' 18 DEC 2006 *166166* 1 Receiver and Method for WAN Burst type Signals
Field of the—inventiom The present invention relates to nethods and devices
for receiving si ' a Wreless Local Area Network (wirel esfspEQANMEOr
WLAN) , particulWﬂ‘ﬂEmmm case that the signals are Othogonal Frequency |
Division Mul ti signals. Description of the prior art 10

Recent |y, OFDM baseusi'r el ess LAN st andards | EEE. 802.1l1a [1] and .

H PERLAN/ 2 [ 2] [3] have been devel oped. '}he | EEE 802.11a standard is
-described in "Supplenment to | EEE Standard for Information Technol ogy -

Tel econmuni cations and I nformation Exchange between Systems - |ocal and
Metropolitan Area Networks - Specific Reg&i rements - Part 11: Wreless LAN
15 Medi um Access Contitefely@mnand Methpg fordNLANBarst type) Signads f i cat i ons:

H gh- Speed Physical Layer in the 5 GHZ band” | EEE Std 802.11a - 1999.
HYPERLAN 2 is described in Broadband Radi o Access Networks (BRAN),

" Broadband Radi o Access Networks (BRAN); HYPERLAN type 2; Physical (PHY)
Layer". ETSI TS 101 475 V. 1.1 (2000-04); and also in Broadband 20 Radio
Access Net wdrirld oBthainveniosadband Radi o Access Networks (BRAN); HYPERLAN
Type 2; Data link Control (DLC) Layer Part 1: Basic Data Transport

Functions", ELY, ] 716-1, V. 1.1 000-04),., For G:Dlw_based W rel ess
recei ver, t hﬁ"% gﬁ%\/ﬁ\} #gljeinﬁéﬁégl_ag?setosﬁ'%ﬁr?? SCQH%’ :devgqegifgr "RRA\ERY iSinalneT
(automatisc coWVirglesgaboBal ArsH NetWolCOAraEYs LANTOG WIANY iprithiardy GAtgNCY
timng, and channel estimation. Inportant functions of a

case that the signals are Orthogonal Frequency Division Multiplexed (OFDM) -

signals.

Description of the prior art

10 Recently, OFDM-based wireless LAN standards IEEE 802.11a [1] and
HIPERLAN/2 [2] [3] have been developed. The IEEE 802.11a standard is
described in “Supplement to IEEE Standard for Information Technology -
* Telecommunications and Information'Exchange between Systems — local and
Metropolitan Area Networks — Specific Requirements — Part 11: Wireless LAN

15 Medium Access Control (MAC) and Physical Layer (PHY) Specifications:
High-Speed Physical Layer in the 5 GHZ band” IEEE Std 802.11a — 1-999.
HYPERLAN/2 is described in Broadband Radio Access Networks (BRAN),
“‘Broadband Radio Access Networks (BRAN); HYPERLAN type 2, Physical
(PHY) Layer”. ETSI TS 101 475 V.1.1 (2000-04); and also in Broadband

20 Radio Access Networks (BRAN), “Broadband Radio Access Networks
(BRAN); HYPERLAN Type 2; Data link Control (DLC) Layer Part -1: Basic

- Data Transport Functions”, ETYSI TS 101 716-1 V.1.1 (2000-04).

For an OFDM-based wireless receiver, the following issues are significant:
signal detection, AGC (automatic control gain), carrier recovery, symbol
25 timing, frequency timing, and channel estimation. Important functions of a

OFDM modem for WLAN include frequency and timing synchronization, since

B
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“ OFDM nodem for W.AN include frequency and tim ng synchronization, since
*(@00002* 2 8 DEC 2006 2 OFDM denodul ation is very sensitive to frequency
offset and I'SI (Intersynbol Interference) caused by a nmultipath @ﬁﬁg?d%
environnment and which can result in serious timng errors, also’itl
corrected a phase shift is accunulated on each subcarrier, and this can
bring about channel estimation 5 errors, Figure 1 shows the structure of
the OFDM PHY frame of |EEE 802.11la in V\%i ch. a preanble precedes all data
symbol s. This preanble is essential to perform packet detection, automatic
gain control, synbol timng, frequency estimation and channel estimation.
reanbl e consists of 10 repetitions of a training

10 The firs rt. of e..

synbol W tb%uﬂ%?aﬁ%gn FovenysSengivento; f&%ﬂf@y@féﬁéaﬂéﬂsbﬂﬂtaneyrﬁﬁ?:b( ::ast
Fourier Tr ' | WOt d S rt. s ol s
are  gener af e pieeet ERELR, bF 2 TolRER RhAer S fbuneAE R Bl 7
nunbers whiesultarie senous i tphimgoferdars, Eisw eifanﬁt towrerc%)ﬁcms?zfﬁégg[ :@iﬂﬂ?iﬁ
relatively short nmbols in this part of the preanble: Firstly, the
short syn%olag‘:‘bmHﬂﬂ?ﬁi%g 63&55\1 AHRr RE 1his Rt PERGiakgUIGhanmeli estication
Control £AGgosld packet detection. Secondly, the short synbol period
makes it possible to do synbol timng and a coarse frequency offset
estimation with a | arge unanbi guous range. 20 The short training sy.rrbol S
are fol | onefidiet Wshpwadhersirusturg efy thso OF QtPHY frameasfi KEEB802hEta oif a

data synbol e.al ons,for._usi | ong. synbols.in this part of

t he preanbl gth(Efr%s?'%aﬁth%{éga S %gscgqtglsgrqnglﬁo?@qur\é@p@ge Is essential to
perform packet detection, automatic gain control, symbol timing, frequency
estimation and channel estimation.

10 The first part of the preamble consists of 10 repetitions of a training symbol
with a duration of 800 ns, which is only a quarter of the FFT (Fast Fourier
Transform) interval of a normal data symbol. These short symbols are
generéted by using only nonzero subcarrier values for subcarrier numbers
which are a multiple of 4. There are two reasons for using relatively short

15 symbols in this part of the preamble: Firstly, the short symbols provide a
convenient way of performing Automatic Gain Control (AGC) and packet
detection. Secondly, the short symbol period makes it possible to do symbol

timing and a coarse frequency offset estimation with a large unambiguous
range.

20  The short training symbols are followed by two long training symbols with a
duration of that of a data symbol. There are two reasons for using long
symbols in this part of the preamble: First, it makes it possible to do a precise
frequency estimation on the long symbol. Second, the long symbols can be
used to obtain reference amplitudes and phéses for doing coherent

25 demodulation.

At the end of the preamble, a special SIGNAL OFDM data symbol at the
lowest 6 Mbit/s rate is sent which contains information about . the length,

modulation type and coding rate of the rest of the packet.



* frequency estination on the long synbol. Second, the long synbols can be
used to obtain reference anplitudes and phases for doing coherent 25
denodul ation. At the end of the preanble, a special SIGNAL OFDM data synbol
at the lowest 6 Mit/s rate i s sent which contains information ab8uWECtes
length, nodulation type and coding rate of the rest of the packet. 2 8 DEC
2006 3 Finally, a variable nunber of daga synbols are transmtted .
typically at a higher nodulation level or rate. Each data synbol consists
of a guard interval of 800 ns and a data |IFFT interval of 3.2 us.

H PERLAN 2 system has five different kinds of PHY bursts [2]: 5 1)
Broadcast burst: 2) Downlink burst; 3) Uplink burst wth short.prganble;

4) Uplink buUfigallysia variabignpmbeniof data Symmblsere tiansknitied Stpicallytateniigher 10

preanl o and 9IWaOE 1G4 B éE AR Ghue s ol et o ppudibi e vaLe 499 whi ch
is foll owed riayarsd paldt® #6F B aeéh@nof Ipeyugont ent of preanbl e and payl oad

section depends on the bust type. There are five di fferegt type?b;)f bur st
format whic S in Figure 2. (a) 15 a Broadcast burst, a

Downl i nk bu%ﬁ@ﬁ%sﬁ&mrﬂéﬁm@s@ﬁwqm kiidisraf PHY darsisd2]: (d) an Upl i nk
burst with long preanble, (e) a Direct link burst. The long training synbol

is the sgne 2.11 a, but the preceding sequence of short
synbol s ﬁay @?r&?}@g&é@?ﬁg?@p\ downlink transmi ssion starts wth 10 short

synbols as in | EEE 802. 11a, but the first 5 synbols are different
2) Downiink burst;

3) Uplink burst with short preamble;
4) Uplink burst with long preamble;
95) Direct link burst (optional).

10 Independently of the burst type each burst consists of two sections: a
preamble and a payload. Each burst is started with a preamble section which

is followed by a payload section. The content of preamble and payload
section depends on the bust type.

There are five different types of burst format which are shown in Figure 2: (a)
15 a Broadcast burst, (b) a Downlink burst, (c) an Uplink burst with short

preamble, (d) an Uplink burst with long preamble, (e) a Direct link burst.

The long training symbol is the same as for IEEE 802.11a, but the preceding
sequence of short symbols may be different. A downlink transmission starts
with 10 short symbols as in IEEE 802.11a, but the first 5 symbols are different

20  in order to detect the start of the downlink frame. Uplink packets may use 5 or
10 identical short symbols, with the last short symbol being inverted. The
difference between the preambles of IEEE 802.11a and HIPERLAN/2 is
determined by their respective protocols.



20 in order to detect the start of the downlink franme. Uplink packets may
use 5 or 10 identical short synbols, with the last short synbol being
inverted. The difference between the preanbles of | EEE 802.1la agg C 2008
H PERLAN' 2 is determ ned by their respective protocols. 2 8 DEC 8% %
However, at the PHY level, in principle the sane receiver architecture may
be used for | EEE802.1l1a bursts and sone,H PERLAN bursts, in particular the
non- downl i nk bursts. Signal detection, AéC and synchroni zati on are not
necessary for downlink burst. As the format of broadcast burst of 5

H PERLAN/ 2 is al nost the sane as that of | EEE802. 11a, the sane receiver
lgure 3 shows the tinme and frequency

architecturtﬁ or net hods c% be used. Fig . |

structure of 'AHEYSGE fg‘z?c'ﬁ'ét RYGH HyPringiplerthe ssone 1acqiverarshitectmieemagdiect
starts with f RAb N =% [ | ¥t e. carriers,

fol l owed by utls,\%gsqagr%EEs S?ﬂﬁ%"%ﬁ%é‘;@ soife 2P ldx'é‘y%%f/ss 'ﬁ:"%ﬁ@“{'%{%l |
fifty two sulstadewelmk ancstsonSa'agn"a'rI] r@tédliﬁnﬁkh@\m goid eynciﬂuhﬁgfidﬁﬂ\ edrg Hétef' for
estimating the reference,phase. The ten short training synbols use a |ow
or der rmdgl aﬂchﬁsq%r? &a@@'@%r%eng‘é otgﬁy fermeat (afie breadngst dpwistref in
order tosal IHIPERIAN/RCE Mffost the ¥RFRY 891t5& bt Btds 4 ﬁittﬁé sl Wt dlVer

packet, before the actual data bits can be success ecoded.
preanbl e, wdrefitgcturesor anetbads cantee dsedst si xt een ni cr oseconds of each
packet conprises the ten short synbols on twelve subcarriers and the two

| ong synbol s | b d L tow t carriers, is. used to ormstart of
packet  det ZFC@IE}gﬁé sgé %nté?lt@ﬁ)%é%ﬁ CEHENGY . stedaiyis of anqQieDMr pagked haying
estimati on amdIEEh80Rel1 pataniBiki OThe Phtkfsthiesatrt 1@isRbR%dif: |
necessary in order to Zg-successfuelp?/ recsei ve and descoﬁgetrétlﬁgb}ﬁgqls'data

bits. As is YSHEWANYY twpide suksasiers, fnlloyest oy twie dongatrain@ig symbaldcat dataeach
data synrjol symbols using the full fifty two subcarriers and containing four known pilot

subcarriers used for estimating the reference phase. The ten short training
symbols use a low order modulation for example QPSK (hence only the
twelve subcarriers) in order to allow the receiver to synchronise itself with the
incoming packet, before the actual data bits can be successfully decoded.
15 The preamble, which is contained in the first sixteen microseconds of each
packet comprises the ten short symbols on twelve subcarriers and the two
long symbols on all fifty two subcarriers, is used to perform start of packet
detection, automatic gain control, symbol timing, frequency estimatibn and
channel estimation. All of these training tasks are necessary in order to

20  successfully receive and decode the actual data bits.

As is known a cyclic prefix or guard interval (Gl) is added to each data symbol

to make the receiver more robust to multipath propagation. In particular, it is

intended that the guard interval be large enough compared with the spread
25  delay of the channel such that all significant received copies of the data

symbol start within the guard intervals.

30



" to nmake the receiver nore robust to nultipath propagation. In particular,
it is intended that the guard interval be |arge enough conpared with the
spread 25 del ay of the channel such that all significant received copies of
the data synbol start within the guard intervals. 30 2 8 DEC 2006 5
Summary of the Invention The present invention ains to provide p@ntﬁgm@ved
or at least alternative 5 nethods and aa&aratus relating to recelving
signals, especially OFDM signals in a WLAN. There are provi ded vari ous
aspects relating to a receiver for an OFDM burst type signal, including:
signal detection; automatic gain control; synmbol timng; 10 frequency

of fset tracking; and frequency tracking. Apparatus and nethods relating to
each of these aspects may advant ageously be conmbined with apparatus and

nmet hods of t%‘i’?‘%{'ﬁé%‘f@?f‘"?ﬂg%t ernatively, each aspect may be used with

prior art ot receiver. 15 The invention is defined in the
I ndependent clainms. Sonme optional features of the invention are defined in
t he dependent clains. A signal detection aratus for an OFDM recei ver

, a
has neans fofhejRiesent iveptiemainesiq BT%q%ﬁnﬁgBrWGPr‘E%&Rﬁtr?&emPes of two
recei ved gpr I : L0 I ned
Gurat 1 on o tEtoBs SRR BRtine16 réddiing3ARae, dptiity OFBFeIghat T n°

when the corindd\WLiADh is greater than or equal to a threshold; wherein the
threshold is dependent on the signal power of the received preanble
synbol s. A correspondi ng signal detection nmethod conprises determ ning the

correl ati on Ter Yré PPHAAEH NEriSAETBESSCE relatiRy tEaeEYSIJePfoR ARDEDMWPBIRE S, one
type signal, including: signal detection; automatic gain control; symbol timing;
10  frequency offset tracking; and frequency tracking. Apparatus and methods
| relating to each of these aspects may advantageously be combined with
apparatus and methods of the other aspects. Alternatively, each aspect may

be used with prior art other aspects of the receiver.

15  The invention is defined in the independent claims. Some optional features of
the invention are defined in the dependent claims. A signal detection
apparatus for an OFDM receiver has means for determining the correlation of
corresponding samples of two received preamble symbol samples, one said
sample delayed a predetermined duration with respect to the other; signal

20 detection being indicated when the correlation is greater than or equal to a
threshold; wherein the threshold is dependent on the signal power of the

received preamble symbols.

A corresponding signal detection method comprises determining the
correlation of corresponding samples of two received preamble symbols, one
25 said sample delayed a predetermined duration with respect to the other;
signal detection being indicated when the correlation is greater than or equal
to a threshold; wherein the threshold is dependent on the signal power of the

received preamble symbols.



