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(57) Abstract

A frequency synchronisation circuit (10) for a digital radio communications system comprises: (i) a frequency offset estimator (12),
for providing an estimate of the frequency offset of a slot of dada in a received radio signal; (ii) a frequency estimate smoother (16), for
smoothing the estimate; (iii) a frequency corrector (20), for correcting the frequency of the nth slot of data in the received radio signal; (iv) a
feedback loop (24, 26), for feeding back the estimate of the frequency offset via a filter (24) to a multiplier (28), the output of the multiplier
(28) providing the input to the frequency offset estimator (12); wherein the frequency estimate smoother (16) provides compensation using
estimates of the frequency offset which were fed back in the feedback loop (24, 26) in response to slots of the received radio signal prior
to the nth slot. The invention also comprises a method of frequency synchronisation. The invention is particularly applicable in mobile or
portable radios operating in direct mode, where it provides rapid signal synchronisation.




FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

Albania
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus

Canada

Central African Republic
Congo
Switzerland
Cote d’Ivoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
FI
FR
GA
GB
GE
GH
GN
GR
HU
IE
IL
IS
IT
JP
KE
KG
Kp

KR
KZ
LC
LI

LK
LR

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Ireland

Israel

Iceland

Ttaly

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU
LV
MC
MD
MG
MK

ML
MN
MR
MW
MX
NE
NL
NO
Nz
PL
PT
RO
RU
SD
SE
SG

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI
SK
SN
SZ
™
TG
TJ
™
TR
TT
UA
UG
Us
Uz
VN
YU
YA

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




WO 00/51236 PCT/EP00/01761

Method and apparatus for frequency synchronisation in a digital radio
communications system

Technical Field

The invention relates to the field of radio communications. The invention relates
particularly, but not exclusively, to mobile radio communications.

Background

Mobile radio communications systems generally comprise a number of mobile or
portable radio units. The radio units in a public- or private mobile radio
communications system are often referred to as ‘mobile stations’. The
infrastructure of the communications system includes ‘base stations’. The base
stations are fixed nodes through which the mobile stations can communicate.

Normally, a mobile station is within communication range of a base station of the
communication system’s infrastructure. In this case, the mobile station will
communicate through the base station, this mode of operation typically being
termed ‘trunked mode’. However, some mobile radio communication systems
allow an individual mobile station to set up a direct radio link to another mobile
station, without the communication link passing through the infrastructure of the
communication system. This form of communication between two mobile stations
is referred to as ‘direct mode’ operation.

Mobile stations operating in direct mode have to receive radio signals that
typically show greater variation in their parameters than radio signals received
from the infrastructure of the communications system. This is because of
differences in the signals transmitted from a mobile station in comparison to
those from a base station of the infrastructure. For example,

a) A mobile station may only transmit with low or variable power;

b) A mobile will typically have a lower quality internal clock than a base station;
c) A mobile may be moving, but a base station is stationary, movement of the
mobile introducing characteristics such as Rayleigh fading to the signal;

d) A mobile may suffer interruption of its transmission due to passing by an
obstruction, low power or poor battery contacts. As these factors don't affect a
base station, the base station will suffer interruption of its broadcast signal less
often.

CONFIRMATION COPY
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The information carried by any digital communications system can be recovered
only after the receiver has first synchronised to the received signal. The high
frequency signal reaching the receiver will be at a frequency that depends on the
frequency of an oscillator in the transmitter. A further oscillator in the receiver is
used to down-convert the high frequency received signal. Because the oscillators
in the transmitter and the receiver do not work at precisely the same frequency,
the down-converted signal in the receiver has a slightly different frequency than
that which would arise if the two oscillators had identical frequencies. This
mismatch is what gives rise to the need for a synchronisation circuit in the
receiver, fo ‘compensate’ for the down-converted signal not having its_ideal,
theoretical frequency value.

Thus there is a need in a mobile digital radio system for synchronisation in the
radio receiver. The state of synchronisation between the receiver and the
received signal is often referred to simply as ‘lock’. Factors a)-d) above make the
need for accurate synchronisation, and recognition of synchronisation,
particularly important for direct mode operation of mobile stations.

