15 DEC 2006 *166166* FREQUENCY ESTI MATI ON I N A BURST RADI O RECEI VER Field
of the Invention The present invention relates to frequency offset
estimation for receivers, especially for wireless burst type s{90gt 3006
Prior Art Radi o-comrunication systens involve the transm ssion of
information over the air interface by nodul ating the radio frequency (RF)
carrier by the information sources. \Wen the signal is re

receiver will attenpt to extract the original infornatloanMMQIWH“ @mlan
appropriate denodul ati on technique. Dermodul ating digital

signals entails the use of an estimated replica of the transnit¢¢hg
carrier for oreep .l_\; &S| % practice < éiuency of
this referefce e A e LA LY=L ¢ evig¥&ited signal
This could be due to Doppler shifting or the inaccuracy of the oscillator
which is only accurate to within certain nunber of parts per mllion. If
the frequency uncertainty is excessive and is not adequately conpensated,
t he perfornEn f,the denppdul ator will invariably be degraded to an

ext ent that—#§§$§Ap§+ﬂ%$ﬂﬂ%$ornation cannot be reliably recovered. To
reduce the inpact of frequency offset on receiver performance, sonme form
of carrier offset conpensation technique is typically enployed. A
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phase detector to continuously track the carrier phase for frequency and

hase conpensati on. A
P P Prior Art

Radio-communication systems involve the transmission of information over
the air interface by modulating the radio frequency (RF) carrier by the
information sources. When the signal is received, the receiver will attempt to
extract the original information by adopting an appropriate demodulation
technique. Demodulating digitally modulated signals entails the use of an
estimated replica of the transmitting carrier for recovering the signal. However
in practice, the frequency of this reference carrier will almost always differ
from the received signal. This could be due to Doppler shifting or the
inaccuracy of the oscillator which is only accurate to within certain number of
parts per million. If the frequency uncertainty is excessive and is not
adequately compensated, the performance of the demodulator will invariably
be degraded to an extent that the original information cannot be reliably
recovered.

To reduce the impact of frequency offset on receiver performance, some form
of carrier offset compensation technique is typically employed. A well-known
method known as carrier-tracking loop is commonly used to recover a
reference carrier for demodulation. Based on the phase locked loop (PLL)
principle, the carrier-tracking loop invoives the use of a phase detector to

continuously track the carrier phase for frequency and phase compensation. A
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*@00007* 15 DEC 2006 2 parameter, particularly critical in burst node
design, known as the acquisition period is often associated with carrier
tracking loop to specify the average duration taken to achi ev_e1 %BEaZWE
state fromthe initial starting condition and is used as a criteria to
gauge its effectiveness in acquiring burst signals. Another known technique
is the data-aided frequency estimation sgheme. For exanple, this technique
is addressed in a paper by Unberto Mengali entitled "Data-Aided Frequency
Estimation for Burst Digital Transm ssion"(IEEE TRANSACTION ON

COMVUNI CATI ONS, Vol 45, No 1, Jan 1997). In such nethods, the esti Irr}att gd
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has the i ngueationttakento aghiavesieady staté foof thenmitihl starting woaditind drd is
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however requires the presence of a timng recovery technique. One known
technique utilizes a timng detector in a feedback timng recovery loop to

recover ti r’rﬁﬁ‘@theﬁfmpmﬁ‘tfleGHF"QQ@Hﬁiﬂﬁi%éatﬁ'ﬁiﬁ’eélefﬁqt&ncywséiﬁﬁﬂ@g P:A%bi_emhe.tﬁﬁrs e
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TDVA) syst . Wy ery _net ho i nvol ves the correlation o
f)verjs;rrpl ed%@ﬁgtrw@hbg%gﬂﬁhmmﬁ@y%r Qnthd eNoghared 837) Ay sueb peak
magni tude. FThahs@dmhe ddimhatel FEGRMEYSoffet idih BEASed to tune the receiver's
voltage controlled oscillator (VCO) close to the received carrier frequency for
downconversion. Alternatively, the estimate could also be used to initialize the
PLL to reduce the frequency acquisition time. This approach has the
implementation advantage of a feedforward structure and is therefore

attractive for burst synchronization,

Although conventional carrier tracking loop is widely used for removing
frequency offset, it however requires the presence of a timing recovery
technique. One known technique utilizes a timing detector in a feedback
timing recovery loop to recover timing information. Combined with carrier
tracking loop, this approach may incur an unacceptably long acquisition
period which may pose significant problems when employed in burst packet
transmission systems such as Time Division Duplexing (TDD) and Time
Division Multiple Access (TDMA) systems. Another timing recovery method
involves the correlation of oversampled signals with a locally stored preamble
and detecting the peak magnitude. The sample that corresponds to the peak
magnitude at the correlator output provides a coarse timing estimate.
However, a large frequency offset may induce correlation loss at the
magnitude peak and therefore reduce the accuracy of the timing estimate.