25 sai d sanpl e del ayed a predeterm ned duration with respect to the other;
signal detection being indicated when the correlation is greater than or
equal to a threshold; wherein the threshold is dependent on the signal
power of the received preanble synbols. 2 8 DEC 2006 6 This usdd MHEU

si gnal power of sanples of the received preanble synbols over the nu er
of short synbols required for signal detection to set the threshold for
the correlation nmethod of detecting a si@nal. This has the advantage of 5
i mprovi ng accuracy of detection especially by increased tol erance of noi se.
This is because the threshold is dynam c and dependent on signal reception
conditions. Preferably the apparatus further conprises neans for

determ ning the signal 10 power of the synbol sanpl es, and neans for

determ ni ng aldth esholdfrom ai d si Rover t i r
det er m ni ng %\H§e ?'QP?'I*I%Qwe glgs%gﬁhes Sestve Qi%'ﬁﬁmtbz‘? EW%B?# Qe
di fference Hﬁé‘hﬁﬁfbe?@f@héﬁ@?hﬂ)&é, Qe”tﬂhredﬁgv\@l"gﬁal Hetebtibm g setettieiesholrd
duration prefera y being of one preanble ynbol . 15 The correl ation

det er mi ni ng %@%%F@ﬁ@fam@h%ﬁbﬁe@éﬁn%aﬁ'@a" ofhis hasdhaiadvagtageofpr oduct

of a sai for
accunul atgi n%&%ﬁgggéﬁcgﬁggﬁgpﬁﬁgr aw %xqﬁé% di t&@@ﬂcﬁeoz;@

accunul at i ndriiv e beddusedhethieshokkis d:yaamlqsanduepeademtrm bnggahmcaghorand end
of said wi ndow. 20 The sanples are preferably a first and a |l ast sanple in

a correl ati SON@tiASW havi ng a length of one preanble synbol. An Automatic
Gain Control apparatus for an OFDM recei ver has neans for

Preferably the apparatus further comprises means for determining the signal
10  power of the symbol samples, and means for determining said threshold from
said signal power and the signal power determining means may further

comprise means for accumulating the difference between said sample signal

powers, with the predetermined duration preferably being of one preamble

symbol.

15 The correlation determining means preferably comprises means for
determining the product of a said sample and the conjugate of a said delayed
sample, means for accumulating said product over an integration window; and
means for accumulating the difference between said product at the beginning
and end of said window.

20

The samples are preferably a first and a last sample in a correlation window

having a length of one preamble symbol.

An Automatic Gain Control apparatus for an OFDM receiver has means for
determining the average power of received preamble symbols in order to set
25 an appropriate AGC level; means for determining a first AGC level based on

the average power of a first number of symbols and; means for determining a



* determ ning the average power of received preanble synbols in order to set
25 an appropriate AGC | evel; neans for determning a first AGC | evel based
on the average power of a first nunber of synmbols and; neans for
determining a 2 8 DEC 2006 7 second ACC | evel based on the aver Jgﬂeﬂ%\zwﬁ
of a second nunber of subsequent synbols. A correspondi ng automatic gain
control nethod conprises determ ning the ; average power of received

preanbl e synbols in order to set an appropriate 5 AGC level; determ ning a
first AGC | evel based on the average power of a first nunber of synbols
and; determ ning a second AGC | evel based on the average power of a second
nunmber of subsequent synbols. This allows synbol tim ng and frequency

of f set esti naesRNf ASGt lavel basedepn the averageepewee of harsecopdboumbehief -

i ncreasing t Qg allowing themto rely on a coarse AGC. It
SR SFboRy

al so uses nore s overall for (fine) AGC and thus increases its
accuracy for data recovery. Coarse AGC is sufficient for starting synbol
timng and fAeqoreesnordling etuternaticwaim contreh method numuprigeso detenintning thew

i e. OPSK, t i ne. AGC being.i npl ted bef 15 hi gh | evel nodul at i
Such a6 64 CANTHEROMEL A SR PIEATIYE BRI G2 Ordegh set AAEPPRRIAe s
al | ows bog h AGT e ibtéinMRing £ 6 AGC Sld| %&é@%nttﬁe%eL%&%F b1 Aritdpe

first preanble. By conparison, prior art AGC neasures the signal power of
the first seDembepmfspynbolsyand] sdeterminiagf arseconde AGL elevehbased cormihat ed

because t i s eoRaRuehof ol b SRR e B s noors, symbol

timng and frequency offset estimation cannot be started until the 8th
short synbol, thus |eaving only three synbols and hence [imting accuracy.
This al so red&tisiallows symabg itinaing aag fegriency offset estimation to start earlier and

10 use more short symbols thus increasing their accuracy by allowing them to
rely on a coarse AGC. It also uses more short symbols overall for (fine) AGC
and thus increases its accuracy for data recovery. Coarse AGC is sufficient
for starting symbol timing and frequency offset estimation when the
modaulation rate is low i.e. QPSK, the fine AGC being implemented before

15 high level modulation such as 64 QAM where accurate AGC is more critical.
Note that this also allows both coarse and fine frequency estimation to be
done within the first preamble.

By comparison, prior art AGC measures the signal power of the first seven
20  short symbols in the first preamble, this accumulated total being averaged to
determine the appropriate gain level. However because this AGC uses the
first seven short preamble symbols, symbol timing and frequency offset
estimation cannot be started until the 8™ short symbol, thus leaving only three
symbols and hence limiting accuracy. This also results in the fine frequency

25 estimation having to utilise the second preamble.

By using a two-stage AGC method in which a coarse AGC is determined one
short symbol after signal detection which is normally only two short symbols,



* 25 estimation having to utilise the second preanble. By using a two-stage
AGC nethod in which a coarse AGC is determ ned one short synbol after
signal detection which is normally only two short synbols, 2 8 DEQZB%}QQ% 58
synbol timng and frequency offset estimation can start nuch earlier anc1II
thus their accuracy is inproved. A second stage of AGC runs in parallel
with these functions and resets the AGC at the end of the short preanble
burst for high accuracy data recovery udl ng the second stage AGC. 5
Preferably said first AGC | evel determnation is triggered by signal
detection and said second AGC | evel determ nation may be triggered by
synbol timng acquisition. Preferably, the determ ning neans conprises an
i nfinite i npAymbotiEvngnand frequergy offaetiastimation lcanasitad emusheantier and thasns may

utilise a | ogks e oprel | d power itk AGC

| evel . Pref e%ﬁ?éﬁggécﬁé&eﬁﬁn%ggcgbggﬁt?o?@xéﬁi?d@Pafﬂighwi}gﬁﬁe?‘? r'st
nunber.  Pr efunctibhy and resétsfthé G C iat tiskeend oe the Shav prezgsbleursiEfasHighd power
for 2nd AGC in order . to reduce the required buffer. 15 A frequency

tracki ng appafeHrasy faia teeorewsieg &he seconksstagaAGEor  determining t he

correlation of corresponding sanples of two received pilot carrier

synbol s, @neppsbfhbhrBRIEfide mYededelndErhRG 'H.‘?Qtﬁ’%%e%%agd} .WHE’Q' défe.%ﬁ&?t to

the other; means for integrating said correlation e egration 20
wi ndow and; &R 88id secanst gﬁﬁ revied) detefrménationcyay ecttigggred byrsymimintintieg sum
of said int egéfgji%@g A correspondi ng synbol timng nethod conprises
det er m ni ng rF"el ation of corresponding sanples of two received pilot
carrier synbols, one said

Preferably, the determining means comprises an infinite impulse response

filter and the AGC level determination means may utilise a look-up table to

10  correlate said average power with an AGC level.

Preferably, the second number of symbols is larger than said first number.

Preferably an IIR filter is designed to average the measured power for 2™
AGC in order to reduce the required buffer.
15

A frequency tracking apparatus for an OFDM receiver has means for
determining the correlation of corresponding samples of two received pilot
carrier symbols, one said sample delayed a predetermined duration with
respect to the other; means for integrating said correlation over an integration
20 window and; means for determining a frequency tracking error from the sum

of said integration.

A corresponding symbol timing method comprises determining the correlation
of corresponding samples of two received pilot carrier symbols, one said
sample delayed a predetermined duration with respect to the other;
25 integrating said correlation over an integration window and; determining a

frequency tracking error from the sum of said integration.



" sanpl e del ayed a predeterm ned duration with respect to the other; 25

I ntegrating said correlation over an integration wi ndow and; determ ning a
frequency tracking error fromthe sumof said integration. 18 DE 2006 9
By using an integration wi ndow TWwhich is |onger than one shor frid60s,
for exanple nine short synbols, this results, graphically, in an inproved
nmeasure of P(d) for estimating the synbol timng start tinme. In order to
produce a clear peak as opposed to a pléieau in P(d), sumof the duration
or length of the 5 integration wi ndow and that of the delay between
correspondi ng sanples in different synbols should be greater or equal to
the nunber of synbols measured - 10 in | EEE802. This in turn provides for
easi er and nByaisitgan mtégfaéwnlvmdDWnTvoWhtches fongesithan oheghotGyBybol, for

conpari son, S ar ra enen se the netr

havi ng an i ngg%'?' Jhe %?i;ﬁ 'ﬁ%migﬂéﬁ re,[sg rﬂ'[sagﬁ'&? y.dp @Qrfﬂ]péo‘é%ffrﬁ@% %"FFd).
However suc hoaP(thfbr estdﬁeﬁng\tﬁe $yiﬁb6lattrﬁ|n|rs$§ﬂt Sele/ In Bﬁ:le&&tﬁ‘b%dﬂidé% Gfbar

i nstead producing, graph 1y teau whi ch makes precise detection

di fficult. 1BS® @b OPREPGI tt% Péﬁtsauam ﬁ’éd)r §Hﬂh@frth§6’r\¢§aﬁl@é§r lepgthepbithieon
oo "o RSO R Ut SHEY08 B  Ery Rl oo SRABE )

pi | ot carrlers 772 quency error
average int eglffarernrsymbols shouldib grieatesr quwaﬂcsthekmdmbqﬂ@l’rm@dlé set

estimati on apparatu ecei ver, has ans for 20 determining a
first frequeﬁ'@? Q£et18 Bjﬁﬁgé at@'sf'BlturHeHr@Y' n?(p,rgeqsd%r anRg MOse ACPWAD f
cor r espondi ngsifAgROIES Pl g))‘\ﬁb&thged preanbl e synbol sanples a first
predet erm ned del ay durati‘on apart] neans for determning a second

frequency offset having nmeans for determ ning the correl ation of

cort ESpOW' ngy c%%a?lsoﬁf pltlg\P art g)?r%'b\(l)ﬂj m nrgeéarrrrgngemgnts use tﬁgp mgtsnceb(dgzcond
having an integration window T,, equal to one short preamble symbol (Ty).
However such a metric does not indicate precisely the symbol timing, instead

producing, graphically, a plateau which makes precise detection difficult.

15  Preferably the apparatus further comprises correlation determining means
and integration means for symbols from a number of other pilot carriers; said
frequency tracking error being determined from the average integration sum

of said pilot carriers.

A frequency offset estimation apparatus for an OFDM receiver, has means for
20 determining a first frequency offset having means for determining the
correlation of corresponding samples of two received preamble symbol
samples a first predetermined delay duration apart; means for determining a
second frequency offset having means for determining the correlation of
corresponding samples of two received preamble symbol samples a second
25 predetermined delay duration apart, said second delay duration being
different from said first delay duration; and means for combining said first and
second frequency offsets in order to determine said frequency offset

estimation.



25 predeterm ned del ay duration apart, said second delay duration being
different fromsaid first delay duration; and neans for conbining said
first and second frequency offsets in order to determ ne said frﬂf@z&eﬂ]ﬁﬁy
offset estimation. 2 8 DEC 2006 10 A correspondi ng frequency (;f

met hod conprises determining a first frequency offset by determ ning the
correl ation of correspondi ng sanpl es of 15 o recei ved preanbl e synbol
sanples a first predeterm ned delay duratfron apart; determ ning a second
frequency offset by determning the correlation of 5 correspondi ng sanpl es
of two received preanble synbol sanples a second predeterm ned del ay
duration apart, said second delay duration being different fromsaid first
del ay durati AnCOHﬁQPQ@#ﬁQ nfregueneyd affset t mathods eoomtisesr dgtermiyingf aséitsd i n

paral 1 of br afefudiey;Birdet H7 ARy, B! iRt of orPSpBicing HRRIES i « 1
unanbi guous fwmqaet&mad @féaﬁbleesymbai SappRsi i@l¢|sstaprbaétc=,<ﬂfnmé‘d)@teﬁ\f;~ duraglegncy

estimation than the prior art method, for exanple using eight short
synbol s i nst 8Bartfet ?HB'“HPQ arsesppd figasensy effsetsineeiesmining the corelading of

preanbl e.5 15:5¥e SR S8pléY bP'iw@rrIecé l‘b‘?é‘zfﬁﬂPﬁ{ é@ﬁbﬂg;s‘%ﬂng%s'g%e%wods

utilise a first 'coarse neasure uslng mbol's "of t he
first preanbpademrmlaed sdelalyd dbratmrmsanaur esaidi rsgcohe slelayndiqnat&an‘ttbe?ng

i ncl udi t hal f t W.th t to the coarse
ssor enont - Qe ralDesai sk aheh Siraflod) i LOmBigbd SRR TS A peBond
shoul d be uspéquérdyedffdets inorder 48 detePniYes SRR u@nky %’F’f’@éﬂé‘éﬂrﬁaﬁ{ﬁ the phase,

a larger esti rratlon range nmust be used and this requires nunber of
synbol s. Hence the conpronm se

10 By using two parallel branches for frequency estimation, high precision
combined with unambiguous frequency offset estimate provides a better
coarse frequency estimation than the prior art method, for example using
eight short symbols instead of the prior art three short symbols and the
second preamble.

15
By comparison, prior art frequency offset estimation methods utilise a first
coarse measure using the last three short symbols of the first preamble, and a
second fine measure using the second preamble including two and a half long
training symbols. With respect to the coarse measurement, to achieve

20 maximum precision a large number of symbols should be used; however, in

 order to avoid the 2 ambiguity of the phase, a larger estimation range must
be used and this requires a small number of symbols. Hence the compromise
of three short symbols, necessarily resulting in a less accurate estimation of
frequency offset.

