WO 2011/ 093798PCT/ SG2011/ 000036 1 Met hod and Device for Estimating Carrier
Frequency O fset Field of the Invention The present invention rel ates
to a nmet hwao anehes®si ce for estimating carrier 5frequencycofSGaet /000036
particularly but not exclusively for two-way rel ays. Background of the

I nvention The technique of relaying fo; i ntroduci ng cooperative diversity
to wirel ess transm ssion has potential for.throughput and range extension.

I'n particul ar, way, rel ays are.an efficient network transm ssion
schowe hat 15 cMisipd %8 DEWSE-iof ErtiTialiag Sarigs Frsausney R s bet ween

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
sanme tinme slots and bandw dth. However, since the spectral resources are
shar ed, thEieid ghthle looemtiori cat ed by any one 15 source node is delivered not
only across to the other source node, but also back to itself as an

i nterferentge Ryesiyt irflentibf rél@leﬂ;\/tor@ﬂﬁatha_d‘hlﬁd d%QiE‘:’é'f@?é@t‘ime'hg gaftieyen to
i nterferences when designing preanbles for frequency synchronization in

t wo- wayg SRt &atw&!_ equency

synchr oni za?| o%}lclvn pol ﬁ?ﬂ? t{?g%grlﬁjsg\gelgrfs asﬁ?kgélsgél odi c 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 that _nmay not be differentiated once the transm ssions blend into each
ot her bef oBackgreund efthg Investier| ay node. When this WO

2011/ 093798PCT/ SG2011/ 000036 2 - happens, when the relay node redirect this
recei ved cohedaschnique ghrglayting fortiotrodhecingvoosprratiee diveesity toheireless i er
frequency offset (CFO between the two source nodes nmay no | onger be

estimat ed frghéral¥sion Ade poteptiginfaa tifongeautreisrapge sxénsion I8 paktitular,
poi nt-to-point transm ssions or one-way relay transm .ssions .

10  two-way relays are an efficient network transmission scheme that is capable of -

supporting the exchange of data packets between two source nodes in only half
the‘time required in one-way relays. In twb-way relays, two source nodes sénd
indep'enden;t data streams using the same fime 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 freqUency synchronization_

in two-way relay systems.

20 One widely applied préamble for frequency synchronization in point-to:-point
transmissions has the periodic structure adopteg“_in the IEEE 802.1 1a/g/n‘ '
standard. This preamble however when applied' to two-way relay setups results
in transmissions from the source nodes thét may not be differentiated once the

transmissions blend into each other before arriving at the relay node. When this



5may not be readily applied to two-way relay transm ssions. Training
sequences designed for relay networks are known and may be used for CFO
est i mat i omokwot1/mBE®se trai ni ng sequences are general |y cacesedofionomhe

pur pose of channel estimation. For exanple, the periodic Constant Ampli tude
10 Zero AutoCorrel ation (CAZAC) sequenc? based preanbl e for one-way

rel aying nmay be used for estimation of The CFO between a destination and

[ tipl el fl t he CFO
oot | it o5 FasRATseipien s relpymoderediec bRy RESyea ontiosde signa back 5 "°

inter-carrier-interference caused by the CFO Also, this strategy is
desi gned fihe taipesamsge nedeg.shamarigsifenuency offset (P hbelwvagndhedwpl i ed t o
two-way relaying. It is an object of the present invention to provide an
net hod andsalgee cedesmasho ieigen de@stinvdted meltatbdy. €fuss stindaech pteamiglesf t he
probl ens of the prior art and/or to provide the public with a useful

choi ce. 20prAdBRBY Ms&d fdr%.ﬁt%%lhmandrﬁs@oﬁewld‘nle0w§9<pélgwaﬁgnmsfs@ﬁp
i nventi on there is pr ovid a nethod for estimati ng car r| er frequency

of f set q{gglﬁ i ing: generating a
bl ock o 5| gs{ e r%ﬁ&flfgéplﬁe%tfloﬁtgfot\hgy?ggﬁgtﬂr%gg aé% It'JéraI ity of different
rotation angles to forma corresponding first set of preanbles; ‘
transmtting the first set of preanbles as a tine domain signal to a reI ay;
Sreceiving_a retransntted tine domain signal fromthe relay, the
retransni t 1 ENing Headenessdesigird fasdelqy raetwemﬁ FHetknownpang ﬁ@yr*?q Wsedet of
preambl es and a second set of preanbles from another conmunication devi ce;
and for CFO estiination iyt thesectrainingl seiquegoes ere generally batesed for thae
received 10retransmtted tinme domain signal.

purpose of channel estimation. For example the periodic Constant Amphtude

10 Zero AutoCorreIatlon (CAZAC) sequence based preamble for one-way relaylng

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

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

at high SNR due to the presence of inter-carrier-interference caused by the -

CFO. Also, this strategy is designed for one-way relays 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 CFO which addressés at least one of the problems of the prior ért
and/or to provide the public with a useful choice.
20 |

Summary of the Invention

et

- In a specific expreésion 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

si gnal ofwohe1inlss™k of signals correspond to respecti vePomss2011/0a00p6 ural ity

of subcarriers used 15for transmitting the first set of preanbles.

Advant ageously, the nmethod may further §orrpri se: pernuting a

plurality of conbinations each associating an arrangenent of the rotated

bl ock of signals w tﬁ{;na Fhl ur.al {I\%é/ qf_ constel l ations; 20nodul ati ng each of

the plurality ofeRSAMRARIAHSOLF R Fespecti ve ones of the plurality of

subcarriers; and sel ecting fromthe nodul ated plurality of

conbi nati ons a reéating e Ripgmhy agfiuralityfiditenent xptiomenglss 1 fiRMbat i mal

conbi nati on m nim zing the peak-to- W) 2011/093798PCT/ SG2011/ 000036 4

aver age poeaTespandmgdirst bet afqpreasytesii ng si gnal ; wherein the sel ected

signal is the time domain signal. Preferably, the nethod may further

conpri se det er nirgndifitithgtiher fabt $at cifpréameidsadd @ finkyadvabih sigesl t6)a fehsy;

plurality of subcarriers to formeach of the first set of preanbles. The

met hod gmay furt N f I b L f e signals by
ga %&E&%'Burrgﬁ?ﬁs;rﬂ%@ Cﬂh?? Boﬁ{aﬁﬂrg@ﬂ%b/fr% tﬁ@CrFlgg,_ tHehe.

appl yi ng one of t erent tation ang Optional |y,

rotating at .the c nications.deyice t ne e y conprise

scal i ng an"eérr%‘ﬁm'@%%‘? LAY é)eéqgg%§P§1%"1%%?]n&§%§ﬁiast%ﬁ8 , one of the

plurality of different rotation .?ngl es,_ may be obtained fromthe nunber of

the pl ur al Piepmytes aRe & 3900nd seh @t B %ﬁ*@@@ﬁ%ﬁ% RBAHEE FEIMUICRIRN €eieSidonmi n

signal. Optionally, -one of “the plurality of different rotation angles my

be obt ai neandrom an_angl e of ‘a previ ous bl ock of 'signals. 15 - -
estimating the channel 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 combination_s each associating an arréngemént.
of the rotated bIQck 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 plurality of: combinations a selected signal -

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



Advant ageously, one of the plurality of different rotation angles may be
determ ned using a Craner Rao bound of the carrier frequency offset

esti mat e.wOpbiloai9gy, the Cramer Rao bound nay be an appCosiGaelt 000036
Preferably, one of the plurality of different rotation angles may have a
val ue between and inclusive 20 of 0 andgrr . In a second variation, one of
t he pl urallty of different rotation angles nmay be obtained according to the

nunber of ot conmun n devi ces 3798P 0 036 5
Ot onai |y e SBHE Feioh cqermoagmgrﬁ'wéﬂﬁ%% SR O o ooy,
one of the first set of preanbles nmay be obtai ned fron1rotat|ng a preceding
rot at ed ' bl HeKinee demaasignabypt i onal Iy, the tinme domain signal may be
transmtted using orthogonal frequency-division multiplexing. Preferably,
the tinme domain signal is non-periodic. Preferably, the retransmtted tine
domai n signal may conprise a training signal retransmtted by the relay

from anot hprefeieibly; ehe Risthed adyfurthbecomprise detaraminiageyplafdiigedf i s bet ween
the tine domain signal and the received retransntted tine domain signal.

Advant ageogsliiatied idyfbdid dséd By @d blu%lmf/ begu@éwe&ftta%ﬁm BN GRG Fig | 1 near

filtering the received retransmtted time domain signal. In a further

R i A RO A
For est maeRetgOLersignals By Arabigs oie o pleaily BL ANt Al e cvi co.

the met hod conpri sing receiving at a relay a first tinme domain
si gnal whi ©ntipralty; amgtm sbthe eemmoicatiens ideyicedbmeasnetaied bleckadvnag, and a
second tine domain signals which is transnitted froma second

conmuni cat camprisegcalag an amplitudessfesachtdfehé isiggtald.i me donmai n "si gnal
conprises a first set of preanbles fornmed by rotating -a first generated

bl ock gf signals by a corresponding first plurality of different rotation

angl es; and WD 2011/093798PCT/ SG2011/ 000036 6 wher ei n t he second
time domai - rd [SPAIIES tating a
second gen@réa'tvgggﬂlb?'{: (#fstﬁégﬂ”?%%%ﬁég%rpf@é%ondl ngsie é§/ uradljty of

di ff er ent ][I' it 'eonrhmabeq'I ofthe B pIurallty of subcarrlers and a predetermlned Iength of
the time domain signal. Optlonally, one of the plurality of different rotation
angles may be obtained from an angle of a previous block of signals. |

15 | |
Advantageously, one.of thve.plurality of different rotation angles may be
determinéd ;Jsing a Cramer Rao bound of the carrier freqUency offset estimate.
. Optionélly, the Cramer Rao bouﬁd may be_ an approximation. Preferably, ohe of
the blurality of different rotation angles may have a value between and inclusive

20 of0and =.

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

obtained aCcording to the number of other communication devices.



retransmtting fromthe relay a retransmtted tinme domain signal to the 5
first conmunications device so as to allow the first comruni cati ons device
to esti mawe 20tw9smBri er frequency of fset based on the recraaaomitov@det i ne
domain signal, which is a conbination of the first and second sets of
preanbles. In a third specific expressign of the invention, there is
provided a nethod for 10 estimating a carrier frequency offset. in a

comuni cat jon_system :the co nj cations risi fir

communi cat PO B Fiek geerelRTRCE ST BF 2anE bbb f BeaRER, Prefeldvy ne

met hod conprising: rotating at the first conmunications device a
first genepde eliths frsksetofnrgamblesypay be; ehipingd from retating adprecadiBdt rot ati on
angles to formcorresponding first 15 set of preanbl es; rotating at
t he secondratatedibiodact sigsalde@ptienallys totimtegiomeaiatsighd) innakbe tragsoitiéds by a
second plurality of different rotation angles to form correspondi ng second

set .of. pregghgeﬁ-:hqgona| frequdrfo@zrtﬁﬁhfbhirﬁItibfe{&[ﬁgeaCh of the first and second
comuni cati-ons devices 20 the respective first and second sets of preanbles

at tinmgy domain signals to the relay; receiving at the first
communi cations device a retransmtted time domain signal fromthe relay,

the retrangmdt I gn I i nat | (S sets
of preanbl égefeffﬂ‘/%%“%@%38‘7%8%§@&GT?’88‘%5£§§%?£5'9 ﬁw%&?ﬁ?@a ing the
channel frequency offset based on the received retransmtted ti domai n
signal . | nifRSARRIPSIGHA MY EOBRIPR &TURINT HANa! ralgRisrakicd bﬁfs?a{ﬁ- ng angl e
of the first S plurality of different rotation angles and a starting angle
of the sectiam anathar deviceiPrefarablyethe eajrigr freaueney effsatds baiweaeasythgytipe
Preferably, the starting angle of the first plurality of different rotation
angl es i s Goma&hesighalsant themeesivied metrssmitielddines domaim sigmphr at us or .
comuni cations device 10 for perform ng any of the above di scussed nethods
or thoge which are described in the preferred enbodi nents. Specifically, in
a fourth specific expression of the invention, there is provided a

qenorat o 2 BTG 6Sy OTFRATIAE carer reauchl AEREARY CARAGARA 0
diff e_r ent Fil(t)érﬁ;[gi t%ré r%ggilvga rét?ar];sorrrurtrt]eaq{rrﬁee %B%rz]agrll Q%nfaﬂ rIr? ta fﬁﬁﬁero \f/ariation,
estimating the carrier frequehcy offset may further comprise performing
correlation on the linear filtered signal.
15 | |
In a second specific expression of the invéntioh, there .is prbvided a relaying
‘method for estimating Carrier frequency offset at a first communications deVicé,
the method comprising:
receiving at a relay a first time domain signal which is transmitted from' ‘
20 the first communicatidns device, and a second time domain signals which is
-trans’mitted from a second communications device; |
wherein the first time domain signal cdnﬁprises' a first set of pr.eambl‘es. :

formed by rotating a first generated block of signals by a corresponding first

plurality of different rotation angles; and



preanbl es; and a transmtter configured to transmt the first set of
preanbles as a tinme donain signal to a relay, a receiver configured to
recei ve awoebriznesmstted tine domain signal from 20 thePCcels&2o1110h@36
retransmtted time domain signal being a conbination of the first set of
preanbl es and a second set of preanbl es;from another comruni cati on devi ce;
and wherein the processor is further configured to estimte the channel

frequency offset based on the recej ved retransnmitted tine domaip signal.
e T s pech hPETe et SedtTerraR Yo s FampribR pcsond 8 Phed -
|ntegrated circuit for a communi cations devi ce, conpr|5|n?

