WO 2011/ 093798PCT/ SG2011/ 000036 1 Met hod and Device for Estimating Carrier
Frequency O fset Field of the Invention The present invention relates
to a nethgdsianesskevi ce for estimting carrier 5frequarayw@bii®eioss
particularly but not exclusively for two-way relays. Background of the

I nvention The technique of relaying 1f or - introduci ng cooperative diversity
to wirel ess transm ssion has potential for throughput and range extension.
In particular, 10 two- “relays_ ajre an efficie t net work_transm ssion
schene t hat is"&*‘éﬁﬁé\?"é‘\@e‘é‘ﬁﬁ%'ﬁ Fﬁﬁ@aﬁ'ﬁ'@ Sl g@%‘f*“ﬁ%é‘ ckets between
two source nodes in only half the tine required in one-way relays. In
two-way relays, two source nodes send i ndependent data streans using the
same tinme sl ots and bandw dth. However, since the spectral resources are
shar ed, ie drealnvenfiaiini cat ed by any one 15source node is delivered not
only across to the other source node, but also back to itself as an

i nt er f er efmeeprbyentdryvenfion haates|tay meitted arlduisvieotes iegimatingnarrisr gi ven to

i nterferences when designing preanbles for frequency synchronization in

t wo- way rfedoagneysitenrpar2QOmy mitdel pxappivelydoptveamalyeeitips. f r equency
synchroni.zation in point-to-point transm ssions has the periodic structure
adopted in the. | EEE 802. 11a/g/ n standard. This preanbl e however when
applied to two-way relay setups results in transm ssions fromthe source

nodes thg%@uﬁ@tof% dis&dteynent i ated once the transm ssions blend into each
ot her before arriving at the relay node. Wien this WO
2011/ 0937r%§FfSJHr§§5@Jf1rfe%9P@3f@r m?roB@cHH&'&éopéﬂ@ﬁOe YRRl BXvirmslg redirect this
recei ved conposi si gnal “back

transmission has potential for throughput and range extension. In particular,

10  two-way relays are an eﬁtcaent network fransmission scheme that is capabie of
supporting the exchange of data packets between two source nodes in only half
the time required in one-way relays. In two-way relays, two source nodes sénd
independen’lt data streamé us.ing the same iime slots and bandwidth. However. .
since the spectral resources are shared, the signal communicated by any one

15  source node is delivered not only across to the other source node, but also back
to itself as an interferencé by way of the relay node. Thus, consideratibn is
given to interferences when designing preambles for freqi.rency synchronizationl

in two-way relay systems.

20  One widely applied preambie for frequency synchronization in poant—to-pomt
transmissions has the penodlc strucfure adopted in the IEEE 802.11a/g/n 7
standard. This preamble however when appiied to two-way relay setups resuifs
in transmissions from the source nodes thét may not be differentiated once the

transmissions blend into each other before arriving at the retay node, When this




the two source nodes, the carrier frequency offset (CFO between the two
source nodes nmay no |longer be estimated reliably. Thus, standard preanbl es
present l\¥gusBRsf-a¢ POi nt-to-point transm ssions or ORRRYorRAYs

transm ssions may not be readily applied to two-way relay transm ssions.
Trai ni ng sequences designed for rel ay, networks are known and nmay be used
for CFO estimation but these traini n& sequences are generally catered for
t he purpose .of channel estimation. For exanple, the periodic Constant

Anpl i t udehappensr Whe theasaYdIC8eireHrECEIN SO R eRTE RS %%b@%ﬂﬂ e for
one-way rel aying may be used for estimation of the CFO between a

dest i nat i tha tapgoripetnasice, thelcayrier Seauenrsoiisat (ERCS belvenHbodyer, an error
floor in the CFO estimates is observed at high SNR due to the presence of
i nt er - carsduese nodesy hay endengea bs edtibgtadweliapie, Tis slandard preamites)y i s
designed for one-way relays and performance. 15 degrades when applied to

t wo- way rbseatitiygisetitfor sointrtoeatjire ¢tanemiddimnsprresesrtvay nentreosmiseiopsovi de an
nmet hod and device for estinmati ng CFO whi ch addresses at | east one of the
pr obl &ms by hBEebPrdaelily apblicane/tho-viay refagmratesrhissiopsibl i ¢ with a useful
choice. 20 Summary of the Inventioh In a specific expression of the
invention, there is provided a nmethod for estimating carrier frequency

of fset at a communications device, the nethod conprising: 3 generating a

bl ock of wLanA Ssquences déSriid BOrdidiendiwafiks Bt Rharmd inky befusdhf f erent
rotation anglées to forma corresponding first set of preanbles;

Lransm t thn8rbShidfish belheat n@rr@ggn%ﬁ@g@éﬁ Brd bBRordEkiBredl Ao L O a relay;

Sreceiving a retransmtted tine _ al ro_mtherelay,_t;e :
or canb ol bt SRR e os BRFRIE (6 BRARD CoeBh ARBIALES.  Gey e
209 9 80 R REEB A S e bR BB 7 Bhe Wi e

may be used for estimation of the CFO between a destination and multiple relay

stations. in this case however, an error ﬂobr in the CFO estimates is observed

at high SNR due to the presénce of inter—cafrier—inteﬁerehce caused by the

CFO. Also, this strategy is designed for one-way refays and performance

15  degrades when applied to two-way relaying..

It is an object of the present invention to provide an methbd and device for
- estimating CFQO which addressés at least one of the problems of the prior arrt :
and/or to provide the public with a useful choice.
20

Summary of the invention

In é specific expression of the invention, there is provided a method for

estimating carrier frequency offset at a communications device, the method

comprising:



The nethod may further conprise applying an optim zed nodul ation to the
first set of preanbles to formthe tinme domain signal. Preferably, each
signal of the block of signals correspond to respective ones of a plurality
of subcarriers used 15for transmitting the first set of preanbles.

Advant ageously, the method may further3conpri se: pernuting a
plurality of conbinations each associating an arrangenent of the rotated

bl ock of signajenevatiny abdakraflsignal®f constel | ati ons; 20nodul ati ng each of
the plurality of conbinations with respective ones of the plurality of

subcarriers; aphtingltBs bidkk By amiurhity raidifferbat rabisrabhglysad feramhi nati ons a
sel ected si gnal of "an opti mal conbi nation, the optinmal conbination

m ni m zi %ﬁe’%@oﬁ@'ﬁ o set ?@alnl,gg;@g3798PCT/ SG2011/ 000036 4 average power
rati o of t'he correSpondi ng |gnal Wherein the selected signal is the tinme

domai n_si gnal g;;%(?ﬁ{gﬁwg%ééﬁréi@%t B?g#é%%gag A LNRladRAN iR deLSely D 09, 2

plurality of nbol sed the plurali carrrers to
formeach of the first e %)(”a nbl es.. The tho L%rther conprise
shiftPng a frEGeRINEY e ‘@é‘éﬁ”fcﬁ W& %‘?'Bﬁﬁ‘l%gﬁ?/ B S}? ﬁ%ax 8%of the
plurality of different rotation ang (%g’tlonall ?tatlng at the
comuni ca¢iransmidedities ﬂﬁ@%ﬁ@ﬂﬁf@@i”ﬁl%@ Binavey dhpisteesehl i ng an

anpl i tude of each of the signals. 10 In a variation, one of the plurality
of di f f epesambiesatridom sacghesehefyprbamdbliesirordaiotben conmumdsdionaievidse
plurality of subcarriers and a predeterm ned | ength of

and

estimating the carrier frequency offset based on the received

10 retransmitted time domain signal.

The method may further comprise applying an optimized modulation to the first
set of preambles to form the time domain signal. Preferably, each signal of the
block of signals correspond to respective ones of a plurality of subcarriers used

15 for transmitting the first set of preambles.

Advantageously, the method may further comprise:
permuting a plurality of combinations each associating an arrangement
of the rotated block of signals with a plurality of constellations;
20 modulating each of the plurality of combinations with respective ones of
the plurality of subcarriers; and
selecting from the modulated piurality of combinations a selected signal

of an optimal combination, the optimal combination minimizing the peak-to-



the tinme domain signal. Optionally, one of the plurality of different
rotation angles may be obtained froman angle of a previous bl ock of
signals.‘,iJﬂ‘Si tageously, one of the plurality of g ot ation
angl es may Olef%gée/?%rm ned using a Cranmer Rao bound of %@gc'?gﬁgb?}%@pfrequency
of fset. estimate. Optionally, the Cracrher Rao bound may be an approxi mation.
Preferably, one of the plurality of fferent rotation angles may have a
val ue between and inclusive 200f 0 and yr. In a second varjatiaqgn, one of
the pl ur apYargaapowe e ehiher crmespeiifing §ioas! eie e tBpeaiered 2@ @i ng to the
nunber of other comuni cation devices. = WD 2011/ 093798PCT/ 5&2011/ 000036 5
Opt i onal | {he tiredyyaaiersignsd bl ock may be an | EEE 802. 11 preanble. Preferably,
one of the first set of preanbles nmay be obtained fromrotating a preceding
rotated bl ock of signals. Optionally, the tinme domain signal may be
transmtted using orthogonal frequency-division-nultiplexing. 5 Preferably,
the tine Hef@ablysthgmabthbs meyrfugiesri coodh mriseRictbamiablgya plubdity eft ransmitted tinme
dormai n signal nmay conprise a training signal retransmtted by the relay

f rom anot eduigedn $enbdPs aer mpthe, pltirattyadrsubearricre guiene \eaeh fos ee first bet ween
the tinme domain signal and the received retransmtted tinme domain signal.

10 Advant ageepgdayhbl&s tTheehetAed h2e fGanéd @mpriosemey sofdgRheyBy conpri se
linear filtering the received retransnmtted tine donmain signal. In a

further vagdha iti%_“sigﬁ&% iBbRtgldHe Fans ipiﬁ._fralﬁt?‘%ﬁﬂ@ﬁﬁ@dnt%fa%_@ﬁ ag‘?hésf urt her

conprise performng corfelation on the.linear filtered sign 15 1n a

second -spsgy J ??@ﬁg&%i %.-é&n@mﬁce&ﬂ@)\fﬁ'ﬂé ‘ th%'b@n%rait?d Blo@¥ iof&thya T el ayi ng

met hod for" esti1a carrier frequency offset Tat a first conmmini cations

device, th had. conpri sing. - .receiving at a.relay a first tine
domai n si% E’hqr}g\%\ﬁfq’%ﬁ%i éwébgbltggheﬂ%%cq?wﬁef& egfi rst -.communi cations devi ce,
and second tine domain signals which is transmtted froma second

co I cations device, |

In a variation, one of the plurality of different rotation angies may be obtained
from the number of the plurality of subcarriers and a predetermined ieng‘;h of
the time domain signal. Optio'nally, one of tﬁe piurality of different rotation

- angles may be obtained from an angle of a previous biock of signals. |

15 | |

Advantagsously, one.of thelpiuraﬁty of differant rotafion angies may bs
daterrninéd using a Crémer Rao bound of the carrier freqﬁency offset estimate.

| _ Optioné!ly, the Cramer Rao bouﬁd may be, an approximation. Preferably, ohe of
the r;ﬂuraiity of different rotafion angles may have a value between and inclusive

20 ofQand =. .

In a second variation, one of the piurality of different rotation angles may be

obiained aCcording to the number of other communication devices.




wherein the first tinme domain signal conprises a first set of preanbles
formed by rotating a first generated bl ock of signals by a correspondi ng
first pl i different rotation angles; and PCT/ SG
2011/ Ooovgggbféyﬁ\bllﬂg% ein the second tinme domain signal V?ggn%%é}glz(%g&?econd set
of preanbles formed by rotating a secgnd generated bl ock of signals by a
correspondi ng second plurality.of difPerent rotation angles; and
retransmtting fromthe relay a retransmitted time domain_si na'l to the 5
first con@piinnedyi beoeneatedb ké&a}t'é)eé‘lnllgﬁEtﬁ%z-ﬁifPﬁa%%ﬁfﬁfegéﬁwons devi ce
to estimate the carrier frequency offset based on the retransmtted tine
domai n siaradf thatirstiset of preaovidsnaey be ditaingd fram setaiinma seaseddset s of
preanbles. In a third specific expression of the invention, there is

provi ded ratated badkfodsighalse Spiiovaliyn theatimerddreainfsigral saypedfarsetitieh a
communi cati on system the comruni cations systemconprising a first
comuni caiditsrtHeydrze frequeresatidsionmultipieatnigons “devi ce and a relay, the

met hod conpri sing:- rotating at the first conmunications device a
first ggenerated bl ock of signals by a first plurality.of different rotation
angles to form corresponding first-15 set of preanbles; rotating at

the SeCOrﬂe&ﬁ%ﬂ}mh%%@a§m%%;§z%iasﬁaﬁwoa@wﬁ»@fb%mItwi@t@hsmfmal s by a
second plurality of different rotation angles to form correspondi ng second
set of pr . ' Tt hi mted BemEiregtl, and second
conmmuni ca{E I onksnPn énv?lgg%i ni%y %’%@@%’%g@‘fﬁ”ﬁ"@g Sggl{r%g{&% s‘e&‘coﬂﬁr}ﬁt sert syo_f preanbl es
as tine donmin signal.s. t elay. . e ] i -
conmmuni cAam ago =P R8Vide. @refé?ﬁblg,réh% carrier f&q%ﬁ.ﬁ%ét{\%#&ﬁ%&ﬁhé t{r}ﬁé

evice a retran tte romthe reI ay,

gpep; et ansiLLed PLANRle RELNS FeFATURhARL iR BbmbRGfdd st and second sets

10
Advantageously, éstimating the carrier frequehcy offset may comprise linear
filtering the received retransmitted- time donﬁain signal. In a furthgr variation,
eétim'ating the carrier frequency offset may further comprise performing
correlation on the linear filtered signal.