In the Terrestrial Trunked radio system (TETRA), direct mode operation is
permitted, allowing communication between two subscriber units without the
intervention of an infrastructure. A direct mode call is set up by sending two
frames (8 slots) of synchronisation bursts, which last for 113 msec. ltis
important for fast and reliable call set-up that the subscriber unit detects the call
set-up message, synchronises to it and decodes data as soon as possible.

In terms of the requirements on the automatic frequency correction (AFC)
algorithm in the receiving radio, the radio needs to start decoding data well
before a traditional AFC loop would be able to lock in on the signal.

A prior art arrangement has proposed measuring the frequency offset of each of
the first few slots of a direct mode call after the call has been detected, and
correcting the frequency offset on a slot by slot basis. This is essentially a ‘feed-
forward’ technique. For the first received slot, the only way to correct the
frequency offset sufficiently accurately to be able to decode data is to measure
the offset from that slot of data, and correct for the offset. This correction is feed-
forward correction. At the same time, the frequency estimates are fed into a
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feedback loop, which eventually locks to the received carrier frequency. When
the feedback loop locks, the AFC is handed over from signal acquisition mode to
tracking mode. From the time of this hand-over onwards, the receiver merely
tracks the signal that it receives.

A direct mode radio receiver must synchronise so rapidly, that for AFC to work, it
is not a practical option to wait until the tracking loop has acquired the signal.
The tracking loop may in fact take several seconds to acquire the signal.

Figure 1 shows a feed-forward correction of frequency offset. The frequency
offset estimator is element 2. The estimate of frequency affset is provided on an
output 4 to a frequency corrector 6. In operation, frequency corrector 6 uses a
frequency offset estimate derived for the nth slot of data of a received radio
signal to correct the frequency of the same, nth, slot of data.

Following treatment of the signal as shown in figure 1, the frequency estimates
from the first and subsequent slots are fed to a loop filter in a feedback tracking
loop. However, the problem is how to correct the frequency offset of next slots
before handing over to the tracking loop.

One solution known from the prior art is to break the feedback loop at first, and
make estimates of the frequency offsets, which are averaged from slot to slot. A
feed-forward correction is made to each slot of data using the averaged
estimate. After a predefined number of slots, the averaged estimates are
applied as a one-off correction to the reference oscillator and the feedback loop
is connected and starts tracking. The advantage of this method is that the
estimates of frequency applied in the feed-forward loop are averaged, and they
therefore get better in terms of signal to noise ratio as time goes on. The problem
with this method is that while the feed-forward corrections are being made, the
received signal is not being drawn into the centre of the matched filter of the
tracking loop, and therefore the data will be detected with an increased error
rate.

An alternative to this arrangement is simply to allow the feedback loop to operate
from the first slot, but to apply the slot by slot estimates as feed-forward
corrections to each slot. The signal is now being drawn into the centre of the
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matched filter of the tracking loop. The disadvantage'of this approach is however
that the one-off estimates are prone to a large variance.

A need exists to alleviate problems of the arrangements known from the prior art.
One particular problem addressed by the present invention is to attain the best
performance of the frequency corrector between the reception of the first slot of
data and the hand-over to tracking mode. By ensuring the best performance of
the AFC during the first few slots of received data, the probability of correctly
decoding and therefore setting up the call is also maximised.

Summary of the Invention

A frequency synchronisation circuit in accordance with the present invention is
suitable for use in a digital radio communications system. The frequency
synchronisation circuit comprises:

(i) a frequency offset estimator, supplied with a received radio signal, for
providing an estimate of the frequency offset of a slot of data in the received
radio signal, the slot of data being slot number n in a sequence of slots of data in
the received radio signal;

(ii) a frequency estimate smoother, connected to the frequency offset estimator
and receiving the estimate of the frequency offset of the n th slot of data in the
received radio signal, for providing a smoothed estimate of frequency offset;
(iii) a frequency corrector, connected to the frequency estimate smoother, the
frequency estimate smoother feeding forward the smoothed estimate of
frequency offset to the frequency corrector, for correcting the frequency of the
nth slot of data;

(iv) a feedback loop, connected to the frequency offset estimator, for feeding
back the estimate of the frequency offset via a filter to a multiplier;

(v) the output of the multiplier providing the input to the frequency offset
estimator;

wherein the frequency estimate smoother is adapted to compensate the
smoothed estimate of frequency offset for estimates of the frequency offset fed
back in the feedback loop in response to slots of the received radio signal prior
to the nth slot.
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The invention further comprises a method of frequency synchronisation for digital
radio communications. The method of frequency synchronisation comprises:

(i) estimating the frequency offset of a slot of data in a received radio signal, the
slot of data being slot number n in a sequence of slots of data in the received
radio signal, to provide an estimate of the frequency offset of the nth slot of data
in the received radio signal;

(if) smoothing the estimate of the frequency offset of the nth slot of data in the
received radio signal, to provide a smoothed estimate of frequency offset;

(iii) feeding forward the smoothed estimate of frequency offset to a frequency
corrector, for correcting the frequency of the nth slot of data;

(iv) in a feedback loop, connected to the frequency offset estimator, feeding back
the estimate of the frequency offset via a filter to a multiplier, the output of the
multiplier providing the input to the frequency offset estimator;

wherein the step of smoothing the estimate of frequency offset comprises
compensating for estimates of the frequency offset fed back in the feedback loop
in response to slots of the received radio signal prior to the nth slot.

The frequency estimate smoother may be adapted to provide, in response to
receiving the estimate of the frequency offset of the nth slot, a value y, as the
smoothed estimate of frequency offset, where

ynz(gx, —nf., +§f,.%l)

Here x; is the ith estimate of the frequency offset, and f; is the ith frequency
output of an oscillator in the feedback loop.

The frequency synchronisation circuit and method of the invention provide very
rapid synchronisation of the receiver to the received signal. This has particular
advantages for direct mode radio operation.
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Brief description of the drawings

Figure 1 shows a basic prior art arrangement for feed-forward correction of
frequency offset.

Figure 2 shows an embodiment of the apparatus of the invention, in particular a
tracking and feed-forward loop using an estimate smoother.

Figure 3 illustrates a method in accordance with the invention in the form of a
flow-chart.

Detailed description of the preferred embodiment

Figure 2 shows a block diagram of one embodiment of a smoothed estimate loop
in accordance with the present invention. The embodiment of figure 2 is a
tracking and feed-forward loop using an estimate smoother.

The input to the circuit of figure 2 is a received radio signal that has been
reduced to base-band frequency. This signal will have a residual frequency
offset, caused by a mismatch between the operating frequencies of the oscillator
in the transmitter that broadcasts the signal and the oscillator in the receiver's
down-converter section. The circuit of figure 2 will act to compensate for this
frequency mismatch.

In particular, the invention as shown in figure 2 provides a frequency
synchronisation circuit 10 for a digital radio communications system. The
frequency synchronisation circuit comprises a frequency offset estimator 12.
Frequency offset estimator 12 is supplied on input 34 with a received radio signal
and provides an estimate of the frequency offset of a slot of data in the received
radio signal. The slot of data is slot number n in a sequence of slots of data in
the received radio signal. Frequency offset estimator 12 provides the estimate of
frequency offset on its output 14.

A frequency estimate smoother 16 is connected to the frequency offset estimator
12. The frequency estimate smoother 16 receives the estimate of the frequency



WO 00/51236 PCT/EP00/01761

7

offset of the n th slot of data in the received radio signal from the frequency
offset estimator 12. The smoother 16 provides a smoothed estimate of frequency
offset on its output 18.

A frequency corrector 20 is connected to the frequency estimate smoother. The
frequency estimate smoother 16 feeds forward the smoothed estimate of
frequency offset to the frequency corrector 20. The frequency corrector 20
corrects the frequency of the nth slot of data, providing a corrected output on
output 22.

As can be seenfrom figure 2, the output 14 of frequency offset estimator 12 is
connected to a feedback loop 24, 26. The feedback loop 24, 26 feeds back the
estimate of the frequency offset via a filter 24 and oscillator 26 to a multiplier 28.

The multiplier 28 receives both the signal from the feedback loop and the input to
the circuit of figure 2, the received radio signal that has been reduced to base-
band frequency.

The output of the multiplier 28 provides the input to the frequency offset
estimator 12.

Also shown in Figure 2 are a matched filter 30 and a differential decoder 32,
placed in series between the mixer 28 and the frequency offset estimator 12.
These are known components of synchronisation circuits in digital radio
communications receivers.

The output of the circuit of figure 2 is supplied to a data detector, which is not
shown in the figure. The data detector is of a construction known to the person
skilled in the art of radio receiver technology.

