| MPROVED SYNCHRONI ZATI ON FOR CHI RP SEQUENCES BACKGROUND 5 The Third
Ceneration Partnership Project (3GPP) Technical Report (TR) 25.814 V7.0.0,
Physi cal Layer Aspects for Evolved Universal Terrestrial Radio Access
(UTRA) (Rel ease 7), June 2006, and 3GPP Technical Specification (TS) 36.211
V8. 1.0, Physical Channels and Mdul ati on (Rel ease 8), Novenber 2007,
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FIG 1 depicts a typical cellular wireless tel ecommunication system 10.
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through downlink (DL) (i.e., base-to-mobile or forward) and UL (i.e., mobile-to-base or
20 reverse) channels. In FIG. 1, RNC 12 is shown coupled to BSs 16, 18, 20, and RNC 14
is shown coupled to BSs 22, 24, 26.
Each BS, or Node B in 3G vocabulary, serves a geographical area that is divided
into one or more cell(s). In FIG. 1, BS 26 is shown as having five antenna sectors S1-
S5, which can be said to make up the cell of the BS 26, although a sector or other area
25 served by signals from a BS can also be called a cell. In addition, a BS may use more
than one antenna to transmit signals to a UE. The BSs are typically coupled to their
corresponding RNCs by dedicated telephone lines, optical fiber links, microwave links,
etc. The RNCs 12, 14 are connected with external networks such as the public switched
telephone network (PSTN), the internet, etc. through one or more core network nodes,

30 such as a mobile switching center (not shown) and/or a packet radio service node (not

shown).



5In order to handle the different radio conditions that may occur in an

E- UTRAN, orthogonal frequency division nultiplexing (OFDM, or orthogonal
frequency division nultiple access (OFDMA), is used in the downlink. OFDVA
is a radio access technol ogy (RAT) that can adapt to the different radio
propagation conditions that can occur in an E-UTRAN. In particular, an OFDM
system can adapt its DL transm ssion 10Oparameters not only in the tine
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used. Inan OFDMA commumcatlon system, the available data stream is portioned into
a number of narrowband subcarriers that are transmitted in parallel. Because each
15  subcarrier is narrowband, each carrier experiences only flat-fading, which makes it easy
to demodulate each subcarrier. A basic time-frequency structure of a DL in an OFDM
system is depicted in FIG. 2, which shows a plurality of OFDM sub-carriers that are
contiguous in the frequency direction. The radio resource devoted to a particular user
may be called a "block" or a "chunk", which is a particular number of particular sub-
20 carriers used for a particular period of time. Different groups of sub-carriers are used at
different times for different users, and FIG. 2 illustrates resource blocks for four users A,
B, C, D. In the downlink of the exemplary OFDM system depicted by FIG. 2, a block
includes 12 sub-carriers (not all of which are shown, for clarity) spaced apart by 15
kilohertz (kHz), which together occupy approximately 180 kHz in frequency, and 1.0
25 millisecond (ms) in time. It will be understood that the arrangement of FIG. 2 is just an
example and that other arrangements can be used.

For receiver synchronization and other purposes, reference symbols or signals,
which may be called pilots, can be transmitted from each base station at known
frequency and time instants. Such reference signals are described for example in

30 Section 7.1.1.2.2 of 3GPP TR 25.814 and Sections 6.10 and 6.11 of 3GPP TS 36.211.
An exemplary time-frequency structure with eight such pilots 302 is depicted in FIG. 3,
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def i n% byth(g %?S{/g lalngvg\)'irgc%e%)s( cr> gssseicgr?d stage of the cell-search algorithm, in which the UE
decodes the S-SyS, which contains the cell's group identification (ID). The cell's group
ID, together with the information about which of the three P-SyS is present, establishes
the physical-layer cell ID of the cell. The UE then has all the information it needs to read
broadcast system information and establish communication with the network.
25 The P-SyS in E-UTRAN are based on Zadoff-Chu (ZC) sequences, which are a
special class of generalized chirp-like (GCL) sequences. A ZC sequence having a
length N, where N is odd, and a sequence index u is defined by the following expression:
Zy(k) = exp(—j-mr/N-uk-(k+1)) , k=0, 1, ..., N-1.
The three different P-SyS signals in E-UTRAN are ZC sequences of the same length N
30 with different sequence indices u.
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Al'so in acggeglangg Wi th aspects of this invention, there is provided an
apparatus In a receiver for identifying a correct peak in an output of a
mat ched filter. The apparatus incl ude§UMMARh’hed filter configured to
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identifying a correct peak in an output of a matched fnlter in a user equipment for a

20 communication system. The method includes the steps of correlating a received
orthogonal frequency division multiplex signal with a replica of a synchronization signal,
thereby producing a correlation output signal; detecting peaks in the correlation output
signal; testing the peaks at a plurality of predetermined locations that are based on
properties of the synchronization signal, thereby producing a plurality of peak test

25 signals; and determining the maximum of the peak test signals.