Therefore, the combined carrier-tracking and timing correlator approach may



magni tude at the correl ator output provides a coarse timng estimte.
However, a large frequency offset may induce correlation |oss at the
magni t ude peak and therefore reduce the accuracy of the tining1§§%tgﬂﬁe.
Therefore, the conbined carrier-tracking and timng correl ator h may
15 DEC 2006 3 yield unacceptable overall receiver performance if the
frequency offset of the received signalgzis initially large. Like carrier
recovery | oop, data-aided frequency estimtion also requires prior timng
i nformati on, which, again, may not be available in the presence of |arge
frequency offset. These nethods are normally mathematically derived under
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channel s. For the nethods nentiohed above to be effective, timng

i nformation nust be either fully or partially avail able. However under the

condition of . : requency offset, reliable tim ng recovery nmay not be
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PATENT NUVB 4, 286/ t t reduce the frequency offset. by a
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this net hod WY el&n RiGRe %ﬂ??&ﬁﬂ%lwcyn@%]f&quwy seleativeichappeliscat i ons as

the frequency estimate is affected by channel

For the methods mentioned above to be effective, timing information must be
either fully or partially available. However under the condition of a large
frequency offset, reliable timi.ng recovery may not be readily achieved.
Evidently a coarse frequency compensation method that does not require
prior timing information will be an attractive solution to mitigating large
frequency offset. One such known method as disclosed in
“SYNCHRONIZATION TECHNIQUES AND SYSTEMS FOR
RADIOCOMMUNICATION,' US PATENT NUMBER 6,134,286" attempts to
reduce the frequency offset by a coarse frequency correction prior to fine
timing and frequency corrector. This method exploits differential detection and
an averaging process over the entire packet frame for frequency estimation
and compensation. However this method is not robust in frequency selective

channel applications as the frequency estimate is affected by channel
distortion.

Summary of the Invention

The present invention aims to provide a frequency offset estimation method

and apparatus which overcomes or alleviates some of the above problems. in



distortion. Sunmary of the Invention The present invention ains to provide
a frequency offset estimation nethod and apparatus which overcones or

all eviates sone of the above problenms. In 15 DEC 2006 4 particq@q#? @@F
present invention relates to a nethod of estinmating a frequency o #s of
a received nodul ated carrier signal for coarse frequency error renoval in
a digital radio receiver. In general tergs the present invention provides
t hat phase differences between correspoilding sanples in repeated preanble
trai ni ng sequences or synbols are used to generate a frequency offset
estimate. More particularly, in one aspect the present invention provides a
frequency offset estimator according to claim1l. The repeated synbol s

Wi t hi n a sedqeasticat dhe ipseseddneention relates $0 aonethpd ofreidipratigna freuancsi ng

certain well - equence 40 PN or . CAZAC) . which allows faor an
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and Constantreﬁqwa:l trugleighen fadio récdpas el at [ on (CAZAC) sequences prov! de
that sanples within a sequence are statistically independent. This is

because each sequence in the preanble is nornmally chosen or designed to

possess noi §g- r ugos r [ : eq,: es,
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subst ant i al 15YMRAIR AL UBS {0 BB AStEEncy SSet €SNl i cati on and
averagi ng. The averagi ng process renoves the products which have

statistically independent synbols while retaining only those which has
More particularly, in one aspect the present invention provides a frequency

offset estimator according to claim 1.

The repeated symbols within a sequence can be treated as statistically
independent when using certain well-known sequences (e.g. PN or CAZAC)
which allows for an improved frequency offset estimate. As is well-known,
Pseudo Random (PN) and Constant Amplitude Zero Auto-Correlation
(CAZAC) sequences provide that samples within a sequence are statistically
independent. This is because each sequence in the preamble is normally
chosen or designed to possess noise-like or pseudo-random properties. With
repeated sequences, this statistically independent property (within each
sequence of the entire preamble) allows the effect of a multipath (frequency-
selective) communication channel on the quality of a frequency estimate to be
substantially reduced by the combined process of multiplication and
averaging. The averaging process removes the products which have
statistically independent symbols while retaining only those which has

identical symbols corresponding to the repeated sequences.

Therefore the frequency offset estimator of the invention is advantageously
used with sequences having statistically independent symbols, such as PN

and CAZAC sequences.



i dentical synbols corresponding to the repeated sequences. Therefore the
frequency offset estimator of the invention is advantageously wused with
sequences having statistically independent synbols, such as PN f@ﬁ CAZAC
sequences. 15 DEC 2006 5 As the estimator exploits the use of p %%?@%
with periodic sequences or synbols, the estimation perfornmance of this
technique is particularly robust againsg frequency selective channel. Due
to the feedforward nature of the frequency corrector, the inplenentation
is highly suited for burst npde nodemdesign. In a burst node transni ssion
system the frequency offset is assuned to be invariant throughout each
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present invention provides a frequency offset corrector according to claim
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i nvention will, 6 now b%e.described in detail with reference to the follow ng

packet can used to cancel the frequency offset of that packet. Compared

to feedback architecture, a feedforward estimator allows frequency offset to
be estimated very reliably in a single-shot fashion. The estimator is then shut

off during the remaining packet since it is not required to track any residual

frequency offset since it is assumed to be invariant.

In another aspect the present invention provides a frequency offset corrector
according to claim 5.

In a further aspect the present invention provides a method of determining the

frequency offset in an incoming signal according to claim 7.

In this specification, the terms repeated or periodic sequence or symbols are
used interchangeably.

Brief Description of the Drawings

The invention will now be described in detail with reference to the following

figures, by way of example only and without intending to be limiting, in which:

Figure 1 is a functional diagram of a receiver which has a frequency offset
corrector,;



figures, by way of exanple only and without intending to be linmting, in
which: Figure 1 is a functional diagramof a receiver which has a
frequency offset corrector; 15 DEC 2006 6 Figure 2 shows the aLfBQi%ﬁEure
of a frequency estimator according to an emnbodiment of the inve ;
Figure 3 shows a first enbodiment frequency offset corrector; Figure 4
illustrates a wirel ess burst synchronisagion preamble or training burst;
Figure 5 shows a second enbodi ment frequency offset corrector; Figure 6
shows a digitally inplenented loop filter; Figure 7 shows a perfornance
conpari son between the first enbodinent corrector and two prior art

correctors; Fi 8 . rehitecture of frequency. esti nmat or
according to Qngt%gérﬂo%sn%@%%ﬁéem{&gf%t ﬁﬂ 3 ﬁggH?ri\%:es&péqq @ﬂc%ég‘@r ﬁ‘bﬁnpn
Fi gure 1 is emtsdipenf ofthefioveitionnal di agramthat illustrates one possible

use of a frequency estimator in a comruni cation receiver. The parrier
signal is fiF(r'egjifen% v adirgherahodintes frequenay offsetserrreatorent |y filtered of
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corrector 3 are described i n detai W. resul tant”si gnal”
optional | y lserrester and twofprios art comertarsg ahdequency correction unit 4 and

i nal data
then sub Seql#%urleyB gr(w)ov%/sh ﬁwedg%%ﬂg!:t%trg of g f];e%ruefnlcgaestim%tor according to another

embodiment of the invention.

