1 PILOT TRANSM SSI ON AND CHANNEL ESTI MATION FOR A COVMUNI CATI ON SYSTEM
UTI LI ZI NG FREQUENCY DI VI SI ON MULTI PLEXI NG BACKGROUND C aimof Priority
under 35 U.S.C. 119 [001] The present Application for Patent clains
priority to Provisional Application No. 60/659,526 entitled "Estination
for Pilot Design and Channel Interleaved Frequency Division Miultiple
Access Communi cation” filed March 7, 2005, and assigned to the assignee
her eof and hereby expressly incorporated by reference herein. 1. Field
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[002] The present invention relates generally to communication, and more specifically

OF

to pilot transmission and channel estimation for a communication system.

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 a
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



degraded signal quality can adversely affect performance for channe
estimation, data. detection, and so on. [006] There is therefore a need
in the art for techniques that can mtigate the deleterious effects of
high PAPR in nulti-carrier nodul ation. SUMVARY [007] Pilot transm ssion
techni ques that can avoid high PAPR and channel estinmation techniques are
descri bed herein. A pilot may be genergted based on a pol yphase sequence
and using 8idaea ¢l h@tit] CAfNAREYUidop bafbrihid Rk ShaEPSTintiln FRIM . A
pol yphase sequence is a sequence that has good tenporal characteristics
(e.qg., a céefestigntandisg@ndomai n envel ope) and good spectral characteristics
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fourth se%ence of output synbols. A cycP| c prefiXx i's appended to the
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transmtt eﬁlot symbols is formed based on a polyphase sequence and is replicated multiple times

to obtain a second sequence of pilot symbols. A phase ramp may be applied to the
second sequence of pilot symbols to obtain a third sequence of output symbols. A
cyclic prefix is appended to the third sequence of output symbols to form an IFDMA
symbol, which is transmitted in the time domain via a communication channel. The
pilot symbols may be multiplexed with data symbols using time division multiplexing
(TDM), code division multiplexing (CDM), and/or some other multiplexing scheme.

[009] In an embodiment for pilot transmission using LFDMA, a first sequence of
pilot symbols is formed based on a polyphase sequence and is transformed to the
frequency domain to obtain a second sequence of frequency-domain symbols. A third
sequence of symbols is formed with the second sequence of frequency-domain symbols
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.



in the time domain via a conmunication channel. 3 [010] In an enbodi nent
for channel estimation, at |east one SC-FDVA synbol is received via the
comuni cati on channel and processed (e.g., denultiplexed for a TDM pil ot
or dechannelized for a COMpilot) to obtain received pilot synbols. An SC
FDVA synbol may be an | FDVA synbol or an LFDVA synbol. A channel estinate
is derived based on the received pilot ,synbols and using a m ni nrum
nmean-square error (MMBE) technique, a’l east-squares (LS) techni que, or

some ot her [(8annelln es tinbediiment for ebinnelis@matiid, belebfBne ISUESNRL b is
truncation, and/or tea(pO erformed to obtain an i nproved
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with pil otdksbbediv.a being combi ned across symbol periods and sanpl e
peri ods, respectively. [019] FIG 6 shows a w deband pilot tinme division
mul tiplexed with data. [020] FIG 7A shows a process for generating a

pi | ot | FDVA synbol . BREIEFIDESERIPTION® P THEBRA ganerating a pil ot
LFDVA synbol . [022] FIG 8 shows a process for performng channel

esti mati onl91}023] Ty featugessmdwstuge bi e lpradérgmentiof will bemammhéceppaad a
[)(raggie\s/g(r)'r Si{ré%ft}l% r';alg%ed Jd@&rﬁ)ﬂgn lsgP férﬁlo‘g’elg&/a\g é‘ﬁ‘ t[akg:g ﬁ cdo%}u%ct?gnd wFi)tihI t%g
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.



TDM pi l ot schemes and the CDM pil ot schenes, respectively. [025] FIGS. 1
1A and 1113 show | FDMA and LFDVA nodul ators, respectively. 4 [026] FIGS.
12A and 12B show ] FDVA denodul ators for TDM and CDM pil ots, respectively.
[027] FIGS. 13A and 13B show LFDVA denodul ators for TDM and CDM pil ots,
respectively. DETAI LED DESCRI PTION [ 028] The word "exenplary" is used
herein to nmean "serving as an exanple,™ instance, or illustration.” Any

embodi ment [026] deskll. 48AGhINes MBHAFDME deRSRIRbA r DR aftPEDRR pRGS A" iy
to be constirued as preferred or advantageous over other enbodinents or

desi gns. [®G9EFtiwhy pil ot transmi ssion and channel estimation techniques

descri bed in f QWS i.cat i S L hat
oI o mlBTE oo, I 108 A 0m0y AhsBR RE PR R LB o0
mul ti pl eximgpectly.exanpl e, these techniques may be used for a frequency
division multiple access (FDVA) system an orthogonal frequency division

mul tiple access (OFDMA) system an SC-FDVA system an | FDVA system an
LFDVA system an OFDM base : se techni ques nmay al so
be wused for the forward Iicir)lgyls(‘%r Emﬁ}ﬁgﬁc@ﬁe reverse link (or
uplink). [[038] FI The oshesenaplagR dopised Yersinbivan@ars tsateingr 8 4DOxdnsle, may be

used for a_ communjcation,system The system has an overal |l bandw dth of
BW MHz, whiP8ANGCs OF WAFHaeR-onady e bBI‘R“GBP g%é?@iﬁﬁﬂaes"é'@ﬁﬁ ey %%e?ﬁ‘eQP’éfyg’i ven

i ndi ces ofjshot fcedd@iy o bd BEhstrERBEd fiefecRed BERTVaREiR8S BleriRR RS dinenBW K

MHz. In a spectrally shaped system sone subbands on both ends of the
syst em ban@idcdigrs-are not used for data/pilot transnission and serve as

A'ternat vRry, 1 nemico R SRR S AP kRGeS ce B0 AR
t he syst enmiabelwiedtfér. vaFous einmpluiicatioy sydtéres thel dtdise npltiiestier pbidai@saunes
ot b B e R RO TTTEE, F iR P T el
di sjoint fubbasghet®t Sivisid etuligfle addeso (FRDMAY hykteing lah aGigogodd) GrequaRlyS ar e
di sjoint or, hon- qverl apping in that each of the K subbands belongs in
only one s@yisiop JpHtiRlE RCeest§ system, an SC-FDMA system, an IFDMA system,

an LFDMA system, an OFDM-based system, and so on. These techniques may also be

used for the forward link (or downlink) and the reverse link (or uplink).

[030] FIG. 1 shows an exemplary subband structure 100 that may be used for a

communication system. The system has an overall bandwidth of BW MHz, which is

partitioned into 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 subbands on both ends of the system bandwidth are not used for data/pilot

transmission and serve as guard subbands to allow the system to meet spectral mask

requirements. Alternatively, the K subbands may be defined over the usable portion of

the system bandwidth. For simplicity, the following description assumes that all K total

subbands may be used for data/pilot transmission.

[031] For subband structure 100, the X 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 yu is the set index and

u€ {1,...,5}. Index u is also a subband offset that indicates the first subband in the set.



subbands that are uniformy 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 it contains subbands u, S +it , 2S+ it , ...,
(N-1) S+ u, where it is the set index and ue {l, ..., S} Index it
is also a subband offset that indicates the first subband in the set. 5
The N subbands in each set are interladed with the N subbands in each of

the other Bhes [ subBinds il &gglet BteGntelladd {#le Wﬁﬁ%ﬂg%§%€9gg%z}%}%&j%t-w e. In

general , a subband structure may I nclude any nu set's, and
each set n#§fs.i ncl ude any nunber of subbands. The sets may include the

sane or di ent 0 an For ., exanpl e one.sets may include
N subbandstﬁgl e g—f{i ﬁre? %é(g\?'ssg ﬁéeégﬁn%‘]%ﬁ%‘g %’N?tufﬁ\l gengglfma %’tbﬁgfds‘ﬁﬂﬁ%’é? of
subbands. g is¢lbdants nimbaasthsudbindadets, Whd feadhmbey nikySinkivab tad§l nubibef of

evenly spaced) across the K tofal subbands in order to achieve the
benefits &g’ 6?%%%%@%@%6}0}@? pF Sere wr diffrrent orunehe gt ehsrdset Fen

assunes t hexaugfe, QbmeUWeRANL inSlutit! & WiaddOwhilt FhG: ofs mb P ARludl PRy N pgfa“d

sets may be viewed as S channels that nmay be use or data and p
transmi ssi ¥e Fder awmbgslof subkanbs.udbe swbpandseinagssh geteate ondosulphtswdhgat , and

data and p;l.ot u t he assi gned. subband t. S
users nay tl'sei’ n%\{egfgng%g%})y&? rsgﬁg%ilf%%tgfgébggﬁc& ToR" eﬁégschﬁﬁ% %%Slé%gs vi a
t he rever sdestiibdd fedova Basempkitigt ihenfolldhiag hiaseipabdbisoinesrty W@ 8Psubband

si mul t aneo SI? tiﬁpsrﬂ'g ata/pilot on the S subband sets via the forward
link to S UM oPeIC'Iink, up to N nodul ation synbols may be sent in

each synmbo[03pEr i 0dhéiSnsubbdiid sefs theyEbHIEBRY] a8 chfiBel (BH RRANES kA ffiﬂd’a set
w thout causi.ng interference to the other subband sets.” A r?odu at :fhon

synbol is NIRIPLERsHation Fersxagploresh yser may peassizned woe sibband eef, gl g. |
for M PSK v GhMpiieng r . ' yghol s are
transm tte(j_a{\t/éii nt hlelatpr é(?gcelﬁg%/eré%ﬁﬁgné nE)Ig—n(%r %@%ﬁggﬁﬁggg' , gﬁfs%dﬂ?yat ion
synbol s nasimglaneously tfansneit! daia/pilbtcorNthe thirdbharsl sets vie alhresysd dihk peaibagk | n
the foll ow d rd Rt LOF nbol period is the ti duration_ . of one
croMm symboyRshel Trins s 130 SR ShoaRili Syttt el o B SbY symmbol
i s mapped tets wadte fofwdrb éinhte 8 hhan dBoruasdlifofp t6 ANEAAEHIASynABE B2 O

synbol (which is a signal value of zero) is mapped to each of the K- N
unused subﬁ?&h‘&‘se.ach'ﬁ@sb PFM@%?%HT Hpdrenen ondhad srebagdsin qagnest vied fr om

the frequeneying @8l td 1he oteBubband sets. A modulation symbol is a complex value
for a point in a signal constellation (e.g., for M-PSK, M-QAM, and so on).
[034] For OFDM, modulation symbols are transmitted in the frequency domain.
For each subband set, N modulation symbols may be transmitted on the N subbands in
each symbol period. In the following description, a symbol period is the time duration
of one OFDM symbol, one IFDMA symbol, or one LFDMA symbol. One modulation
symbol is mapped to each of the N subbands used for transmission, and a zero symbol
(which is a signal value of zero) is mapped to each of the K — N unused subbands. The
K modulation and zero symbols are transformed from the frequency domain to the time
domain by performing a K-point inverse fast Fourier transform (IFFT) on the K
modulation and zero symbols to obtain K time-domain samples. The time-domain
samples can have high PAPR.
[035] FIG. 2 shows the generation of an IFDMA symbol for one set of N
subbands. An original sequence of N modulation symbols to be transmitted in one

symbol period on the N subbands in set « is denoted as {d,.d,,d,,....dy} (block 210).