25

Preferably the apparatus further comprises means for integrating each said
offset determination over respectively first and second predetermined

integration windows. The sum of the delay and integration window durations



of. three short synbols, necessarily resulting in a |l ess accurate estimation
of frequency offset. 25 Preferably the apparatus further conprises neans
for integrating each said offset determ nation over respectively Z#ESt and
second predetermned integration windows. The sum of the del ay aﬁ 2006

i ntegrati on wi ndow durations 2 8 DEC 2006 11 for the first and second
frequency of fset determ ni ng neans nay b? equal and the receiver may
preferably receive 10 preanbl e synbol s, fhe first delay time being 1
preanbl e synbol duration and the second delay tinme being 4 preanble synbo
durations. The first integration w ndow |length may be 7 5 preanbl e synbol
durations and said second integration wi ndow | ength may be 4 preanble
synbol dur at fesARe firi @ndsasiond fieausasy offset determiping meansgvay bgregual and

rocessin r ' crding .tp. the

auat ) on: Ovorearessier SRAPBreffrbl fotelleds & e Rb R inE, Rl gbBatite 1 or
an OFDM r ecebeiag Napremrable fspmb@étc&rrgiim rtg}?b]tthe Qﬁ%drfd el trPfﬁe.t()jeing 4I
correspondi ng sanpl es of t receiv rea e synbaols, one said sa e
del ayeg a pr&f@t’&ﬁﬁi W&bﬂuﬁ@F'BHS-w ﬁP'P g@%‘p@@ﬁgrﬁﬂo'ﬂ ryandewelengthvszays beo

det erm ni iw i@hd vV LRI : )

I nt egr at ifgg %ﬁéﬁmvé sai d&%%?{rlrﬁﬁn% \%QFU%I#%S%QQlﬁtgﬁ{ﬁgﬁg%ﬁd@%tgy%& ;15
wherei n t he b@ddqyeanmibimswinbabdurationsi on i s not equal to said del ay
duration. A nethod of synbol timng in an OFDM receiver conprises

ynbol &, dat 10 SO, PR, PTBldTeRl " bebiosR " el R icHrelcll TRPAYS on

val ue wi t hi namanged to calculate the estimate according to the equation:

g£",+27r-z
2mmlL,,,, T

short

Af =

10 A symbol timing apparatus for an OFDM receiver has means for determining
the correlation of corresponding samples of two received preamble symboils,
one said sample delayed a predetermined duration with respect to the other;
means for determining the maximum correlation value within a predetermined
integration window, said maximum value indicating the start of a symbol;

15 wherein the integration window duration is not equal to said delay duration.

A method of symbol timing in an OFDM receiver comprises determining the
correlation of more than two identical short preamble symbols; determining
the symbol timing based on the maximum correlation value within a
predetermined integration window; wherein the integration window duration is

20 not equal to the delay duration.

Preferably the integration window duration is greater than said delay duration
and said correlation determining means may comprise: means for
determining the product of a sample of a said received preamble symbol and
the conjugate of a corresponding sample of said delayed symbol; means for

25 accumulating said product over said integration window; and means for



* predeterm ned integrati on wi ndow, wherein the integrati on wi ndow duration
is 20 not equal to the delay duration. Preferably the integration w ndow
duration is greater than said delay duration and said correlation
determ ni ng neans nmay conprise: neans for determning the producngécﬂm&
sanple of a said received preanble synbol and the conjugate of a
correspondi ng sanpl e of said del ayed synbol; neans for 25 accunul ating said
product over said integration w ndow, and neans for EEC 1C06, 12

accunul ating the difference between said product at the begi nning and end
of said integration wndow. Preferably the apparatus receives a

pr edet er m ned nungﬁr OB %hfanble 5 synbol s and wherein the sum of the
del ay dur at AGRUBHERLEG 1Be dffergnee petween saidvpradueitatdhe deginpirgard entdasi or

equal to thezduhiddrorlvisig Preanble synbols and the nunber of synbols
may be 10, the dgdéyldﬁrgf@c\)’ﬂ may bet synbol duration, and the integration

w ndow may be ni ne synbol durations. |In other preferred alternatives, the
nunber of synbols may be 10, the delay 10 duration may be 1 synbol

duration, a he . nteqgration wi ndow ma e 7 . synbol durations or the
number of s%%lribi)ﬁghye ngi@?uﬁ HRECMASA P ?FWHG%WQ%Qf%?mbIG durati ons,

and the §nt egmbblscanchivhidesnn TRy sOm & thyTidy ditiBhiRFsaid M Rfibhver my be
arranged to support various wirel ess LAN systens i hel Ud ng those using
M‘P&?

the convent w deraticgozreiaraatendhan PERQVAI D theduratin of sa bedarRBRCr i pti on
descr bed. . FETCERAH AupbBLaftaBYRTIAY o819 M5k plesichuration maviesth owi ng
figures in wshmbbl duration, and the integration window may be nine symbol durations.
In other preferred alternatives, the number of symbols may be 10, the delay
10 duration may be 1 symbol duration, and the integration window may be 7
symbol durations or the number of symbols may be 10, the delay duration

may be 4 symbol durations, and the integration window may be 6 symbol
durations.

The receiver may be arranged to support various wireless LAN systems
15 including those using the conventional IEEE 802.11a and HIPERLAN/2
protocols.

Brief Description of the Figures

20  Non-limiting embodiments of the invention will now be described, for the sake

of example only, with reference to the following figures in which:

Fig. 1 shows the format of a OFDM PHY frame of the known IEEE 802.11a
standard;

25 Fig. 2(a) — (e) shows PHY burst structures of five types of burst in the known
HIPERLAN/2 standard:;
Fig. 3 shows the time domain structure of an OFDM packet having 52 sub-
carriers;
Fig. 4 is a block diagram of a WLAN OFDM receiver:



Fi.g. .1. shows the format of a OFDM PHY frame of the known | EEE 802.11la
standard; 25 Fig. 2(a) - (e) shows PHY burst structures of five types of
burst in the known H PERLAN 2 standard; Fig. 3 shows the tine do 'D?{,‘( 2006
structure of an OFDM packet having 52 sub- carriers; Fig. 4 is a blo

di agram of a W.AN OFDM receiver; 28 DEC 2006 13 Fig. 5 shows preanble
symbols in the time domain; Fig. 6 is and4nplementation block diagram of
the algorithmfor deriving P(d) in the signal detection algorithmof the
enbodi ment; Fig. 7 is an inplenmentation block diagram of the algorithm for
measuring 5 signal energy in the enbodi rrent;hFlg.ng ((ja) atnd I(:b) o (a)
iIlustrates the 2-stage AGC process used in the enbodinment; Fig. 9 (a) -
(c) illust rzﬁ'%ss ?H%Wﬁi%ﬁ‘f“’i’fﬁb‘?eiwlé‘)@ﬂ” thrtimadieraaiannel  of th_eI I enbodi nment ;
10 Fig. 10 ig; : Dl ey ' - Ehg. 11 i ll.ust es an
operatgi on rr[)dlsl;e'IU@é)S{c aﬁiﬁngtcﬁmﬁﬁ?nﬁﬁzﬂ etkec(j:l %ﬁ“&ggﬁ)ﬁwmﬂn féﬁ%_%ﬁ\('ﬂ%rﬁ(,aslﬂ g. 12
shows a syntibe signall detegtior eldaithml afthe tembodisent;n t helznbodl rrglnt ; ) g! g. 13
illustrates the_effect. of freguency offsets; 15 Fig. L is a block diagram
of a carri er':t'%na 1Si WH@%%EH%HPS&PP%@@QWiqfhtlkt"p algedthm fonemeasisifigrent ;

Fig. 15 bs aidHdrekerdy2artA8Mbsimaase shift conpensation al gorithmused in
the enbodi nent; ’

Fig. 8 (a) and (b) illustrates the 2-stage AGC process used in the
embodiment;

Fig. 9 (a) — (c) illustrates the timing metric of the AWGN channel of the
embodiment;
10 Fig. 10 illustrates three possible DFT windows;

Fig. 11 illustrates an operation model of symbol timing detection used in the
embodiment;
Fig. 12 shows a symbol timing detection algorithm used in the embodiment;
Fig. 13 illustrates the effect of frequency offsets;

15  Fig. 14 is a block diagram of a carrier and timing synchronisation algorithm
used in the embodiment;
Fig. 15 is a block diagram of a phase shift compensation algorithm used in the
.embo"diment;
Fig 16 is a diagram illustrating the pilot carriers in an OFDM symbol;

20  Fig 17 is a block diagram of a frequency tracking algorithm;
Fig. 18 shows simulation results B of the rms frequency tracking error
obtained by the embodiment; and
Fig. 19 shows simulation results of the BER performance of the embodiment
in an exponential decaying multipath Rayleigh channel

25

Detailed Description of the Preferred Embodiments

Figure 4 shows a typical architecture for an OFDM packet based receiver.

30  Such a receiver may be used in a mobile terminal for example. The RF



Fi.g 16.is a diagramillustrating the pilot carriers in an OFDM sy | : 0
Fig 17 is a blogk di agram of a frequency tracking al gorithm F!g.?E&Egﬂ@ﬁs
sinmulation results B of the rnms frequency tracking error obtained by the
enbodi ment; and Fig. 19 shows sinulation results of the BER perfornance of
the enmbodi nent in an exponential decaying nultipath Rayleigh channel 25
Det ai | ed Description of the Preferred Enjfodi nents Figure 4 shows a typical
architecture for an OFDM packet based receiver. 30 Such a receiver my be
used in a nobile termnal for exanple. The RF 2 8 DEC 2006 14 section
conprises an antenna 10, a band-pass filter 11, and a | ownoise anplifier

' ' 1 ich miltiplies the incomng RF
iizgnllhef Lgm%ﬁg&pﬁgpéﬁng%%ﬁ%r@?rﬂaﬁ@ ?i?aV\IQTR?@ﬁlﬂtRﬂ&séW edpwrnaige sij gnial
the product aphplifer ab. iThel Iehdcfion domilstideass |){ért1%r\{vp1?h ﬂwpﬁBlléQt vari abl e 5

| ow- noi se anplifier 16, the output of whichis s n- phase (real)
and quadr atiRgaMingRiysigaeyroe |Dmun®lsemnmil’ﬁes1217hﬁsa e RFhescikdtoh14onpr i se

' t f quenc si gnal
?r o];nurt Egr var ||téglp8églﬁ- E/n rﬁﬂblrseﬁéﬁlégeai%at I 3 F&gfe‘gi §%g'ﬂ é‘{&gl"\?é@ si gnal
from an 5i nﬂ@nnﬁﬁheaémgflfmmﬁé’ohﬁﬁﬁl'ofWH is%tpﬁif uﬁgsebﬁgfé '('r%‘ai driy m xer 17

bei ng del ayed 10 by 90 or a quarter phase using ayln conponent
18. The out &l@gratgfe Hﬁnﬁgmrmm@uﬂ brenehes. eblogsef br(anlcbea elach-cpagsiskid ter 20

d 21 o- di converter 22 and 23
Fespect i vel v ianger 10 Sl R RRE M e s p e T oz, i 1
this exanpl ebhanalhélﬂ)ellﬂﬁ noldeeambpéified 16 agdWrﬁﬂﬁblsb(r&eﬁvéstar@?r%#ont?ﬁﬂd OFDM
signal, which cont altenfc,reboth the 15 preanbl e and data synbol's of

i ncom ng padigfmedia

10 by 90° or a quarter phase using phase delaying component 18. The outputs

quency local oscillator 24, the input to mlxer 17 being delayed

of mixers 17 and 19 are each fed to a low-pass filter 20 and 21 respectively,

then on to an analog-to-digital converter 22 and 23 respectively, the outputs of
" which are fed to a complex combiner 26, in this example an I/Q LPF. The

resulting signal r(m) is the base band OFDM signal, which contains both the

15 preamble and data symbols of the incoming packet.

A synchronisation function 1 receives the base band OFDM signal and uses
the preamble of the incoming packet to perform a number of sychronisation
functions. These include signal detection, automatic gain control, frequency

20  offset estimation, and symbol timing. The synchronisation function 1 controls
gain controller 30, frequency controller 31, a phase shift compensation

function 40, and a window control function 41.

The gain controller 30 in turn controls the variable low noise amplifier 16 and
25 is intended to compensate for the bursty nature and varying signal level of the
incoming signals, with the aim of providing a reasonably uniform signal level
output from low-noise amplifier 16. This improves the accuracy of the
receiver, and in particular the accuracy of the analog to digital converters 22

and 23 which will be optimised for a particular range of signal level.
30



" A.synchronisation function 1 receives the base band OFDM signal and uses
the preanble of the incom ng packet to performa nunber of sychronisation
functions. These include signal detection, automatic gain control, 2§ DEC 2006
frequency 20 offset estimation, and synbol timng. The synchronisation
function 1 controls gain controller 30, frequency controller 31, a phase
shift conpensation function 40, and a wsndow control function 41. The gain
controller 30 in turn controls the variable | ow noise anplifier 16 and 25
is intended to conpensate for the bursty nature and varying signal |evel of
the incomng signals, with the aimof providing a reasonably uniform

cauracy of TRotPadnG/FoRdlle 37 S B reteRnes nealhulp 2% e el og 1o

digital convesdiwsrsadd thigme tad otirels M bihe oA bisBlISRTs fPthedeBal Y,CU' ar
range of si ?r&?tig}il evel. 30 2 8 DEC 2006 15 The frequency controller 31

controls a Re\&re rastia freguieney acat osdllater 14 imad thedetermediatd this in
turn cont ro'fr%q%hc fo%ﬁfoé&lﬁ’(l) Qgci | lators in the receiver, including the
y Io)gal ator

radi o frequenc 0SCl r' 14 and the internediate frequency I ocal
oscillat®r 24. 5 The base band signal r(m is passed on to a phase shift
conpensati o functi on, 40 V\(n .is also controlled g?/ t he synchroni sation

iC (
function 1 4h8 haserialiq ideg! (maisparsediartta arhase shift eampensationt
conpensat i of,r{d4BRUMORNER ib %Isod&ﬁ'ﬁfdllgﬁ%x' tﬂe%?'hehllon%tf&wfupf&io@i Iaﬁgtap ut - of
the phase shift conpensation function 40 I's’passed on to a " to
Paral | el di freaaeney acking dimatione2. The phasé shifdtdrnpeasationrfanonss40 e
described in detail below.

10
The output of the phase shift compensation function 40 is passed on to a
Serial to Parallel digital signal converter 42 which additionally removes the
guard interval signal components from each symbol. The Serial to Parallel
function 42 converts a predetermined number of incoming digital bits

15 (samples) corresponding to the combined samples of the base band signals
from the ADC’s 22 and 23 into a word corresponding to an OFDM symbol.
When the FFT function is processed, a predetermined number of incoming
samples are needed for input to the FFT block simultaneously. The
predetermined number of samples, which are partially processed by the FFT

20  and partially removed of the guard interval, represent a received OFDM
symbol. It is important that the word corresponding to the OFDM symbol starts
at the right sample bit in the incoming bit stream in order for accurate symbol
recovery. ltis therefore important to accurately determine the symbol timing,
or start of symbol.