Detailed Description

Figure 1 is a simplified functional diagram that illustrates one possible use of a
frequency estimator in a communication receiver. The carrier signal is first
received by an antenna 1 and is sufficiently filtered of undesirable interference
and noise by a pre-filter 2. To prevent signal distortion due to frequency offset,
the bandwidth of the pre-filter should be set wider than the bandwidth of the
modulating signal. The pre-filtered signal is then passed to a coarse
frequency corrector 3 which comprises a frequency estimator and a derotator
(or phase shifter) for reduction of frequency offset in the received signal.
These component parts of the corrector 3 are described in detail below. The
resultant signal may optionally be sent to a fine timing and frequency

correction unit 4 and then subsequently to the demodulator 5 for final data
recovery.

Figure 2 shows the architecture of a frequency estimator 19 according to a
first embodiment. Line 10 represents-a signal that has been sampled by an
Analog to Digital Converter with an oversampling ratic m (eg. 2 or 4

samples/symbol). The signal is also assumed to be suitably downconverted



reéovery. Figure 2 shows the architecture of a frequency estimator 19
according to a first enbodinent. Line 10 reprﬁsents,a Si gnia! thattihgsmbeen
sanpl ed by an Analog to Digital Converter with an oversanpling rat

(e.ng. 2 o?/ 4 sanpl eg/ symbol ). The signal is also assunmed to bg 5sﬂ.ﬁft7£ﬂﬂy
downconverted 15 DEC 2006 7 froma RF/IF frequency to its conplex baseband
equi val ent by a quadrature mXxer (not shown). Although the final center
frequency of signal 10 is lowered, the original frequency offset is still
present. Depending on the length L of each sequence in the preanble (which
is explained later), a menory buffer 11 of depth Lmsanples is used to

sLor e and IRy ol RENETAIANE SOTR 85noiooa IR el B9 Bl gt ed
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mul tiplier whpehdnokipfied a}qhxhé%éee@éwglénfapm'w a complex multiplier 14.

T

‘Beside using FIFO and RAM to buffer (delay) the incoming samples before
the differentially multiplication, another way is to use many latches or registers
(e.g. D flip-flop) implemented in FPGA/ASIC for buffering. All these elements
serve to delay the incoming samples. As for multiplication, either dedicated
hardware complex multiplier IC or one implemented in FPGA/ASIC designed
using hardware description language (e.g. Verilog) can be used to implement
complex multiplication.

A fixed number of samples at the output of the multiplier 14 are then averaged
by an averager 15 to reduce the noise variance. The minimum number of
samples at the output of the multiplier should preferably correspond to the
number of symbols in each sequence. The maximum length is limited to only
the number of symbols in the entire preamble. In practice, the number of
samples used for averaging depends on the required accuracy of the estimate

which can be readily determined using computer simulation.

Unit 17 implements an “inverse tangent” function on the complex samples 16
output by the averager 15 in order to compute an estimated phase rotated
angle 21 which is proportional to the frequency offset.



nunber of symbol s in each sequence. The maxi mumlength is limted to only
the nunber of synbols in the entire preanble. In practice, the nunber of
sanpl es used for averagi ng depends on the required accuracy of thg; ggtjppte
whi ch can be readily determ ned using conputer sinulation. Unit 17

i npl ements an "inverse tangent” function on the conplex sanples 16 output
by the averager 15 in order to conpute a? estimated phase rotated angle 21
which is proportional to the frequency offset. 15 DEC 2006 8 Unit 17 may
be inplenmented as a Look-Up-Table (LUT) in a formof Read- Only-Menory
(ROM) which is pre-stored with conputed coefficients. Alternatlvely,
digital |ogic design can be used to inplement the "inverse tangent .
function that may consune several clock cycles before the final result is

det er i ned. Uﬁilﬂ?&hb*“bbeﬁn;ﬂ@ﬁw%h?éﬁ 2594 ¢ oBk-U fg%?%’@?at fla bf}Snﬁ ofSR8LE" 18.
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estimator here referenced 56 exanpl e the esti mator 19 of ure

i pl ement ed "e8ulh i tde@m?i”%%aﬂ—gé ef’rtl"@@]@én@a@dr pegleo? 1 usi thebsscalae tby aquency
estimate 54gagepqperated by the frequency estinmator 56 initialises a
Nuneri cal Control Gscillator (NCO 52 to generate a sinusoid carrier 51
with a frequency reversed with respect to the 1incomng signal 57. The NCO

[ [ dto enerate a conplex sinusoid at a
L-;egi ](cj ie\él ]E: re glegﬁ%}ecrag’ﬁ{eerglﬁgy gn® iegthe a\geraged terms atnﬁe output of inverse

tangent with a 1/(2 x © x16) or without loss of generality 1/(2 x = x L). to

eliminate the frequency bias. As will be seen from equation 3 below, the

frequency estimate will yield inaccurate or biased result if the scaler is not
used.

