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Synchronization Method, Receiver, Network Element, Commu-
nication Device, Electronic Device, Computer Program Product
and Computer Program Distribution Medium

Field
[0001] The invention relates to a synchronization method, a receiver, a

network element, a communication device, an electronic device, a computer

program product and a computer program distribution medium.

Background
[0002] By using OFDM (orthogonal frequency division multiplexing) as a

multiplexing method, a frequency-selective channel is converted into parallel
frequency flat sub-channels. Sub-carriers have a minimum frequency separa-
tion necessary to maintain orthogonality of the corresponding time domain

waveforms.

[0003] OFDM is a block modulation scheme where a block of N informa-
tion symbols is transmitted in parallel on N sub-carries. The duration of an
OFDM symbol is N times larger than that of a single-carrier system.

[0004] An OFDM modulator can be implemented as an inverse discrete
Fourier fransform (IDFT) on a block of N information symbols followed by an
analog-to-digital converter (ADC). To decrease the effects of intersymbol inter-
ference (ISI) caused by channel time spread, each block of N IDFT coefficients
may be preceded by a cyclic extension (prefix or postfix) or a guard interval. In
a receiver, fast Fourier transform (FFT) may be used in signal processing.

[0005] In the receiver of a communication system using OFDM, one of
the most challenging tasks is the synchronization of an OFDM signal. The syn-
chronization requires finding symbol timing (a time offset) and carrier fre-
quency offset. In order to find symbol timing, the beginning of a symbol has to
be estimated. A carrier frequency has to be synchronized very accurately; oth-
erwise there wili be loss of orthogonality between sub-symbols. OFDM sys-
tems are very sensitive to carrier frequency offsets since they can only tolerate
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frequency offsets which are a fraction of the frequency spacing between sub-

carriers without degradation in system performance.

Brief description of the invention
[0006] According to an aspect of the invention, there is provided a syn-

chronization method in 2 communication system, the method comprising: car-
rying out a coarse time offset and frequency offset estimation; first estimating
errors in the coarse time-offset and frequency offset estimation by using a
maximum-likelihood time-offset estimation and joint optimisation of time-offset
and frequency-offset; second estimating frequency offset and time offset by

using error estimates in a closed tracking loop.

[0007] According to another aspect of the invention, there is provided a
receiver comprising: means for carrying out a coarse time offset and frequency
offset estimation; first estimating means for estimating errors in the coarse time
offset and frequency offset estimation by using a maximum-likelihood time-
offset estimation and joint optimisation of time-offset and frequency-offset;
second estimating means for estimating frequency offset and time offset by
using error estimates in a closed tracking loop having an adaptive loop gain.

[0008] According to another aspect of the invention, there is provided a
network element comprising: means for carrying out a coarse time offset and
frequency offset estimation; first estimating means for estimating errors in the
coarse time offset and frequency offset estimation by using a maximum-
likelihood time-offset estimation and joint optimisation of time-offset and fre-
quency-offset; second estimating means for estimating frequency offset and
time offset by using error estimates in a closed tracking loop having an adap-

tive loop gain.

[0009] According to ancther aspect of the invention, there is provided a
communication device comprising: means for carrying out a coarse time offset
and frequency offset estimation; first estimating means for estimating errors in

the coarse time offset and frequency offset estimation by using a maximum-
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likelihood time-offset estimation and joint optimisation of time-offset and fre-
quency-offset; second estimating means for estimating frequency offset and
time offset by using error estimates in a closed tracking loop having an adap-
tive ioop gain.

[0010] According to another aspect of the invention, there is provided an
electronic device comprising: means for carrying out a coarse time offset and
frequency offset estimation; first estimating means for estimating errors in the
coarse time offset and frequency offset estimation by using a maximum-
likelihood time-offset estimation and joint optimisation of time-offset and fre-
quency-offset; second estimating means for estimating frequency offset and
time offset by using error estimates in a closed tracking loop having an adap-
tive loop gain.