15 | |

ina secénd specific expression of the inventioé, there ‘is prbvided a relaying
method for estimating carrier frequency offset at a first communications devicé,
the method comprising:
receiving at a refay a first fime domain signal which is transmitted from
20  the first communicatidns device, and a second time domain signals which is
transmitted from a second communications deyice; |
wherein the first ime domain signal cojmprises' a first set of préambles |
formed by rotating a first generated biock -of signals by a corresponding first

plurélity of different rotation angles; and




estimating the carrier frequency offset based on the received retransmtted
time domain signal. In the third specific expression, advantageously, a
starti ngvangheonds the first Splurality of different motraGzoncengd es and a
starting angle of the second plurality of different rotation angles may
differ by 'r. Preferably, the starting angle of the first plurality of
different rotation angles-is 0. The present invention also relates to an

apparatus or ¢ m’ru.nitﬁati ona,ﬁ_ﬁvi %ﬁ} 1{9 for ﬁp'erf(i)ram' n C%nﬁ OL. {he above

di scussed net eigine RREUATE FOTIAY SI80a} FHBRTISR & FEOpY SPEPT ed

enbodi nent s. ecifically, in a fourth specific expressipn of the

Chvent | orProamBles IpengT oy fdialitsd SonomPeaR P DGR, A TS EIREY Pei ng:

a processor configured to. generate _a block of signals and to rotate the
15bl ock FPrEspeugiag pegonsk pidalibvedtetitferent Etiatinn amie®#nto f or m cor r espondi ng
first set of preanbles; and a transmtter configured to transmt the
first set of pelcanamidivgdwning iptaafelransaigedimedsiomairsigpal to the a
recei ver configured to receive a retransmitted time domain signal from
20t he5r elfigst,contreumicaticasstevicessd 2¢ ivealtiontiiefirsi epramubiedtimnsadavinedonat i on of
the first set of preanbles and a second set of preanbles from anot her
comuni c astioaialihel caerierdratiuency offsettiesed ontthe rerarcested time damdiher
configured to estimate carrier frequency offset based on the received

r et r ansmisigraf vhitfeisdoo@mnbinatignaf the Bst andsdddntlsespefgirbambexpr essi on of the

invention, there is provided an integrated circuit for a comunications
devi ce, conpri sing: - i
in a third specific gx;')ression‘of the invention, there 1s provided a method for -
10  estimating a carrier frequency -of'fse't ina commuﬁication syéteh; 'the'l
‘communications s-ystam comprising a first conﬁmunications device, a second
comrﬁunic:ations device and a ‘relay,‘ the method comprising:
' rotating at the first communications device a first generated block of -
signals‘by a first pfuralify-of different rotation angies to form corresponding first
15  set of preambies; |
rotating at the second communications device a second generlat'ed block
of signais by a second lpiuraiity of different rotation angieé to form
corresponding second set of preambles;
transmitiing from each of the first ahd second communications devices
20  the respective first and second sets of preambles as time domain signals fo the
relay; - |
receiving at the first communications deyice a retransmitted tim:e do;:'na'ih

signal from the relay, the retransmitted signal being a combination of the ﬁfst

and-_second séts of preambies; and




a processing unit configured to generate a block of signals and to rotate
5the block by a plurality of different rotation angles to forma
corresponding first set of preanbles; an interface configured to
transmt the first set of preanbles as_a tine domain signal to a relay and
further configured to receive a retrandnitted time domain signal fromthe
relay, the retransmtted tinme domain signal being a 10 conbi nation of the
first set of prstiavdingshamdriersesmencyatffsef basednbltes récaivecnot her

comuni cati on device; and wherein the processing unit is further configured

t o esti Mak@apamiticdl tirhe eauens sigial set based on the received retransmtted
time domain signal. 15 It can be appreciated fromthe described

enbodi ment (s) that the nethod and devices may: generate and transmt
preanbles with a | ow peak-to-average power ratio (PAPR); - |ower the

corp xi Uy oL 851 L T DB TEQ0R 030 PR iEQBNRYY LONBIS, LABCHT Ol 1 eren:

frequenc 1'on ni ques en e 1 ng produce accurate

CFO estimti an; ve O esti mtion rfor e ich i Loptimal ;
Bt oP et RalirTr b S 8 St ROEor o Sheb B4 IRV o
estimation performance to be near,.a Cra Rao, bound; -. use estinator
circuits qm%{%eiatrr@tqumWi%%ﬁiﬂye%ﬁ?gbw%ﬁ%@{e@g& g?f? RGN pRYRA L | 0ss or
|l oss in estimation accuracy; 5- not have any constraints on the nunber of
rel ay st dirstqrierabity afléfferenbentation angles is 0.

The present invention also relates to an apparatus or communications device
10  for performing any of the above discussed methods or those which are
described in the preferred embodiments. Specifically, in a fourth specific
expression of the invention, there is provided a communications device
comprising:
a processor configured to generate a block of signals and to rotate the
15  block by a plurality of different rotation angles to form corresponding first set of

preambles; and

a transmitter configured to transmit the first set of preambles as a time
domain signal to a relay,
a receiver configured to receive a retransmitted time domain signal from
20 the relay, the retransmitted time domain signal being a combination of the first
set of preambles and a second set of preambles from another communication
device; and
wherein the processor is further configured to estimate carrier frequency

offset based on the received retransmitted time domain signal.




of antennas in each station; - use inexpensive circuits which are
distortion-free for CFO estinmation; and - have a preanble structure with
sufficient degrees of freedom for PAPR optim zation. 10 Brief Description
of the Figures A preferred enbodi nent of the invention will now be
descri bed, by way of exanple only, with reference to the acconpanyi ng
drawi ngs, in which: Figure 1 is a schematic drawi ng of a comruni cati ons
system having two 15 source nodes and a relay node, according to a
preferred enbodi nent; Figure 2 is a schematic drawing of a

transmt tlh%gﬂmﬂépﬁé@ﬁb etprebsion eftieeinvedtsn, ahefé Busrevitied an integrélegure 3 is a
schematic drawi ng of a receiving portion of the source nodes of Figure 1;

20Fi gure dp4rcu & 5 EHRMRSataMa O EokiissRt S of rotated preanbles that are
generated and transmtted fromthe transmtting portion of Figure 2;

Eg%ﬁ' Ea{foﬁsflé@\gﬁ %ﬁﬁgfﬁ’ ECS’?F’QU'%BttB%r‘% t%séog?@ggg% éag%?ldl;b 0%)0036 10
O © SRt BRSO Bl PSR P S BRI 10

the value of a m ni num CFO estimation error for
set of preambles;

an interface configured to transmit the first set of preambles as a time
domain signal to a relay and further configured to receive a retransmitted time
domain signal from the relay, the retransmitted time domain signal being a
10 combination of the first set of preambles and a second set of preambles from
another communication device; and
wherein the processing unit is further configured to estimate carrier

frequency offset based on the received retransmitted time domain signal.

15 It can be appreciated from the described embodiment(s) that the method and

devices may:
- generate and transmit preambles with a low peak-to-average power ratio
(PAPR);
- lower the complexity of estimating CFO;
20 - be robust towards the use of different frequency estimation techniques
when estimating the CFO;
- produce accurate CFO estimation;

- have a CFO estimation performance which is near optimal;




di fferent nunbers of CFO estimation blocks as the CFOis varied; 5Figure 8
is a graph of a tinme domai n waveform of one of the preanbles of Figure 5;
Figure 9.,i h of a frequency domai n wavef or m of pr eanbl es
of Fi gur‘gloé?ﬁfj—]?%%fe 10 is a graph of the mean squar edp%ﬁ)?{(})@h{%ﬂ%ﬁ in the
CFO 10 estimation of. Figure 5 as a SNR is varied and where channel '
conditions of a Scenario 1 are applied; Figure 11 is a graph of the MSE in
the CFO estimation of Figure 5 as a SNRis varied and where ch el i
condi tions of UpedperRMWNRkegven BRRHENSY; cogrppnents a filler whickia|awe is a
graph of the MSE in the CFO estimation of Figure 5 as a 15 SNRis varied
and wher e charaséimationgietfounancsfto dedaaid CraeeaRao Hepndied. Det ai | ed
Description of the Preferred Enbodi nent The follow ng notations may be
used in this specdimaitn omnuitBohithareof low capipiadity avithoghsufferihgt t er s
respectively denote matrices and vectors. Al indices in 20 matrices and
vectors start gdaorfemmaedoioysloess i betimaten stadredy, The synbol denotes a
convolution. N(O, R denotes a nultivariate Gaussian distribution with a
zero nean and pyt hBv@aspvandtanae orahs nkmBer bl r&yg t@moMdethe riingosre 1 shows a
comuni cations system 100 according to the preferred enbodi nent. The
comruni cat i ongys ehidrRE 0a&Psmfidrses a relay node 110 and two source nodes
i.e. Source 1 120 and Source 2 122. The relay node 110 and

- use inexpensive circuits which are distortion-free for CFO estimation; and
- have é preamble structure with sufficient degrees of freedom for PAPR
o;')timization;
10 |

Brief Description of the Figures

A preferred embodiment of the invention Wfi! now be described, by way of
example only, with féféfénbé’"fd"t'he"acCOmbanyihg‘drawmg's‘, in which: |
Figure 1is a séhemaﬁc drawing of a communications system having two
15 ~ source nodes ancf a relay node,' according to a preferred embodiment; | |
Fiéure 2isa schemafic drawing of a trénémitting portion of the sQurce -
nodes of Figure 1; |
Figure 3 is a schematic draWing of a receiving portion of the source |
nodes of Figure 1,
20 Figure 4. is a schematic drawing of two sets of rotated preambles that are
generated and transmittéd from the transmifﬁng portion of Figure 2; |
Figure 5 is a’ﬁow diagram of a method of estimating a CFO in the:

_ communications system of Figure 1;



5 the source nodes are each capable of two-way relay comunications. In

ot her words, Source 1 120 is capable of transmtting to the relay node 110
and receiving fromthe relay node 110. Simlarly, Source 2 122 is also
capabl e 8¥”Wg%ﬁ§ﬁ$tting to the relay node 110 and red& iR PYH t he rel ay
node 110. 10 Variable S4 denotes a node A while kis denotes a channel from
a node Ato a node B. r4 denotes a silg§nal received at node A A and B nay
take on the values of 0, 1 and 2 in which case they respectively denote an
associ ati-on wiHEipurelteisreefiow dibfitym Sdbameethdd DP QenamtiSpand ga@srRing The rel ay
node 110 and the source nodes S, and S2 transmt using carrier frequencies
denot ed f greafbiittht 1ed BandhgtirgQuuriten obHigarsS2; and S2 may align their carrier
frequencies |I; and f2 to that of the relay node 110 i.e. fo . fo serves a

common f r equengyy,andisthgabh eftHeNGLabi 4 BMUACHDSsthtioherRRdes S, and s2
may be done using the technique of ranging. 20 In a system capabl e of

two- way r&ﬁ@ﬁén?ﬂw&s%@ﬁﬁ‘éstirﬁﬁw'Elgci,&aé{s9%@?DfiQK/HE‘?éE;for Siand S2 over
two tinme slots. In-a first tine slot (i.e. Tine 1) for an n -th discrete
tinme sanple, Sk . L i fy o i ed xi," and
co & mal ¢ anddldhy 52 GRB0 BL I RS SRS e RPN
2011/ 093798PCT/ S&2011/ 000036 12 rel ay .node 110. The transnitted packets
Xx,," and ,59% h received at the relay node 110 superinpose to formthe
received signal _r. I.n a second.time slot (i.e. Tine . 2), the relay node 110
scal es the si ?ﬁ%rergllg 2HAPY 8€a it Omém V&%}’rel;rﬁb" %%’E OJf.tﬁel'he rel ay node
110 then retransm’-%_s thg_scal ed signal back to 5 the two sources S, and S2.
The ret r SHEATPIEERT SIYFEP travel s across the two independent return channel s
1z01 and k2,,, to-arrive respectively back at S'%Snd, : Th% retransmtted
signal is recd&iause 184s pigraptolthamenn sgipred error (MIBERthe &8RP The rel ay node
110 may be ternmed as a "responder” as it "responds" to a signal received
fromid sastivetioy of Biopens ab et $NG s weriad gadwhesr kharpebeanedéfions o ge.

Scenario 1 are applied; . |
Figure 11 is a graph of the MGE inrthe CFO estimation of Figure 5 as a |

SNR is varied and whére channel cqnditionls of a Scenario 2 are applied; and
Figure 12 is a graph of the MSE in the CFO estimation of Figure 5asa

15  SNRis varied and where channe! conditions of a Scenaric 3 are applied.

Detailed Description of the Preferred Embodiment -
The foliowing notations may be used in this specification. Boidfaces in capi{al
and small letters respecﬁively denote matricﬁes and vectors. All indices in

20  mairices and vectors start from zero unless otherwise stated. The symbol & -

denotes a convolution. N(O,R) denotes a mulfivariate Gaussian distribution

with a zero mean and with a covariance matrix R..



The channel s 1210," and h01," may be different and |ikew se /720," and

k2,,, may also be different. Al channels may inflict frequency sel ective
f adi ng 1 tted signal, along with additi ILb & ufessSi an noi se
(AVEN) . %é‘ﬁ?@%ﬁ%rm ng 15 ranging, snall residual f\r%:cr]r:/ﬁir%cy @?’$f erences of

f -fO and - jo may be present relative to the frequency f, at the relay
node 110. The discrete signal that S!lreceives in Tine 2 for a 77 -t h

discrete time sanple nay be represented mathematically as i,n = ar
+aej 2Tr(f§)d§te_ﬁ)l®((_qr$_f where WD 2011/ 093798PCT/ SG2011/ 000036 13 denot es

the conponent signal originating from$, that is retransmitted back to S
whi ch corfgurs dsstidwe packetsiocdtions sgstant i0hadewding teléropreserteate conponent
signal originating fromS2 which conprises the packets x2,7 that is
transm t tegshoetireritd The cBmnvirdcdtives sestayn 100 compristed rélbpnods Jriéswidons
simlar to that 5of Equation 1 can also be witten for the relayed signal r
recei ved 1y sSuicB nBdeB i.3: Source 1 120 and Source 2 122. The relay node 110 and
5 the source nodes are each capable of two-way refay communications. in other
words, Sdurca 1120 is capable of transmitting to the re!éy node 110 and
receivihg from the relay node 110. Similarly, Source 2 122 is also capabie pf.

tranémitting'tb the relay node 110 and receiving from the relay node 110.

10 Variable S, denotes a node 4 while 2, denotes a channel from a node 4'toa.
node B. r, denotes a signal received at node A. A4 and B may take on the

values of 0, 1 and 2 in which case they réspectiveiy denote an association with
the refay 110, Source 1 120 and Source 2 122. The relay node 110 and the

source nodes. S, and S, transmit using carrier frequencies denoted f£,, / and
15  f,.The sou;cé npdes §, and S, may align their éanier frequencies fl and ler :

to that of the reiay nodé 110 ie. f,. f, serves a common frequency and ther

frequency alignment at ‘the source nodes S, and S, may be doné using the

- technigue of ranging.

20 in a system capable of two-way relay communications, ranging may be
* performed for S, and S, over two time slots. in a first time siot (i.e. Time 1) for _
an »-th discrete fime sample, § and S, transmit their packets respectively

denoted x,, and x,, simultaneously across the channels k,, and iy, to the -




/1" denotes the signal received at S, for the n-th discrete tinme sanple.
Three conponents are m xed together in rim. The first conponent aril ‘
denot es i.gnal conponent originating fromsS, t IS0 smtted
back to %ta%lmgl%%%ﬂe relay node 110. It conprises the%éggzgléﬁédgt at was
transmtted by S, to the relay node 110 in Time 1 and nay be taken to have
travel l ed across a conposi te chanhél k," which conprises the channel
fromS, to the relay node 110 and fromthe rel‘ay node 110 back to S, . a

r epr esent.iay recal i10gThadhosmited pESketsi g, motied , twhah tdteivied @l thectaigonent i s
free of carrier frequency offset (CFO. The second conponent aeul 2'5

' arrier fi ¢ (CFQ. " The second com 5
S by vy | ROperRBRL R orh P AT i e SRl IO & “hat”

sent to the relay node 110 inTime 1 and may 20 be taken to have travelled
across a {tenpiowi 2)ethehratayaiodk Wikischlesdhpsiosak 1t HeatisaanlEr réeaivadS2 to t he
relay node 110 and fromthe relay node 110 to SI . It WO :

20111 093795 REH 620414 00007614415 B PRISRER LS oL SgrgNchcgagponent

experi ences e scalin ctor a and notably is afrlicted wth a carrier

frequency_ offset of This I < j | d have been
if th reﬁh&}w?ﬁﬂ%rc?ﬁ ! iagg:Fthhl-Tg?itrs aen%'?rqg%(gg@%lhf ec téﬂ?&éﬁéﬁe\é@?&’on i's made
fromS, to S1. 5 The third conponent u denotes col oured Gaussi an noi se
wher e i t sindepandbrttretunn cbannaie 4, naadi ant to Bove cespastiedly back ahd, snd
10Referring now to Figure .2, Figure 2 shows:a transmtting portion 200 of

the sourcg ARdSratlsntiiély Senalis AU ds IhGrk! ANSHI tpdgporti on 200

conpri sesa " processor configured td"generate a ting domain signal
conprising a preanble 430, 440 froma starting preanble 230, and an antenna
210 conf irgeresiively Theaiekyi nodent! Gonay Rpltemesbas 24tpspeneee 264l ay node 110. The

“responds” to a signal received from a sourcé by retransmitting the signal back .