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



domain by performng a K-point inverse fast Fourier transform (I FFT) on
the K nodul ation and zero synbols to obtain K tinme-domain sanples. The

ti me-domain  sanples can have high PAPR [035] FIG 2 shows the generation
of an | FDVA synbol for one set of N subbands. An original sequence of N
nodul ati on synbols to be transmtted in one synbol period on the N
subbands in set it is denoted as {d" d2, d3, ..., dN} (block 210). The
original sequence of N nodul ation synbols is replicated Stines to obtain

an 6 ext ersiendedeqaence odK Kodmatiohayinbols gyaEeL2)( bitRak niski@latiod BEmbis
nmodul ati on Sy ar.e sgnt dn the tipme domain _and collectively occupy N

nbol.
subbands i A"t ﬁeélgfl% bt ey domRpeand . colfcivelycpesipY Nhsublrady in dhen Srqusagyience
result in db@aiN The Siopks D AR imabsigishce 5&:3&%]tfﬁﬁ@%c%ﬁad?&@lgagﬁéﬁ'&%grhg th

S-1 subbands of zero power separatin ad{qacent occupl nds.

extended sé&RpSEhERAThEY Shsedands iwid B ols sfereta powethaparatng dfjaest
subband s eBchupiegtsﬁi)lﬁndgc' T %QlenJéaes[egéén‘ég ggsg%%gggﬁﬂcg ?Ee'qﬁ?nrgg{}%' lu'mg Wth a

phase ranp to obtain a frequency-trans ol s
(bl ock 214pccupims butdangedt 1y FHGI1.in  the frequency-transl ated sequence may

be gener at s fallows; =d ,e-J2'.c p(y-uix for n=1,..., K, Egq (1)
where d" ii‘gége n&l[hﬁ %@Eﬁégt?eﬁﬁer@9n‘l§0¢uﬁ‘&?ﬂ?‘ﬁé‘“§ktaeﬁﬁ§é BEgudq cdbtaimd xu t he
n-th out pieqeyepabnslded keubiRareng: syt ai6d SaguUencs yﬂibg ramp €
J2n("-1)au-1)1x. has a %ﬁlase sl opgeiﬁof 2z ?u - I)? K, WRIIJ%E@?S g erm ned
by the fir e TEgpgsdranslaed sequencetray betaspergted gs followsand "u -1 " in the
exponent of the phase ranp are due to indices n and it starting with "1
instead of "0'.,Theg m#itpli-gation i th.the phase ranmp in the ti domai n
transl ates the é’brrgli’ Ingl}ke freque’ncyfe{s}dprsectl’r"iﬁn% of the extended seq@gﬁé)e up in
frequency so that the frequency-transl ated sequence occupi es subband set

it in the whereagenchedRiRidddubOSy bynlhe ih a5 eﬁteﬁdéhpéé uch¥ @ﬁxéoihetrb%

frequency-transl ated sequence are copied to e stdart o
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starting with ‘1’ instead of ‘0’. The multiplication with the phase ramp in the time

domain translates the comb-like frequency spectrum of the extended sequence up in

frequency so that the frequency-translated sequence occupies subband set u in the

frequency domain.

[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 guard 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 equal to K+C sample periods. A sample period is also

often called a chip period.

[038] Since the IFDMA symbol 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.



which is a frequency response that varies across the system bandw dth. The
K+ C output synbols in the | FDVA synbol are transmtted in K+C sanple
peri ods, one output synbol in each sanple period. A synbol period for

| FDMA is the duration of one |IFDVA synbol. and is equal to K+C sanple
periods. A sanple period is also ofteaecalled a chip period. [038] Since
the | FDVA synbol is periodic in the ti domai n (except for the phase

th !
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subbands used for transmission and K—N zero symbols are mapped onto the
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remaining K —N subbands to generate a sequence of K symbols (block 414). The N
subbands used for transmission have indices of k+1 through k+N, where
1<k<(K~-N). The sequence of K symbols is then transformed to the time domain

with a K-point IFFT to obtain a sequence of K 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 K +C output symbols (block 418).

[041] The LFDMA 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



416). The last C output synbols of the sequence are copied to the start of
the sequence to forman LFDVA synbol that contains K + C output synbols
(bl ock 418). [041] The LFDWVA synbol is generated such that it occupies a
group of N adjacent subbands starting with subband k+1. Users may be
assigned with different non- overl apping subband groups and are then
orthogonal to one another, simlar to DVA.  Each user may be assigned
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the exanple shown in FIG 5A D, > 1 and P, = 1. A sequence of dat a

synbol s me$oB@ 1B&HE- ¥ Dond adbBantt desefigmoeipf Nrdagmsymimysriney bpeeritod used
for data t &?eréﬁg%a%a 'sec:)(P grmi% 1%eegc enc%o?penod used for data transmission. A sequence of

N pilot symbols may be sent on one subband set/group in each symbol period used for

pilot transmission. For each symbol period, a sequence of N data or pilot symbols may
be converted to an IFDMA symbol or an LFDMA symbol as described above for FIGS.
2 and 4, respecti\)ely. An SC-FDMA symbol may be an IFDMA symbol or an LFDMA
symbol. An SC-FDMA symbol containing only pilot is called a pilot SC-FDMA
symbol, which may be a pilot IFDMA symbol or a pilot LFDMA symbol. An SC-
FDMA symbol containing only data is called a data SC-FDMA symbol, which may be a
data IFDMA symbol or a data LFEDMA symbol.

[045] FIG. 5B shows a TDM pilot scheme 510 with pilot and data being
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, 21 and

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



N pilot synbols may be sent on one subband set/group in each synbol period
used for pilot transm ssion. For each synbol period, a sequence of N data
or pilot synbols may be converted to an | FDVA synbol or an LFDVA synbol

as descri bed above for FIGS. 2 and 4, respectively. An SC FDVA synbol may
be an | FDVA synbol or an LFDVA synbol . An SC- FDVA synbol containing only
pilot is called a pilot SC FDVA synboP whi ch may be a pilot | FDVA synbol
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sequences of scaled pilot sym ols ach 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 period ¢ 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 #+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 d,(¢) 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



sequences of scaled pilot synbols. Each sequence of conbined synbols is
converted to an SC FDVA synbol. [048] The orthogonal sequences nay be

Wal sh sequences, OVSF sequences, and so on. For the exanple shown in FIG
5C, M= 2, the first orthogonal sequence is {wd } _ {+1 +1), and the
second orthogonal sequence is {w } _ ﬁgl -11. The N data synbols are
multiplied by +1 for symbol period t a also by +1 for synmbol period
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some symbol periods and a TDM pilot may be sent in other symbol periods. A

frequency division multiplexed (FDM) pilot may also be sent on a designated set of

subbands, e.g., for the downlink.

[052] For the embodiments shown in FIGS. 5A through 5D, a TDM or CDM pilot

is sent on the N subbands used for data transmission. In general, the subbands used for

pilot transmission (or simply, the pilot subbands) may be the same as or different from

the subbands used for data transmission (or simply, the data subbands). The pilot may

also be sent on fewer or more subbands than the data. The data and pilot subbands may

be static for an entire transmission. Alternatively, the data and pilot subbands may hop

across frequency in different time slots to achieve frequency diversity. For example, a

physical channel may be associated with a frequency hopping (FH) pattern that

indicates one or more specific subband sets or groups to use for the physical channel in

each time slot. A time slot may span one or multiple symbol periods.

[053] FIG. 6 shows a wideband pilot scheme 600, which may be more applicable

for the reverse link. For this embodiment, each user transmits a wideband pilot, which

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

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



5D. A CDMpilot may al so be sent only in certain synbol periods. A pilot
schene may al so use a conbination of TDM and CDM For exanple, a CDM
pilot may be sent in some synbol periods and a TDM pilot nay be sent in
ot her synbol periods. A frequency division nmultiplexed (FDM pilot may

al so be sent on a designated set of subbands, e.g., for the downlink.
[052] For the enbodi ments shown in FI&5. 5A through 5D, a TDM or CDM pil ot
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across
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. 5D. The sequence of N modulation symbols and the sequence of N/M
modulation symbols may each be selected to have (1) a frequency spectrum that is as
flat as possible and (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, B @



frequency in different time slots. For each tinme slot, a channel estimate
may be derived for the data subbands based on the w deband pilot. [054]
FI GS. 5A through 6 show exenplary pilot and data transm ssion schenes.

The pilot and data may al so be transmitted in other manners using any
conbi nation of TDM CDM and/or sonme of her nultipl exing schenes. [055]
The TDM and CDM pil ots nay be gener at etf in various manners. In an

enbodi nent wh ' S : r ITDM and CDM pilots are
modul ati on s%%ﬁﬂa% g’m@%ﬁfﬁ%ﬁ%&sﬁgﬁ qu:}écgfnti1 2?110%%n such as QPSK. A
sequence of N nodul ation synbols nmay be used for the TDM pil ot schene
shown in FIG 54 amd(nthenCOM pilot schene shown in FIG 5C A %agy)ence of
N M nodul ati on synbols nay be used for the TDM pil ot schenme sho In FIG
513 and the CDM pilot schenme shown in FIG SD. The sequence of N

nmodul ati on synbg| s7ato-the sequence of N/ M nodul ati on synbol $q'TRY each
be selected to have (1) a frequency spectrumthat is as flat as possible
and (2) a tenporal envelope that varies as little as possible. The flat
frequency spect Pufielgude$n Mt DAkl subbands used for pilot traggihssi on
have sufficient power to allow the receiver to properly estimate the
channel gains for these subbands. The constant envel ope avoids distortion
by circuit bl oc}és_ilﬁrlﬁ'lagzaQbUV\erfoaNmVéﬁ ier. [056] In another gqntl()%gi ment ,
the pilot synbofs lised t e ate the TDMand CDM pilots are d
based on a pol yphasé& ’éﬁ@éﬁb(g?]&haff’rﬁfgdgood tenporal and spectral
characteristics. For exanple, the pilot synbols may be generated as
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based on any ‘one e OW Nng:

Eq (4)  rRequatiqn(() Is)for a PBIsdguence, Bguatibn (5))is fdra-Pd) 2qdhde,f @ Sfustiansy 8, - Eq
(6) 2r(n-4)nQxN forNo%& I%%ggati n %63 Q and N are relatively prine.
Equati on ( %al U peence e i Kefddniistducagsisen Baveany abitrpyrlengttp3 sequence,
equation (B}7]i s fTke pildPdyHIRALRBE Blso BO PerREHIAL AsTRIGH) | S

-— J ¢t m

Ptyrim = Do =€ , for £=1,..,T and m=1,..,T, Eq (7)
where the phase ¢,, may be derived based on any one of the following:
Gppp=27-({=1)-(m-1/T , Eq (8)

Ppw =—(Z/T)-(T-2£+1)-[(£-1)- T+ (m-1)] , Eq (9)

2

[ @/ T)(T-24+1)-[(T-1)/2-(m-1)] for Teven
= Eq (10)

(#/T)(T~2£+1)-[(T-2)/2—(m-1)] forTodd .

Equation (8) is for 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 séquences are
constrained to be N'=T?, where T is a positive integer.

[058] A sequence of pilot symbols generated based on any of the polyphase
sequences described 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 frequency spectrum) and good temporal characteristics (e.g., a constant

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



for a Chu sequence. The P3, P4 and Chu sequences can have any arbitrary

| ength. [057] The pilot synbols may al so be generated as follows: P(Il-n
r+,n="PpPt,,,, =ev" , for k =1,-, Tandin =1, ..., T, Eq (7) where the
phase gp@n may be derived based on any one of the follow ng: rPe, m
=2~{2-1)' (172 1)/ T, Eq (8) wWPc,m=(7r /T)(T-2.e+1)[(2-1)T+(in-1)] , Eq
(9) ((/T)(T-24"+1)[(T-1)/2-(m1)] for%lj’»)even <, m{l Eq (10)

(7z, I T)(T-2f+1)[(T-2)/2-(m 1)] for Todd Equation (8) is for a Frank
sequence, wifbathisopil¢t9ynite] fsequencePwosldqihemdmye. gh) aclgwaPABR, whidh) avgidd or a
Pxsequence,. The lengths. for the Frank, Pl and Px sequences,ar
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tenporal characteristics (e.g., a const onmi n ‘envel ope)
may al so beequensd of plamynbelsGOMmed based enermatyptiast3equentdy whiihsmpy boinysy mbol

sequence e I . whi ch avoids distortion by
circuit e},\gﬁrgegft Esfgs%béﬂﬁ\ége zsaéqé%)r\llcxgsr dgérgﬁFﬁlﬁé?v,e %fnsc?nEeZS’tlhgr PRLYPhASG Sfvence,
spectrum (ickiv18).| Bisfisshequecebf/gitot spmbele maplaia;edeﬁﬁmgxamae% heosthannel
gains for al 59] FIG 7A shows a

| . subband sed fo j | ransm ssi on., [ 05¢
process 700 P} SGUFREE é’? ipﬂﬁt S&'n'&o{scfgioFgM' s‘gd’%‘%e. rampis peplied 4@ Hgesgeandof
pi | ot synbelqGerice of PilGEyHRACE BBtaid PHirdPRESRCS 8 YBRELsyiMYIC hidEY7 RS any
one of the_pol yphase sequences described above or Sone other pol yphase
sequence {1 BRERe Terp mayhe appliegt digitndly emctbe pilotrynbelssyrvetustedsor bylttiecat ed
multiple t¢ | 0 L. ' o] bl ock. 712).
A phase r aﬁp@gé}gu%?%géég? %pg[oﬁgs%.sgig Siﬁlglbgég%ﬁlesﬁ%g&%e 8%? ﬁ}oé[% lsfgl/r%% ‘%Y obtain
a third seeiBrerEmblsdedplain ssfpntio bsjugiveaf loubt3ymbold) evhixthais @ pilenFDMX be

pconver si gt (adriokeaft ot BBRRRSnll R Pruborasdagence of
out put Sy ntentrsurticatiohtchirmeR(bfooki 1718). FEGVREE fot@howdhinIG. SXTRLLSpIML gl s a
pilot | IZI:)'V]:!)A\ilot symbols may be multiplexed with data symbols using TDM and/or CDM, e.g., as
described above for FIGS. 5A through 5D.
[060] FIG. 7B shows a process 750 for generating a pilot LFDMA symbol. A first

sequence of pilot symbols is formed based on a polyphase sequence, which may be any

one of the polyphase sequences described above or some other polyphase sequence
(block 760). The first sequence of N pilot symbols is transformed to the frequency
domain with an N-point FFT to obtain a second sequence of N frequency-domain
symbols (block 762). The N frequency-domain symbols are then mapped onto N
subbands used for pilot transmission and zero symbols are mapped to the remaining
K-N subbands to obtain a third sequence of K symbols (block 764). The third
sequence of K symbols is transformed to the time domain with a K-point IFFT to obtain
a fourth sequence of K time-domain output symbols (block 766). A cyclic prefix is
appended to the fourth sequence of output symbols to obtain a fifth sequence of K+C
output symbols, which is a pilot LFDMA symbol (block 768). The pilot LFDMA
symbol is transmitted in the time domain via a communication channel (block 770).
Although not shown in FIG. 7B for simplicity, the pilot symbols may be multiplexed
with data symbols using TDM and/or CDM, e.g., as described above for FIGS. 5A
through 5D.