processi ngPigamblesfarmegr uratating.asesoed geppwiad blockiafrsignalsiby a o r ot at e
5the block by a plurality of different rotation angles to forma

cor r espondcongespargingss¢carid pluesditsobidifferent rotatian angtes; Bade configured to
transmt the first set of preanbles as a tine domain S|gnal to a relay and

further confi gufeftlfén%mlﬁlﬂgfﬁdfﬁ tide Fethy arrétrhhérﬂﬁtédl tifRe GORHIN sRin@N®] ther om t he
relay, the retransmtted tinme domain signal being a 10 conbi nation of the

first set gisg gﬁ\?ﬁmhc‘?étlﬁgdd\ﬂuc%%&ﬁg té%ilo@fthé?"fﬁél”&'nﬁﬁ?ﬁu&g@ {P%J?Sét

connunlcatlon evi ce; erern the processing uni er configured

h d h
't r ansm o pelmateBedarer rﬁ%q%geﬁ*gv i prosiit e SeTiRdin domeine
descri bed enbodi nent (s) that the nethod and devices may: generate and
transmt . p?'éﬁ?f'bM@%C'Wst%c‘émpmt'[a@élfﬂt‘%f"éﬁ&@ﬂﬂgs@c%%?tsr% prga(r]me) ; -

In a third specific expression'of the invention, there ié provided a method for -
10 estimating a carrier frequency .of‘fse.t in a communication system, the‘
communications s‘ystem comprising a first corhmunications device, a second
comrﬁunications device and a 'relay,_ the rﬁethod comprising:
| rotating at the first corhmunications device a first generated block of -
signals by a first pluralit'yof different rotation angles to form corresponding first
15  set of preambles; | |
rotating at the second communications device a second generét.ed block
of signals by a second ‘plurality of different rotation angleé to form
corresponding second set of preambles;
transmitting from each of the first ahd second communications devices
20 the respective first and second sets of preambles as time domain signals to the
relay; |
receiving at the first communications deYice a retransmitted time ddma’in '
signal from the relay, the retransmitted sigﬁal being a combination of the fi}st

a_nd' second séts of preambles; and



| ower the conplexity of estimating CFO 20be robust towards the use of
different frequency estimation techni ques when estimating the CFQ produce
accur at e Wb@ouaamat i on; have a CFO estimati on perfor mamce/Sehoawosse near
optimal; 9 use for renoving known frequency conponents a filter which
al l ows CFO estimation performance to beynear a Craner Rao bound; use
estimator circuits which are of |ow conplexity w thout suffering
per formance loss ,or loss i estiggtion a , ot have, any

[

constraints on $HEH nng| U§ALEiH uc[ggg‘%%ghriﬁ%g?e%?d antennas in

each station; use inexpensive circuits which are distortion-free for CFO
est i mat i onfetrapgmitiebtimeamaaifiordly uct ure 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 described, by way of -
exanple only, with reference to the acconpanying drawi ngs, in which: Figure

1 is a schenmkithirdputifig eRpredsMTadRatiageously,sy staetindrangledfithe filst sour ce
nodes and a relay node, according to a preferred enbodi nent; Fi gure

gi 53 2 Si?hﬁ[iPélit;?ofj&iﬁ\éiéiﬂ r8fatin BBk Brd b 3rBAg gk & theRceRY pRetalRgdes of
cf different rotation angles may differ by = . Preferably, the starting angle of the

first plurality of different rotation angles is 0.

The present invention. also relates tc an apparatus or corrimunications ‘device
10  for performing an‘y 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 blvock.by a plurality of different rotation angles to form corresponding first eet cf
preambies; 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 signai from
20 the relay, the retransmitted time domain signel being a combination of the fi,rst v
set of preambles and a second set of preambles from another commu_nication o
device; end |
wherein the processor is further corifigured to estimate the charinel

frequency offset based on the received retransmitted time domain signal.



Figure 3 is a schematic drawing of a receiving portion of the source nodes
of Figure 1; 20Figure 4 is a schematic drawi ng of two sets of rotated

pr eanbl eswbhati/@s@sgenerated and transnmitted fromthe trarseitiioogsportion
of Figure 2; Figure 5 is a flow diagramof a nmethod of estimating a CFO in
t he ‘communi cati ons system of Figure 1; gWO 2011/093798PCT/ SG2011/000036 10
Figure 6 is a flow diagram of a nethod of generating and transmtting
preanbles at the transnitting portion of Figure 2; - Figure 7 is a
graph of the value of a mninmum CFO estinmation error for different nunbers
of CFO estinmation blocks as the CFO.is varied; SFigure 8 is a graph of a

ti me donmilR afliespeefieexpipssion efiibe pavantipnethese ispyiyidedsan mtegraterrip gure 9 is
a graph of a frequency domai n waveform of one of the preanbles of Figure 5;
Fi gure 10 ciscuit fgr aplonuhunicationsadedceiaromsprisingir (MSE) in the CFO 10
estimation of Figure 5 as a SNRis varied and where channel conditions of a

Scenario 1 are gpprddedinghirguésnfifliréd tag@narate #fblddrkeofdignals ahbeo Ebiate
estimation of Figure 5 as a SNR is varied and where channel conditions of a

Scenar i r |, Led. i; 3o i A o
esti rratSiOoﬁth%flﬁ%(?g% gqguggfy;ofidéﬂ%ﬁgt .@ai\@} ?g%‘égﬁﬁ f@hﬁ‘é?? éﬂrﬁﬁﬁgﬁ@'”ggﬁ%ﬁi ons

of a Scenari,0.3 ar plied. Detailed Description of the Preferred
Enbodi mntsetﬁ@r?%rsp% ng notations nay be used in this specification.

Bol dfaces in cagri] %na’}clarface configured to transmit the first set of preambles as a time
domaiﬁ signél to a relay and further configured to receive a retransmitted time
domain signal from the relay, thé retransmitted time domain signal being a
10  combination of thé first set of prearﬁbles and a second set of preambles from
another communiéation device; and
wherein the processing unit is further configured to estimate the channel

frequency offset based on the received retransmitted time domain sigvnal.

15 It can be appreciated from the described embovdiment(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 whi.ch is near optimal;



and small letters respectively denote matrices and vectors. Al indices in
20 matrices and vectors start from zero unless otherw se stated. The synbol
0 denot eswe2omesioati on. N(0, R) denotes a multivari ate GaUSS2611/000036
distribution with a zero nean and with a covariance matrix R 11 System
Model  Figure 1 shows a comunications gystem 100 according to the ‘
preferred enbodi ment. The communi cati ons system 100 conprises a refay node
110 and two source.nodes i.e. . Source 1 120 and Squrc 2 y node
170 and 5 ¢he. obt G HERUCEko A R GudnrerRBinaiils Bt iy aldles ¥ S
comuni cations. In other words, Source 1 120 is capable of transmtting to
the relay node §ANAURD PREXIMANGS tPrRSNed 2 (ERREr REQLOMNY: Sinilarly, Source
2 122 is also capable of transnmitting to the relay node 110 and receiving
fromthe rel ay useiestimator pircvits whishearsnofdewsoaplexityodithaut\ehifflesn@AB denot es
a channel froma node Ato a node B. rA denotes a signal received at node

A. A and B may peferntandeliesy al ligs infesfimalioaz@dcdracy; whi ch case t hey
respectively denote an association with the relay 110, Source 1 120 and

Source g2 122. Thet KleAanyheststralits @Mhbpﬁﬁwr&%%‘}%@étiﬁs SHfe FRINBENS M

using carrier frequenciées denoted fo,- f and 15f2. "The source nodes Si and

S2 may align th8f£nt8ﬂﬁ£éﬁ{eéér?&%ﬁ8r‘?j es fi and f2 to that of the relay node
110 i.e. fO. fo serves a comon Trequency and the frequency alignnment at

t he source nodes Si and §2 may be done using the technigue of ranging. 20
| n°a"oyst em capiss mepepsise RN BN ARl s oG ey matpToand .
performed for SI and S2 over two tine slots. In a first tine_slot

i.e.
Time 1) for an have A pieampla sirycture withrpyuiiciest dagrpesofiffagsiom fort%ﬁ’é packet s

respectively denoted xi," and x2,,, simultaneously across the channel s -hi o,

and h20" to t heopftiMiza6dd/ 093798PCT/ SG2011/ 000036
10

Brief Description of the Figures

A preferred embodiment of the invention Will now be described, by way of
example only, with reference to the accombanying drawings, in which:
Figure 1 is a schematic drawing of a communications system having two
15 ° source nodes and a relay node; according to a preferred embodiment; | |
Figure 2isa schemaﬁc drawing of a tranémitting portion of the source i
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 | j
generated and transmittéd from the transmitting portion of Figure 2; |
Figure 5 is a’ﬂov{/ diagram of a method of estimating a CFO in the.

' communications system of Figure 1;



12 relay node 110. The transm tted packets xi, and x2,,, when received at
the relay node 110 superinpose to formthe received signal rom In a second
time sl otwQi2on/093198e 2), the relay node 110 scal es the eCgsakonmaomBhat is
earlier received during Tine 1. The relay node 110 then retransmts the
scal'ed signal back to the two sources g and S2. The retransmtted signal
travel s across the tmn I ndependent return channel s hOlhO2arrive
respectively b 2. The.retr m.tted sian ' 2cej ved as
oo v ok PHgu8e R adtal Boraly 2 ShREBE R B e s
"responder” as |t "responds” to a signal received froma source by
retransmt@rﬁﬁ@m%akﬁh@ﬁéﬁnﬂﬂagwgmrﬁo'@ REFBNiEe. The channel's hhoi,n may be
different and |i kew se h20h02al so be different. Al channels may inflict
frequency sel ecfiguee 7 saslarggapimof theneatiie oéd minimumi Gh@l gstimation ewranfonddi ti ve
whit e Gaussi an noi se (AWG\). Wien perform ng 15rangi ng, small residual
frequency d@ifiefepit enatrerobf CFO estimatbon Blocks asithy GFO iy esfud; rel ative to the
frequency fo at the relay node 110. The discrete signal that Si receives in

Time 2g40r. an r |1
I AMsf o @ +aﬂépggé(§g§2§tg¢aéh B’Pfaftmhém'éWwQGefo% S SAhaRrdsRBldscal |y as

of Figure 5;
Figure 9 is a graph of a freqUehcy domain waveform of one of the
preambles of Figure 5
Figuré 10 is a graph of the mean'sqﬁared error (MSE) in the CFO
10 estimation of Figure 5asa SN.R is Varied and where channel conditions of a
Scenario 1 are apblied; :
Figure 11 is a graph of the MSE in.the CFO estimation of Figure 5 as a |
SNR is varied and where channel condition.s 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 channel conditions of a Scenario 3 are applied.

Detailed Description of the Preferred Embodiment -

The following notations may be used in this specification. Boldfaces in capital
and small letters respectively denote matrices and vectors. All indices in
20 matrices and vectors start from zero unless otherwise stated. The symbol ®

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

with a zero mean and with a covariance matrix R .



where r11,nhll,n r21,nh21,n x2,n WD 2011/093798PCT/ SG2011/ 000036 13
denot es the conponent signal originating fromSi that is retransmtted back
to Si whiwb20ompsisges t he packetsl originating from S1. PC2EG20110e0036 €s t he
, N conponent signal originating fromS2 which conprises the packets .X2,n
that is transmtted onward to Si via t relay. It i's noted that ‘
expressions simlar to that - 5o0f Equation-1 can also be witten.for the

rel ayed si gngl ré@g FZ in Time 2. denotes the signal received at Si for
the n -th. me sanple. Three conmponents are m xed together in,.
The first conponent aril, denotes the 10signal conponent originating from
Si that i sFigete AsbevstagomaYNI¢AIons Systam t1a@ acspeding trithernrgferred conpri ses
the nmessage x1 that was transnitted by Sl to the relay node 110 in Tine 1

and may beembkdimérd. Tihe eommavmitatizhsagystars 90 coroprisassa relay madedl10mndivhi ch
conprises the channel fromSi to the relay node 110 and fromthe relay node

110 back tgvcSsource riodRE 88 Bosirce $aabidnd $aecer2 #22l THe felaysnodd edotdnat t he
first conponent is free of carrier frequency offset (CFO.

5 the source nodes are each capable of two-way relay communications. In other
words, Sdurce 1 120 is capable of transmitting to the reléy node 110 and
receiving from the relay node 110. Similarly, Source 2 122 is also capable of .

transmitting’fo the relay node 110 and receiving from the relay node 110.

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

values of 0, 1 and 2 in which case they réspectively denote an association with
the relay 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;, f, and
15  f,. The source npdes S, and S, may aIign their éarrier frequencies f, and fz: .

to that of the relay nodé 110i.e. f,. f, serves a common frequency and the

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

- technique 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 slot (i.e. Time 1) for
an n-th discrete time sample, S, and S, transmit their packets respectively

denoted x,, and x,, simultaneously across the channels h,, and h,  tothe -



The second conponent ae327r(f2-fl)nr2l1,n denotes the signal conponent
originating fromS2 that is nowtransmtted to SI by way of the relay node
110. It cwopnilgws’8he nessage x2," which S2 had sent torChsGeeliagomede 110
in Time 1 and may 20 be taken to have travel |l ed across a conposite channel
h21, which conprises the channel from S@Bto the relay node 110 and from the
relay node 110 to SI . It WD 2011/ 093798PCT/ S&011/ 000036 14 can be seen
that the second conponent experiences the scaling factor a and notably is
af f1i ct ed -Wlawnade 449; the traagmitird pagketer, ofnd ., { Whenieseived atdhe Felakame
amount as what it would have been if the relay node 110 i s non-existent and
a direct t h§Si o ; tRi ul, "
denot es coﬁ@aﬁLer:]jéé‘a’gggwgﬁggg‘?g;erﬁﬁ\ﬁgﬁéc%&gag%ﬁalpgt'i'Iﬂnd%&ﬁ%ﬁ?%&éri ant .
Source Nodes SI and S2 10Referring nowto Figure 2, Figure 2 shows a
transm ttifig. pimei2gntheoelayfnadees! Hbscales thusigndll r,arttalSe esfrlidfirgoeived. The
transmtting portion 200 conprises a processor 220 configured to generate a

230 and. sudi e 2780 Bl hgBeblsterTaftams fud Bt shhB bOR 0 L0 he
relay node 110. The 15_5pr eanmbl e 430,_-440_%?/ be generated in the processor
220 and t r HieshNG $AHCES iSn @NAhe: - ierstransmitigd signaf travale agose thedo| ater. The

starting preanble 230 is predeterm ned and may be stored in a nenory wthin

the transrﬁnhbheadmrrbmﬁ cHaRnardy t haRd be %oaﬂid@%é;sec&iba%/m&keaﬁss_grarﬁo- 20
Optionally, thé starting preanbl 87230 n8y al so be generafed withi'n the

processor 220_.using an al aor'ithm The starting preanble 230 nmay al so be
pre- det er fi nkle refrangceitted signal isckecefvedras py éntbheatdefanted, in the | EEE
802.11 a/g/n standards. The contents. of the | EEE 802.11 a/g/n specification
relating tfspectively. The relay node 110 may be termed as a “responder” as it

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

10 to the source.

