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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 ftequency 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 rellably

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 és_ 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 involves the use of a phase detector to

continuously track the carrier phase for frequency and phase compensation. A



A -‘ :

principle, the carrier-tracking |oop involves the use of a phase detector
'to ‘continuously track the carrier phase for frequency and phase .
conpensation. A 2 paraneter, particularly critical in burst node design,
known as the acquisition period is often associated with carrier tracking
| oop to specify the average duration taken to achieve steady state from
the initial starting condition and is sed as a criteria to gauge its
effectiveness in acquiring burst signals. Another known-technique is the
dat a- ai ded frequency estinmation schene. For exanple, this technique is
~addressed in a paper by Unberto Mengali entitled "Data-A ded Frequency
Estimation for Burst Digital Transm ssion"(l EEE TRANSACTI ON ON =
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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 'Ioop 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 timihg 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



and detecting the peak nmagnitude. The sanple that corresponds to the peak
‘magni tude at the correlator output provides a coarse timng estinmate.
However, a | arge frequency offset may induce correlation | oss at the
magni t ude peak and therefore reduce the accuracy of the timng estinmate.
Therefore, the conbined carrier-tracking and timng correl ator approach may
3 yield unacceptabl e overall receiver performance if the frequency offset
of the received signal is initially large. Like carrier recovery | oop,
dat a- ai ded frequency estinmation also requires prior timng information,

whi ch, again, may not be available in the presence of large frequency
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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 timing recovery may not be réadily achieved.
Evidently a coarse frequency compensation method that does not require
pfior 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 pro‘bess 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



channel applications as the frequency estimate is affected by channel
“di stortion. Sunmary of the Invention The present invention ains to provide
a frequency offset estimation method and apparatus which overcones or

al l eviates sone of the above problens.. In 4 particular, the present

I nvention relates to a nethod of estimating a frequency offset of a

recei ved nodul ated carrier signal for cgarse frequency error renoval in a
digital radio receiver. In general terns the present invention provides
that phase differences between correspondi ng sanples in repeated preanble
trai ni ng sequences or synbols are used to generate a frequency of f set
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certain well-known sequences (e.q. PN or AC) which allows. for an

i nproved fr@ﬂ”‘d@ﬁ?&jﬂ adigital r@cgp,rqg@lger As is well-known, Pseudo Random (PN)
and Constant Anplitude Zero Auto-Correl ation (CAZAC) sequences provide
that sanples within a sequence are statistically independent. This is

because eacln geqeeeﬁc’earm the presenblirvértionopralitigs Haossiiasy difisieanes t o
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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 weII-known,
Pseudo Random (PN) and Constant Amplitude Zero Auto-Correlation
(CAZAC) sequences provide that samples within a sequence are - statistically
mdependent This is because each sequence in the preamble is normally
chosen or designed to possess noise- Ilke or pseudo-random properties. With
repeated sequences,.thls statistically independent property (within each
sequence of the entire preamble) allows the-effect of @ multipath (frequency-
selecﬁve) communication channel on the quality of a frequency estimate to be
substantially reduced by the combined process of differential multiplication
and averaging. The averaging prccess 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.



statistically independent synbols while retaining only those which has
"identical synbols corresponding to the repeated sequences. Therefore the
frequency offset estinmator of the invention is advantageously used with
sequences having statistically independent synbols, such as PN and CAZAC
sequences. 5 As the estimator exploits the use of preanbles w th periodic
sequences or synbols, the estimation performance of this technique is
particularly robust against frequency selective channel. Due to the
feedforward nature of the frequency corrector, the inplenentation is
highly suited for burst node npbdemdesign. In a burst npbde transm ssion
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frequency offset since it is assuned to be invariant. In anot her aspect t he
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to feedback architecture, a feedforward estimator allows frequency offset to |

be estimated very reliably in a sing'le-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 pfesent inventioh provides a frequency offset corrector

according to claim 5.