10 to the source.

The éhannets b, @and hy , m‘ay be different and iékewise‘ Mg, and hm may also
be different. All channels may inflict frequency selective fading on transmitted
signal, along with additive white Gaussian noise (AWGN). When perfcl)rming‘

15 ranging, small residual frequency diﬁerenges of fi—f, and f, - f, may be

present relative to the frequency £ at the relay node 110.

The discrete signal that S, receives in Time 2 for a n-th discrete time sample

may be represented mathematically as

JArfa= A

20 . : ‘rl,n = arll,ﬂ +oe rll,n + ul.n (1 )

where

rll.n = h]l,n ®xl‘n5
fNZl,w = hli,n ®x2,n'




15 preanble 430, 440 may be generated in the processor 220 and transmtted
;gbng t he net hod 518 mhgch W Il be described |ater. The starting preanble
IS Ry ' ihed and nay be stored in a nmenory wgdAhi nsmttin
portiOnRgﬁgﬁ%ﬁgﬁ%ﬂen be provided to the processory226%ﬁgg%g?ﬁgﬁgﬁly, t he :
starting preanble 230 may al so be generated wthin the processor 220 using
an algorithm The starting preanble ﬂ§0.nay al so be pre- determned to take
the val ues of the preanbles defined in the |IEEE 802.11 a/g/n standards. The
cont ent s mf, denotasRiE ceowonentigial osigingting dern ot thalliatatiagsmgied fgck
éOélg833798PCT/SG2011/000036 15 the physical layer i.e. respectively | EEE
t . 5 g PR Vi"As S ; } ess MAC) and
Physical%%§§ﬁa%%bﬂ$ﬂégg%ﬁpﬁﬁéfﬁﬁﬁéﬁfkﬁﬁgﬁggggggﬁgiyé?é§$ﬂ%%§@5(in %he 5 Gz
Band, |EEE, 1999, |EEE Std 802.11g2003, Part 11: Wreless LAN Medi um Access
Control (dWA@pnandsighgl sirigitatinafiem Spmtjictspempripestiegiskets paprib@dnt 4:
gugtggg:Higher‘DatavRate‘Extensfon inthe 2.4 GHz Band, |EEE, 2003 and | EEE
td : - s r [ 1 WY el R ' ( =04, C) and
$Ey5icﬁ|%%£§§ﬁﬁ%ﬁﬁ$%ﬁggéé$P&%g%fgﬁg'kﬁgggﬁgk?ﬁ%éﬁgﬁﬁi%ceneﬂ?goﬁ§$ Ligher
roughput are incorporated herein by reference;, 10 Figure 3 shows a
recei @i n@f fareiion 380 abpo %WF@%f%’éh%liéa@ge%ﬁ*%ﬁbfzs faffeiﬁg-%dgm‘ &: 11 The
recei ving portion 300 conprises an antenna 310 configured to receive a
signal F-fihem the relay node 110, and a processor 320 configured to
estimate a carrier frequency offset 0 fromthe received signal F. 0 =
f2 - A at the source 15 node S, and 0 = f, -f2 at the source node s2. The
Processor 320 further conprises a blockwise linear filter 330 and a '
requency. e r W i, ngak:.f e fromthe
f ebei ved 'si %%’%@%‘etﬁégﬂ g %ﬁﬁ?ﬁiﬁhégnﬁﬁﬂ’éﬁe& iho SAofePTRIES T [ 0
described to a greater detail in Step 560. A signal conponent conprising
t he carr icempbnenfaene ynixdd together iy, 1 hike fist corgoaen ahe deaeiesdhefrequency
offset O may be estimat-ed using the frequency o

10 signal component originating from S that is retransmitted back to 5, from the.

~ relay node 110. It comprises the message x,, that was ir’ansmittéd‘ by § to the

reiay node 110 in Time 1 and may be taken to have travelled across a

composite channel 4, which comprises the channel from S, to the relay node

110 and from the relay node 110 back to S,. « represenis a scaiing factor and

15 it is noted that the first compohent is free of barz_'ier frequéncy offset (CFO). |

The second component ae’> %"  denotes the signal component originating
from S, that is now transmitted to S, by way of the relay node 110. It comprises

the message x,, which S, had sent to the relay node 110 in Time 1 and may
20  be taken to have travelled across a composite channel %, , which comprises

the channel from §, to the relay node 110 and from the relay node 110 to §,. :It;




estimator 340. The frequency estimator 340 may take the formof a basic
correlator circuit. WD 20111093798PCT/ S&X011/000036 16 It wll be

under st « illed person that while the transmgpht ton 200 and
t he recgﬁgﬁﬁém%%§¥ion 300 of the source nodes S andnggkgggngggggfbed in
this specification using two separate antennae 210, 310, the antennae 210,
310 may be inplenmented in the sour ce Iflodes S, and S2 usi ng a single antenna
5capabl e of both transm.tting and receiving. Simlar]y, although two

pr ocessoman 2205esdRibabing stesnd comgonent sEnerepeesihasfaredactPhg @Rdsingl e
processor may be used for both generating the rotated preanbles 430, 440 as
vwel | as eptdbmplsi afflictuevittan cheter fregqarne yifst fof gt- 0. Thid CFOV & theew of CFO
Estimation Using Preanbles Referring nowto Figures 4 and 5, preanbles may

be used ts%m%%régﬁﬁte%[\gﬁaiq:\%hlﬁ ma%eﬁfe%%ﬁﬂ%heir&a&%dé%@@fi‘sdn&%mwt of

Equat i on ure OWs Inthe tine domain"two sets 410 and 420 of
rotated preanmhles 430 and 440 respgectively generated and transmtted
fromtheaf‘Sé’nr@Fﬁ$lﬁiaH§mE(§foﬂ'8ﬁn%qe f{%'{é' “i%%s%mce nodes S and S2 during Tine
1. Figure 5 shows a nethod 500 of estimating the CFO in the communications
systein 100 of Figure 1. The sets 410 and 420 each conprises N su, preanbles
respectively 430 and 440. Each preanble 430, 440 is rotated by an

angl e. EJeb tpircacipend@0y, , 440028 atowret! Eiaytshiaofmolsesdrape s opfretatids as t he
sanpling interval. The preanbles 430, 440 of each set 410, 420 is

transm’tt}eﬂ éﬁ%«;%%ally preanble after preanble. It is noted that the
angle in each ‘consecutive preanble is rotated varies

Source Nodes S, and. S,

10 Referring now fo Figure 2, Figure 2 shows a fransmitting portion 200 of the

source nodes S, and §, of Figure 1.The transmitting portion 200 comprises a

processor 220 conﬁg‘ured to generate a timé domain signal éompr‘rsmg a

preamble 430, 440 from a stérting preamble 230, and an antenna 210

configured to transmit the preamble 430, 440 to the relay node 110. The
15 preamb!é 430, 440 may be Qenerated in the processor 220 and transmitted

using the method 510 which will be described later.

The starting preamble 230 is predetermined and may be stored in a memory
within the transmitting portion 200 and then be provided to the processor 220.
20 dpiionaliy, the stariing preambie 230 may aiso be gen_eratéd within the |
processo-r 220 using an aigorithm. The starting preamble 230 may aiso be pre--
determined to take the values of the pfearﬁbles defined in the IEEE 802.11 |

a/g/n standards. The contents of the IEEE 802._"11 a/g/n specification relating toi



- WD 2011/ 093798PCUSG2011/ 000036 17 over tinme and differs from each

i mredi ately preceding preanble by the angles 8, and 02 for S, and S2
respect imetf1005hg met hod 500 of estimating the CFO mpyrhexdimiided i nto two
parts. The first part takes place in Tinme 1 and involves generating at each
of ‘the source nodes S and S2 rotated, preanbl es 430 and 440 which will be
transmtted to the relay node 110. T11 -second part then takes place in Tine

2 and invol ves receiving back at ~a. Si | .c risi t he rotat ed
pr eanbl edh@BOYSIHR laﬂ@b}-eaﬁﬁ?&p?é&’ﬁiydékﬁg‘g& f??% &%’@Q@ipﬂfﬁn"‘%ﬁ%ﬁe recei ved
signal. 10 In Step 510, the rotated preanbl es 430 and 440 respectively are
gener at edAdhtediugndaeassdeonirad A ke 28d rhys/cabbarer SR Seecicrians Ti me 1.
Step 510 further may conprise the Steps 520 to 540 which will be described
i n great éfigiepand Phties Layeminthey6r@-s Bang, IEEM88, (HfR Sih80&fégs 520 to
536 optionally may be 15 perfornmed offline before the nethod 500 is carried
out. The2pogafdt ¢4 WEB/ess4BNaMediyendcaosessoComiomh (8 €l tanagPiuseaibbesr 230
respectively denotedand x2,n at the source nodes S, and 82. 'x,," and x2
each gar e (ReWpopesiicdtionBl-drmkesi &f Furthenplgber &ath Rate Exteniientn me dormi n.
Bl ock rotations of angles kO and H respectively are applied to each of
XX2," remy 2.2"(5‘-12&36%155&@003}@60555 Sﬁ,'802.1 1n-2EIC Palt, { 2)Wikeless

‘LAN Medium Access Control (MAC) and .Physica! .Layer (PHY} Speciﬁcafions

Amendment 5 Enhancements for Higher Throughput are incorporaied herain |

by reference.

10
Figure 3 shows a receiving porti'on 300 of the source nodes S, and- S, of Fig’ur'e
1. The rebeiving portion 300 comprises an antenna 310 céhﬁgured to receive a

signal ¥ from the relay node 110, and a processor 320 configured to estimate a
carrier frequency offset ¢ from the received signal ¥. ¢ = f, ~ /, at the source .
15 node S, and ¢ = f,—f, atthe source node §,. The processor 320 further

comprises a blockwise finear filter 330 and a frequency estimator 340. The

blockwise linear fitter Séo'remd\/es from the reé_éived s-ignal r ihe_e known

frequency component. This filter 330 is described foa Qreater detail in Step

560. A signal component comprising the carrier -frecjuency oﬁ’éet ¢ is thus left
20 and the carrier frequenc;y 'oﬁ’setl;ﬁ may be estimatéd using the frequené:y

estimator 340. The frequency estimator 340 may take the form of a basic

correlator circuit.



2, n+kL 82 1, WO 2011/ 093798PCT/ SG2011/ 000036 18 k is an bl ock index while
0, and 02 are the block rotation angles respectively in use in S, and S2 .

As shown_jn Fi 4, each set 410, 420 of rotated prm 440 5
respecti gl%/’l]é”g%gi ses NB" bl ocks-of preanbles with each 5‘?@@?@?@ 430, 440

being L sanples long. The first preanble blocks for the two sources are
respectively | abel ed asand ji 2BLKS. The two sets 410 and 420 of. pr eanbl es
430, 440 are respectively transmtted fromthe source nodes Sl and S2 in
Time 1. 10wilhbSuegersBRd hhesidid passersthatmhdd the trenemiing pertiondd8d S, and S
in Time 2. The preanbles 430, 440 transmtted - fromthe source nodes Sl and
S2 ar e -r esfmefetéieighactiort 300 idhs source nuddess, §ndafdas2dedoyibedin rel ay node
110. The retransm ssion is perforned as a broadcast fromthe relay node 110

and Tt 1 S JOLECRLRh BlinStf0desfall dllohlis SRR, ikafighidd S, fagmat as

when t he g‘i’sgsrf)aq Was ‘generat e transmtted from and S2 1n Tinme 1. It
is noted that as js sho i n Egquati gn t he.signal_ r i ack in S, and
S2 are a E‘BH&??H@P'QW%?XT%@BS%O ¥81"9°F égmsar‘r"pt *F?e&ig‘f‘ ?3&'5@% a\ége&rn (B:e nodes S,
and 82 20 The signal F received at both the source nodes S and SZ may be
r epr esent eapahfe of both transmitting and receiving. Similariy, although two processors

220, 320 are described, it will be understood that & single processor may be

used for both generating the rotated preambles 430, 440 as well as estimating

the carrier frequency offseté .

10  Overview of CFQ Estimation Using Preambies -

Referring now to Figures 4 and 5, preambles may bé tised to estimate the CFO

1, - f, present in the second component of Equation 1. Figure 4 shows in the

time domain two sets 410 and 420 of rotated preambles 430 and 440
respectively generated and tfa.nsmitted from the transmitfing portion of the

15  source nodes S and S, during Time 1. Figure 5 shows a method 500 of

estimating the CFO in tbe communications system 100 of Figure 1.

The sets 410 and 420 each comprises N, preambies respectively 430 and

440. Each preambie 430, 440 is rotated by an angie. Each preambie 430, 440

20 has a length of L samples with 7, as the sampling interval. The preambles 430,

440 of each set 410, 420 is transmitted sequentially preamble after preambie. it

is noted that the angle in which each consecutive preamble is rofated varies




WD 2011/ 093798PCT/ S&2011/ 000036 19 - N(0,12.i-j)(3) where and r°
respectively denote the signals transmtted fromthe source nodes S, and S2
whi ch conprise the sets 410 and 420 of preanbl es 430 and 440. C% and &
respecti Y Y1EEHdEe the rotation applied to :7, and - GaeHoVE¥he
Gaussi an noise present-in |I=and it has a zero nean and variance of 1t;

i s the maxi mum nunber of bl ocks availtable for CFO estimation which is
predefi ned dependi ng on practical. inplenentations and is smaller than the
total 10nypdremeandtindiremdapbimmdiately predbding ipsezanble sylthe afigles
cyclic-prefix renoval and tim ng m salignnment between the two sources Si

and S2 . Ri ghq igS 1drhe anet sialespentiery, of bl ocks used for CFO estimation, which
may be no hore than 'Nina,’ Further, it is noted that p2 and p2 denote the

respective CFO of the signals ;, and ;-2 as perceived back at the
respective sources S, and 52 in Tinme 2. The 15CFOin ;-, is known at S and

i kew the CFOin ;-2 1 ) | . ' ‘
rem se Thg meth%dl gf}d of2 eslsti?nalgcigg%e %tFOSr%':ay bgh&%ide%txnt'%)%osp%ﬁrsf: ?hen ﬂps? Si, 20
5 part takes place in Time 1 and ianIyes generating at each of the source nodes

S,and S, rotated preambles 430 and 440 which will be transmitted to the relay

node 110. The second part then takes place.in Time 2 and involves receiving

back at S,and S, a signal comprising the rotated: preambles 430 and 440, and

then performing CFO estimation on the received signal.
10 |
In Step 510, the rotated. preambles 430 and 440 respectively are generated and

transmitted from the source nodes S and S, during Time 1. Step 510 further

may comprise the Steps 520 to 54O which will be described in greater detail
later with Figure 6. It is noted that the Steps 520 to 536 optionally may be
15  performed oﬁiine_ befb‘re the method 500 is carried out. The preambles 430, 440

are generated from starting preambles 230 respectively denoted x,, and X1 at
the source nodes S and S,. x,, and x,,, each are composed of Ny, blopks of
L samples and are in the time domain. Block rotations of angles £6, and k6,

respectively are applied to each of », and x,, resuliing in

o ARy

20 | X =€ %2, k=012, Ny =, (2)

=e* 0 k=012 Ny 1,

J‘:2.n+i'.L




= (5 01, = 22r(f, - f;)L,+ 02, ri r1l and 02 are unknown while 0, and 12;
are known. Ncp.0 is known. It is noted that is unknown because the channel

/21 is o S'" although the nmessage x is kno urce node
s2 2.%@55{#%?%)"’5 2n02, 02=2n(f, - fOL + :2 an 65‘/1&%1:1;@6“3?1 nown whi | e

02 and R ; are known. Are,0 is known. Simlarly, j2 is unknown because the
channel 1712," is not known. At both?§ource 10 nodes S, and S2 , 01 and O,
denote the perceived block rotation angles while 0, and 02 are the physical
bl ock r ot atit @n ol isdexrvesiped t ande by afeothessenkcretativdesigBis wspge@elyThe physi cal
bl ock rotation angles 0, and 62 denote the physical CFO experienced by the
transm"sstiloenm n&l'se preanbl es 410 and 420 artificially introduce rotations
0, -and 02 Yot HE préanbl e bl ocks 430 and 440, the 15perceived bl ock
rotation 01 and 02 reflects the conbined effect of the block

As shown in Figure 4, each set 410, 420 of rotated preambles 430, 440

5 fespectiveiy cbmprises N, blocks.of preambles with each preambie 430, 440
being L samples long. The first preamble blocks for the two sources are
respectively labeled as 7! and ™. The two sets 410 and 420 of

X!

preambles 430, 440 are respectively transmittéd from the source nodes S, and

'8, in Time 1,

10 |
in Step 550, the CFO is estimated at the s@urce nodes S, and S, -in Time 2, Tﬁe'
preambles 430, 440 transmitted from the source nodes S} and S’z a‘lre |
retransmitied back tq the source nodes S, and S, by the relay node 110. The .

retransmission is performed as a broadcast from the relay node 110 and it is

15 received at S, and S, with the same biock rotation format as when the signal

was generated and traﬁsmitted from S, and S, in Time 1.