The channels h,., and h,  may be different and likewise &, , and A, ,may also

be different. All channels may inflict frequency selective fading on transmitted
signal, along with additive white Gaussian noise (AWGN). When performing

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

present relative to the frequency f, at the relay node 110.

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

may be represented mathematically as

20 : 7

_ J2r(f-fin .
in = QK Tae P e T, (1)
where
ril,n = hll,n ®xl,n’
Hin = th,n ®x2,n'



WO 2011/ 093798PCT/ SG2011/ 000036 15 the physical |ayer i.e. respectively

| EEE Std 802.11a-1999, Part 11: Wreless LAN Medi um Access Control (MAC)
and Physiwel20lizopers( PHY) Specifications - H gh-speed Physirsskoliag@ssi n t he
5 GHz Band, |EEE, 1999, |EEE Std 802.1192003, Part 11: Wrel ess LAN Medi um
Access Control (MAC) and Physical Layer, (PHY) Speci fications - Anendnment 4:
Further H gher Data Rate Extension in the 2.4 GHz Band, | EEE, 2003 and | EEE
Std 802.11n-2Q09, Part 11: Wrel ess LAN nd| C Cont r ol and
hys: oai - LAyoRorde e sBEPAER HEnE SURMRITGHO. § éﬁ\ﬁiﬁc@tféﬁwﬁ%%@her
Throughput are incorporated herein by reference. 10 Figure 3 shows a

recei ving gogt Wﬂfbh%ﬁrﬁséshﬁesdﬁékéé 90%@||$étl rﬁzSIOfr2 'n:'dBHo‘PesltheThe

recei ving portion 300 conprises an ant'enna 310 conf i gured to receive a
signal i fromthe relay node 110, and a processor 320 configured to
estimate acomponeru@gmairongrr@qlugﬁmo%fwl@lph@:ommwesrtberp@@@tseu dhghigl . 0 =
A -f, at the source 15 node Si and O J -A at the source node S2 The

processor 4 ré

frequency ié%rﬁ@{e@tb%ﬁiam %@55@%%%@5@ }*%%f'ggre%%\'/lgg {?‘g}nthe
reoei ved signal | the known frequency conponent. Th| s filter 330 is

descri fed obEquaticrat ean adscabé writteStfeptheo®layadsiigmall 7, ¢ sepeivethby chnipr i si ng
the carrier frequency offset 0 is thus left 20 and the carrier frequency’
of fset O rrg%beb%ﬁestl mat ed using the frequency estimator 340. The frequency
esti mat or y take the formof a basic correlator circuit. WD

2011/ 093798PCT/ SG2011/ 000036 16 It will be understood by a skilled person
that while the transmitting portion 200 and the receiving portion 300 of
the source nodes Si and S2 are described in this specification using two
separat e ant, elermtett®, signad received @t hiarethe1o; th@l@rﬁ@yﬂme Sﬁnwl%rf’é‘ﬂﬁ@d in the
source nodes Si and S2 using a single antenna

components are mixed together inr, , . The first component ar,, denotes the
10  signal component originating from S, that is retransmitted back to S, from the
_ relay node 110. It comprises the message x,, that was transmitted by S, to the

relay 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,. a represents a scaling factor and

15 it is noted that the first compohent is free of Carrier frequéncy offset (CFO). -

sethmfny,  denotes the signal component originating

The second componént ae
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 7, , which comprises -

the channel from S, to the relay node 110 and from the relay node 110 to S, . It



5capabl e of both transmtting and receiving. Simlarly, although two
processors 220, 320 are described, it will be understood that a single
processorworayiin®3issed for both generating the rotated prearsiched/odd3¢ 440 as
wel | as estimating the carrier frequency offsetF . 10 Overview of CFO
Estimati on Using Preanbles Referring ngw to Figures 4 and 5, preanbl es. may
be used to estimate the CFO f2present in the second corrponent of Equati on
1. Figure 4 Bovvs in r}ﬁ (g mai n sets 410 ﬁmd 4|20 fo rotate

preanbl es 9&HPEs§endpat e secpp ﬁ@ﬂﬂ%‘@ e’éfe‘?{@rné‘?é& SRERINGASIA Y &% r om t he
transmtting portion of the 15 source nodes Si and S2 during Time 1. Figure
5 shows a netahlyds affictef] veitht a warrierdraduencyoffset ofhe —cHnhbisi iigthe syst em 100
of Figure 1. The sets 410 and 420 each conprises N BLK preanbles

respective y an.
angl e. Eac%ypr ean%llwﬂ ajS%hatlfﬁﬁg%ﬁgﬂé %ﬁgﬁl@rééfnoéé%ggs&%ﬁé@égegts t he
sanpling int The preanbl es 43 440 of  each set 410, 420 is
transm’tteﬁ”‘g '@ﬁ{ faﬂrfﬁ Sﬁf%'ﬁﬁ?%d% rog} prt%aﬁnbl e. It is noted that the
angl e in which each consecutive preanble is rotated varies WO

2011/ 0%3798PCT/ SG2011/ 000036 17 over.tinme and differs from each i medi at el y
precedi ng preanble by the angles 0, and 02 for Si and S2 respectively. The
met hod S007RE e bé'ﬁ\ﬁzbﬁ@nttpe (%:n@té@ olBGred Gbgﬁgahrﬂ\b%etwﬁer@aﬁé SorrdiBflon | 1 St
part takes plface 1n Tine 1 Invol ves generating at each of the source
nodes SI and S2 rotated preanbles 430 and 440 which will be transmtted to
t he rel ay isdiree<inv@rialhe second part then takes place in Time 2 and invol ves
recei ving back at SI and S2 a signal conprising the rotated preambl es 430
and 440, and then perform ng CFO estimation on the received si gnal

Source Nodes S, and S,

10 Referring now to Figure 2, Figure 2 shows a transmitting portion 200 of the
source nodes S, and S, of Figure 1.The transmitting portion 200 comprises a
processor 220 config'u'red to genera_te a time domain signal eompris'ing a
preamble 430, 440 fromla sterting preamble 230, and an antenna 210.
configured to transmit the preamble 430, 440 to the relay node 110. The

15 . preamble 430, 440 may be generated in the processor 220 and transmitted

using the method 510 which will be described Iafer.

The starting preamble 230 is predetermined and may be stored in a memory
within the transmitting portion 200 and then be prov'ided to the processor 220.
20 Optionally, the starting preamble 230 may also be generated within the
processo'r 220 using an algorithm. The starting preamble 230 may also be pre-
determined to take the values of the prearﬁbles defined in the IEEE 802.11 |

alg/n standards. The contents of the IEEE 802.ﬂ1 a/g/n specification relating to



10 In Step 510, the rotated preanbles 430 and 440 respectively are
generated and transmtted fromthe source nodes S1 andS2 during Tinme 1.
Step 510 worbhiew3may conprise the Steps 520 to 540 whi cirCmisiGotimoasecri bed
in greater detail later with Figure 6. It is noted that the Steps 520 to
536 optionally may be 15 perforned offllne before the nmethod 500 is carried
out. The preanbl es 430, 440 are generat d fromstarting preanbles 230

respectively x1, and x2," r. d X and
x2,,, eachth 5r‘§‘ BH -8 r%ﬁ@ﬁ"fﬁ'l’)i@égg?tg%% ﬁ’ﬁ i@ggzr{%c'ﬁfé?z Y‘ﬁ’eﬁfé time
domai n. Block rotations of angles kOi and kO2 respectively are applied to
each of x1ZANrMedizm AceessuContiel (MAQDhamd ﬁhkﬁléaklgay@n(PhﬂX) nﬁqﬂcaizons-., NBLK

-1,(2) X2,n+ueike2 X2,nk - 0,1, 2, , NBLK 15 WD
2011/ owmamm&am&y@wmem thei 5 Gl matkIEEEj@QQ@hiEEI:éEGSIdm Ug-are the
bl ock rotation angles respectively in use in Si and S2. As shown in Figure

4, each sezoe@(barﬂa@ W:rélégsaﬂm Mé@aﬂM@éesé?@onMXmG)WPhw@émaa@mrI ses
NBLK bl ocks of preanbles with each preanble 430 40 being L sanpl es | ong.

(1 ek 1 PIRRSPRRIe Rt R e et : RORharfisher ofs Rt FxRepiorill ¢ &= 1
St op 550, Vel et Sad, et f a8R dEEE St 280 Frart &3 WiPerdsse 2. e
preanbl es 430, 440 transmtted fromthe source nodes Sl and S2 are

retransm t LAY Madkm dceess GonielMiabandPhyiigakbaysy (FREY)3neq/1Ge5aBS 110. The

retransm ssion is perforned as a broadcast fromthe relay node 110 and it
i s 15 receAvendmernsi5: mbagements fonélighereThroughputaratineniporatechhergin vvhen t he
si gnal was generated and transmtted fromS, and S2 in Tinme 1.

by reference.
10

Figure 3 shows a receiving portion 300 of the source nodes S, and S, of Figure

1. The receiving portion 300 comprises an antenna 310 configured 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, - f; at the source .
15 node S, and ¢ = f,—f, at the source node S,. The processor 320 further

comprises a blockwise linear filter 330 and a frequency estimator 340. The -

blockwise linear filter 330 removes from the received signal ¥ the known

frequency component. This filter 330 is described to a greater detail in Step

560. A signal component comprising the carrier frequency offset ¢ is thus left
20 and the carrier frequency offset ¢ may be estimated using the frequency

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

correlator circuit.



It is noted that as is shown in Equation 1, the signal received back in Si
and S2 are a conbination of the signals transmtted fromthe source nodes
SI and S2wo 2801/0pbmssi gnal recei ved at both the source nedesc311ana)3&2 nmay
be represented as r = Glt; + Qi2 + W 2011/093798PCT/ SG2011/.000036 19

N(O,Rii)(3) where G |- Al Pi21 ,NCFO R eil, ,&-- = P2=1

-t will be understood by a skilled person that while th“e transmitting port‘i.on 200
and the receiving portion 300 of the source nodes b;l and S, are described in
this specification using two separate antennae 210, 310, the antennae 210, 310'
may be implemenfed in the source nodes S, and S, using a single antenna

5 ¢apable of both transmitting and réceivihg. Similarly, althovugh two processors
220, 320 are described, it will be understood that a single processor may be
used for both generating the fotated preambles 430, 440 as well as estimating

the carrier frequency offset¢ .

10  Overview of CFO Estimation Using Preambles. -
Referring now to Figureé 4 and 5, preambles may bé used to estimate the CFO
f,— f, present in the seéond component of Equation 1. Figure 4 shows in the
time domain two sets 410 and 420 6f rotated preambles 430 and 440
respectively generated and fransmitted from the transmitting portion of the

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

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

The sets 410.and 420 each comprises N, , preambles respectively 430 and

440. Each preamble 430, 440 is rotated by an angle. Each preamble 430, 440

20 has a length of L samples with T, 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 preambie is rotated varies



P21 P221 N P2 cm1 1 2 (4) NCFO and 2 respectively denote the signals
transnmitted fromthe source nodes S, and S2 which conprise the sets 410 and
420 of prwenhiem®3A80 and 440. G and & respectively derorsceom/on@sat i on
applied to r- and r- 2 u denotes the Gaussian noise present in |' and it
has a zero nean and variance of R-. N i s the maxi mum nunber of bl ocks
avail able for CFO estinmation which is predefi ned dependi ng on pract I cal

i mpl enentatio s and er t an th al - 10nunber bl ocks
Bk e koY Hind 30 i Hark epbh APmeiate bl e Bt e mle S eIt
between the two sources S, and S2 Nuo is the actual nunber of bl ocks used
for CFO esf) aadifhrfor Whanth Spagsnsetivelyrore than N. Further, it is noted that
p2 and p2 denote the respective CFO of the signals rand r2as perceived back

at the respective sources S, and S2 in Tine 2. The 15 CFOin r- is known at
S, and likewise the CFOinr- 2 is known at S2 Thus, at the source node S1,

20 = ru,n, Tll\é n}etﬁ&d %66)of estimating the CFO may be divided lnto two parts The first
-5 part takes place in Time 1 and invo_Iyes 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 fotated 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 540 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 ofﬂine_ before the method 500 is carried out. The preambles 430, 4_40

are generated from starting preambles 230 respectively denoted x,, and x, , at

the source nodes S and S,. x,, and x,, each are composed of NBLK blocks of

i,n

L samples and are in the time domain. Block rotations of angles &6, and k0,

respectively are applied to each of x,, and x,, resulting in
20 Xy =€0%,,, k=012, Ny, —1, (2)

o ,IK0; . _ : _
Xy porg =€ Xy, k=012, Ny -1,



=191; 02 = 27-c(f2-fi )L + 02, r2 and 02 are unknown while 0, andare known.
Nuo is known. It is ri noted thatis unknown because the channel hlln is
not knowwoaeoB1093mBt hough t he nmessage x1,, is known. At PChSGoune@3node S2
=r2,n 1.22,n r12,n(6) =U2,n 01 =02, 02 = 274,fig . r r2 and O0i are unknown
while 02 and R- -are known. Nuo is kno (? Simlarly, r2is unknown because

u

the channel k2,nis not known. At both sdurce 10nodes SI and S2. 01 and 02

denote the perceived, bl ock rotation angles while 01 and 02 are th hysi cal
bl ock r ot afiigmnlgsleindex il fvand & @re §Qﬁ1p@§kﬁ6@§§"9"9§§de§99c’tﬂﬁ‘i}’ ysi cal
bl ock rotation angles 0, and 02 denote the physical CFO experienced by the

transm ssi g&e iS 4 spr eanbl es 410 and 420 artificially introduce rotations
01 and 02 to the preahble blocks 430 and 440, the '