Figure 3 shows an embodiment of a frequency estimator here referenced 56
(for example the estimator 19 of figure 2) implemented as part of a coarse
frequency corrector unit 55. The frequency estimate 54 as generated by the
frequency estimator 56 initialises a Numerical Control Oscillator (NCO) 52 to
generate a sinusoid carrier 51 with a frequency reversed with respect to the
incoming signal 57. The NCO is a device which can be programmed to
generate a complex sinusoid at a specific frequency. The angle of the
sinusoid (e.g. angle “2nft” of a generated complex carrier signal “exp(j2nf.t)")
can be programmed to increment or decrement. Increment means f. is a
positive number while decrement implies a negative f.. To generate a
sinusoid carrier 51 with a reversed frequency implies that the sign of f; to be

programmed into the NCO is opposite to the sign of frequency estimate.

The construction of a NCO typically comprises a phase register that supplies
an input to an accumulator for generating a carrier signal via a Look-Up-

Table. The value stored in the phase register corresponds to the desired



si nusoid (e.g. angle "27tfct" of a generated conplex carrier signal

“exp(j 2nfJ)" ) can be programmed to increment or decrement. Incr%gegttg @Egns
fc is a positive number while decrenment inplies a negative fc. gen

a sinusoid carrier 51 with a reversed frequency inplies that the sign of
fc to be programmed into the NCOis opposite to the sign of frequency
estimate. The construction of a NCO typigally conprises a phase register
that supplies an input to an accunulator for generating a carrier signal
via a Look-Up- Table. The value stored in the phase register corresponds to
the desired 15 DEC 2006 9 frequency of the NCO output. The generated
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to yield a signal having an even finer frequency offset.” Depending on the
accuracy required on the final residual frequency error, the incomng

ignal 57 cqwkd t r unit
207 57 Coumn Sy A A R ST 0
may be des rlgﬁieeldtoarmd)eattrm 1o tdther rﬁamfmqnefnb?qwrm@otldmf usé @fchths
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(e. % at I W?Xr‘eﬁluééh@f cofré&ter 86 tkiAeld éjﬁﬁﬁﬁﬂhé\ﬂné’%nté\%nemérrfiaédt%'ﬁc?(\o‘ﬁ‘ééﬁcy due
to Signal to Noise
g Depending on the accuracy required on the final residual frequency error, the

incoming signal 57 could pass through several stages of frequency correction
unit 55.

In an example, a digitised IF (Intermediate Frequency) carrier signal may be
designed to be at 4Mhz with a maximum frequency offset of +/- 150Khz, a
locally generated reference signal of 4Mhz + frequency estimate will yield a
resultant baseband signal with a residual frequency offset (e.g. at maximum of

tens of Khz ) depending on the estimation accuracy due to Signal to Noise
Ratio (SNR).

As mentioned previously, this coarse frequency estimator (19,56) works in
parallel with the transmission of the preamble. Sequences used in the
preamble have to be periodic with at least two repetitions for proper
functioning. One such example is a Pseudo Random (PN) sequence and
another is known as Constant Amplitude Zero Auto-Correlation (CAZAC)
sequence. The common property that these two sequences enjoy is that the
symbols resemble the characteristic of white noise and can therefore be

statistically treated as independent. This property is exploited by the
embodiment.



Ratio (SNR). As nentioned previously, this coarse frequency esti mator
(19,56) works in parallel with the transm ssion of the preanble. Sequences
used in the preanble have to be periodic with at |east two repg§ DEg eps for
proper functioning. One such exanple is a Pseudo Random (PN) sequence and
anot her is known as Constant Anplitude Zero Auto-Correlation (CAZAC)
sequence. The common property that thesgptwo sequences enjoy is that the
synbol s resenbl e the characteristic of white noise and can therefore be
statistically treated as i ndependent. This property is exploited by the
enbodi nent. 15 DEC 2006 10 An illustration of a preanble with the periodic
sequences is shown in figure 4. In the figure, the length of the sequence
L is 16 synbols and is repeated tw ce. The nunber of sequences used
depends on tﬁhenlustmtloremsalbréﬁmbléamtlﬁme E@hb@la st@@éh@éé(@;ﬂ%\@rﬁllﬁ hguﬂeiiﬁt of
the transm %kl ver head i nposed on e desired throug put . umng a
recei ved QPYK thedausg.e es!?rﬂglﬂé ahithe %%&ﬁé‘ﬁ@alnﬁﬂrﬁgsvmbp and ds rﬁapa@dent ed
as (1) whe k a Qns

transm ttedrt\ﬁlgrge;r?g Qurg)i/)ngrqqs u%h@r% pgsegh?.’é'@@é%é th?’afe dﬁ C&C\P offset
and noi se ﬁ&t‘rmaéen aceepw(ytandebtytheThmdmfmlu& trahbmissien 6¢eihead ippeyed dhi Nat e,

sanpl es of S t (e.g. 30 and 32, 31 and 33 in figure 4) are
first di ffetﬂé%g?%'fef‘i i I ied according to the equation 2 r,,r*" _16 =
e 2jf (16) | | hkl hk2an-Kkl an k2+ noise ternms (2) kI k2

Assuming a received QPSK modulated sample with a oversampling ratio m is

represented as

r, = ejz’!f"tha"_k + n, (1)

where hy , an, f and n, are the Channel Impulse Response (CIR), transmitted
preamble symbols, normalized (to symbol rate) frequency offset and noise
samples, respectively. To compute the coarse frequency estimate, samples of

16 symbols apart (e.g. 30 and 32, 31 and 33 in figure 4) are first differentially
multiplied according to the equation 2

* _ J2af (16
1 ne16 = e/ )Zth,hkza" «1Q,_y2 + ROIse terms (2)
ki k2

These terms are then averaged over several samples of length Lm and the
angle of the averaged sum is then computed to yield an estimated phase shift
due to frequency offset. For ease of hardware implementation, the number of
samples used for averaging is preferably at power of 2 so that division

operation is simply reduced to hardware register shifting. The estimate phase
shift is then scaled to obtain



