {e.g., with a



[ 56] I n anot her enbodi nent, the pilot synbols used to .generate the
TDM and CDM pilots are forned based on a pol yphase sequence that has
good tenporal -and spectral characteristics. For exanple, the pilot
synbol s may be generated as follows: for 71 =N ,Eq (2) 12 where the
phase vn nay be derived based cm any 3@e of the follow ng: 93"=n-

(7z -1) n, gz"=n- (n -1)2, gi=g [(7z -1)- (n-N-1)] , Con = Ifn.
(n -1)2 @séudsfrendosh emarber (PR} -stjuenoe)QOiN i cthe Nragdncyl domeinald.on v},

saaat i on (0TS bt Sadeslid Hordneth aftatilee fme Sudeem i adiuhe..
and equat i qth d4bmisSioh FrondtHahUses SAMENERY bERBndPRed B4naANFDNIN (LHIRNGES
can have any arbitrary length. [057] The pilot synbol's may al so be
gener at ed FaTé 91 A (not shown int FIG.'6). The wzdebang pilots from all users may be
transmaitted in the same symbol periods, which can avoid interference from data to pilot
for channel estimation. The wideband pilot from each user may be code division
muitiplexed (e.g., pseudo-random) with respect to the wideband pilots from other users.
This may be achieved by assigning each user with a different PN sequence. The
wideband pilot for each user has low peak-to-average power ratio (PAPR) and spans the
entire system bandwidth, which allows a receiver to derive a wideband channel estimate
for the user. For the embodiment shown in FIG. 6, the data subbands hop across
frequency in different time slots. For each time slof, a channel estimate may be derived
for the data subbands based on the wideband pilot.
[054] FIGS. 5A through 6 show exemplary pilot and data transmission schemes.
The pilot and data may also be transmitted in other manners using any combination of
TDM, CDM, and/or some other multiplexing schemes.
[055] The TDM and CDM pilots may be generated in various manners. In an
embodiment, the pilot symbols used to generate the TDM and CDM pilots are
modulation symbols from a well-known signal constellation such as QPSK. A sequence
of N modulation symbols may be used for the TDM pilot scheme shown in FIG. 5A and
the CDM pilot scheme shown in FIG. 5C. A sequence of N/M modulation symbols
may be used for the TDM pilot scheme shown in FIG. 5B and the CDM pilot scheme
shown in FIG. SD. The sequence of N modulation symbols and the sequence of N/M
modulation synibols may each be selected to have (1) a frequency spectrum that is as
flat as possible jand (2) a temporal envelope that varies as little as possible. The flat
frequency spectrum ensures that all subbands used for pilot transmission have sufficient
power to allow the receiver to properly estimate the channel gains for these subbands.
The constant envelope avoids distortion by circuit blocks such as a power amplifier,
[056] In another embodiment, the pilot symbols used to generate the TDM and
CDM pilots are formed based on a polyphase sequence that has good temporal and

spectral characteristics. For example, the pilot symbols may be generated as follows:

p,=e® | for n=1,..,N, Eq (2)



P(e-1>T+M = Pem = ¢ej94"'for E=1, Tand nt=1, T ,Fig (7) where the

phase pe.", may be derived based on any one of the follow ng:
ye,",=27; (1-1) (itz -1) / T ,EQ (8) ¢,," -(g/T) (T - +1) RE-1) T
+-1)] ,Eq (9) { cot,. ..... (g/ T) (T-le +1) - [(T-1)/ 2 - (m

-1)] for T even , Eq (10) (2r/ T) - (T2 2E +1) [(T - 2)/ 2 -(m-1)]
for T odd . Equation (8) is for a Frank sequence, equation (9) is for
a P1 sequeM&ere thphase @amayrbe dedyed basthon anyRue sbdpdoltavinghe | engt hs
for the Frank, PI and Px sequences are constrained to be N=T 2 ,
where T is a positive integer. [058] A sequence of pilot synbols

gener at ed based%ﬁ”ﬁﬁ&"@f'"t’he pol yphase sequences descri bed aboVig @as
both a flat frequency spectrum and a constant tinme-domain envel ope.

O her pol yphase sggzu_ﬁgc $ having good spectral characteristics Szgtg
a flat or known%fré&j ﬁ@y’spectrun) and good tenporal character iBsgt{rs
(e.g., a constant or known tine-domain envel ope) nmay al so be used. A

TOM or CDM pi |l o}, genetat.ed. 13 w,th this pilot synbol sequence would
t hen have. (1) a"l gp\/\/ﬁEAI;E{%V\h]I\?c#]avoi ds distortion by circuit Eq (5)
el enents such as a power anplifier, and (2) a flat frequency

spectrum which al lfgws. the . iver.to accurately estimate the
{Pﬁ““?zuElS RAE B

channel gai ns f@"r—.; ands us o pil ot transm ssion. Eq (6)
Z-(n—1)-n-Q/N forNodd .

In equation (6), Q and N are relatively prime. Equation (3) is for a Golomb sequence,
equation (4) isl fqr a P3 sequence, equation (5) is for a P4 sequence, and equation (6) is
fora Chu sequgnicg. The P3, P4 and Chu sequences can have any arbitrary length.

[057] The p@ltj)t symbols may also be generated as follows:

Pietyron = Pow = g for £=1,..,T and m=1,..,T, Eq (T

where the phase @, ,, may be derived based on any one of the following:
Gy =27 (£~ (m~DIT , Eq (8)

Pr = =TI T) (T =22 +1)-[(£~1)- T+ m-1)] , Eq 9)

_ 7/ TY(T-24+1)-[(T-1)/2—(m~1)] forTeven ,
Eq (10)

e (I T)-(T=2£+1)-[(T~2)/2—(n~1)] forTodd .

Equation (8) is fq;': a Frank sequence, equation (9) is for a P1 sequence, and equation
(10) is for a Px sequence. The lengths for the Frank, P1 and Px sequences are
constrained to be N'=T?, where T is a positive integer.

[058] A seqpénce of pilot symbols generated based on any of the polyphase
sequences describ‘u,é'd above has both a flat frequency spectrum and a constant time-
domain envelope.’ Other polyphase sequences having good spectral characteristics (e.g.,
a flat or known fr?duency spectrum) and good temporal characteristics (e.g., a constant

or known time-domain envelope) may also be used, A TDM or CDM pilot generated



[59] FIG. 7A shows a process 700 for generating a pilot |FDVA synbol.
A first sequence of pilot synbols is fornmed based on a pol yphase
sequence, which nmay be any one of the pol yphase sequences descri bed
above or sone ot her pol yphase sequence (block 710). The first
sequence of pilot synmbols is replicated multiple times to obtain a
second sequence of pilot synbols (blockd3712). A phase ranp is applied

to the secgQr equence qf —pilot synmbols tq obtain a third sequence of
out put synﬁfgtgsﬁitsoplg% ksyﬂ%ﬁ’} e Ecepﬁ'z%@ ﬁ‘ﬁﬂ%‘aﬁﬁyﬂ?})é ogpFA8H dThgsh avoigs
on the pil distosydrbbY cinit alaeum aethf @raQm\ﬁehﬁan{phﬁ&y%ay(zyBCﬂ&VﬁéqﬁJeH{}
process. A cyclic prefix is appended to the third sequence of output
synbol s t oSRESEERN WRighorlloms the gereivet i reytRip N tesipats dhe chatmek pains far all
pi | ot | FDMAuehY#aQlsed Rl 9Kt tlhShissidie Pil ot | FDVA symbol is transmitted

in the tinme domain via a conmuni cati on channel (block 718). Although
not shown [089FI G FIf. 7Arshewsppiccessyi00 foregepetihig s pildiaFBMRyyril, A first

mul ti pl exe i l.s . usi T and/or CDM e.qg., .as
descr!obed gagﬁ%z{ec@fo gghgﬁ %%%AS fWS@g#e ﬂlaﬂog@i’aﬁglsﬁue?ﬁgé‘ﬂ’b‘%sm%y be any
process 756ne of tgepuypabd geqRiedes AbsckibEMALSHNGOlomePothicf §\$}\1ﬁ]§1€é‘§é’ LRy
pilot synbgls._i ;o g}@based on_a_pol yphase sequence, Ich may be
any one of ‘9 738 y%l{‘g t SeapRIeH ORI S¥BPYIp isrenlingied rayltiple tiancs thebtain a

| yph I v Tt i il
pol yphase seemteagferdde!?oRot Q@bolsd(@ﬁaci ”“ﬁt%ﬁ%}%&%%g?% ?ﬁ@%hx t{?éhei%?%, nS

is transformed to the frequéncy domain w
a second s¥§uEIeEOf dilonsymlais enebtaigontiind ssqudsot of phipot kyrftedy (blddke7 ™).

frequency- i r en . t.o. N subbands u for

i ottt ARl e SR Bl L8 eOpl el AR e B8 Do nE MRt g Bt
subbands teabney wpeanvdrsion precuent eydic plefiy shpbendebtodle Fhdkequihe® of -
third se f ols is transfornmed to the tine domain with a
K poi nit 1 EEIO G ) OB b SRR el cOtooRo TS Vel h AGUPBIDMA
synbol s ( bdyntbiol 60k 7185).C TE¢ bllotFBMA s&ﬁb@ﬁ@ﬁ@ﬁ%ﬁﬁé@h&ﬂ@%ﬁn&%ﬁ%n via a

sequence of out .synbols to obtain a fifth sequence o out put

ut

symbol s, v&ﬂnlz‘ﬁmﬁga“&n sPimeEl (laokiEl By dtougihn e choms ) FIGTRA fpi sinplidieyDia
(bl ock %‘Zﬁ?"“‘% LS SR rhliploxdw 4P Rk Sytbdts B TENT il CBNE B,
synbol s sgrébeghabevedbor RS, WAtthrodgit SDsynbol s usi ng TDM and/ or CDM
e.g., as ribe r FlGS. t hr ough 5D, 61] For both
eroni and A, FIG A hob'a o 0 ok EX7SEE 8 11ph M sivbnt o Pt
may be t hesegemee of pithtfsfabenis fofmet bdsel AuabeKpiafke SARBARIGNIE Gy 20
data transm.s n. O'E exanpl e, user. may ge assigned 16 subban 3y

. for data t‘?nﬁn@nt?lg sﬂogﬂ? %ﬁ%ﬁﬂgge@ﬁfs_ g‘if%%ﬁ‘d%boﬁ’@nﬂrﬁpm@tomﬂrmmhs@i squerthe
ot her ei ghbloskyeendThedystieqrasd gf‘ﬁld?iied%tsgﬂl‘%ﬂ% &iﬁ%ﬁrgﬁf rtgefﬁtz ?r/gﬁbén%

transm ssion. Miltiple userS may sha e sanme su
i nt er | ace WuSHRNhst dtpeireFABOC abtal @ setowt stquencsanteNs freancy-diaip

for narrov@gfg S t rpct jh Fl.G 3 62], For interlace
subband str uctglgrgm%gg%izz J%Hrlﬁe@?ig‘iyfﬁ%%? c??'mﬂﬁlﬁ[%%]ﬂ?qnaﬁ’@ﬂ?eﬁ o J
et o e o ciNE YL D I @020 (8 Fmaining
unctions su . | i on, u
t racki ng, ]?i_(rir\z ?au?)g%rkcgnt&é’i% asf(})“rgns.eq‘ﬁl?c% °§iIF SymBela dhleck GFDIV%/T#iﬁltbi:rql
pi | ot | FDWBqueyehel 1 sphibols sanaifoihallo @k $HYbansd, $ath aOK-!pBgff ﬂﬁ'fr;r AL
S. For

peri ods andf onhsubband set . p+S/ 2 in other synbol perio
exanpl e, (3 08ML sgqueperapl K tirge-dempiouinptispinbolidylotle 766)ans raytliceprefiziing

t i i E nbol t
o’ sunbancrenaed ISP bl siquchbe of Subit3mBhlsdd bk N Habeite % K 301
so on. | nCHTYEErRblet whighried MOMIFDNA, synibob(blb&DWME)s yTRO biotal EDMA
transmtt ; et ) = t-1)+ b nod S+1 in nbol peri od
L ner o Agp8l §{BRERMASH o gl Rl U B eticn gene! (o .
consecut i dthoygtbost shewn A8 FIGATRI féemplcitys tﬁe%il&@yﬁﬂﬁ?ﬂag%esﬁﬁﬁﬁﬁxéc{]at

with data symbols using TDM and/or CDM, e.g,, as described above for FIGS. 5A
through 5D. |




of the conmmunication channel based on a TDM pilot or a CDM pil ot sent
by the transmtter. The receiver obtains an SC-FDM A synbol for each
synbol period and renoves the cyclic prefix in the received SC FDVA
symbol (bl ock 810). For |FDVA, the receiver renoves the phase ranp in
t he recei ved SC- FDVA- syrrbol For both {4#DVA and LFDVA, the receiver
obtains Kr | ved, dat a/ ot synmbols for the SC 1, 1VIA synbol .