[0011] According to another aspect of the invention, there is provided a
computer program product encoding a computer program of instructions for
executing a computer process for synchronization, the process comprising:
carrying out a coarse time offset and frequency offset estimation; first estimat-
ing errors in the coarse time-offset and frequency offset estimation by using a
maximum-likelihood time-offset estimation and joint optimisation of time-offset
and frequency-offset; second estimating frequency offset and time offset by

using error estimates in a closed tracking loop.

[06012] According to another aspect of the invention, there is provided a
computer program distribution medium readable by a computer and encoding
a computer program of instructions for executing a computer process for carry-
ing out synchronization, the process comprising: carrying out a coarse time
offset and frequency offset estimation; first estimating errors in the coarse
time-offset and frequency offset estimation by using a maximum-likelihood
time-offset estimation and joint optimisation of time-offset and frequency-offset;
second estimating frequency offset and time offset by using error estimates in
a closed tracking loop.
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[0013] According to another aspect of the invention, there is provided a
receiver configured to: carry out a coarse time offset and frequency offset es-
timation; first estimate errors in the coarse time offset and frequency offset es-
timation by using a maximum-likelihood time-offset estimation and joint optimi-
sation of time-offset and frequency-offset; second estimate frequency offset
and time offset by using error estimates in a closed tracking loop having an
adaptive loop gain.

[0014] According to another aspect of the invention, there is provided a
network element configured to: carry out a coarse time offset and frequency
offset estimation; first estimate errors in the coarse time offset and frequency
offset estimation by using a maximum-likelihood time-offset estimation and
joint optimisation of time-offset and frequency-offset; second estimate fre-
quency offset and time offset by using error estimates in a closed tracking loop
having an adaptive loop gain.

[0015] According to another aspect of the invention, there is provided a
communication device configured to: carry out a coarse time offset and fre-
quency offset estimation; first estimate errors in the coarse time offset and fre-
quency offset estimation by using a maximum-likelihood time-offset estimation
and joint optimisation of time-offset and frequency-offset; second estimate fre-
quency offset and time offset by using error estimates in a closed tracking loop
having an adaptive loop gain.

[0016] According to another aspect of the invention, there is provided an
electronic device configured to: carry out a coarse time offset and frequency
offset estimation; first estimate errors in the coarse time offset and frequency
offset estimation by using a maximum-likelihood time-offset estimation and
joint optimisation of time-offset and frequency-offset; second estimate fre-
quency offset and time offset by using error estimates in a closed tracking loop
having an adaptive loop gain.

[0017] The invention provides several advantages.
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[0018] An embodiment of the invention provides a technical solution for
joint estimation of time and frequency offsets for synchronization of an OFDM
system. The complexity of a receiver according to the embodiment is low and

its performance is close to ideal.

List of drawings
[0019] In the following, the invention will be described in greater detail

with reference to the embodiments and the accompanying drawings, in which
[0020] Figure 1 shows an example of a communication system;
[0021] Figure 2 is a flow chart;

[0022] Figure 3 illustrates an example of a network element;

[0023] Figure 4 illustrates an example of a communication device; and
[0024] Figure 5 illustrates an example of an electronic device.

Description of embodiments
[0025] With reference to Figure 1, we examine an exampie of a commu-

nication system to which embodiments of the invention can be applied. The
embodiments of the present invention can be applied to various communica-
tion systems utilizing orthogonal frequency division multiplexing (OFDM), such
as to a Universal Mobile Telecommunications System (UMTS) radio access
network (UTRAN), digital audio broadcasting (DAB), digital video broadcasting
(DVB), local area network (LAN), metropolitan area network (MAN) and world-
wide interoperability for microwave access (IEEE 802.16 standard WiMAX).
The embodiments are not, however, restricted to the systems given as exam-
ples but a person skilled in the art may apply the solution to other communica-
tion systems provided with the necessary properties.