25
The length of each symbol is known in advance and so an appropriate
window length is applied to the incoming base band signal to retrieve
individual symbols. In doing this the guard interval signal components are
removed. The timing of the window used to retrieve each separate symbol is

30 controlled by the control window function 41, which in turn is controlied by the



*guard interval signal conponents fromeach synbol. The Serial to Parallel
function 42 converts a predeterm ned number of incomng digital bits 15
(sanpl es) corresponding to the conbined sanples of the base bandzrgnan?dn%
fromthe ADC s 22 and 23 into a word corresponding to an OFDM synbor” en
the FFT function is processed, a predeterm ned nunber of incom ng sanples
are needed for input to the FFT bl ock siqaul taneously. The predeterm ned
nunber of sanples, which are partially processed by the FFT 20 and
partially renoved of the guard interval, represent a received OFDM synbol.
It is inportant that the word corresponding to the OFDM synbol starts at
the right s i n the.incom n%it streamin order for accurate

ample bit . )
symbol  r ec&r)rlgpsr_onllstatlpg fuRetion ito@c? symwRel iping-bag heen ﬂetﬁgﬁgﬁ?ﬁl-n@hihe
synmbol tim I f t [s known
[ % advance gﬂgdg\g 'Saﬁhgf}%?gé? i%gtgg% \t/ueznglé%-vﬁalqg{neg?ﬂ %ﬁé’ﬂg%gf?@&?%(o_ ﬁﬁﬂrel ncom ng
base band sithaldhetstart of epel eopy nfla syhial asiyvibg from hultifse patHidisswithie guard
i nterval siq al, onents are renoved. The timng of the w ndow used to
retrieve eacﬁ &Vé@%ﬂgte synbol is 30 controlled by the control w ndow
functions4l, which in turn is controlled by the 2 8 DEC 2006 16
synchroni sation function 1 once the synbol tim ng has been determ ned. The
wi ndow i s arihgngetyidusrl SFPMmymbals graatat! frometheBeril tgPRarllal furmtiderd ©

ensure that f .a synbol arriving fromnultiple
AR L T L N RN T
Serial to thlmbcéumngﬂlﬁ@rtﬁlz).t These VariesiePa85ed bANS 0P r@atibls Wngn 43
[ the s ol .val ues on
whi ch separ %tilgtsextraectio% function 44 which removes the preamble values and the
10  values associated with the four pilot subcarriers. These values are used for

the channel estimation and frequency tracking function 2.

The channel estimation and frequency tracking function compares the
incoming preamble and pilot values with stored preamble and pilot values 45
15 to determine the effect of the air interface channel, and to instruct the
equalizer 46 to correct for this channel. This function 2 also monitors the
subcarrier frequencies over time and controls the phase shift compehsation

function 40 to compensate for any drift over this time.

20  The channel equalization function 46 corrects for the effects of the air
interface channel between the transmitter and the receiver antennas. After
channel estimation and equalization, the signal for each subcarrier is
demapped into binary data according to the modulation type of the subcarrier.
The data sequences are then decoded. These functions are carried out by

25 demapper or demodulator 47 and channel decoder 48 respectively.

Embodiments of the invention provide improved methods of: signal detection;
automatic gain control; frequency offset estimation; symbol timing; and
frequency tracking as described below.

30 '



‘ each subcarrier (12 or 52). These values are passed on to a preanble and
pil ot extraction function 44 which renoves the preanble val ues and the 10
val ues associated with the four pilot subcarriers. These val ues are used
for the channel estination and frequency tracking function 2. 2hgec apnel
estimation and frequency tracking function conpares the incom ng preanble
and pilot values with stored preanble ang pilot values 45 15 to determ ne
the effect of the air interface channel, and to instruct the equalizer 46
to correct for this channel. This function 2 also nonitors the subcarrier
frequencies over tine and controls the phase shift conpensation function

. drif r this, tj ... 20 .Th h | equalization
functi on a6 areel ecplitd o' 4 Pifiadrent aPEiinientincmaRys cehel bet vieon
the transmi flritionasd 4Me2rafieh YRS daStRIER:. dedh Bélomﬁh%@@'cpqﬂ?@trg{@b' on and

equal i zation, the signal for each subcarrier is demappe I'nary data
accordi ng t ®acket |detedion; yieCofauiormaticipaiargdndiol) offided frdguanspquences ar e

' : i ' by, 25..d denodul at
47 and chandel Aean R oY Be B SRS R R B RROET The i vention

provide $nproved nmethods of: signal detection; automatic gain control;
frequency offset estimtion; synbol timng; and frequency tracking as

descri bed bdh§gmbediment prgvidesinat trese fusetions ptiliseconatiapgingpreanateodi nent

detail bel o MHosCERAA¥Ete AaKRse HEFLEAIRGE A¥lebatabBHa e S bbmar i ¢
gai n cont r offijstlyfdetettsfthe gtehoftheesgnatatidomeasyregahe indBrigigaishdl owERNCY
tracking f u?grtthgrEGCSprocess. Whilst performing the AGC function, the frequency
10  offset estimation and symbol timing functions are also performed. This is
achieved by using at least some of the same symbols for each function. in

other words these functions use overlapping training symbols in the

preambie.

15 Conventionally the above operations are done one at a time using se.parate
preamble symbols. For example the first seven short training symbols are
used for signal detection and AGC. The remaining three short training
symbols are then used for coarse frequency offset estimation and symbol
timing. Then the two long training symbols in the preamble are used for fine

20 frequency offset estimation and channel estimation.

We now describe in detail the operations performed by the units 1 and 2.

25

1. Signal Detection

Since the radio environment in which the wireless LANs operate is usually
adverse, the transmitted signal is distorted by multipath fading, collapsed with

30 thermal noise, or interfered by other signals. This distorted signal may cause



* The' enbodi nent provides that these functions utilise overl apping preanble
synbols in order to maximse their accuracy. At the baseband, tpj§ pECHyEr
firstly detects the start of the signal and nmeasures the incom ng signal
power for the AGC process. Wiilst performng the AGC function, the
frequency 10 offset estimation and synbol timng functions are al so .
performed. This is achieved by using atqg east sone of the sane synbols fo
each function. In other words these functions use overlapping training
synbols in the preanble. 15 Conventionally the above operations are done
one at a time using separate preanble synbols. For exanple the first seven
short traini l.s are .used r .signal detection and. AGC.. The

renai ni ng tktlirq%é&}sl%erc}ttgtn?%lf%n‘f&"eg{/ﬁ%%?@ﬂﬁr%e‘ﬁﬂ'émg aeeapsiticionbite: fr equency
of fset esti mmisiag tﬁ@‘éoﬁr}éﬁbﬁésitiéh,rﬁrpgst rﬁi&%lhgtt'ﬂg detecti R In bbf Siddd drﬁ&”bo' s in
the preanble are used for fine 20 frequency offset estimtion and channel
esti mati on. PAsSkebwilldesdeslaed lastley the raceives piienaitins-opepéoodradditye t he unit s

1 and 2. 2 ' { dj ' t i ich th
i 1ol ess LARETSTEERS BTSERLA L RRe0RniE b IRers RevRtamghapure |
di stortedl byackétlopaiil herbmg de@ﬂids@nﬁ@d:v&émsys%@mtthﬁ‘dd@{guﬁBh{sﬁiél Ao 006

interfered b%/ ot her signals. This distorted signal may cause 2

18 the receiVEFasd thekeaniasnsnssiondicne pbpackei@dahence,snloagguisiayican whi | e
m ssing the b%otﬁd%{eooosition, or just mssing the detection. In both cases
the packet w be declared | ost by the receiver after a tinme-out period
and the transmtter has to retransmt the packet while other users have to

wai t. Such acket Jo w ll not only decrease the overall system
t hr oughput %’J{%rﬁrt' L|1n|{.§| ‘Eaetect a SIgnaI%y r%easunng the correlation of incor>1/1ing

10  signals. Consider two repeated training symbols as shown in Figure 5 that are
identical to each other at the receiver except for a phase shift caused by the
carrier frequency offset. If the conjugate of a sample from the first symbol is
multiplied by the corresponding sample from the second (delay time T4 = T<hon
later), the effect of the channel should be cancelled and the products of each

15 of these pairs of samples will have apprbximately the same phase. So the
maghnitude of the sum will be a large vaiue. When this correlation value is
larger than a detection threshold, the receiver is informed that a burst is

arriving. The detection threshold is normally set by experiment.

20  The present embodiment provides that the energy of received sighal samples
is measured. The power of each received signal sample is calculated and
integrated for a duration of Tw. If the sample interval is T, Tw=WT, i.e. W

samples are processed to calculate the energy which can be written as

25  R(d)= fjr(d +m)’

m=0

where W is window length, which represents the number of samples used to

compute the signal energy within the window, d is a time index corresponding



" increase the nmean transm ssion tine of packet and, hence, a |onger delay
can be expected. Prior art units 1 detect a signal by neasuring the

correl ation of incom ng 10 signals. Consider two repeated training 7ypiofss
as shown in Figure 5 that are identical to each other at the receiver
except for a phase shift caused by the <carrier frequency offset. If the

conjugate of a sanple fromthe first sy l is mltiplied by the
correspondi ng sanple fromthe second (delay time Td = Tsnort .later), the
effect of the channel should be cancelled and the products of each 15 of
these pairs of sanples will have approxi mately the sane phase. So the

magni tude of the_suymw |l be g |arge value. Wen this correlation value is

I a?ger t han 18 tg%lf'é#tsiampl?l‘ﬂ@é’HB@W%chES?EEée%@”q B ip the sa@wle ingdexofbur st i s
arriving. Thee@@h@&ki on threshold is nornally set by experinment. 20 The
present enbodi ment provides that the energy of received signal sanples is
nmeasured. The power of each received signal Isarrpl eis f:a! cu[l_at '?'d 3\;\_d . W
integrated fgr uratjion of T f e sa e interval is T, Tw=W, i.e.
sarrplges are ﬁ}eo%ggs@d’ ?%OB%"E%{VQY&'% %EOWH&"E?VWPﬁWMaW-Wi tten as 25
R(d) = r6d +m2 ni=0 where Wis w ndow | ength, which represents the nunber
of sanples used to conpute the signal energy within the wwindow, d is a

tinme index cpide Qopg&ﬁgh@ﬁ“ﬂﬁcle&?EG 19 to the first sanple in a w ndow
a

of Wsanples, and mis the s dex of the window. The R(d) can be
obtained by the following iterative conputation. 5 R(d + 1) = R(d) + r(d +
w2 -1lr(#
( The implementation diagram of measurement of received signal energy is
shown in Figure 6.

10

The received signal samples are input to a buffer with size of W samples. The

buffer is initially set to be zero. The powers of the first and the last sample in

the buffer are calculated. The power difference is accumulated as time goes
by. The output of this circuit is the measured energy of the received signal

15 samples over a window length of one short symbol. It can be seen that as the
leading edge of the window hits the start of a symbol as shown in Figure 5,
the energy measured begins to accumulate. The output R(d) is compared with
a reference threshold which should satisfy the minimum receiving signal
power specified in the IEEE or Hiperlan standard and is adjusted by

20 experiment. In other words, the threshold is set so that as long as the
received signals satisfy the minimum requirement of the received signal
power, R(d) will exceed the threshold.

Once R(d) exceeds the threshold, it signals that there is possibly an incoming

25 signal. But high noise and interference can also lead to R(d) exceeding the
threshold. So R(d) is provided for the signal detection reference threshold in
Figure 7;ie |P(d)| > p R(d)

Referring to Figure 7, r(m) denotes the sampled received signal, the sum of

30 the products of the signal sample pairs is:



" The' inplementation diagramof neasurement of received signal energy is
shown in Figure 6. 10 The received signal sanples are input to a 2ﬁ%ﬁ§2%%
with size of Wsanples. The buffer is initially set to be zero. rs

of the first and the last sanple in the buffer are cal culated. The power
difference is accunul ated as tinme goes by. The output of this circuit is

t he measured energy of the received sig 15. sanples over a wi ndow | ength
of one short synbol. It can be seen that“as the |eading edge of the mnndow
hits the start of a synbol as shown in Figure 5, the energy neasured
begins to accunulate. The output R(d) is conpared with a reference
threshol d which should satisfy the m nimumreceiving signal power
specified in the | EEE or Hiperlan standard and is adjusted by 20
experiment. In other words, the threshold is set so that as long as the

received si gh@ls %ﬁym g {1 Ripmim requi rement of the recei signal
power, R(d) w I)I ; ce(ed the threshold. Once R(d) exceeds the t(ﬁ?eshold, it

signals that there is possibly an inconming 25 signal. But high noise and
interference can also lead to R(d) exceeding the threshold. So R(d) is
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correlation window. This window slides along in time as the receiver searches

for the first training symbol. T is a sample interval, so the delay time T4=DT

and the length of the integration window Tw' =WT. Preferably Tw=T¢=Tshon.

10 This has the advantage of less hardware complexity due to smaller buffer size
compared with the case of Tu>Tshon. Secondly, this part of the hardware can
be reused by the function of frequency offset estimation and symbol timing.

Thirdly, there is fast acquisition due to small delay and integration duration.

15 For signal detection, the delay time Tqis set to be one short symbol i.e. Tg=
Tshon=16T; where T; is chip interval of 50ns. If the sampling rate is equal to
the chip rate, T.=T. Normally, oversampling is needed, and the integration
window length T is set to be Tehort .

20  P(d) can be obtained by the iterative formula:
P(d+1)=P(d)+r"(d+W)(d+W + D)~r'(d)r(d + D)

A corresponding implementation diagram is shown in Figure 7. The recei.ved
25 signal samples ry, are input to the Buffer1 which has a size of D samples. The
first sample of Buffer1 is muitiplied with the conjugate of the last sample of
Buffer1. The product is input to Buffer2 which has a size of W samples. The
difference of the first and the last sample in the buffer2 is accumulated over

time. The Buffer1 and Buffer2 are initially set to be empty. The output of this



' 5.a window of sanples and D is the nunber of delay sanples between synbols
in the preanble. Wis the nunber of sanples for the |ength of the _
correlation window. This window slides along in tinme as the recel &/ BEC 2006
searches for the first training synmbol. T is a sanple interval, so the
delay tinme Td=DT and the length of the integration w ndow TW =W
Preferably TWTd=Tshort . 10 This has thg advantage of Iess_ har dwar e
conplexity due to smaller buffer size c ared with the case of TWTshort.
Secondly, this part of the hardware can be reused by the function of
frequency offset estimation and synbol timng. Thirdly, there is fast
acquisition due to snall delay and integration duration. 15 For signal

det ection, tHEUHds e avieecortelation ef theoeseiver sastmes. 15 damis thattheTalits-

Tshort =16T, : i hip. | r of . 50ns. .If the sanplin ate is
equal to thé(lamﬁ?tﬁa;‘rg&ée,geq?é:r%é ﬁt&ﬁéﬁ)@ﬁsa&lﬂ% 19&igy f'g‘egget‘é%?%é‘ﬁg t he

i ntegrat i on intdgnaliton deragbh of Wi=3\Feas chRuRgedshort . 20 P(d) can be
obtained by the iterative formula: P(d + 1) = P(d) + r' (d +Wr(d +W+ D)-
r' (d)r(d + D) A corresponding inplenentation diagramis shown in Figure 7.

Th i i L i Buf f erl ,whi.ch. has a

ci'ze of B saryuse tafls SRORCES HEMANER! b SRty SincalbhirRien ne

conj ugat e ofwhicb Withbe disoyssed ddter, Bhié besffer 2ThEigure Jusdn bé shBRsd by 8ol f er 2
difference of the first and the | ast
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" the. aut o-no rol ool dompafe it 8o L tnfechdiy Bebe et oTB @t o-
correl ati on tefdejerseigaeviethesf theatasired digrahid éstestedn del ay tine of Td=DT and
i ntegratj,on duration of Tw=W is cal cul ated.

The detection threshold is important for the performance of signal acquisition.

The embodiment proposes using the measured energy R(d) of the received

signal to generate the detection threshold which is adjusted by experiment.

If |P(d)| doesn’t exceed the threshold, the detection function will continue to

15 célculate |P(d)| until it exceeds the threshold. Most packets or signal bursts

will be detected within two short symbols. If |P(d)| doesn’t exceed the

threshold over the first preamble, the packet will be lost. Through computer

simulation, it has been shown that the probability of detecting a packet within

two short symbols is higher using the method of the embodiment than using
20  the prior art methods.