[64] The ré‘lé’?ver é?ﬁ’*hj%ﬁ@@%ﬁ hé LFDMLby ﬂ@DWIpbeIfofrmiﬂ)am tded foir Ipdlbot .

bl ock 812 K
bi 1 ot symborumaiid ey PR hel GEMERE AN e Sl o Jiboals, S5 e
SC- FDVA sy trbesmyissitor. E"drestmMep& hugetr mﬁmms@hc&il\ltﬁ bubbkhds: fobBata Midhdnhipdiéh

recei ved p|| are.o tal ned, for, ea SCFDVA synbol _cont ai n| ng
the TDM pi F8 elg@éggﬁ‘ élo RSimmeln i@ %@@E@fv@ﬂbq’aﬁdﬁn@ be gssigyed to

recei ved S&dﬁ@%sﬁfmbdﬁtﬁpmiﬁaﬁérﬂlbﬂ&a tMﬂt@E\ﬁsﬁfs' 1ﬁ£y @1'%11% tHé %?fs%ﬁ?antd%t
recover th pll synbols, as follows: rp (n)

=1, K ,Eq ?Ofil}te éﬁ\ébhﬁ(lﬁéﬁwcwrg 180 inddB: \&@at@ameuwhand gmprf@rmwbmm
in synbol PbhROsthiotare 360 Hhi8Gi 3t h chip of the orthogonal sequence for
the pilot; and (n) is a recel ved pil ot synbol for sanple period n.
Equat i on (M)B] ass e gntetiate sdbbar@b/ﬂnmnkretm()snt [FRGS M tah DM pEMTRRY be

periods t where M..s th e of, the ort hogonal

sequence. E r %e{’gtg?dvé@:dénpl e S ﬁﬂ@@f]‘i E‘g?%’ a‘"leﬁeéﬁerftf’ BTG Barioyn fynptigns

for the CDMchiab,dbr example, channel estimation, frequency tracking, time tracking, and so on.
In a first staggered FDM pilot, pilot IFDMA symbols are transmitted on subband set P
in some symbol periods and on subband set p+8/2 in other symbol periods. For

example, if S=8, then pilot IFDMA symbols may be transmitted using a staggering
pattern of {3, 7}, so that pilot IFDMA symbols are sent on subband set 3, then on
subband set 7, then on subband set 3, and so on. In a second staggered FDM pilot, pilot
IFDMA symbols are transmitted on subband set p(f) =[p(z—1)+Ap]mod S+1 in

symbol period #, where Ap is the difference between subband set indices for two

consecutive symbol periods, and the +1 is for an indexing scheme that starts with 1
instead of 0. For example, if S=8 and Ap=3, then pilot IFDMA. symbols may be
transmitted using a staggering pattern of {1, 4, 7, 2, 5, 8, 3, 6}, so that pilot IFDMA
symbols are sent on subband set 1, then on subband set 4, then on subband set 7, and so
on. Other staggering patterns may also be used. A staggered FDM pilot allows the
receiver to obtain channel gain estimates for more subbands, which may improve
channel estimation and detection performance.

[063] FIG. 8 shows a process 800 performed by areceiver to estimate the response
of the communication channel based on a TDM pilot or a CDM pilot sent by the
transmitter. The receiver obtains an SC-FDMA symbol for each symbol period and
removes the cyclic prefix in the received SC-FDMA symbol (block 810). For IFDMA,
the receiver removes the phase ramp in the received SC-FDMA symbol. For both
IFDMA and LEDMA, the receiver obtains K received data/pilot symbols for the SC-
FDMA symbol.

[064] The receiver then undoes the TDM or CDM performed on the pilot (block
812). For the TDM pilot scheme shown in FIG. 5A, K received pilot symbols, r,(»)



[ 066] For the CDM pil ot schenme shown in FIG 5D, each received
SC- I - DVA synbol containing the CDM pil ot are processed to recover the
pilot synbols, as follows: (n)=Ewl r((il-1) M+ , for n =1, K/M,
P 1=1 Eq (12) where r((z -1) M+ i) is a received sanple for sanple
period (n -1) M+ i in the received SG FDVA synbol with the CDM
pilot. KIMreceived pilot synbols are obtained fromequation (12) for
t he CDM pi fastn=1[.6¥], ae fobtasdnesinioy esell pideti Y- FDMdviayinbatl.i &ar diea DM pilot

causes intersynbol int nce..(;| SI ). However he 19l .i estrigcted
S0 v thi . SR e BIG REE Tt Rekive G PG Shinels e bzt dof fich' &L
Furt her norspmpegmec@{taiﬁihgﬂwp]bj\{ppim_ef i X, a linear convol ution
operation due to the channel inpulse response effectively becones a

circul ar c§9bl ut F%?hesFPiMd?ﬂOF écmowmér &1Gr 8C, M rpepiysdsSCHTMAL o
perform ch bs E&ttdiﬁfﬁ%:tﬁ@’()ﬁlslu cl) té&glpg&gg%gdté);}gg@fer QH«?@%{ ﬂﬁbdlg s%sge

frequency domai n when ot s S ar é not”’'sen
t he sane SWOIEFBRMA synbol. [68] For the TDM schene shown in FIG 5A

and the CDM schene shown in FIG 5C, the receiver obtains K received

pilot synbols for eagh pilot transmssion. A 16 K-pointa, | may be
performed on thed§=+BGei ved pj | ot symbofes n£0(rK), for it =1,..%4lG1y
to obtain K recéivedzpitot values in the frequency domain, Rp(k) for
k =1,..., K (block 814). The received pilot values may be given as:

where r(#;,n) is a received sample for sample period  in symbol period #,;
W,,; 18 the i-th chip of the orthogonal sequence for the pilot; and

r,(n) is areceived pilot symbol for sample period .

Equation (11} assumes that the CDM pilot is transmitted in symbol periods # through
ty» Where M is the length of the orthogonal sequence. X received pilot symbols are
obtained from equation (11) for the CDM pilot.

[066] For the CDM pilot scheme shown in FIG. 5D, each received SC-FDMA

symbol containing the CDM pilot are processed to recover the pilot éymbols, as follows:
M
=2 w,, r(an-1)-M+i), forn=1,.,K/M, Eq (12)
i=1

where r((n—1)-M+i) is a received sample for sample period (m—1)-M+i in the
received SC-FDMA symbol with the CDM pilot. K/M received pilot symbols are
obtained from equation (12) for the CDM pilot.

[067} A frequency selective communication channel causes intersymbol
interference (ISI). However, the ISI is restricted to within a singlei SC-FDMA symbol
because of the cyclic prefix. Purthermore, because of the cyc&ic prefix, a linear
convolution operation due to the channel impulse response efféctively becomes a
circular convolution, similar to OFDMA. Therefore, it is po'ssiblc:%to perform channel
estimation, equalization, and other operations in the frequency &omain when pilot
symbols and data symbols are not sent in the same SC-FDMA symbol.

[0068] For the TDM scheme shown in FIG. 5A and the CDN:I scheme shown in

FIG. 5C, the receiver obtains X received pilot symbols for each pilot transmission. A



Rp(k)= H (k) P(k)+ N(k) ,for k,Eq (13) where P(k) is the transmtted
pil ot value for subband k; H (k) is the conplex gain for the

communi cati on channel for subband k; R (k) is the received pil ot

val ues for subband k; and N(k) is the noise for subband k. The

K- point EH provides K received pilot vasues for the K total subbands.
Only N received pilot values for the N subbands used for pil ot

transni ssi &P mgy ke perforangd piithn Koetsieddslpt synsbolse ik nadig. fihe
remai ning K - N received pilot values are discarded (block 816).
Different H Pfeifimé%@ﬁ%lﬁ@fsm&t aalgeda thefrequemigdendn, LEA fankl=Rende (block
different receiyed pilot values are retained for | EDVA and LPDVA. The
r et ai ned pﬁ? 1¥8PE%§WQP%WE@%%%%@Yh@gﬂPk?Efor k =1, ..., N. For
sinplicity, the noise may be assuned to be additive white Gaussi an

noi se (AWGN) wi W(iégggﬁeﬁk‘gqj}@%@yvari ance 0{?5!}?.—:1 [ 069] The recei ve(r13)

may estimate thefchann que response iI'ng’vari ous channdld
estimation techniques such as an MVBE techni que, a | east-squares (LS)

techni que, wagd POk)OR thelli@ismBEAIPNS! vARS fol &b nel gain estimtes for
the N pilot subbands based on tphe \Ir\l recelﬁ%e pI'l ot val ues and using

the MVBE or LS #Hdéhis theieonipitogdin fk)e corautitioltMnDEl foeaibBhfe. an
initial frequency response estimate for the communi cation channel may
be derived base, & it the recsived pidel valuepforeabhaed k; @ f ol | ows: Rp(k)- Ps
(k) fr*,",,e(k)=for k =1, ... ,NEq (14) (k)12 +N where pm "(k) is a
channel gain esfilkhisdhs prisefopsbhendd and” * " denotes a conpl ex
conjugate. The initial frequency response estinmate contains N channel
gai ns for ThreKnpotIBil pobidendsrecdil pildtoflusy frahe Kemu@REBLABY bRly N

gener at ed | It;?s seguence Vi a flat frequency

response. ,{agag% glﬂjé 3-’%%98 FCB ?(ﬁl SEE&?I@F “5?4?0& Qﬂgfe@%m%{onéwawécf@apw

(14) may Dbeiletxqmbbamie)d afSietaided, Balkihe Bhallly K~N received pilot values are
discarded (block 816). Different pilot subbands are used for IFDMA and LFDMA and
hence different received pilot values are retained for ITFDMA and LFDMA. The

retained pilot values are denoted as Rp (k) for k=1,...,N. For simplicity, the noise

may be assumed to be additive white Gaussian noise (AWGN) with zero mean and a
variance of Np.