Itis hoted that as is shown in Equation 1, the signal received back in S, and S,
are a combination of the signals transmitted from the source nodes S, and ;.

20 The signal T received at both the source nodes S5, and ,Sz may be represented

a5

r=G 1L +G,LE +1




WO 2011/ 093798PCT/ SG2011/ 000036 21 rotations 4 and 02 and the physical CFO
02 is the variable which conprises the CFO. Linear filtering 560 may then
be perforned on_the received signal , and the 5esti i t he CFO
frequené@gfz?%’lr‘?ﬁ?%ge linear filtered signal follows tggédgg 2@?‘9““ 36ese st eps
will be described to a greater detail later in this specification, Preanble
Generation and Transnission (Steps 538 to 540) 10 The generation of a
preanbl e 430, 440 is described next by using Figure 6. Figure 6 shows a

met hod 510 of generating and transmiit+ M@, Bgeanbl es 430, 440 afd)t he
transmtting portions 200 of the source nodes S, and S2 of Figure 1 In
520, starting preanbles 230 are provided in. S, and S, and the bl ock
rotation Vl%ea{ gles 4 and 02 are determined for respective use at' S, and S2
The starting preanbles 230 provided jn Sl and S2 may be the sane, or they
may be different. The Cranmer Rao bound (CRB) may be used as the criteria to
determ ne optimal values for 01 anded2. | The val yeg,bf |A, = 0 and 02= rt may
be shown using the CRB tq be gptimlg valu s.,2fhus, the rotation
angles 4 and 02 20 may be sét at |the twd sdurces td b¢ re radians apart.

WO 2011/ 093798PCT/ S G2011/000036 |22 - :
L Pl

A= ejﬁa g = ejﬁ: : (4)
NCFO s Nmax’ '

- and s respe’cﬁve{y denote the signals transmitted from the source nodég S,
, 5 B ar‘id‘ S, whi.ch comprise thel ;e,etls 410 and 420 of preambles 430 and 440. G,

and G, respectively denote the rotation applied to and ;2.; denotes the

Gaussian noise present in ¥ and it has a zero mean and variance of R.. N

is the maximum number of blocks available for CEO estimation which is

predefined depending on practical implementations and is smaller than the total

10  number of preambie blocks Ny, . NH.LK 7 is a result of cyclic-prefix removal and
timing misalignment between the two sourées S, and §, . Nego 18 the éctual
number of blocks used for CFO estimation, which may be no more than Nm' .
Further, it is noted that p, and p, denote _fhe-réspective CFO of the signals ;,
and p, as perceived back at the respective sources S, and S, in Time 2. The

15 CFOin y, is known at S, and likewise the CFO in , isknown at 5,.

Thus, at the source node S,



The CRS of the CFO reflects the mninumstatistically achievable value for
the estimation error in the CFO estimted, The CRB in estimating the CFO

based on ations 3 and 4 may be given by 5 wher = RE (8) and T
di ag( 0, 1‘?’5%11}09307?\FSCFO -1)*/ where * is a Kronecker pfpoch#s 7‘“0‘6’5?“& or. The
CRB of the CFO estimate];for a given r, may be obtained by :
substituting Equation 5 into Equati oR07. As an exanple, taking the

perspective 10 of S' the CRB of the CFO estimate woul d be CRB
(27r (f2- 2rr,C221,Ticti11-11RX2j Gl1&2l) ' fGElR2, r21 , -

E‘I = r}]m’ '

}. = ‘ rll,n’ . (5)

u = n,, .

g = 8,

¢ = 2n(fo=S)L+0,
" {7 and ¢ are unknown while ¢,-and R. are known. N, is known. It is

noted that ;l' is unknown because the channel 7, is not known to §,, although

‘the message x,; is known.

At the source node S,

o= L

i:i = r;z,n: ‘

i - oal ©)
4 = -,

¢, = 2(fi-1f)L+8,.

PR ‘a'nd &, are unknown while ¢, and R are known. Nego 18 Known.,
- Similarly, r, is unknown because the channel i, is not known. .At both source
10 nodes S, and S,, ¢, and ¢, denote the perceivéd block rotation angies while 8,:'
and &, are the physical biock rotation angiés fespectivély for source ncdés' S,

and S,. The physical block rotation angles 6, and 6, denote the physical CFO ‘

axperienced by the transmission. As the preambles 410 and 420 arfificially

introduce rotations 6, and 6, to the preamble blocks 430 and 440, the

15  perceived block rotation ¢, and ¢, refiects the combined effect of the biock




where R 71-117.GCGL, 1, 12: 1, (10) 15From Equation 5, 02 = 27r(f2- |)L.-1-02.
Since 02 is determnistic and known a priori, the CFO f2can be obtai ned
fromth%(g%h,g%g@,} of 02 according to f2-f (rmod( cb2 pcRiscr@ififodooss yr)/
(2n-1) ere nod(A, 2r...) is the nodulo operatlon of A over 271. Note
that the CFO has to fall wthin If 85 1 Lin order for it to be estinmated
wi t hout any phase anbiguity. The CRB ;Its gi ven in Equation 7 WO .

2011/ 093798PCT/ SG2011/ 000036 23 m ni_num of 65 i sol.ated function
of 0 and roRtigay 6 AVGIGcand e RYSEA! 6F QYrids ”&%H"ﬁf Jﬂ‘ﬁ’g}"’ BYTIREPRY a CRB
approxi mati on, the solution may be nade tractable. In the 5approxi mation,
t he vari qpé@(pl and 02 are decoupled fromall other variables. This
approxi mati on makes use of the know edge that the noise covariance R in
Equation 3 is a banded matrix. Block di agonal :

Linear filtering 560 may then be performed on the received signal ¥, and the

5. éstimation 570 of the CFO frequenCy from the linear filtered éignal follows

thereafter. These steps will be described to a greater detail later in this

specification,

Preamble Generation and Transmission {Steps 520 fo 540)

10 The generation of a preamble 430, 440 is described next by using Figure 6. |
Figure 6 shows a method 510 of generating and transmitiing preambles 430,

440 at the transmitting portions 200 of the source nodes ‘Sl and Sz of Figure 1.

in 520, starting preambles 230 are provided in. §, and §, and the block rotation .
15 angles 6 and 8, are determined for respective use at S, and §,. The starting
preambies 230 provided in S, and S, may be the same, or they may be

different. The Cramer Rao bound (CRB) m_ay‘be used as the criteria to

determine optimal values for 6, and 6,. The values of =0 and 6, =~x may be _
shown using the CRB fo be optimal values. Thus, the rotafion angies £, and 92'

20 may be set at the two sources to be # radians apart.




approxi mati on may be made such that R-(11) ILIUWfIfl 10Equation 11 would
of fer an exact equivalence if the channel k, is flat-fading. Consequently,
t he CRBph Gq0abdson 7 may be sinplified to an appr oxipggisezdditihoefs AcRs(02)
(3;fiR -,t12 )[NcFo (NCFo -1) 3NcFo2(912)] 15 6 (13) KR:1 f5) UUNTT -
Nuo (N;c, -1)]. /1(02-01) is the nean squared error (MSE) of the CFO
estimation error and is a.non-negative function given by

‘The CRB of the CFO refiects the minimum statistically achievable value for the

estimation error in the CFO estimated, The CRB in estimating the CFO based

on Equations 3 and 4 may be given by

- | |
CRB(¢,) = . . (D)
ZEEHGfT[®~®G2[G§"§I>G2] Gf@JTszz |

5 where
@ =R;' -R;'G,(G/R;'G,] G'R;": (8)
and T = diag(0,1,2, -+ N, —1)*J where * is a Kronecker product operator.

The CRB of the CFO estimate: £, -/, for a given r, may be obtained by
substituting Equation 5 into Equation 7. As an example, taking the perspective
10 of § ,‘the CRB of the CFO estimate would be

: . o o -
CRB(27(f, = /)L)|, = — ~ , (9)
vt H EH
2:‘21GMT[®” _q}z;Gzt(Gu@nGzlj szl(anTGurzi

where

o, =R} -R}'G,[GIR;'G, | GRS, (10

15 ?rom Equation 5, ¢, = 27/, — f;)L+6,. Since 6, is deterministic énd known a |
priori, the CFO f, - f, can be o.btained from fhe estimate of ¢, according to.
S, = f, = {mod(g, - 6,.2m) - ) ;f (27xL) where mod{4,27) is the modulo operation
of 4 over 2z. Note that the CFO has to fall within |f, - /,/<0.5/ L in order for it

to be estimated without any phase ambiguity. The CRB as given in kquation 7

20 is a joint function of the variables RZ', r;, ¢, and ¢,. Therefore, finding the




)12 12(ei Tsly g2(-WFO0 1)1,gl g2 AT2cr CFO 61 6.2 | 24 where g, =[1, p" ,
prcm' , g2 =p2 =e€e'42 . TB =diag(0,1,2,-N'o -1). Referring now to

Figure 7,.FE 7 shows a graph of the value of the ga.ni BooSE O
esti nati‘gﬂﬁelgltd%?ggl .e. 2(0 -0) for different nunbers O%Efé%we%}t?rrati on

bl ocks N'0O, as the CFO 02-0 is varied, The function 2(02-0) tends to be
smal | when the difference is -7r or g?‘ for any Ne,O0 . This nmay suggest that
a robust choice is to design the preanble such that-this difference is

cl ose to minimamn of the CRA &s arysthried &metiph oEguant gh My iNNalve RSABIY I ng
Equation 11 to Equation 7, the block rotation angles 0, and 0 are now

det ached JsrpmmtREM yl» This allows the approximate CRB to be mnimzed
i ndependently of 12.:7) and r- 2 and a specific value of 0-0, that

m ni m zZes the non-negative function 2(02 -0,) nmay 15be obtained. As shown
in Figure 7, when ei 2- 0, 2(02 (b) ) is at its maxi mumfor any Nuo

By using a CRB approximation, the solution may be made fractable. in the
5 épproximaﬁon, the variables ¢, and ¢, are decoupled from all other variables. |

This approximation makes use of the knowledge that

the noise covariance R; in Equation 3 is a banded matrix. Block diagonal
approximation may be made such that
R; ~I=R;, Sy

10  Equation 11 wouid offer an exact equivalence if the channel %, is flat-fading.

Consequently, the CRB of Equation 7 may 'be simplified to-an approximate 'CRB
of
.6
=Hp- = 2 '
(rz R;.wnrz)[:NCFo (NCFO "1) HBNCFO/":’(@&: "'¢'; }]

ACRB(g,) = (12)

> s (13)
(EfRE:mff)[N aro (Mero fl)] ' ‘

15
Alg, —¢,) is the mean sqguared error (MSE) of the CFO estimation error and is a
non-negative function given by

2(g! Tyt ) ~Wero —1) (gfgz le

| |
@, —d)="— 14
s -t)= Noo—lgre, (9

20



and the effective CRB in Equation 12 becones urn ACRB(02) WO
2011/ 093798Pcri snot 1i 000036 25 /1(02-0) is at its maxi num because the

pr eanbl eg o430 ;@ds 440 comuni cat ed respectively fromgdie Hwa o804 ces S, and
S2 in Time 1 cannot be differentiated when they arrive back at the sources

in Tinme 2. 5The difference between tgg percei ved rotation angles for SI and
S, i.e. 02 -0, is conposed, according'to Equation 5 and 6, of 222-(f; -f)L+
(1), 2n(f,- AL+ (0, -02), Singe t he physi cal CFC;i.e. (J; -f2) may be
“smal | as_ahé@§ghﬂ§g§#ﬁ@ngbﬁgﬁjq 40shmp), o @Lgpfﬂﬂjo,pQQe%$aﬁaused by a smal
val ue of 0 -02. nsequently, "to avoid obtaining"02 - = 0, the bl ock
rotation angles 0, and 02 shoul d not be 02 =In other words, SI and 52
shoul d nop, bet™h Eend djsettlodi-cVps ednbl es. The sending of periodic preanbl es
at both source nodes SI and S2 is a worst case . ' S

Referring now to Figure 7, Figure 7 shows a graph of the value of the minimum

5 CFO estimation error i.e. A@z —4,) Tor different numbers of CFO estimation
blocks N, as the CFO ¢, —¢, is'varied. The function A(g, —¢ ) tends to be
small when the difference is —z or » for any NCFCV)‘. This méy suggest that a
robust choicé is to design the preérﬁble such that this difference is cloée fo -7
or z. | | | |

10

It may be seen in Equation 12.that by apﬁiyihg Eguation 11 to Equation 7, the
biock'rotation angles ¢, and «}52 are now d.etached from R’ and r,- 1his aliows.
the approximéte CRB to be minimized indepéndently of RE‘ and g, aéd a
specific value of ¢, —¢, that minimizes the non-negative function i(g, ;gﬁi) may

. 15  be obtained.

As shown in Figure 7, when ¢, -¢, =0, A(¢, ~¢,) is at its maximum for any N,

and the effective CRB in Equation 12 becomes

6
K, )[Ncpo (Népo =1~ 3N (@%aliu Ao, ”?91)” (19)

lim ACRB(4,)=
¢y~ 0 (fzﬁ R
=0

uyuT




fal |l back situation. Equation 15 would hold for Equation 7 where no
15approxi mation is involved. This is because where 02= 0, the matrix G 211
G beconrgg ;5itRgibar and the CRB(02) of Equation 7 becamesczonfoosuisée. |t may
al so be seen that the | ower bound given in Equation 13 corresponds to the
case when S, sends nothing in Tine 1 5Thi S suggests a reduction to a one-
20way relay scenario where the two sources S, and S, take turns to transmt

nessages, wWith each_turn_ lastin 0 and Tinme 2. 'In a
one-way - )@/@zZéﬂl11/5(?@5?WW@%%E?%%@@E%?‘?%@?/ ﬁﬁérl 0, the relay node
110 relays in Tinme 2 the nessage it receives in Tinme 1. Further, if the

channel ignhatich@diragpdchesty froe fheven dmuces & Bhd % it igneRrBahoot bthe
S5effective CFO 02 in point-to-point transm ssion. This nmeans that S, and S,

b f The | bound i
oY ai mab LT CIABE e AL U R S I o ROSIU T AR AT, T ko 26, it

is determined that 02 -= /I when 02 - =r. The physical CFOf,-f, may be
negligible as a result of ranging. Accordingly, to -

5 The difference between the perceived rotation angles for S, and S, i.e. ¢, ~4, is

composed, according to Equation 5 and 6, of

[2a(f,~ PL+6,-6), s ‘ (16)
b9 = 272(f, - f)L+(6,~6,),  ats,

Since the physical CFO i.e. =(/ ——fz)' may Ee small as a result‘of ranging, a

10 small value ofl ¢, —¢, is E:aused by a smaji value of @ -8, . Consequently, to
avoid obtaining ¢, —¢ =0, the block rotation angles 9; and 6, should not be
8, =6, !ﬁ other words, S, and S, should not both send periodic preamble:s'. Thle
sending of periodic preambies at both source nodes S, and §, is a worst case
nanback situation. Equateon 15 would hold for Equation 7 where no

15  approximation is invoived. This is because where ¢, — gb, 0, the matrix Gl oG,

becomes singular and the CRB(¢,) of Equation 7 becomes infinite.