[0026] Figure 1 is a simplified illustration of a data transmission system to
which the solution according to the invention is applicable. This is a part of a
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cellular radio system which comprises a base station (or node B) 100, which
has bi-directional radio links 102 and 104 to user devices 106 and 108. The
user devices may be fixed, vehicle-mounted or portable. The base station in-
cludes transceivers, for instance. From the transceivers of the base station, a
connection is provided to an antenna unit that establishes bi-directional radio
links to the user devices. The base station is further connected to a controller
110, a radio network controller (RNC) or a base station controiler (BSC), which
transmits the connections of the devices to the other parts of the network. The
base station controller of the radio network controller controls in a centralized
manner several base stations connected to it. The base station controlier or
the radio network controller is further connected to a core network 112 (CN).
Depending on the system, the counterpart on the CN side can be a mobile
services switching centre (MSC), a media gateway (MGW) or a serving GPRS
(general packet radio service) support node (SGSN), etc.

[0027] It should be noticed that in future radio networks, the functionality
of an RNC or a BSC may be distributed among (possibly a subset of) base

stations.

[0028] The communication system can also communicate with other net-
works, such as a public switched telephone network or the Internet.

[0029] In the receiver of a communication system using OFDM, one of
the most challenging tasks is the synchronization of an OFDM signal. The syn-
chronization requires finding symbol timing and carrier frequency offset. In or-
der to find symbol timing, the beginning of a symbol has to be estimated. A
carrier frequency has to be synchronized very accurately, otherwise there will
be loss of orthogonality between sub-symbols. OFDM systerris are very sensi-
tive fo carrier frequency offsets since they can only tolerate frequency offsets
which are a fraction of the frequency spacing between sub-carriers without
degradation in system performance.

[0030] Sub-carriers remain orthogonal only if a transmitter and a receiver
use the same frequencies. A frequency offset results in inter-carrier-
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interference (ICI). A related problem is a phase noise: an oscillator does not
produce a carrier at one frequency, but rather a carrier that is phase moduilated
by random phase jitter. Since frequency is the time derivative of phase, more
ICl is caused in the receiver. Instead, symbol timing may vary over an interval
equal to a guard time or the duration of a cyclic extension without causing ICI

or inter-symbol interference (I1SI).

[0031] An OFDM receiver can obtain information for synchronization in
two ways: first before demodulation of sub-carriers, either by using training
data or from the structure of an OFDM signal, that is fo say from a guard inter-
val or cyclic extension, second after demodulation when synchronization in-
formation can be obtained from training symbols embedded in a symbot pat-
tern.

[0032] Synchronization algorithms for OFDM can be classified into pre-
FFT (before modulation) and post-FFT (after modulation) algorithms. The pri-
mary goal of pre-FFT processing is to provide information on an FFT window
and frequency-offset estimates for frequency correction. Both time and fre-
quency correction are usually carried out before FFT in the time domain for
minimising ICI/ISI. The frequency correction may be implemented by a com-
plex multiplication of a received signal with a counter-rotating phase. A coarse
time correction may be carried out by shifting the starting point of an FFT

frame.

[0033] Embodiments of the invention are aimed to pre-FFT signal proc-
essing.

[0034] The embodiments of the synchronization method are expiained by

means of Figure 2.
[0035] The embodiment begins in block 200.

[0036] In block 202, a coarse time offset and frequency offset estimation
is carried out. The coarse time offset estimation may be a signal peak search
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and the coarse frequency offset estimation may be defining a phase difference
between a guard block and a load part of an orthogonal frequency division
multiplexed symbol. The guard block may be a prior art cyclic extension or
guard period and the load part means, for instance, a data load of a received
signal block.

[0037] Signal peak and phase difference detection is known in the prior
art and hence they are not explained here in further detail.

[0038] It should be noticed that also other coarse time offset and fre-
quency offset estimation methods may be used.

[0039] In block 204, errors in the coarse time offset and frequency offset
estimation are estimated by using a maximum-likelihood time-offset estimation
and joint optimisation of time-offset and frequency-offset.