This detection method can be applied for both IEEE802 .11a and Hiperlan

protocols as these both contain an initial preamble of respective training

symbols. In IEEE802.11a, the 1% preamble of the received burst consists of
25 10 repeated training symbols. In Hiperlan, the first preamble structure

depends on the burst type, but each contains at least five repeated training
symbols.

2. AGC (Automatic Gain Control)

30



' 5 Because P(d) is also used for symbol timng and frequency synchronization
which will be discussed |ater, the buffer 2 in Figure 7 can be shared by
both signal detection and synchronization functions. Then the abs?g%ﬁ 2005
value of P(d), IP(d)J is used to conpare.with a detection thresho
dependent on R(d) to determne whether the desired .signal is detected. 10
The detection threshold is inportant- for,fhe performnce of signal

acqui sition. The enbodi nent proposes u% g the neasured energy R(d) of the
received signal to generate the detection threshold which is adjusted by
experinment. If IP(d)l doesn't exceed the threshold, the detection function
w Il continu 15 calculate IP(d)l until it exceeds the threshold. Most
packets or S(S@% fhepiirrgnaittegdisignalds detestacs dhewedeiven istrigderet ts praybAGC | f

rrbl e, the packet
PO, AoeomhSeeiens iyt oY LO00AL B oLt AR PRI Db GumimisREC ket
probability wrﬂelyalafwhgmggrmlrpweeﬂew% Bha to veEn&P BisigndTat hscdr?stzﬂ'\tgh ust ng
t he net hod of thei% odi pent than using 20 the prior art neth Thi s

det ecti on ntWS ’Ef@tﬁﬁﬁ’laﬁétpﬁf@rA&F%n\lqEEBQZ 2315ham1ﬂﬂl—lu§ﬁacambe .
rotocol g a oAb RS r I |ve rai ni ng
gynbol S. %I nSrInEHlEéléggtz%lAl}ba t?}@ %{Hr?ele% ‘J'Iil © Oﬁl{%orﬁF 99&9'& onsi sts
of 25 10 repwatessariamaximgizegnbol s. I n Hi perI an, the f| rst preanbl e
structure depends on the burst type, but each contains at |east five
repeated training synbols. 2. AGC (Automatic Gain Control) 30 28 DEC 2006
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AGC. The control gain is applied to both the symbols for synchronization and
10 the symbols carrying data. The preambles modulated by QPSK require less

accurate control gain than the data symbols, especially those modulated by

64QAM. To meet the requirement of a" kinds of symbols, conventional AGC

needs a long period to achieve an accurate control gain.

15 -In the embodiment, AGC operation is divided into two stages. At the first
stage, coarse AGC is done when the signal is detected. The coarse control
gain is used to adjust the subsequent short symbols until the symbol timing
and coarse frequency offset estimate is obtained. At the second stage, fine
AGC ié done following symbol timing. The fine control gain is used to adjust

20 the subsequent second preamble and data symboils.

The two-stage AGC method of the embodiment is illustrated in Figures 8a and
8b. Atthe first stage, the received signal energy is measured firstly as
described above with respect to Figure 6. AGC reuses the energy

25 measurement circuit which has Ty, = Tshon. At the moment when a signal is
detected, the first stage AGC is triggered. Preferably two short symbols are
measured. At the time of signal acquisition which is mostly finished within two
short symbols, the receiver assumes that at least one short symbol is
received and measures one more short symbol then averages the two

30  symbols energy. The mean short symbol signal energy R(d) is used to



" AGC adjusts the gain of a variable gain anplifier (VGA) 16 to accommopdate
w dely varying signal power levels and to naintain a signal with constant
power |evel into the base-band A/D converters 22, 23. Then full use can be
5 made of the A/D resolution and the signal to noise ratio ihf 0FR200ita
signal processor is maximzed. Conventionally the first 7 short synbols
are used for signal detection and AGC. e control gain is applied to both
t he synbols for synchronization and 10 e synbols carrying data. The
preanbl es nodul ated by QPSK require | ess accurate control gain than the
data synbol s, especially those nodul ated by 64QAM To neet the requirenent
ol s, conventional AGC needs a |ong period to achieve

of all kinds of s
an accurate c@@?ﬂ'?‘énﬁﬁaﬁcﬁ C gein. | AGErRair ipobiairet by searobing atoakupitablsi vi ded

into two st one t he signal is
det ect ed. Tﬁ%%égdalﬁg 1S i {)btrgiﬁi of ﬁ%ﬁﬂ?gslﬁj%e gﬁ]t gi{eqeﬁ\ée{hgggb%@{g Yshort
synbol s unt iThet lbeksgmatma is comﬁmct%dc@@r@lirﬁg?td‘ﬂh@%%\ﬁbﬁg%?rﬁ@ﬂé estimate is
obtained. At the second stage, fine AGC is done follow ng synbol timng.
The fine control gain is used to adjust 20 the subsequent second preanbl e
and data synbol s. t wo- stage AGC net hod of the enbodinent is illustrated
in Figurgs 8@_a@d 8b. At the first stage, the received signal energy is
measured firstly' (d)descrl bed above with respect to Figure 6. AGC reuses
the energy 25 measurenent circuit which has TW= Thoort. At the nonent when
a signal is detected, the first stage AGCis triggered. Preferably two

short synbol e~ .easured. At the,ti nal acquisition which is
nostly finis e%'r%/\?t'n%ﬁ Wgé |£’£f '%Sh%g%@?‘\ﬁé%?&@nd/ of pibafeterence at

| east one. shergp Wit isigiopb@ieRaM ol then
averages the two 30 sylrsrbpﬁrop ener gf%érmeérﬁg%m%ﬁ%rtﬁggaﬁgﬁﬁggﬂéﬁﬁéﬁg ay
R(d) is usedYMmbor egergycBegagse AGC function interacts at the IF and RF parts of the

10 receiver, the theoretical reference energy R, cannot be calculated only on

baseband. Normally it's adjusted by experiment and hardware debugging.

The obtained control gain is used to adjust the VGA 16 immediately.
At the second stage, the output of the energy measurement circuit is delivered
to an 1R (Infinite Impulse Response) Filter which is triggered 'by signal

15 detection. The input and output of the IIR filter are updated every Tghort =
800ns. As is known an IIR filter provides a weighted average of its inputs and
so its output at the end of the short preamble will be the average short symbol
energy over perhaps 7 short symbols. When correct symbol timing is
detected, the second AGC adjustment is triggered. The output of the IR filter

20 will be used to search the control gain in the same way as at the first stage.

In the first step of AGC, one or preferably two short symbols of the first
preamble is measured to obtain an AGC gain and then the amplifier 16
before the ADC (22,23) is adjusted. During the second step of AGC, the

25  following short symbols are measured to update the AGC gain to a more
accurate value. If signal detection occurs after two short symbols, coarse
AGC after a further one short symbol, then fine AGC will utilise 7 short
symbols as shown in figure 8a. This provides a more accurate measure than

prior art methods, whilst at the same time allowing symbol timing and



" 23 calculate the AGC gain. AGC gain is obtained by searching a | ookup table
according to the output of the measurenent circuit of received signal :
energy. The | ookup table is constructed according to the following
formula. 5 G=G R'J R(d) Were Gis the AGC gain, G is tzmegggnmﬂ al ACGC
gain and Rref is the reference energy which is proportional to the nean
val ue of the transmtted one short sy | energy. Because AGC function
interacts at the IF and RF parts of the “T0 receiver, the theoretical .
reference energy Rref cannot be calculated only on baseband. Normally it's
adj usted by experinment and hardware debuggi ng. The obtained control gain
is used to adjust the VGA 16 immediately. At the second stage, the output
of the energﬂﬁqwa%ﬁ)gﬁ@frﬁsﬂfmat&mﬁoStértdléludih/eaéler. The nuwmbeRof nefaisardde | npul se

' | Gh: 18 L] r ' | 1 tection. The input and
out put of 1 EoTsdie i} e SABRE TRt B ARG 0 el Ried By Skl Rnown an
IR filter pnungdEise aaneablgiyaitamplifieges &f thehsadjnsted aganfito S@videSa Out put  at
the end of the short,. pTre nble will be the average short synbol energy over
per haps 7 sI?BF‘Ftaé‘?Hﬁtﬂ Q.r?'w@rllowmwmmmats icligingsthedinecload, the second

ACC adj ust ”%Péarinﬁléér:\@%faeé&mﬂ-@ﬁ G itrafle the IR filter 20 will be used
n the sanme

to search the control gain’i way as at the first stage. |In the
first step of AGC, one or preferably two short symbols of the first
preanble is

bef oot he: AbRts 2oedimeBt 252 aidfnCCoahtegs Shiatamias adopiashasshaGD nt he 25
accur at 6 val Lo LT ot e o6 SO AR e B, O Coar se
AGC after aPreamhis arenaessiwed tebtain anAGE §ainandGBenithé ampliiese67 short
10 before the ADC (22,23) is adjusted. Two short symbols are typically used as
this is how many symbols are typically required. for signal detection, which
triggers the first stage of AGC. During the second step of AGC, typically the
following seven short symbols are measured to update the AGC gain to a
more accurate value. The variable gain amplifier 16 is then adjusted again to
15 provide a constant gain for the following incoming signals for one frame. Note
the second AGC adjustment is triggered by the symbol timing function
(described below). When correct symbol timing is determined usually after
the remaining seven short symbols, AGC gain for the second AGC adjustment
is completed and the variable gain amplifier adjusted accordingly.
20

3. Symbol Timing Synchronization

The objective of symbol timing is to know when the symbol starts. A timing
error gives rise to a phase rotation of the subcarriers. This phase rotation is
25 largest on the edges of the frequency band. There is usually some tolerance
for symbol timing errors when a cyclic prefix is used to extend the symbol as .
is known. That is, if a timing error is small enough to keep the channe!
impulse response within the cyclic prefix, the orthogonality between
subcarriers is maintained. In this case a symbol timing delay can be viewed

30  as a phase shift introduced by the channel, and the phase rotations can be



" synbols as shown in figure 8a. This provides a nore accurate neasure than
prior art nethods, whilst at the sanme tine all ow ng synbol Flnlng and 28
DEC 2006 24 frequency offset estimation to start nuch earlier. B@qumMer
of nmeasured short synbols in the second stage is variable and deterni ned
by synbol timng. The variable gain anplifier 16 is then adjusted again to
provide a constant gain for the follomﬁﬂg i ncom ng signals including the
two long 5 preanble and data symbols for™one frame. In this enbodinment, a
2-step ACC process strategy is adopted as shown in Figure 8. In the first
step of AGC, typically two short symbols of the first preanble are
measured to obtain an AGC gain and then the anplifier 16 10 before t he ADC
(22,23) is oRftirated bymwshamsl estimate  axtimetshift isdargerdban thaes cydlicipsefig how

nbol sjqqr | I ' far. si tection, which . triggers
The t1 7ot stsgris Regboriarkiehddlidedt HTr o ifleritya Bl g
fol I owi ng se(@i) vettich is sypibo fronatre krASHIT @M afts?.mmd,aibenéél%d“@o&?tﬂé toa -
nore accurate val u The variable gain anplifier 16 is then adjusted again

to 15 provi o%’“&b@oﬁ@?@mreg& erdepfo feficedSl o mipasacotation, thegestinatioor one

f . Nete i i 1 the symhgl timng
Uncti on > ( dang, O Bt e AT SRbulctod LBt g BRI BB i nec
usual | y af t eprefarhblyrasmegarito ghe sterhobtherdynstysiiael gossid®: gain for the second

AGC adjustnent is conpleted and the variable gain anplifier adjusted
accordingly. 20 3. Synbol Timng Synchronization The objective of synbol

phase rotat | o o ahaLe) o gtioh fidfie Pl AfDs 81 a8 indhki il ' 0"
t he edges ofFighee § (@gghaves/anandmpignef thel iminguaétric \abue at @l windbaeslides
10 past two repeated training symbols for the AWGN channel for an OFDM
signal. The peak value of the timing metric determines the start time of the
received symbol. Note however that for more than two repeated training
symbols (as in the case of practical systems), the timing metric P(d) will

produce a plateau as shown in figure 9(b). Such a plateau makes precise
15  detection difficult.

For a multipath channel, the timing metric reaches a plateau which has a
' Iéngth equal to the length of the channel impulse response so that there is no
ISI within this plateau to distort the signal. This plateau is caused by delay
20  spread and adds to the above timing metric plateau. Although it is possible to
detect the start of the frame by measuring the edge of the plateau, this
plateau leads to some uncertainty as to the symbol timing and results in

increased hardware complexity.

25  In this OFDM synchronization technique there are several parameters of
importance. One parameter is the window length, T,,=WT, which represents
the number of samples pairs used in the metric. The other is the delay
between two repeated symbols, T4=DT. Here the equation of the timing metric
is the same as that of the detection metrics:

30



* for synbol timng errors when a cyclic prefix is used to extend the synbol
as is known. That is, if atimng error is sna#l enoEgh t?hkeep fhe
channel inpul se response within the cyclic prefix, the orthogo

bet ween szgcarrierspis mai ntained. In this case a synbol tlnlng%d@kywﬂ%an
be viewed 30 as a phase shift introduced by the channel, and the phase
rotations can be 2 8 DEC 2006 25 estine%ed by a channel estimator. If a
time shift is larger than the cyclic prefix, ISl (Inter Synbol _ _
Interference) will occur. In OFDM systens, a guard interval (Q), whichis
copied fromthe last part of a symbol, is inserted before the synbol.
Therefore, in order to reduce | SI and phase rotation, the estinmation 5

timng of th rrbl houl d be within the guard interval and
pr ef e?ably as ? gfdt he)a”? 9&% );t he synbol as possible. The auto

correlation or detection netric P(d) is also used as the timng nmetric.

Figure 9 (a) shows an exarrple of the timng netric val ue ?Sfa W nd(C)]v:vDﬁ/:ldes
t two. ted t for the AWGN channe or an

si'gnai . The AR HRRe! BT, ks A nEBrac et EFHRHES % MEFiatee 8 (bhme of

the recei veite meioburviiayith ppwayer EH&MLfIQrshBWnQ%ﬁé}%rL [$'e iehGRd S trai ning

synbol s éas in the case of practical systens) e timng met e (d) wll
produce piSatPiRs WONEheWbOn figure 9(b). Such a pl ateau makes precise 15
detection difficult. For a nultipath channel, the timng netric reaches a
pl ateau which has a Ilength equal to the length of the channel |rrpul se

response so lttisabseivedethasif Mg is Indreaddd)i i rbtthé%umt@r%ﬁﬁahﬁﬂé’éé %1 Es |
signal . This plateau is caused by del ay 20 spread an ds ove

timng metriNCrRRERGARS PRRK Nalughand SNR pbibei meﬁlcuwll u?m:eege ab momy SgIm t he
frame by megsdp ’nghfé‘?e ﬁbglgf]e(?%fotrge'l' péﬁ%se aglg%t St?gqugaleto eringto

uncertainty as irm'ng”
10  Figure 9 (c), it can be seen that for a preamble with ten short training symbols

and W= 9L, Tq = L, the timing metric is a more readily detectable peak. The

start time of the frame is detected when this peak value of the metric is
detected. To achieve a peak, the sum of T,, and T4 should be the number of
processed samples L which corresponds to the repeated symbols. For

15 example, in figure 9b, T, = T4, but Ty, + T4 <10L which is the number of
processed samples, therefore a plateau is formed after the receiver received
Tw + Ty samples and until all the repeated symbols are received. In other
words, a peak will result from the sum of T,, and T4 being equal to or greater
than the number of samples processed. In figure 9c, Ty # Tgand Ty + T4 =

20 10L, a peak is achieved only when all repeated symbols are received: in this
example at the end of the 10 short preamble symbols. By using this method it

is possible to have a low sample rate eg L=1 which reduces hardware

complexity and cost.