synbol (bl ock 716). The pilot | FDVA synbol is transmtted in the tine
domain via a comuni cation channel (block 718). Al though not shown in
FIG 7A for sinplicity, the pilot synbols may be nultipl exed with data
synbol s using TDM and/or CDM e.g., as described above for FIGS. 5A
through 5D. [060] FIG 7B shows a procr:Tﬁ%s 750 for generating a pilot LFDVA
synbol. A first sequence of pilot sy s is fornmed based on a pol yphase

sequence, WEIEh M betAmDMANGOT FIVeA Peley GG SCAIBARRSuARSE! higd above
(0]
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w th data gyphol ' T Qr . e.d., . descri bed aboye for FIGS
5A throug%%ggg f§r4 iggel]c onr% %{%1%1}%1“1%%\?&“%{%& q_ag%%(,mf‘?‘ugaﬁ%%é}“yé‘? °%ubbands
used for pinlofirst steggesad EBMOpilaTEllob BNV S@aiBelsodre Hahdn@tieNbn Eiubahd g pnunber
of subbands used fqr.data, transm ssion. For. exanp a user may be

anpl e, .
assi gned 1% ¥flo 1 pEHods A 91 SHDRR 85t o+ S4R dinept it syahob apdedsf dforpi | ot
transm ssi Lherg el be assigned to another user
for datal pi i 0 ilé’??faggrf?sﬂsul%oE&étlﬁpﬁjﬁ{ggﬁﬂgﬁﬁayﬁ%y rgrﬁg’?tzedt P& fResil8and set
for interlpatternsofofBirit}, sorthattpiloe THDKA syofof ak sht bRSuSHAE ssUBDABY ofr Oup
for narrowband . s nd structure 300 in FIG 3. [062] For interlace
subband st Sr“%@?qﬁlrsstugg%ni T %‘E’%ﬂdﬁet %ﬁn‘gwrbi o Seﬁﬁlﬁ[ Yregered iRMhpiletepilasn one
or more suirpang Ist Sre2drARWitfRACEH ¥@Ubab® sBETH(BIP VAL | | such
as, for exanpl e,@gﬁgnnel estimation, freqtfené)ggtjr?ggﬁi iﬁg’%ﬁﬁ’@%ggﬁ. ng,
and so on.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 a receiver 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 LFDMA, the receiver obtains X 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, 7, (n)



In a first staggered FDM pilot, pilot | FDVA synbols are transmtted on
subband set p in sone synbol periods and on subband set p + S/ 2 in

ot her synbol periods. For exanple, if S =8, then pilot |IFDVA synbols nay
be transmitted using a staggering pattern of {3, 7}, so that pilot |FDVA
synbol s are sent on subband set 3, then on subband set 7, then on subband
set 3, and so on. In a second staggeréé FDM pilot, pilot |FDVA synbols

are {1 ansnj £, 0kS Upb Bkl 1P Chatr b S DA Wofhoot L pbfineSYBRPpugier | 0

t, where Ap is thé difference betwee i ndi ces

consecut i vehsyerkiodwipiar FI6d $B, amdtipl eeceived pilbosyndls ard ebiangdSoheah IChat
starts wt instead of. 0., E X le, if S=8and Lp = 3, then pilot
| FDVA synb@P&“#r%Y?’S“SECOI’W%EﬂgFHQf@MER@-ng a staggering pattern of {1, 4, 7,
2, 5, 8, 3068}, SPot that CDM gilot kENdhe SHOWRO0IS FRGE5EEM Pfivdbiarbnat 1,
then on subband set 4, then on subband set 7, and so on. Qher staggering
patterns nEyabglssepniaaning dhe GDM: Bidejetre Prepiedi P oreceier dhes Pilple symid®iager t o
obt ai n chapfgl,.0ai n estimates for nore subbands, which may inprove

channel estimation and detection performance. [063] FIG 8 shows a process
800 perforned by a receiver to estimate the response of the conmmunication

channel based on,a T pilot or a COM pilot senf by the transnitter. The
recei ver obt ai nﬁ(’ﬁﬁ%dﬁﬂﬁ(’@&mol for 'SA&H synbol period and mf‘ﬁﬁ‘ﬁl\)es t he
cyclic prefix in the received SC FDVA synbol (block 810). For |FDVA, the
recei ver renoves the phase ranp in the received SC-FDVA synbol. For both

| FDVA and WwEDMA (7 1) 6s pegoeivee saropit forssmilepeded » adsyttiohpgriddad; synbol s for
the SC- FDVA synbol. [064] The receiver then undoes the TDM or CDM
performed on t he, pisitisti-thishipek thegarthogorrad sequense TOMhp pilott asthene shown in
FIG 5A, K received pilot synbols, yn) 15 for n =1, ..., K are obtained
for each pilot 6@)I—”®W%Vﬁﬁ@ﬂ@tmeo{ﬁqesmmnpﬁmdtn- scheme shown in FIG
513, multiple received pilot synbols are obtained for each SC- FDVA synbol
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q
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 symbols, as follows:
M
r,(n)= pr,,. r(n-1)-M+i), forn=1,.,K/M, Eq (12)
i=1

where r((n—1)-M+1i) is a received sample for sample period (n—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 single SC-FDMA symbol
because of the cyclic prefix. Furthermore, because of the cyclic prefix, a linear
convolution operation due to the channel impulse response efféctively becomes a
circular convolution, similar to OFDMA. Therefore, it is possible to perform channel
estimation, equalization, and other operations in the frequency domain when pilot
symbols and data symbols are not sent in the same SC-FDMA symbol.

[068] For the TDM scheme shown in FIG. 5A and the CDM scheme shown in

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



r> where r(t,, n) is a received sanple for sanple period n in synbol
period t,; WP, ; is the i-th chip of the orthogonal sequence for the
pilot; and rP (n) is a received pilot synbol for sanple period n. Equation
(11) assunes that the CDMpilot is transmtted in synbol periods ti
through tM where Mis the | ength of ihe ort hogonal sequence. K received
pil ot synbols are obtained from equat ®n (11) for the CDM pilot. [066]
For the |_BYi [ r iV C- FD ynbol
CDi ﬁilﬁtti’IsﬁiE'fB@péMd bR uid & eéR'edgﬁ&hs meot%ﬁsé r§?z?§ f s O’II§’,

containing the CDM pilot are processed to recover as
follows: M ébtdiRK= rdi ' = e 12) =l ere
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recei ved Sgt4Dhe sseoived pivdt vilub@a Red gt. K/ Mreceived pilot synbols are
obt ai ned from equation (12) for the CDM pilot. [067] A frequency selective
communi cati on channel causes intersynbol interference (1SI). However, the
1Sl is restrict&iks RiRHPH) & MiEhgl e SC- FDMAfos yrebbl.., Kbecause of Hgh@s)eyclic
prefix. Furthernore, because of the cyclic prefix, a linear convolution
operation dH?efSt ?j{th'e channel inmpul se response effectively becones a
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circular c8 g thedansmitted protcyapyador sphbinsklor e, it is possible to
per f orm channel i e | ization .and other. operations in the
i H(&'ﬁ}s (S ?ex %‘3‘9 50 CoRApigag oR B?lsfo’gsr‘%gmgsent inthe

frequency donain en pilad

same SC- FDVA syy(p@gﬁlgg&hvg@ﬁﬂgt%lu'gpﬁgﬁﬁ%gg@k. gwn in FIG 5A and the CDM

schenme shown in , the receiver obtains Kreceived pilot synbols

for each pilot N(ENERhSSIiRTor &bbhd 4 poi nt FFT may be perfornmed on the K
received pilot synmbols, r, (n) for n =1, ..,, K, to obtain K received

pi | ot val i Do - N R (K)o f =1 ..., K (b] ock
By The T Kibohfi T GOMBBCX AT bl rirhe KRy siktepet IR 1 or
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discarded (block 816). Different pilot subbands are used for IFDMA and LEDMA and
hence different received pilot values are retained for IFDMA and LFDMA. The

retained pilot values are denoted as R, (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 Nj.

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

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

_R,(k)-P(k)

ﬁmm.re k)=—teo -
“ |P(k)|” +N,

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 &,

and equation (14) may be expressed as:



RP (k) is the received pilot values for subband k; and N(k) is the noise
for subband k. The K-point FFT provides K received pilot values for the K
total subbands. Only N received pilot values for the N subbands used for
pilot transm ssion (which are called pilot subbands) are retained, and
the remaining K-N received pilot values are discarded (block 816).
Different pilot subbands are used for }7FDVvA and LFDMA and hence different
recei ved pilot val ues »al\ned for | FDMVA and LFDVA. The retained

pi | ot val ues arﬁrmgllse %%kf%t (k) for for#l=1..n . N For si rrpllg )the
noi se may be assuned to beNadditive white Gau55|an noi se (AWGN)%Mtrlzero
nmean and a variance of No. [069] The receiver nmay estimate the channel

frequency sponse S nneI estimation techni ques such as an
MVSE technfr%héonséaqt slcfa ]gé (rLaS) tr@BﬂYﬁquibPl‘céfrh‘éF 86 WhiasqhMMSEei ver

derives ch S subbands based on the N
recei ved p?%’?h\)gﬁ%%fggg%én&musﬁ’w 1 neaylr\!?ﬁ/@ﬁplg géstechni que (block 818). For
the MVBE technique, an initial frequency response estimate for the

communi cation cﬁan ? Rk ke @eri ved baﬁ,eqc_op t recei ved pilog X% ues,

as fol l ows: (K)= O o rken, , 12)  Hmm e P(k) A3 9N
where 17,,,,, 11e( k) i s a channel gai n estl mate for subband )c and " * "
denotes a Eﬂdﬁbl ex Fomhnjlﬂgaﬂmqu?fm infiiat fraduché ERYRIRY ed’tﬁﬁd@@ﬂﬁ? bE AL Rt €

cont ai ns %% for Pl | ot subbands. The pilot synbol
sequence yﬁﬂ? yeeglefae S&ﬁfcéoﬂ’él yphase sequence having a flat
frequency response In this case, | P(k) I=1 for all values of k, and
equation (14) may be gxpjessed as: 17 H'"1SE(k)=RP(k)P (k) , fork=1, , N
Eq (15) 1+NO THg(® t, factor 11(1+Nok =nmy., Ne renoved to prgqé;i;g an
unbi ased MVBE freque ¢ response estimate, which may be expresse

Hmm c(k) =RP(k) P (k) , for k=1, ,N. Eq(1l6) [070] For the LS technl que,
an initi aljofriequengy uﬁﬁiﬁfé@%ﬁ%n?@&f m@tc%mM1éﬁﬁo§@ﬁdn\ﬂgldrna§) 88 SlarQfert

received pilot values, as
by L taps, where L. may be much less than N. That i 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:

- A init
b, = (ngLWNxL) : NxLHle ’ Eq (18)
where E’IZ;; is an Nx1 vector containing & (k) or I-AImm (k) for k=1,..,N;

Wy is a sub-matrix of a Fourier matrix Wk

A,

s, . . n
b, is an Lx1 vector containing h,(n) for n=1,...,L; and

H :
“"” denotes a conjugate transpose.