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

5 respectively cbmprises Ny blocks.of preambles with each preamble 430, 440
being L samples long. The first preamble blocks for the two sources are

respectively labeled as ;"' and x;”*'. The two sets 410 and 420 of
preambles 430, 440 are re.spectively transmitted from fhe source nodes S, and
S, in Time 1 |
10 |
In Step 550, the CFO is estimated at the so,ﬁrce nodes S, and S, in Time 2. The'

preambles 430, 440 transmitted from the source nodes S, and S, are

retransmitted back to 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 block rotation format as when the signal

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

It is noted 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 S, .
20 The signal T received at both the source nodes S, and S, may be represented

as



15percei ved bl ock rotation 01 and 02 reflects the conbined effect of the
bl ock WD 2011/ 093798PCT/ S&2011/ 000036 21 rotations T, and T2, and the
physi cal WwB@11k®@3798 t he vari abl e whi ch conprises the CFECTISG2edrodo3st eri ng

560 may then be perforned-on the received signal I, and the Sestimation 570
of the CFO frequency fromthe |inear fi1I9tered signal follows thereafter.
These steps will be described to a greater detail later in this

specification, Preanble Generation and, Tr@@im%si’on (Steps 520 to ?40) 10
The generation of a preanble 430, 440Y%% &wbed next by using (5 gure 6.
Figure 6 shows a nethod 510 of generating and transmitting preanbl es 430,
440 at theyhggnsmtting portions 200 of the source nodes SI and S2 of
Figure 1. In 520, starting preanbles 230 are provided in. SI and S2 and
t he bl ock rotation 15angles Tl and P2 gre det er m ned 1for respective use at
SI and S2 . The starting preanbles P30 provided in S," and S2 may be the
sane, or they may be different. The| Crer] Rao boundeo(ICRB) nay be used as
the criteria to deternine optdmal_v I;beis org0, .and Q% [The values of T, =T
and T2 = 7r may be shown' using the CRB to b Ogil il val ues. ‘Thus,
the rotation angles 0, and 02 20 may.-bé set at the two spurces to be TC
radi ans apart. WO 2011/093798PCT/ S 1&391111 00036 prer] :

p = e, P, = e, (4)

NCFO < max ?
r. and g, respectively denote the signals transmitted from the source nodes S,

5 and S, which cbmprise the sets 410 and 420 of preambles 430 and 440. G,

and G, respectively denote the rotation applied to y, and ,. u denotes the
Gaussian noise present in ¥ and it has a zero mean and variance of R.. N

ax

is the'maximum number of blbcks available for CFO estimation which is
predefined depending on practical implementations and is smaller than the total

10 number of preamble blocks N, . N];LKV is a result of cyclic-prefix removal and
timing misalignmént between the two sourées S, and S,. N, is the éctual
number of blocks used for CFO estimation, which may be no more than Nmax' .
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 g, is known at S, and likewise the CFO in ., is known at §, .

Thus, at the source node S,



22 The CRB of the CFOreflects the mninum statistically achi evabl e val ue
for the estimation error in the CFO estimated, The CRB in estinmating the
CFO basedworzoﬁtzwami%ons 3 and 4 may be given by 5 whereT(SGRorbAE003s - 1, ( 8)
and T =diag(0,1,2, NcFO -1)* | where * is a Kronecker product operator.
The CRB of ‘the CFO estimate f2- f, forgﬁ given r1l may be obtai ned by
substituting Equation 5 into Equatlon As an exanple, taking.the
perspective 10 of Sl1, the CRB of the CFO estimate would be 1 CRB
(274.1f2=(9) 2r2u, G121, TH13" - (1341@1( 21 U2f G ;c13,i 1TQir2i -where ,
1(10). 15From Equation 5, 02= 27r(fg- £)L+ 8%  Since 192 is determnistic
and known a priori, the CFOf2 -j can be obtal ned fromthe estimate of 02

according to . Tt _ (5)
ﬁ = ul,n . . .
¢ = 6,

¢, = 22(f,-SH)L+6,,

ri» r, and ¢, are unknown while ¢,-and R. are known. N, is known. It is
noted that ¢, is unknown because the channel 4, is not known to S, although

the message x,, is known.

At the source node S, ,

r = _ A

L o= s

4 = 0.,

¢, = 27n(fi—f)L+6,.

I I ‘and 3 are unknown while ¢, and R aré known. Npo 18 known.
- Similarly, , is unknown because the channel h,, , is not known. .At both source
10  nodes S, and S,, ¢, an:d ¢, denote the perceived block rotation angies whiie 6, |
and @, are the physical block rotation angllés :re:spective'ly for source nodés' SIZ |
and S,. The physical bl.ock‘r'otation angles 6, and 6, denote the physical CFO |

experienced by the transmission. As the preambles 410 and 420 artificially

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

15  perceived block rotation ¢, and ¢, reflects the combined effect of the block



f2 -J = (nmod(02 -192,27r) - )1 (27z-L) where nod(A, 27r) is the nodulo
operation of A over 2n. Note that the CFO has to fall wthinIf - f2 1 0.5
/ L in orwerofizm3is to be estinmated w thout any phase ambirgGon/oodke CRB as
given in Equation 7 20is a joint function of the variables It:,=1,, 01 and
02 Therefore, finding the WD 2011/ 093%98PCT/ SG2011/ 000036 23 i ni mum of -
the CRB as an isolated function of F1 and F2 may invol ve a sol ution of

7 et bt o ToRald o o P AR ST b RlpeivBRaRE Wil T RsBS oo

fromall other variables. This approxi mation makes use of the know edge
that the nmeseFoovari ance R- in Equation 3 is a banded matrix. Bl ock

di agonal approxi mati on nay be made such that R- uuNi T 10Equation 11 woul d
of fer an exact equivalence if the channel hoi is flat-fading. Consequently,
the CRB of Equation 7 may be sinplified to an approxi mate CRB of ACRB(02)

=r2 ) 1 NeRp, LKF ﬁlte—rl:wg 560'Ha 2t‘1en beople)rEOrmed on the received signal ¥, and the

5. estimation 570 of the CFO frequency from the Iinear filtered signal follows
thereafter. These steps will be described to a greater detail later in this

specification,

Preamble Generation and Transmiésion (Steps 520 to 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 transmitting 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. S, and S, and the block rotation
15 angles 6, and 6, are determined for respective use at S; and S, . The starting
preambles 230 provided in S, and S, may be the same, or they may be

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

determine optimal values for ¢, and 6,. The values of 6, =0 and 6, =z may be
shown using the CRB to be optimal values. Thus, the rotation angles 6, and 6,

20 may be set at the two sources to be 7z radians apart.



15 6 (13) (1-2HRtIuN ffi2)[ Nuo(Nc2FO -1)1" A(02-00 is the nean squared
error (MSE) of the CFO estimation error and is a non-negative function

gi ven by w0 P0h379893798PCT/ SG2011/ 000036 24 where gl =PLT/SG2011/000036
AA/cm 11T g2 = [15 p2 /322p2NCFO.-1,--=, and P2 = ,J02 T "BLK diag(0,1, 2,
Nu.,9 - 1) . - Referring now to Figurng 7, Figure 7 shows a graph of the
val ue of the m ni num 5CFO estimation error i.e. 2(02 -01) for different

nmb f_CF j j b K > CF( . ' i
funct on’ 2ToBCR ! FBrGEOBTBEEInamnipdR SRl dhuRtabp iR i o,
2o s 7 ol 5 bR T BB e P R
on Equations 3 and 4 may be given by

1
CRB(¢,) = -
ZFfoT[q)—CDGZ[Gf_CDGz] Gg’@}ﬁrcg

, (7N

5 where
®=R;'-R;'G,(G'R:'G,| GIR:". - (8)
and T =diag(0,1,2,--- N, —1)*I where * is a Kronecker product operator.

The CRB of the CFO estimate f, — f; for a given r, may be obtained by

substituting Eduation 5 into Equation 7. As an example, taking the perspective

10  of § ,'the CRB of the CFO estimate would be

CRB(27(f, - f))L)|, = L

- @
- -1
21‘21{GZT[CD” —q)llGZI'(G;IchllelJ fG;(Dn]TGzlrzi

where

®, =R -RG,(GIR;'G, | GIR;, (10)

15  From Equation 5, ¢, =2x(f, - f,))L+86,. Since 6, is determinist.ic and known a
priori, the CFO fz— f, can be obtained from the estimate of ¢, according to
£, — £, =(mod(g, —02,27r)—7z')'./ (2zL) wheré mod(4,2x) is the modulo operation
of 4 over 2x. Note that the CFO has to fall within | £, - £,|< 0.5/ L in order for it

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

20 s a joint function of the variables RE‘, r;» ¢ and ¢,. Therefore, finding the



It may be seen in Equation 12 that by applying Equation 11 to Equation 7,
the bl ock rotation angles 0, and 02 are now detached fromlc' and r- 2 This
al lows  woOhetlizpprexi nate CRB to be m nim zed i ndependerCirgGaé11Rbd3d and 1:
2 and a specific value of 02 - 01 that m nimzes the non-negative function
2(02 -0) may 15be obtained. As shown ingigure 7, when 02 -01 =0, 2(02.-01)
is at its maxi mumfor any NCFO and the effective CRB in Equation 12 becones
WO 2011/ 093798PCT/ 011/,000036 25 /1(02 -0k) .is at its nmaxi mum hecause the
b eanbl o5 THUTRRIOL G CRRARAR dater dSRTIoN oty AN M Ve SRR S ang
S2 in Time 1 cannot be differentiated when they arrive back at the sources
in Tinme 2. obJleat dbipksxitpce bet ween the perceived rotation angles for S, and
S2 i.e. 02 - 01 is conposed, according to Equation 5 and 6, of {27r(f2 -
f,)L + (02 -0k),at S, 02 01 27r( - f2)L + (01 -02),at S2 (16) Since the
physical CFOi.e. W -f2) may be small as a result - -of ranging, a 10small

value of gy 5 cr 8BHrdkimaiTHhb SSRkiR by B8 mdde nSERBRATRL Y. 1O

5 approximation, 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. ; - (11)

u WUNIT

10  Equation 11 would 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
(f;lRl:l:mnfz )[NCFO (NéFO - 1) _3NCF0/1(¢2 - ¢1 ):I

ACRB(g,) = (12)

15 > 6 ,
(ffR:I l12’”)[]\[0-‘0 (NCZ:FO —1)]

WUNIT

(13)

A(p, —¢,) is the mean squared error (MSE) of the CFO estimation error and is a

non-negative function given by

'2[g{] BLKgZJ_(NCFO _1)(gf]g2)l2
N(z;po_lnggZ IZ .

l(¢2 _¢1)= (14)

20



avoid obtaining 02-0, =0 , the block rotation angles 0, and 02 shoul d not
be 02 = O In other words, S, and S2 should not both send periodic

pr eanbl eswOthe/®amdi ng of periodic preanbles at both sorctscred®ssé and S2
is a worst case fallback situation. Equation 15 would hold for Equation 7
where no 15 approxi mation is involved. 5hhis is because where 02 - =0, the
matri x GHO&X becones singul ar and the CRB(02) of Equation 7 becones
infinite. It may also be seen that the lower bound given in Equation 13

cor r espondwhere ghe[l;@gcpfy\hepl”@," serds: | ot hong- igf«at me A.=&hi anduggests a
reduction to a one- 20 way relay scenario where the two sources Sl and S2
take turns to transmt nmessages, with each turn lasting 2 slots i.e. in.
Time 1 andP]'i:rPé¢2ZTBIJK'r‘F@%ag)(IQe]?E\HYNcp\ADQOll/ 093798PCT/ SG2011/ 000036 26 rel ay
scenario, the relay node 110 relays in Tinme 2 the nessage it receives in
Time 1. Further, if the channel is flat-fading then the | ower bound

will be the CRB for the Seffective CFO 02 in point-to-point transm ssion.

comunt cai BT oRARLTWAT [t Bl Birefh B B SRLE R Rt m

since (0 2 -1,62 0," Nuo is odd, Nuo,is even. (1 —
o (5 CFO estimation error i.e. A(¢, —¢,) for dlf?erent némg)ers of CFO estimation

blocks N, as the CFO ¢, —¢, is.varied. The function A(¢, —¢,) tends to be
small when the difference is —z or = for any N, - This may suggest that a

robust choicé is to design the preamble such that this difference is close to —z
or z. | | |

10 |
It may be seen in Equation 12 that by appIyihg Equation 11 to Equation 7, the

block rotation angles ¢, and ¢, are now detached from R’ and r,- This allows.
the approximate CRB to be minimized independently of R‘;l and y, and a

specific value of ¢, —¢, that minimizes the non-negative function 1(¢, —¢,) may

- 15  be obtained.