It may also be seen that the lower bound inen‘in Equation 13 corresponds o 3

the case when S, sends nothing in Time 1. This suggests a reduction to a one-

20 b way relay scenario where the two sources S, and S, take turns to transmit

messages, with each turn lasting 2 slots i.e. in Time 1 and Time 2. In 2 one-way




mnimze nodification to the conventional preanble, the physical block
rotation angles for S, and S2 nmay be 0 and 02 = re-(18) 15In this case, O,

~and 02 a ﬁgﬁjg%?d such that they are equally spaceq,cqy%mh%%g&;ﬁnge
n

bet ween n-"1.e. they are spaced n radi ans apart and nay achi eve the
estimati on performance of the CRB | ower bound. It is noted that no
constraint is inposed on the nunber 8P rel ay nodes or the nunber of
antennas in each relay node. 20 WD 20111093798PCT/ SO2011/000036 27 1t is
not ed t hatelshsdesatihdhTraanerieaptt tlavfainel (ORE #fe MAesaged @ceiv@edri bed above
using Si as an exanple, it is understood that the CRB and approxi nate CRB
of the CFOmmmYy. be sinilarly obtained for S2 5Returning nowto Figure 6, in
Step 530, the starting preanbles 230 of source nodes Si and S2 are
respectively rotated by the block rotation angles G and 02 in the tine
domai n and subjected to spectral regulations to formrotated preanble 430 -

and 440. Fhenspedier danh@gutiatiagmg taomp thebweppuhs wilr esthd CRBrfgr tHee power of
the subcarriers of the frequency domain signals to stay bel ow a 10spectral

mask. 4t éﬁiec‘ﬂ% edd Pah ddue-tb Yo H@RsPlisdidie TiORkand tHdt KB Hangi magi gnal s may

be seen as applying a frequency shift to the corresponding frequéncy donain

signals. be able to perform interference-free communication. The lower bound is

© attainable when ¢, -4, =7 and N, is odd, since

, Niso 18 0dd,

. (17)
1, N 18 €VEN,

A, —¢) I¢1_¢»‘.—w‘” {

10 Using Equation 16, it is determined that ¢, —¢ =m-whend, -6, =x. The
physi;:a! CFO f, ~ f, may be negligiblle as a resulit of ranging. Accordingly, to
minimize modification to the conventional preamble, the physical block rotatfon |
angles for. S, and S, may be

0,=0 ad 8= | (18)

15 Inthis case, 6, and 6, are assigned such that they are equally spéacedlover'the

range betwesan O and r ie. they are spaced z radians apart and may achiéve

the estimation perfomiance of the CRB lower bound. It is noted that no

constraint is impdsed oh the number of relay nodes or the number of antennas
in each relay node.

20




Using a specific exanple, the starting preanbles 230 which are provided are
of 15 the | EEE 802. 11a/g/n design at both source nodes Si and S2 The

peri odi ral ni sequence for CFO estimation, which &shaWdas short

pr eanbl (e\‘g{”%rﬂgbﬁgsed as the starting preanbles 230 anc}%{ ey are constructed
as 10 blocks of 16 sanples each. In her words, NBLK = 10 and L = 16. The
conmuni cati ons system 100 uses“orthogonal frequency-division

mul tiplexing (OFDM w th each 20 synbol conpri Si sampl es. The bl ock
rotat i on'ibﬁg‘lcé%d mata\fme&e%@%@W%*W%@%PP‘@%@%@ alrgg?ﬁ‘i’rébeéiase, ')
20111093798PCT/ SG2011/ 000036 28 and the preanbl e 430 after block rotation

i s sinmlabove ushg St as e eyampiEaittis endamioot thebthedeRBgaE apprawdalsl ock
rotation angle 02 --72" is used and the starting preanble 230 is rotated by

02.7r. 5 ‘ﬁafﬁﬂﬂf@%@lﬁgyw%‘rﬁ%@ dptaiR@dtorTsni m zed such that the preanbl es

satisfy t g spectral nmask. It".is noted that there nmay be a
| ar ge nunber of ,candidate signals that nmay satisfy the spectral mask and
the signal with the lowest PAPR is as given in Equations 19 and 20. The

optim zed preanbles at S, and S2 are .gi ven respectjvely b . and
P 5 Re%urning now to Figure 8, in Step 530, gwe starting ;ﬁ"eambies 2¥3O o¥ source

nodeé 8, and S, are respectively rotated by the block rotation angies €, and 6,

in the time domain and subjected {o Spectfal regulations to form rotated
preamble 430 and 440. The spectral regulations applied corhprise restricting the
power of the subcarriers of the frequenc:y-dbmain signals to stay below a

10 spectral mask. itis noted that the rotation of the blot:k of time domain signaié
may be seen as applying a frequency shift to the cdrreSpqnding frequency

domain signals.

Using a specific example, the starting préamb!es 230 which are provided are of

15  the IEEE 802.11a/g/n design at both éour_c;e nodes S, and S,. The periodic
training sequence for CFO estimation, which are known as short preambles, are
used as the starting preambles 230 and they alre constructed as ;}O I_)iocks of 16
samplies each. in other words, Nie =10 and L=16. The commuhications_
system 100 uses orthogonal frequency—divisionlmuftiptexing (OFDM) with each

20 symbol cc’;mprisihg 64 éampies,

The biock rotation ahgles 6, and @, are taken as in Equation 18. In this case,

the Stérting preamble 230 may be said to be scaled by a factor of unit amplitude




X2,k k E {18, 26, 38, 42, 54, 58), k G{2, 6, 10, 14, 22, 46, 50, 62), k
=0.1,2,...,63(20) otherw se. where -15 2 /12 is a normalization factor
t o ensunggbhiakebat h 21kand ; 11.2,L, consune the sane pqegageoeyer. WO
2011/ 093798PCUS&X2011/ 000036 29 Specifically, in the present exanple, the
preanbl es may be optim zed as f0||og§8 The | EEE802. 11a/ g spectral mask
bl ocks the frequency bins. {0, 27, 287729, ..., 35, 36, 37} out of a total
of 64 frequency bi t hat correspand to the 64 discrete Fourier.transform
(DT .| (a0 braaiman 400 aer bREE Fatorsimiar o ERatarfas prapSeadery crer
than that for | EEE 802.11n. In the case of S2, as will be shown later in
Equat i on Aeouegetrade §oilve block gotationangle &: 5 7nds 46phARC {ie HadiNgi scret e
Fourier transform (DFT), only the 16 frequency locations {2, 6, 10, 14, 18,
22, 26, 3Qeardfie 238.is ftatetboy 80 54, 58, 62} are 10occupied as a result of
the selected bl ock rotation. ‘There is an overlap with the spectral mask at
| ocations {30, 34} and these overl apped |ocations are elimnated. A subset
covering 14 of the 16 frequency bins at {2, 6, 10, 14, 18, 22, 26, 38, 42,

46, 505 Sﬁf's ar15 g)kan?p%é, t%grbﬁg‘f?rise;:gxrt ?nirl?igﬂégc} gt'.lcq'xegiat‘the preambles satisfy the
'|IEEE802.11a/g spectral mask. It is noted that there may be a large number of
candidate sighals that may satisfy the spectral mask and the signal with the

lowest PAPR is as given in Equations 19 a'nd_20, The optimized preambigs at

S, and S, are given respectively by

N E%(iu) k12,16, 20, 24, 40, 48, 603,
124 V2 ‘
.4 521+ - o
10 X, ={- “1"5[75{] k={4,8,44,52,56), , k=012..63 (19)
0, otherwise. |
and
N }ﬂ(li;i} k& {18, 26, 38, 42, 54, 58},
14 {2 . _
) 52014 e |
Fo=do 28| ke{2,6,10,14,22,46,50,62}, £=012,..,63  (20)
2,k 14(\/'2") { . )
0, otherwise.

where +/52/12 is a normalization factor to ensure that both X, and X,

consume the same average power.

15




15In Step 532, at each of the source nodes LS; and S2 , the nodul ati on set
for each of the subcarriers is determned. This involves determ ning the
const el ' ailable for nodulation. In the pres as is the
same asﬁ%ﬂgnﬁ?@ by the short training sequence in ?E’Ilegégggf@dﬁg/ g/n, two
constellations are - available in the formof (1+j) 1,5 . -
Consequently, the size of the nodul atfon 20set is Nmod = 2. In St ep 534,
at each of the source nodes S, and S2, each of the Nsub WO

2011/ 093 BPsFifirASCIOthE wesersxa0 M. dof SFRaM blshdnay. berpriinmigediesl fr equency
domain signals in S, is reflected in Equation 19 and as 12 subcarriers are
| oaded, Mblpuls. e IETR802 1haid spektre! esk Miesks tie fregescybiesdendi.mfions in S
5In S2, the | oaded frequency donain-Signals is reflected in Equation 20 and
as 14 subearr B8y 35,87 dubatledetaNof, 64ftdqney dirs thabt@radegnd tsthef64 r eedom f or
pernutation thus results in a total of 2' possible conbinations (instead of
2' 4 ; becausett Wousset Satdfobd{DATD s desidthat Hreespesteaimasd by IREENti cal if one
can be generated fromthe other by a flip of signs-in every sanple). 10
Wien godghakihag Aacri&@br ire Bachr fHER Be2NAn. subcarriers in S, and S2, the

| oaded frequency domain signals (i:e. X-, or /24 for k =0,1,2,...,63)

whi ch have not been elimnated are converted into the time domain. This nmay
be done by perform ng a 64-point DFT onit,,, or /72 Up-sanpling and

I nter pol B n2'dls2 o?lsf?as will be shown later in Equation 26, after converting X, ,

into time dohaih with a discrete Fourier transform (DFT), only the 16 frequsncy
locations {2, 6, 10, 14, 18, 22, 26, 30, 34, 38, 42, 46, 50, 54, 58, 62} are

10  occupied as a result of the selected block rotation. There is an overlap with the
spectral mask at locations {30, 34} and these bverlapped jocations aré
eliminated. A subset covering 14 of the 16 frequency bins at {2, 6, 10, 14, 18,

22,26, 38, 42, 48, 50, 54, 58, 62} can therefore be retained.

15" In Step 532, at each of the source nodes 5, and 5, the modulation set for each

of the subcarriers is determined. This involves determining the constellations
available for modulation. in the present example, as is the same as that used by

the short training sequence in I[EEE 802.1 ia/g/n, two constaliations are

available in the form of +(1+ j)/Jz" - Consequently, the size of the modulation

20 setis N_,=2.

In Step 534, at each of the source nodes 5, and S, , each of the N,

subcarriers is modulated by every one of the. N__, possible constellations in the




15 enpl oyed in converting the frequency domain signal to the tine domain so
as to capture the tinme domain signal values occurring between sanples. For
every Lat joeegone, the peak-to-average power ratip@{sBARRbdes cal cul ated
in Step 536, at each of the source nodes S, and S,, the one out of NLeb'
20conbi nation with the | owest PAPR ié choesen to be an optinmal nodul ation.
By doing so, the PAPR of the transm 9 on is mininized and the conbination
chosen thus yields an optim zed nodul ation,- At" the source node S" the tine
WO 2011/ dwgam@@nﬁpme‘r%ea@hﬁwﬁa@i gjarals Wi ShisteEeelpd i zed

nodul ation is obtained as, n =0,1,2,...,63. Blocks of L sanples each are

formed: Igyth6n ROEFRINMs €Xatafriert BRe Iddded damaino sTESlwil@suspoeri od of L16

sanples and 11," may be grouped to form bl ofks of L16 sanpl es using the

assignment 5= (e ) 16 jun n, m = nod(n, 16),(21) This thus results in DFT
5C'. 1,1 1,2"]=2"" possible combinationsin s, " ‘ .

5 In §,, the loaded frequ'ency' domain signals is reflected in Equation 20 and as
14 subcarriers are loaded, N, =14, The available degrees of freedom for

permutation thus results in a total of 2 possible combinations (instead of 2™
‘because two sets of 64-sample designs are essentially identical if one can be -
-generated from the other by a flip of signs in every samp!a).‘

10

When modulating each of the each of the N_, subcarriers in S, and S, , the

ioaded frequency; -domain sigﬁa}s (i..é. X, or X, for k=0,1,2,...,63) which have

not béen e!ihinated are converted info the ﬁnﬁedomain. This may be done by:

performing a 64-point DFT onX’M or i},k- Up—sléﬁpiing'and interpofat_ior; ié:afs:d
15 | employed in converting the frequency_ domain signal to the time dbmain so as to

capture the time domain signal values occurring between samples. For every

modutation done, the peak-fo-average pow_er ratio (PAPR) is calculated. _'

in Step 536, at each of the source nodes S, and S, , the one out of N[
20 combination with the lowest PAPR is chosen to be an optimal modutation. By -
" doing so, the PAPR of the transmission is minimized and the combination

chosen thus yields an optimized modulation. At the source node §,, the time




1,63-1 1 = DFT (-1)0 irLFC) - (-1)11:1PLECI (,1)2.3-4BLK1 (1_,)2 riBLK)
(22) where 10x, L=16, (23)
WO 2011/093798 PCT/SG2011/000036
31

‘domain signal with the optimized modu

Biocks of L samples each are formed.

lation is obtained as %, n=0,1,2,..,63.

in the present example, the time domain

signal has a period of L=16 samples and %, may be grouped to form bi_ocks of

=16 samples using the assignment .

5 £, =(") 5, n=0,12,.,63, m=mod(n,16), (21)
This thus results in
%1'0 (-1)° ;CI{BLK}
1 : (=1) FPLK .
. b — . 1
DFT|| %, ||=DFT e | (22)
B i
~ (__.1)3 i[ﬂLK}
\_xi,ﬁ?,—l_ : |
where
3 ~£,0‘ T
) fm _ : : :
10 EEBLK] s iz,z K L = 16, (23) :
_ju-u
The set 410 of preambles 430 at S, may then be expressed as
Tflmuq“
64 EfBLK] .
X = B | B8 Ny times (24)

52

. Ny, hereis 4 and F is a variable de

430 at S, would be fransmitted. Each

H

EJ[ELK} .

noting the power at which the preamble

of the N, preamble 430 blocks after the

1J,




The set 410 of preanbles 430 at SI may then be expressed as NBLK tines(24)
-113LK] X] WO 2011/093798PCT/ S&011/ 000036 32 first is then generated by

rot ati ngulyhg1gapmgi ately preceding bl ock by the angl cr/daldiooncad OF K
=1,2, ... 1092(-N); where Nis the DFT size and L the length of 2L each

bl ock. This is equivalent to nultiplg&ngreach I medi atel'y precedi ng bl ock
by eie, . Thus, taking Equation 24 as“an exanple, since N =64 , L =16 ,

then 50, e Tr 0, z, 24 _ . o ,
first is then generated by rotating the immediately preceding block by the angie

8, =n/2" fork 21,2,...,log2($-£-), where N is the DFT size and L the length of

gach block. This is equivalent to multiplying each immediately preceding block

by & . Thus, taking Equation 24 as an example, since N =64, L =16, then .