[069] The receiver may estimate the channel frequency response using various
channel estimation techniques such as an MMSE technique, a least-squares (LS)
technigue, and so on. The receiver derives chanmel gain estimates for the N pilot
subbands basjed_ on the N received pilot values and using the MMSE or LS technique
(block 818). Fc}f the MMSE technique, an initial frequency response estimate for the

communication channel may be derived based on the received pilot values, as follows:

_R,(k)-P'(k)

EI nise k)=t
ST DA

for k=1,.,N , Eq (14)

where H,,. (k) is a channel gain estimate for subband % and © * » denotes a complex

conjugate. The initial frequency response estimate contains N channel gains for the N
pilot subbands. The pilot symbol sequence may be generated based on a polyphase
sequence having a flat frequency response. In this case, | P(k)|=1 for all values of k,

and equation (14) may be expressed as;



(k)- for k =1, N .Eq (15) 1+ No The constant factor 1/(1+ No ) may be
removed to provide an unbiased I VIN SE frequency response estinmate,
whi ch may be expressed .as: fl mmse(k). Rp(k). (k) ,for k =1, ..., N
.Eq (16) [70] For the LS technique, an initial frequency response
estimate nmay be derived based on the regeived pilot val ues, as
follows: is(k)=Rp(k) for k =1, . N .Eq (17) P(k) [71] The inpul se
response of the .conzrunlkpa(!cj m’i(lghannel may be characterized by L taps,
where L may be W‘N.’ That i £ 5¥LanN npul se i s appl Had15p

t he communi cati on channel by°the transnmitter, then L tine-donain
sanples (at the sanple rate of BWMiz) would be sufficient to
char act eri ZBe tdagstifR SRERS e1 /0L e @?@ﬂ el

i mpul se stimulus. The nunt)lgelr+ﬁr) glgégg’ﬁé(jﬁbﬁ?ﬁd)& h%nnel I npuC?
response i fegiependeinsostinaee, ddlcimaeeagretdedbite system which is the
time difference between the earliest and |atest arriving signal
instances of sufficient energy at the receiver. A longer delay spread
corresponds to HmhakyEdR ol Bee/kﬂ L, anfbrvi=zh.vBrsa. [72] A chaqres)
i mpul se response estimte may be derived based on the N channel gain

estimates usi S VI MSE t echni que (block 820). A
| east - squa@gg] cha%ﬂ’éﬁlﬁ I1%p‘ﬁ? AL ieh frequenprrespanse pstimatapey be idesvedn)

for n=1, based—enﬂﬁ)feé@ﬁzeﬁ?ﬂbtvﬁﬁle?%?(ﬁlo% the initial frequency
response estimte, as ni -(VWN W)-1IW8 - LA --NxL- Nxl

where i' |Ng"ift is an N x| vector containing fib (k) or .fI m" (k)

for k =1,...,N 3 LR;,@)a sub-matrix o Fourler matrix - WKXK
W P 11 E}c BEq (17)
[071] The impulse response of the communication channel may be characterized

by L taps, where L may be much less than N. That is, if an impulse is applied to the
communication channel by the transmitter, then L time-domain samples (at the sample
rate of BW MHz) would be sufficient to characterize the response of the communication
channel based on this impulse stimulus, The number of taps (L) for the channel impulse
response is dependent on the delay spread of the system, which is the time difference
between the earliest and latest arriving signal instances of sufficient energy at the
receiver. A longer delay spread corresponds to a larger value for L, and vice versa.

[072] A channel impulse response estimate may be derived based on the N channel

gain estimates and using LS or MMSE technique (block 820). A least-squares channel
impulse response estimate with L taps, ﬁ,s (n) for n=1,...,L, may be derived based on

the initial frequency response estimate, as follows:

s - mf:
by = (E W) lngl. N 2 Eq (18)
~_fnil . A ~”
where By, isan Nx1 vector containing H, (k) or H, (k) for k=1,..,N;
W, is a sub-matrix of a Fourier matrix Wk
-~ 15 . 4]
By, is an Lx1 vector containing hy(n) for n=1,...,L; and

H ,
“7" denotes a conjugate transpose.

The Fourier matrix W, is defined such that the (w,v)-thentry, f,,,is given as:



Eq (18) "

defined such that the (u,v)-th entry, fu.", is given as: 18 fitiv =

6 nir for
v is a col
N pilot su
of the cor
| east - squa

is hbo is an L x 1 vector containing 7°2"(72) for re =1, L;
and "denotes denotes a conjugate transpose. The Fourier matrix Ws

u=l,...,Kand v =1,...,K Eq (19) where u is a row index and
um i ndex. W contains N rowggof Il/m corresponding to the

bbands. Each row of W,i,a, contains the first L elenents
respoaﬁln - SRBE Wkxi C 8( contains the L taps of the
res cHanRél inpul se respdfsé™ds

channel inpulse response estimate with L taps, ii,"e(n) for it -1 L

may be der
foll ows:
is an Lx L
addi tive
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-
of the corresponding row of W, - ]_:1:><1 contains the L taps of the least-squares
channel impulse response estimate.

[073] An MMSE channel impulse response estimate with L taps, h (n) for

mm:e

n=1,..,L, may be derived based on the initial frequency response estimate, as follows:

A mse it

iR » T433Kan MEVMSE Eq(19)

N

hyy = (WNxL VWi +NLXL)—1W s s Eq (20)

where Ny, is an LXL autocovariance matrix of noise and interference. For additive
white Gaussian noise (AWGN), the autocovariance matrix may be given as
Nypo =071, where o is the noise variance. An N-point IFFT may also be performed

on the initial frequency response estimate to obtain a channel impulse response estimate
with N taps.

[074] Filtering and/or post-processing may be performed on the initial frequency
response estimate and/or the channel impulse response estimate to improve the quality
of the channel estin;late, as described below (block 822). A final frequency response
estimate for all K subbands may be obtained by (1) zero-padding the L-tap or N-tap
channel impulse res'p:onse estimate to length K and (2) performing a X-point FFT on the
extended impulse :eéponse estimate (block 824). A final frequency response estimate
for all K subband'sfmay also be obtained by (1) interpolating the N channel gain
estimates, (2) perfqi’iping least-squares approximation on the N channel gain estimates,
or (3) using other appfro.ximation techniques.

[075] A receivef can derive a longer channel impulse response estimate based on a
staggered FDM pilqt.i In general, a channel impulse response estimate with Ly taps may
be obtained based pﬁ pilot IFDMA symbols sent on Ly different subbands in one or

more symbol periods. For example, if L =2N, then an impulse response estimate

with 2N taps may be obtained based on two or more pilot IFDMA symbols sent on two

or more subband sets in two or more symbol periods. A full-length impulse response



whi te Gaussi an noi se (AWE\), the autocovariance matri x nay be given
as = ot, | , where a,2, is the noise variance. An N-point |FFT may
al so be perforned on the initial frequency response estimte to
obtain a channel inpulse response estinate with N taps. [74]
Filtering and/ or post-processing nay performed on the initial
frequency response estinmate and/ or the channel inpul se response

estimat e giri®khemeX tdpe maiabd biyainkd ifhike phaniselnasitkdwhell Sisulibesd sétbed
bel ow (bl ock 822). A final frequency response estimate for all K
subbands Hﬁ’?gﬁéo@%@lsﬁééewf(aigmzero padding the L-tap or N-tap

channel iHmdl]SE MeS PSR BBl BBV a I gbeinghulte KespBike(c3imBRdf WHEH Oy By

| G poi nt ' on the extended inpul se résponse estimate (block 824).
A final f fidiqiesbytislcimmotsercepmsenasténttey ohllingih SUbandyiiichny ramber &

obt ai ned lgﬁ}'ffeg dk sibhd DL %ACQQD&QEH{}!&SQMﬁ%sg%@%ﬂ%tganwtﬂg%‘f%& Based on

performn -squares approxi nation o
esti mat es,a mlot (IB)M!Assymg)od)n’dnemneaqmbbm mt ifothe tpdctisi topmemitted[on5d different

on . st nggakans 19 < FOROS e e RR R PTPeR O B ORRnt
estimate ‘HuHBeﬂﬂftsﬁﬂ%l%Mo&eto%ﬁaﬁi ﬂh@@b@@ﬁﬁ@ume rd%péﬁ%b ebtiby synbol s

sent on LT different subbands in one or nore synbol periods. For

exanpl e, iB7AT = Eor SG-HeManfilterng may b@éﬁﬁ@’ﬁfs‘@de@t nmﬁelefrwummmsm%%
be obt t
or or e, SRR JAREEuAR SOVRESERSrEl ifuile Y SR P il
i mpul se r dsonsy resb@nseseshlmaim vbtmhed<f¢raqhﬁ’ewa§/ sjzmbaﬂbpemo:iedo ihptdve the
| ot t L.l d set
D hgger | ngP R bith SEicekumatt. cETTRnE Y nEBrd of ATHGuREsp raarse

response gBIR)TRkE aﬁflnﬂnﬁfhgih’fpulsé,re@}émfel (R Filleg) or Rbink dkher el FilfetSTROSE
esti mat es of Ie}r;fgth N for a sufficient nunber of different subhand

sets. EacHiliengaeffipienisanay Be seledphinsehisv thydestredgipopa of diicyng Wide@ann
a pilot |FEoMsXaRaked O aoasdéHﬁ%Meﬁe&afmhé ficis RhdiPbs, | | So ! F&n&&h&& ed
on a different subband set i n each period, then'th | tering
may be perchompkdstonate quabiyf ftheiability nfenﬁmk ofst opatgel ipetheodranne, didteni n

t he | ongercm'nP cxft}?%nrﬁ esppnse estimate.
[078] A frequency response estimate and/or a channel impulse response estimate
for the communication channel may also be obtained in other manners using other
channel estimation techniques.

[079] Various post-processing operations may be performed to improve the quality
of the channel estimate. In certain operating environments, such as a multipath fading
environment, the communication channel often has only a small number of taps in the
time domain. The channel estimation described above may provide a channel impulse
response estimate having a large number of taps due to noise. The post-processing
attempts to remove taps that resnlt from noise and retain taps that result from the actual
channel.

080} In one post-processing scheme, which is called truncation, only the first L
taps of the channel impulse response estimate are ret'ained, and the remaining taps are
replaced with zeros. In another post-processing scheme, which is called thresholding,
taps with low energy are replaced with zeros. In an embodiment, the thresholding is

performed as follows:



[0771For SC-FDWVA, filtering may be perfornmed on initial frequency
response estimates, |east-squares or MVBE channel inpul se response
estimates, and/or final frequency response estinmates obtained for

di fferent synbol periods to inprove the quality of the channel
estimate. The filtering may be based a finite inpul se response
(DR) filter, an infinite inpulse response (DR) filter, or sone other
type of filter. The @ilt Or&gﬁg d%ents may be sel ected to achieve
the desired anfupt= fil ith may be selecked based orBg(21)
trade of f between vpfifusothastser s such as, e.g., the desired channel
estimate quality, the ability to track fast changes in the channel,
filter conplexity, and so on. [78] A frequency response estinmate

and/ or a gheRNAlx) FPUE SAhres RO MSE clemhélMidplsk Qéspbite ety iviadt pRy be
channel may al so be obtalned in other nanners using ot her channe

estimation techni qU@a]to[ gl(nyafrlfg(l;&) REst - processi ng operations may
be performed to inprove t he quality of the channel estimate. In

certain oper at i)gs the izesholdnes fo e butdswanerg) tappat h f adi ng
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channel . tr80AlEmatvely pbEerept theeshalingay b asad, fonlifierent tpgaFpreerample, a
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is the n-th tap of the c annel nmpul se response estinmate, which
be equal %PS/aFE( PEf 1@ ZCTRB.j Fﬂw number Ahtaps to T (deneted 65 B)uBetbe 8 fﬁ‘éﬂ 6r

out low engkaye (A8 B may be selected based on a received signal-to-noise-and-interference
ratio (SNR} for the pilot/data transmission, the spectral efficiency of a data packet for
which the channel estimate is used, and/or some other parameter. For example, two
best taps may be retained if the received SNR is within a first range (e.g., from 0 fo 5
decibels (dB)), .three best taps may be retained if the received SNR is within a second
range (e.g., from 5 to 10 dB), four best taps may be retained if the received SNR is
within a third range (e.g., from 10 to 15 dB), and so on.
[082] Channel estimation may be performed in the time domain for the TDM pilot
scheme shown in FIG. 5B, the CDM pilot scheme shown in FIG. 5D, and other pilot
schemes in which data and pilot symbols are sent in the same SC-FDMA symbol. A
rake estimator may be used to identify strong signal paths, for example, by (1)
correlating the received symbols with the transmitted pilot symbol sequence at different
time offséts and (2) identifying time offsets that provide high correlation results. The
time domain channel estimation provides a set of taps for a channel impulse response
estimate for the communication channel,
[053] For all pilot schemes, the channel estimation provides a channel impulse
response estimate and/or a frequency response estimate that may be used for

equalization of the received data symbols. A sequence of X received data symbols is



The threshold ha, may be conmputed based on the energy of all K taps
or just the first L taps of the channel inpulse response estimte.
The sanme threshold may be used for all taps. Alternatively, different
threshol ds may be used for different taps. For exanple, a first
threshold nmay be used for the first L taps, and a second threshold
(which may be lower than the first thrgshold) may be used for the
remai ni ng t@gﬁl 48% I n éet anot her fost-proces_si ng schenme, which is
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vari abl e vBIQie3C.B Theyseheence 08 € eetelyad aldtacsymbotengy \leequalized in the time
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within a th 0. . F T 10 to 15 dB), and so on._  [82]
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pi | ot scheKe-Nhmesived diik GaleBard Becaeddd POk leNads! D,
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t he sane Epifer %V#b@uleA rake estinmator nay be used to identify

strong si paths, for exanple, by (1) correlating the received
synbol's vvig@ﬁ%]t he E‘ﬂ‘?ﬁ_&?ﬁ%%@’ : Pﬁfor@;ﬁgrﬁbrhesf&guwei_omalmpm ther Mivecefvere
of fsets arﬁite(\%lue\sdﬁﬂgtHemmEtb&ﬁi@fera%ﬁ%ﬁo&gyat provi de high
correlation results, The tinme donain channel estimation provides a

set of taps for a channel _inpul se response estinate for the

conmuni cat i on. %gggzemd(k)-ﬂéik)For al | p:IJ o%_'scherres, t he channel
estimation provi‘des pighanngl ‘i npul se rés Sise:Mst i mate and/ or Ba(22)
frequency response estinmate fhat may be used for equalization of the
recei ved data synbols. A sequence of K received data synbols is . 21
obt ai ned fvdereedt ik )dntthe BeeiFdMMAtsyIRALr §uBbaidye TDM pi | ot schene shown
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synbol s may be equalized in thge tinme doﬁ%lfﬁlbgéndt(ﬁ’e%?dgqﬁlg?@% ur?lait%.