Also in accordance with aspects of this invention, there is provided an apparatus
in a receiver for identifying a correct peak in an output of a matched filter. The
apparatus includes a matched filter configured to correlate a received orthogonal
frequency division multiplex signal with a replica of a synchronization signal, and thereby

30 to produce a correlation output signal; a peak detector configured to detect peaks in the

correlation output signal; and a processor configured to test the peaks at a plurality of



30 to produce a correlation output signal; a peak detector configured to
detect peaks in the correlation output signal; and a processor configured
to test the peaks at a plurality of predeterm ned |ocations that are based
on properties of the synchronization signal, and thereby to produce a
plurality of peak test signals, and to deternmine the maxi numof the peak
test signals. Also in accordance with aspects of this invention, there is
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15 BRIEF DESCRIPTION OF THE DRAWINGS
The several features, advantages, and objects of this invention will be understood
by reading this description in conjunction with the drawings, in which:
FIG. 1 depicts a cellular radio communication system;
FIG. 2 depicts a time and frequency arrangement of sub-carriers in a
20  communication system using orthogonal frequency division multiplexing;
FIG. 3 depicts a time and frequency arrangement of sub-carriers that include pilot
signals;
FIG. 4 illustrates a relation between elements of a synchronization sequence and
sub-carriers;
25 FIG. 5 is a block diagram of a portion of a receiver in a communication system;
FIG. 6 is a plot of the magnitude of an aperiodic auto-correlation function versus
time in the absence of frequency offset;
FIG. 7 is a plot of the magnitude of an aperiodic auto-correlation function versus
time in the presence of frequency offset;
30 FIG. 8 illustrates locations of secondary peaks in an aperiodic auto-correlation
function;



FIG 6 is a plot of the nmagnitude of an aperiodic auto-correlation function

versus tinme in the absence of frequency offset; FIG 7 is a plot of
t he magni tude of an aperiodic auto-correlation function versus tine in the
presence of frequency offset; 30FIG 8 illustrates |ocations of secondary
peaks in an aperiodic auto-correlation function; FIG 9is a flow

di agram of a procedure for identifying the proper peak in the out]E)ut of a
mat ched filter; : j j .t i.ognal ' ence
signal ; FIG.3 i oy R ora bisRRaRe hofeRirpnG ne RiSeRpBak Fife

recei ver' s owntitut beal nfat¢hegdrfiltat; 5different times for the transmitted signal of
FIG 10A, FIG artion . of a receiver in a
comuni cati on s%gcf Q?T)]Aada(%fqégéhg%fe %&naiﬂg ujgla(,{eféar%rrc&%g%q detection
probability verElB3s. 468uEIC 10D ded. 10EQIETONth£dShtDES§R fEEEMR's matcheldtfilter ki  be
under st pod his . nvention not 0 ZC sequences or

conmmuni Cat ph‘%?%n&é[ﬂgﬁgoﬂﬁgttraﬁﬁryt 8%8#1@5%%5 6 subcarriers of an OFDM
signal as descrFiBd1abawiock@idgramt offesoridn sfgltERRARS il H 3dbmMidaYe systemsanme

frequency-of f set behavior as ZC sequences are, for exanple, other GCL
sequences. apg, addition, it does 15 not matter whether the Iength Mof the

| FFT and the | epigish1 1 ahb e 4Zre pRAYIBNESe@tioh REbIlit) veMusNegBeRitsAdER t he
| atter case the | FFT performs i nterpolation, and so the principal behavior
is still the same. Furthernore, it does not matter whether the ZC sequence

is mapped in the time- or frequencyadepaypsOrfatef & ZC sequence
transforned by an | FFT results in a CAZAC sequence again. In addition, this
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can be inplenented 1 n ot glt nlcatlonss
described above. Other types of sequences that may have the same frequency-offset

behavior as ZC sequences are, for example, other GCL sequences. In addition, it does

15 not matter whether the length M of the IFFT and the length N of the ZC sequence are
equal or M > N because in the latter case the IFFT performs interpolation, and so the
principal behavior is still the same. Furthermore, it does not matter whether the ZC
sequence is mapped in the time- or frequency-domain because a ZC sequence
transformed by an IFFT results in a CAZAC sequence again. In addition, this

20 application focusses on OFDM systems simply for economy of explanation, but it will be
understood that the principles described in this application can be implemented in other
digital communication systems.

For the following discussion, assume that a P-SyS is generated by mapping in

the frequency domain a ZC sequence of length N to the subcarriers of an OFDMA signal

25  and then transforming into the time-domain with an inverse fast Fourier transform (IFFT).
Such generation in the frequency domain is illustrated by FIG. 4, which depicts the
elements of a ZC sequence and the sub-carriers of an OFDMA signal as ticks on
respective horizontal lines that are aligned suitably. It will be understood that the
arrangement of FIG. 4 is just an example and that other arrangements can be used.