As shown in Figure 7, when ¢, —¢, =0, /l~(¢'2 —¢) is at its maximum for any NCFO‘- -
and the effective CRB in Equation 12 becomes

6

lim ACRB(g,) =
=0 (f'zyR:1 fz)[NCFO (Néro =1 =3Nero (%ﬁgol(% —(01)):\ (15
=0

WUNIT



10Usi ng Equation 16, it is determned that 02-0, =z when 02 -9 = ff . The
physical CFOJ -j may be negligible as a result of ranging. Accordingly, to
m ni m ze wodnfi/watson to the conventional preanble, theprPpmgs2ealoomBeck
rotation angles for S, and S2 may be 9=0 and 92 =(18) 15In this case, O,
and 02 are assi gned such that they are_?%qually spaced over the range '
between 0 and Tr..i.e. they are spaced r adi ans apart and may- achi eve the

estimation _perfor manc bound, that no ~
const rai nt 4 |‘4n)pb%%td' W%H@”’Hﬁd@r“sgﬁh? 8[%%7”*?1'83 éb(ﬂnqo% nunber of
antennas in each relay node. WD 2011/093798PCT/ SG2011/ 000036 27 It is

not ed t hat cofimuniddied Eé%%e@wewmrnﬁ)méwcesémae@fs tdrel S Anee dezenbbbd above
using S, as an exanpl e, i s understood that the. CRB and approxi nate CRB

f the CFO y ot to Fi 6,
'n Step saTCleTDeLTLIPER éh%»f%%%lb%% ke BBt ERE s “and s e’

respectively rotated by the block rotation angles 0, and 02 in the tinme
domai n and subjected to spectral regulations to formrotated preanble 430
and 440. The spectral regulations apptied conprise restricting the power: of

t he sulicar Thedifferénthbetfvesnubeqerdeinad notatigmahglesdos tSayndes,oive.ag, 1ok pect r al
mask. It is noted that the rotation of the block of tine domain signals nmay

be seen as.& e t ke correspondi ng frequency domain
signal s. 'RBE%%J%C%O cﬁ@@ﬁ? nggiarrpl @tdo‘? hée? starting preanbles 230 which
are provided are of 15 the | EEE 802. 11a/g/ n design at both source nodes S,
and S2 The periodic trai-ning, segu RGbS )@F@ZES‘?) mat i ¥ whi ch 1®)known
as short preanbles, are usedbza— ' Qﬂs%}ra.r;t)pg;(@r_agayrbl es,t330 and they’are
constructed as 10 bl ocks of 16 sanpi es each I'n 6t her vvords NBLK =10 and L
=16. The commruni cati ons

Since the physical CFO i.e. £(f, —fz)' may bé small as a result of ranging, a

10  small value of. ¢ -0, is éaused by a small value of 291 -6, . Consequently, to
avoid obtaining ¢, —¢, =0, the block rotation angles 91. and 6, should not be
6, =0,. in other words, §, and S, should not both send periodic preamble:s. Th}e
sending of periodic preambles at both source nodes S, and S, is a worstAcas‘e |

fallback situation. Equation 15 Would hold for Equation 7 where no

15  approximation is involved. This is because where ¢, — ¢, =0, the matrix G{ ®G,

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

It may also be seen that the lower bound 'given'in Equation 13 corresponds to. -

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



system 100 uses orthogonal frequency-division nultiplexing (OFDM w th each
20 synbol conprising 64 sanples. The block rotation angles 0, and 02 are
t aken as wo 2Bgum@sioen 18. In this case, 28 and the prearbirsca®aoadiser bl ock
rotation is simlar to the starting preanble 230. At source node S2, the
bl ock rotation angle 02 = TC is used ang the starting preanble 230 is '
rotated by 02 = 2T. As an exanple, the PAPR is next mnimzed such that the

preanbl es satisfy the | EEE802. 11a/g spectral .mgsk. It is noted. thai there
Ty be. o | BISTRnAIE: s e g 40 OBV I Pim? e resseBeriRHieS et r o
mask and the signal with the owest PAPR is as given in Equations 19 and
20. The opT'i"Pﬁ 3ed preanbles at SI and S2 are given respectively by 10  +52

(14 12j), \ \152 (1+j 12 -5 0, k E {12, 16, 20, 24, 40, 48, 60}, k E
{4, 8, 44, 52, 56}" k =0,1,2,...,63(19) otherw se.

Further,‘if,the»channel is flat-fading then the Iowér bound will be the CRB for the
5 effective CFO ¢, in point-to-point transmission. This meané that S, and S, may
be able to perform interference-free communication. The lower bound is |
~ attainable when ¢, -4, =7 and N, is odd, since

0, N ;o 18 0dd,

A(g, _¢1)|¢2—¢1=7r‘:{1 (17)

, Ngo 1S even.

10 Using Equation 16, it is determihed that ¢, — o %n whend, -6, =n. The
physical CFO £, — f, may be negligible as a result of ranging. Accordingly, to
minimize modification to the conventional preamble, the physical block rotation
angles for S, and S, may be |

6,=0 and 6,=n ‘ 5 (18‘)

15 In this case, 6, and 6, are assigned such that they are equally spaced over the
range between 0 and 7 i.e. they are spa»ced 7 radians abart and may achiéve
the es‘timatidn performance of the CRB Iower.bound. It is noted that no
constraint is .imposed oﬁ the number of relay nodes‘or the number of anten‘navsv :

in each relay node.

20



and 52 1+ ) 14 -5 \152 71+ " 14 -5 0, k E {18, 26, 38, 42, 54, 58},

{2, 6, 10, 14, 22, 46, 50, 62}, k = 0,1,2,...,63(20) ot herwi se.

10

.15

20
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Itis noted that while the CRB and approximate CRB of the CFO are described

above using S, as an example, it is understood that the CRB and approximate

CRB of the CFO may bé similarly obtained for S, .

Returning now to Figure 6, in Step 530, the starting preambles 230 of source

nodes S, and S, are respectively rotated by the block rotation angles 6, and 6,

in the time domain and subjected to spectral regulations to form rotated
preamble 430 and 440. The spectral regulations applied comprise restricting the
powér of the subcarriers of the frequencyvd'omain signals to stay below a
spectral mask. It is noted that the rotation of the bloc':.k of time domain signalé
may be seen as applying a frequency shift to the corresponding frequency

domain signals.

Using a specific example, the starting préambles 230 which are provided are of -
the IEEE 802.11a/g/n design at both éourc_e nodes S, and S,. The pefiodic
training sequence for CFO estimation, which are known as short preambles, are
used as the starting preambles 230 and they a}re constructed as 710 blocks of 16
samples each. In other words, N, . =10 and L=16. The communicationé} -
system 100 uses orthogonal frequency—division. multiplexing (OFDM) with eachv

symbol c0mprisihg 64 Samples.

“The block rotation angles 6, and 6, are taken as in Equation 18. In this case,

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

k

e



where V52/12 is a normalization factor to ensure that bothand 2k2 consune
the sanme average power. WO 2011/ 093798PCT/ SG2011/ 000036 29 Specifically,
in the prweenti/mzmapl e, the preanbles nay be optim zed aeTiSeRoawsoo3dhe

| EEE802. 11a/ g spectral mask bl ocks the frequency bins {0, 27, 28, 29, ...,
35, 36, 37} out of a total of 64 frequeygcy bins that correspond to the 64
di screte Fourier transform (DFT). It is noted that the spectral mask for

| EEE 802.11la/q are stri r .th hat .for. | EEE 802, 11n. ..l n the ~Of S2,
as will bed¥BmPeaNRle ?‘hsé&'&éﬁ r?%%t_'OQf'?éL"%f%Sr\?é?? isﬂad'F'”Q RIATBREIE i
with a discrete Fourier transfornlgDFT), only the 16 freggency_locatibns
{2, 6, 10,Atsoureg noge S,2dhe blpck3Iatation angle 046 7 soyseshand e starting o
10occupied as a result of the selected block rotation. There is an overlap
with the s i gns {30, 34} and these overl apped | ocations
are eIinin@?%hﬁﬁgzgggégﬁﬁg%ee ?ﬁg%i4 of the 16 frequency bins at {2, 6, 10,
14, 18, 22, 26, 38, 42, 46, 50, 54, 58, 62} can therefore be retained. 15In
Step 532, at each of the source nodes Si and S2, the nodul ation set for
each of the subcarriers is determ ned. This involves determning the

const eld at Asran examplapihe PAPRris dekbmimmizddsudiethat teepteasddepbatisfpéhd s t he
sanme as that used by the short training sequence in | EEE 802.11a/g/n, two

const el | at |EFE80Y. €14 aipeaithlembbk.t bR Actemtat thérd may@ena eatgemumbertdie si ze
of the nodul ation 20set is Nnod = 2. In Step 534, at each of the source

nodes S apthddatetaGthIOthdthtia\sAtfy the spectral mask and the signal with the

lowest PAPR is as given in Equations 19 and 20. The optimized pream_bl_es at

S, and S, are given respectively by

L2 ke 16, 20, 24, 40, 48, 60},
12 2 | |
10 )Z'lk=<— 2 lii , k e {4, 8,44,52,56}, , k=0,1,2,...,63 (19)
V12 V2 ,
0, otherwise.
and
w22 k e {18, 26, 38, 42, 54, 58},
14\ V2 | |
%, == 2L keq 610, 14,22, 46,50,62), k=0,1,2,..63  (20)
’ 14 2 o .
0, ‘ otherwise.

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

consume the same average power.

15



WO 2011/ 093798PCT/ SG2011/ 000036 30 frequency dormain. The | oaded frequency
domain signals in Sl is reflected in Equation 19 and as 12 subcarriers are
| oaded, Nsokoni@3798There will thus be NmodN', b-1 = 212- PCpse20111000036
conbinations in S1. n S2, the |oaded frequency dormain signals is reflected
in Equation 20 and as 14 subcarriers arg | oaded, Nsub= 14 . The avail able
degrees of freedomfor permutation thus results in atotal of.2 14-1

possi ble ¢ nbl ons i nstead o of. 6 sanple v

s gns ar SPECY; & 15 Haesiy eeemrﬁr pePEAETRs SRR SR Sther by
a flip of si gns in everg sanpl e 10 When nodul ating each of the each of
the Nsub sioHewsrTlae EERBQZ.13a@ %@Ct&%@a%éd%&%dwcwm 9. &7gR8I s
(i.e. tt-Lk. or 2k2,k. for k= 0,1, 2, ..., 63 ) which have not been

el i mi nat ed2@r.e, 36r3&ra7d dut of e totab of b4nfrequancynbinsihat caryedpendda¢héy B4
performng a 64-point DFT on k-i,k or X-2,, . Up-sanpling and.interpolation

is also- 15d|eanait@rf@drremtr§@§fmﬁt(oﬁtr)tlhrs hidted Wedtctiie dpasiral magkfdr IEER he tine
dormain so as to capture the tine domain signal values occurring between

sanpl es;  Fg6p ?Yﬁf %rengirrtrgt ’tr%i;ttl‘ﬁ%flfbr IEFEt%I?B‘Hﬁ.O average power ratio (PAPR)

i s cal cul ated. tep 5 each o e source nodes S, and S2, the one
out of N1 20 conbl nation with the |l owest PAPR is chosen to be an opti nal
nodul ati on. By doing so, the PAPR of the transmission is mnimzed and the

conbi nati on chosen thus yields an optim zed nodul ati on. At the source node
SI, the tilmethexpse of S,, as will be shown later in Equation 26, after converting X, , _

into time domain with a discrete Fourier transform (DFT), only the 16 frequency
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 overlapped locations are
eliminated. A subset covering 14 of the 16 frequency bins at {2, 6, 10, 14, 18,

22, 26, 38, 42, 46, 50, 54, 58, 62} can therefore be retained.

15 In Step 532, at each of the source nodes S, and S, , 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 IEEE 802.1 1_a/g/n, two constellations are
available in the form of £(1+;)/ V2. Cons_equently, the size of the modulation

20 setisnN_,=2.

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

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



domain signal with the optim zed nodul ation is obtained asn = 0,1, 2,...,
63. Blocks of L sanples each are fornmed. In the present exanple, the tine
domai n siwyoabiimes79a period of L=16 sanples and il,, nabe@/S@nmme@bslso form
bl ocks of L=16 sanples using the assignment n-m = (e") 16n 0,1, 2, ...,
63 ," m= nod(n, 16) ,(21) This thus resuys in ,63-1 where Xi '

,freqUency domain. The loaded frequency domain signals in S, is reflected in
Equation 19 and as 12 subcarriers are loaded, wa =12 .. There will thus be

N_ Nt =277 possible combinations in S, .
- 1

mod

5 . In S,, 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

pe.rmutation thuvs results in a total of -2““1 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 vin every sample).'

10

When modulating each of the each of theleb subcarriers in S, and S, , the
loaded frequency .domain‘ sigha_ls (i..é. X, ér X, for k=0,1,2,...,63) which have
not béen elirhinated are converted into the ﬁme domain. This may be done byi
performing a 64-point DFT on f(l,k or f(“,. Up-siafnpling'and in’terpolatjon_ ié:also
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

modulation done, the peak-to-average pow_er ratio (PAPR) is calculated.

In Step 536, at each of the source nodes S, and S, , the one out of N

mod
20  combination with the lowest PAPR is chosen to be an optimal modulation. By
" doing so, the PAPR of the tran‘smission.is'minimized and the combination

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



L=16,(23) _1,L -1 _ The set 410 of preanbles 430 at SI may then be
expressed as NBLK here is 4 and Pi is a variable denoting the power at
whi ch t hewpreambbms WO 2011/ 093798PCT/ S&2011/ 000036 32 PrrsiG2019/006036
generated by rotating the imedi ately precedi ng bl ock by the angle Ok.=n-

/2k , for k =1,2,...,l0g2(-N) , where 4s the DFT size and L the length of
2L each block. This is equivalent to multiplying each inmedi ately preceding
bl ock by e'' .. Thus,, taking uat i on as an-example, _.since N= 64, L =
To. t hen “domainaBgal il rcorlized Modidalen B oRABRRIAN Sod Mt fubordn
signal 2n" n = 0,1, 2, oo 63 is obtained froma 64-point DFT of'k-.2,k

af ter moduBpick8df /086@pRAPEdbh AlkSorhed JIRNMBIprasert dxantloURettinfe goARies i nto
bl ocks of size L=16 is n-m 103-c2,n = (e ,) 16n = 0,1, 2, ..., 63, m=

mod(n, 16) (gia?":al has a period of L=16 samples and %, may be grouped to form bklvocks of

L =16 samples using the assighment _

n—m

5 X, = (ej”)chl, | n =O,l,2,...,'6mv3, m=mod(n,16), (21)

m?

This thus results in

(_1)0 X.][BLK]
(_1)1 XI[BLK]
(_1)2 .il[BLK]

(_ 1)3 XI[BLK]

DFT|| %, ||=DFT (22)

b

where

10 . | : . ).C.[BLK]= o ’ L=16, . (23)

The set 410 of preambles 430 at S, may then be expressed as

il[BLK]
)~CI[BLK]
“ p| s by

1 3 BLK

13

times (24)

i}[BLK] _

. Ny, hereis 4 and B is a variable denoting the power at which the preamble

430 at S, would be transmitted. Each of the N, , preamble 430 biocks after the



This results in 2,63-1 _ where -[BLK] = X2 L=16, (27) 2,L -1

WO 2011/093798 PCT/SG2011/000036
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first is then generated by rotating the immediately preceding block by the angle
6, =n/2", for k=1,2,..,log, (%) , where N is the DFT size and L the Iength ofv

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

by e’% . Thus,‘ taking Equation 24 as an example, since N =64, L =16, then .