5 4.¢ o,ra,f,—’f}. :
g
Simitarly, at the source node S, , the optimized time domain signal %, ,
n=0,12,..,63 is obtained from a 64-point DFT of )f'm after modulation. Once

again, the assignnient used to group the sampies‘ into blocks of size L=16 is

h=m

10 % =) &, n=012..,63, m=mod(n,16) , (25)

This results in

iz,o . (_1)0 JE{QLK]
2 f (—1) #BH ,
o _ 2 - -
DFT|| % | |= DET| | s | | (26)
_ l\(_ 1)3 JEgBLK]
_x:z,53-z il ’
where
" ;:2;0 -
552,1 .
'f 5 i:iBLKj - iz,z ., L=16, (27) .
_i:2.L—l_

The set 420 of preambles 440 at S, may then be expressed as




Simlarly, at the source node S2, the optim zed tinme domain signal ii

a(?l, 1,2,.:.,63/9is obtai ned froma 64-point DFT of ..A3-2), after nodul ation.
ce ag th&-@&ssi gnnent used to group the sanpl es i@ p196d8s of si ze
L=16 |see’¢’1(l(g§?2l = ea ) 16=0, 1, 2, , 63 m:m)d(n 16)(25) This results in =DFT
_ where 15 = 12 | L=16, (27) 33
(__ndigﬁu.d 7]
: = (- D: i-;;B!;K} :
% = : (28)

: S5 (_1)2%“”(.1

(M 1)Ném-—1 i;{BLK}
- B lS a variable denotmg the powar at whlch the preamble 430 at S would b=
' transmitted Each of the NBLK preambie 440 blocks after the first is then

generated by rotating the immedlate!y preceding block by the angle 6, == /2",
5 fork =1, 2,...,10g2(-2{\£—) , where N s the DFT size and L the length of gach

block. This is eqﬁivalent to muitipiyihg each immediately préceding block by

8,
et

As a point of note, if the first block of %, from Egquation 24 is taken to be

~[RLK]

10 F =g , the spectral mask is violated. Thus a separate design for bl

that differs from #* is used.

It is noted that while the Steps 520 to 536 have been described such that §
and S, perform their processing concurrently, 5, and S, may optionally perform‘-
15 the Steps 520 1o 536-not in a concurrent manner. Further, S, and S, may

operate one after another.

In the present example, the locaded frequency domain signals with a design

| according to Equation 19 in S, have a PAPR of 2.24dB. It is noted that the




The set 420 of preanbles 440 at S2 may then be expressed as 33
(_1)Nrnic-1i-4131X P2 is a variable denoting the power at which the

pr eanbl ;615911%&37%2 would Ix; transmtted. Each of theNRlKAkeRHED!I e 440
bl ocks after the tirst is then generated by rotating the immedi ately

precedi ng bl ock by the angle (9,=1iv_/ 2 , 5 for k =1,2,...,1002(-N);
where Nis the DFT size and L the | eA§t h of each 2L block. This is
equi valent to nultiplying each i mediately precedi n?& bl ock hy ii tik As
a poi nt ofesign & EquatipRdons pigrilapteihat &r acovesten| dattion 804 118/%hken to be
109"1 ;; p3LKI the spectral mask is violated. Thus, a separate design for 2
preamble. The loaded frequency domain signals with the design of Equation 20
in S, have a PAPR of 2.20dB. Thus, the préamble designs of Equation 20 may
have the advantage of a lower PAPR. This may also demonstrate.that there are

5 . sufficient degrees of freedom present to support a PAPR optimization.

Further, while Steps 534 and 536 have been described using a lowest PAPR as
an optimization criterion, it is envisaged that some other criterion of optimization
for utilizing the available degrees of freedom may be adopted, for exampie,'the

10  minimization of the auto- and/ or cross-correlation of the time domain signals.

Referring to Figures 8 and 9, Fi'gure 8 shows the time domai.n waveform of X,
while Figure @ shows the frequency domain waveform of ¥, 2 Botﬁ waveforms
are that of the source npde S, where the block rotation angie is 6, =#. In

15 Figure 8, the time doméin waveform of %, | is,céntrasted againét a
corresponding time domain waveform generatea under similgr conditions but
within block rotation. In Figure 9, it may be seen that the waveform of X’ o |

achieves fuli compliance with the spectral mask requirement since it falls within

the spectral mask.

20
- Returning back to Figure 8, in Step 540, the set 410 of preambles 430 at §, is

fransmitied by S,. Also, the set 420 of preambles 440 at S, is transmitted by

S,. The transmission from S, and Sz is perform simultaneously.




that differs from113'" is used. It is noted that while the Steps 520 to 536
have been descri bed such that Si and S2 performtheir processing '
concurre&gi@hﬂm§bsand S2 may optionally perform 15 t hecPkeps1/bbst 0 536 not
in a concurrent nmanner. Further, Si and S2 may operate one after another.
In the present exanple, the | oaded fégquency domain signals wth a design
according to Equation 19 in S have a’PAPR of 2.24dB. It is noted that the
WO 2011/ 093798Per sc20w000036 34 design of Equation 19 is simlar to that
for a conventional in | EEE 802.11la/g/n preanble. The | oaded frequency
domai n signals with the design of Equation 20 i nhave a PAPR of 2.20dB

Thus, th¢ineaeBiibtiey Blebdi®diof Equation 20 may have the advantage of a | ower
PAPR. This may al so denpnstrate that there are sufficient degrees of

fr eedom hes@REmiseichUsEne tiinde BARRNGYiats frami Snandu; réspectivkli | e St eps 534
and 536 have been described using a | owest PAPR as an optim zation

criter ! oy khih (RIS H0G A B0 SORNIAT 48 bheUAOTIGE pRRLTATAAL ] O

for util i e avai |l abl e degrees -of freedom may - be adopted, for exanple,

the 10m ni mzation of. the_auto- . o o] i he tine
donai 7 sﬂgWaﬁ%".e Z, ?é\gpﬁ-ﬁé lﬁdgﬁl‘gét}]?étsg ha%?@{ gF_l?rgﬁlr@ééagﬁg\B/\géthe time
domai h waveform of 12, while Figuré 9 shows the frequency domai n waveform
“of it Botthowaveforms are that of the source node S., where the block
rotation angle is 02 =,r. In 15Figure 8, the tine domain waveformof is
contrasted agai nst a corresponding time domai n wavef orm gener ated under
simlar conditions but within block rotation. In Figure 9, it may be seen

that theyaysfmomi®darlifeking is performed on the received signal ¥ . A difference

bet\?veen ftwo-way relay communication systems and point-to-point transmission
10  systems Is that in the former system, two frequency tones are processed, as
opposed to one frequency tone in the latter system. As may be seen from

Equation 3, the received signal ¥ comprises two frequency tones respectivety

" presentin ¢, and r,.

15 At each of the source nodes S, and S, , one of ihe frequencies is knoWn a priofi

and this known frequency may be removed using a customi;ed filter. Such a
fitter thus may perform seif—interference mitigation before CFO estimation is

performed in Step 570. Using the source node S, as an example, a simple
blockwise filter Q as defined in Equation 29 may be used to remove the known

20 frequency component ¢, from the received signal 7 as defined by Equations 3,.

4 and 5.




achieves full conpliance with the spectral mask requirenment since it falls
within the spectral mask. 20 Returning back to Figure 6, in Step 540, the
set 410 r es 430 at S, is transmtted by S, . et 420 of
preanblé§51§6%2¥322 is transmtted by S2 The transniggﬁ%§9?¥%@®%? and S2 is
perform sinultaneously. 35 Linear Filtering (Step 560) The transni ssion
of the tinme domain signals fromsS ang®s2 respectively conprising the sets
410 and 420 of preanbles 430 and 440 takes place in Tine 1. In Tine .2, the
signal 1- is received at bopd SJandfrom the r@liay node 110. In Step 560,
linear filtering is performed oy the received signal F. A difference

bet ween two-way relay commnication systems and poj nt;to-point t;ansnission
10 systenms is that-in t@e=former sgdterh two fré&uéhcy tomes aPd processed,
as opposed to one frequency tone in the latteri{system As may be seen from
Equation 3, the received sigpal F conpri§§§‘g_ frequency tones
respectively present in r"-and r- . 15 At"‘each”’of the source nodes S and
.92, one of the frequencies is known a priori and this known frequency nmay
be renoved using a custom-zed filter. Such a filter thus may perform
self-interference mtigation before CFO estimation is perforned in Step
570. "Usi Mgintde source node S, as an exanple, a sinple -

‘QHG1 =0, ' (30)
5  the filter outp'ut may be given as Z.
[z, | I S
z, o Pl .
z= Z, EQHE:QHszz +Q?ﬁ =0/ —p2) P:f]: 1~‘2 'i'QHﬁ- (31)
L T2 | ‘”PZNCFOdIJ

it is noted that filtering may have the potential of reshaping and further colouring
the perceived noise sbéctrum. This may result ina loss in the CFO esﬁmétion
10 performance-. The method 500 of estimating‘ti.'nej CFO however may not suffer ‘
from such a loss in estimation performance as WEII be shown later by checking if
the Cramer—RaQ bound {CRB) for the éomponent comprising the CFO fést_inéate

(i.e. the component comprising ¢, ) from the filtered signal is any larger than that
from the signal before filtering. The CRB o_f ¢, may be calcutated using

15  Equation 7 as

1
zf-fcf'r[é -0G, (6] oG, )*} Gf@)]TGﬁz |

CRB(g,) =

where




bl ockwi se filter Q as defined in Equation 29 may be used to renove the
known 20 frequency conponent 01 fromthe received signal F as defined by

Equatio 5. Since WG, =0,(30) 5the filter be given
na o o0 b7 po01 pvcR0 21 12 sani i (FGtCHRG 0 O
) 37 | |

$=0(Q"R,Q) Q" | (33)

It can be shown that using Eqguation 8 and 30 that & z ® . Thus Lzsing Erqualtion
7, cﬁ(@-} =CRB(¢,). Since thle CRB of 4, i.e. CRB(¢,) is not iarger than that
5 from the s‘ignél before ‘ﬁ!teriAng_ i.e. éf{B(qzl )", it may be "said that the blockﬁise
iiﬁéar fiiltef Q rc—;-nﬁoﬁ'és the kﬁév;!ﬁlfreq.ueﬁcy ie ¢ ‘withoﬁt cor;\.p‘rising the CRB

and thus without causing a loss in the CFO esfimation.

Estimating the CFO Frequencv {Step 570)

10  In Step 570, the fréquency' of the CFQ is estim'atad'frOm the [.inear filtered
éignal. After applying filtering on the recei.ved signal, only one frequency fone
may be left in the filtered signal and esﬁmaﬁng the CFO may thus be performed
using any of the technigues known to the skilled person for CFO estimatién in

point-to-point transmission, e.g. using a Maximum Likelihood (ML) based

18  estimator

The problem of CFO estimation may now be described as estimating a éingle‘
" tone in the @resence of coloured noise. It is noted that the filter Q may have the

advantage of being self-interference-free. Thus, the basic correlator may be

20 used.

Nepp=3

Gror =L D LhZ - (34)

=



It is noted that filtering may have the potential of reshaping and
col ouring the perceived noise spectrum This may result in a | oss

CFO est i&g? QRedGs per formance. The method 500 of est |I;@;S|d:;gllpjhﬁ?ﬁCF

may not su

er fromsuch a loss in estimation performance as. w

| ater by checking if the Crarrer-Rao und (ORB) for the conponent
et

conprising the CFO estimate (i.e.

conmponent conprising 02) fro

filtered signal is any |arger thanthat - fromthe signal befo
filteringd Fhéercies e CPOmsjimate aad Euicigredp U’sﬁ? fitpr ooty f E@hafwra%1
WD 2011/ 093798PCT/ S&2011/ 000036

10

15

20

The use of the basic correlator may have the advantage-of being exceptionally

simple.

Simulation Resulis

s Simuiatibns are conducted Lj.éihg the preambles 430 and 440‘abtairied from the

method 510 of generating and fransmitting the preambias. These sinﬁuiations
use the Eineal" fi!fering 560 to remove the knpwn frequency. In the simuiations,
all channel taps experience indepehdeﬁf Rayleigh fading, wﬁth their magnitude
reguliated by the exponential power delay proﬁlre e where n is the tap index

and 7_, Is the root-mean-squared delay spread. Three sets of channel
parameters that describe an escalating degree of delay spread are used in the

simulation
Scenario 1: L, =8 where 1, =1;
Scenario 2: L, =16 where 7, =5 énd |
Scenario 3 .;,; =16 where 7_ =

The channel parameters of Scenario 3 correqund fo the uniform power deiay

profile model and acts as the worst deléy spread scenario for comparison.

For simplicity, it is assumecd that the two source nodes S, and S, communicate -
in equal power i.e. P =P = E and that the variance of the AWGN at all the
receivers are identical 5—3 =o; =0, =0, ,le. o] =R;. The signal-to-noise ratio

is defined as SNR = P/of . The scaling factor « is applied at thle relay is set fo

further

in the

O however
be shown

mt he
re
wher e




37 C13 =QQHR Q | @H(33) It can be shown that using Equation 8 and 30
that 1 = cb . Thus using Equation 7, CRB(02)=CRB(02) Since the CRB of 02
i.e. CR i t larger than that fromthe signal L. fi ring i.e.
CRB( 02) 5@8?3%@%”%% said that the bl ockwise |inear fi |€§’&‘6%F‘édr?g‘}\?§s t he
known frequency i.e 9), w thout conprising the CRB and t hus without causing
a loss in the CFO estinmation. Esti mat3|9ng the CFO Frequency (Step 570) 10In
Step 570, the frequency of the CFOis estinmated fromthe linear filtered

si gnal . Afdeprthapptbyirapniit power Agatdhe ralayiredéne &ewiahivdhat ionfisteche frequency
tone may be left in the filtered signal and estimating the CFO may thus be
per for ed 41i ngy 2Y_gh e HEEHALILEHIRRMY tbIhd Aexiirh kidflepr son for CFO
estimation i'h point-fo-pornt transmssion, e.g. using a Maxinmum Li kel i hood
(M) based 15estinmator The probl em of CFO estimation may, now be descri bed
as esti meRQWRj requiaipent thadigniishe ipiedpeisn causec &P%@F EerchBfRL USEES- i s not ed
that the filter Q may have the advantage of being self-interference-free.
Thus, the basic correlator may be 20 used. 952,EST  (34) WO -

2011/ 093798PCT/ 5G2011/ 000036 38 02 .EST denotes the CFO estimate and i
refer$ t drigire 0 ilstaegraphtspgwingfthagw iroﬁ.Fg)lestimation as the SNR is varied

 and'where i =0001 f= "Ojooz\ and Nero =3 and where Scenario 1'is
applied. Figure 11 is a graph showing the MSE in CFO estimation as the SNR is
Nepo =5

fi= 0-001, S, ==0:002 , and where Scenario 2 is

varied and where “and
applied, Figure 12 is a graph showing the MSE in CFO estimation as the SNR is

Nero :fs

fi=0.001 £, =-0.002 , and where Scenario 3 is

10 varied and where /1 and
applied. in these three graphs, the estimators used are either basic correlators
(i.e. such as that of Equation 34) and Maximum Likelihood (ML) based

estimators. In all cases the method 500 of estimating the CFO is used. Curves

showing the Cramer Rao bound performance from the perspective of S, and S,
15 are aiéo presented, as is a curve showing the Cramer Rao bound performance -

when periodic preambles are used.