30 To handle an unknown frequency offset, a UE can have a receiver that includes
some kind of correlator that is matched to the time-domain representation of the P-SyS



For the follow ng discussion, assume that a P-SyS is generated by mapping
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detect or IV(‘aasxsentially compares the outputs of all of the matched filters and selects that filter
having the highest peak for use in further detection of the P-SyS timing and UE-base
station synchronization. Such matched filters can be implemented in hardware devices,
such as tapped delay lines, correlators that compare input sequences to expected
15 sequences, and equivalent devices, or as software algorithms executed by a
programmable processor in the UE. For example, U.S. Patent No. 7,003,022 to Urabe
et al. describes matched filters and receivers for mobile radio communication systems.
If the frequency of the UE's local oscillator (not shown in FIG. 5), which is used to
translate the UE's received signal from radio frequencies to base band, is exactly the
20  same as the frequency of the base station's oscillator, which is used to generate the
base station's transmitted signal, and if Doppler frequency shifts can be neglected, the
output signal produced by one of the UE receiver's matched filters may look like FIG. 6.
No noise is assumed in FIG. 6, which is a plot of the magnitude of the P-SyS aperiodic
auto-correlation function versus time. It will be observed that the output signal depicted
25 in FIG. 6 possesses a single sharp peak, which is easy to detect and allows reliable
determination of the P-SyS timing and good UE-base station synchronization.
FIG. 7 depicts an output signal that might be produced by a matched filter in the
UE receiver when the matched filter's assumed frequency offset differs from the
frequency offset of the demodulated baseband signal by half the bandwidth of a sub-
30  carrier of the OFDMA signal. Instead of one sharp peak, the matched filter output signal
contains two significant peaks, one of which is at the proper timing and the other of



essentially conpares the outputs of all of the matched filters andfsngcts

that filter having the highest peak for use in further detecthopift can

P-SyS timng and UE-base station synchronization. Such nmatche i erlsators
be inplenmented in hardware devices, such as tapped delay |ines, cPrrS

that conpare input sequences to expected 15 sequences, and equival en o in

devi ces, or as software algorithns executed by a progranmabl e process
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ot her noti ceab eren
generally, the inventors have recognized that secondary peaks in the autocorrelation
output signal occur at no + uL and ng + u(L-1), where L is a positive integer that is the
smallest multiple of sub-carrier bandwidth df that is larger than the magnitude [fos| of the
frequency offset fos, u is the ZC sequence index, no is the correct peak position, and fos
20  is bounded as follows: (L-1)df < [fos| < Ldf. The sign of the frequency offset determines
which sign is used in the above equations.
In particular, for a frequency offset less than one subcarrier bandwidth (e, L=1)
the secondary peak occurs at ng + u, which is otherwise independent of the amount of
the frequency offset. If the frequency offset is exactly one sub-carrier bandwidth (i.e.,

25 fos = df), the main peak at no disappears and only the secondary peak remains at ng+u
or no—u, depending on the sign of the frequency offset. For frequency offsets larger than
one subcarrier bandwidth and smaller than two sub-carrier bandwidths, an additional
secondary peak occurs with the secondary peak due to a frequency offset equal to two
sub-carrier bandwidths (i.e., at ng + 2u). For a frequency offset equal to two sub-carrier

30  bandwidths (i.e., fos = 2df), the secondary peak due to a frequency offset equal to one



5In any event, it is inpossible for a UE to decide which peak is the
correct one in an autocorrelation (matched filter) output signal as
depicted in FIG 7. The arrangenent in FIG 5, with nultiple matched
filters running in parallel with different assuned frequency offsets, is
one way to deal with this problem It is assuned that one of the nultiple
mat ched filters will have an assuned frequency offset that is close to the

actual 10ofg IS i a.l e . i i r. Ss, It is

dosi rabi e caoagni Ehdhiah el 35200 SEBlEs SPERRV AR pagks o a

recei ver haemaigsnul ti ple matched filters. The i nvent ors have.recogni zed

that the locati mai n sec aut ocor in Fl 7.1s

i ndependent of 8&%@% “of g[eﬁgra?,r}cgj grﬁgye%qyf e‘i%a ;598 'g%%ﬁrtrﬂlg&)lﬁﬂit

anount I is dfe $litecaxr|debaruf\Nld‘.itl1¢orslwa si:r&gw pgak bﬁlstévdt@tlbcalbmo‘bﬁrﬁ)letb@rd%t%rmmed

enera , the Lnventor ni zed t con peaks in the

gut ocor]L’y BYHE%*”B%HW zf?%rf'ﬁ]d tbgggfse&ueﬁse t}ﬁ‘?_'f and hiea y?% elpsiveen is a

positive i m—eig@hdtlhm’hes thet Sud-caiaér Reidwiath  thelsecOid =y Bo@kt; érﬁbeél@réﬂéﬂ dth df
itude Ifosj of the frequenc et fos, uis