In accordance with the invention, frequency estimate smoother 16 is adapted to
compensate the smoothed estimate of frequency offset for estimates of the
frequency offset fed back in the feedback loop in response to slots of the
received radio signal prior to the nth slot. This means that the smoothed estimate
on output 18 does not show such great variance as the output of the frequency
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offset estimator 12. However, the smoothed estimate is made more accurate
than a simple average of the estimates from the frequency offset estimator.

Critically, the frequency estimate smoother 16 provides an estimate which can
be used from the time of receipt of the first slot of received data onwards, but
which does not show excessive variance from slot to slot. This smoother
therefore avoids two of the drawbacks recognisable in prior art arrangements.

The frequency estimate smoother 16 can be adapted to compensate the
smoothed estimate of frequency offset with weighted estimates of the frequency
offsets which were fed back in the feedback loop 24, 26 in response to slots of
the received radio signal prior to the nth slot. These weights determine the extent
to which the present value output by the frequency estimate smoother 16 for the
nth received slot depends on the frequency estimates derived for slots received
earlier.

The frequency estimate smoother 16 can be adapted to provide a value y, as the
smoothed estimate of frequency offset in response to receiving the estimate of
the frequency offset of the nth slot, where

ynz(gx,.—n » +;f,%l)

Here x; is the ith estimate of the frequency offset, and f; is the ith frequency
output of oscillator 26 in the feedback loop.

The frequency synchronisation circuit 10 lends itself to various arrangements for
discontinuing the generation of smoothed estimates of frequency offset and
transitioning to a mode of merely tracking the received signal using the tracking
loop. For instance, the circuit may include means for measuring the short-term
average of the value of the estimate of the frequency offset. These means then
provide for turning off the estimate smoother 16 when the measured average
value is less than a threshold value.
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However, the frequency synchronisation circuit 10 méy include means for
measuring the time elapsed since reception of the first slot of data in the
received radio signal, and for turning off the frequency estimate smoother 16
when the elapsed time exceeds a pre-determined period. Another arrangement
for ensuring the transition from acquisition to tracking mode may comprise
means for turning off the frequency estimate smoother 16 when a certain number
of slots of data have been received. This can be done with a simple counter.
When n exceeds a pre-determined number, the circuit switches from acquisition
mode to tracking mode.

The frequency synchronisation circuit of the invention can be employed to
advantage in a radio receiver, particularly a mobile or a portable radio receiver.
Advantageously, the circuit may be employed in a TETRA compliant radio
system. It can also be employed in a mobile telephone system.

Clearly, the arrangement outlined above operates in accordance with a method
which differs from those known in the prior art. Figure 3 illustrates a method in
accordance with the invention in the form of a flow-chart.

The method of frequency synchronisation for digital radio communications
illustrated in figure 3 comprises, firstly, estimating at step 50 the frequency offset
of a slot of data in the received radio signal. The slot of data is slot number n in
the sequence of slots of data in the received radio signal. The estimating step 50
provides an estimate of the frequency offset of the nth slot of data in the received
radio signal.

Step 52 of the method comprises smoothing the estimate of the frequency offset
of the nth slot of data in the received radio signal. This provides a smoothed
estimate of frequency offset. The smoothed estimate of frequency offset is fed
forward to frequency corrector 20.

In step 54 of the method, frequency corrector 20 corrects the frequency of the
nth slot of data of the received signal, using the smoothed estimate of frequency
offset resulting from step 52.
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The method of the invention also comprises feeding back the estimate of the
frequency offset via a feedback loop 24, 26 to a multiplier 28. See step 56. The
output of the multiplier provides the input to the frequency offset estimator 12.

In accordance with the invention, step 52 comprises compensating for estimates
of the frequency offset fed back in the feedback loop 24, 26 in response to slots
of the received radio signal prior to the nth slot.

Step 52 of smoothing the estimate of frequency offset may comprise
compensating with weighted estimates of the frequency offset which have been
fed back in the circuit's feedback loop 24, 26 in response to slots of the received
radio signal prior to the nth slot.

Step 52 of smoothing the estimate of frequency offset may provide a value y, as
the smoothed estimate of frequency offset in response to receiving the estimate
of the frequency offset of the nth slot, where

ynz[gx,-—nfn_l +Zf% 1)

Here x; is the ith estimate of the frequency offset, and f; is the ith frequency
output of oscillator 26 in the feedback loop.