These terms are then averaged over several sanples of length Lmand the
angle of the averaged sumis then conputed to yield an estimted phase
shift due to frequency offset. For ease of hardware inpl enentat]pBEC 0066
nunber of sanples used for averaging is preferably at power of 2 so that
division operation is sinply reduced to hardware register shifting. The
estimate phase shift is then scaled to @btain 15 DEC 2006 11 f
arg{E(r"r,, ,6 )} 27r(16) (3) Mathenmatically equation 3, can be shown to
obtain an unbiased estinmate of the frequency offset provided the sequence
used is statistically uncorrelated (which is fulfilled by PN or CAZAC
sequence). Regardjng statistical independence or an uncorrel ated sequence,
it shoul d be,_ris@dd7.#halj each dlfferentlaléx mul tiplied sanple rnrn_L* has
bot h statlstlcallyﬂa@§pendent and |ndepené t product ternms. The process of
averaging is to renove the statistically independent product terms while
retaining only terms with identical synbols arising fromsuccessive
sequence. The term "statistically independent” is used interchangeably here
with the term"uncorrelated", although in the field of statistics, they

are techni cdtpiersitica b&iudildrf 8! eah bé“@hwhhétoﬁﬁlheaﬁ%%téas%dcé‘é‘mﬁ euéfed for

averaging to yield a nore accurate estimate if the sequence Is | onger
peri odicityl %IfrteQPﬁBPY \?@F?t Pfﬂﬁ‘iﬁd ﬂmaéﬂwmyechllsetwetlw@dummrraaeuagl ng.

cont i mue. a0 TRnaE L b BN A S @ per ol ¢ preanble. Before the
start of the actual data transm ssion, a control signal to the estinmator
st be ass‘I:’-l{egardlng statistical independence or an uncorrelated sequence, it should be
noted that each differentially multiplied sample r.r...” has both statistically
dependent and independent product terms. The process of averaging is to
remove the statistically independent product terms while retaining only terms

with identical symbols arising from successive sequence.

The term “statistically independent” is used interchangeably here with the

term “uncorrelated”, although in the field of statistics, they are technically
slightly different.

Note that more samples can be used for averaging to yield a more accurate
estimate if the sequence is of longer periodicity. Alternatively, more

sequences may also be used for averaging.

It should be noted that the operation of the frequency estimator may continue
as long as the samples contain the periodic preamble. Before the start of the
actual data transmission, a control signal to the estimator must be asserted to
freeze the computation. Moreover, this results in power saving as it allows
clock gating to be used. Thé assertion of the control signal to halt computation
is readily performed by a frame synchronization unit, aided by a timing
recovery unit such as timing correlator (as mentioned earlier) which detects
the end of the preamble. Such units are well known in the art.



freeze the conputation. Mreover, this results in power saving as it allows
clock gating to be used. The assertion of the control signal to halt
conputation is readily perforned by a frame synchroni zation unii ??@Ed by
atimng recovery unit such as timng correlator (as nentioned QF ier)

whi ch detects the end of the preanble. Such units are well known in the
art. 15 DEC 2006 12 Failure to stop thgoconputation after the beginning of
data transm ssion will render the estimte unreliable. The operation of
the frequency estimator will resune at the start of every new packet
transm ssion. Figure 7 conpares the estimation accuracy of the proposed
frequency estimator, wth other known Maxi mum Li kel i hood frequency
estimation techniques such as one by Marco Luise et al in "Carrier

Frequency r Faie § stop thel cdshpitatibn MFesHel K¥gi t QLal i | EEE
Trans on Communi cat iog_ns vol 913 Feb 193@9 %?&'%r’ ZOf:\élﬁsﬁg%ﬁﬁlg%ﬁBi@gct ed
Burst Mbde "&aritbe esjimate amireliablenTe aiperaficss of tHEEfefuansy estimator will
Comuni cat i t ) for performance conparison. The
si nul ati on f@%?%gﬁ%e%}gﬁvafﬁg&]g&ﬁﬁ%ﬁfﬁan%rg{%ﬂqqgS_ 1. Exponential power
del ayed Rayl ei gh fadi ng channel, as adopted in the IEEE 802.11 criteria,

of a 50ns rip; del gy spread. 2. Oversanpling ratio of 2 sanples per synbol. 3
Vari ance of FEF®nht 6P19Pares dRe i eelimation eaccuoary pictha spropased ffreguency

normal i zed BeGadeiCYwih f 0 3 MSyi o R er frequency .

estinators are aﬁjl?’ dg%- gﬁ&éd?”@f\’gr (la\ha%ﬁéﬁyuglﬁ 'gal'@@g@%meﬁ@gg?ét@f‘ QPSK

nodul at i on Wehniues sudhoas oaewyt Mancoviuise & guine'Cariiet FrdduirRy rebsve

ef fectiveness .h? Rﬁodposed esté mat or. over_these prior_art estinmators.

Note that aF Lfg ﬂ)t ital Modems for Burst Mode Transmission, IEEE Trans on
Communications vol 43, Feb 1995” and Fitz in “Decision Directed Burst Mode
Carrier Synchronization Techniques, IEEE Trans on Communications vol 40

Oct 1992 are used for performance comparison. The simulation is performed
with the following settings.

1.Exponential power delayed Rayleigh fading channel, as adopted in the IEEE
802.11 criteria, of a 50ns rms delay spread.

2.0Oversampling ratio of 2 sémples per symbol.

3 Variance of estimators are estimated over 1000 packets.
4 A fixed normalized frequency offset of 0.03 is assumed.
5.0ther frequency estimators are all data-aided.