25  The peak detection algorithm and the operation model of the symbol timing
detection are shown in Figure 10 and Figure 11, respectively. The algorithm is
as shown in Figure 7, but using the timing metric discussed above i.e.
Tw=9T4. The peak values of the timing metric |P(d)| are located sequentially

so as to limit memory requirements. When |P(d)| exceeds threshold value th,



' increased hardware conplexity. 25 In this OFDM synchroni zation techni que
there are several parameters of inportance. One paranmeter is the w ndow

| engt h, TWEWI, which represents the nunber of sanples pairs usleti DEG 20he
nmetric. The other is the delay between two repeated synbols, Td=DT. Here
the equation of the timng netric 1is the sanme as that of the detection
metrics: 30 2 8 DEC 2006 26 w1 P(d)=l{y"(d+tmr(d+mtD)) n,=0 In
conventional mnmethods, Tw is considered t© be equal to Td. In Figure 9 (b),
the nmetric curve with W=D =L and 4L is shown where L is the number of
sanples in one synbol. It is observed that if Twis increased, i.e. the
nunber of sanples processed is increased, the peak value and SNR of the

5

metric will thadiminganddhenalve ofiP(d)haraisitred qurangepariodMyased oamdiddte. tfoesn' t

h to b ferti ta 10 Figure 9.(¢c), it can bhe seen that
for a gregnﬁﬁ@lmd{)‘%s Egtne)é e the Psg?rﬁlan@qg?nﬁﬁfrgpe%%?de_e Yprearyming is ¢ he
timng netrisetiste spnbolrteaidg| i Plef exdedilsehBetred Nifue SAtRIH pdridiet P{nié he
frame is detegected n this peak value of the metric is _detecte&_. 0
achi eve a péw‘gﬂﬁg}garﬂ% valye JR)ir@re istared again fas nextroeriodts. Thedirassed

sanpl es b Whiiglag I&gﬁ@%ai(q@qﬁéi%ﬁ&ﬂt ed synbols. For 15 exanple, in

figure 9b, Tw =T ich is the nunber of processed

sanples, therefore a plateau is fornmed after the receiver received Tw + Td

O L T e e A

the DFT window is set to the t; period earlier than the detected timing in order
to reduce the degradation as mentioned above. The value of the threshold t,

10 s set to be very small in practice so that the calculated timing metric can
exceed it as long as about 3 or 4 short symbols are received after signal
detection. Then the circuit continuously updates the max value of timing
metric until no larger value occurs during td. If signal detection takes 3 short
symbols, there is no need to change T, . Because the peak is always

15 detected when all 10 symbois are received as long as Ty + T4 = 10L.

Once the symbol timing has been determined, the window control function 41
is informed in order that the second preamble and data symbols of the OFDM
~ packet may be correctly received. Window control is important for the
20  extraction of the received samples for IFFT (Inverse Fast Fourier Transform)
-and discarding the guard interval (Gl) based on the received correct symbol
timing.

Figure 12 illustrates window control timing for a received data symbol. Since
25 an OFDM symbol has a guard interval prefix that is a cyclic extension of the
original symbol in a multipath channel having delay signals, no degradation
occurs if the DFT (discrete fourier transform) window is set sufficiently early.
That is provided all the delayed signals start in the guard interval cyclic prefix,

there will be no inter-symbol interference in the DFT window. In exponentially

30 decaying Rayleigh fading channels, the error rate is degraded much more

a



‘ than the nunber of sanples processed. In figure 9¢c, Tw# Td and Tw + Td =
20 10L, a peak is achieved only when all repeated synbols are received; in
this exanple at the end of the 10 short preanble synbols. By using this
method it is possible to have a | ow sanple rate eg L=1 which repquE 00§
hardware conplexity and cost. 25 The peak detection al gorithm and g
operation nodel of the synbol timng dejgection are shown in Figure 10 and
Figure 11, respectively. The algorithmis as shown in Figure 7, but using
the timng nmetric discussed above i.e. Tw=9Td. The peak val ues of the
timng netric IP(d)j are located sequentially so as to limt nenory
requirenments.. Whg?.lP(d&J exceeds threshold value th, 2 8 DEC 2006 27 the
timng and VHE G5 timing thapwith eaply tiging dBecansern) thisrrepetty rrecisedianing dat e.
If 1P(d)I r Wi b hi i-od. t t he,stored
Himing i 6 oo o A B O e B e P e

wi thin peri lightty eanty to elimimateythenidterisy misol ivetferside( chusearsy syrapeid agai n
for next period td. The. final 5 stored value is the peak value of 1P(d)I.
Since the deT89 &Y ymbol tinming is disturbed by noise and del ayed signals,
the DFT i ndow is set to the tf period earlier than the detected timng in
order to reduce the degradation as nentioned above. The val ue of the

t hreshol d t Hhediggers\dt the bettern Begagaalas \Wringreases arososamptestwit beal cul at ed

timng netri j | as, about 3 or .4 rt synbols are
recei ved af tpg?&%‘l'gggaf%qﬁgt’%{:?F‘&?ﬁ%}%éﬂevﬁe‘:a& Q%BP{alr&%ﬁH?qm% IBpCapEAt es t he
nmax val ue ofat ldast figst tifelerdhoriugyinbols @iré AsB8 foVaGHE RAELHcHh NG HPGdgk | f
si gnal det e%{gié(gn takes 3 short synbols, there is no need to change T,

Because t he KW LR Y8y &/=T4 tadeduca thawhaiivere cooplgxityo Howeverreeeamed as
l'ong as4dH. ateol, e:tr{'la?ﬂ(i)rrs]t @f&? sURBoRY ARPLnboLE Pdi2SARE RS §/(\3/vremc::?r(13 Qo the

w ndow contro unc
Tw = 6L and Tq4 = 4L which reduces hardware cost but provides an adequate

peak for detection, although SNR is reduced.

In prior art, the number of samples that is used for symbol timing is only about

15 2or 3L. As Wincreases, more samples will be processed and higher SNR of
the metric can be obtained. Therefore W=9L is better than W=4L and W=4L is
better than W=L. Higher peak or plateau is better because it means higher
precision in searching for the peak value. When the first 3 symbols are used
for signal detection and 1% AGC, the following 7 symbols will be processed for

20 symbol timing. When D=L, W=7L-D, a peak can be achieved. If 10 symbols
are used, W=10L-D=9L. The critical factor is that the sum of Wand D is equal
to the number of processed samples in the timing metric. When the sum is
larger than the number of processed samples, a peak can also be achieved
but some buffer for W is wasted. However, when the sum of W and D is

25  smaller than the number of processed samples, the timing metric is like figure

9b and a plateau will occur.

4. Frequency Offset Estimation




"is infornmed in order that the second preanble and data synbols of the OFDM
packet may be correctly received. Wndow control is inportant for the 20
extraction of the received sanples for |FFT (Inverse Fast Fourierg EJQQP
Transform .and discarding the guard interval (G) based on the rece|
correct synbol timng. Figure 12 illustrates w ndow control timng for a
received data synbol. Since 25 an OFDMgynbol has a guard interval prefix
that is a cyclic extension of the origi'nal symbol in a nultipath channel
having del ay signals, no degradation occurs if the DFT (discrete fourier
transforn) window is set sufficiently early. That is provided all the

del ayed si tart in the guard_ interval cyclic prefix, there wll be
no i%ter 33 ofﬁw‘s?bf%‘?mé@éﬁefe sensiveorcaapbaauencyeeiieais sirncel they gan

much nore 28
gggaxszgg Rgxgrgmy ?Jr’]erfagc?gﬁgetgnmﬁgf?ﬁla% atrtb%h.sﬁ ofind gbsc.hg béggcau mueh m

property, prselblcsmetrs miithgut ayanglerdﬁgradaatmnml sysltmﬁ pre@faimeﬁdef”ﬁj[ie @ﬂmms)i Ignal )
f the DFT d t to elimnate the inter-s o]

: nt ter fGer enc\ié\:‘nt%% ?’1:3%@&9%‘3 4 %%L&N@Obog‘ sprRefyiEexinumaftse gé?[ er.
Because 8s \YgeR®f Qewﬁq G‘Hfr@n?@mﬁl\ﬂﬁbé@eh'WEﬁN n@%ﬁ%@@%ﬂpggﬁﬂegggr SNR of

the netric can be obtai ned. However because shor t
synbol s ar e raB@g af@ndsH @ﬁial‘ﬂz&lﬁwtﬂrmumw dffset of 20ppmABahdsorcan use WE7L

d t an 10, al so use the first
hr ee. sunbolc28aOSTscIRR hisFrea RARAE e, Wit Ede et Fi€biana 1d -
4L whi ch redecsivehearipaip AT iéwst a@rt%&p@ﬁénéé’s ﬂf&e&mtcﬁt O%Hé’anm os

detection, although SNRis reduce prior art
that is usedfissis 9’@529“”ttfar'?‘lsﬁ'gﬁﬁl’sa%r%ﬁemﬁbufrequency offsets are caused not

10  only by differences in oscillators in the transmitter and receiver but also by
Doppler shifts, or phase noise introduced by non-linear channels. There are
two destructive effects caused by a carrier frequency offset in OFDM systems.
One is the reduction of signal amplitude in the output of the filters matched to
each of the carriers (the sinc functions are shifted and no longer sampled at’

15 the peak). The other is the introduction of ICI from the other carriers which are

now no longer orthogonal to the filter (see Figure 13).

The 1% preamble of an IEEE802 received burst consists of 10 repeated
training symbols which are identical to each other at the receiver except for a
20  phase shift caused by the carrier frequency offset. Because the preamble is
so short the multipath channel can be considered time invariant. The
muitipath channel has the same effect on the identical symbols. Normally the
effect of multipath channel is worked out by channel estimation but this is not
necessary for the frequency offset estimation method. The frequency offset
25  can be estimated using the phase shift. If the conjugate of a sample from the
first symbol is multiplied by the corresponding sample from the second (delay
time Ty later), the effect of the channel should cancel, and the result will have

a phase of approximately

30 ¢=naT,Af



15 2 or 3L. As Wincreases, nore sanples will be processed and hi gher SNR
of the netric can be obtained. Therefore WAL is better than WAL and WH4L
is better than WEL. Hi gher peak or plateau is better because it means

hi gher precision in searching for the peak val ue. Wen the firkk DB &@grbol s
are used for signal detection and 1St AGC, the following 7 synbols will be
processed for 20 synbol timng. Wien D= 0 WE7L- D, a peak can be achi eved.
If 10 synbols are used, WE1 OL-D=9L. The critical factor is that the sum
of Wand Dis equal to the nunber of processed sanples in the timng
metric. Wien the sumis larger than the nunber of processed sanples, a
peak can al so be achieved but sonme buffer for Wis wasted. However, when
the sumof Wand Dis 25 snaller than the nunber of processed sanples, the

timng metrighd i WalNls ,9&2%@ e | | ar .. 4. Frequency

O fset Esti nvg%e%rgnd féé‘@é‘&%%bc @%\Pé?ﬁ?gm%”eb%%j“emwi ve to
carrier freqatutatingftheedrqusiencef Pty can only tolerate offsets which are a
fraction of the spacing between the subcarriers without a |arge
degradation in system performance. The WLAN standards | EEE802. 11a and

H PERLANL 2 \%p_t_h igﬁg)ify a maxi mum of fset per 5 user of 20 ppm Current
OFDM based AREE signed the frequency range around 5.2GH. So the
frequency offset of 20ppm stands for 5.2e9*20e-6=104kHz. Thi s neans that
the worst case offset as seen by a receiver can be up to 40 ppm as it

experi ences at tiee stanh affsyniteol tinting eotyt. Beéd st 6f thean Qﬂb@u‘itg%‘ﬂ%@ bh&&e and
recei ver. Frequency offsets are caused not 10 only by differences In

osci | | at or s thé freAEeReaRRT Must basmalles hareAf ButTheraforeythe Begpeecy shifts, or
phase noi se j C non-1inear, channels. There are two destructive
effects caus'fll g@h%@%ﬁ r§§§t?%{résrurfz &@H@ﬁégﬁ%’@ﬂ%@ri% e@%mt%wp@&accuracy of

10  better than Af /2. In other words, if '¢’ is guaranteed to be less than =, then the

frequency offset estimate is

~

Af’:;j;—.

15 However, an unambiguous frequency offset estimate is not possible, if the
frequency offset to be estimated is not restricted in this range. Therefore the
only way to guarantee an unambiguous frequency offset estimate is to
enlarge the estimation range which can accommodate possible frequency
offset. The frequency offset estimation range depends on the spaced time Ty

20  between two repeated sequences. To obtain a larger estimation range for
frequency offset, Ty, the delay time between the repeated symbol should be
smaller. T4 can be set to muijltiples of Tehon.

However, a smaller T4 will result in some loss in the estimation precision. In
25  order to achieve a more accurate estimation of frequency offset, T4 should be

larger. In addition, in order to increase the SNR of the metric and hence

enhance the estimation precision, the integration window length T, is made as

large as possible. Therefore, by adjusting T4 we may get a desired estimation



‘ One'is the reduction of signal anplitude in the output of the filters

mat ched to each of the carriers (the sinc functions are shifted and no

| onger sanpled at 15 the peak). The other is the introduction of _|ICl from
the other carriers which are now no | onger orthogonal to the f|Zﬂ@ECQ$me
Figure 13). The 1st preanble of an | EEE802 received burst consists of 10
repeated training symbols which are ide |caI to each other at the
receiver except for a 20 phase shift ca sed by the carrier frequency

of fset. Because the preanble is so short the nultipath channel can be
considered tine invariant. The multipath channel has the sane effect on the
identical synbols. Normally the effect of nultipath channel is worked out
by channel &ang&f freAUBDEY Pﬁ$@ angl byoadjusting Jsave ehbanaenthef estopatiary of f set
estimation f fset 25 can be estimated using the phase
shift. If tﬁgéggg¥U§g ef‘ﬁﬁgﬁggﬁﬁgé fromthe first synmbol is nmultiplied by
t he correspondlng sanple fromthe second (delay tine Td later), the effect
of the chanq shoul d cancel, and the result will have a phase of

appr oxi mat el') tA® embadimant, 2 tqusﬁegﬁd@&ue@gym‘@eteesxfrnamrt methiodkisuency

of fset. Ehe aln t he ar t of
P(d). 5 5 _&Ba?%( %ééh'g%bgg‘t%%rbgﬁe@n%}m ' "Es%l‘ﬁ}ra”lgc%[ﬂg%ggf t he
27r anbi gui tgreor[sldmda'\ phels stagef, Uéfefrerﬁmlﬂlsmedeédrﬁplefﬁé‘qhehée§(@Iw.ﬁ{-rg han Af
/2. Therefgéf nf fre uenc¥ acgui sition nust ensure a rough frequency
error esti melgeR o2z ard Apebarerysastia ealcylatenthartimipg mﬂt”@ta’f@}r Wrds, if
is guaranteed to be |less than |t then the frequency offset estimate is

; TTd

I,=D,T
10.
where
D =mL

15 is the number of samples at the m-th stage and L, _ is the number of

short

samples in one short symbol with a period of Tspor= Lehor T. At the first stage,
D, = L, , and thus, the largest estimation range of frequency offset is

achieved at the first stage. The estimation range is the range of estimated

~

¢

frequency offset. From the equation Af = —T— we can see that when Ty is set
Ly,

20  to be Tshon, minimum value, the estimated frequency offset can reach the
maximum. In prior art methods, two short symbols of the first preamble are
used to do coarse frequency estimation. In the embodiment, because AGC
can be done early so that more short symbols can be used, the estimation
accuracy is increased. Furthermore, fine frequency estimation is processed

25  parallely, so there is no requirement for this during the second preamble as
with the prior art.