Various steps may be employed to decide when to discontinue the generation of
estimates, and transition to a mode of merely tracking the received signal using |
the tracking loop. This step has not been illustrated in figure 3, in order to keep
the figure simple. For example, the method may comprise measuring the short-
term average of the value of the estimate of the frequency offset, and turning off
the frequency estimate smoother 16 when the measured average value is less
than a pre-determined threshold value.
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Two other alternative steps that the method of the invention may include for
deciding when to discontinue the generation of estimates, and transition to a
mode of tracking the received signal, are:

(i) measuring the time elapsed since reception of the first slot of data in the
received radio signal, and turning off the frequency estimate smoother 16 when
the elapsed time exceeds a pre-determined period; and

(ii) using a counter to count the number of slots of the radio signal which have
been received, and turning off the frequency estimate smoother 16 when n
exceeds a pre-determined number.

The invention provides a frequency synchronisation circuit 10 and an algorithm
50-56 for the operation of the circuit. The invention particularly comprises a
frequency estimate smoother 16, which has advantages for hand-over between
a signal acquisition mode and a tracking mode of a radio unit that is tracking a
radio carrier subject to a frequency offset. The invention facilitates optimum
automatic frequency control in the radio receiver.

Looking in greater detail at the function of the invention, the invention allows the
feedback loop of the frequency synchronisation circuit to operate and draw the
signal into the centre of the receiver's matched filter 30, and simultaneously also
smoothes the estimates for the feed-forward correction. However, this is not a
straightforward task. This is because the frequency offset of the received signal
is changing from slot to slot as the tracking loop pulls in to lock.

If the frequency synchronisation circuit were to calculate only a simple average
of the estimates for the feed-forward correction, such an average would average
out the acquisition of the tracking loop as well as the noise. The averaged
estimate would lag behind the true estimate. For this reason, the correction
made would not be accurate.

The invention allows the tracking loop to pull in from the first slot, but to apply a
smoothed estimate as the feed-forward correction. The calculation of the
smoothed estimate is not simply the average of the individual estimates, as the
individual estimates of frequency offset will reduce as the loop pulls-in. The
smoother is designed to give a smoothed feed-forward estimate that
compensates for the correction already made in the feedback loop.
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A detailed example of a smoothing algorithm which can perform the invention is
one operating in accordance with the following equation. Let x; be the ith
estimate of the frequency offset, and f, be the ith frequency output of the
oscillator in the feedback loop. Then the nth smoothed estimate that is applied
as a feed-forward correction to the nth slot of data is given by:

yn(zf Zf% 1)

Simulations have shown that the variance of the estimate reduces as a factor of
n.

The estimate need only be calculated during the phase when the
synchronisation circuit is moving towards achieving synchronisation with the
received signal. When synchronisation has been achieved, the estimate is no
longer of use. Therefore the feed-forward estimate is discontinued when the
receiver is switched to tracking mode.

The circuit and method of the invention provide substantial technical benefit. This
is because the feed-forward estimates applied before switching to tracking mode
become increasingly more accurate, and the received signal is drawn into the
centre of the matched filter 30. Because of this, the probability of decoding the
data correctly increases for each slot received. Hence, the overall probability of
correctly setting up the call increases. It may take several seconds before the
circuit 10 actually switches to tracking mode, however before this time has
elapsed the invention ensures that received data is decoded as soon as
possible.

The frequency estimate smoother 16, and hence the radio receiver, have better
performance than the conventional techniques outlined in the ‘Background’
section above. The receiving subscriber will have a better chance of decoding at
least one of the call set up slots correctly. The advantages of the invention are
particularly applicable to mobile subscribers performing automatic frequency
control when operating in direct mode.
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Claims

1. A frequency synchronisation circuit for a digital radio communications system,
the frequency synchronisation circuit comprising:

(i) a frequency offset estimator, supplied with a received radio signal, for
providing an estimate of the frequency offset of a slot of data in the received
radio signal, the slot of data being slot number n in a sequence of slots of data in
the received radio signal;

(ii) a frequency estimate smoother, connected to the frequency offset estimator
and receiving the estimate of the frequency offset of the n th slot of data in the
received radio signal, for providing a smoathed.estimate of frequency offset;
(iii) a frequency corrector, connected to the frequency estimate smoother, the
frequency estimate smoother feeding forward the smoothed estimate of
frequency offset to the frequency corrector, for correcting the frequency of the
nth slot of data;

(iv) a feedback loop, connected to the frequency offset estimator, for feeding
back the estimate of the frequency offset via a filter to a multiplier;

(v) the output of the multiplier providing the input to the frequency offset
estimator;

wherein the frequency estimate smoother is adapted to compensate the
smoothed estimate of frequency offset for estimates of the frequency offset fed
back in the feedback loop in response to slots of the received radio signal prior
to the nth slot.