[ 84] Fr equency-domiﬁkngqgajyiﬁ@@bpghmy be perforned as follows. A
K-point FFT is first perfornmed on the K received data synbols, rd (n)
for n = 1, K t4Q(/obis#heeqkalized duevelie dorvabiang @cei ved data val ues, Rd
(k) for k =K. Only N received data values for the N subbands used for

data tranggg6$si OrERRR:EiBh 3 4N K - recei ved data
val ues are di scarded. a'Ilhga rﬁf%ﬁ%g’gd@g&gm%cgﬁg? ﬁr?%“ea%% wamaen fhe k)
for k =1, receiveddqigsplugspsing thatdrofiorniny tdobnines, hofoled:si N t he frequency
dormain on the N received data val ues using the MVBE techni que, as
follows: Rd (k) | l*Rd((@

Z, (k) =‘A_C—" ) for k=1,..N . Eq (23)

[087] For both MMSE and zero-forcing equalization, the N equalized data values,

Z;(k) for k=1,..,N, may be transformed back to the time domain to obtain a
sequence of N data symbol estimates, d (1) for n=1,...,N, whit;h are estimates of the
N data symbols in the original sequence.

[088] Equalization may also be performed in the time domain on the sequence of
K received data symbols, as follows:



Zd (k) = A2,for k =1, ...,N,Eq (22) H (k)lI +No where Rd (k) is the
recei ved data value for subband k; | (k) is the channel gain estinmate
for subband k, which may be equal to flomse(k) or i I (k); and Zd
(k) is the equalized data value for subband k. [86] Equalization may
al so be perforned in the frequency dompg@n on the N received data

val ues using the zero-forcing technique, as follows: Zd (k) = Rd(k)
0(k) ,for k 1, Z/)NmWNEPL@B) [87] For both |VIMSE and zero-f Er@dy
equal i zation, the N equalized data values, Zd (k) for k =1, N, may be
transforned back to the tinme domain_to obtain a sequence of N data
synbol est Mgt e & (1h dryotesihe spquence oK rigsiveR datesymbelisimat es of the N

data synbols in e.original sequence. . [88] Equalization may also be
perforned in thgt(’?)l ﬂ%’oﬁ%ﬁﬁinﬂpﬁﬁeq?ﬁp@n%qﬂmdﬂ%mkeﬂ twed data
symbol s, as fol lz%:dengtgsasequence of K equalized data symbols; and '

® denotes a circular convolution operation.

The frequency response of the equalizer may be derived based on the MMSE technique
as: G(k)=H"(k) 1 H(k) > +N,), for k=1,..,N. The frequency response of the

equalizer may also be derived based on the zero-forcing technique as: G(k)=1/H (%),
for k=1,..,N. The equalizer frequency response may be transformed to the time
domain to obtain the equalizer impulse response, g(n) for n=1,.., N, which is nsed
for the time-domain equalization in equation (24).

[089] 'The sequence of K equalized data symbols from equation (24) contains S
copies of the transmitted data symbols. The S copies may be accumulated on a data
symbol-by-data symbol basis to obtain N data symbol estimates, as follows:

S-1

A= z,G-N+n), for n=1,..,N. Eq (25)
f=0

Alternatively, the accumulation is not performed, and N equalized data symbols for only
one copy of the transmitted data are provided as the N data symbol estimates.

[090] The ‘receiver may also estimate interference based on the received pilot
values and the channel estimate. For example, the interference for each subband may be

estimated as follows:
I(k)=|H(k)-P(k)-R, (k) |*, for k=1,...,N , Eq (26)

‘where I(k) is the interference estimate for subband k. The interference estimate I(k)
may be averaged over all N subbands for each SC-FDMA. symbol to obtain a short-term
interference estimate, which may be used for data demodulation and/or other purposes.
The short-termn interference estimate may be averaged over muitiple SC-FDMA
symbols to obtain a long-term interference estimate, which may be used to estimate

operating conditions and/or for other purposes.



zd (ii) =1 (n) 0 g(n) ,Eq (24) where rd (n) denotes the sequence of
K received data synbols; g(n) denotes an inpul se response of a

ti me-domai n equalizer; zd (n) denotes a sequence of K equalized data
synbol s; and 0 denotes a circular convol ution operation. The
frequency response of the equalizer mag3be derived based on the
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equallzed data synbols for only one copy of the transmite a are

provi ded adetRé Wnﬂ’ﬁisrﬂns‘ﬁﬂﬁﬁ’dpt Surbokeis esfimattdbised ba thedsi vpmboteytimbtsn
eji ved pil,ot val ues. and t he
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be esti mat gghors thOtt@ence estimate. In another embodiment, the data symbol estimates

are processed to obtain decoded data. The decoded data is then processed in the same

manner perfo1med at the transmitter to obtain remodulated data symbols, which are
convolved with the initial channel estimate to obtain the interference estimate. For both

embodiments, the interference estimate is subtracted from the received pilot symbols to
obtain interference-canceled pilot symbols, rf () =r,(n)~ £(n), which are then used to

derive an improved channel estimate. The process may be repeated for any humber of
iterations to obtain progressively better channel estimates. The itefative channel
estimation technique is more suited for the TDM pilot scheme shown in FIG. 5B, the
CDM pilot schemes shown in FIGS. 5C and 5D, and other pilot schemes in which the
data symbols may céuse intersymbol interference on the pilot symbols.

[093] For: the (?ata-aided channel estimation technique, the received data symbols
are used along with the received pilot symbols for channel estimation. A first channel
estimate is denved based on the received pilot symbols and used to obtain data symbol
estimates. A second channel estimate is then derived based on the received data
symbols and the date symbol estimates. In an embodiment, the received data symbols

r;(n) are converted to frequency-domain received data values R,(k), and the data
~ symbol estimates é(n) are converted to frequency-domain data values ﬁ(k). The
second channel estimate may be obtained by substituting R, (%) for R, (k) and D(k)

for P(k) in equations (14) through (18). In another embodiment, the data symbol
estimates are processed to obtain decoded data, and the decoded data is processed to

obtain remodulated data symbols D, (k). The second channel estimate may be
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I (k) -=1 (k) P(k)- Rp(k) I 2for k =1, N,Eq (26) where I(k) is
the interference estimate for subband k. The interference estinmate
1(k) may be averaged over all N subbands for each SC- FDVA synbol to
obtain a short-terminterference estimte, which may be used for data
denodul ati on and/or other purposes. Thg short-terminterference
estimate be averaged over nultiple SC-1-DVA synbols to obtain a
| ong-term p 4 dyenybetiteing dal/®, fahReld) nand B, (B efdr tR(k®sini egatidons (14)
operating conditigns and/or for other purposes. 23 [91] Oher
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estimate d ed i R tec

i ncl ude anﬁ{%gr at Tl{f/lg%é nér?&a{kpésml}a%@gf P%lﬁ]%éﬁ t}lqﬂ3 mv %Bimdgﬂngog%&gzh
channel esteceintd data tsgmhols guee combiad] td-obtainhm ﬁﬂ;@dﬁ@ﬁl oeralineiangd] estimate.
estimati on.. echn initial stl mat e of the comrunication
channel s PFFEp @&&%’Qﬁw Bm?)q\ HETPREASSBYCYS | ot synbol s, e.g.,

usi ng ‘'the M SE or | east - squares techni que. The initial channel
estimate i s useg e ol i.pat es, _descy.i bed .
In an enbodi ment ‘”"f” Eel)efrr_lptﬁ’ ‘(?)2 Xew%‘iﬂ’é “'t( e’ datfgggfglﬁ'drg on tﬁg%ﬁ)
pil ot synbols is estimted based on the data synbol estimates a(n)
and the in h = G

" where .ghf&frﬁeﬁw Frofk k@%@*}%ﬁééﬁé@ ef R of ﬁﬁd%‘{%xeﬁgf% ﬁr;bols,d d
enbodi nen e imates, are e 0 Qbtain decode
data. The decod dﬂ’“k@t’ﬁ %[aH e 3&%@@@884% ‘f‘n g‘ﬁﬁ%"eﬁﬁﬁﬁéﬁa sy@pelsr ned
at the transmt rRrndy S whi.c

convol ved with {:‘h k)laﬁfltft? g? Erﬁ'ani%lcEl E%C?OH%E ﬁ%t aég?igéaﬁef%nve s “and
interference est; tkgdlsFor h errbgdl nrents, the interference

estimate i s subt'rad ﬁe%ef el SBR[ ot symbol's to obtain
interference-cancel ed pilot synbols, ripc(n)= rp00-t(n), which are
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receiver 950 is part of a base station, A base station is generally a fixed station and may

also be called a base transceiver system (BTS), an access point, or some other

terminology. A wireless device may be fixed or mobile and may also be called a user

terminal, a mobile station, or some other terminology.

[096] At transmitter'910, a TX data and pilot processor 920 processes traffic data
to obtain data symbols, generates pilot symbols, and provides the data symbols and pilot
symbols. An SC-EDMA modulator 930 multiplexes the data symbols and pilot symbols
using TDM and/or CDM and performs SC-FDMA modulation (e.g., for IFDMA,
LFDMA, and so on) to generate SC-FDMA symbols. A transmitter unit (TMTR) 932



estimates are processed to obtain decoded data, and the decoded data
I's processed to obtain renodul ated data synbols 1)", (k). The second
channel estimate may be 24 obtained by substituting Ra(k) for 12p(k)
and Dr," (k) for P(k) in equations (14) through (18). [094] The two
channel estinmates obtained with the regeived pilot synbols andI It he
recei ved data synbols are conmbined to obtain an inproved overa
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For each iteration,
obtains received data symbols and received pilot symbols. A channel estimator/

processor 980 derives a channel estimate based on the received pilot symbols. SC-
FDMA demodulator 960 performs equalization on the received data symbols with the
channel estimate and provides data s&mbol estimates. A receive (RX) data processor
970 symbol demaps, deinterleaves, and decodes the data symbol estimates and provides
decoded data. In general, the processing by SC-FDMA demodulator 960 and RX data
processor 970 is complementary to the processing by SC-FDMA modulator 930 and TX
data and pilot processor 920, respectively, at transmitter 910.

[098] Controllers 940 and 990 direct the oPerétion of various processing units at
transmitter 910 and receiver 950, respectively. Memory units 942 and 992 store

- program codes and data used by controllers 940 and 990, respectively.

[099] FIG. 10A shows a block diagram of a TX data and pilot processor 920a,
which is an embodiment of processor 920 in FIG. 9 and may be used for the TDM pilot
schemes.  Within processor 920a, traffic data is encoded by an encoder 1012,
interleaved by an interleaver 1014, and mapped to data symbols by a symbol mapper
1016. A pilot generator 1020 generates pilot symbols, e.g., based on a polyphase
sequence. A multiplexer (Mux) 1022 receives and multiplexes the data symbols with
the pilot symbols based on a TDM control and provides a stream of multiplexed data
and pilot symbols.