" 15 However, an unanbi guous frequency offset estimate is not possible, if
the frequency offset to be estinated is not restricted in this range.
Therefore the only way to guarantee an unanbi guous frequency offset
estimate is to enlarge the estimation range which can accommda{g Pfi@hbl e
frequency offset. The frequency offset estimation range depends H

spaced tinme Td 20 between two repeated uences. To obtain a |arger
estimation range for frequency offset, 1d, the delay tine between the
repeated synbol should be smaller. Td can be set to nujltiples of Tsnort.
However, a smaller Td will result in some loss in the estimation precision.
In 25 order_,to atchi eve a nore accurate estimtion of frequency offset, Td
shoul d be |&I&esiMated Rhdseishift whichos senalles thare réathe taflectnmobiotahe netric
and hence F&Eﬁ{é i mation precision, the integration w ndow | ength
TWis nade gs g?étgﬁggf’eg%'ssi ble. Therefore, by adjusting Td we nmay get a
desired estimation 18 DEC 2006 31 range of frequency offset and by
adjusting T, N we enhance the estimation precision of the frequency offset.
I n the enbodirepts 2aAfyb=stzage, [ Tequency of fset estinmation nmethod is 5
proposed to achieve both a |arge frequency offset estimation range and high
preci sioR. In each stage, differently spaced sanpl e sequences (ie with Td

different f fi d t lcul ate the fini tri d
()~ T = ToF 1o SR B oA R 2009 B BBy afBel T canpl co ot t ne

mth stage and Ls,,or, is the nunber of sanples in one short synbol with a
period of TShort= LShortT. At the first stage,
¢, =0, +2n-z

= 2ﬂAmexh{)rl T

= mg,

10  where, ¢§m is the estimated phase shift at m-th stage and z is a integer and

can be calculated with

2= RND mél —¢?m
B 27

15  where RND'[X] represents round X to an integer. Finally, the frequency offset
can be estimated with

Aj — ¢m
Zﬂml’.\'harlT
3 gzgm +27 -z
2amlL, T

short

20  This estimated frequency offset has the same precision as that at the m-th

stage and the same estimation range as that at the first stage.



" D-=1L,.,,,,r, , and thus, the largest estimation range of frequency offset
Is achieved at the first stage. The estimation range is the range of
estimted frequency offset. Fromthe equation 4f we can see that when Td
is set ZTd 20 to be TShort, m ninum val ue, the estinmated frequeZE% ﬁfﬁﬁet
can reach the maximum In prior art nmethods, two short symbols Ehd -
first preanble are used to do coarse frgquency estimation. In the

enbodi ment, because AGC can be done early so that nore short synbols can
be used, the estimation accuracy is increased. Furthernore, fine frequency
estimation is processed 25 parallely, so there is ng geg;hrggggt ;ngths
during the secand preanble as, with the prior_art. e

est | ngt ed pﬁ%@@ IMRNEAS SROWRHD |F49Uf?h14n a2 stage estimatioremethad ist t ot al

fr equency ofapf,ﬁéd T brdiorel & Bediv 2l hSRU sl 6%siiie Bobllafbide:

t he phase shitt caused by frequency o
T mO 10 wifsee Fwthemst@eeanbadmwrmw $ie fsettnagsmé br@fémgya g zis a
i nteger and+ c 27r

represents Jé’tj’gg( ag'fsc?éﬁ‘g ﬁsé’eé? (T ri%ﬂq W 1 ﬁishfwr é@fﬂ%rﬁ@%/aﬁqi fdeton dﬁﬁe)oe

esti mat eg V\/lréé'pectlvely. While it is possible to use other settings, Ty = Tehor and Tw =

7Tsnort are preferred for coarse frequency offset estimation. This is because
the maximum frequency offset estimation range can be achieved. T4 =
4Tshort, and Tw = 4T are preferred for fine frequency offset. This is
because the estimation accuracy can be satisfied while the hardware

10 complexity maintained lower. Furthermore, there is then no need to do fine
frequency offset in the second long preamble as required in prior art systems.
The coarse branch of Ty = Tsnon @and Tw = 7Tgpon is used with the first
preamble using 7 short symbols to obtain a coarse frequently offset estimate.
The fine branch of Td = 4Tshort and Tw = 4Tshort is used to obtain the fine

15 frequency offset estimation. By applying the two estimates to the above
equations, the final estimated frequency offset is obtained. This is then used
for the initial automatic frequency control 31 and phase compensation 40
function as described below. An implementation diagram is shown in Figure
14.

20
The two-stage circuit can be used to calculate the symbol timing and
frequency offset as the first stage estimation shares the same circuit as

symbol timing as shown in figure 14.

25 5. AFC (Automatic Frequency Control)

According to wireless LAN protocols, linked sources are mandatory at the
transmitter and at the receiver. In other words, carrier and clock frequencies

are generated from the same crystal. If the carrier frequency offset is



- Af 27rnL, chori T ~n,+27rz  27rnLshorfT 20 This estimted frequency offset
has the same precision as that at the mth stage and the same estimation
range as that at the first stage. 2 8 DEC 2006 33 In this enboggqgﬁygﬁs
shown in Figure 14, a 2-stage estimation nethod is applied. Two brancties
of received signal flow are used to estimate frequency offset. For the two
stage enbodi nent shown, the settings aregpreferably Td = Tshort (coarse)
and 4TSHORT, (fine) and Tw = 7Tshort (coarse) and 4Tshort (fine) 5
respectively. Wiile it is possible to use other settings, Td = Tshort and
Tw = 7TShort are preferred for coarse frequency offset esthatlgn. TglsThs
se the_maxinu equency offset est]jmation range can be achi eved.
SGCZEIJ'SHCRT, C&Hb"eﬂﬁa[ﬂécit{f%ﬂw@ Cé?*éo'hﬁ?%if@?rf%{?f?me P$Gikater. dogislesk inf f set . This
IS because diigitgsdd ggmsﬁgpuracy can be satisfied while the hardware 10
conpl exity maintained 1ower. Furthernore, there is then no need to do fine
frequency offset in the second |long preanble as required in prior art

— = h ' d with
the first P AIRBRERAE REMEERhRA T 12 phBT DN s fequmental fisuent |y
of fset esti r’tﬁirx%mitté’@@eﬁié?@re@héﬂé@t&éraﬁ@e%rﬁTﬁQ%ﬁ@cﬂ%Io}‘ggﬁ ‘[}n%% rt is used

to obtain the fine 15 frequency offset estimation. he two
estimat es t dOlERRNGELYAI bee g 24 prmgnaximeint Tise trapsinitier esnferdpugreyy ahtiset i s

and phase caipevaeel §Rehioanty sbal e dasives gutiserame reierengs enontat i on
diagramis sizeiMatdrnThaok! & sinkle fré§uency source shall be used for both RF
generation and clocking the timebase.
10
A frequency acquisition and tracking procedure comprising all digital
baseband algorithms is proposed which uses a method of loop timing. In the
loop timing method, each mobile transceiver first synchronizes itself to the
base-station and then derives its uplink transmitter timing reference from the
15 recovered downlink clock. Each mobile transceiver has a local timing
reference, usually derived from a Voltage Controlled Crystal Oscillator
(VCXO) 25 which provides the timing reference for the receiver A/D 22,23
transmitter D/A and all radio frequency (RF) circuitry. Frequency offsets
between the receiver and transmitter symbol clock occur due to non-idealities
20  in the remote transceivers VCXOs 25, possibly of the order of several parts-
per-million (ppm). Frequency offsets can also occur as a result of a non-linear
channel or Doppler shifts.

After symbol timing is obtained (see 3 above), the frequency offset is

25 estimated (see 4 above). Based on the estimated frequency offset for the
short training preambile (i.e. the first branch), the Automatic Frequency Control
(AFC) 31 controls VCXO 25 to adjust the RF and IF oscillator frequency or
clock timing (14 and 24).

30 6. Phase Shift Compensation




" The two-stage circuit can be used to calculate the synbol timng and
frequency offset as the first stage estimation shares the same circuit as
synbol' timng as shown in figure 14. 25 5. AFC (Automatic Frequgpgggggw
Control) According to wireless LAN protocols, linked sources are ory
at the transmtter and at the receiver. In other words, carrier and clock
"frequencies are generated fromthe sama‘?ﬂI rystal. If the carrier frequency
offset is 2 8 DEC 2006 34 conpensated through controlling this reference
oscillator, the clock is simultaneously adjusted. In the standard of

| EEE802. 1l a and HI PERLAN/ 2, it is required that the 5 transmtted center
frequency tol erance and the synbol clock frequency tolerance shall be 20
ppm maxi rum The transmtter center frequency and the synbol clock

frequency shg Iy fel@r L ascillator, That is, a
sirngre f¥eq1?§%”¢oy®?oﬂ§ erégﬁ]atItweggéé%%g%aggpéﬁéﬁ%&%%%%%@r@Fﬁ}??%ﬁﬂj cl ocking
T Gl Tar s hgsehand ol gor L he s Pl opoed. he b Usen o e op
Il digit eband al gori i S propose |
Ciming 1 n (YeRY ﬁﬁaot%ﬁﬁ@v ﬁ%@%a?reéwncwgﬁ;ﬁ?n aﬂ&@ﬂw&mpw%ﬁionk
hr ongzeodthi i ; i :

tS %lg(r:]sn‘i t':j ersﬁqt%ﬁ%ﬁ?iﬁ ggeﬁr(]:%}bﬁjgﬁﬁ]ﬁg’ %? Hraagcovérg% gé\b\%ﬁ?ond(ﬁ%t%'s Each
mobi | e t r anApgiliedr Thasoarsecard fineg frequencyebffsetrastimationakbyltsiard yedbinegm a

Vol t age - Cont,r. ol | | Gscillator (VCXO 25 which provides the timng
r ef ergnce fot{ryolt’%{ﬁgﬁggéﬁé@r AID 22, 23 transmitter DA and all radio

frequency (RF) circuitry. Frequency offsets between the receiver and
transmtter synmbol clock occur due to non-idealities

- )
A — m
/ 2omL, T

short
3 qgm +272
2amL, T
10 |
For example, the estimated frequency offset is f; which is obtained using the.
above équation._AFC 31can adjust the frequency to a degree of accufacy by
f2. The remaining frequency offset (f;-f,) is compensated'by the function of
phase shift compensation.
15 |
The block diagram of phase shift compensation circuit 40 is shown in Figure
15. The phase shift estimated by the frequency offset estimation functions is
input and divided by the number of samples (L) for one symbol. The
conjugate of this product is the compensation phase which is integrated
20 sarhple-bysample. T is sample interval. i.e. the invérse of sampling rate. If
sampling rate is double rate of FFT chip rate (20MHz), i.e. 40MHz, T is 25ns. -

7. Frequency Tracking

25  Although carrier acquisition is achieved with good performance, there is
always a small frequency offset left. Such an error will cause phlase rotation in

the subsequent incoming signals. Transformed into the frequency domain, the



' 20 in the rempte transceivers VCXOs 25, possibly of the order of several
parts- per-mllion (ppm. Frequency offsets can also occur as a result of a
non-linear channel or Doppler shifts. After synbol tinmng is obtained (see
3 above), the frequency offset is 25 estimated (see 4 above)._Bas?GBOUE@rfGMhe
estimated frequency offset for the short training preanble (i.e. the first
branch), the Automatic Frequency Control,, (AFC) 31 controls VCXO 25 to
adjust the RF and IF oscillator frequency or clock timng (14 and 24). 30
6. Phase Shift Conpensation 2 8 DEC 2006. 35 Although the present

two- stage frequency offset estinmation mnet hoddpan aS/g(gV(ZEShI ghly a?:gglr;tte
estimated frequency offset, AFC 31 may not adj ust _ SO prec

that the f réaﬂ'@m}g&myeﬂ%aﬁs%w@ma gommanveitaseTshifs ontalbsubcarrfiese

frequency ady i Sat | thod, j. appl jed. The
coa?se a%d ?qmnibﬁggé]agﬁcy O;fgé?u@glaﬁﬁdggggﬁ%@% Bg Igraeddé@%iﬁgﬁha%elum ng
equati on O inmflichthe receer js wolking iszc:]ﬁﬁmibgFaa]ng(Jjéhd:pbpgtéﬁgp}e@g irge
estimated frequency offset.is f, whi i s obtained using e above

equat i on. AI'—V@%Q‘TQa h%f&hf@t ﬂlenr@sf‘lt'é‘&d&;?c"f rPF?"@”d%@Ptéégaé*E adtﬁﬁlﬁr?cy :Jy nf gf
The remagni y offset (f,-f2) is conpensate y the functio _
phase shisftr!g]grrr%(ggggﬁon. 15 The bl ock di agram of phase shift conpensation
circuit 40 is shown in Figure

To provide better robustness to fast-fading channels and a phase reference to
the phase rotation over all the subcarriers caused by small frequency and-
symbol timing offsets, frequency tracking has to be applied. In the OFDM

10 symbol of 802.11a, there are 4 pilot carriers inserted into 48 data carriers. The
pilot signals are first extracted from the received signal and multiplied with a
known pilot. By calculating the phase shift on the pilot carriers, the carrier
frequency can be compensated and the phase shift for incoming samples can
be tracked. The basic idea of phase shift estimation on subcarriers is the

15 same as the frequency offset estimation. In the method of frequency offset
estimation, the phase shift is obtained by calculating the correlation of a pair
of samples which are identical to each other except for a phase' shift. In

. frequency tracking, the phase shift is obtained by multiplying a pilot symbol

with a conjugate pilot symbol received several sy_mbols time later. The

20 frequency tracking metric.is written as
F= (R‘(p3n)'R(p=n+Nd))

where R (p,n) is the signal on p-th pilot carrier of n-th OFDM symbol, Nq the
25 number of delay symbols, Ny the number of integration symbols. Figure 16
illustrates these parameters. The 4 shaded bars represent 4 pilot carriers and
the other bars data carriers. The pilot carriers are used in freque_ncy' tracking.
| Ny,=4 is the IEEE and Hiperlah WLAN standards. Nq represents the duration of
(Ng ) symbols between the two symbols pfocessed. The product used in the



" 15." The phase shift estimted by the frequency offset estimation functions
is input and divided by the nunber of sanples (L) for one synbol. The
conjugate of this product is the conpensation phase which is inZdgiEtmg 20
sanple by sanple. T is sanple interval. i.e. the inverse of sanpling rate.
If sanpling rate is double rate of FFT chip rate (20MHz), i.e. 40MHz, T is
25ns. 7. Frequency Tracking 25 At hougt:nB?carri er acquisition is achieved
with good performance, there is always a small frequency offset left. Such
an error will cause. phase rotation in the subsequent incom ng signals.
Transforned into the frequency domain, the 28 DEC 2006 36 renmining
frequency of fset causes a comnmon phase shift on all subcarriers. This
phase shift aoyeleWeERGyiNeskes eavatiprds gbtainesy by multipigtingi npnjubatectizmnel

in which the/haf Wil a | i i m in d pl er spread are
varyi ng. Th(;%ryef or @tﬂtmgﬁpggmﬂta?%gﬂe%ﬁgléga}\#do%ar?:b:%% I'atgr.?"ghe gD'l(g%f'?%{ R (ﬁ’uicg 5
unpr edi ct ablage Tntegraded.dd,, biethenumbeust intsgrationfsyaibdiedi ng channel s and a
phase reference to the phase rotation over all the subcarriers caused by
smal | frequency and synbol timng offsets, frequency tracking has to be

hoer Cod i nta 48 uamene HERPOr e O8Ot T tap fRkRedphate Bhiftal Bhrc ca

inserted into 48 data“carrier sl gna Facted from
t he recei vedadquigtad baynd nultiplied with a known pilot. By calculating the
phase shift on the pilot carriers, the carrier frequency can be
conpensated and the phase shift for incom ng sanples can be tracked. The
basi c idea of phas hift estimation on subcarriers is the 15 sane as the
frequency offekf et i/mation. In the method of frequency offset estimtion,
t he phase shift is obtained by calculating the correlation of a pair of
sanpl es which are identical to each other except for a phase shift. In

10 In this embodiment the phase shift estimation is processed every N,+Ny

symbols. That means the compensation output by frequency tracking will be

updated every Ny+Ng4 symbols. An implementation diagram of this method is
shown in Figure 17.