that is larger t rg %/ofs
the zC seqﬁgrﬂegs?cﬁﬂ%'? the, 5O1 é‘a{lq{bp%sr;gﬁerg@éf(egwqy,qgﬁe ) piod L sinjes the
bounded assiilches bahdwidddfit Wiasd ad&écnaféﬁ%éﬂ 88 pRlcelity é)(p@éiﬁﬁaﬁ)’s Stdce Sfﬂgr

deternines_which sign is used in the above equations. I'n particu
for a freq(f® @9“6??3‘5@1‘3@%%“5\! Huktegse myliiRies o1 top subeRITiPURANGWidts. For other) ,

the seg®ndfeyudiRFtorReRUbMeAL Mifth rHore"g’tle?ﬂate% 06&% 86 ihA8RBAYSHe Of the

amount of the fréquency offset requency of set i's exact y one
sub- carri efeqPaRaM RRAKSdeser] nbedquqvgghai ate pmitiedfonthasaiea caritnof diseugsinrar s

and only t he sign
of the fregﬁgflg%/ 0 fse{)B'Peglété(ﬁﬁgquerf?r %ﬁ'&et éa@}O%é?ggﬁgﬁwogngeﬁdho%arr| er
bandwi dt h awacemelplier sighaland\ie agseasanable mprbamnlfdts:,asasloﬁaidapemnm
secondary 5’5’:350 5“”%@%%%"@? é}%?éa/mpe}ak due to a frequency offset

equal to two su -carri at no 2u). For a frequency
of f set1&®qual t ollusp theibverdonsi heve 36cdrminbal tdahmddlsta’nce hetween 2as desitcianain

secondary ;E)ee%o%ﬂ%nté)nda sefcc)ﬁgéjr?/rb%%kso H e ou?&ﬂ |gna?s otn matched filters in a receiver
is determined by the ZC sequence index u, and whether a secondary peak leads or
trails the main peak is determined by the sign of the frequency offset. The secondary
peaks of the autocorrelation function are located at (L-1)u and Lu (in a modulo-N sense)
20  time units relative to the position of the true autocorrelation peak.

FIG. 8 illustrates that the locations of secondary peaks are determined by the ZC
sequence index u. For a main peak at time instant no, a secondary peak can occur only
at either time instant no + u or time instant np — u, assuming a frequency offset that is
smaller than a sub-carrier bandwidth. Independent of which peak of the correlation

25 signal is found by a peak detector, the inventors have recognized that the main peak
can always be identified by testing the found peak and the positions at +u relative to the
found peak. If the P-SyS is interpolated (e.g., by using an IFFT size M that is larger than
the ZC sequence length N), the displacement of the secondary peaks is xround(u-M/N),
where the notation round() indicates a round-off function. As seen in the example of

30 FIG. 7, in which the seQuence indexu =5, M =128, and N = 71, the secondary peak is
localized at -round(5-128/71) = -9. For frequency offsets larger than one sub-carrier



sub-carrier bandwidth (i.e., at no u) vanishes and only the new secondary
peak renains. As noted above, in general, for a frequency offset
equal to an integer multiple of the sub-carrier bandwi dth, only a single
peak exists at a |location conpletely determined 5 by the frequency offset
and the ZC sequence itself. For a frequency offset between (L-1) and L
times the sub-carrier bandw dth, the secondary correl ati on peaks are
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sense)Y el a £ /8augnes, as p&gag nglthe predetermined locations are no + (L-1)u and
no = Lu in general, and np and ng  u in the case of an expected frequency offset less
than the sub-carrier bandwidth. In step 912, the maximum of the verifications at the
predetermined locations is determined, thereby identifying the proper peak.
It will be appreciated that when the frequency offset fos is less than the sub-
25  carrier bandwidth df, the three locations to test are ny and ng + u, and when the
frequency offset is larger than df, those locations are ng, no + (L=1)u, and no = Lu. If one
does not know the size of the frequency offset, the receiver should look for peaks at
(notLu)foralll,ie. forl=1,2,... L.
Testing the peaks at np and (ng £ (L-1)u) and (no % Lu) (steps 906-910) can be
30 done in several ways. One way is to assume that each particular peak under test is

correct and act on those assumptions, e.g., by initiating detection of the S-SyS or