6.Preamble using 2 CAZAC sequences, of QPSK modulation

The simulation result shown in figure 7 illustrates the effectiveness of the
proposed estimator over these prior art estimators. Note that a further
advantage of the embodiment is that it does not require any prior timing
information. It should also be noted that the estimator works for both

frequency selective and non-selective channels.



advant age of the enbodiment is that it does not require any prior timng
information. It should also be noted that the estimator works for both
frequency sel ective and non-sel ective channels. 15 DEC 2006 13 3 BECatigg her

enbodi ment of the invention as illustrated in figure 5 the estinated
frequency error 47 conputed by the frequency estimtor 48 is used to
initialize a carrier-tracking | oop 50. carrier-tracking loop is typically

used in comunication receivers to renove and track any small residual
frequency and phase offset that may exist in the received signal 40 due to
frequency msmatches of transmtting and receiving Local Gscillators
(external to the, carr.i A phase error_voltage 49

er. tracéi ng. | oop 50). e
cor r espondi @aPBthgﬁfmq%lal&@he they inyeden ?_ﬁ'%’éfraﬁﬁ ini e 5 the §S’&IJ'Sa@ﬁhg? .
d t r e Ol ol
e dasi gned oty TRrRICH?, cORPERA o the eI eBinBirG 8, B, SRt
modul at i on. indidiRe a carirysteacking laap 50. Ahearrier-trackihgrieopis typinilyasderbin shed

t hods for or.1m n hase detection. The hase error 49 is passed
Through a1 SBTPPTEERh BEEG e clRotPiPve: 280, tablp A8 Slbdesrus reausncy
char act eri s, pases sBESttHah ena\Plex)st 85 "1RE réb&ivé!cij:si faltadt teetrorﬁg%ency
arrangenment, the |loop filter 44 is inplenented digrtally for greater
stability. M@atehest akiraspmiltingi aprhireceaivingdLocalt @sciNilors fexternatptoothece a

| J: 6 t f f ency and, phase
i smat ches SR wadkils Tbog ob)® & B, et Bikhosn s iearenoir ke Ay | oop
(Figure 5), ficheeneyf or phase offsst irsign @l is dbedbd e g&ﬁe?%dsﬁa/nﬁglgep[gé@l ;15 I's

normal |y tuged to the expected frequency of the incomng si

nost cases, IFIREIPT Y R Dhase drtecteras ssichdbat it isadesigredite bte_timssaerll‘sitémjkency of
I ncom ng Si ' the conyentiaon .
carrier-tra E?%%%?%%ﬂp&%ﬁgﬁ%@{eﬁgo We%é&gqﬁg?@lgﬁ%ﬂna%ﬂ\ﬁ? 98}‘/“?% 'ﬁl“:&i in the
art, there are many established methods for performing phase detection. The
phase error 49 is passed through a loop filter 44, designed with a low-pass
frequency characteristic, to smooth the noisy error signal. In a preferred
arrangement, the loop filter 44 is implemented digitally for greater stability.
The smoothed error signal is fed to the NCO 45 to reproduce a reference

carrier signal 46 to correct for any frequency and phase mismatches of
incoming signal 40.

In a conventional carrier-tracking loop (Figure 5), the reference carrier signal
46 at the output of the NCO 45 is normally tuned to the expected frequency of
the incoming signal 40. In'most cases, the frequency of the NCO 45 never
agrees with the frequency of incoming signal 40. It is also well known that the
conventional carrier-tracking loop normally takes a certain amount of time to
bring the frequency and phase of 46 close to agreement with the incoming
signal 40. This amount of time, known as acquisition period, depends on the

design parameters of the loop filter 44 and also on the signal to noise ratio of
the incoming signal 40.

In the embodiment, the frequency estimate 47 computed by the frequency
estimator 48 is used to initialise the NCO 45 to speed up carrier acquisition.



bring the frequency and phase of 46 close to agreenent with the incom ng
signal 40. This anount of time, known as acquisition period, depends on the
desi gn parameters of the loop filter 44 and also on the signal gt ?
ratio of the incom ng signal 40. In the enbodi nent, the frequency estl mate
47 conmputed by the frequency estimator 48 is used to initialise the NCO 45
to speed up carrier acquisition. 15 DEC 2006 14 As di scussed before, an
NCO typically conprises a phase register1ﬁollomed by an accunul ator and a
Look- Up- Tabl e. The frequency estimate 47 is latched into the phase

regi ster of the NCO 45 to bring the frequency of the reference signal 46
closer to the frequency of the incomng signal 40. As a result, the

acqui si ti on Aedissus$ed batore care bl GO typitallysiagnpilisesa pbas@eegiat%ﬁ@ib:d\ge@b)at e in

whi ch ph d f ff The f h
cor recteq i AnarcuBUAoE Hafl 4 ERbklp-ABRer Tan et IYsEo R et R
unit for fijpgd trfée;ﬂmbé aégla@r of hea NG UST taairingethel fredqasayndf, thehefdresggiency

estimate conputed by fre(%uency estimator 48 is used to directly
initialize t¥ignaloth chqetré@ the tregusher®f the ivegrningr sigpguftQi Ap ch resull; ém. ng

to figure 6, dplaqgn.{‘%@rlﬁ y%ﬂ?hogpst‘[dr{etn%rd §r§’%‘i’lﬁe ts'c’pg]agfzﬁ@ﬁéaecrhg%ré‘%lfé Lt%‘?é’ 0 1S

I mpl enent ed e out put of I near
conbi nat i on which7phddee aptafseqesniayr offsdtt isphéadzén. aTImlfneqbeobprariélphﬁ@ and