[0160] FIG. 10B shows a block diagram of a TX data and pilot processor 920b,
which is another émbodimelit of processor 920 in FIG. 9 and may be used for the CDM
pilot schemes. Within processor 920b, traffic data is encoded by encoder 1012,
intetleaved by interleaver 1014, and mapped to data symbols by symbol mapper 1016.
A multiplier 1024a multiplies each data symbol with the M chips of the orthogonal

sequence {w,} for data and provides M scaled data symbols. Similarly, a multiplier

1024b multiplies each pilot symbol with the M chips of the orthogonal sequence {w,}



overall (k) is updated based on the channel estinmate obtained from
the data synbol estimates, and the updated C p"ran(k) is used to
derive new data synbol estimtes. The data-ai ded channel estimation
techni que nay be used for all pilot schenes, including the TDM and
CDM pi | ot schenes shown in FIGS. 5A thgpugh 5D. [95] FIG 9 shows a
bl ock diagramof a transmtter 910 and a receiver 950. For the
forward |i € pilof apd piovidss M serledspifnd symbsls.a Apsiemet H260mmmrtte seadoei data
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termnology. [96] At transmtter 910, a TX data and pilot processor
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ant enna 93%4queneg i semeraierbiRBYAgsmbolan ant enna 952 receives the

transm tt eghrgpgnalpr@nd 18r 9\wie [EASGIAY ' Lyer unit .
(RCVR) 954ﬂ)con%i t;Fons (15 g., fié] ?’g S, arrpsiiﬁ(il}f:1 |%2§3PP§8%§%§/%’ whith is
downconver ethessehbddigient 2e8§-HINGA rmeadl ayerd 36 ig TAG. £0 Withie maddalator308am

of receive SC- FDVA denodu or. 960 ,progcesses the )
recei ved s%lnpi eslhlgﬁélzggtp ﬁg?gnsr %Tbgﬁ%‘% 'gg{qa?ns%ﬁﬁlﬁg‘a];ﬁﬁlure’é@e%éﬁafﬁﬂ?tot
synbol s. Asyitminel obest bxequehée PI0TRGENEY-A8RaklNbER. 3 SRABEISH-subband-

esti mate based 3‘3 %he reﬁeh\ﬁ?d pil ot synbol s. SCFDVA denodul at or 960
performs B8R 242t SipPSing R Iegieary, demain symbglstunte the Nhsubhands Hserh &

estimat e apghsRi@Nnds syba ' i.ve ( at.a
processor 970 syrrbol%de SIE deéi llr?tglrﬁ’fbglrag\'ic;élg%sthglnd‘J’zl%ecgdgs Tﬁ%“’@%‘f’& An
synbol est Frdt wit 36 perbwindes Kewid dEBT dat the K sygbolefadm nidper 1124 and
processin A - e | at.or 960. and data processor 970 is
conpl enent?%l{r%ld%ga ?ﬁ%ﬁ?@ﬁgﬁpﬁgown@pf? ?hﬁ?ﬁ’lﬁu&ﬂyﬁwﬂ B @engryorrid 28
data and pigpetdspraycléspefix 82(e oiRERSEbbVRhYencto éﬁ%&rﬂntﬁﬁﬁm]sgmboi. 98]
Control | erﬁ) ﬁéo a{ggq;ggngdl rect the_ operation of various processing
units at tWARNi  FEF- Boshona ableckidiagrany ghan $EIHREAidpaiogulatvr AGlay whitht s
942 and 99¢ af tAHEIREROS AN ndAEA d
e B pEt” 9 i b 80 R TP

990, respectively. [99] FIG 10A shows a
and pil ot Pilobedsses. Wikin SGHIBMAIdsmadulewbdeare nycliof prafi:osasseir u@221pn

HG 9 .and . f . T ilo mes., Wt hi rocessor
020a, trarfie dara rdietenh f de el A Bhoell 4 ahrEapee myow

i nt er | eavemitl(l4 remacs tappiede ramsai ccls yotbivké HIYMVR. 5ARQ] TRERAS 434 6-
A pil ot gergﬁg%logna%o é) ener otes?q;(y:va{a %ynbolcs, e.g., based on a

pol yphase sequence’ t PBHAXE Papracy coxingervessien Mirm iR dxes

the data sysddehd VAtdeniudeplBidr QDeEVRP LI BAsRLs ARk rg%]]a
provi des a st.ream Qfagﬁdll?ﬁ) pl exed dgjt)a and pi Is(')t syﬁ%’gfﬂso.? t1 4!’:%

10B shows BrOVifis cTecefy (4% BfmbelsTse amteanalizar BPBGandr preiieo me@2@H, pilot
which is ?ﬁﬁlbbﬁrto pRRe %at&f%@{/w 59 "estRalol 956 b%’b\gg ata&%al%? zéstgtgqtta

used for e CDM pil ot schenes. thin processor
i s encodedaisd @nikedencived piot §mbstd, egy esinpyhd MMSE enlast-shds teohidque.

d ... . ltipli
ol pl i o2 L AERE R Xl TR BR Fe.ted, Aol oo el channe

estimate in the time domain or the frequency domain and provides equalized data

symbols. An accumulator 1232 accumulates equalized data symbols corresponding to



1024b multiplies each pilot synbol with the Mchips of the orthogonal
sequence {wp } 26 for pilot and provides M scaled pilot synbols. A
summer 1026 suns the scal ed data synbols with the scal ed pil ot
synbols, e.g., as shown in FIG 5C or 5D, and provides conbi ned
synbols. [0101] FIG 114 shows an SC 1,95 MA nodul ator 930a for NDVA,
which is an enbodi nent of SC FDVA nodul ator 930 in FIG 9. Wthin
nmodul at or ®8higle gopiespef ithe oywmgniransmitied datp esymebohrandr prpiviveks  datey wpmbel
of dat a/ pi éscah_‘a&mbol s Stimes to obtain an extended sequence of K
synbol s. A"phase ranp unit 1114 applies a phase ranp to the extended
synbol seqifdtvie t BIGIZH diversa Hookalireray of reSG/FMA deagdente 966b, didhut

nbol s. Th p i s .detern bband set d f
Y e i BrinRia: b Rens ot R RHBar 960 0 TS oS Sat ey Doyt 6 (e ML
to the fregmag\ilbt &hshsd. edoHNAl dSRAYRRE 6D HIERRE %tcﬁtaa&ah{%that

synbol . [0102] FI'G 1113 shows an SC-FDVA nodul at or 930b for
which is aieerveesr thentreaimited dofa SEnBMEndoe Wikt cchagddizem tiak Gecers the

Wthin nmo z Hauni ; N-pohLat . EFT. on _an
or i gi nal - soiied PP Bt P b SRR 8] HapRaht D0RE mulifehe
frequency- elapmiof wxnpls with Sgnbiobhipoof Wb and "&HRebnal 1sdqudiBd St heanlt
frequency-domai n synbols onto the N subbands used for transm sSion -
and maps KproviNgsz sqatedsgatb slysibolst o Anhescurentaioni 1286K acdunsulitba Ml scaldh dhfaFT
unit 1126 perforns a, K-poi.nt . LEFT an.the | C synbol s fr.om mapper. 1124
and provi d%énbgﬁsfglq%agﬁ?@&(ﬁlaﬁi fl?t%}-’r%%)orlrﬁ? P@ﬁid%%i‘ &Giveg daa s g@c :FPE&‘G
prefix gengitoatiomndik2s aanugpils 1224tyabliglidy teé bitphioiufg: 1044 Rith 18 NRAlps
sequence to generat e an LFDVA synbol. [0103] FIG 124 shows a bl ock
&3

di agr am of ofathe sidotrihmserahseqneasiolwdoand piatideh M scadgsd pitds satinbelatfonéach
denodul ator 960 i.n .FIG 9 and may be used for the TDM ] FDVA pi | ot
schemes. \WARRHed@lpHRvERALBHGh steqccupiated by apacremplaier 12265 ionbigin 2

unit 1212 feedRdgsiol BEnBA Thi f i Saa1hol eFR ﬂg\ﬂﬁ’ A
phase ranp r_erm;qgl Eﬁlijt 12146%%%%2&?%% phagg ?g%ﬁ{éﬁgsg C S?%%%?\L/netd
1FDVA synbsits Wiien pHadOMAngemedulaier 96Rby islas oddseritpdr flmverefbr bSC-FDAIA
frequency &éﬂi’éﬁﬁ]ﬁf&‘%(@i on fromRE to baseband. A denultiplexer (Denux)
1220 receives the output of unit 1214, and provi des received data
synbol s t d0#§]equBlG.A8A <hadB a bhml dppeivi ofs SEEFOIMNA depiblifhoS¥6TUROKEIch O
channel estig&t Oth 9@?{8& Channgl estimator 9 derives a channel

esti mate HALES"OH® AEREtPE deppquatorsiplin FIC. Langt may, be pepddretha DM or

| east - squarFEMBbasionbheses. Equaih ZetFiivMAGRauiRidi®s lcB@ b e
recei ved data sgﬁrrbol S vvic?h t he channel estinmate iga;%@ctﬁ? bﬁg(g%?%aﬁ]or

the frequeliyl3dsaaneveatle pcioipaeix loryaamhi reeaivedat BDMArbohtol. Am FFT unit

accunul at o 1 I Q cortrespondi ng.to

7 il pt 24 eor S Tbe Ak BT B LM AR LR R o RSP A

dat a synbaindepovides &s frefj0ar@yideingin ¥2fess hdwssubbdildaosyahbelg damks anis

SC- NDMVA d t 0 ich is another odi nent of ‘denodul at or

960 in FI %g&g’%gﬁ’§%n§§‘%‘ne§%§gﬁwé’ﬂf“%8f%%§ Pﬁ ERGY-Bmaip yalgessfor the N

SC- FDVA denbisiatinted f96Mmsmisidnasd discadaihe E@rﬁﬂﬁiﬂg@équtahwtdc%ﬁ?' VAhe.
at recovers

t he trans:gd{{r.ﬁz_ﬂ, dat&gynbﬁfgl s and a . pilot channelizer

the trans'tted B bt SHFHEENS 20 NopointdE Toen thedf diearericyiomain yalues ifsim er

1224a Ml dephirs 18 1RaUipBVIdeoN MiiedShtbolt (A AREMERE PEPLANS Hat 2
ed data“synbols. yixe

orthogonal sequence {wd } and provides scal
accunul at GRPYLoBHItE 8nprodides rensiveshdasaisyaettods wyamtrghalieoi 33 atd provides

transmtt o SV i cglved sy.rbol . For the
o1 ot chanel oo BIovARRLIs A0 S R O ReP ob Pl Bl oitisth st aien
1214 wi t h onhibe baehviepsdatef syrholpiih dhe tmthivgenalor 38 $RHERCH dadN dith a
provides Ma?n%gll e%gmgtlelfg[m &%’a%?&'eﬁﬁé%& 968%Car111d provides data symbol estimates.