As may be seen from the curves, the CRB. performance using periodic
preambles perform the worst in all three graphs and by replacing the periodic

20 preambles with the preambles 430, 440, the MSE is reduced by more than 28
times. The approxiﬁ‘;ate CRB as derived in Equation 12 were also evaluated but.
are not displayed in the Figures 10, 11 and 12. _The performance with

approximate CRB differ from that with exact CRB computed with Equation 7 by




The use of the basic correlator may have the advant age of being
exceptionally sinple. 5Sinmulation Results Sinulations are conducted using

the preagh) and 440 obtained fromthe nmethod 51Q-Qf;.868R658 i Ng and
transm ?{ti;lle’nzgﬁ{ gg?oreanbl es. These sinul ations use the ITls%fnear ?‘lf?%eri ng 560

to renmove the known frequency. In th% simul ati ons, all channel taps
experi ence i ndependent Rayl ei gh fadi 8 with their magni tude 10regul at ed by

t he exponenti al power dela rofile e-"Irn. wher e is the tap .index and
rthe root 8§ %ﬂef?fefﬂeé%q%?ggﬁ'isé’&o‘?haﬁﬁ?L@esg’i%\gﬁm@ﬂ‘é(mé?mg%qmt ers that
-descri be an escal ating degree of delay spread are used in the sinulation
Scenari o $eenpriog! wird slightly mete thegstiedar ihe mesiispmgsivpshannal iz tkes © and
Scenario 3: 4 =16 where rm s=00. The channel paraneters of Scenario 3

cor r esponcharmet wWith aondidons g Swenadie Byl hesoff May el thatdisingtbeas t he wor st
del ay spread scenario for conparison. 20For sinplicity, it is assuned that
t he two. sepproematel ERESH tendesi@n obineymesmbeesi 48 dqdllis ppwepristee. P = P, = p
and that the variance of the AVWGN at all the receivers are identical
C=Cry's =i Biirthst, fRe WISE pegotarice-A108, Stdr 8t mayits slefdrartioas: 8Mdse Pl cyr, 2,
The scaling factor a is applied at the relay is set to WO

2011/ 09373%%5%/1.%%?sor%%%g%gggu;égthey transmit at equal power, and also because

all channels are statistically eﬁuivalent, which accbrdingly keeps the system

symmatric.

10  Comparing between the estimators used, Figures 10, 11 and 12 shows that the
basic correlator is able to produce a lower MSE that is-about 1.25 times higher
than that of the CRB at high SNR vaiues. Further, it may be seen that the

smaller the 7,

1

value, the closer is the MSE of the basic correlator to the CRB
performance. Speciﬁcalfy, in relation to Figure 12 where 7__ =, the MSE of

15  the basic correlator is 1.25 times higher than that of the CRB performance. in .

Figure 10 however where r__ =1, the MSE of the basic correlator is 1.1 times

higher than that of the CRB performance. It is notable that the basic correlator
may produce pérformance close to that of the CRB despite its simpie structure .
and it having no channel information.

20

Further, the basic correfator is shown in Figures 10, 11 and 12 fo outperform the
ML based schemes by yielding lower MSE in all three scenarios at low SNR
lavels. The narrow performance gap between the curves at the high SNR levels

for Figures 10, 11 and ‘}2‘suggests that the preambleé generated and




keep the total transmt power Po at the relay in Tine 2 equal to that in
Time 1, i.e. Po =p +P2 = 2P. The latter allows conformty to the nmaxi num

transmt I uirenent that limts the interferen ot her
wﬁ%\ﬁmgfﬁ@ ﬁ@g&?‘lﬁ?@@ggﬁgs

co-channel” “users.” 5 Figure 10 is a graph show ng the timation
as the SNRis varied f; 0.001, f2 = -0.002" and ATc,', =5 and where =, and
where Scenario 1 is applied. Figure flis a graph showi ng the MSE in CFO
estimation as the SNRis varied and where fi = = -0002 and Nen) =5, and
wher e Scefenrsrytied paing ihe mathod=P tumayie 1obust gedipst BasHpiIRg f he MBE in CFO
estimation as the SNRis f001 ., f2 = -0002 .and 1% - 10 varied and where
=0a - CFQstimE@orsarsedvihdeterBoematticoCBOi astiapgiei ed. In these three graphs, the
estimators used are either basic correlators (i.e. such as that of Equation
34) and Maxi num Li kel i hood (M.) based estimators. In all cases the nethod
500 of estimating the CFOis used. Curves show ng the Craner- Rao bound

per f or mangehikspatikibgiope ERpeeiht Vereambie'andl ‘BredlbrriocdsShays bsented, as is a
curve showi ng the Cramer Rao bound perfornmance when periodic preanbles are

~ used. sAs g iﬁ@r&@ﬂ?eéﬂi?'ﬁﬂfé’fér R ¥RSmBIBa30RhdAsT 4400 ThE esmsSisBgrager i odi ¢
preanbl es performthe worst in all -three graphs and by repl acing the

periodi ¢ 20 REEREMEE” Waldbbdie LS ERIEICRENdetbly Aeriba d¥BRed Sodeeduced by

nore than 28 times. The approximate CRB as derived in Equation 12 were al so

eval uat e%%ﬁzzﬁqggggm%&%ﬁ%%%&%ﬁ hggFi gures 10, 11 and 12. The

per formance’w roxi mat e fer fromthat with exact CRB conputed
wi th Equation 7 by WD 2011/093798PCT/ SG2011/ 000036 40 |l ess than 1% for the
| east di spersive channel (1.e. the channel with conditions of Scenario 1),

and st oR ke 2" RefhB3bob el VeehostRBEa SbSPE R YErFIRANE Y lo-Fay t N
10 relaying scenario (where there' are bn!y two source nodes), Vit s enviéaged that
| the method 500 however may be applied to a muiti-way relaying scenario
Involving X {more than one) sources. In ’lchis case, eaé:h- source js furnished
‘with a pre-determined set of Starﬁng preaﬁbles 230. The biock rotation ar_n_gies

to be applied to the K sets, 6, 6,, ..., 6, of starting preémbies 230 are

15  assigned such that they are equally spaced over the range beiween 0 and = .

Whiist exémpie embodiments of the invention have been described in detaii,
_ many variations are possiblie within the scope Qf the invention as will be clear to
a skilled reader.

20

Further, it will be understiood by a skilled person that the source and/or ‘ralay
nodes may be impl'emented as mobile devices such as mobii'e phones and/or

as stationary devices such as base stations. Also, it is envisaged that the




channel with conditions of Scenario 3). Thus, it may be said that using the
approximate CRB in the design of the preanbles 430, 440 is appropriate. 5
Furt her .wé bgi1MBEsper formance at S, and S2 may be obsecvsd2éaobmsal nost
identical. This nay be because they transmt at equal power, and al so
because all channel s are‘statisticalhg equi val ent, which accordingly keeps
the system symmetric. 10Conparing between the estinmators used, Figures 10,

11 and 12 shows that.the basic co t i a | ower MSE
thar s aoote SnditbldvtooRe Sl 5 RiibiBlecids Plicald RO BRa S R Vel uos.
Further, it may be se q,that the smaller the rinms value, the closer is the
VSE of‘tﬁ@gﬁggg%cg@ﬁﬂﬁFgwér to the CRB performance. Specifically, in
relation to Figure 12 where Tr., = cc, the MSE of 15the basic correlator is
1.25 tines higher than that of the CRB performance. In Figure 10 however
where =, =1, the MSE of the basic correlator is 1.1 times higher than that
of the CRB performance. It is notable that the basic correlator nmay produce
performance close to that of the CRB despite its sinple structure and it
havi ng no channel information. 20 Further, the basic correfator is shown in
Figures 10, 11 and 12 to outperformthe M. based schenes by yielding | ower
MSE in all three scenarios at |ow SNR | evel s. The narrow perfornance gap
bet ween the curves at the high SNR |l evels for Figures 10, 11 and 12
suggests that the preanbles generated and WD 2011/093798PCT/ S&011/ 000036
41 transmitted using the method 510 may be robust agai nst the choice of
estimators used in determ ning the CFO estinmate.




In this specification, the terns "preanble" and "preanbl e bl ocks" have been
S5used interchangeably to refer to a preanble 430 and/ or 440. The M%%gi
"source" and "source node" have been used interchangeably to refer 10 g
source node 120, 122 of the comuni cation system 100. Wiile the nethod 500
has been descri bed above with referenci8 to a two-way 10rel ayi ng scenario
(where there are only two source nodes), it is envisaged that the nethod
500 howeveyajfay be applied to a nulti-way relaying scenario involving K
(nmore than one) sources. In this case, each source is furnished with a
pre-determ ned set of starting preanbles 230. The block rotation angles to
be applied to the K sets, 01, 02, ..., OK of starting preanbles 230 are 15

whi 1 9t exmpl o detbaETEn pem RS soiie] BRAEERSY Bt R 4 EORRPRARTE o Clai

many vari ations are tg}oasi ble.within the scope of the invention as wll be
clear to YR NEIEERELCMIE Mrther, it will be understood by a skilled
person that the source and/or _relay nodes nay be inplenmented as nobile

devi cB such agemgBiing agHese st §8826r as stationary devices such as base
stations. Also, it is envisaged that the WO 2011/093798PCT/ SG2011/ 000036
42 source and/ nrtatireg the biodie by meyiutsdity ofpdiBerent sotationiangias tatfetm@ rcuits or a
systemon-chip solutions. MC S LIP 43
corresponding first set of preambles;
transmitting the first set of preambles as a time domain signal to a relay;
receiving a retransmitted time domain signal from the relay, the
10  retransmitted time domain signal being a combination of the first set of

preambles and a second set of preambles from another communication device;,

and

estimating the carrier frequency offset based on the received

retransmitted time domain signal.

15
2. A method for estimating carrier frequency offset according to claim 1
further comprising
applying an optimized modulation to the first set of preambles to form the
time domain signal.
20

3. A method for estimating carrier frequency offset according to claim 2
wherein each signal of the block of signals correspond to respective ones of a

plurality of subcarriers used for transmitting the first set of preambles.



Claims 1. A nmethod for estimating carrier frequency offset at a

communi cati ons device, the nethod conprising 5generating a block gfcgrip
si gnal s; rotating the block by a plurality of different rotation
angles to forma corresponding first set of preanbles; transmtting the
first set of preanbles as a tine domai44signal to a relay; receiving a
retransmtted tinme donmain signal fromthe relay, the 10retransmtted tine

dormai n si gnal BehBthod BPBBIIMatihg Balfer FlRRuUEHES LSt acdorgihganlzm and a
second set of preanbles from anot her comrunication device; and

estimati n%htepgaﬁ%rpwlq%tﬁerzw%g rﬂ&&@gﬁoﬁ)é‘é. r@Bst he received retransmtted

ti me domai n si nethod for estinmating carrier frequency offset
according to claimJa further. c 1,S) ' L
modul ation to PRENEHNGA pi‘érg“tgfo(};)&?’&%&gjsnsteoaqhoéréémé 4‘%@”& ﬁaﬁ‘gﬁ ?ﬁr?égfgnal . 20
3. A nmethod for estimating.carrier fr ncy offset . according to claim?2
wher ei n e&tHhesiolpigr tigck ¢fesignals wibra Qﬁ@%&/ Q¥EBP?"&§%"6‘H}?~[ 0 respective ones
of a plurality of subcarriers used for transmtting the first set ?f
preanbbes. McBladalating each of the plurality of combinations with respective ones o

the plurality of subcarriers; and

selecting from the modulated plurality of combinations a selected signal
of an optimal combination, the optimal combination minimizing the peak-to-

average power ratio of the corresponding signal; wherein the selected signal is

10  the time domain signal.

5 A method for estimating carrier frequency offset according to any
preceding claim wherein rotating the block comprises
determining a plurality of modulation symbols used by the plurality of

15  subcarriers to form each of the first set of preambies.

6. A method for estimating a carrier frequency offset according fo claim 4 or
5 wherein rotating at the communications device the generated block of signals

further comprises

20 shifting a frequency of each of the signals by applying one of the plurality

of different rotation angles.



44 4. A nethod for estimating carrier frequency offset according to claim
3 wherein applying the optim zed nodul ati on conpri ses per mut i posaLE
plurality of conbinations each associ ating an arrangenent of the rotated

bl ock of signals with a plurality of constellations; 5nodul ati ng each of
the plurality of conbinations with respective ones of the plurality of
subcarriers; and selecting fromthe nodul ated plurality of

conbi nati gns assgleefdcemdr esimatingt afrientréquingostistactoniing treclaipt Bnal
conbi nation mnimzing the peak-to- average power ratio of the

cor 1 e5pongjiadeifird it MRS BbihndHic RIS I end tctbibek bf e _domai n

si gnal . od™for estimating carrier frequency offset according to

et orm ri AR SPReER e g E R b e BRI “Che ot ural ity of

15subcarriers to formeach of the first set of preanbles. 6. A nethod for
estimating a carrier frequency offset according to claim4 or 5 wherein
rotating at the communj cati ons devi ce the generated bl ock of signals

furthe? c8nmpri devetimsticr estigating cagies figpush oy 28R LRCIReNgit§RaWs by appl vi ng
one of the plurality of different rotation an%!ies. MCS LIP 45 7. A met hod
for esti mataceging clam iwheréinameeefdhe pidrably efcbbergnhiptatior Pagigsds

obtained from the number of the plurality of subcarriers and a predetermined

length of the time domain signal.

10 9. A method for estimating carrier frequency offset according o any
preceding claim wherein one of the plurality of different rotation angles is

obtained from an angle of a previous block of signals.

10. A method for estimating a carrier frequency offset according to any
15  preceding claim wherein one of the plurality of different rotation angles is

determined using a Cramer Rao bound of the carrier frequency offset estimate.

11. A method for estimating carrier frequency offset according to claim 10
wherein the Cramer Rao bound is an approximation.

20

12. A method for estimating carrier frequency offset according to claim 10 or
11 wherein one of the plurality of different rotation angles has a value between

and inciusive of 0 and .



wherein rotating at the communi cati ons device the generated bl ock of
conprises scaling an anplitude of each of the signals. 5 8. A net hodVMC8LLP
estimating carrier frequency of fset according to any preceding claim
wherein one of the plurality of different rotation angles is obtained from
t he nunber of the plurality of subcarr4®rs and a predeterm ned | ength of
the tinme donmain signal. 10 9. A nethod for estimating carrier frequency

of f set acagr di pgmiethdahior psticathga cdragnfrednesredynoftset actortdiey ol amal i ty of
different rotation angles is obtained froman angle of a previous bl ock of

signals. pldhedhdBlhiRdHsinastd sRthbBuRisasfdigérdnt estuens unglkkset accordi ng
to any 15preceding claimwherein one of the plurality of different rotation

angl es 1 S oAehRLAThOG R BUna nthflbr o Bt Bt AlcalibR dedidser frequency

of fset estlmate. or estimating carrier frequency offset

according to claim10 wherein the Craner Rao bound is an approximtion. 20
12. A nethod for estimating carrier frequency offset according to claim10
or 11 wherein gne of the plurality o;f, different rotation.angles has a val ue

bet weeh an | nd MEMAS foF eBmAlNG 2 carpicrePIansyoflsRt ABEHAING Bramdkt i mati ng a

carrier frequency offset according to any
preceding claim wherein the generated block is an IEEE 802.11 preamble.