The 1 equencolEAHSETRA IBETTEBENEE GIEEE SAAIEE OheOmRRUIFRan UndgPgt or
64. Ther ef orghfeenf@uses that during steady state where the phase error 61
is zero, a value at tqhe out put of the accumulator 68 is held constant at
the output 66 for the NCOto tuned signal 46 (Figure 5) closer to the

| ncom ng frl%q%%ngxernative arrangement, the frequency estimate computed by the
frequency estimator 48 is used to directly initialize the Loop filter 44 to speed
up carrier acquisition. Referring to figure 6, a modified loop filter 69 of the
carrier-tracking loop 50 is implemented digitally. The output of the loop filter
66 is a linear combination of 67, the phase error multiplied by a gain factor K1
62 and 65, an integral of the phase error weighted by another gain factor K2
63. The frequency estimate may be latched directly into the integral register
64. Therefore one can see that during steady state where the phase error 61
is zero, a value at the output of the accumulator 68 is held constant at the
output 66 for the NCO to tuned signal 46 (Figure 5) closer to the incoming

frequency.

In the embodiment of figure 8 a slight variation in implementation of a
frequency estimator 82 is shown. The inverse tangent unit and averager are
swapped in position. Line 70 represents a signal that has been sampled by an
Analog to Digital Converter with an oversampling ratio m (e.g. 2 or 4
samples/symbol). The signal is assumed to be downconverted from a RF/IF
frequency to its complex baseband equivalent by a quadrature mixer (not
shown). Although the final center frequency is lowered, the original frequency
offset is still present. Depending on the length L of the each sequence in the

preamble, a memory buffer 71 of depth Lm samples is used to store and



I n the enbodinent of figure 8 a slight variation in inplementation of a
frequency estimator 82 is shown. The inverse tangent unit and averager are
swapped in position. Line 70 represents a signal that has been saodEedoigy
an Analog to Digital Converter with an oversanpling ratio m(e.g. 2 or 4
sanpl es/synbol ). The signal is assunmed to be downconverted froma RF/IF
frequency to its conpl ex baseband equivglkent by a quadrature m xer (not
shown). Although the final center frequency is |owered, the original
frequency offset is still present. Depending on the Iength L of the each
sequence in the preanble, a nmenory buffer 71 of depth Lm sanples is used

to store an C 2006. 15 del e incom ng sanples. Conpl ex conjugate
72 operati oﬁ Ea? t %nmCBE}JQ%rmp%ﬁ t&l@"'tﬂ’é?’%l uaaip| €3, opgeatiasl s edeponpl ex

conj ugate spgratmés onltﬁetd&éyéwéémﬁiebethW jé@céﬁ%@&vﬁjﬁﬁgiﬁﬁnaQ 78y a

complex multiplier 74. Unit ~ 77, inplenmentin verse
f uncti on, otﬁe @UBHP“?ﬁéNIBUﬂ‘mJIteceslaﬁpﬁslgsabTO blyea complesxmualtiliepl7detUnit4 t o

d. onding tg the
f ?2332ﬁ2ya2 75 TP REGH e uRRRE, 1aB090F b BBhcPbialeagtn Bredtiber a
sanpl es by ean@m ebthe 5&n;bl@xrrﬁl§it|§ﬁert7|$td‘?fo'iﬁlceﬂaéd é&ﬁﬁafe?irrdtﬂ%;b‘é%‘ger

erformance. The_output of the averager 8l is then sent to't
1I‘Dor r enovi ngnBlecfRSAEESBORGNG fel ﬂﬂ%éregytenﬁmoé‘aef rTémuestmyatedfdngies 76 érenal I y

t_ of h| s vari ant
gL??if:e?rgméﬂ g%p}%%ge ra a?’?oér%c%ahq@gg%gbc%ﬁ%ﬁaef #Tg‘hé%dlﬁﬁﬁ hesnoise

nonet hel essvarlamrpferfmrorrnmt/edqieﬁormamctehqhér @S@m@%f(lﬁeaa\férﬁgélreB@)ﬁsslﬁbﬁc'f ive
channel . The c e be&ﬁv\g n the two _inplenentations depends on th

pr ef er ence 8?” 8§§? TR EEBAVING drequegy hirs ard the ﬁ%tﬂﬁétedﬁmueﬂcyom t he
Swappi ng of offet iSifkAY pRodeRBEERL's)/7 and averager 78, the

When compared to the embodiment of figure 2, this variant suffers from slight
degradation in estimation performance but is nonetheless a superior estimator
in the presence of a frequency selective channel. The choice between the two
implementations depends on the preference of the designer and on the
required performance.

Apart from the swapping of the “inverse tangent” 77 and averager 78, the
remaining operation and usage of this frequency estimator 82 is almost
identical to the first embodiment.

The proposed frequency estimators can be applied to any burst packet
transmission system that uses periodic sequences during the preambie. One
application is in the implementation of a receiver conforming to the IEEE
Wireless Personal Area Network (WPAN) 802.15.3 specification. in that draft
specification (ver 8), a CAZAC sequence of 16 symbols each are repeated
over 10 times and constitute part of the preamble.