The Fourier matrix Wy, is defined such that the (u,v)-th entry, f,,,is given as:



Hs (k) = PP(k) (k) for k =1, ..., N. Eq (17) [071] The inpul se response
of the communication channel nmay be characterized by L taps, where L may
be much less than N. That is, if an inpulse is applied to the

comuni cati on channel by the transmitter, then L tinme-donmain sanples (at
the sanple rate of BWMHz) woul d be sijé{)fici ent to characterize the
response of the conmunication channel *based on this inpulse stimulus. The
nunber of taps (L) fof «theychannel inpulse response is dependent on the
del ay spread of f];heesystém whi ch ifer #8e,.1Kendhifgr.erce bet weary @ibe
earliest and | atest arriving signal instances of sufficient energy at the
receiver. A |onger delay spread corresponds to a |larger value for L, and
vi ce ver saWhpe72]s Arahamdes| andrpisl seolwes podese ¥é(,j rahmingay rves deWygd based
on the N channel _gain estimates and _using LS or MVBE techni que (bl ock
820). A | eS&FeSRONES tandiier subbansisl Bachiow s rWaseeritaing e first b dlerments, hl |
(n) for n=1,..., L, may be derived bgsed on the initial frequency
response e8f thenecaresponding tawnsf W, hi.f thy.heortains ML b theWikbedt-stinarksct  Nx]
> Egq (18) rnit .where HNxi is, an N x|l vector containing FI, (k) or Hm a
(k) for k dyunnel impylse respasp estanale. s yp- mat r | x of a Fourier matrix WKxx :

hLx] i t "H' ~d t
conj ugat Zm U4} s poces VISR rel Pt Fobpes FeriBation T do e st S‘hg
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andvl where u1s arowin
VANXL cont ains N rovxs of W XK correspondi ng to the N pilot subbands. Each

row of WNXL confdlns yw¥e Wi r SIINL of the correspondi ng
WK, , K. ham contal ns T‘ne‘L‘Nf %ﬁ%‘bst squares channel %3?@

response estimate. [073] An IVIVBE channel i mpul se response esti mate with L
taps, h, mi¥BeenN, f as an LxL autocovariance matrix of noise and interference. For additive

white Gaussian noise (AWGN), the autocovariance matrix may be given as
Ny, =0. -1, where o7 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 estimate, 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 response estimate to length K and (2) performing a K-point FFT on the
extended impulse response estimate (block 824). A final frequency response estimate
for all K subbands may also be obtained by (1) interpolating the N channel gain
estimates, (2) performjng least-squares approximation on the N channel gain estimates,
or (3) using other approximation techniques.

[075] A receiver can derive a longer channel impulse response estimate based on a
staggered FDM pilot. In general, a channel impulse response estimate with Ly taps may
be obtained based on 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



n=1..., L, may be derived based on the initial frequency response
estimate, as follows: mse y , g iriit hLw = (WN LVWNXI . +NLx.) WAM HNxI
Eq (20) where NL,(L is an L x L autocovariance nmatri x of noise and
interference. For additive white Gaussi an noise (AWGN), the

aut ocovari ance matrix may be given as N,,xL = 02 1, where 62 is the
noi se variance. An N-point |FFT may al%o be performed on the initial
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LT by fi lfief édeididhicd inay bé @mwtaaoraemme dessied aRbast diffllﬂeﬁﬁgt\ifhlé‘ﬁ fay a
sufficient nupber of dlffercfnt subband sets. Each initial inp

se
response &§tseleaicd bagsd e agBrdeyeff bsheea ‘@ﬁ‘ousafap‘}?qrﬁ)tsu?lFM &y Hi‘?o?lf s} one

subband S%annlaf ebthiRatPi ddlityl Stht refyﬂﬁw fot ﬁ&':l@!f‘as@ cﬂhﬁ%e@rﬁnihe spkandiiget in
each synbol period, then the filtering nay be perforned over a sufficient

complexity, and so on.

[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 result 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 re‘éained, 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:



nunber of synbol periods to obtain the |onger inpulse response estinmate.
[077] For SC-FDWVA, filtering may be perforned on initial frequency
response estimtes, |east-squares or MMSE channel inpul se response
estimates, and/or final frequency response estimates obtained for
different synbol periods to inprove the quality of the channel estimate.
The filtering may be based on a finit20inpulse response (FIR) filter, an
infinite inpul se response (IL lé filter, or sone other type of fllter The
filter coefﬂmﬁgts Oray ber $klr Etdd to achi ve tE gfeswed anoyp ?jf
filtering, whi & i l?e 0stﬁl ect ed based on tlra &7 0f'f between vqa(rl ous
factors such as, 1( t he desired channel estimate quality, the ability
to track fast changes in the channel, filter conpl exity, and so on. [078]
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envi ronnent , e comiun 1 on c nnel s only a small nunber of
taps in the t| me domai n. The channel estinmation described above may
provi de aThh#weshpld; lmpmayé)e cp@@p@déﬁéseémthw&rm% AgK dapsgrgest phetiet Lof t aps

due to noise. The p cessin atte to re ta esul t
from noi s&P5f tl}eéthé‘i“}’? "Elﬂgsetlﬁﬂion et ¢ ]?fgq'l?z ma@ﬁ?ﬁ %‘*f 80] I'n
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taps of the channel ngu se response estinmate are retai ned and the

map

remai ni ng fireiphreshoid peze@hfomthqwfn@éludaps ﬁrrfi &ﬁ?ﬁoﬁé thrpsheld Grhietemay by
schene, 6\5%} e tﬁ@%ﬁ?%:&ﬂ&lﬁ?ﬁgkgé ?%d fOILE &s! apW energy are repl aced
| ng I

wth zeros nent resho performed as foll ows:
20 O for [081] (n)Ih Zrehanotheh pdt-frosessing d;ghem;z,_ \KhmIEqs ¢alled taphselertion, Hkbest se

e b o™ ekansof H el ispfeegesanse SRR fIRHE Sk B Y1 G RindiBhg - Wi o
taps are set to zeros. The number of taps to retain (denoted as B) may be a fixed or
variable value. 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 to 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.

[083] 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 K received data symbols is



h,h is the threshold used to zero out |ow energy taps. The threshold h,,,
may be conputed based on the energy of all K taps or just the first L

taps of the channel inpulse response estinate. The same threshold may be
used for all taps. Alternatively, different thresholds may be used for
different taps. For exanple, a first threshold may be used for the first
L taps, and a second threshold (which may be |ower than the first

t hreshol d) may be used for the remaini taps. [081] In yet another

post - pr ocestshingd f2RefEdatNBCHDNIA sgbbefdy ﬂﬁprmqlpﬁ&}]géggme Bh&GIn Flg;agg of the
channel m&télf?)e rg_sponse estimate are retained, ere B ? 1, and remaini ng
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a fixed orpyvayc a RTB € based on a.receiyed.
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received SNRis within a second range (e.g., our best

taps may bk frequaicpeldmafn tebwvadaiel witds, SARE) For M=t i K adnly KedefREQ0e- 9- -
from10 to 15 dB), and so on. [082] Channel estimtion ray f)e perfaormad in
the time detesdof the N isebbadi4 pieldor date hmnemisdiawarei Btafie arfiBihe trBi@a pi | ot

schenme shoypn_ ;n._Fl. and other pilot__ schemes in which data and pil ot
synbol s arlgnslgnjfec%l%c% agasvgﬂ\gs & %Eﬁ\iéegynyéﬂ retgined, data values awgt dsmotedyesbe used
to identifg & Feng=3i.gnal paths, for example, by (1) correlating the
received synbols with the transmtted pilot synbol sequence at different

time of f sd085]land E@alizatemtdyybagerfdried of fheateguédegtdomay bl ehe Fhheived
correlatiopn.results. Th st:Egtg domai n channel estinmation provides a set of
taps for aaE%Vﬁi‘%‘FéPﬂPﬁﬁl?ﬁ\é doHwe asdeilowst e for the communication
channel . [083] For all pilot schenes, the channel estination provides a

channel inpul se respopseneghi mate and/ or a frequency response estinmate
that may be use@(kb*bé(k% ;’\;t ation of tfhekedrejNed data synbol sgq @gy
t

sequence of K receiv synbols is 21 obtained for each data SC- FDVA
synbol for the TDM pil ot scheme shown in FIG 5A and for each set of M

recei ved %@,%DI% . eEDI\fl i Lot scheme shown in FIG 5C The
sequence of © ré’é@ly{\}ggé %8%2&5@9 GHE Hnggg‘d:{hual ized in the tinme
H(k) is the channel gain estimate for subband %, which may be equal to
ﬁmmse(k) or ﬁls (k)a and |
Z,(k) is the equalized data value for subband %.

[086] Equalization may also be performed in the frequency domain on the N

received data values using the zero-forcing technique, as follows:

R, (k)
VA k — Ad —
(k) —————(k) , 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 (n) for n=1,..,N, whidh are estimates of the
N data symbols in the original sequence.

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



domain or the frequency domain. [084] Frequency-domain equalization may be
performed as follows. A K-point FFT is first perforned on the K received
data synbols, r. (n) for n =1, ..., K to obtain K frequency-domain
received data values, Rd (k) for k =1, ..., K Only N received data

val ues for the N subbands used for datg transm ssion are retained, and the
remaining K - N received data val ues e discarded. The retained data

val ues are denot, as for k=1,...,N [085] Equalization e
performed in the‘%?eqﬁ%@ﬁé%ﬁai n on the N received data val uers?qﬁ(%%ng t he
MVSE t echnique, as follows: Rd(k) - H (k) zd (k) I H(k) 12 +No for k

=1,..., N wh&@ ¢24) dendisyriRe Reudded of X rédebrc @6@isyRBodat a val ue for subband
k; f7(k) is the channel gain estinmate for subband k, which nay be equal to
H.,,,, (k) or H g(K)denated ad éinfkijec regpohsvenf @aqinal-doredn dauadizeral ue for subband k.

[ 086] Equalization may al so be perforned in the frequency domain on the N
recei ved data val(dslengpnysaghence ef Beflodligehdats ephbilgjaed as fol | ows: Rd(k)
zZd(k) flI (k) for 521,...,_N . E9 (23) [087] For both MVBE and zero-forcing
equal i zati on, t RedsqokgiaiicslercompitionRsgation. zd (k) for k =1, ..., N, may
be transformed back to the tine domain to obtain a sequence of N data
synbol est FRatreauengy respqnse ohthe pqualizer may beydrived hrsed 08 tthaMESE techniges N

data symnbol s jn .t hg«grigi-nal., uence, [ 08 alization may al so be
per for med P PHE T AN Sobne: s%qﬁre-nﬁ- o Eehikey etpouss & ol s,
as follows: 2 Zd ( = rd, r) Eq_(24) where rd (n) denotes the
sequence O?q%g;eéé%quag%o B%f‘%{“%%ﬁ%#&g(tg‘% Hro-darigedechaue ﬁﬁu&é’é THHbhse of a
time- domai p.egual i aer; 0 equal.i zed data
synbol s; and % g’é'ﬁ’g\?ésTréczgﬂéa@%?rggéb@%%?oﬁ%fﬁo ?l%%%gg?eairfl%ﬁ?rﬂ* ﬁetoftﬁ%dﬁ%ency
response oflorhiie teqbalr herequaizebnpsitve re@dnieasad) oor 4 g, MNBEwhrRGND e

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

dm) =Y 2,(-N+n) , for n=1,...,N. Eq (25)
i=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 £. The interference estimate (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-term interference estimate may be averaged over multiple SC-FDMA
symbols to obtain a long-term interference estimate, which may be used to estimate

operating conditions and/or for other purposes.



as: gk)=H (k)I(f H k) 12+N0), for k=1,...,N The frequency response of
the equalizer may al so be derived based on the zero-forcing techni que as:

G k) =1/H(k), for k =1, ..., N The equalizer frequency response nay be
transforned to the tinme domain to obtain the equalizer inpulse response,
g(n) for it =1, ..., N, which is used gor the tinme-domain equalization in

equation (24). [089] The sequence of K equal i zed data synbols from

equat i on ( PeBi] contGaharsteGmiquepings o béﬁﬂsddrt@ﬁ%dﬁr&xﬁeeﬁle%{aﬁtysmgcﬁann-ghe S
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and/or other purposes. The short-terminterference esti

aver aged oviér) eud thiepinitiaBCh A estByawD Gl18) , tes. Ot i) ﬁ(blp@gr(ﬁ)ermelr@tz ference
estimate, which may be used to estimate operating conditions and/or for
ot her pur p8dREs thesintqripgence cstiraptet de Wh‘i’th@reﬂénbﬁﬁlynmt,s@eb@tmsmoﬂ estimpesove t he
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These techni ques include an 1terative channel s and a
dat a- ai dedmerien performad; ﬁttaﬂhﬁ drangreitten ko olgtain 1{e61981]11aﬂéd rdatehsyrbcs, avhidie aghannel

estimation p tial, esti omruni cati an channel IS
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data synbol estimates, as described above. In an enbodi nent,

i nt er f er enelsaig g;éer@’qgence canceled pilot symbols, r’“(n) r,(n)~i (n) which are then used to

derive an improved channel estimate. The process may be repeated for any number of
iterations to obtain progressively better channel estimates. The iterative 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 cause intersymbol interference on the pilot symbols.