5 o, E{O,E,E,E}. ‘
2 4
Similarly, at the source node S, , the optimized time domain signal x, ,,
n=0,1,2,...,63 is obtained from a 64-point DFT of )?z,k after modulation. Once

again, the assignrhent used to group the samplesb in_to blocks of size L=16 is

n-m

10 %,=(") %%, ,n=0,12,..,63, m=mod(n16) , (25)
This results in
“’2’0 . (_- 1)0 f[BLK]
- . )
2,1 ﬁ ~[BLK] '
. (-1 PH ,
DFT x2',2 =DFT (1) ;gBLK] > : (26)
. (_1)3 i[BLK]
| X2.63-1 ] /. i
where
_ 552"0 -
) iz’l L.
15 =%, |, L=16, . (27)
_552,L-1_

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



The set 420 of preanbles 440 at S2 may then be expressed as i 2[ BLK]
(-1 .i.-.2[BLK] (_1)2 i-2[BLIC] 1) NBLK -1 i[BLECL 2 _ ]2 is a variable
denot i ng wbeopossrsat which the preanble 430 at S2 woul @#ChaGroansm3st ed.
Each of the NBLK preanble 440 bl ocks after the first is then generated by
rotatlng the i medi ately precedl ng bl ogk by the angle 04 = TC/ 2k, 5 for
k=1, 2, ,10g2(-N), where Nis the DFT size and L the |length of each 2L
block. This is equi val ent to nul tiplyingreach, |[g'r;(pd+ ately precedi ng bl ock
by eiek . ‘As a point of note, if the f|r<,t b‘ll)oézk of |i from Equation 24 is
taken to be 10i 2[ BLK] = -1[ BLK] the al-1ymBRl i g viol ated. Thus, a
separate design for )72[ BLK] that. di Moki] BLK] is used. Igz ?js not ed
that while the Steps 520 to 536 Hav ge’én o(e ¢t bed|such that S,
performtheir processing concurrently, Sii and S2 may optionally perform 15
the Steps 520 to 536 not in a concurrent ngr.cebunt her, Siand S2° may
operate one after another. In the present‘exanpl é the | oaded frequency
domai n si gnal s with a design according.to Equation: 19 in Sl have a PAPR of
2.24dB. | th S zmaaeabletmotlh@the power at which the preamble 430 at S would be -

' transmltted Each of the NBLK preamble 440 blocks after the flrst is then

generated by rotating the immediately preceding block by the angle 6, =z /2",
5 fork= 1, 2,...,log2(%) , where N is the DFT size and L the length of each

block. This is equivalent to muitiplyihg each immediately preceding block by

i6
et

As a point of note, if the first block of %, from Equation 24 is taken to be
~[BLK]

10 FPH =3B the spectral mask is violated. Thus a separate design for i

that differs from #**! is used.

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

operate one after another.

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

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



WD 2011/ 093798PCT/ SG2011/ 000036 34 design of Equation 19 is simlar to that
for a conventional in | EEE 802.11a/g/n preanble. The | oaded frequency

dormai n siwoabs/0a8198 t he design of Equation 20 in S2 haveca/SeanR00§032. 20dB.
Thus, the preanble designs of Equation 20 may have the advantage of a
lower PAPR. This may al so denonstrate tfhat there are 5 sufficient degrees
of freedom present to support a PAPR optim zation. Further, while Steps 534

cr'teri on: OFaih &F EAGRGSYAS & RERIEE hahRGR cERVeAeh Pofkin B A 204 B 1 or

utilizing the avai]l able deg%r ees of freedom may be adopted, for exanple, the
10m ni i zaRiegmiie. The logded-reg@ncy doaais signals with the design of &quatien ddnai n

signals. Referring to Figures 8 and 9, Figure 8 shows the tine domain
wavef or m oih Z2have eiPARRGf QU2GIE. Fuswhd proainilsiqdesignsadfrEgquation\2ef mam of . tt.
2 . Both waveforns are that of the source node S2 where the block rotation

angle is 02.=r. In 15 Fiqure 8 ti danai n vef or I rasted
2081 not a Gy bestfhatass PHE Ttk AP R BRGPAY gl B B ATa b CineRy Bt
condi tions b#_t, within block rotation. In Figure 9, it nay be seen that the
wavef ordn o$ufligient gegrers & deefam Presapl iosHPoR 8 RART: ORpEEANAN. nask
requirenent. since it falls within the spectral nmask. 20 Returning back to
Figure 6, in Step 540, the set 410 of preanbles 430 at S1 is transnmtted by
SI . Also, the set 420 of preanbles 440 at S2 is transmtted by S2 The -
transmi ssi PurtfigromhBe Steps 534iahdE3d bave beombesaribmasiging a3bweki RARR as
Filtering (Step 560) :

' an optimization criterion, it is envisaged that some other criterion of optimization

for utilizing the available degrees of freedom may be adopted, for example, the

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

Referring to Figures 8 and 9, Figure 8 shows the time domain waveform of %,
while Figure 9 shows the frequency domain waveform of X 24 Both waveforms
are that of the sourée npde S, where the block rotation angle is 8, = . In

15‘ Figure 8, the time doméin waveform of %, is,céntrasted again»st a

corresponding time domain waveform generated under similar conditions but

within block rotation. In Figure 9, it may be seen that the waveform of EX’M

achieves full compliance with the spectral mask requirement since it falls within
the spectral mask.
20

Returning back to Figure 6, in Step 540, the set 410 of preambles 430 at S, is
transmitted by S, . Also, the set 420 of preambles 440 at S, is transmitted by

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



The transm ssion of the tinme domain signals fromSi and S2 respectively
conprising the sets 410 and 420 of preanbles 430 and 440 takes place in

Time 1. IWOB0mm92798t he signal | is received at both Si a&ow/sg201firomss he
relay node 110.- In Step 560, linear filtering is performed on the received
signal . A difference between two-way r3%l ay conmuni cation systens and '

poi nt-to-point transm ssion. 10 systens 1s that in the former system two
frequency tones are processed, as opposed to one frequency tone in the

| atter system As may be seen from Equation 3, the received signal i
conprises two freqqencg tones respectively present inr-, and i2 15 At each
of the soukineanbitedn&Gi(SteRiS83) one of the frequencies is known a priori and
this known frequency may be renoved using a custom zed filter. Such a
filter thuShawmnpmidsiormobileftimadenfain sighalsfréigsit amh ShebspectiVely esti mation
is performed in Step 570. Using the source node Si as an exanple, a sinple

nown. 201 FREHEY R Ljéﬂfg%‘iiﬂ?ﬁ@’ﬁ%&%ﬁﬁ”?@%é‘{@&?@é@gﬁﬁ‘eféo%ég%@f Firks oy
=quatt 05ns ? . Ih4Ti%%d2,5the sianél T is received at both S, and S, from the relay node |

110.

In Step 560, linear filtering is performed on the received signal r . A difference -

betWeen two-way relay communication systems and point-to-point transmission
10  systems is that in the former system, two freq_uencyl 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 respectively

“present.in ¢, and ..

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

and this known fre.<1uency may be removed using a custoﬁmized filter. Such a g
filter thus may perform self-interference mi_tigation before CFO estirﬁation ié
performed in Step 570. Using the source node S, as an example, a simple
blockwise filter Q as defined in Equation 29 may bé used to remove t‘he known

20 f.requency cqmponent ¢, from the received signal 7 as defined by Equétions 3,. -

4 and 5.



Si nce ()1/d =0, (30) 5 the filter output may be given as i Z0

WO 2011/093798 PCT/SG2011/000036
36
_pll -1 - 0]
pl -1 ‘ |
QH = pII —I e (C(NCFO—I)LXNCFOL ’ (29)
O pl -1
Since

QG =0, | (30)

- 2, - R
Z, | Pl ‘
z=| z, |=Q"F=Q"G,f, +Q?ﬁ:(p1 -p)| A1 |E+Q"R (31)
_ZNCFO—Z_ _p2NCFO_ZI_

It is noted that filtering may have the potential of reshaping and further colouring
the perceived noise sbectrum. This may result ina loss in the CFO estimétion
10 performance‘. The method 500 of estimating the CFO however may not suffer
from such a loss in estimation performance as Will be shown later by chvecking if
the Cramer-Rao‘ bound (CRB) for the c;omponent comprising the CFO festin.maté

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

15 Equation 7 as

1
287G T[CTD - &G, (G1dG,)" G¥ é]TGJ-z |

CRB(#,) = (32)

where



z1 P21 i= 72 QHH @ i.2 HF = (Pl p2 p22l QH11'

WO 2011/093798 PCT/SG2011/000036
37

$-0(Q"RQ)'Q". | (33)

It can be shown that using Equation 8 and 30 that i) .= ® . Thus USing E'quétio’n

7, (/JT{_E(@;) =CRB(g,) . Since thAe CRB of ¢, i.e. (fjli_ﬁ(@) is not [arger than that
) | 5 | from the signé_l beforg filteri.ng i.e. C_l"{:B_(q)2 )_, it may _be said that the bIockWise

klvine‘ar f'il.ter Q re_rhovés the k.nowri.freCjuency i.e. ¢ bwithou.t cqrﬁbrisihg the ‘CRB

and thus without causing a loss in the CFO estimation.

" Estimating the CFO Frequency (Step 570)

10  In Step 570, the frequency of the CFO is estimated‘,frOm the I‘inear filtered
éignal. After applying filtering on the receiVed signal, only one frequency tone
may be left in the filtered sighal and estimaﬁng the CFO may thus be performed
using any of the techniques known to the skilled person for CFO estimatién in
point-to-point transmission, e.g. using a Maximum Likelihood (ML) based |

15  estimator

The problem of CFO estimation may now be described as estimating a single
" tone in the presence of-coloured noise. It ié noted that the filter Q may have the
advantage of being self-interference-free. Thus, the basic correlator may be

20 used.

¢2,EST =4 z.2 ' ) (34)

1,m™1,m+1
m=0



(31) Nuo -2  _102NCFO -21 It is noted that filtering may have the
potential of reshaping and further col ouring the perceived noi se spectrum
Thi s may we=uiosm™8a | oss in the CFO estinmation 10 perf @cmsceel1/0ddse met hod
500 of estimating the CFO however may not suffer fromsuch a loss in
estimation performance as will be showr38I ater by checking if the Craner-Rao
bound (CRB) for the conponent conprising the CFO estinate (i.e: the

conmponent orrpr|5| n omthe filtered s naI a er.th t hat
fromthe s gea0epe rg f(?'%é@tsi'ﬂ'@ e #nd ’Cﬁgeb? erﬂﬁr BHP%‘&PgE%H?E%n ggl ng 15
Equation 7 as wher e '

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

simple.

5 Simulation. Results
' :v'simulations aré conducted using fhe pfeambles 430 and 440_obt_aviried from the
method 510 of generating and transmitting the preambles. These éinﬁulations |
use the lineaf filfering 560 to remove the knpwn frequency. In the simulations,
all channel taps experience indepehdeﬁf Rayleigh fading, with their magnitude

—nlt,

10  regulated by the exponential power delay profilee™ ™ , where n is the tap index

and 7__ is the. root-mean-squared delay spread. Three sets of channel

ms

parameters that describe an escalating degree of delay spread are used in the
~ simulation

Scenario 1: L, =8 where 7__=1;
15 Scenario 2: L, =16 where z__ =5;and
Scenario 3: L, =16 where 7 =

The channel parameters of Scenario 3 correspond to the uniform powér d}eiay_ |

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

20  For simplicity, it is assumed that the two source nodes S, and S, communicate -
in equal power i.e. P =P, = B, and that the variance of the AWGN at all the
receivers are identical o2 = o, =0, =0, ,i.e. g, =R . The signal-to-noise ratio

is defined as SNR = P/ao’. The scaling factor a is applied at the relay is set to



WO 2011/ 093798PCT/ SG2011/ 000036 37 43=Q QH1tii )1QH '(33) It can be shown
that using Equation 8 and 30 that (13= (13 . Thus using Equation 7,

CRB( 02) = wBB(D22p3B®8nce the CRB of 02 i.e. CRB(02) is notrcrrscger/ ondaa that
fromthe signal before filtering i.e. CRB(02) , it nmay be said that the

bl ockwi se linear filter Q renoves the Ig@omn_frequency i.e. 0, wthout
conprising the CRB and thus w thout causi ng a | oss in the CFO esti mati on.

Estlnatlngthe CFO Frequency (Step ) St e the frequency of
The. GRO | okeaR hectola) UGk BRWET Aoalh (e Telebin B T8 ghaRual Ap et 18 TG g
filtering on the received signal, only one frequency tone may be Ieft in

the filtergs P':QPaJPaenElPe?Fhéfl'ﬁiér%lo%&:oﬂf:&nﬂ@ytotthé?méb@m@ﬁi fransmg usi ng any
of the techni dues kdown to the skilled person for CFO estimation in '

poi nt-to-point transm Va lih based
15est i mat gPOWWe"e&“HSF’@?P?HTa df@se@?l ﬂ'lﬁ?fgf)%‘%‘%(ﬂlur‘?@w B& ﬁ@;‘i"?g I\%) Serss -

estimating a single tone in the presence of col oured noi se. I's noted
that the filter Q may have the advantage of being self-interference free.
Thus, the basic correlator may be 20 used. NCFO -3 02, ESTZZi,,,, Z1, m+1(34)

m0 5 Figure10is a graph showing the M.SE in CFO estimation as the SNR is varied

L= 0001 fh= 0002 =5

and where and Nero , and where'Scenario 1is
applied. Figure 11 is a graph showing thAe MSE in CFO estimation as the SNR is
s

f;=0.001 f, =-0:002 , and where Scenario 2 is

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

=-0.002 =5

10  varied and whare h =O'001, £, and Nero = , and where Scenario 3 is
applied. In these three graphs, tne 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 also presented, as is a curve showing the Cramer Rao bound performance :

when periodic preambles are used.