Another potential application is in high data rate Bluetooth Release 2.0 that is
widely expected to support single carrier 2/4/8PSK modulation.



remai ni ng operation and usage of this frequency estimator 82 is al npost
identical to the first enbodi nent. The proposed frequency estimtors can be
applied to any burst packet transmi ssion system that uses peri ddiBEC 700
sequences during the preanble. One application is in the inplementation of
a receiver conformng to the |EEE Wrel ess Personal Area Network (WPAN)
802.15. 3 specification. In that draft specification (ver 8), a CAZAC
sequence of 16 synbols each are repeated over 10 tinmes and constitute part
of the preanble. Another potential application is in high data rate

Bl uetooth Release 2.0 that is wdely expected to support single carrier

2/ 4/ 8PSK nodul ation. 15 DEC 2006 16 The descri bed enbodi nents is al so very
advantageous in Tinme Division Miltiple access (TDVA) or Tinme D vision

Dupl ex ( TDD)Theo o &itsedt 'éhﬁﬁodlﬁﬁé?&se%té@t% \%ngéaxré% Q%ea}éf $h A r[ﬁvi%ﬁre
fast carrier achUISItIOI’l i s mandatory roper operati on. e vari ous

f eat ures of MutiplenBeeesse(TEMb)e of r'BmQ/ Rivistoinn &hipdexvi (THYacomnatrieations

Al terations S d _be obvi ous t hose skilled in the
art are int eﬂg‘%&‘ t‘i'IaE)e&?aérlr er%po ot &\NI i rgcf?ﬁg FRINE T acqUisifiplt 15006
17 CLAIMS mardatestfonptaperfoperattsrer m ni ng an estimate of frequency of fset
associated wth a received burst signal having a repeated training
sequence; the estimator conprising: nmeans for nultiplying a sanple of a
first said u e j f ar.r.espondi npl e
of o secondq?gl @Q@qﬁ%ﬁgg& of HRRIBoSMNRhHIaEE filely coRiBinamIe With Lach
other. Alterations and modifications as would be obvious to those skilled in the

art are intended to be incorporated within the scope hereof.



obtain a product value; means for determ ning a phase rotation angle using
sai d product value, said angle being indicative of said estimte; wherein
t he sanpl es of each said training sequence are statistically _|nﬂiﬁfndent,
and wherein the estimator further conprises nmeans for averaging (2006
product values for a nunber of sanples of said first and second sequences.
2. An estimator according to claim1l mher&in sai d sequences are Pseudo
Random or Constant Anplitude Zero Aut o- Cdfrel ati on sequences. 3. An
estimator according to any preceding claimwherein said phase angle

determ ning neans conprises an arc tangent function applied to said _
difference. 4. A frequency corrector conprising an estimtor as clained in
any precediE&ﬁﬂMﬁrnand a frequency shifter which shifts the phase of said
received signal by said phase rotation angle. 5. A corrector according to
claim4 wherein the phase shifter conprises an NCO having an input coupled

to said phasé. rot Aniestinmatopfdr deteinvihinghan gstimatet sisrejuericy VHsbPasddpstegncy
dependent on ﬁi d output and which is mxed with sald réceived signal. 15
DEC 2006 18WE" A ﬁ%‘ieﬁYﬁP urek1319Ra1i REVIAYF Ae dei@Rigd ofraining asemieingeedhei th a
recei ved si g&@hafon\toRipridifigpeat ed training sequence, the nethod
conprising: nultiplyi n? a sanple of a first said sequence with a conplex
conj ugat e of correg@oadiargmedtinlyiegod sarspleontl s dirst saigusegaehee AtHithe a

D ae ¢ e aiing K g% BOARELERIIRG 'Sl B & secony SAl seuancs to
obtain a product value;
means for determining a phase rotation angle using said product value,
said angle being indicative of said estimate;
wherein the samples of each said training sequence are statistically
independent, and wherein the estimator further comprises means for
averaging said product values for a number of samples of said first and

second sequences.

2. An estimator according to claim 1 wherein said sequences are Pseudo

Random or Constant Amplitude Zero Auto-Correlation sequences.

3. An estimator according to any preceding claim wherein said phase
angle determining means comprises an arc tangent function applied to said

difference.

4, A frequency corrector comprising an estimator as claimed in any
preceding claim and a frequency shifter which shifts the phase of said

received signal by said phase rotation angle.

5. A corrector according to claim 4 wherein the phase shifter comprises
an NCO having an input coupled to said phase rotation output and which
generates a correction frequency dependent on said output and which is

mixed with said received signal.



being indicative of said estinmate; wherein the sanples of each said
training sequence are statistically independent, and wherein the nethod
further conprises averaging said product values for a nunber of sanples of
said first and second sequences. 7. A method according to clai m6 Dsheygi n
sai d sequences are Pseudo Random or Constant Anplitude Zero _

Aut o- Correl ati on sequences. 8. A nethod gécordlng to any one of claims 6 to
7 wherein said phase angle determ ning nprises applying an arc tangent
function to said difference. 9. A method of correcting the frequency

of fset of a received signal, the nethod conprising a method according to
any one of claims 6 to 8 and shifting the phase of said received signal by
sai d phase rotation angle. 10. A nethod according to claim9 further

conprising ggner ahi Adud,q SPEEf?r%tah&?# ﬁggﬁfﬂcﬁggﬁﬁé}%‘%gni%gg gﬁ&haﬂgggﬁ/ed

rotation angle output and  m Xi
signal having a repeated training sequence, the method comprising:

multiplying a sample of a first said sequence with a complex conjugate
of corresponding sample of a second said sequence to obtain a product
value;

determining a phase rotation angle using said product value, the angle
being indicative of said estimate;

wherein the samples of each said training sequence are statistically
independent, and wherein the method further comprises averaging said

product values for a number of samples of said first and second sequences.

7. A method according to claim 6 wherein said sequences are Pseudo

Random or Constant Amplitude Zero Auto-Correlation sequences.

8. A method according to any one of claims 6 to 7 wherein said phase
angle determining comprises applying an arc tangent function to said

difference.

9. A method of correcting the frequency offset of a received signal, the
method comprising a method according to any one of claims 6 to 8 and

shifting the phase of said received signal by said phase rotation angle.

10. A method according to claim 9 further comprising generating a
correction frequency dependent on said phase rotation angle output and

mixing this with said received signal.