)

[0106] FIG. 13B shows a block diagram of an SC-FDMA demodulator 960d, which is
yet another embodiment of demodulator 960 in FIG. 9 and may be used for the CDM
LFDMA pilot schemes. SC-FDMA demodulator 960d includes a data channelizer that



transmtted pilot synbol, which are accunul ated by an accumul at or
1226b to obtain a received pilot synbol for the transmtted pil ot
synbol . The processing by subsequent units w thin SC FDVA denodul at or
960b is as described above for SC FDVA denodul ator 960a. [0105]F G
13A shows a bl ock di agram of an SC- FDMB8 denodul at or 960c, which is
yet anot her_enbodi nment- of denodul atoy 960 in_FIG 9 and may be used.
for the Tﬁ%%&%ﬁi%ﬁ““é@ﬁe&%@.symhi Ands@. pitnnchreneiier dher Tgenes the
cyclic prefxsniiesyddt symbbls1 IR theeamy @ Vit i 124 F s

recei ved LFDVA s ol . yAn P.F1l unit 13%%%1%}5,0;5}%&153%%%&&&%&%@%
LFDVA synb@nipas @%WFIémﬁvléllS atith the M bips of fireedataomingopal aipatese Kuw,} and
frequency-domgj n val ues. A u?band-to-synbol demapper 1316 recel ves
the K freqHEN §§6ﬁﬁ$ﬁa@a§y@§3§,s'pr‘éé\/??fé‘§lui@tqfr EH%e respuigelates Mvssialgd sdaar

the N subbafisisord/fof dadiGankiy e B3l RBol @g%é&}gcge%g&géeﬁe'&%a esgg':ibﬁi.%rﬂb%

frequency- di n values. An | FFT Unit rforms an
the N freqbsichannshzarre waltipher F2dhnudiiop e ob {6 oBIRFTRMEVI3AR Svifh the M

recei ved syhol A.d | tiplexer 1320 receives the output of unit
1315, proviHeLof Le b ez B STisFE 1ol AR BifMer D6 scalsbpllot abols for
provides r [ i . l.s . 1,0..channel esti.mator 980. Equal i zer
1330 perforgéri:g1 t};&g]ua #e?géﬂlog)r% oﬁOIt ﬁ%hl?}ggr& Qfgﬂmﬁéfegr%yﬁ%&@mﬂaff)ﬁéﬂﬁw
domai n or bbteinfa exgeisad yilologymitol \fbd thearbanRa! piks kjmBdle Tﬁ@??o%&@ﬁ&%edy
estimator 980 and LB{ioviqjes nmbol ~estimates. [0106] FIG 13
shows a bl SEREHFRGHNTH Of lﬁﬁﬁéﬁ%ﬂ%@%ﬁm 26 Qs isos0descrifted cabore fare$C-
anot her enBpuiABshoRiatsleapeul ator 960 in HG 9 and may be used for

t he CDM LFDNAHgi | ot schenes. SC-FDVA denodul ator 960d includes a data
channel i zeW1PRat Thg pHecEnsmissioneandr charnel Eestidativat tecksyquiss |dsscaibed Aerein

pi | ot changgl ifjeefniih Ve ansni ti.ed,pi ot symhols. For

t he data c%girfmﬂésl {mzig%]?énééﬁ tip F%?ﬁﬁémgﬁ (Sr?u%)%iﬁtﬂlgeti‘estehge\é'wﬂﬁft mgy be

| FFT uni t in@i@nenitach it therdwachi peftvate,t bre adedmbinationogeral. Seatenagawd )
and provid d data_synbols. An accunul ator 1326a accunul ates M
scal ed dat %ﬁl&ﬁn%%ﬁl "t gl}e Bé%ﬁ“mga}%aﬁiﬁ {558 Iy ZEBETE ) trammib rfo pilefe 8t &
recei ved dadramityenifel., ebell of e Piock@king AN ehdwEY thRhbg 133358
mul tiplies the out pL}I of | FFT, gﬂr?i t 1%%18 Wi th tﬁ% %Ggﬁ?ptgfygkﬁtlﬁ%, élr Pot
or t hogonal C@ﬁmf’é‘% Ol H5 Proseiingr Bt ewax bec inplampittdtwighinbares of anore
each transgplitfen Bhdcdic ; ANV al . by a .
accunul at Z?pll3261tl)§!t)(§ ocbltﬁ baél_girilm%'(aj1 Cgl\ggietft\%sgba” ?%?Ms@y@%%%?%%? EESPS)’ digital
transmi tt densl | mecessing ofeviceh e(QFRIYs progatyalsie bgipu eBticesi (PEDW, t HéA
SC- FDVA d Ie1Ro s dJ S i bed above for SCFDVA denodul at or
960c. [Olg‘%@'w plgjlﬂo%g r.aaﬁ%ﬁsgiﬂ:g%&%hopr@??ﬁ??ﬁ%l cguireliery | BHcroenEelifie s
descri bed heraprovessag, lbizciroqit eireitt€ ol SladtioRleS uiRABSignEa to e

t hese techfni qlllsj?es na}é]i%fhi rrﬁl enented .i n hardware, software, or a

conbi nat i GR ¢HET d&F FeHa Ol Rt B GinAtioa (fBereeft | She prasessprzoumtssised to
uni ts usedpetforgeRenal @tidagor &3NSkl ' pter (e.g.
each of tﬁbe I%E.OCGSSi ng units. shownI ?ﬁng@b%%@?%%%ﬂf?ggn %\9(051190&
conbi nat i gt G PIRS, ?}P eNigeind 89 omay be i npl enented within one or

nor e appl ifgaggion b fehbnrd B igcuits (ASICs), digital signal
proc essors[ ?’S%Ps )Mglp%({ﬂt‘%ré gﬁk g%{aﬂ%%?%%etées i%ler?émaé?f’i TEY )b?lil)@'@ ented wi
pr ogr ammatinalufes de.g., peagedues, (RicBohs, dhil b dbnp teg hammabiie fatend Eaysed

FPGAs) , ntr.ol ler icro-controllers, mcroprocessors,
(el ect rz)ni @1@%@@?@%&% SRTerdst @3¥§8ﬁ{g63 iatl’s"cra%@’i"@ﬁe(&gb@lqug grinS¢her

functi ons 982 scFItheé)l ahe exdcnted b PproRiirTak), eshitdier 64 or 9-592 &5?&%3_%; ng
units useq fo ELEie?rf.orm chagneL_ eﬁtl mation at a recelver gy al S0 be
i mpl enent SRR RF FREBRRCYPD RPiR thsprosesspigpsxtealebiotthopiocesd@vi ces, and

is (r)rp log - L?gg)ﬁ)\},?mfﬂ] The YRR 08scHiFRbE BEMAE Ak BBbd ol GG, qUes, By ega%le

any person skilled in the art to make or use the present invention.

Various
modifications to these embodiments will be readily apparent to thoge gkilled in the art

and the generic principles defined herein may be applied to other embodiments without



nodul es (e.g., procedures, functions, and so on) that performthe
functions described herein. The software codes nmay be stored in a
menory unit (e.g., nmenory unit 942 or 992 in FIG 9) and executed by
a processor (e.g., controller 940 or 990). The nmenory unit may be

i npl enented within the processor or expernal to the processor.

[ 0109] The Erevlou description of the disclosed enbodinents is

provi ded t GeRATAME Eomrihe pRFt ehsceRs Pf B ipventige Fhus,tthe puekent drvenien ishot
present i nyegid [ b d Gk . dj HR e
Feadily apm e o e P R8T RRA Snhoitec?
princi pl es sehpe coraistens mathrthapnncipdesapp nbedl featuredt disdlosedhediment s wi t hout
.29 departing fromthe spirit or scope of the invention. Thus, the
present invention is not intended to be limted to the enbodi nments
shown herein but is to be accorded the w dest scope consistent with
the principles and novel features disclosed herein. 30 CLAI M

1. An apparatus including: a processor operative to forma first
sequence of pilot synmbols based on a pol yphase sequence; and a
nmodul at or operative to generate a single-carrier frequency division
mul ti pl e access (SC-FDMA) synbol based on the first sequence of pil ot
synbol s, the SC-FDVA synbol having energy on a sel ected set of
frequency subbands used for pilot transm ssion and no energy on
frequency subbands not used for pilot transm ssion. 2. The
apparatus as clainmed in claim1l1l, wherein the nodulator is operative
to generate a second sequence of pilot synbols based on the first
sequence of pilot synbols and to apply a phase ranp to the second
sequence of pilot synmbols to obtain the SC FDVA synbol



3. The apparatus as clained in claim2, wherein the nodulator is
further operative to use at |east two different phase slopes for the
phase ranp in at least two different synbol periods to transmt the
first sequence of pilot synbols on atééeast two different sets of

frequency subbands. 4. The apparatus as clainmed in claim1l,
wherein the nodul ator is operative to append a cyclic prefix to
obtain the SC FDVA synbol . 5. The apparatus as clained in

claim1l1, wherein the pol yphase sequenggvas a constant envel ope in
time domain and a flat spectral response in frequency donain.

6. The appayatus, as claingd.in claim1l, wherein the processor is
operative to fort ZPFREEEClNdfSience of data symbols, to multiplex the
first sequengecesdor a@tativesty it afirktReqmerdce bSjilosyyrbok bixed brodpolhshe k@uence;
nultipI%x the first sequence of pilot synbols in a second synbol

peri od™" 7. The apparatus as clained in claim1, wherein the
processor |smomatabpargive @ deoerare asifigle-sdrrigdgpencedivfiodatiédpls yerbs|(SC-FDBIA)
mul tip t first f. DI it he first sequence
of dat STEghaG b ot EANEREE: B ol A ORA NP i 3L p R E BN
pi | ot ssyefifzheency subbands @ed Phpilod ppamisiosando chagynmdraqnrency sibbands nopheed irn
the pr ks operative to forma first sequence of data synbol s,
to nul@ﬁ@ﬁégéﬁga}irst sequence of data synbols with a first

ort hogonal sequence to obtain a plurality of sequences of scal ed data
synmbol s, t o mul tyipRlayatad af bififtled FRMNE D CPheRlin ML HBhu AR TOMHeRitiverd péield £
second orthogonal sequence to obtain a plurality of sequences of

scal edsepidstauenrRBOrIW! syarels Pised enihe fist seprengs of pletisyrybobf ang Expipaly @ @Base famp
scal edioiatsteond Matdnse ¥ bt shRBo1PloWwhlil he/s@fprRodsBaes of scal ed pil ot
synbols to obtain a plurality of sequences of conbined synbols.

9. The apparatus as clained in claiml, wherein the processor is

](c)per ative tpn f Or'l;ﬁlegpﬁafalhﬁfas ﬂﬁilﬁid@ﬂl_(iﬁri]rﬁt, w?_&l‘e’in &Y ol for i RirtAdtlopdralve td 3@ at
irst sequence of data s s,wth a first orthogonal sequence taq
bt i o SEGIGHELP R Loust Bh AR SR e FORRT Py RER PaEnsrit the
Sequentixet seduepdelof pilcs yymti@lson i fedst @rosiEfitepmdseordf regemalsuisandience t o obtain
a sequence of scaled pilot synbols, and to conbi ne the sequence of
scal ed data synbols with the sequence of scal ed pilot synbols to

obt ai n a sefuenciheceppaciusivs vla@dhed invindh $, wherein the mbQulatdhgo@ppes abpsnds

cl ai ne cﬁﬂm§§§g§g$nﬂ%ﬂﬁﬂﬁ&ﬁA@%&ﬁﬂsy”b°|S are sent on a second set of

frequency ‘s s containing nore frequency subbands than the
sel ected set of frequency subbands used for pilot transm ssion.

11. The appar at ug, Qﬁpapaltlﬁiayagrrxie@in%a% m wherein the polyphase sequence has a constant

envelope in time domain and a flat spectral response in frequency domain.

6. The apparatus as claimed in claim 1, wherein the processor is operative to form a first
sequence of data symbols, to multiplex the first sequence of data symbols in a first symbol period, and to

multiplex the first sequence of pilot symbols in a second symbol period.

7. The apparatus as claimed in claim 1, wherein the processor is operative to form a first
sequence of data symbols, to multiplex the first sequence of pilot symbols with the first sequence of data

symbols, and to provide a sequence of multiplexed data and pilot symbols.