Aa may be seen from the curves, the CRB performance using periodicv
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 approximate 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 Equat’ion 7 by



WO 2011/ 093798PCT/ SG2011/ 000036 38 02, EST denotes the CFO estimate and i
refers to the filter output of Equation 31. The use of the basic correlator
may have wbeondwary8age of bei ng exceptionally sinple. 58cmsiGatitonoBesul ts

Si mul ati ons are conducted using the preanbles 430 and 440 obtained fromthe
met hod 510 of generating and transmttiggg the preanbles. These sinul ations
use the linear fiItering 560 to renove the known frequency I n: the

Thei - monCPR e Bragtig BTG RER Es“%eiﬁ e R

where n |s t he taﬁ |ndex and rfins is the root-mean-squared del a pread
Three set sSeeN&ahhand psalgarhémg tham i Ytos dhe prostAispsEslya chagneldi?: eof '
del ay spread are used in the sinulation Scenario 1;: Lh =8 where rm s=1;
15Scenar i octzanneh withgonldéicasrafiScenapo;3)ahbusdemayibe said thatusigither e
Trins=00. The channel paraneters of Scenario 3 correspond to the uniform

power del azpproginmate CRBah tlndesigh ©f dse pleanibles 430e449 isppgragriateenari o for
conparison. 20 For sinplicity, it is assuned that the two source nodes S,

and S2 5C°”Fyﬂhé@ttr?e MSI?PHﬁbr at Seanﬁ’zs’;lmgg bBHbs F\?éd foltse ¥fndgnce of the

AWGN at al therecelvesare ent I‘cal —0v00v2| = 0Vv2,0.Vv2

=Rij R The signal -to-noise rat io WO 2011/093798PCT/ SG2011/ 000036
identical. This may be because they transmit at equal power, and also because

all channels are statistically e.quivalent, which acc_erdingly keeps the system

symmetric.

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 values. Further, it may be seen that the

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

15 the basic correlatvor is 1.25 times higher than that of the CRB performance. In |

Figure 10 however where 7, =1, the MSE of the basic correlator is 1.1 times

higher than that of the CRB performance. It is riotable that the basic”correlator
may produce pe'rformance close te that of ,rhe CRB despite its sirhple strueture :
and it having no channel information. |

20
Further, the basic correlator is shown in Figures 10, 11 and 12 to outperform the
ML based schemes by yielding lower MSE in all three scenarios at low SNR |
levels. The narrow performance gap between the curves at the high SNR,Ievele

for Figures 10, 11 and 12‘suggests that the preambles generated and



39 keep the total transmit power Po at the relay in Tine 2 equal to that in
Time 1, i.e. Po = Pi P2 =2P. The latter allows conformty to the nmaxi num
transmt wower1/mvgmsi rement that limts the interferencePcassedt00003é her
co-channel users. 5 Figure 10 is a graph showing the MSE in CFO estinmation
as the SNRis varied 002 001 f = -0 = Q42.5 and whereand N CFO = , and
where Scenario 1 is applied. Figure 11 is a graph show ng the MSE in CFO

estimation_as the SNRig = 0.00 2 = -0.002: and. =,b.varjed and where,
ond wner o Esited Wind e B 514 R bStiet B0gp5hReRRe the vee 1 n
CFO estimation as the SNRis - 0001 .f2 = -0002. 10 varied and whereand
NCFO = 5 , egifaaiphepeediedrtermining the,phl @dimatg. t hese 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 CFO is used. Curves show ng the Craner Rao bound

per f or nanci thisospddifcaien sthecteine “pleafibl@nshddréambiebRicke’ vesiosdred, as i s
a curve show ng the Craner Rao bound perfornmance when periodic preanbl es

are usedl. dSederRafGeiblf (BN & Brefblel4¥d STIoPRAS TTHERGMSbUR’

peri odic preanbles performthe worst.-in all three graphs and by repl acing

th i od] 0 " i i duced
by nore 1 o e EHe TVt bl (Sed i8EaRGe 1o 1éhr 1d I3glGe hdad SEPE

| | : t di | i he Fi 10, 11 and 12. The
gef?ore\r/rgngzé‘ﬁﬂgg%imaé g?i?‘?iﬂirﬁé%)%@a%ies??"bﬁ r gm Itﬁ;[ e\?vi th exac?nCRB corrpﬁt ed
with Equation 7 by - _

While the method 500 has been described above with reference to a two-way
10  relaying scenario (where there} are 6nly two source nodes), .it is enviéaged that
| the method 500 however may be applied to a multi-way relaying scenario

involving K (more than one) sources. In ihis case, eabh_ source is furnished

with a pre-determined set of starting preambles 230. The block rotation ar_igles

to be applied to the X sets, 6,, 6,, ..., 6, of starting preémbles 230 are

15  assigned such that they are equally spaced over the range between 0 and «.

Whilst exémple embodiments of the inventiori have beenbdescribed in detail,
many variations are possible within the scope df the inventi‘on és will }b:e vcle'ar to
a skilled reader. | | |

20
Further, it will be.understood by a skilled person that the source and/or 'relay
nodes may be implemented as mobile deyices such as mobile phones and/or

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



WO 2011/ 093798PCT/ SG2011/ 000036 40 |l ess than 1% for the |east dispersive
channel (i.e. the channel with conditions of Scenario 1), and slightly nore
t han 1% fwo 20hie09sDd8t di spersive channel (i.e. the channecmsiGeinimoondst i ons
of Scenario 3). Thus, it may be said that using the approxinmate CRB in the
desi'gn of the preanbles 430, 440 is appy priate. 5 Further, the MSE '
performance at Si and S2 may be observed to be alnost identical. This may
be because they transmt at equal L powe and .al so. because all channels are
statisti caP?yCeaniliElY, naeedRa% B AT raFyien asotadrdRd ey & Amet i ¢. 10
Conpari ng between the estimators used, Figures 10, 11 and 12 shows that the
basi ¢ cor r eYsi@m®ron-shigpiadutionser oduce a | ower MSE that is about 1.25 tines

hi gher than that of the CRB at high SNR val ues. Further, it nmay be seen
that the smaller the Trimvalue, the closer is the MSE of the basic
correlator to the CRB performance. Specifically, in relation to Figure 12
where rnils=00 , the MSE of 15the basic correlator is 1.25 tinmes higher
than that of the CRB performance. In Figure 10 however where Trin=1, the
MBE of the basic correlator is 1.1 times higher than that of the CRB
performance. It is notable that the basic correlator may produce
performance close to that of the CRB despite its sinple structure and it
havi ng no channel information. 20 Further, the basic correlator 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 performance 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/ SG011/ 000036
41 transmitted using the method 510 may be robust agai nst the choice of
estimators used in determ ning the CFO estimte.



In this specification, the terns "preanble" and "preanbl e bl ocks" have been
5 used interchangeably to refer to a preanble 430 and/or 440. The terns
"sour ce" woaoligosemrse node" have been used i nt erchangeablPgTiSG201f080036 0 a
source node 120, 122 of the communication system 100. Wile the nmethod 500
has been described above with referenc o a two-way 10rel ayi ng scenario
(where there are only two source nodes), is envisaged that the method
500 homeve& may be applied to a nultl-may relaylng scenari o involving K
(nore. than—gw@§ 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, T1, T2, ..., TK of starting preanbles 230 are 15
assigned such that they are equaIIy spaced over the range between 0 and
Wi | st exafipl e Arbethiodeat sstirhating camiee frequentyaoiiséietia cirsmunisations det ai I
many variations are possible within the scope of the invention as wl| be

clear to adskce, he mgmdarconi;ghsmg{:urther it wll be understood by a skilled
person t hat the source and/or re ay nodes may be inplenented as nobile

devi ceg; such as gp@,la ifg RNNB&S ofBiEA s, @s stationary devices such as base
stations. Also, it is %n\r}?saggd BEls: 25 00 9021 095706PCT) S011/ 060036

Systom on- 22?L°F°3%&ﬁqaﬁ}$”&98'§sgéy%?%sh’@’ FHERLE Rotioh ARGRSTh IO g carvier

catl ns device, the method conprising

frequency of fset
Sgener at i nﬁorée?tﬂ%%lk“%?"s ?E}h%l reambles;

transmitting the first set of preambles aé a time domain signal to a relay;
receiving a refransmitted timé domain signal from the relay, the
10 retransmitted time domain sighal being a combination of thé first set ofv
preambles and a éecond set}of'preambles from another communication device;
and |
- estimating the channel 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 prea}mbles _t'o‘forrih thé
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

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



rotating the block by a plurality of different rotation angles to forma
corresponding first set of preanbles; transmtting the first set of

pr eanbl eswa0n/w81™8 donai n signal to a relay; receivi ngprPaTrSe2o1ansonsst ed
time domain signal fromthe relay, the 10retransmtted tine domain signal
being a conbination of the first set ofyypreanbles and a second set of '
preanbl es from anot her conmuni cati on device; and estimating the

channel frequengy off sed.on th ceived retransni d . ti domai n
Slgnat, SR EkoRThe B8RS coiR FBRGeAG, o AR B Bl Bt
according to claim1 further, conprisjng, .applying an optim zed
modul at i'oan‘@re("h@pPﬁyF’Qtth§é%ptm'zg‘i’p§§?9&|%@nt‘EP’T‘B'F?ﬁpSt he tine domain signal.
3. Anethod for estimating carrier frequency offset according to claim2
wher ei n each si peratutisig a plirality ok combinajieas eacbrassepiating tap arexgaménte  ones

of a plurality of subcarriers used for transm.tting the first set of

preanbl es. of thé rothted\bloekididrails adthiaplurality obconstelldtiomguency of f set
according to claim 3 wherein applying the optim zed nodul ati on conpri ses

pernutifng a pl Uﬁ%ﬁhtﬂingfea%ﬁ@itﬁégiuﬁﬁlﬁy%@%Bn\%‘ﬁ%@nétvi/iﬂgre%?eéwéaﬂ@éﬁsﬂt of
the rotated bl ock of signals wth a plurality of constellations;

5nmodul at i nﬁeﬁﬂﬁ%l@#&%o&r‘i&@ Lhy of conbi nations with respective ones of
of "su

the plurall carrirers;’ and selecting fromthe nodul ated plurality of
conmbi nations a selected signal of an ti.mal . conbination, th fimml '
Conbi nat 1 on_ m nsaipgu R aRdysEhun B bh et SMPERAGTSR selted Fidagbondi ng
signal; wherein the selected signal is o o

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 pluraiity of

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

6. A method for estimating a carrier frequency offset éccording to claim 4 or .
5 wherein rotating at thé communications device the generated block of sigAnaIs-v
further comprises | | |

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

of different rotation angles.



10the time domain signal. 5. A nethod for estimating carrier frequency

of fset according to any preceding claimwherein rotating the bl ock

conpri seswo 2011/093798 determining a plurality of nodul atcomsceymnvosse used by
the plurality of 15subcarriers to formeach of the first set of preanbles.
6. A nethod for estimating a carrier frgquency offset according to claim4
or 5 wherein rotating at the conmmuni cati ons device the generated bl ock of
signals fuyther i P f1l f [ : .signal s by
app! yi ng (l;fh'e Oﬁ?ﬁ%ﬁ’l%{dﬁf(ﬁéﬁ&&@%&{&%:&g frgerref{l%%;égp gt%ﬁg%t %%é?de@a tég\%"ﬁ ¢ _

2011/ 093798PCT/ SG2011/ 000036 45 7. A method for esti i n carrier

7 scuoncy Mheein rolgtiag af e saynBLaicatEnaReree s Geasi g bogd Co T ST
conmmruni cati ons device the generated bl ock of conprises scaling an anplitude
of each ofcamerisgsysralisg argamplitudernd¢achof éke sigagisag carrier frequency -

of fset according to any preceding claimwherein one of the plurality of
different rotation angles is obtained fromthe nunber of the plurality of
subcarriers and a predeternined |length of the tine domain signal. 10 9. A

net hod &f orgest i ABhéthaddar esthafifPesier eglibsef oSt Gicdbiting ® any preceding
cl aimwherein one of the plurality of different rotation angles is obtained

froman an e%e&i%gaclzﬂﬁf%/.fgg n%'n@fdg thd p -rglagi(/)? ggfelgnt @téfﬁ)tr\%léé)fs estimating

a carrier Trequefcy o according'to preceding c m wher ei n one
of the pluralit f qifferent raotatjon.angles is determ ned using a Cramer
Reo bound eitaingl fom the it ok S PlPRLEBP s Bedip e § oPdeiinBier or
estimating carrier frequency offset according to claim10 wherein the
Craner Raolepgiimef the time dppadx sigral-on.

10 9. A method for estimating carrier frequency offset accordihg to 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 esﬁmating.carrier frequency offset according to claim 1i0
wherein the Cramer Rao bound is an apprbxim:ation..

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 inclusive of 0 and r«.



20 12. A nethodl or estimating carrier frequency offset according to claim
10 or 11 wherein one of the plurality of different rotation angles has a

val ue betweentiznarosncl usive of 0 and ,r. WO 2011/ 093798PTRG3GAMAM3000036
46 13. A nethod for estimating a carrier frequency offset according to any
precedi ng cl ai mwherein one of the plurgg ity of different rotation angles
is obtained according to the nunber of other comrunication devices. 514. A

met hod for,esti i rier freque ffset i .any precedi ng
Cl ai m uher Bt hangBRgaf 8Hfin A RAHER Heleng B braGt Bieiiad A0 B 4

met hod for estipmating carrier freqguency offset according to any preceding
cl ai m wher ¥iegeding Qﬁ'_g? WgeFQ"f‘ speyl h%P"%?'E&ﬁgFjlﬁfEer?%t "SEﬁtQ%rﬁeQQ'?sr[\ém 10r ot at i ng
a preceding rotated bl ock of signals. 16. A nmethod for estinmating carrier
frequency offtained aaoooding ho the nampep pbothgr sgmuenwnioativredeviees.he ti ne domain
signal is transmtted using orthogonal frequency-division nultiplexing. 15
17. A method for estimating carrier frequency offset according to any
precedi ng cl aimwherein the tine domain signal is non-periodic. 18. A

met hod 0r143.5_tiK%ét'ﬁadﬁf’oﬁéétfrh@ﬂindé%H%?Wec{?Iehé?bf@éFé’é&jrdﬁﬁgttQ amyy 20
precedi ng claimwherein the retransm-tted tinme” domain signal cofprises. a

training siaaalinehsAniMbdif thdYehdatd £bRkk il SBRRIAY 1 fip¥idfible.