_15 In Figure 18, the performance of the proposed frequency tracking method in
the AWGN channel is shown. As can be seen, even at SNR=10dB, the
method can achieve a precision of within 0.1 ppm. In this embodiment, N,, is
chosen to be 12 and Nq is 4. In order to achieve higher accuracy frequency,
Ny should be larger. However, in order to reduce hardware complexity, it is

20  better to choose é smaller Ng. Ny=4 has been found to be a good
compromise. The larger N,,, the higher the SNR. To increase the frequency of
-updating the phase shift compensation, the sum of Ng and N,, can be reduced.

So when choosing Ny, and Ng, there are some tradeoffs in the impIementaii'on.

25 9 Channel Estimation and Equalization

For a WLAN transceiver working in an indoor environment in which a
multipath Rayleigh channel is assumed without LOS (line of Sight),‘transmitted
signals will be distorted by the multipath channel. Therefore to restore the

30" signals, the channel state ihformation needs to be estimated.



- frequency tracking, the phase shift is obtained by multiplying a pilot
symbol with a conjugate pilot synmbol received several synbols time Iater
The 20 frequency tracking metric is witten as N--1 A p-1 F=
R (p, n)R(p, n+Nd)) n=o' P=O where R (p,n) is the signal on p-tH pPEGZN0E
carrier of n-th OFDM synbol, Nd the 25 nunber of delay synmbols, N,, the
nunber of integration synbol s. Figure 16gillustrates these paraneters. The
4 shaded bars represent 4 pilot carriers and the other bars data carriers.
The pilot carriers are used in frequency tracking. Np=4 is the | EEE and
Hi perl an WLAN st andards. Nd represents the duration of (Nd synbols between
the two synbols processed. The product used in the 28 DEC 2006 37 above
frequency tracking equation is obtained by nultiplying a conj ugate of a
synbol w t h s 8WHN
products are.int egrna:ﬂg@iram:itg&?ﬁé%m%sﬁ%%@ ﬁtﬂ(l‘arg)ﬁj i sy%thmnﬁge Af t er
obt ai ni ng t Heceived sfonaheapbedwritten & t he tracked phase shift can be
calculated by Grack = arg(F) 10 In this enbodi nent the phase shift
estimation is pro’cessed ever y NWENd synbol s. That neans the conpensation
out put by fr,e(ﬂ ;?n@g.,pl)ng w |l be updated every NWNd synbols. An
i npl enentatio this nmethod is shown in Figure 17. 15 In Figure
18, the perfornance of the proposed frequency tracking nmethod in the AWGN
seen, even at SNR=10dB, the nethod can achieve

hannel | . As.
; SP eci si &W% ’B@)ns 'ﬁmﬁﬁ;ﬂﬁd 1 denotes conyelutinpak mukiplication.

This equation can be rewritten in the frequency domain as:

10
R=S-H+N
where S, H and N are FFT (fast fourier transform) transformations of s, h and
n. |

15
After carrier recovery (including signal detection, AGC, frequency offset
estimations) and timing detection, the réceiver will know the start of an OFDM
symbol. The received signals will be transformed into the frequency domain
using FFT and can be written as

20

- FFT[F]
-whereby FFT function 43outputs frequency domain signals on N, sub-carriers
25 R=[R(0) R() - R(N,)]
and FFT inputs 'time domain éignals of Niger samples

F=lr0) 1) (V)]



' chosen-to be 12 and Nd is 4. In order to achieve higher accuracy frequency,
Nd shoul d be | arger. However, in order to reduce hardware conplexity, it is
20 bet'ter to choose a smaller Nd. Nd=4 has been found to be a gqu (el
conprom se. The larger NW the higher the SNR. To increase the f Q @@ of
~updating the phase shift conpensation, the sumof Nd and Nw can be reduced.
"So when choosing Nw and. Nd, there are tradeoffs in t he

i npl enentati-on. 25 9. Channel Estination and Equalization For a WAN
transceiver working in an indoor environnment in which a nmultipath Rayleigh
channel is assumed without LOS (line of sight), transnitted signals will
be distorted by the nultipath channel. Therefore to restore the 30 si gnal s,
t he channel state information needs to be es;inﬁted.hZ 8 EEC ZPOﬁ(t$8 ?ﬁels
known, the t | ] i t hrough a channe . :
recei ved sigﬂgﬁéggﬁtg%r%%???@%&Zgéééﬂﬁ%ﬁgﬁ%%é(;) * h(t)+ n(t) Were n(t) is
AVWGN, and * denotes convolutional multiplication. This equation can be

itt in-the freguency domaip as: 10 R =SH+N where S, H and N are FFT
Efegglt f gﬂr i & IPQ%’fag'F'Pr? %F‘g’r‘?&? Bt thgtRreAgRle g@',’ bg used tog}bt@? rAfQF@:’l?%?ir :‘)lngg
re er [ ' ' ) ﬁ@;@n N 0 - .
;ngori m'yrsu(g ﬂ%‘g?%,ﬁh?mh?gﬁgﬁﬁdﬁ%c? kngwé?ﬁgﬁs%épt oﬁj%alﬁn%i}ﬁm' gynbol .
The recei vedysiaphahe signals ba eachrsboamat drat@P SKenddeateenand Reewhfo  USI ng

FFT and canpe rg\@i\t?ér.egy%?viding the received long training symbols by the known

-symbols, reference amplitudes and phases are obtained for doing coherent
demodulation.
10

A =2
R

store

Where H. is the estimated channel for subcarriers and Rstore is fhe stored
training symbol. By averaging the two identical parts of the long training

15 symbol, coherent references can be obtained with a noise level that is 3 dB
lower than the level of the data symbols. Then the estimated channel
information is used for equalization where a one-tap equalizer is applied.
After channel estimation and equalization, the signal for each subcarrier is
demapped into binary data according to the modulation type of the subcarrier

20 for example 16QAM or 64QAM.. Then the data sequence is decoded
according to the coding rate used. To combat the deep fading which affects
the overall signal bandwidth (flat fading), the best way is to use an efficient
channel code, in conjunction with a robust modulation. In the WLAN -
standards, donvolutional coding is used with coding rates of %, %, and 2/3.

25 _
In Figure 19, the BER perforrhance for 64QAM, 16QAM and QPSK in a
multipath Rayleigh channel is shown. The multipath channel is constructed

according to an exponentiaily decaying power profile model. From the figure,



20 'R = FFT[r whereby FFT function 43outputs frequency donmain signals on N _
sub-carriers 25 R=[R(0) R(1) . . R(N )] and FFT inputs tine donain
signals of NIFFI sanples r =[r(O r(1)  r(NFFT )] 2 8 DEC 22 6._ 39
where IFFT is reverse fast fourier transform The |ong training ‘8rpfgﬁlzgﬂﬁof
the preanble can be used to obtain reference- 5 anplitudes and phases for
doi ng coherent denodul ation. In the |ongdraining synmbol, the signals on
each subcarrier are QPSK nodul ated and knovvn to the receiver. By dividing
the received long training synbols by the known -synbols, reference
anplitudes and phases are obtained for doing coherent denodulation. 10 He

"= RRSIOe \Were He iﬂi Ltge esti nat ed annel for subcarriers and Rstore is
the stored ¥ SPRiHG PG IPeriymanee Praneseddnetientanpapaghesttbabef t he

l.ong traini Qﬁarﬂe’étéb{éﬁﬁélesﬁﬁ{éQhﬁnt r ef er ences can be obtained with a noise
| evel that is 3 dB |ower than the | evel of the data synbols. Then the

estimated channel information is used for equal i zati on where a one-tap
equal i zer i er chan ti on and equal i zation, the

si gnal for Zrar%ﬁ'ﬂ 'Etgoaﬂ P@é})e?g deasf ‘?ﬂ)@’& rﬁ S5ence i predairad sehodimentst o t he
nodul ati 6n thereodbf Attaticndand Mdeifi c?é%oh@rwfﬁéﬁ% BovBESNS Blos %%@Md m#ﬁgn the

data sequence i s decoded according to the coding rate use t the
- deep fadi ng akhdkenintgndegtte be incorporated within the scope hereof. The various

~ aspects of the invention are freely combinable.



" the overall signal bandw dth (flat fading), the best way is to use an
efficient channel code, in conjunction with a robust nodulation. In the
WLAN st andards, convol utional coding is used with coding rates oglgu 3/ 4,
and 2/3. 25 In Figure 19, the BER performance for 64QAM 16QAM @-‘Zgﬂﬁ in
a nmultipath Rayleigh channel is shown. The multipath channel is
constructed according to an exponentially decaying power profile nodel.
Fromthe figure, 2 8 DEC 2006 40 we caflsee that the per f or mance of the
proposed net hod approaches that of perfect channel estimation. The

i nvention has been described with reference to preferred enbodi nents 5
thereof. Attentions and nodifications which are obvious to those skilled in
the art areCLAIMS8ded to be incorporated within the scope hereof. The

vari ous aspects of the invention are freely conbinable. 2 8 DEC 2006 41

CLAIMS 1. A synimlsyinbal fighig Rppatatas for anrORbMMgceber for résiving G DMNg
OFDM packets including a sequence of nore than two repeated preanble

synbol s Sg@{aﬁl gag@%h;d%; dhte i8S HRAHTIVAS e téH'&BanHl@s%B@fsat us

having: 5 g an integrated correl ation val ue of

by o predet CRRCRARRAL F%{;n@a% §9¢%¥%%e?¢{9ﬂ§%%s§%%°ﬁa e SR afuc R el

correlation value determ neans co risin ans f r de erm nin
the proddct of a 'PPRAR% sdﬁq%"'%'am QN g egr : 1% 68'%?8@&"@ (S’therg

of said sanples; and
corresponding samples of a received signal, one said sample being delayed

by a predetermined delay duration with respect to the other, said correlation
value determining means comprising: |
(i) means for determining the product of a first of said samples and the
10 conjugate of the other of said samples; and
(i)  means for accumulating said product over a period of said first sample
equal to an integration window; and
means for determining the maximum correlation value, said maximum

value indicating the start of a symbol;

15 wherein the integration window duration is not equal to said delay
duration.
2. An apparatus according to claim 1 wherein said integration window

duration is greater than said delay duration.

3. An apparatus according to any preceding claim wherein the apparatus
20 receives a predetermined number of preamble symbols and wherein the sum

of the delay duration and said integration window duration are greater than or

equal to the duration of said preamble symbols.



" (ii) means for accunul ating said product over a period of said first sanple
equal to an integration wi ndow, and neans for determ ning the nmaxi num
correlation value, said maxi mum value indicating the start of a synbol; 15
wherein the integration wi ndow duration is not equal to said del ay
duration. 2. An apparatus according to claim1l wherein said int egr%@ in%mﬁ
w ndow duration is greater than said delay duration. 3. An apparatus
according to any precedi ng cl ai m wher ei % he apparatus 20 receives a
predet er mi ned nunber of preanble synbols and wherein the sum of the del ay
duration and said integration wi ndow duration are greater than or equal to
the duration of said preanble synbols. 2 8 DEC 2006 42 4. An apparatus
accor di ng t at.cl aiAn apphmtes racchedimgihd efaimf 3 syhereinsthesnumber oh syohblolsy is
duration is 1 synbol duration, and the integration windowis 9 synbol
durations. 510, ARe iy alrstionCisot dynbol duedtinhahdviher iptegratien windew i©f0
synbols is 5 10, the delay duration is 1 synbol duration, and the

i ntegration Qi Wu’ra°tioh§ synbol durations. 6 An apparatus according to

cl ai m 3 wher he nunber of syrrbols IS the delay duration is 4

oy oy oir o @nghgﬁatgg [Po‘@'ld?#nog"v{/@%rgm ﬁﬁ;ﬁgﬂnb@wo@tspmms 930 A

nmet hod of s recel ver sin
receivin a SI erlve fro cket in ud nce
nore tha E @6 dyFalion,iSe ﬂm%ﬁw“g%m ”zgp ?)%ﬁ%?&? B o is 7

symbol durations.

6. An apparatus according to claim 3 wherein the number of symbols is
10, the delay duration is 4 symbol duration, and the integration window is 6

symbol durations.

10 7. A method of symbol timing in an OFDM receiver, the method

comprising:

receiving a signal derived from an OFDM packet including a sequence
of more than two repeated preamble symbols spaced apart pairwise by a
predetermined duration;

15 determining an integrated correlation value of two samples of the
signal, one said sample being delayed by the predetermined delay duration
with respect to the other, by:

(i) determining the product of a first of said samples and the
conjugate of the other of said samples; and

20 (i) accumulating said product over a period of said first sample

equal to an integration window; and



predeterm ned duration; 15 determning an integrated correl ati on val ue of
two sanples of the signal, one said sanple being delayed by the
predeterm ned delay duration wth respect to the other, by: (i)
determining the product of a first of said sanples and the conjupateImé
the other of said sanples; and 20 (ii) accunul ating said product over a
period of said first sanple equal to an jntegration wi ndow, and 2 8 DEC
2006 43 determ ning the synbol timng based on the maxi mum correl ation
val ue; wherein the integration wi ndow duration is not equal to the del ay
duration. 5

determining the symbol timing based on the maximum correlation

value;

wherein the integration window duration is not equal to the delay

duration.