[093] For the data-aided channel estimation technique, the received data symbols
are used along with the received pilot symbols for channel estimation. A first channe]
estimate is derived 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 data 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 ﬁ(n) are converted to frequency-domain data values D(k). The
second channel estimate may be obtained by substituting R, (k) for R, (k) and ﬁ(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



the data synbols'on the pilot synbols is estinmated based on the data
synbol estimates d (n) and the initial channel estimate li(n) , e.g., as
t (n) =d(n) (r) Z(n) , wheret (n) denotes the interference estinate.

I n anot her enbodi nent, the data synbol estinmates are processed to obtain
decoded data. The decoded data is then l{)r ocessed in the same nmanner
performed at the transmtter to obtai n?t enodul at ed dat a synbol s, Wnich are
convol ved ¥hibi n e [ ce
estimate. I&g%?ﬂg%lt% 2 SIumtfd(l)t‘gllgrreqalnlﬁtékrs) ﬁ{rhgsqk?l{%?f le):”’glflcgg {gs}itlkmﬁ éq{i]&&&ns ract ed
fromthe re@@gmg@)pl I ot synbol s to obtain interference-cancel ed pil ot
synbol s, ﬁ , Which are then used to derive an

i mpr oved c[ﬁ?ﬂ el ér§§ F‘ﬁ%@ nnqlk@tlﬁ’#@ééb@mﬁﬁy’l@éhfr aﬁelai@(éﬁﬂfﬂ(ﬁyndmgs andttizer of
iterations r e t The iterative
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shown in FFlgs C@Bbinhigena}@[al\pepﬁohmd $arlegample shdultowsn FI GS. 5C and 5D, and

ot her pilot schenes in which the data synbols nay cause intersynbol
interference on.he pilat synbols. 093]} For the dat a-ai ded channel
estimation techfiguét)T Hewllk &, Vad Hat &) Syukbbl s far & UsedNal ong Bai®b t he
received pilot synbols for channel estimation. A first channel estimate
is derived based on the received pilot synbols and used to obtain data
synbol  esthérat Esi (W Bdborimesd sptiteste ebipinpdbased on thearceiiendipilotisypamésd on t he
received data synbols and the data synbol estimates. In an enbodi nent,
the received dafa.§snisdhechantel estimate ebtaived/eastdoh tho réccbgd damysybolej N

recei ved data val ues R, g’ﬁ)a and the data synbol estinmates d(n) are
converted to fr€ éﬁé@@ f18 weighsing cteestoppiletiand Tihie, resmrctivaly;cindnnel
estimate may be obtai ned by substituting Rd(k) for RP(k) and 15(k) for
P(k) in equati OHs,e,‘ﬁ,(U@)iStihwqyagiﬂicbaaﬁl)elestimamnot her enbodi nent, the data
symbol estinates are processed to obtain decoded data, and the decoded

data is pr o] i a dat The second
channel gs@f%%}g(fsrgpn%’“’b@?%gdy g? %&jeg) S%)fg% upf%}“l%lgﬁﬂd((% (g)rﬁ(klﬁf’ ™€) and
D ,,(k) f ) 4 annel
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synmbol s armoesssniésaabid: aboub traiyrbegrerfiormedoinent 1cmﬂfvalfhsh¢dixanm| cabBitbrdB6EL. This
conbi ning pay be perforned, for exanple, as follows:
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estimates, and the updated Hmm,l (k) is used to derive new data symbol estimates. The

data-aided channel estimation technique may be used for all pilot schemes, including
the TDM and CDM pilot schemes shown in FIGS. 5A through 5D.

[095] FIG. 9 shows a block diagram of a transmitter 910 and a receiver 950. For
the forward link, transmitter 910 is part of a base station and receiver 950 is part of a
wireless device. For the reverse link, transmitter 910 is part of a wireless device and
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-FDMA 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



where Hpaw (k) is the channel estinmate obtained based on the received
pil ot synbols; Hda,n (k) is the channel estinmate obtai ned based on the
recei ved data synbols; Ca (k) and Cd (k) are weighting factors for pilot
and data, respectively; and HOVern,t (k) is the overall channel estimate.
In general, Hove,vu (k) may be derlved based on any function of HP,m (k),
Hda,, (k), the confidence in the relﬂgblllty of the data synbol
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an antenna rFecef ves t hé transm provides a received

signal . A[098Jei veContrllers( FROVIRY BBAdieondie topertor ef ganoufslﬂré&ﬁssng el 4tf i es,
frequency domnconverts and digitizes) the received si enerate a

stream of THEEELY &40 s&idpTose vern OSGCWW e nﬂ\ﬁﬁp‘éftyo?m%g“?p 2pd é’@g e40rE he
recei ved sapRh@%088%hnd 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.

[0100]  FIG. 10B shows a block diagram of a TX data and pilot processor 920b,
which is another embodiment 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,
interleaved by interleaver 1014, and mapped to data symbols by symbol mapper 1016.
A multiplier 10242 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,}



obtai ns received data synbols and received pilot synbols. A channel
estimator/ processor 980 derives a channel estimte based on the received
pil ot synbols. SC- FDVA denodul ator 960 perforns equalization on the

recei ved data synbols with the channel estimate and provides data synbol
estimates. A receive (RX) data processg 970 synbol demaps,

dei nterl eaves, and decodes the data syffbol estinmates and provides decoded

data. In gﬁﬂgﬁlet and bl%lvﬂfes)@@%éahaﬁpim sytbdIOMA darmdul g{uE)%ﬁﬁe %%%d%tadat a

processor 970 is co ementary to the processing by ulator 930
and TX datembphdwihter sqoledmilos symigmdy e. g s shewi ve FIG. 3¢ ot FRnami prowides010.

[ 098] Cont Loll:6L nd 990 direct the operation of various processing
units at t@g]%llgncﬁy?ﬁebglsglo and receiver 950, respectively. Menory units 942

and 992 st f1é1] pr dgGarhlAoshes's aandS GEDM Al sediubyorcBiarfor MEDBIA4thiend 490,

respectivel .099 I sho a ock _diagram of a TX data_and pil ot

processor %B%J'me@d]f’{ﬁg@ﬁ% é?&?l\g@f%e%o o ng30§es§%‘tth192§°‘ihﬂatﬁl &30z aand may

be used f ofepbiteoniialM Pi1bebpeatGRRMBHAl s\é\éﬁéﬁbﬂomﬁé‘/ﬁﬁ&%w%g@% tirhésacgfob&irgat als
an

encoded by an encoder 1012, interleaved by an Intefleaver 1014,
nmapped to daederdpdisequenes oK symbels. Hephes rampourt 1M 4pippbies yplese sy t1020

ener ates pj.l . S equence, ; A

Dol bl oxele RicrSUBG501 Batknce BEBERLA 0 hlBoneN R Gaicd SINEDRE BT QP n (e
pi | ot synbsynsbobasEe mnsarafiphs detatninéd aynidie pnishand &t ot faarmnehissight Apl exed
data and pil.ot synbol s 0] FIG | shows a bl ock diagram of a TX
data and p?jlfch)lf pbq?%(c%eggrgforg%fggﬂpe acwcﬁ]%ap’gﬁéttﬂé}?e ?ﬂ?ﬁ%‘iyﬁ%gfa@ﬂ spmbelessor
920 in Fl GeqBerBto gayrddcan FEIMAQYmbsle CDM pil ot schemes. Wthin processor

920b, trafﬁ;‘ié dat% is encoded by encoder 1912, interleaved by interleaver
1014, and é%ile 8GaddB gpmsonts SeyFRMAnBIodwales 430k ofos LEDMfvihighl iser

1024a mul t hfk - YA o) ot |
sequence {%@éﬂef%?%?&glae? gggﬁg pr oJ\A/‘iﬁé\ée&sunlt r@&%?ﬁé?'a%?%ﬂg?@}a%?%pg’rl y, a
nul tipli eran ¥§Eamimii23 priferssearc N-piittoFFE yombad oviginhl séymetdectll patapflott he

cymbors. A ETRER BuslR st oY BBty PR finebRe Artrbaunesdoarky pi ot
synbol s, emapper 424 meaps ther N-Frequené-smAh,syabels ndy iHdeN subBirlk nRsh syrmbol s.
[0101] FIG 11A sho an SC- FDVA nodul ator 930a for | FDVA, which is an
transmission and maps K—N zero symbols onto the remaining K~N subbands. An
IFFT unit 1126 performs a K-point IFFT on the K symbols from mapper 1124 and
provides a sequence of K time-domain output symbols. A cyclic prefix generator 1128
appends a cyclic prefix to the output symbol sequence to generate an LEDMA symbol.
[0103] FIG. 12A shows a block diagram of an SC-FDMA demodulator 960a, which
is an embodiment of demodulator 960 in FIG. 9 and may be used for the TDM IFDMA
pilot schemes. Within SC-FDMA demodulator 960a, a cyclic prefix removal unit 1212
removes the cyclic prefix for each received IFDMA symbol. A phase ramp removal
unit 1214 removes the phase ramp in each received IFDMA symbol. The phase ramp
removal may also be performed by the frequency downconversion from RF to
baseband. A demultiplexer (Demux) 1220 receives the output of unit 1214, and
provides received data symbols to an equalizer 1230, and provides received pilot
symbols to channel estimator 980. Channel estimator 980 derives a channel estimate
based on the received pilot symbols, e.g., using the MMSE or least-squares technique.
Equalizer 1230 performs equalization on the received data symbols with the channel

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

symbols. An accumulator 1232 accumulates equalized data symbols corresponding to



enbodi nent of SC-FDVA nodul ator 930 in FIG 9. Wthin nodul ator 930a, a
repetition unit 1112 repeats an original sequence of data/pilot synbols S
times to obtain an extended sequence of K synbols. A phase ranp unit 1114
applies a phase ranp to the extended synbol sequence to generate a
frequency-transl ated sequence of output synbols. The phase ranp is
determ ned by the subband set u used f2dr transmission. A cyclic prefix

gener at or a d i c tz%g, e synbol
sequence t%l&%l 1r‘?er 1? éel gfn%ﬁcz E tr {?’lfltt&(1 g%j) ﬁ&f)&ag@ d%évs%%ngwq'}

nodul at or @meteﬁor LFDMVA, whi ch i's anot her enmbodi nrent of SC- FDI;/A f
nodul at or in W t hi dul at or 930 FFT .uni . performs
an N poi nt Et‘f?]&% YONSP b@"ég@@ﬁ%ﬂ 84 EPM‘%@FmOg‘Q f) 12“(‘38t ain a
sequence af ahbtﬁéxeamﬁﬂﬁyerﬁmﬂmawf@pbso iAFRY. "D and hRyvehkeador eomewr 1124
maps the N frequency-domain ﬂ:érrbol s onto the N subbands used for

transni ssilSRMhdilppisgenes RE M&c&m@v@%ﬁé@b inglides Arglptei ghgnuelizer hat
subbands. fAtrfbvell FERE WAl Efxé&éc?(ﬁa&e T ITS o d% %E?l'opt &Ff?zé}“t}{a’f'er?éévé%”ﬁn |'s from

mapper 1124 an provides a se ence 0] t'1 me- onaln ou
cyclic pr dfdangmiged gilat m@l@BFozathelatds:hanrmymrl e npiepliex 12@4& hmltxpueqoﬂnb synbol

t d 013 FIG@ 12A shows a bl ock
G g1 am of ST SE REA e Fiuits U Ogesogt Wit orinoeert SRasaRerdt) gnd