In afurther 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;



The invention wll now be .described in detail with reference to the
'foll'owng figures, by way of exanple only and without intending to be
limting, in which: Figure 1 is a functional diagramof a receiver which
has a frequency offset corrector; 6 Figure 2 shows the. architecture of a
frequency estimator according to an enbodi nent of the invention; Figure 3
shows a first enbodi nent frequency offse@t corrector; Figure 4 illustrates.
a wreless burst synchronisation preanble or training burst; Figure 5
shows a second enbodi nent frequency offset corrector; Figure 6 shows a
digitally inplenented loop filter; Figure 7 shows a performance conpari son
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than the bandw dih of the .npdul ating signal. The pre-filtered signal is
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are descri beafréatorianditwo peboart colvectarsisand ant si gnal may optional ly be sent
“? a- fine [t_.ilgm,eng sﬁggvsfthg%l#gﬁl@éture of a frequency estimator 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 ratio m (e.g. 2 or 4

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



correction unit 4 and then subsequently to the denodulator 5 for final data-“
‘recovery. Figure 2 shows the architecture of a frequency estimtor 19-
according to a first enbodinent. Line 10 represents -a signal that has
been sanpled by an Analog to Digital Converter with an oversanpling ratio
m(e.g. 2 or 4 sanples/synbol). The signal is also assunmed to be suitably
downconverted 7 froma RF/IF frequencysto its conpl ex baseband equi val ent
by a quadrature mxer (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
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another way is to use nmany |latches or registers (e.g. Dflip-flop)
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mul tiplier AA'AMES fR & delrugd ampiesThe, delayed cegniex cepiygate sigralnts se
variance. Ti§endh HulpliedUiittthedeceived signal 10 by a complex multiplier 14.

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) -implenﬁented 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.



sanples ‘at the output of the multiplier should preferably correspond to the
‘"nunber of synbols in each sequence. The maximumlength is limted to only

t he nunber of synmbols in the entire preanble. In practice, the nunber of
sanpl es used for averagi ng depends on the required accuracy of the estinate
whi ch can be readily determ ned using conputer sinulation. Unit 17

i npl enents an "inverse tangent” functiog on the conplex sanples 16 out put
by the averager 15 in order to conpute an estinmated phase rotated angle 21
which is proportional to the frequency offset. 8 Unit 17 may be

I npl emented as a Look-Up-Table (LUT) in a formof Read- Only-Menory (ROV
which is pre-stored with conputed coefficients. Alternatively, digital

| ogi ¢ design can be. used to inplenent the "inverse tangent"” function that
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‘The estimated rotated angle 21 is then scaled by a scaler 18. The scaler
essenti al | yORHYIEREIGNe s (ROM)awhigheds t prerstasedt athoucpoputed i enafficientst angent

with a 1/(2 Ly ) QL WM ut,_l.0ss eneral ity /(2 x, Tl % Q to
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frequency eahgemt efuntclion fthel ehdyneeasuirbesevertli dRRR EREES thdfbre e SRl er s
not wused. Figure 3 shows an enbodi nent of a frequency estimator here :
ref er enced 68Ut (is Hetarmingde Tthecestimatast sotatesl @ngle @iris then spaledeby adl as
part of a cg&qire.]sfrequency corrector unit 55. The frequency estimate 54 as
generated by the frequency estimator 56 initialises a Nunerical Control
Gscillator (NCO 52 to generate a sinusoid carrier 51 with a frequency
i . ' ' ' |, 57. The NCO .is a_device which
(r:g\r/]elrjzegr \(/)\ng téq]h nq@r e%silgfe %gsér%iéllgemu,tigﬁgy tﬁ‘eo’ a% angaed terms atethe output of inverse :
tangent with a 1/(2 x n 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(j2rf.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



generate a conplex sinusoid at a specific frequency. The angle of the
‘sinusoid (e.g. angle "2irf,.t" of a generated conplex carrier signal
"exp(j2itfct)") can be programred to increnent or decrenent. |ncrenent
means fc is a positive nunber while decrenent inplies a negative fc. To
generate a sinusoid carrier 51 with a reversed frequency inplies that the
sign of fc to be programmed into the NG is opposite to the sign of
frequency estimate. The construction of a NCO typically conprises a phase
regi ster 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 ' C f th out put . The geper.ated
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alternatively, go through another identical coarse frequency corrector'55
to yield a signal having an even finer frequency offset. Depending on the

accuracy r h I t i @l e iLfBIL?A' f : - ' i 8g
signal 57 ggﬁ%égglélgéytﬂg%édg g"e‘%‘e?a st'%éé@ﬁ%%gﬁggﬁggreégg?gc?lﬁgﬂ" i_?unlt
55. In an edesifgde, can diegitrainsfed foF ofHert finerfrdiqatncyFranemtion) units rsueh as gnal

be desjgned to. b 4Nhz Wi t h. ' f ffset of +-
150Kne, & CORET 19 JPhp B rler Sy SanTo AN HeRiFehc5PaEe | mat o