8. The apparatus as claimed in claim 1, wherein the processor is operative to form a first
sequence of data symbols, to multiply the first sequence of data symbols with a first orthogonal sequence

to obtain a plurality of sequences of scaled data symbols, to multiply the first sequence of pilot symbols



wherein the nodul ator is operative to transformthe first sequence of
pil ot synbols to frequency domain to obtain a second sequence of
frequency-domain synbols, to forma third sequence of synbols with

t he second sequence of frequency-dona%g synbol s mapped onto the

sel ected set of frequency subbands us for pilot transm ssion, and
to transformthe third sequence of synbols to tine domain to obtain a

f our t hysieaLesRRrBd 204 kRpincs W HBRISSa Elﬁl’éh& B?seéQnEePM%cﬁ Rt symbols, and tol 2
The apparatus as %alma in claiml1l, wherein the nodul ator is

oper at ?W‘ﬂe@%ﬁ@ﬁﬂ Ofée%‘S?quF gf sﬁ‘i‘l%# ‘?af@ sygbelswith e PlPﬁ‘h?{é’éi t‘if‘éll"\“r?é"'~°’c5’l‘c sc3ls ﬁl‘ﬂt
synbol gmibels edbadina pitelipes ebMics ypiddbined symbols. 13. The apparatus as
claimed in claim 11, wherein the pol yphase sequence has a const ant
envel ope in the tinme domain and a flat spectral response in the

frequency dbnai IThe apparatus ad daimété RidRa Wlicikin M8 potBicTBhperati@li@iofh 3 Hirst
wherein data nbol s a a seco set of fr. ncy, subbands

oont o e A B e By N S R R R B bubir AG T S PR e
su bbantds:blumeadec[mmcepf $ooled tlz{tmym’mbls,sm omltlply the first s&@cnc?hépimpmroats sisthaSecond

cl ai med sor tive to for
a s equ%rltjllgéonalfse%].le{lce to obn%m pe sequence ofnscallc%cf3 pll%{ g \% 5, aicl)dn 0 r?ﬁ me g seqlience off scalgg

sequendn sombaatvah gy n@mtrste af'ﬁdaltdnabf $ymdbls Smfﬁmmsthcqnf Icmnblqurmmbcss and
32 wherein the nodul ator is operative to generate at | east one
SC- FDVA synbol based on the tinme division nultiplexed data synbol s
and pi | ot s¥bolBe apparatus as glgmednesleap pawlzerais datessyabels aredent en Ticadndsdif

wher ei e Bé’lﬁfz RIb8fae §c91'iaxdzrfg AHE Fr@c?deé(é?r shibaftdlaloh me%ée&éa% { df%%neﬁ%%ﬁ& Rdd

pilot synbols in a first  synbol périod and to multiplex the sequence
of dat%f§yﬁﬁﬁﬁ§wﬁﬁ‘a second synbol period, and wherein the nodul at or
is operative to generate the SC-FDVA synbol for the first sequence of

pilot symbols in the first synbol period and to generate a second
SC- FDMVA synidol  fOF apmsens abtiaiieeinglai@dt a synbols in the second synbol

peri od. whereinlthe mEh‘lﬂat@ﬁ@é}:re&hUéto@‘énsﬁdrﬁﬂ tHeEEkstisBquehcd b MpilkDsymdbR i Eirdutda

proces is operative to nul he. se nce, of data s
P 1 e g B e SR sshare BT ar e T B B CCah R S SO AR B
synbol wigdethe &dond&&ﬂxeﬂd&(bf Béquertchaomaid yfratiol mdpgedner thd deletted et gﬁﬁq&@tﬁ t he

?}C/:;Tlgo suBga)AErb uaed tfor pllott gansrmsswrll erme 6% nJﬂgrL]czlge tﬁflﬂ"cg segl%%% 0%%%%3%0 ];il%le dén%'n to

obtain a fourth sequence of output symbols for the SC-FDMA symbol.

12, The apparatus as claimed in claim 11, wherein the modulator is operative to append a

cyclic prefix to the fourth sequence of cutput symbols to obtain the SC-FDMA symbol.

13. The apparatus as claimed in claim 11, wherein the polyphase sequence has a constant

envelope in the time domain and a flat spectral response in the frequency domain.

14. The apparatus as claimed in claim 11, wherein data symbols are sent on a second set of
frequency subbands containing more frequency subbands than the selected set of frequency subbands used

for pilot transmission.

15. The apparatus as claimed in claim 1,
wherein the processor is operative to form a sequence of data symbols, and to time division

multiplex the sequence of data symbols and the first sequence of pilot symbols; and



18. The apparatus as clainmed in claiml, wherein the processor
is operative to forma second sequence of pilot synbols and to forma
sequence of data synbols; and wherein the nodul ator is
operative to generate a w deband piIo%zbased on the second sequence
of pilot synbols, to generate at |east® one SC- FDVA synbol based on

t he sequence of data synbols, and to tine division nultiplex the

wi deband pi JgkeiRihe mol@atddtis bRAsilve RBncale &TIMA o8y SRODMA symbol baded-on THeRime

apparatus. as clainmed in claim 18, wherein the processor is operative
to forfheRemeliplsig deRgymtnd PIisYBRolSsynbol s based on a pseudo- r andom
nunber (PN) sequence. 20. The apparatus as clained in claim
18, wherein the dul ator is operative to generate at | east one.
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( LFDVWjirsssytidande off pilot kyiebotsan i 6RC8mBb] @dAbdans yorhatislex the sequenc@df. dathR@nbols in a
appar at us .as_cl ai i

din,claim1l erein. the w deha il ot i
o er S TR P oud W P el BBt B rel RS el iy i
at I ealist soqendztof gitot tynatosnn tht: @irst symbol perio@éhd td gaaeraqa[a_aecahmsc_aﬁmﬁl aimeldfor
in cl Q&%Qé MHQEFE%P$%%n w%gg%?gwg% ot s tinme aligned with at | east

nge 11 .
one ot her \w deban roma S'8he other transmitter.
23. A nmethod of generating pilot in a conmunication system

i ncludi ng: |33 fQL gmgagg af bikiftea REAMENS Svi@leiRhd })ce&xm%&m ??oergulgé]'ey?the
pol yphase sequence; "an generating a single-carrier frequency
di vi si waventd afidpih evyzholsaadthe Gt rONVAYe efprivichmbrdsio diffsrent fampkeipesads 9bapyenhele
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of frequency subbands used f pilot” transm ssion and no energy on

f r equetidyiata supekder thotymbsldgiehbr pil ot transni ssion. 24. The
met hod as clained in claim23, wherein the generating the SC- FDVA
synbol includes generating a second sequence of pilot synbols based
on the firsW‘sedﬁ%ﬁ@@“ﬁFa%ﬂPBFd§VWﬁBﬂs, and applying a phase ranp to
t he second GIREHICINE frobdssdpisl PbraEndbs a b omiteqienceldh BilePSrIMANS VIO a

sequence of data symbols; and

wherein the modulator is operative to generate a wideband pilot based on the second sequence of
pilot symbols, to generate at least one SC-FDMA symbol based on the sequence of data symbols, and to
time division multiplex the wideband pilot and the at least one SC-FDMA symbol.

19. The apparatus as claimed in claim 18, wherein the processor is operative to form the

second sequence of pilot symbols based on a pseudo-random number (PN) sequence.
20. The apparatus as claimed in claim 18, wherein the modulator is operative to generate at
least one interleaved FDMA (IFDMA) symbol or at least one localized FDMA (LFDMA) symbol for the

sequence of data symbols.

21. The apparatus as claimed in claim 18, wherein the wideband pilot is pseudo-random with

respect to at least one other wideband pilot from at least one other transmitter,

22, The apparatus as claimed in claim 18, wherein the wideband pilot is time aligned with at

least one other wideband pilot from at least one other transmitter.

23. A method of generating pilot in a communication system, including:



25. The nethod as clainmed in claim 23, wherein the generating the

SC- FDVA synbol i ncl udes appending a cyclic prefix to obtain the

SC- FDVA synbol . 26. An apparatus including: neans for formng
a first sequence of pilot synbols basgg on a pol yphase sequence; and
means for generating a single-carrier“trequency division nultiple
access (SC-FDvA) synbol based on the first sequence of pilot synbols,

t he SC- FDMAosyippolirsh@yieRG: o2 pis: Symidls taseddh @%@ﬂla&%q‘feﬁcef faquency
subbands used for pilot transm ssion and no ener(%éTFD frequency

subbands nofe"¢iaEE aﬁﬁlﬂleﬁﬂ“&& freapenqy fivisiop gyltiple access Mihsyapy ased g thss
cl ai megksi s@q&h@l o piZdR sy HdE] @b BCIFADRIABANSI Ha0ing g@a@r@tal sBigetéd et oPErelievly

synbol means for generat S d se nce of pil ot

synbol ?Bgaﬁﬂ%‘&e‘if?r Pifpd rPSPSEOR B T HRER YT #b?qg %‘\;%QT ot “%Hgo T RES g nRigsion.

appl ying a phase ranp to the second sequence of pilot synbols to

obtain the SCGF aratus C

ol aim 26, viler oi HerREoRBLmPLR ik e abriy TR SR RSB me

i ncl udasludmsans for appendlng a cycllc preflx to obtaln t he SC- FDVA
urth

synbol . 29, R s g d|n
means for f e}lerﬁll}ll,]n ] aslgcsoxé@se ence offpzlc% s?rgbols ba n%e% on the g sequence OF pllolt ul

applying a phase ramp to the second sequence of pilot symbols to obtain the SC-FDMA symbol.

25. The method as claimed in claim 23, wherein the generating the SC-FDMA symbol
includes

appending a cyclic prefix to obtain the SC-FDMA symbol.

26. An apparatus including:

means for forming a first sequence of pilot symbols based on a polyphase sequence; and

means for generating a single-carrier frequency division multiple access (SC-FDMA) symbol
based on the first sequence of pilot symbols, the SC-FDMA symbol having energy on a selected set of
frequency subbands used for pilot transmission and no energy on frequency subbands not used for pilot

transmission.

27. The apparatus as claimed in claim 26, wherein the means for generating the SC-FDMA
symbol includes

means for generating a second sequence of pilot symbols based on the first sequence of pilot
symbols, and

means for applying a phase ramp to the second sequence of pilot symbols to obtain the SC-FDMA
symbol.

28. The apparatus as claimed in claim 26, wherein the means for generating the SC-FDMA
symbol includes
means for appending a cyclic prefix to obtain the SC-FDMA symbol.

29. The apparatus as claimed in claim 26, further including:

means for forming a sequence of data symbols;



means for tinme division nultiplexing the sequence of data synbols and
the first sequence of pilot synbols; and means for generating
at | east one SC-FDVA synbol based on the tinme division multiplexed
data synbol s and pil ot synbol s. 3430. The apparatus as clai ned
in claim?29, wherein the neans for time division nultiplexing the
sequence of data synbols and the first sequence of pilot symbols

i ncl udes rrelaéuas foeﬁmeulkz;sioﬂhm RGing AR sbdubsde 0B @AISHESs Ad R HirotseMRIRQ Filot
5 means for multiplexing the sequence of

inafir Zygb peri od,

data s n a second synbol peri od. 31. The apparatus as
cl ai med i n ﬁéaakmg&,erawfgem Biadt ohdSC-FPRIMISsyind6] Yascd®n e ViirRidBmsidilidl fif}éx@ X HAg
t he segg%nf <P 1 at synbols and the first sequence of pilot synbols
i ncl ud&geoms ancpro 85¢ or nul tipl exing the sequence of data symbols
and the first sequence of pilot synbols in di fferent sanple periods

of a symbol 30P€r I a[tus as cla1med k] HBBQr ertin the Faﬁlglf'og_ggng Idlrvisg)fn mu?tiplexing

denndulator opera | fecerve A reast the
f r equethe yequéneé ofidota symltotls aoH Gredictt egsencSE HBMAnbgly imblofiesvi a a
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sequence of gener onh a po ase duence
and to proc@ggs&hemephﬁea§$S@MGWSGPBWAwevaGMSﬁ@ﬂ@b&@dﬁmnetelved
pil ot synbols; and a processor operative to process the
received pi|lot symbols to obtain a channel estimate for the

comuni cat i dn chidapdaratus as claimed @ clajh @9.gyhseerethemseams for Hae dwigionmudtindixime

32, whgged Genw@fdﬁia@ﬁﬁm%dk}&fﬁ’s@%qﬁédcé’éfﬁﬂgt%Bblyﬁqcﬁdécsrequency response
esti mate for t he comuni cati on channel "baséd he recei ved pil ot

synbol s andm2gs @eppiiglesng g srquence ﬂ%rassenw%eérﬁ@é"ﬂwquﬁﬁﬁ af wilgt syprhels in

comundifratht QAo FR0ad orRagbl piticihe frequency response estinate.
34. The apparatus as clained in claim 33, wherein the processor is

operative to filter the frequency response estinate. 35. The
appar at us a®. c| airwpgarktos iatlading: 33, wherein the processor is operative
to filter t h(femogiﬁzﬂor operappe"icla rse%e1€ee§ Pe%sg%ge selr?g e! gzri?'rger 'frequ%r?cy division multiple access
(SC-FDMA) symbol via a communication channel, the at least one SC-FDMA symbol including a
sequence of pilot symbols generated based on a polyphase sequence, and to process the at least one SC-
FDMA symbol to obtain received pilot symbols; and
a processor operative to process the received pilot symbols to obtain a channel estimate for the

communication channel.