Scnemes. W e Eoﬁ& 3@9%‘51 2 oL S2od e M EN Bl g

1212 renyebolster eyl trincsnpitted data §yombod amhpmeﬂec Nﬁz(deﬂvEcDMﬁsa syribs] Foriﬁtllzlgms e
Cymbol - TralopABRSEE MR AP g PGS o B R b SR e trency
downconver i {ad pflGtRH B%oﬁa‘? se@éﬁ&b@ﬁﬁdaﬁ Sevidbd MPE&AR pil P& ngﬁ%als Jfgngacﬁ ecelves

t he output of unit and provides received data sy

equal i zer tlaAgRitted PotPsyMMoNEShIEIEERI aéaﬂmﬂatle@b?/ aﬁ)ﬁ@&ﬁhﬁa&@l@i@ﬂ@%bta%?&' mat or
980. Channel estimator 980 derives a_ channel estimate based on the

recei ved priebredgyinhsimbol dogthe tiggsmiged pidotnaymibobr Theprocessingdiyesybsegudnti que.
Bqual i zer i Qvith f SC FOMAUBLEGRIKANOGID 1165 TREAINATAARL AP aRLRLNI L 1 he
channel estimate in the tine msu n or the frequency donai n and provi des
equal i zed @moaulawyﬂﬁtal S. An accunmul at or 1232 accunul ates equal i zed dat a

symbol s ¢ gbi QH(Q gg%& shgv% g}"olcfci alg%mc(g)fo gn%%—%l\ik %eglgﬁatoxt 5‘&)% n\]v}tutcl? d data

synbol

is yet another embodiment of demodulator 960 in FIG. 9 and may be used for the TDM
LFDMA pilot schemes. Within SC-FDMA demodulator 960c, a cyclic prefix removal
unit 1312 removes the cyclic prefix for each received LFDMA symbol. An FFT unit
1314 performs a K-point FFT on an LFDMA symbol after removal of the cyclic prefix
and provides K frequency-domain values. A subband-to-symbol demapper 1316
receives the K frequency-domain values, provides N frequency-domain values for the N
subbands used for transmission, and discards the remaining frequency-domain values.
An IFFT unit 1318 performs an N-point FFT on the N frequency-domain values from
demapper 1316 and provides N received symbols. A demultiplexer 1320 receives the
output of unit 1318, provides received data symbols to an equalizer 1330, and provides
received pilot symbols to channel estimator 980. Equalizer 1330 performs equalization
on the received data symbols in the time domain or the frequency domain with a
channel estimate from channel estimator 980 and 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



estimates. [01041 FIG 12B shows a bl ock di agram of an SC- FDMA denodul at or
960b, which is another enbodi nent of denodulator 960 in FIG 9 and may be
used for the CDM | FDVA pil ot schenes. SC-FDVA denodul at or 960b i ncl udes a
data channelizer that recovers the transmtted data synbols and a pil ot
channel i zer that recovers the transm’% ed pilot synbols. For the data
channelizer, a nmultiplier 1224a nultipfies the output of unit 1214 with

t he M chi psecobers hie daihamidel h@@o NynbsRALIENG N{;)Iﬁdi;-di}haﬁﬂgmtep FeQM %%5\(e§§ ?ﬂm@d da’:]a
scal ed data synools 1or eac

synbol-s. An accu 263, accunul at es

transmttedf? Wﬁ%?ﬁﬂﬁép’m %‘8 PB\Fl?ede’éa éh%“%l&%é’dlnalé@hers%élmultlﬂrﬁstth@

pi l ot chan | {2k P ldir pl.ie ut of unit 1214
N th the MaRos FEF AP A SHsRN MRl SRl oD il i "

scal ed pi | poviientiodled tetn @@ﬂdms tmaﬂscfsuhlhﬁ@orpljz% a%)fl'ﬁﬁﬁ’lla’ees Wit :]“cﬁlear&t
accunul ated by an accunul ator 1226b to obtain a recelved ot syn%ool for

the transnYRRes 197 pah teappidted dmémb@ke@é@mgiqg;a rsm@éqiammmhn Fag thei t hi n

SC- FDVA de tor

960a. [010??&%@&%% uhiB1iéol 08 E‘{uﬁ%@? Bl OF R 31s SERIRLE

960c, whi cbhips ef shetpilanatiiveona ndqutinoe iy, pﬁncdpmvdiab M@éal&ﬁ%ldt%yﬁb@s & and

may be used for the TDM LFDMA pi |l ot schemes. W thin SC- FDMA' denodul at or

960c, a cy@ﬂChctr@ﬁ@ftteﬂ m]@tnsylabol wriich 4B1&cumniatedsbyt be acyuahilatopn 8idbxtd or

each receiy n EET un perfo K- poi nt FFT on an
L FDVA synb fidhof BB & THOY ey Oz f"i“&m%'ieéfﬂl’)? 'g]%fi cesging by
frequency- simsalunntvlahusa&th%SSJJB]DMKJdbmo&ﬂifbp%oiiewp&rscrib%aﬁabo{l@?&' yE&s the K
frequency- Eﬁwa grow des N frequency-donmai n values for the N
subbands u r% Sion, and discards the remaining

frequency- a0 n ‘I"ﬁé Past tran@ﬂns%ﬁy'r:fraddr\!htanﬁ]e?%ﬁnﬂﬁfoﬁmgé e&ﬁ'b@ci nék On the
N frequency-domai n val ues from demapper ges recerved

synbol s. AP@erRg fppessed b3overioss ansrss tFer emghltthosfe tﬂahmlqﬂﬁlﬁlay eovi des

recei ved dgf L e e 3 and p es rec |ved pi | ot
synbol s to hannel ergt}%dfr?a“%g? %)g@.'dréqéra |§%r?b1&ag§’8 %‘SFCID mEO%d‘u Y8 on  on
the recei vetlaatntatoypied pracessirige unitsmasado pnigeneitet R HaR@MENC HilGOFRIAN Wi th

a channel, estimte fro nnel estimtor 980 and provides data synbol
esti mat es. tr?%%%ﬂ (?ngea‘%ﬁp 09\%’0%?3115‘5&9!55 GhawgR &k 6?‘§a?| thyougipNABderrsdul at or

960d, whi céonitdnatip®t ofafiel BRICeRMR0UhHH NnaP fbed GARIEMEREL wRBH it B} Guord 2nd

ey be usea%ch?arthl r;gecn“lc integrated circuits (ASICs), digital signal processors (DSPs), digital
signal processing devices (DSPDs), programmable logic devices (PLDs), field
programmable gate arrays (FPGAs), processors, controllers, micro-controllers,
microprocessors, electronic devices, other electronic units designed to perform the
functions described herein, or a combination thereof. The processing units used to
perform channel estimation at a receiver may also be implemented within one or more
ASICs, DSPs, electronic devices, and so on.
[0108]  For a software implementation, the techniques may be implemented with
modules (e.g., procedures, functions, and so on) that perform the functions described
herein. The software codes may be stored in a memory unit (e.g., memory unit 942 or
992 in FIG. 9) and executed by a processor (e.g., controller 940 or 990). The memory
unit may be implemented within the processor or external to the processor.
[0109]  The previous description of the disclosed embodiments 18 provided to enable
any person skilled in the art to make or use the present invention. Various

modifications to these embodiments will be readily apparent to those skilled in the art

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



LFDVA pil ot schenes. SC- FDVA denodul ator 960d i ncludes a data channeli zer
that 28 recovers the transmtted data synbols and a pil ot channelizer
that recovers the transmtted pilot synbols. For the data channelizer, a
mul tiplier 1324a multiplies the output of IFFT unit 1318 with the M chips
of the data orthogonal sequence {ivw, } and provides scal ed data synbols.
An accumul ator 1326a accunul ates M scaf®ed data synbol s for each
transm tt edefdat ﬁﬁﬁb i i v r

pi | ot channéﬁ?ﬁgaﬁMgﬁﬁiftipﬁ?%?ﬁaggﬁg%ﬁﬁﬁﬁﬁ%l?ggg?ﬁim%%ﬁgg%mgggfﬁégpuhit
1318 wit h medrsl tache giteskto thecenpiodisrenst shawg darsin b dererteacorped thamidest ovi des
M scal ed pj . } pi.l ot nbol , which are
accunulategkﬁéC%ﬁgggkﬁﬁhﬁgﬁgﬁé%%ﬁ%gépgﬂﬁg%ﬁg?ﬁhﬁg¥3§§?$@ﬁ pil ot synbol for
the transmtted pilot synmbol. The processing by subsequent units within
SC- FDVA denodul ator 960d is as descri bed above for SC- FDVA denodul at or
960c. [0107] The pilot transm ssion and channel estinmation techniques
descri bed herein may be inplenented by various neans. For exanple, these
techni ques may be inplenented in hardware, software, or a conbination
thereof. For a hardware inplenentation, the processing units used to
generate and transmt a pilot at a transmtter (e.g., each of the
processing units shown in FIGS. 9 through 13B, or a conbination of the
processing units) nmay be inplenented within one or nore application
specific integrated circuits (ASICs), digital signal processors (DSPs),
digital signal processing devices (DSPDs), programmabl e |ogic devices
(PLDs), field programmable gate arrays (FPGAs), processors, controllers,
m cro-controllers, mcroprocessors, electronic devices, other electronic
units designed to performthe functions described herein, or a

conbi nation thereof. The processing units used to perform channel
estimation at a receiver nay al so be inplenmented within one or nore

ASI Cs, DSPs, electronic devices, and so on. [0108] For a software

i npl enentation, the techniques may be inplenmented with nodules (e.g.,
procedures, functions, and so on) that performthe functions described
herein. The software codes may be stored in a nenory unit (e.g., menory
unit 942 or 992 in FIG 9) and executed by a processor (e.g., controller
940 or 990). The nmenory wunit may be inplenmented within the processor or
external to the processor.



[0109] The previous description of the disclosed enbodinents is provided
to enable any person skilled in the art to nake or use the present
invention. Various nodifications to these enbodinents will be readily
apparent to those skilled in the art, and the generic principles defined
herein may be applied to other enbodigsnts W thout 29 departing fromthe
spirit or scope of the invention. ThuS, the present invention is not
intended to be limted to the enbodipAIMSShown herein but is to be
accorded the wi dest scope consistent with the principles and novel
features disclosed herein. 30 CLAIMS 1. An apparatus conprising: a
processor operative tqlf%£p1aoffn§ﬁ,sequence of pilot synbols based on a
pol yphase sequ hce;Aghfpa ﬁ%ﬁdpg?orgoperative to replicate the first
sequence of pi laoprosassdroberativket topfoem 4 firse Sequenedivlipiion sprbdn asdgereace of
pilot synbols for transm ssion via a communication channel. 2. The

appar at us ROYPERSSiSRIUENCG 8¢ ei n t he modul ator is operative to apply a phase
ranp to the segogeadferepsaiveftoRbpiRhte MR SediRn&PbRpilotayBbI dnggglgence of
out put synbols. 3. The apparatus of claim?2, wherein the nodulator is
further opbRet ity eoltyin aseccapd | gguance wof @ilpt eyvarbolspas dragpmistien f pig ehe
phase ram%&ﬁhﬁﬁm$8@§%m%&p different synbol periods to transmt the first
sequence of pilot synbols on at |least two different sets of frequency
subbands. 4. The apparatus of claim1l, wherein the nodul ator is operative
to append a cyclic prefix to . second .sequen of .pilot. synbol.s to
obtalh a i ni rdsequdlearpiebBol O SumBorD S ARERE: ibio- P f Ra 80 o

ti me domaiphasd ramphe theaerond seqiencglof piloasymtols t.obldiea afifdakqianse of owtpai m 1,
wherein the oiyphase sequence has a constant envelope in tinme domain and
a flat spe¥ti®8> response in frequency domain. 6. The apparatus of claim1,
wherein the processor is operative to forma first sequence of data

synbols, to nmultiplex the first sequence of data synmbols in a first
The apparatus of claim 2, wherein the modulator is further operative to

use at least two different phase slopes for the phase ramp in at least two different
symbol periods to transmit the first sequence of pilot symbols on at least two different

sets of frequency subbands.

4. The apparatus of claim 1, wherein the modulator is operative to append a
cyclic prefix to the second sequence of pilot symbols to obtain a third sequence of
output symbols suitable for transmission in time domain via the communication

channel.

5. The apparatus of claim 1, wherein the polyphase sequence has a constant

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

6. The apparatus of 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 of 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



synbol period, and to multiplex the first sequence of pilot synbols in a
second synbol period. 7. The apparatus of claim1l, wherein the processor
is operative to forma first sequence of data synbols, to nmultiplex the
first sequence of pilot synbols with the 31 first sequence of data
synbol s, and to provide a sequence of | tipl exed data and pil ot synbols.
8. The apparatus of claiml, wherein the processor is operative to forma

first sequeieseqoéncdaf data\yiobls, arldQo Hoviden] qhdiRe bF hﬁﬂtlp‘l&&ﬂ@lﬁﬁ%n@fpﬂgtat a
synbols with a first orthogonal sequence to obtain a plurality of

sequences DML ed dat a synbols, to multiply the first sequence of pil ot
symbol s with a second orthogonal sequence to obtain a plurality of
sequences of scaled pilot synbols, and to conbine the plurality of
sequences of schl ed t@pwﬁ@mfstlamtlh wheeeip kher pro¢asyoraf ogeqmmtoeﬁmofa scal ed

pi | ot Synbﬂls&eg{:&lc? BE @dt%sﬁnvﬁrlls”t@ﬁhktﬁ) eypt]l'xe Fd encecse 0 o él?sg{%] 51 %l rff%Ptm a

The appar at us rocess
first sequeniogom quemces ytortudkasn at plumht}t op Isyqﬁeh@:sfcbﬂ é‘daleﬁeﬂuﬂ&‘ Re@bEE, @at a

synbols with a fli ort ho na I to obtain a equence of scal ed
data synbol8EPfy h?nﬁlsf F‘?S‘Iuﬁncteﬁ’ Ptrsé’ ]g ﬁ’e‘lﬁa Ortﬂdforﬂl"%‘f SSHvsRAedo GheR o

second ortmqmmmk Feaantes tod s@mwlpﬂoasﬁﬁwsnm & combtafle Rinki@fitySygmbol s,
and to conbi ne the sequence of scaled data synbols with the sequence of

scal ed pil %Pﬂuswﬁo?flSsal%d%ﬁww%lwstb&wméhwof sesrnges @f eaptedatilet symbolsThe
appar at us @fob%@wmsammesa&c&mcﬁmsﬁledgﬁ%&pce of pilot synbols is sent
e

on a first set of frequency subbands rein data synbols are sent on
a second set of fregquency subbands containing nore frequency subbands

yatem comri ohmy: T PRk D2 IOSAELR 1 %Bedia-Ss obdha’ @ oS0 %
pol yphase Betwqumes ofeda symipalls d:camud higlyt thefifst seqhemwﬂeﬁlﬁﬁ%mfvom?zhtﬁfa fEpnbol s
econd se ols for

e & o R e O R SRl alsy Bty P o htha ffsin 1

further coggudngé B pileyhiboROwEh E'@é&)ﬁdro?tH@%cIn@l §é§ﬁer§c€QQ@9ta§PQE Eﬁ‘ce f pilot
symbol s to obtain a third sequence of ou nbol s. od of

ciaim11, faremdet eapinls suddo combme the sequence of scaled data symbols w1th the
sequence of scaled pilot symbols to obtain a sequence of combined symbols.