10



Thus, a receiver in accordance with this invention can have reduced

conpl exity by replacing a bank of matched filters with one matched filter
in the P-SyS detector to 5identify the correct peak and find the P-SyS
timng. The matched filter can be a correlator matched to the P-SyS, and
such a correlator, which can be realized by a suitably programred or
configured el ectronic processor, tapped delay line, etc., is used as a
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larger jkhag, dsntillqs %igln%Faatttirr?g o+ 15, M. 10k dépliiét%)t#é oStT)CLi:t of thel_rgéei\llér'sone
matched filter when the filter has been adjusted to correlate with the reference signal RS,
showing an indeterminate signal at time no + u + To. For each of the three P-SyS
hypotheses, the received signal is (after the fixed time interval) correlated with the
known signal. The correct position — and thus also the correct position of P-SyS — is
20  determined by the strongest correlation metric, i.e., the largest output signal from the
matched filter. In order for this method to work, a known signal with a fixed timing
relation to the P-SyS or equivalent synchronization signal must exist.
Yet another way to verify which peak is the correct one is to test each P-SyS
timing with a differential correlator. In E-UTRAN and other communication systems,
25 every OFDMA symbol is prefixed with a cyclic prefix. A differential correlator which has
a time lag equal to the length of an OFDMA symbol and which has an integration time
equal to the length of the cyclic prefix generates an output signal that has a maximum
that occurs at the end of the cyclic prefix. Thus, for each of the P-SyS timing
hypotheses, the output of the differential correlator is tested and the timing hypothesis
30 resulting in the highest differential correlator output signal is selected. Differential
correlators are devices that are known in the art, for example, U.S. Patents
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does not know the size of the frequency offset, the receiver should | ook
for peaks at (no Lu) for all L, i.e., for I =1, 2, ..., L.

Testing the peaks at no and (no (L-1 )u) and (no Lu) (steps 906-910) can
be 30 done in several ways. One way is to assume that each particul ar peak
under test is correct and act on those assunptions, e.g., by initiating
detection of the S-SyS or anot her signal at each of the identified peaks.
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and so the lag and also the integration period of the differential correlator is equal to the
25  length of the fundamental signal period, e.g., 1/6 of the OFDMA symbol period.
Compared to the receiver structure depicted in FIG. 5, the arrangements
described above in connection with FIGs. 9 and 11 have only one matched filter
together with some verification circuitry. As explained above, such verification circuitry
either can be a correlator that operates only over a very limited time span or a

30  differential correlator. In either case, the verification circuitry requires only low-
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correlators are devices that are known in the art, for exanple, U S.

Pat ent s No. 4,964,138 to Nease eta!, and No. 4,800,518 to MIler, and
many differential correlators can be used. FIG 11 is a block

di agram of an exenplary arrangenent of a portion of a receiver that
includes a matched filter MF, a peak detector, a differential correlator, a
sanple 5 tester, and a maxi num determ ni ng devi ce as descri bed above. For
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very limted tinme span or
within any form of computer -readable storage medium having stored therein an

20 appropriate set of instructions for use by or in connection with an instruction-execution
system, apparatus, or device, such as a computer-based system, processor-containing
system, or other system that can fetch instructions from a medium and execute the
instructions. As used here, a "computer-readable medium" can be any means that can
contain, store, communicate, propagate, or transport the program for use by or in

25  connection with the instruction-execution system, apparatus, or device. The computer-
readable medium can be, for example but not limited to, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, apparatus, device, or propagation
medium. More specific examples (a non-exhaustive list) of the computer-readable
medium include an electrical connection having one or more wires, a portable computer

30  diskette, a random-access memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash memory), and an optical fiber.
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30differential correlator. In either case, the verification circuitry
requires only low conplexity operations, reducing the required chip area
for the synchroni zation functions of a receiver and al so the energy
consunption of such synchronization circuitry. FIGs. 12, 13, and 14
are plots of P-SyS detection probability versus ZC sequence index that
conpare the performance of the detection nethods descri bed above with the

Sper f ormance of Tausdhe éwenhtisramagibedreodsméd adahy diterent fimshBof 410 @ ch Liae
frequency ijg t sbé{ando 9\)/ distributed uniformy in the range of p(ltus or
minus the SESOREd FhavenaRiol sHah PEPS Slgconiorpitest .08 within the s@peofdhe dB,

respect i veliyenfios! Ber el dfahdTRaGRIsGRIpBCE T tl’@@in@&%ﬁfnygﬁly 8y forrﬁem%y‘Bée SNR
range. It w{?lg_ﬁg?qggpr eci ated that procedures described above are carried

out repetit? 991 £eRlGUIRY to"meFforR arfRssribedactipaponaltarpativedy as "logic
tinme-vasyi meathpéndrensef dssBEd @i on channel s between transmtters and
receivers. To facilitate understanding, nmany aspects of this invention are
described in telfseHpPhadeptthakbederrag ldonmsisesisand sompeisipgl, fvareredsdayin thior
exanpl e, supbiakivn i R} I opputer syste It
will also bgbr ecog’%&@gﬁhﬁg@e%ari outs??aé% f%ﬁ@%gghﬁgg%gs%ggf g}r)ﬁ%ﬁp?ﬂf% UM Gbl y
conf i gur ed9e5@hBiECkIEAagi pEsenes psadditien of atieserreore dtbei fealyaé £ sntegers, steps,
inter CO”ne%ﬂgoﬁ&tg%rfggéu@sathél%%?i alized function or application-specific
integrated circuits), by programinstructi ons executed by one or nore
proces$drs, or by dhe@apiouterieorbadimentsidescribed aboVbraeewestelytilistrative/gid | on

can additi i . be enbodi eqd,entirely wi.thin any form of
conput er-r %@A‘g?“é‘b‘g‘? g@%gdequég%&ﬁﬁqwgw AQY Ye¥r 3Betsﬁ899epﬁth§r‘ln‘ﬁ%'8ﬂr' priate set
of i nstrucéétermintdbydisefdipwing dlaimspane atl varatitin nareduialants tha® alrxafn tieon

system a t . devic u as a, co ter-based system
p%locessorP%@h?é’llﬂmen(gé'g‘&sqrgﬁ?ete@e%{an%‘? e@?@%ﬁ#?ﬁ&twcan fe%/ch i nstructions
froma medi um and execute the instructions. As used here, a