\(Ni I yi S' d ﬁeq&@WLé&cht%@?@?%l@ hdighal'MavihgPah @¥eH Yier FleaBREY ot Set
e.g. at maxi mum o _
J 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 exarriple, 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 periddic 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 thé
symbols resemble the characteristic of white noise and can therefore be
statistically treated as independent. This property is exploited by the
embodiment.



tens of Khz ) depending on the estimation accuracy due to. Signal to Noise
"Rati'o (SNR). As nentioned previously, this coarse frequency estinmator
(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 repetitions for
proper functioning. One such exanple is a Pseudo Random (PN) sequence and
anot her is known as Constant Anplitude Zgro Auto-Correl ati on ( CAZAC)
sequence. The. comon property that these two sequences enjoy is that the
synbol s resenbl e the characteristic of white noise and can therefore be
statistically treated as independent. This property is exploited by the
enbodi nent. 10 An illustration of a preanble with the periodi c sequences
is showmn in figure 4. 1In the figure, the length of the sequence L is 16

synbol s andAnsilusteeidhest a prapsble With theperiodit sEGUINERSE SHoMh MERRMES on the
requirenent of the estimation accuracy and on the limt of the

transmi ssi ol Heefiguigd thapsaeth eh the H"QQHGQW ddist ABowgipRls . anss ireprpted
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(to synbol at fre uen ffset and noi se sanples, respectlvely To
conput e the red ﬂ&%@%&@ estimte, sanples of 16 synbols apart (e.g.

30 and 32, 31 and 33 in figure 4) are first differentially nultiplied
according to the equation 2
Assuming a received QPSK modulated sample with a oversampling ratio m is

represented as

rn = ejzmzhkan—k +nn (1)

where hy , a, , f and n, are the Channel Impulse Response (CIR), transmitted
preamble symbols, normalized (to symbol rate) frequency offset and noise
samples, respec;tively. 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

rr s =e 7”'“QZ:Z:h,dh,(zan «10-i2 + NOISe terms (2)
k1l 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



rnr'n-16 = ej 2% (' 6) j hkl hk2an-kl an-k2+noise terns (2) k|l k2 These terns
‘are 'then averaged over several sanples of length Lmand the ~angl e of the
averaged sumis then conputed to yield an estimated phase shift due to
frequency offset. For ease of hardware inplenmentation, the number of
sanpl es used for averaging is preferably at power of 2 so that division
operation is sinply reduced to hardwareqfegister shifting. The estinmate
phase shift is then scaled to obtain 11 f = arg E(r,,r,*-. 6 )} (3)
2x(16) Mathematically equation 3, can be shown to obtain an unbiased
estimate of the frequency of fset provided the sequence used is

statistically ungorrel ate (which is fulfilled by PN or CAZAC sequence).
Regar di ng sty F‘%gﬁ@a’by 14 dependence or an t{ﬁcorrel ated sequence, it should
be noted that eapfiiéh fferentially nultipti’ed sanple rnrn_L* has both
statistically dependent and independent product terms. The process of
averaging is to renove the statistically independent product terns while

retaining only terms with identical synbols arising fromsuccessive
sequence. The term "statistically independent” is used interchangeably here

with the tMathermagel Gécﬁtaftld)" 3,2¢4MBEHEhdwh td18bldis!aH QIftblé&é’d 'e'éhhgaz e ofhey

are techni cal I%/ slig different. Note that nore sanpl es can used for
averaging t% %m@@ymﬁ%etaﬁewﬂadéheéﬁqum@e usedt IBeStatﬁﬁil@aH}temcsrrefated)nger

peri odi citywh%ﬁ & iy Iled‘ﬂ PN on gﬂ%ﬁ%% fy al so be used for averaging.

It should noted t he oper a requency estimator may
conti nue

Regarding 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. The 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.