10.  The apparatus of claim 1, wherein the first sequence of pilot symbols is
sent on a first set of frequency subbands, and wherein data symbols are sent on a second

set of frequency subbands containing more frequency subbands than the first set.

1. A method of generating a pilot in a communication system, comprising:
forming a first sequence of pilot symbols based on a polyphase sequence; and
replicating the first sequence of pilot symbols multiple times to obtain a second

sequence of pilot symbols for transmission via a communication channel.

12.  The method of claim 11, further comprising;

applying a phase ramp to the second sequence of pilot symbols to obtain a third
sequence of output symbols.

13.  The method of claim 11, further comprising:

appending a cyclic prefix to the second sequence of pilot symbols to obtain a

third sequence of output symbols; and



appending a cyclic prefix to the second sequence of pilot synmbols to
obtain a third sequence of output synmbols; and 32 transmtting the third
sequence of output synbols in tine domain via the comunication channel
14. An apparatus conprising: neans for formng a first sequence of pil ot
synbol s based on a pol yphase sequence,, and neans for replicating the
first sequence of pilot synbols nultip?% tinmes to obtain a second
sequence of pi | @inseitihelthe Shird abd@néebf LGS FySSHIRNinViife BAGRANWM G | ON
channel . 15. The a paaatu of claim 14, further conprising: neans for

appl! yi ng acﬁﬁﬁgﬁcﬁgﬁﬁ #¥°t he second sequence of pilot synbols to obtain a
third sequence of output synbols. 16. The apparatus of claim 14, further
conprising: neans for appending a cyclic prefix to the second sequence of
pil ot synbol s tbt obdmpppagatysromprisiguence of out put synbols; and neans for

transmtting t i C f u nbols in, ti domain.via the
communi cation ¢ g%?ﬁe@ f?[@%g% gf)sgasgﬁéhgs)e é%%?ti ?Fﬁbd):ls & gg%gs%‘?ly%%er ative
to form a fdguatcesamgduence of pilot synmbols based on a pol yphase sequence;

and a nodul ator_operative to transformthe first sequence of pilot synbols
to frequency dOFEOTEPIEBHRE ﬁw}r (SEBITACET, T'l%yénlt?gs Priiplrdivass ta ohgim

synmbol's, tg st Rqudnbé lofl pEREUGRBELs RhitSHEBe! GadidifidnhiaSEcoRduaRtsNce of

frequency-donmai_n synbols mapped onto a group of frequency subbands used
for pilot €h8A&ni ssion, and to transformthe third sequence of synbols to
time domain to obtain a fourth sequence of output synbols for

transm ssion via a comruni cation channel. 18. The apparatus of claim 17,
wher ei n t he nodlfl. at orhejapparpius af ¢lvien 14 fapecamprisingycl ic prefix to the

f h ' bt aj fi.fth f
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obtain a third sequence of output symbols.

16.  The apparatus of claim 14, further comprising:

means for appending a cyclic prefix to the second sequence of pilot symbols to
obtain a third sequence of output symbols; and

means for transmitting the third sequence of output symbols in time domain via

the communication channel.

17.  An apparatus comprising:

a processor operative to form a first sequence of pilot symbols based on a
polyphase sequence; and

a modulator operative to transform the first sequence of pilot symbols to
frequency domain to obtain a second sequence of frequency-domain symbols, to form a
third sequence of symbols with the second sequence of frequency-domain symbols
mapped onto a group of frequency subbands used for pilot transmission, and to
transform the third sequence of symbols to time domain to obtain a fourth sequence of

output symbols for transmission via a communication channel.

18.  The apparatus of claim 17, wherein the modulator is operative to append
a cyclic prefix to the fourth sequence of pilot symbols to obtain a fifth sequence of
output symbols suitable for transmission in time domain via the communication

channel.



channel. 33 19. The apparatus of claim 17, wherein the pol yphase sequence
has a constant envelope in the tine domain and a flat spectral response in
the frequency donmain. 20. The apparatus of claim 17, wherein data synbols
are sent on a second group of frequency subbands containing nore
frequency subbands than the group of {yequency subbands used for pil ot
transm ssion. 21. An apparatus conprising: a processor operative to forma
sequence of pilot symbols, to forma sequence of data synbols, and to

time division tiplex the sequence dat a synbol s and the sequence of
pil ot symbols; and gh}?mﬂﬂﬂag?{‘i?r ggﬁg‘?lgt :P-E/eW GelGe hEr BRIEPIEES |SEHEPCEH RS 2

si ngl e- car ¢dnetanf £:8GLPBAY th Vikl A¥naifMahll iapfl& GREES Sedpafed AVA: Byy¥BRl, based

on the ti di.vision multiplexed data synbol's and pilot synbols. 22. The

appar at us M P-ai m 21, wherein the processor is operative to nultiplex

t he sequence of data synbols in a first synbol period and to nultiplex the
sequence of pilot synbols in a second synbol period, and wherein the

modul ator is ofer atiheapparageméchin 14, hesin & BPWols yresEnt born debend

sequence o i.n_the first s ol peripod and to,generate a
second SC- é@ﬁ%@;ﬁ%&&?{, glrlbqaﬁés SuLRE én# r}%ﬁﬁ’r@?’ SE@H‘B@T g"ai“nﬂ"i9 BEOWelond
synbol perfrapen@Gubidnds agddorpiles tradsndésgonn 21, wherein the processor is
operative to nultiplex the sequence of data synbols and the sequence of
pilot synbols in different sanple periods of a synbol period, and wherein

the modul at or i3, opexigpyRuis@ompAgh@t € an SC FDVA symbol for the
mul tipl exed pilot and data synmbols for the synmbol period. 24. An
appar at us conprd RIP¢R§sor ppetRdve tgfomp p seqygnag of pdafesyowolsf toffoinot seguehad of:
means for §.0f 5Heh18 HAERES dRfisisP b oS (8 HRidhy fH.on
mul ti pl exi ng the sequence of astla g@n@%ﬁlgnﬁq@gg%ggﬁeﬁ&rﬁ%’é a 4 ﬁ“&
synbol s; aduedge of pilot symbols; and
a modulator operative to generate at least one single-carrier frequency division
multiple access (SC-FDMA) symbol based on the time division multiplexed data

symbols and pilot symbols.

22.  The apparatus of claim 21, wherein the processor is operative to
multiplex the sequence of data symbols in a first symbol period and to multiplex the
sequence of pilot symbols in a second symbol period, and wherein the modulator is
operative to generate a first SC-FDMA symbol for the sequence of data symbols in the
first symbol period and to generate a second SC-FDMA symbol for the sequence of
pilot symbols in the second symbol period.

23.  The apparatus of claim 21, wherein the processor is operative to
multiplex the sequence of data symbols and the sequence of pilot symbols in different
sample periods of a symbol period, and wherein the modulator is operative to generate

an SC-FDMA symbol for the multiplexed pilot and data symbols for the symbol period.

24.  An apparatus comprising:
means for forming a sequence of pilot symbols;
means for forming a sequence of data symbols;

means for time division multiplexing the sequence of data symbols and the

sequence of pilot symbols; and



means for generating at |east one single-carrier frequency division

mul tiple access (SC-FDVRA) synbol based on the tine division nultiplexed
data synbols and pilot synbols. 25. The apparatus of claim 24, wherein
the neans for time division multiplexing the sequence of data synbols and
t he sequence of pilot synbols conprise means for nultiplexing the
sequence of data synbols in a first sy%bol period, and neans for

nul tipl exi ng t haeseqweeaedfingdbl LastSyEdsihgleiclrr TRGAAEYSHIRRI mBRfHIOd. 26.
The apparatus of, _claim24, wherein the means for time division

mul ti pl exi #GEEHECs bl brsed o8 yhbEing divition multipigiedriain Bingnly grd
symbol s copipiiispBols.Neans for mul tiplexing the sequence of data synbols and
t he sequence of pilot synbols in different sanple periods of a synbol
period. 27. An apparatus conprising: a processor operative to forma

sequence of pil S ol t grm equence of data nbgl s;: and a
nodul at or opera |'veyﬂ6% Sé%aggg eo(?a&vm de%an@leg?l?oﬁeblgg%lﬁ %CH f%g glé’%ﬂ?élnce of
pi | ot synbmbBipldxingghasatreeaf dite aphbdnamdshagiqaermarck pst skinboldeomyrigh Vi si on
mul ti pl e access SC- FDNVA), synbol based t he sequence of data symnbol s,
and to time di \/‘P%fi('"ﬁgor %ﬁ%ﬁg& %Sﬁ%ﬂ%@d%fo_tfgmya}hogﬁn &ﬁHSttSWé‘b‘é]tPepE‘é%do ne
SC- FDMA synbol .méfhs fbhendBpekial Use Qbqieh@ BF ot WIRKAE in tah@ec@ﬁ@%ﬁx%ﬁ@lr IS
operative to formthe sequence of pilot synbols based on a pseudo-random
nunber (F%Bﬂ§@quence. 29. The apparatus of claim 27, wherein the nodul at or
is operative to generate at |east one interleaved FDVA (1 FDVA) synbol or

at | east one localized FDVA (LFDVA) synbol for the sequence of data
synbol s. 30. TH. appkheaepgrasts off a¢lain? 24, wieran rthe hmeadsd &dyatiche pdivisioni s

pseudo-r andom , \W C |.e e ot her w deban ilot from at
| east one % 1 %emn:gglﬁés%%@ né:%’ .Oic ggggm}?ﬁ%lgqgep?)eﬂlg}cﬁ WB‘?&EVIE‘E?}?E%I’W& ein
t he wi deband pithetnsifer mithiplealnigghestquirtcs ofidataagmibolonad did@uaticdebanet pi | ot

fromat |eas ne gther transm.tfer. 32. An apparatus conprising: a
denodul at of Hﬁgﬁfgaﬁémpg@899¥ﬁéfaPﬁEéﬂPﬁﬁ ‘singl e-carrier frequency
di vi si on

27.  An apparatus comprising:

a processor operative to form a sequence of pilot symbols and to form a
sequence of data symbols; and

a modulator operative to generate a wideband pilot based on the sequence of
pilot symbols, to generate at least one single-carrier frequency division multiple access
(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.

28.  The apparatus of claim 27, wherein the processor is operative to form the

sequence of pilot symbols based on a pseudo-random number (PN) sequence.