"conput er-readabl e nedi uni’ can be any neans that can contain, store,

communi cate, propagate, or transport the programfor use by or in 25
connection with the instruction-execution system apparatus, or device. The
conput er -r eadabl e nmedi um can be, for exanple but not limted to, an

el ectronic, magnetic, optical, electromagnetic, infrared, or sem conductor
system apparatus, device, or propagation
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medi um More specific exanples (a non-exhaustive list) of the

conput er -readabl e nmedi um i nclude an el ectrical connection having one or
nore wires, a portable conputer 30 diskette, a random access nenory (RAM,
a read-only nenory (ROM, an erasablgLR[I\ﬂgrammbl e read-only nenory ( EPROM
or Flash nmenory), and an optical fiber hus, the invention may be
enbodied in many different fornms, not all of which are descri bed above, and
all such forns are contenplated tote within the scope of the invention. For
each of the varAcusthadméidentiffing lmecdrract pealsin anmptpuicH of matheghfilles in af er r ed
to as "logic configuyred to" performa.descri . aCt | orcalternatively as
"l ogi c gt 5?““[?&?@3%35065%?'%%%[‘ %sttfa%'com%?%m% t%?C)Sl?%pse{r)rfphasi zed that the
terms "conprigpeelatiyd byaREPiatehéd fitemaaeceived drihoybhsl fesidrogtdivisionspeci fy
the presence of stated features, integers, steps, or conponents and do not
pr ecl udenultiplex (@FdNp signabwidh @i repliea ogaéyaﬁhrm@ﬂ@ﬂ iwigna dhelrRYsPradyeRger s,

steps, co S thereof. 10The particul ar enbodi nents

descri be%%r@%@ﬂ&ripg%&%%&q%&?l | lustrative and shoul d not be considered
restrictive idetecting\eerakslihehs copelationtdutputsigndlj on i s deternined by the
followi ng clains, and all variations_and e%ui_vgclifnt ig%g?ﬁ fall within the

range of the.téﬂﬁ?QTﬂ‘%P%ahsrﬁtéﬂlébambOBBre&?B‘? e ! at@_r%b,géed.on 1.
A met hogne ef%%%{gf?%ér(hg&rﬂoﬁﬁéfi&?Eig'ﬁ%ﬁl"théféb rBYLEHS A lumliRpoChesk fdsk ter in

a user equip communi cat I"on ‘syste conprising thHe steps of:
corr el atsignpls;gnd he matched filter, a received orthogonal frequency

di vi si | t.i pl.ex [ |, wWith | i f h ' '
Si gnal .t her dBBMEYBUER (GrEERR P PARROAN GOE BTG T dSASIEPr 9O PRRks i n
the correlation output signal; testing the peaks at a plurality of

predeterm ned | ocations that are based on pr Oﬁert_i es of the synchronization
signal, ther ébyThe ouwtbodgf alaghuk, avhergindhesyakhronizationgyignal is areadoff-Chu

sequence and the predetermined locations are ng, no + ul modulo N, and np + u(l = 1)
modulo N, where ng indicates a location of the correct peak; u is an index of the
Zadoff-Chu sequence; L is a positive integer that is a smallest multiple of a sub-
carrier bandwidth df that is larger than a magnitude [fos| of a frequency offset fos of
the user equipment with respect to the received signal; =1, 2, .. ., L; and

(L—=1)df < |fos| < Ldf.

3. The method of claim 1, wherein the synchronization signal is a Zadoff-Chu
sequence and the predetermined locations are no and no * u, where np indicates a
location of the correct peak; u is an index of the Zadoff-Chu sequence; and a
magnitude of a frequency offset of the user equipment with respect to the received

signal is less than or equal to a sub-carrier bandwidth.

4. The method of claim 1, wherein the step of testing the peaks includes
correcting a second received OFDM signal based on a synchronization timing

assumed at each of the plurality of predetermined locations.