2. A frequency synchronisation circuit in accordance with claim 1,

wherein the frequency estimate smoother is adapted to compensate the
smoothed estimate of frequency offset with weighted estimates of the frequency
offset fed back in the feedback loop in response to slots of the received radio
signal prior to the nth siot.
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3. A frequency synchronisation circuit in accordance with claim 1 or claim 2,
wherein the frequency estimate smoother is adapted to provide, in response to
receiving the estimate of the frequency offset of the nth slot, a value y, as the
smoothed estimate of frequency offset, where

ynz(;x,.—n - +§f,%l)

X; being the ith estimate of the frequency offset, and f; being the ith frequency
output of an oscillator in the feedback loop.

4. A frequency synchronisation circuit in accordance with any previous claim,
further comprising means for measuring the short-term average of the value of
the estimate of the frequency offset, and for turning off the estimate smoother
when the measured average value is less than a threshold value.

9. A frequency synchronisation circuit in accordance with any previous claim,
further comprising means for measuring the time elapsed since reception of the
first slot of data in the received radio signal, and for turning off the estimate
smoother when the elapsed time exceeds a pre-determined period.

6. A frequency synchronisation circuit in accordance with any previous claim,
further comprising means for turning off the estimate smoother when n exceeds
a pre-determined number.

7. A radio receiver comprising a frequency synchronisation circuit in accordance
with any previous claim.
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8. A method of frequency synchronisation for digital radio communications, the
method of frequency synchronisation comprising:

(i) estimating the frequency offset of a slot of data in a received radio signal, the
slot of data being slot number n in a sequence of slots of data in the received
radio signal, to provide an estimate of the frequency offset of the nth slot of data
in the received radio signal;

(i) smoothing the estimate of the frequency offset of the nth slot of data in the
received radio signal, to provide a smoothed estimate of frequency offset;

(iii) feeding forward the smoothed estimate of frequency offset to a frequency
corrector, for correcting the frequency of the nth slot of data;

(iv) in a feedback loop, connected to the frequency offset estimator, feeding back
the estimate of the frequency offset via a filter to a multiplier, the output of the
multiplier providing the input to the frequency offset estimator:;

wherein the step of smoothing the estimate of frequency offset comprises
compensating for estimates of the frequency offset fed back in the feedback loop
in response to slots of the received radio signal prior to the nth slot.

9. A method of frequency synchronisation in accordance with claim 8,

wherein the step of smoothing the estimate of frequency offset comprises
compensating with weighted estimates of the frequency offset having been fed
back in the feedback loop in response to slots of the received radio signal prior
to the nth slot.

10. A method of frequency synchronisation in accordance with claim 8 or claim 9,
wherein the step of smoothing the estimate of frequency offset provides a value
Y» as the smoothed estimate of frequency offset in response to receiving the
estimate of the frequency offset of the nth slot, where

ynz('z:'o:x,.-n et +gf,%l)

X, being the ith estimate of the frequency offset, and f, being the ith frequency
output of an oscillator in the feedback loop.
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11. A method of frequency synchronisation in accordance with any of claims 8-
10, further comprising measuring the short-term average of the value of the
estimate of the frequency offset, and turning off the estimate smoother when the
measured average value is less than a pre-determined threshold value.

12. A method of frequency synchronisation in accordance with any of claims 8-
11, further comprising measuring the time elapsed since reception of the first slot
of data in the received radio signal, and turning off the estimate smoother when
the elapsed time exceeds a pre-determined period.

13..A.methed of frequency synchronisation in accordance with any of claims 8-
12, further comprising turning off the estimate smoother when n exceeds a pre-
determined number.

14. A frequency synchronisation circuit substantially as hereinbefore described
with reference to, or as illustrated by, figure 2 of the drawings.
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