29.  The apparatus of claim 27, 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.

30.  The apparatus of claim 27, wherein the wideband pilot is pseudo-random

with respect to at least one other wideband pilot from at least one other transmitter.



mul tiple access (SC-FDMA) synbol via a communication channel and to
process the at |east one SC-FDVA synbol to obtain tinme-domain received
pil ot synbols; and a processor operative to transformthe received pil ot
synbols to obtain frequency-domain pilot values and to derive a frequency
response estimate for the conmunicati channel based on the
frequency-domain pilot values and usi ng{'a m ni mum nmean- square error

(MVBE) techni quei.or Bnd gpatansiefadi@m £1 Dhetde iy |iRbandBpilothe tidRPAgasHs of -
claim 32, wherein the 'Br ocessor. is operative to derive a channel inpul se

response e¥ithghleest pos otfipevidshand mlobirom At lopsh APRPhEEBEMERTL he  frequency
response estimte. 34. The apparatus of claim 32, wherein the processor is
operative to filter the frequency response estimte. 35. The apparatus of
cl ai m 33, wher e3h t han ppracaesemprsingper ati ve to filter the channel

i mpul se responsge.esti e. .. Th ratus of. claim 32, wherein.the
processor is op%g%l?(lgcl}lgg éroolj ga?'iv\e;é[o ??‘?igggtelﬁ%sﬁ OPeeilB% AL ?{eﬂ%e[ngg %*Véﬁlonsc- FDVA
sKnboI Is _semulltqms @tceds §SSIFIIMA) SﬁhBolOJliQa a éd&rﬂﬂlﬂﬁ&ﬁiﬁn%ﬁﬁbﬁnﬁiﬁ totp@oddsy thy et

channel inpul se e estimtes hased on the frequency response

esti mat es, ©&H@¢ ggfsﬁqﬁ{@rsy iﬁfg’ttﬂ%‘éPmF'r‘ﬁ'Bﬁﬁ@é’e?eé‘éeﬁgPh@ésqu%ﬁ?‘és to obtain
an ext ended chamﬁbcelsgmubﬁe@aﬁ@swnﬁﬁsfsﬂlt@t@cé%ghwom&ﬁlbbﬁ% loBam each

of the channel inpul se response estimtes. 37. e apparatus of claim 33,

wher ei n t h&egieaeedwngin plopyalugs i2pé te sleries 4i fiequengyr easpense risimatenfiontteer  of
taps in th i e P | ] .S r .0l t aps
in the cha(‘r?]?]e @Qnﬁiﬁ’ﬁséﬂ%ﬁéépgasgé (glrs]tﬁlf‘e ngft'é (ide@ g%rrﬁ%g.ﬁlgoé %\l‘ée.s %ﬁhga% garat us
of cl ai m 3hinimpereéam-syhareprioc 8dBHE) teshwger ata lvast-squasal (B8] tethsque.

predet er mi ned nunber of taps based on a signal-to-noise-and-interference
ratio (SNR) or a spectral efficiency for a data transm ssion via the
comuni cati on c3gannethe apgfatuboé chpa2,aihesein theglradadict3s opiareitd déhe a

processor i s operative to retain taps in the channel jinpul se response
estimate eSRABR iW@P“baFepFeéﬁ‘&sér?ﬁlﬁ’éE? ¥Hr B8 neAmymyHertionochgapely Basgd remdhe aps i n
t he channetehZRY) RGHoMESHORRE:. estimate to zeros. 40. The apparatus of claim
33, wherein the processor is operative to retain first L taps in the
channel inpul se response estinmate and to set renmaining taps in the

34.  The apparatus of claim 32, wherein the-processor is operative to filter the

frequency response estimate.

35.  The apparatus of claim 33, wherein the processor is operative to filter the

channel impulse response estimate.

36.  The apparatus of claim 32, wherein the processor is operative to derive
frequency response estimates for SC-FDMA symbols sent on at least two sets of
frequency subbands, to derive channel impulse response estimates based on the
frequency response estimates, and to filter the channel impulse response estimates to
obtain an extended channel impulse response estimate having more taps than each of the

channel impulse response estimates.

37.  The apparatus of claim 33, wherein the processor is operative to retain a
predetermined number of taps in the channel impulse response estimate and to set

remaining taps in the channel impulse response estimate to zeros.



channel inpul se response estinmate to zeros, where L is an integer one or
greater. 41. The apparatus of claim 32, wherein the denodul ator is
operative to denultiplex received synbols in the at | east one SC FDVA
synbol into received data synbols and received pilot synmbols. 42. The
apparatus of claim 32, wherein the denggulator IS operative to process
the at | east one SC-FDVA synbol with an” orthogonal sequence for pilot to
obtain the recess/ed Thel appasysiugl Saim4B], wheeinpRasradddsorat opbrakive @2selebur t her |
conpri sing;, an ual.i zer eragtjve.to equalize received data synbol s base
on the fr e@ﬁéﬁﬁ%gerf“&eé ‘E’éolg)eéscf i BBt dasedon A-signahig-aqisrsandsimiriessnag Ttk ans

for proces@NR) dit sh@as! efbRnS) fogh Aath MahdrBEsidd B URNGYninté SR Bndibit | P! e
access (SC-FDVA) synbol received via a comruni cati on channel to obtain

received pilot synbols; neans for transform ng the received pilot synbols

to obtain fr eqwcy'ﬁ%{%%gt idf%ﬁaﬁfﬁ%?%&rcﬂﬁﬁw%@&% 9L o ?r[a%ye' % efin

frequency response est or the communi cati‘on  chann ased on the
f r equency- tpsrai the phdnpel implulse sespnokelesiimefe axcdedinpgumredetarasopdaheshodd amy

MVBE) t ' - a | east - LS) techni.que. 37 45, Th t
of ol i m 4 er PR e T R e P PR g0 2Bhannel 1 mpul o

response estimte for the comrunicati on channel based on the frequency

response estimate, and neans faor setting at | east one tap of the channel
i mpul se response*est pPRAARS Of Clam 35 Whersin tis PEPGEELPs it PPRIREento4Rtainf ur t her

conpri si ngg i ' j t 0. f . I mat es
er ved o e e s R K R R e
peri ods. 4Ghanpg) impyss mepesseestipratestiongros.avitenb th Andhisgeroperoagiear.t 0 recei ve a
pil ot conprised of nmultiple copies of a sequence of pilot synbols
generated with a pol yphase sequence and to process the

41.  The apparatus of claim 32, wherein the demodulator is operative to

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

symbols and received pilot symbols.

42.  The apparatus of 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 of claim 32, further comprising:

an equalizer operative to equalize received data symbols based on the frequency

response estimate.

44.  An apparatus comprising:

means for processing at least one single-carrier frequency division multiple
access (SC-FDMA) symbol received via a communication channel to obtain received
pilot symbols;

means for transforming the received pilot symbols to obtain frequency-domain
pilot values, and

means for deriving a frequency response estimate for the communication
channel based on the frequency-domain pilot values and using a minimum mean-square

error (MMSE) technique or a least-squares (LS) technique.



received pilot to obtain received pilot synbols; and a processor operative
to accumnul ate received pilot synbols corresponding to the nultiple copies
of the sequence of pilot synbols. 48. An apparatus conprising: a

denodul at or operative to receive at | east one single-carrier frequency
division nmultiple access (SC FDVA) sygpol via a communication channel and
to tinme division denultiplex received synbols in the at |east one SC FDVA
synbol into recsd.vediidaipparamy obelhisn 44)durttee edggxihiny: | ot synbol s; and a
processor operative to_derive a csganneﬂ%esti mat e for the conmunjcation
channel based ofe3idoT SRR CIEIPY Ry BsRonsy gstimgre forhe SPHMURKARM si ng:

a denodul aiRhndPesAlon\Re téueRGakMPnad estif@gl afne si ngl e-carrier frequency
division nultiple access (SCFDVA) synbol via a communi cation channel and

to process the &gans|fansattinghel lewst PpAPsYinthe ichangelivemilss teenoaps edingitd bt
symbol s; apd,a processor operative to derive a channel estimate for the
communi cation channel based on the received pilot synbols and using a
| east -squares (LS) technique. 50. An apparatus conprising: 38 a

denodul at or opeyat i to recei at agt one single-carrier frequency
di vision nultip 62 acCESRPEEs E{i@ﬂ)‘n%‘gzﬁ"b@“%ﬁfapf&lﬁmmni cation channel and

to process the mtanslfonsiteiipeatSeast DVA fraquiely ok aititatdsn®ridedion pecei ved

pilot synbols; a rocessor,_ operative to identify at |east one tap of a
channel in]ﬁﬁﬁté‘ﬁoBgérg%lﬁéesyﬂiglcsifﬂ’a%éeaﬁ'bt?”otsﬁ@b%]d??ﬁﬂ@ﬁ-cati on channel by
correlating the received pilot synbols with transmtted pilot synbols at
different tinme offsets. 51. The apparatus of claimb50, wherein the at

| east one SC- FOMA syAbaliparaguseompssisgpi | ot synbol s and data symbol s
I tipl d i , ; i h | at i
i exed acr st e s 095 VIR GUBADE SSBHOLRLE .

operative to denu receive
synbol s i nsetjhencatof| plas symbals SEadeDbA vaiinb @olypbdse stuanppaindttd pro@sPiiesi Nng: a

denodul at or,_ gpe a%)i e .to receiye.at |east qne single-carrier frequency
di vi si on rr?ﬁ???‘{ﬁl té)c bé@gre@g@g%ﬂ;&)sy@s%&ngvi a a communi cation channel, to
process the at aprocessor operative to accumulate received pilot symbols corresponding to the

multiple copies of the sequence of pilot symbols.

48. An apparatus comprising:

a demodulator operative to receive at least one single-carrier frequency division
multiple access (SC-FDMA) symbol via a communication channel and to time division
demultiplex received symbols in the at least one SC-FDMA symbol into received data
symbols and received pilot symbols; and

a processor operative to derive a channel estimate for the communication

channel based on the received pilot symbols.

49.  An apparatus comprising:
a demodulator operative to receive at least one single-carrier frequency division
multiple access (SC-FDMA) symbol via a communication channel and to process the at

least one SC-FDMA symbol to obtain received pilot symbols; and
a processor operative to derive a channel estimate for the communication

channel based on the received pilot symbols and using a least-squares (LS) technique.

50.  An apparatus comprising;



| east one SC- FDVA synbol to obtain received pilot synbols and received
data synbols, and to process the received data synbols with a first
channel estimate for the comrunication channel to obtain data synbol
estimates; and a first processor operative to derive the first channel
estimate based on the received pilot gynbols, to estimate interference
due to the received data synbol s based® on the first channel estimte and

the data symbol d@ﬁbaﬂ%%perat%ds&écﬁﬁeIamegﬁfo%@ﬂlg& ca@@RIqachcpidiatiosy mbol s
ot synbols and the estinmated interference, and

based on the received
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cl ai m 52, pehaniabd plleysiboRdtidisfeent taneloffdees. f i rst  processor are operative
to derlve t he data synbol estimates, to estinate the interference, 39 to
derive the interference-cancel ed pllot synbols, and to derive the second

channel — estingie fqheapPirthfbf EinP50,I WiRk&h RIS 1eR? ond\S CARPRIAALHSHO]
conprising: a denodul ator operative to receive at | east one single-carrier

f r equency cdinpfissis opilot raymbols| @daé%@ﬁmb@iﬁi rpiplexed, agress sanple neBadRu@€at i on
channel a ecei ved
pi l ot synbo eiée?%n rﬁ%ﬁgﬁl/%gr pe&a‘a@é%%g%uﬁgkg%fr ?(%égqté apprlfggg %@g %ggrati ve
to derive recefwedslatacsblmbalslmélstatkmﬂtenéﬁ(r?PﬁJMAsngmMm cation channel based on
the received pilot synbols, to derive a second channel estinmate based on
the received data synbols, and to derive a third channel estimte based
on the first and, semr@p@damga@;hpmﬁg mat es. 56. The apparatus of claim55,
wherein the denodul ator is operative to, process._ the recel ved data synbol s

with the first ac,dﬁa%’ﬁ%‘latoé@P?fﬁté‘feetotf?fe%taéieﬁ%%l@él@%wef ERIUPRRY dgsion

multiple access (SC-FDMA) symbol via a communication channel, 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

a first processor 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.

53.  The apparatus of claim 52, further comprising:

a second processor operative to process the data symbol estimates to obtain
decoded data and to process the decoded data to obtain remodulated data symbols, and
wherein the first processor is operative to estimate the interference based on the

remodulated data symbols.

54.  The apparatus of claim 52, wherein the demodulator and the first

processor are operative to derive the data symbol estimates, to estimate the interference,



57. The apparatus of claim56, wherein the first processor is operative to
derive the second channel estimte based on the received data synbols and
the data synbol estinates. 58. The apparatus of claimb56, further
conprising: a second processor operative to process the data synbol
estimates to obtain decoded data and ;o process the decoded data to

obt ai n renodul ated data synbols, and erein the first processor is

operative {0JdéRei e ihBReRR&OOHAERBNG! syabolsTBhE 1HaRBde Mk sdcbBd LR&REYVed

data synbols and the renodul ated data synbofl s.
estimate for a plurality of iterations.

55.  An apparatus comprising:

a demodulator operative to receive at least one single-carrier frequency division
multiple access (SC-FDMA) symbol via a communication channel and to process the at
least one SC-FDMA symbol to obtain received pilot symbols and received data
symbols; and

a first processor operative to derive a first channel estimate for the
communication channel based on the received pilot symbols, to derive a second channel
estimate based on the received data symbols, and to derive a third channel estimate

based on the first and second channel estimates.

56.  The apparatus of claim 55, wherein the demodulator is operative to
process the received data symbols with the first channel estimate to obtain data symbol

estimates.

57.  The apparatus of claim 56, wherein the first processor is operative to
derive the second channel estimate based on the received data symbols and the data

symbol estimates.

58.  The apparatus of claim 56, further comprising:

a second processor operative to process the data symbol estimates to obtain
decoded data and to process the decoded data to obtain remodulated data symbols, and
wherein the first processor is operative to derive the second channel estimate based on

the received data symbols and the remodulated data symbols.