5. The method of claim 1, wherein the step of testing includes correlating the
received signal with an expected signal that has a known position relative to the

synchronization signal.
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identifying the correct peak based on the maxi num of the peak test signals.
2. The nethod of claim1, wherein the synchroni zation signal is a
Zadof f - Chu sequence and the predeterm ned | ocations are no, no ul nodulo
N, and no u(l - 1) nodulo N, where no indicates a |ocation of the correct
peak; u is an index of the Zadoff-Chu sequence; L is a positive integer
that s a smab! gRb RthbliRk eidth 5 viidiefrtdridbtitpbnedeivedisighatvilietnear ger
than a magnit ude osi of a frequency offset :Tos of the user equi pnent

wi th r espeectadsighal is eagieddutsargnad the predetemmined locationgnd (L- 1) df | f osi

Ldf . 3. The method of claim1l1l, wherein the synchronization signal is
a Zadof f-Chu sequence and the predeterm ned | ocations are no and no u,

wher e no i ndizatRe niethed ¥ cRimof, vitieiotheatép pegisting the paaks mbiudesf t he
Zadof f - Chu sequence; and a magnitude of a frequency offset of the user

equi pnerdiffefentialieprelating theyeeqeivast sigaals thataby pgodusing agifferehtidlqual to a
sub-carr ] dwi . 4. The method of claim1l, wherein the step of
testing "ltq(ﬂee@g%ké\btgkgflgagls correcting a second recei ved OFDM si gnal based
on a synchronization timng assuned at each of the plurality of

predet erm ned_ | ocati ons. . 5. The net hod ?f | aiMr;n 1, wherein the step
of testing il lbeiethpd Of slaimy . vmereidbesier 9 &ﬁ?ﬁ'f‘g ¢ Regks ted signal

that ha b ’ GhéigRiizat i on signal .
6. The ﬁg?l%%@éﬁw&?@bh}t@?df er%ﬂllé{n%ggﬁré}éet@tﬁg tﬂg received signal with the
expected signal is carried out around the predeternined | ocations.

7. Th th | ai , in the. f.testi .th i | ud
G 11 orenti 19 Tbsrastpd of e 7 avisteinenspaived Sl i AeBifiEtn "5 1o
di fferentdrdiate@vif] 8idyeit PrEiRUA réfeddi®e signal, or aBimdaeniahesktaivedighan 7,

wherein the step of testing the peaks further includes snoothing the
differential correlation output signal. 9. The nmethod of claim7,

e L R o 3o ST N A e

prefix, a ref - i ve signal

An apparmbtthelHilter,®mepriang:f or identifying a correct peak in an output of a
mat ched filter, conprising: the matched filter configured to

correl ate a rtbeenatshed fitaogonfigured éo gerelateipveseivad eitheopNaRQYSAY si gnal

with ar j . I I i , : - d a
correl at(ﬁ@%fogﬂpg[ﬁ'ﬁeg WWQQE‘%EMQ&S@@? Oé%n intgcﬁfderﬁégt{g)tn%ﬁ@%t Hggaks in
the cor rtaéﬁ;ﬂyqa protioce adopreationadutput signakeans for testing the peaks at a
plurality of predeterm ned | ocations that are based o ropertjes of the
synchr oni zat i bReak Qﬁﬁﬁqtoraﬁm‘f'QHEQ%E&d‘?tSch%%&'@ tge@ome%t qnﬁ'*gf’u 2gRak est
signals,;and identifying the correct peak based on the maxi mum of the peak
test signals. 11. The apparatus of claim 10, wherein the

synchr oni zat irneass freabsiing theZeeaisf atGhplusalijy of peedatermihed pocadions thahare
are no, no. ul_nodulo

O o ot e e anl b el Bhodles S M o,
- car T B g R g o ol Py o e
f r equeneakftestsighals. of the receiver with respect to the received signal; |
=1, 2, .L; and
11. The apparatus of claim 10, wherein the synchronization signal is a

Zadoff-Chu sequence and the predetermined locations are ng, no + ul modulo N, and

no £ u(l — 1) modulo N, where ng indicates a location of the correct peak; u is an

index of the Zadoff-Chu sequence; L is a positive integer that is a smallest multiple of

a sub-carrier bandwidth df that is larger than a magnitude [fos| of a frequency offset

fos of the receiver with respect to the received signal; =1, 2, .. ., L; and

(L-1)df < [fos| < Ldf.
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(L-1)df Fos' Ldf. 12. The apparatus of claim 10, wherein the
testing neans is configured to test the peaks by correcting a second
recei ved OFDM si gnal based on a synchronization timng assunmed at each of

the plurality, of_predeterm ned locations.. . 13. The. appar of claim
10, Wher ei n (1o TBEEPREIAHSALCRLN DN GHE Bdne testind: meRdS bR TioBledtd

cor r el atfeBgthefediRAR) dstfedtingtbedirid re@BiVRYNOF DRMIsighanedsddét ahas a known
position relative to the synchronization s The appar at us

i gnal . 14,
of cl ai lsyn@hrattizateimtiming asssmethaineaahsof tbedgwlit;mfdwed@teﬂ@me@l lgcationfe
received signal with the expected signal around the predeterm ned
| ocati ons. 15. The apparatus of claim 10, wherein the testing neans

i's configur edt3 oThesbphhudekmiry 0divhcesianhé adtingoaears & cordiguned tecei ved