‘as long as the sanples contain the periodic preanble. Before the start of
the actual data transm ssion, a control signal to the estinator nust be
asserted to freeze the conputation. Myreover, this results in power saving
as it allows «clock gating to be used. The assertion of the control signal
to halt conputation is readily performed by a franme synchronization unit,
aided by a timng recovery unit such agaptimng correlator (as nmentioned
earlier) which detects the end of the preanble. Such units are well known
inthe art. 12 Failure to stop the conputation after the beginning of data
transm ssion will render the estimate 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  Rsilurgabostop thé fwhﬁdfméudﬁm@mr Ptﬁé“b@gmrhhd(%lf Idé@é)@rahgﬁﬁ&%wmu
estimation techni ques such as_ one Mar c uise et al in "Carrie

Frequency ri&Pgeethe estimate uprejiablg. Wlﬁj@ﬁﬁfaﬂ@ﬂ @uﬁhﬂffWWrwmbswm | EEE

Trans on %@m@ ‘r"%?,y §rt\6?Ev4 ”é:ﬁB?é‘g‘%ﬁf ’%ﬂsgi’ z in "Decision Directed

Bur st Mode I er Achronr zat'ion EE Trans on
Communi cations vol 40 Oct 1992" are used for performance conparison. The

simulation is perforned wth the follow ng setti % 1. Exponenti al power
del ayed Ra 'SPE?n £ LAMBRERa Hife| estiatian, Acsdracy Pﬁet ?EEE)PC@@Q frequeneeri a,

Var | ance of o Sty og oS! Safler il SRIERVHAR, (3te BBk feReRLR e RhgRe™ ! -
nor mal i zed techoigers\suchfasconetbyOMaid kuisesatratdn "Cérr@rhé@qﬁeaweemvery
ot at on i APDIGIER Riodef’ 1of BLFA Sad*ihsicdion. EEEMans on T
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 rﬁodulation

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.



The 5|nulat|on result shown in figure 7 illustrates the effectiveness of
‘the  proposed estimtor over these prior art estimators. Note that a
further advantage of the enmbodinent is that it does not require any prior
timng information. It should also be noted that the estimtor works for
both frequency sel ective and non-sel ective channels. 13 [|n another
enbodi ment of the invention as illustrajgd in figure 5, the estinated
frequency error 47 conputed by the frequency estimator 48 is used to
initialize a carrier-tracking loop 50. A carrier-tracking loop is
typically. used in comunication receivers to renove and track any snal
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nost cases, the frequency of neve
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 charactei'istic, 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 sign'al.
46 at the output of the NCO 45 is normélly tuned to the expected frequency of
the incoming signhal 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.



agrees with the frequency of incomng signal 40. It is also well known that
‘the conventional carrier-tracking loop normally takes a. certain anount of
tinme to bring the frequency and phase of 46 close to agreenent with the
incomng signal 40. This anount of time, known as acquisition period,
depends on the design paraneters of the loop filter 44 and also on the
signal to noise ratio of the incomng g$4gnal 40. In the enbodi nent, the
frequency estimate 47 conputed by the frequency estimator 48 is used to
initialise the NCO 45 to speed up carrier acquisition. 14 As discussed
before, an NCO typically conprises a phase register follows by an

accunul at or - Ln- Tapl The. frequency estimate 47 is latched into
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K2 63. The frequency estinmate nay be latched directly into the integral
regi ster 64. Therefore one can see that during steady state where the
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hel d constant at 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 implemehted 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 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 frequen'cy 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



output 66 for the NCO to tuned signal 46 (Figure 5) closer to the incomng
‘frequency. In the enbodinent of figure 8 a slight variation in

i npl ementation of a frequency estinmator 82 is shown. The "inverse tangent
and averager are swapped in position. Line 70 representsa signal that has
been sanpled by an Analog to Digital Converter with an oversanpling ratio
m(e.g. 2 or 4 sanples/synbol). The siggal is assuned to be downconverted
froma RF/IF frequency to its conpl ex baseband equi val ent by a quadrature
m xer (not shown). Although the final center frequency is |owered, the
original frequency offset is stiII present. Depending on the length L of
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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 preamble. 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 potentiél application is in high data rate Bluetooth Release 2.0 that is
widely expected to support single carrier 2/4/8PSK modulation.



requi red performance. Apart fromthe swapping of the "inverse tangent" 77
‘and ‘averager 78, the remaining operation and usage of this frequency
estimator 82 is alnost identical to the first enbodi ment. The proposed
frequency estimators can be applied to any burst packet transm ssion
systemthat uses periodi c sequences during the preanble. One application
is in the inplenmentation of a receiver gognformng 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 tines and constitute part of the preanble. Another potenti al
application is in high data rate Bluetooth Release 2.0 that is wdely
expected to support single carrier 2/4/8PSK nodul ation. 16 The descri bed
enbodi nent sThé dés’i:ﬂb_é@fé‘mﬁ@ﬁﬁﬁérﬁge@uéls’o”VENT%dPaHEagbeﬂs iN“h’Frhﬁ' Biviki&¥sS
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those ski | Imdndatonhéor propeesgerativended to be incorporated within the scope
hereof. 17 CLAIMS 1. An estimator for determ ning an estimte of frequency
of fset associated w th a received burst signal having a repeated training
sequence; g \SRbLIFLAUESDI the! &fboldRiltis e ALLSEGRbIndbley With! 481 Ying a
sanple of a first said sequence .

other. Alterations and modifications as would be obvious to those skilled in the

art are intended to be incorporated within the scope hereof.