15, A method for estimating carrier frequency offset according to any
preceding claim wherein one of the first set of preambles is obtained from

10 rotating a preceding rotated block of signals.

16. A method for estimating carrier frequency offset according to any
preceding claim wherein the time domain signal is transmitted using orthogonal
frequency-division muitiplexing.

15
17. A method for estimating carrier frequency offset according to any

preceding claim wherein the time domain signal is non-periodic.

18. A method for estimating a carrier frequency offset according to any
20 preceding claim wherein the retransmitted time domain signal comprises a

training signal retransmitted by the relay from another device.



precedi ng clai mwherein one of the plurality of different rotation ﬁ%' f%
is obtained according to the nunber of other comrunication devices. 4
met hod for estinmating a carrier frequency offset according to any preceding
cl aimwherein the generated block is an | EEE 802. 11 preanbl e. 15. A

nmet hod for estimating carrier frequencds of fset according to any preceding
clai mwherein one of the first set of preanbles is obtained from 10rotating

a precedi Ag, r opahethdd foe lestihatihgbatrer frebeendy wEsboacdmvdingsbiamgt i ng carri er
frequency offset according to any preceding clai mwherein the tinme domain

signal is ﬁPéc?éaﬁa Liafd viir89 tRE IBREMTRlqUEhed RREY mHativeER hathid dbBdinng. 15

17. A nethod for estinmating carrier frequenhcy offset according to any

precedi “9;@'831 F‘éé&i\}er&erettrjaﬂ??ﬂ?éﬂhﬂe%og??ih dignd1on- peri odi c. 18. A

met hod fo stinating a carrier frequency set¥according to any
20preceding claimwherein the retransmtted tine domain signal conprises a
training signal retransmtted by the relay from another device. MCSLLP 47
19. A nethod for estimating carrier frequency offset according to any
preced? ng28) ai fhMAES: TRr EREMAHRG Fafier Hgﬂﬁlﬁogﬁ?%%chr‘i'nﬁé? ¥n the time
domai n signal and the received retransmtted tine donmain signal. 5 20. A
met hod f opresstlingatiaing whereinestimatingdhe gaofdar feaqupreyadisahceropessgs linear

filtering the received retransmitted time domain signal.

21. A method for estimating carrier frequency offset according to claim 20
10 wherein estimating the carrier frequency offset further comprises performing

correlation on the linear filtered signai.

22. A relaying method for estimating carrier frequency offset at a first
communications device, the method comprising
15 receiving at a relay a first time domain signal which is transmitted from
the first communications device, and a second time domain signals which is
transmitted from a second communications device;
wherein the first time domain signal comprises a first set of preambles
formed by rotating a first generated block of signals by a corresponding first

20  plurality of different rotation angles; and

wherein the second time domain signal comprises a second set of
preambles formed by rotating a second generated block of signals by a

corresponding second plurality of different rotation angles; and



preceding clai mwherein estimating the carrier frequency offset cowg@@s
linear filtering the received retransmtted tinme donmain signal. 21.

nmet hod for estinmating carrier frequency offset according to claim20 10
wherein estimating the carrier frequency offset further conprises
perform ng correlation on the linear f48tered signal. 22. A relaying

nmet hod for estimating carrier frequency offset at a first conmunications
devi ce, the netdiethsedttipg fedrndhd beleg eiretragsratiteal tirekajomaifisigral to the domai n
signal which is transmtted fromthe first comunications device, and a

second ti ARyt oM ihiSAHHEY deutl 66 asseo blIaRIRG HraEdiPihRaEes98vice to

conmuni cati ons devi ce; ere| n the first time domain signal
conpri ses '?&[EE,’ f rat ed
bl ock of g?térﬁg{e% 3S/C%tar1r"g'{)frrr%spo ' ng ? %ﬁj géh%ﬁ%ﬁlﬁlt%g tfg?e??gl?%ﬁf rotation

angl es; rein,.t nd ti.e donai | ses a second
set of prﬁ'gﬁ'ﬁ‘ g@cffb'rsrﬁaaow '}ag‘togtq %egrsggggggcagﬁés%gﬁggﬁﬂ)r&%mé%f si gnal s by
a correspondi ng second plurality of different rotation angles; and MCSLLP
48 S retransnmitting fromthe relay a retransnitted time domain signal
to the first conmunications device so as to allow the first communications
devi ce to028st i Aunethphdoeastimating g sguigidieayensyofiset ifde eamrtiaiedionansm tt ed
time domain signal, which is a conbination of the first and second sets of
pr eanmbl essysle@3ths cmhhnmhidationeslysiamt cogpasioara fiest comequeinatjorsf desate,i n a
communi cation system the comruni cations system conprising a first

comuni ca is@RSndl 8YmESuniSati RO ahaBIre Rl ASTeVd S Eompesiagr el ay, the
met hod conprising rotating at the first communications device a first

O e oyl TP Scdhip Bl PRl fy Benslehd ek oot at o

10 signals by a first plurality of different rotation angles to form corresponding first
set of preambles;

rotating at the second communications device a second generated block
of signals by a second plurality of different rotation angles to form
corresponding second set of preambies;

15 transmitting from each of the first and second communications devices
the respective first and second sets of preambles as time domain signals to the
relay;

receiving at the first communications device a retransmitted time domain
signal from the relay, the retransmitted signal being a combination of the first

20 and second sets of preambles; and

estimating the carrier frequency offset based on the received

retransmitted time domain signal.



rotating at the second conmunications device a second generated bl ock of
signals by a second plurality of different rotation angles to formCSLLP
correspondi ng second set of preanbles; 15transmitting fromeach of the
first and second conmuni cati ons devices the respective first and second
sets of preanbles as tine donmain signa% to the rel ay; receiving
at the first comrunications device a retransmtted tine donmain signal from
the rel ay24t he Arraefraaisior bbthd ating batrich dieggency offbétnatdondingfto chdmfad st 20 and
second sets of preanbles; and estimating the carrier frequency offset

based on (e difGeitifmhg &idiaes Md frefplutaTRy BPaRfcRe S BRRlon arlfisd-hRd 49 24. A

nmet hod for estinmating carrier frequency offset according to claim?23

wherein a ' ' ; [ f. i of ation

ngl os. andnity iR e sBtond Bualgbr Bfdle gt MYSSHERE bR P2, o
angles differ by ir 5 25. A nethod for estimating a carrier frequency offset
according to claim?24 wherein the starting angle of the first plurality of

different rotation angles is Q. 26. A conmmunications device conprising
a processép- coﬁfm@’ih‘loégof gsijantng A cag ey firauescy GHsrhPSCHRIG 19 Q’%H'Eg‘é t he
10bl ock by a plurality of different rotation angles to form correspondi ng
first setwbkrgintmnblasts)g angle of the firs pluralify wf iféeresbrataten eagles ia Pansnmit the
first set of preanbles as a tine domain signal to a rel ay,
26. A communications device comprising
a processor configured to generate a block of signals and to rotate the
10 block by a plurality of different rotation angles to form corresponding first set of
preambles; and
a transmitter configured to transmit the first set of preambles as a time
domain signal to a relay,
a receiver configured to receive a retransmitted time domain signal from
15  the relay, the retransmitted time domain signal being a combination of the first
set of preambles and a second set of preambles from another communication
device; and
wherein the processor is further configured to estimate carrier frequency
offset hased on the received retransmitted time domain signal.
20
27. A communications device according to claim 26 wherein the transmitter
is further configured to

apply an optimized modulation to the first set of preambles to form the

time domain signal.



a receiver configured to receive a retransmtted time domain signal from 15
the relay, the retransnitted tinme domamin signal being a conbination MEStiie
first set of preanbles and a second set of preanbl es from anot her

comuni cati on device; and wherein the processor is further configured
to estimate carrier frequency of fset WaEsed on the received retransmtted
time domain signal. 20 27. A conmuni cations device according to claim 26
wherein the transmtter is further configured to apply an optim zed
nmodul ation to the first set of preanbles to formthe tinme domain signal

MCSLLP  5@g 28&%@&0 k6% 1RV SRKbRANGRF ST DY WheimBtR SigWaesei n each

si gnal of the signals correspond to respective ones of a plurality

of subcar Heﬁ%@c@é@g@b% écfrr?%%rgnﬁttb QQ?%%I:%\/%?% oy pt?;[’ahlw S?Mc%ri?rgr 29. A

comuni ca actordi'ng to ¢ ereln the transmt is
further confiqgured tao_. ermute a plurality of combinations each

associ at i H§e% "éF‘?‘r%%’ng@r#'eJ’?Stt%g OFBE‘??@@eB'I ock of signals with a plurality
of constellations; 10nodul ate each of the plurality of conmbinations with
respec?ive ones of the plurality of subcarriers; and

29. A communications device according to ciaim 28 wherein the transmitter

is further configured to

permute a plurality of combinations each associating an arrangement of
the rotated block of signals with a plurality of constellations;
10 modulate each of the plurality of combinations with respective ones of
the plurality of subcarriers; and
select from the modulated plurality of combinations a selected signal of
an optimal combination, the optimal combination minimizing the peak-to-
average power ratio of the corresponding signal; wherein the selected signal is

15  the time domain signal

30. A communications device according to any of claim 26 to 29 wherein the

processor is further configured to

determine a plurality of modulation symbols used by the plurality of

20 subcarriers to form each of the first set of preambles.

31. A communications device according to claim 29 or 30 wherein the

processor is further configured to



select fromthe nodul ated plurality of conbinations a selected signal of an
opti mal conbi nation, the optiml conbination mnimzing the peak-t%@&bk%ge
power ratio of the corresponding signal; wherein the selected signal is 15
the time domain signal 30. A communications device according to any of
claim?26 to 29 wherein the processor i8i1further configured to

determ ne a plurality of nodul ati on synbols used by the plurality of

20subcarri ers tspiff afrageaaty of eadreof thestigrees bgfappheambhesof the hiurdiity of
conmmuni cati ons device according to claim?29 or 30 wherein the processor is

further copfdrgnf Rfatioh andisd.- 1. 1) 51 shift a frequency of each of the
signals by applying one of the plurality of different rotation angles. 32.
A conmmuni cati ons device according to claim31 wherein the processor is
5further configured to scale an anplitude of each of the signals. 33. A

communi cat..ons ,devi ce according. to any,of .clai 6,t0.32 wherein the one
o The o Bear A P T PhR & s ita of sBIS DRk e PRI R o nbor
10o0f the pl uralit¥, of subcarriers and a predetermned |length of the tine
domai NP si d#Hier contigured to

scale an amplitude of each of the signals.

33. A communications device according to any of claims 26 to 32 wherein
the one of the plurality of different rotation angles is obtained from the number
10  of the plurality of subcarriers and a predetermined length of the time domain

signal.

34. A communications device according to any of claims 26 to 33 wherein
the one of the plurality of different rotation angles is obtained from an angle of a

15  previous block of signals.

35. A communications device according to any of claims 26 to 34 wherein
the one of the plurality of different rotation angles is determined using a Cramer
Rao bound of the carrier frequency offset estimate.

20

36. A communications device according to claim 35 wherein the Cramer Rao

bound is an approximation.



34. A communi cations device according to any of clains 26 to 33 wherein the
one of the plurality of different rotation angles is obtained fromygsangl e
of a 15previous block of signals. 35. A conmunications device according to
any of clains 26 to 34 wherein the one of the plurality of different
rotation angles is deternined using a 88anmer Rao bound of the carrier
frequency offset estimate. 20 36. A communi cations device according to

cl ai m 35 @rer eiMchien @ications Kevideoagudrdisagan cinpr X ona6 iviereinNBSIdne &2 37. A
comuni cati ons device according to claim35 or 36 wherein the one of the

plurality igé gﬂjréﬁt?rcﬁﬂﬁﬁdr@ﬁﬁbitéﬂbnaé}gjl% hBa% val¥abeevdet ¥BE hedlvé BEH Usi ve of
0 and ,r. 5 38. A communi cati ons device according to any of clains 26 to 37

wherein t one of the plurality of different rotation angles is obtained
according to the nunber of other communication devices. 39. A
communi cati ons device according to any of clains 26 to 38 wherein 10 the
generated block is an | EEE 802. 11 preanble. 40. A communications device
according to any of clains 26 to 39 wherein one of the first set o

f
preanmbPes 3Bs ot OHBWINGASRNE SexicerRFceTHR8 de @NMPf Ciase® 191 HCWNEfeR| gnal s.

the one of the plurality of different rotation angles is obtained according to the

number of other communication devices.

39. A communications device according to any of claims 26 to 38 wherein

10  the generated block is an IEEE 802.11 preambile.

40. A communications device according to any of claims 26 to 39 wherein
one of the first set of preambles is obtained from rotating a preceding rotated
block of signals.

15
41. A communications device according to any of claims 26 to 40 wherein

the time domain signal is transmitted using orthogonal frequency-division

multiplexing.

20 42. A communications device according to any of claims 26 to 41 wherein

the time domain signal is non-periodic.



15 41. A comuni cations device according to any of clainms 26 to 4%@@1@@ n
the tinme donmain signal is transmtted using orthogonal frequency-division
mul ti pl exi ng. 20 42. A conmuni cati ons device according to any of clains 26
to 41 wherein the tinme domain signal is non-periodic. MCSLLP 53 43.A
communi cati ons devi ce according to any5®df clains 26 to 42 wherein the
retransmtted tinme donmain signal conprises a training signal retransmtted
by the relday frororaminiatiodsdesiee decddding tmamymif chiiner’s edd wbeedwordi ng to
any of claims 26 to 43 wherein the carrier frequency offset is between the
time domeime RteHImiAed tihedsRar dgealrehni@ises 4 trathind BRNEPRiansitmAl -

45. A conmuni cati ons device according to any of clains 26 to 44 wherein

10t he pro%?qﬁgrre[hz fr{g;'r‘ﬁ tdhg{he?(agt,%cgpred tolinearly filter the received
ed ti .

retransmt omal n st gna 46. A communi cati ons devi ce accordi ng

to claim45 wherein the processor is further configured to perform
correlation on the linear filtered signal. 15 47. An integrated circuit

for a conmmuni cati ons device, conprisin . .
5 44, A commun?cataons devic accorﬁng to any of claims 26 to 43 wherein

the carrier frequency offset is between the time domain signal and the received

retransmitted time domain signal.

45. A communications device according to any of claims 26 to 44 wherein
10  the processor is further configured to linearly filter the received retransmitted

time domain signal.

46. A communications device according to claim 45 wherein the processor is

further configured to perform correlation on the linear filtered signal.

15
47.  An integrated circuit for a communications device, comprising
a processing unit configured to generate a block of signals and to rotate
the block by a plurality of different rotation angles to form a corresponding first
set of preambles;
20 an interface configured to transmit the first set of preambles as a time

domain signal to a relay and further configured to receive a retransmitted time
domain signal from the relay, the retransmitted time domain signal being a
combination of the first set of preambles and a second set of preambles from

another communication device; and



a processing unit configured to generate a block of signals and to nekal g
the block by a plurality of different rotation angles to forma
corresponding first set of preanbles; 20an interface configured to transmt
the first set of preanbles as a tinme domain signal to a relay and further
configured to receive a retransmtted $4 nme domain signal fromthe rel ay,
the retransmtted tine domain signal being a conbination of the first set
of preanbl es apghereinaheplossisirgf umt kaulthescnfiguran o ketimatswamicat i on
device; and MCS LIP 54 wherein the processing unit is further

configur e@'rehgeﬁé} bffB G 45l diethef reegven Gt A dipRiedne diopthih Ryragcei ved

retransmtted ti'ne domal n signal.