signal, thereby producing a differential caorrelation output si | .
16. The tgpbteaiaaksdiy %Qfaé:]ﬁ’&'%thﬂ/mﬁéﬁeﬁ sigrealvath am gxpectsd %@qﬁ H?%qﬁ”ﬁs a

confi gur . Hﬂﬂt i ; differential correlation
out put Slﬁg)r\&arfpéﬁﬁ&n }nggg?&?ﬂ]eeb%ggara '%%glg aall' m 15, wherein the received

signal is differentially correlated with a cyclic prefix, a reference
signal, or a tine-domain-repetitive signal. . 18. A.non-transitory
conput er-r ead@orihﬁﬁﬂpafﬁt%egala\'mﬂ%’ W%B%JF%Fe%WEﬁPW ?:cl"ﬂf'%%ik%xec ut ed

by a Corw@éte tﬁ@‘l‘é@éivé@%ig%%mh%e%Qp@?tibla%ridﬂé’r ATBUNP thedpreldgtsthriihed ng a

correct peak 1n an output "of a matched ter 1n a user equipnent for a
comuni dacatiomssyst em wherein the nethod conprises the steps of:
correlating, by the matched filter, a received orthogonal frequency
division multiplex (OFDM signal with a replica of a synchronization

signal, therefy Pﬁ@@b?hl‘bﬁu@o?@l‘éirﬁh@t, WPRréHitRE tetirgNakband & esifigugedesks in
the correl ati on output signal; ~testing the peaks at a plurality of
pr edet ertashibe pesksthyotiferandiallycerrplatiog tha reeaiyed sioag!, dherehy PEYHEHRS R zat i on

signal, there [ i I ity of peak test signals; and

i denti f)f"ﬁ%retnﬁél ‘g%fgéﬁ{)ﬁggw&@% on the maxi num of the peak test signals.
19. The medi um of claim 18, wherein the synchronization signal is a
Zadof f Chu sequence and the predeterm ned | ocations are no,.n ul nmodul o N,

and no u(l -16) The@aparalus helaim i, wherelaitbe testing.meaps IDIUGE correct
peak; U dgidl)rd { ot fefentlal CarrBIRBR Iduy& digh&ger
that is dé)%gggﬁd;%ﬁ)é rsrg{hfel ‘g%eléo %&g%ﬁhﬁ?ﬁ@lﬁ%ﬁ%ﬂr{%&bggﬁ agg t ha‘ty [ s@? ar ger
than a magni tude Ifosl of a frequency offset fos of the user equipnment with
respect to the received signal; | =1, 2, ., ., L;. and (L-1 Kos. , Ldf.
20. The nedi uﬁ-oTh%IaQPﬁfalth O\E\lﬁ'@ir@iw’ wihereindpe geceived sighaf ﬁ‘)eéj' %W@'amﬁcl udes
correct | GER YR L akioRas of atind-dovisinirepettaiel @gnail N ng
assuned d&?reg%%ﬁq@pg?ﬁgeﬁ E%‘f%}?&qﬁéﬁ%d@t erm r?ed | ocat | onsﬁé g
18. A non-transitory computer-readable medium coded with a computer
program which, when executed by a computer, causes the computer to perform a
method of identifying a correct peak in an output of a matched filter in a user
equipment for a communication system, wherein the method comprises the steps of:
correlating, by the matched filter, a received orthogonal frequency division
multiplex (OFDM) signal with a replica of a synchronization signal, thereby producing
a correlation output signal,
detecting peaks in the correlation output signal;
testing the peaks at a plurality of predetermined locations that are based on
properties of the synchronization signal, thereby producing a plurality of peak test

signals; and
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21. The nmedium of claim 18, wherein the step of testing includes
correlating the received signal with an expected signal that has a known
position relative to the synchroni zati on signal. 22. The medi um of

Corr ol at | ng CHENTUE DS FOEIGhRPaK PREFLBY by Brumky ol ekt gBhae. Y
correl ati on out put signal. '
19. The medium of claim 18, wherein the synchronization signal is a Zadoff-
Chu sequence and the predetermined locations are ng, ng + ul modulo N, and
no = u(l - 1) modulo N, where ng indicates a location of the correct peak; u is an
index of the Zadoff-Chu sequence; L is a positive integer that is a smallest multiple of
a sub-carrier bandwidth df that is larger than a magnitude |fos| of a frequency offset
fos of the user equipment with respect to the received signal; =1, 2, .. ., L; and
(L=1)df < [fos| < Ldf.

20. The medium of claim 18, wherein the step of testing the peaks includes
correcting a second received OFDM signal based on a synchronization timing

assumed at each of the plurality of predetermined locations.

21. The medium of claim 18, wherein the step of testing includes correlating
the received signal with an expected signal that has a known position relative to the

synchronization signal.
22. The medium of claim 18, wherein the step of testing the peaks includes

differentially correlating the received signal, thereby producing a differential

correlation output signal.
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