Wi th a correspondi ng sanple of a second said sequence; neans for

‘determ ning a phase rotation angle dependent on said difference and which
angle is indicative of. said estimate. 2. An estinmator according to claim1l
wherein the sanples of each said training sequence are statistically

i ndependent, and wherein the estimator further conprises neans for
averagi ng said differences for a nunberqpf sanples of said first and
second sequences. 3. An estimator according to claim2 wherein said
sequences are Pseudo Random or Constant Anplitude Zero Auto-Correl ation
sequences. 4. An estimator according to any preceding clai mwherein said
phase anggigggg_rnining nmeans conprises an arc tangent function applied to
said diff —~ 5. A frequency corrector conprising an estinmator as
clainmed in any preceding claimand a frequency shifter which shifts the
phase of said received signal by said phase rotation angle. 6. A corrector
accordi ng tb cl ahmestimatardondetesmiiag ansistimate of fregueseys offset 4980ciated ng an

i nput coupl t i h r ti out put and ich .generates a
correction ‘&ﬁeq%eﬁegfﬂ'ggjpgﬁg%tng}ggﬁl g@?\’dn%u? p[ﬁpegﬁ%g]v&ﬁ?'ew i SCAHEACR 1% h sai d
recei ved siggimhatod8omprisifighet hod of estimating a frequency of fset

associated with a. received si.(_;fnal havi ng a repeated training sequence,
the nethod conpringaRy:fordiffesertiallyamuitiohing iappgmple af eafifst said seqterea said

sequence Wi 3 cofRISHBRIABNAMPIE U S hadarPlafidma 4. sequence;

determ ning a phase fotat ngle dependen n‘said’'difference and which
angl e is indi catmeansffosadeteaniningatee phase rotation angle dependent on said

difference and which angle is indicative of said estimate.

2. - An estimator according to claim 1 wherein the samples of each said
training sequence are statistically independent, and wherein the estimator
further comprises means for averaging said differences for a number of

samples of said first and second sequences.

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

Random or Constant Amplitude Zero Auto-Correlation sequences.

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

5. 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.

6. A corrector according to claim 5 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 ahd which is
mixed with said received signal.



8. A nmethod according to claim?7 wherein the sanples of each said training
'sequence are statistically independent, and wherein the method further
conprises averaging said differences for a nunber of sanples of said first
and second sequences. 9. A nethod according to claim8 wherein said
sequences are Pseudo Random or Constant Anplitude Zero Auto-Correl ation
sequences. 10. A method according to amgone of claims 7 to 9 wherein said
phase angle deternning conprises applying an arc tangent function to said
difference. 11. A method of correcting the frequency offset of a received
signal, the nethod conprising a. nethod according to any one of clains 7

to 10 and hi ft} h hase qf said receiv I_gnal. sg] d phase
rotation anf:)l e. %%geth?ﬁeqqh%%' %H‘@r aiff?@%e{i’%lojfsﬁ‘? f%_s‘??l?&%ewﬁb ‘?%Y%
gener at i ng signal MVt & pepddted trensivig SeEEREN the metRbd cBRFRINt ation angl e
output. and mixing this with said received signal.
differentially multiplying a sample of a first said sequence with a
corresponding sample of a second said sequence;
determining a phase rotation angle dependent on said difference and

which angle is indicative of said estimate.

8. A method according to claim 7 wherein the samples of each said
training sequence are statistically independent, and wherein the method
further comprises averaging said differences for a number of samples of said

first and second sequences.

9. A method according to claim 8 wherein said sequences are Pseudo

Random or Constant Amplitude Zero Auto-Correlation sequences.

10. A method according to any one of claims 7 to 9 wherein said phase
angle determining comprises applying an arc tangent function to said
difference.

11. A method of correcting the frequency offset of a received signal, the
method comprising a method according to any one of claims 7 to 10 and
shifting the phase of said received signal by said phase rotation angle.

12. A method according to claim 11 further comprising generating a
correction frequency dependent on said phase rotation angle output.and

mixing this with said received signal.