15. A method for estimating carrier frequency offset according to ény
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 freq‘uency offset according to any
preceding claim wherein the time domain signal is transmitted using orthogonal
frequency-division multiplexing.

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

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

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

training signal retransmitted by the relay from another device.



WO 2011/ 093798PCT/ SG2011/ 000036 47 19. A nmethod for estimating carrier
frequency offset according to any preceding claimwherein the carrier

f requencywof2hsig3i98 bet ween the tine domai n signal and trhe/SGeeaiveds
retransmtted time domain signal. 5 20. A nethod for estimating carrier
frequency of fset according to any precegi ng claimwherein estinmating the
carrier frequency of fset conprises |inear f||ter|ng t he received
retransmt

(requency b1 seb RefBRdphsiAtha.parfish ealRantr e acthii bl agpoarrier

frequency offset further conprises performng correl atr on on the |inear
filtered sPgeafing glaim Wh?@'%y‘%ﬁarﬁ@f fregueney esetin beiveamning Wpedosigncy
offset at a first communi cations device, the nethod conprising 15receivVing
at a rel aysignal argt thei neseiyeduetrassmitted tihé: clormiain sigmabni tted fromthe first
conmmuni cations device, and a second tinme domain signals which is-
transmitted froma second comunications device; wherein the first tine
dormai n signal conprises a first set of preanbles . fornmed by rotating a

first genepgt edAtrhem'@d%r éétaﬁsfuﬁ; Qé(rn%r %aueﬁapaﬁéé‘t%ct;broﬁﬁ% gPphyrality of

different rotation angles; whereinn the second tinme donain signal

b1 ook, ifss&ge%ﬁi"& S Bl reﬁé%gﬂ’?‘aﬁ LBt oG s AREIERATR 2L G

| .
angt es; an% tering t%gll%/cglggg ?gtlfacrfrs/n%%g ]fi%rlfeo 8881%% gl%nal

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 signal.

22. A relaying method for estimating carrier frequency offset at a first
communications device, the method comprising
15 ' receiving at a relay a first tirrre domain signhal which is transmitted from
the first communications device, and a second time domain sig'nals which is
transmitted from a second communications device;
wherein the first time domain sfgn_al cemprises a first set of preambles -
formed by rotating a first generated block of sig'nals by a correvspondi,nvg. first
20  plurality of different rotatien angles;-and - |
wherein the second time domain signal comprises a second sef of
preambles formed by rotating a second generated block of signals by a

corresponding second plurality of different rotation angles; and



retransmtting fromthe relay a retransmtted tinme domain signal to the
first conmunications device so as to allow the first comuni cations device
to esti mawe 20tw9smBri er frequency of fset based on the recraaaomitov@det i ne
dormain signal, which is a conbination of the first and second sets of
preanbles. 5 23. A nethod for estimatingg carrier frequency offset in a
communi cati on system the comrunications system conprising a first. '
conmuni cati ons device...a second cqonmuni cati o evice and a relay, the
rethod corpr i o ATt RadreEs W BORY AerRbHRRRC G Shoti sheblo e, .
generated bl ock of 10signals by a first plurality of different rotation
angl es to fitst gPEGRYECHIONG dRyiey so as depllow the Spstsoaynunications @eViee iy at t he
second comuni cati ons device a second generated bl ock of signals by a
second pl uestimate the airfiérefrequencytadfisebbasathbr she cetfanysmitted tisspdoiaing second
set of preanbles; 15transmtting fromeach of the first and second R
comuni cat kigRal, eNdicRSa EOMbIrRSIBA tefifst Rt swednd el srebmbis.pr eanbl es as
time domain signals to the rel ay; . receiving at the first '
comunigations device a.retransmitted tinme domain signal fromthe relay,
the retransmtted signal being a conbination of the first 20 and second

sets of prganbl gs; " ' L . fr , et based
on the r ecarved el aRdar eundiie i telieRieRHRey i £ R el B
2011/ 093798PCT/ SG2011/ 000036, 49 24. A net hod, for _estinati ng carrier
frequency BYFE® t E%mm%catt@nasaﬁm@m@%g@aritcammwy AYIsedDfica he
first plurality of different rotation angles and a starting angle of the
second pl uasecopd epnmimyrieations deyica ane adelflye thelnmethed pgmprisisg25. A net hod
for estimating a carrier frequency offset according to claim?24

rotating at the first communications device a first generated block of -

10  signals by a first plurality of dif’feren‘t rotation angles to form vcorre’sponding first
set of preambles; |
rotating at the second communications device a second generated block
of sig”nals_ by a se.cond pIuraliiy of different"rotation angles to form -
corresponding second set of preambles; |
15 transmitting from each of the first and second communications devices
. the respective first and secdnd sets of preambles as time domain signals to the
relay; |
receiving at the first communicatioh_s device a retransmitted time dofnain
signal from the relay, the retransmitted sighal being a combination of the first -
20  and second sets of preambles; and . B
estimating the channel frequency offset based on the received» )

retransmitted time domain signal.



wherein the starting angle of the first plurality of different rotation
angles is 0. 26. A communi cations device conpri sing a processor
confi gur estot2o1igmameat e a bl ock of signals and to rotat e pCsG2Ohloo@ss by a
plurality of different rotation angles to formcorresponding first set of
preanbl es; and atransmtter confg gured to transmt the first set of
preambles as a time domain signal to a relay, a receiver conflgured to

recelvea tra nmai n SI

Forranem t2Ed (hiBebideredTaatE tariE talety et skt B vail @3ser of

pr eanbl es and a second set of preanbles from another comruni cati on devi ce;
and wher ei Whergin gstardisg @nglesof "th‘letfﬁétr plueaiity gigiffarans retatipnapglesantAannel
frequency offset based on the received retransmtted time domain signal. 20
27. A conmsiartigt angle ofithe secarccpludilityot diffetanit miadonaagtesrdifferby ransmitt er
is further configured to apply an optim zed nodul ation to the first
set of preanbles to formthe tine domain signal. 50 28. A.communications
devi ce according to claim 27 wherein each signal of the bl ock of si gnal S

correspgondyg o rﬁ%ﬁ@ﬁbh‘f@r Qélf’rﬁatﬂf ]ﬁéfr%é%n@{/ offYECAEdOrGihg 19

transmtting the first set- pr ea conmuni catrons devi ce

perout e o Wheff heyszt%f““@i%ﬁé'ﬁgﬁ s L A Sl ol o RRon ISR oF (e

rotated block of signals with a plurality of constellations; 10nodul ate
each of the plurality of conbinations with respective ones of g

26. A com}mu'nication_s device comprising
a processor configured to ge‘herate a block of signals and to rotete the
10  block by a plurality of different .rotati.on angles to form correeponding firet 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 ﬂmrda%tmamnawnmmdﬁmedommns@nmbeMQacomMnabnofmeﬁmt
set of preambles and a secend set of preembles from another communication
device; and
wherein the processor is further configured to estimate the channel |
frequency‘offset based on the received retransmitted time domain sign:al'.
20 |
27. A communications device according to cbleim 26 wherein the trehsmitter
istﬂherconﬁguredto'
apply an optimized modulation to fﬁe first set of pfeambles to form the

time domain signal.



the plurality of subcarriers; and select fromthe nodul ated plurality of
conbi nations a selected signal of an optiml conbination, the optinal

combi nat iwo 2mmi9eI98i ng t he peak-toaverage power ratio ofCrise2earnn@spondi ng
signal ; wherein the selected signal is 15 the tinme domain signal 30. A
communi cati ons device according to any spf claim26 to 29 wherein the
processor is further configured to determne a plurality of -
nodul ati on synbols used by the plurality of 20subcarriers to formeach of
the first set of preanbles. 31. A connunlcatlons devi ce accordlng to claim
29 or 30 wherein the Brocessor i.,s further co

2011/ 093798bCT/ AeROTNNGatAE davice according Cla g?édﬂ‘tﬁﬁ%‘y‘ eAchesignal it ¢ he

signal s by applying one of the plurality of d| fferent rotation angles. 32.
A communi ctiei klock dbsigoalsaoeesgbng te tespestive sneswéadiluralityofubceriss i s
S5further configured to scale an anplitude of each of the signals. 33. A
comuni cat isstsfol énanemitting thel firg sebobpneantbles.ai ns 26 to 32 wherein the one
of the plurality of different rotation angles is obtained fromthe nunber
10of the plurality of subcarriers and a predeterm ned |ength of the tinme
domai n si gnal . 34. A conmuni cations device according to any of clains 26

to 33 wherghn tﬂ%o?ﬁ}ﬁuﬂlcgﬁ&?s BEVEE AbLYrdg élg“?ﬁ §§twﬁé?éﬁtth@'1ra‘?@%ﬁ§r I's

obt ai ned ffom an an

is further configured to
permufe a blurality of combinations each associating an arrangement of_

the rotated block of signals with a plurality of constellations;

10  modulate each of the pIUraIity Qf combinations with réspective onés of
the plurality of subcarriers; and

. select from the modulated plurality.of combinations a selected signal of

an optimal combination, the dptimal_ combihation 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



15previ ous block of signals. 35. A communications device according to any
of clains 26 to 34 wherein the one of the plurality of different rotation
angl es i swoebawayBm™8d usi ng a Craner Rao bound of the caPCTsG20m®gusacy

of fset estimate. 20 36. A comuni cations device according to claim35
wherein the Cramer Rao bound is an apprgxi mation. WO ‘

2011/ 093798PCT/ SG2011/ 000036 52 37. A communi cati ons device according to

claim 36 or 36 red he. o ralit diffe ' j

angl es has a va%ﬁ %@?ﬂb&%ﬁyadx%a%cqtfgﬁ? 5'@‘\8?5' @éﬂ@(/'z”g @%@F&tec%l?n%ﬁ% égfgti ons
devi ce. accordi nq t o any OI clains 26 to 37 wherein the one of the plurality
of differeffferlt4P18HANANGISSs i s obt ai ned according to the nunber of ot her
comuni cati on devi ces. - 39. A comuni cations device according to any
of clainms 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
wher ei n ong2of Alwnimusicatiens dévipe @agodrdégy tosclaint 31 ivetkeréindthnerproeéssog isy
precedi ng rotated block of signals. 15 41. A communi cations device
accordifg #ptaPYoRfigieditds 26 to 40 wherein the tine domain signal is
transm tted using orthogonal frequency-division nultiplexing. 20 42. A

conmmuni cati ons gl(%g%% é}ﬁﬁmggé%geggh %W’leoéigﬁélgi ns 26 to 41 wherein the tine
domai n signal is non-perrodrc. - o _
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 ahd a predetermined length of the time dofnain

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 plura|ity of different rotation angles is determined using a Cramer
"Rao bound of the carrier frequency offset e}stimate.
20
36. A communications device according to élaim 35 wherein the Cr_a'mer Rao-

bound is an approximation.



WO 2011/ 093798PCT/ SG2011/ 000036 53 43. A communi cati ons devi ce accordi ng
to any of clains 26 to 42 wherein the retransmtted tinme donai n signal
conpri seswe 20riai9gimg si gnal retransmtted by the relay fPcomcamatone@ss devi ce.
44. A communi cations device according to any of clains 26 to 43 wherein the
carrier frequency offset is between th%/gti me donmai n signal and the received
retransmtted tinme donmain signal. 45. conmmuni cati ons devi ce. according to

any of cl aj 26 to 44 wherein 10t he processqr. i s.further configured.to
hear 'y (31t er ACRETHRERTRR TeiPeABRIATEL O TR 30 AR heyad] e BReg ' o
communi cati ons device according to claima45 wherein the processor is
further coliei Rjuiadity efdifferenbrotation paglesihas dMalupdatvaerangiinglesivg o€ Ognal . 15
47. An integrated circuit for a communi cations device, conprising a
processi ngamthiz. configured to generate a bl ock of signals and to rotate the
bl ock by a plurality of different rotation angles to forma correspondi ng
first set of preanbles; 20an interface configured to transmt the first set
of preanbles as a tinme donmain signal to a relay and further configured to
receive: a 4etrapsy s L i i f : i

& ¢ %@ ﬂ%@rﬁ&%ﬁﬁmhhéﬁs g&fa |@% Qcéélﬂﬂﬂcto %F&Sm‘ise?@%’%ﬁ%erem

retransmtied tine mai n sign el.ng a conbi'nation o e first set of

preanbl es and a second s f .preapbl.es from anot her communicat.,i devi ce;
Pha o 20 oS ehREh R fHRRE R ETor SRR R EPRindd AR EBuR MR g "Un
is further configured to estimate the channel frequency offset based on the
recei ved rBYMRAEHA piher communieAadQYieRRl . | o

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

10 the generated block is an IEEE 802.11 preamble.

40. A communications de\)ice accordin‘g to an‘y of claims 26 tq 39 wherein
one of the first set of preambies is obtained from ro'tating a preceding rotated
block of signals.

15
41. A communicatioﬁs device according to any of claims 26 to 40 wherein
the time domain signal is transmitted using orthogonal fréquency—division'

multiplexing.

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

the time domain 'signal is non-periodic.
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43. A communications device according to any of claims 26 to 42 wherein

-the retransmitted time domain signal comprises a training signal retransmitted

by the relay from another device.

44. A communications device according 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 communicatiqns device according to any of claims 26 to 44 wvherein
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.

47.  An integrated circuit for a communications dévice, comprising -

a processihg unin configured to generate a block of signals and to rotate
the block by a pIuraIity of different rotation angles to form a corresponding first
set of preambles;

an interface configured to transmit the first set of preambles as-a time
domain signal to a reléy and further configured Eto receive a retransmiffed tlme
domain signal from the relay, the retransmitted time.domain signal being a
combination of the first set of preambles énd a second set of preamSIes from

another communication device; and
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wherein the processing unit is further configured to estimate the channel

frequency offset based on the received retransmitted time domain signal.