33. The apparatus as claimed in claim 32, wherein the processor is operative to derive a
frequency response estimate for the communication channel based on the received pilot symbols and to
derive a channel impulse response estimate for the communication channel based on the frequency

response estimate.

34, The apparatus as claimed in claim 33, wherein the processor is operative to filter the

frequency response estimate.

35. The apparatus as claimed in claim 33, wherein the processor is operative to filter the

channel impulse response estimate.



36. The apparatus as clained in claim 32, wherein the processor is
operative to derive frequency response estimtes for SC FDVA synbol s
sent on at |east two sets of frequency subbands, to derive channel

i mpul se response estimates based on tg; frequency response estinates,
and to filter the channel inpulse response estinates to obtain an

ext ended channel inpul se response estimate having nore taps than each

of the chanfiel |iTRUbHE:ASOANRAREirCH it BB rein the processobib-opethtfre &PRALAL US
as claimed in claim33, wherein the processor 1s operaglve to retain
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estimte t us as clained in clai m37,
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spectral efficiency for a data transm ssion via the comrunication
channel . 39. The apparatus as clainmed in claim 33, wherein
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40. Théwapbamab@$ﬂ®m$m$mnmemZﬁnscIaln133 wherein the processor is
operative to retain first L taps in the channel inpulse response
estimate and to set remaining taps in the channel inpulse response
estimate to3¥zer odie apiheaie ag clhimedin dain dgerhershehoprogsents eperative to select tife] |
The a%@&e%ﬁﬁeﬁ&n%@df%g basBd &'l e@éléﬂaﬁ%xno}é@ %{deih{%r e%% Q pe'c§a1
operative to denultiplex recelved nbols 1nt | east” one SC-F
synbol effigignsy fos @ Spty denseissian i %@p@mawepup@el@meéd p| | ot synbol s.
42. The apparatus as clainmed in claim32, wherein the denodul ator is
operative to praocess the at |east one SC FDVA synbol with an
or t hogonal Yequeh€PHREUS 31 tlgfied B Sim a7 VherE: theriiessais gpyrdtve & /aig taps in

43. Thge appa ﬁlﬁ;ﬂﬁ;e asSpdibeddstibale EdeddingiaPrediernfiatiiledhold A6d AétRGRaidRk taps in
equal i lve to equalize received data synbols based on the

channef™® 8§P$ er“pmmeeuﬁﬂecﬁﬁ@sapparatus as clained in claim 32,
wherein the processor is operative to derive the channel estinate for

Lgﬁngomn :’lllfb?r;[,l Irnol:flrggh%lgglﬁ gs (galgllﬁ 31 rC?aCrR/?/gE{he%gll Wr&%‘sﬂsor 18 §%ﬂ¥atwe to retamg'%st L
The app@eriatheshasel dhailsseaponse estimatmadPto set remainingvagsrie iha chanee] depnisd udspdmoe
is ope&%h};% Zte% r@n% 'L%’x‘?aﬁ ﬁgeg?ftong glanbt%ategne SC- FDVA synbol i ncl udi ng

data sy s and on a selected set of frequency
subbands, and to tlne leISIOﬂ demul ti pl ex received synbols in the at

| east one SG- FOMA\e SYIIRRL ad Qlifhed BCEHN Y WiRfeth Ry IRk BNdofefiicL ¥ed
pi | ot synbol s.

demultiplex received symbols in the at least one SC-FDMA symbol into received data symbols and
received pilot symbols.

42, The apparatus as claimed in claim 32, wherein the demodulator is operative to process the

at least one SC-FDMA symbol with an orthogonal sequence for pilot to obtain the received pilot symbols.

43. The apparatus as claimed in claim 32, further including:

an equalizer operative to equalize received data symbols based on the channel estimate.

44, The apparatus as claimed in claim 32,
wherein the processor is operative to derive the channel estimate for the communication channel

based on the received pilot symbols and using a minimum mean-square error (MMSE) technique.



46. The apparatus as clainmed in claim 32, wherein the
processor is operative to derive the channel estimate for the

communi cati on channel based on the received pilot synbols and using a
| east -squares (LS) technique. 47. The_ apparatus as clained in claim
32, wherein the processor is oﬂgrative to identify at | east
one tap of a channel inpulse response estimate for the comunication
channel by correlating the received pilot synbols with transmtted
pilot synbols at _different tinme offsets. 48. The apparatus as
cl ai med i n tt ai Mtg2prajgiseeripimeted ciimPdast one SC- FDMA synmbol i ncl udes

pi | ot synbokiferdingle dahciuBiorR@bsratiehd ledi @Rkt R4t OSSSEATMIAGyRE611i R Rling¥Rd
wherein the denngg%gtor is operative to demultiplex the received

pi | ot SVIPHS P piloLsyPRels sepbep arstested srhpidregusnRy sukiandy, apddg e diyisiondemmiplex

Synbol received symbols4f the htlasaRRBCADMA IFmE]] ditdREkived dfth &mBoB2nd received pilot
wherein e denodul ator is operative to process the at |east one
SC-F ol to obtain received pilot synbols and recei ved data
synbols, and to process the received data synbols with a first

channel estjmate.for the canmunicati channel to obtain data synbol
estinates;‘gﬂg Q”waMMﬁﬂEF%&ﬁ“F@@‘%W%?@ssor is operative to derive the

first channeierasthe pratesdo&peraionr td deive tie ehaned epinlaet forsndaalngnichiton channel

esti j nt 9H§ > T |V ol s based on the
fir sﬁag%{fndr%etg%%{v?% oé ané&s;21 Héensgnﬁagga%sﬁg%fisd@ssﬁe%{%%, to derive
interference-cancel ed pilot synbols based on the received pil ot

synbol s anqnthe-ﬁ%gﬁ EﬁqS&ﬂhﬁéﬁﬁﬁa ge, and to derive a second
e base

channel esti mat on the interference-cancel ed pilot synbols.
50. The app#icsinbe pocassoaismperativg teidgitify 2t deast one tap ofyehprsichimphlee 19pr90%8s S OF
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data, to process the decoded data to obtain renodu ed data synbol s,
and t c°YB®PIF petifgergmh imp SISt er ence based on the renpdul ated data
synbols. 37 51. The apparatus as clained in claim49,

wherein the de ul ator and the processqr are operative to derive the
dat a synbol*Best i 1 FRRETaNS ES ‘é%‘f“F‘i%rEtc@”f‘ He Whatery thesst g‘?"\ﬁ@‘,’e YGFRMA vabelhe
i nt er fiacledes g @ ayielsedd pitd 8imbsly a0l plexeddtehbst AnPRPeN®@ls @ wbaEa R deladimedr
estimate for IuIr. iﬁ% of. idterati ns. ) :

15 operative to demultiplex the received pilot symbols and received data symbols in the at Jeast one SC-

FDMA symbol.

49, The apparatus as claimed in claim 32,

wherein the demodulator is operative to process the at least one SC-FDMA symbol to obtain
received pilot symbols and received data symbols, and to process the received data symbols with a first
channel estimate for the communication channel to obtain data symbol estimates; and

wherein the processor is operative to derive the first channel estimate based on the received pilot
symbols, to estimate interference due to the received data symbols based on the first channel estimate and
the data symbol estimates, to derive interference-canceled pilot symbols based on the received pilot
symbols and the estimated interference, and to derive a second channel estimate based on the interference-

canceled pilot symbols.

50. The apparatus as claimed in claim 49,
wherein the processor is operative o process the data symbol estimates to obtain decoded data, to
process the decoded data to obtain remodulated data symbols, and to estimate the interference based on the

remodulated data symbols.



52. The apparatus as clainmed in claim 32, wherein the

denodul ator is operative to process the at |east one SC- FDVA synbol
to obtain received pilot synbols and recei ved data synbols; and
wherein the processor is operative to3gerive a first channel estimte
for the conmuni cati on channel based on' the received pilot synmbols, to
derive a second channel estimate based on the received data synbols,
and to derive a third channel estimate based on the first and second
channel esti nates. 53. Th?,ap aratus as clained in claimb52,
wherei n t he s eeRaEtusis claipef mrqae 4?@“15?6&*8%%&%@&@%@ Re@EPogRpraTe
synbol spetititdro H&@/eft}ldé cﬁfa sf}rrhm B&imaestb mhﬁtettliib i@tbﬁféé\éri_ae,d@-iﬂ@i_vé &ggﬁér\flc\eﬁﬂence- _
estimat es : : e.appar at ys. as _ cl ai in clai , erein
The protalsdaiorgming i b8 BBRGRnY i SuBelir sotlariior leetbimnt o
based on the received data synbols and the data synbol estinmates.

55. The appar at ug .as clainqd ig.chal 53, wherein the
processor is'operﬁ? agﬂFgS%?ggeggsﬁﬂ ‘data synbol estimtes to obtain
decoded datweherdirothpdonesktot hepdade tdegodst the 4t teagbhafOFDaOGubaltte dbigiat a
synbol s, . . j t nnel estinmate based on the

recei v%c I%EE gétg Og% a\sﬁséerﬁgg?aﬁ(%&%g’qn%%%?% ed data synbol s. 56.
The appar atwisreasthe prateysod isi operatigitonlsBe a filsechennel ¢shimatp fay dessmmuiisation
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the first channel esti ' e Ssecon annel estina _
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57. An appar at usi ncl udi ng: nmeans for receiving at | east one

single-carrier frequency division nultiple access (SC FDVA) synbol

via a conmmuidi catineAPReFHIAeFlamehi Gpim Pdadiereyibe domofbpnpr is gpprrsive to process the

i ncl udieighea dfe HORviMfthdXirkiQhaniN ¥Rkt BRBEHALE S RRS8HdmREs.a pol yphase
sequence; means for processing the at |east one SC FDVA synbol to

obtain received pilot synbols; and neans for processing the received

pi l ot synbalss t ahebp@iausas aBNR cles 58, e (B prodsofie BPaistive & defif the
channe

| . 3% ) qf. The apparatus as cl aj in claim57, wherein
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55. The apparatus as claimed in claim 53,
wherein the processor is operative to process the data symbol estimates to obtain decoded data, to

process the decoded data to obtain remodulated data symbols, and to derive the second channel estimate

based on the received data symbols and the remodulated data symbols.

56. The apparatus as claimed in claim 53, wherein the processor is operative to detive the
third channel estimate based on a function of the first channel estimate, the second channel estimate, and

an indication of confidence in reliability of the data symbol estimates.

57. An apparatus including:

means for receiving at least one single-carrier frequency division multiple access (SC-FDMA)
symbol via a communication channel, the at least one SC-FDMA symbol including a sequence of pilot
symbols generated based on a polyphase sequence;

means for processing the at least one SC-FDMA. symbol to obtain received pilot symbols; and

means for processing the received pilot symbols to obtain a channel estimate for the

communication channel.



means for deriving a frequency response estinmate for the

conmmuni cati on channel based on the received pilot synbols,

nmeans for deriving a channel inpulse response estimate for the
comuni cati on channel based on the frg@uency response estinmate, and
nmeans for setting at |east one tap of “the channel inpul se response
estimate to zero. 59. The apparatus as clained in claimb57,

further incdgudi Neke apparatus as BERE il im {57 | d1RFeid e Abank R Blocds¥Rg the RAHUERAGYIot
response _esti nates d%rlved fromat |east two SC-FDVA synbols for at

| east DREOSYIBEF peri ods.
means for deriving a frequency response estimate for the communication channel based on the

received pilot symbols,
means for deriving a channel impulse response estimate for the communication channel based on
the frequency response estimate, and

means for setting at least one tap of the channel impulse response estimate to zero.

39. The apparatus as claimed in claim 57, further including:
means for filtering at least two frequency response estimates derived from at least two SC-FDMA

symbols for at least two symbol periods.