[0040] A maximum-likelihood estimator of a time-offset is generated by
using a log-likelihood function. The maximum-likelihood (ML) time-offset error
estimate is obtained by maximizing the log-likelihood function over possible
coarse time-offset estimates:

b = argmax{ A, (9)+(1- DA, (@)} (1)

[0041] wherein

P+N, -1

2 k' (k+N)

k=¢

~ N1

Ay (@)= 7’(¢)—§-‘I’(¢) = —g Zg |"(k)|2 +|r(k +N)|2 (2)
i=p
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[06042] reflects redundancy in a received signal due to the cyclic exten-
sion and
PHN+N, -1 PN, -1
A,B=0+p)| X r*(k)m(k—¢)|—ﬁ >, ) +r(k+N)) m(k—9) 3)
k=g k=g
[0043] reflects information carried by the pilot symbols, wherein
aSNR
5=_0SNR 4
P aSNR +1 @

[0044] wherein

N

o =~ (5)
NP

and

1 .
mk)=—= ), pe™™" . (6)
JN nez{s;}
[0045] By using joint optimisation of time-offset and frequency-offset, the

maximum-likelihood estimate of a frequency-offset ratio is:
By =LY () 7)
ML 271_ ML

[0046] symbols in equations (1) to (7):

arg denotes an argument,

max denotes a maximum value,
¢ denotes time offset,
A (#) denotes a cyclic-prefix log likelihood function of ¢,
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A (¢) denotes a pilot log likelihood function of ¢,

() denotes a correlation term as a function of ¢

¥(#,.)denotes a correlation term as a function of the maximum-
likelihood value of ¢

®(¢) denotes an energy term as a function of ¢

w, denotes the length of a cyclic prefix in samples,

r(k)denotes a time-domain received signal,

r’(k+N) denotes the cyclic extension of a time domain received
signal,

N denotes the length of an OFDM symbol (excluding a cyclic pre-

fix),
N, denotes active sub-carriers,

N, denotes sub-carriers allocated to a pilot signal,

2. denotes a summing operation,

| | denotes a magnitude operator,

+ denotes a time index,

SNR denotes a signal-to-noise ratio estimated by using a prior art
method (SNR estimation is known in the prior art and thus not explained

herein),
m(k)denotes a stored time-domain reference pilot signal,

m(k—¢) denotes a stored time-domain reference pilot signal with

time delay ¢,

» denotes a sub-carrier index,
p, denotes a pilot value at sub-carrier index n,

e”™™¥ denotes an exponential term of the n" term in the IFFT (in-
verse fast Fourier transform)

< denotes a “belong to” mathematical symbol,
{7 denotes a set of pilots,

J denotes a square roof operation, and
£ denotes an argument operation.

[0047] The function of equation (2} correlates samples spaced N samples
apart, thus providing a coarse identification of the position of a cyclic exten-
sion. The function of equation (3) contains a filter matched to pilot symbois giv-

ing distinct correlation peaks; A (@) fine-tunes A_ (¢).
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[0048] The maximum-likelihood estimator of a time offset is partially de-
picted in Daniel Landstrém, Sarah Kate Wilson, Jan-Jaap van de Beek, Per
Odling and Per Ola Bérjesson: Symbol Time Offset Estimation in Coherent
OFDM systems, IEEE Transactions on Communications, Vol. 50, No. 4, Aprif
2002, which is incorporated herein as a reference.

[0049] In block 206, frequency offset and time offset are estimated in a
closed tracking loop by using error estimates. The error estimates are defined
in block 204. This phase provides more accurate estimates than the coarse
estimation and it is therefore called fine synchronization in this application.

[0050] A frequency-offset estimate used for frequency correction is ob-
tained by using a closed tracking loop:

B(m) =2 g%(m){l—%g] &m-1), (8)

ave ave

[0051] wherein

G, denotes an instantaneous signal-to-noise ratio estimate,
G,,. denotes an average signal-to-noise ratio,

g denotes a fixed loop gain,
é,,(m)is a maximum-likelihood estimate of a frequency-offset ob-

tained by using equation (7),
&(m~1) is an ML frequency-offset output of a closed tracking loop

for a previous OFDM symbol.

[0052] The frequency-offset may be removed from a received signal as

follows:

() = r(f)x e /2mman (9)

[0053] wherein
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r(t) denotes a time-domain received signal,

x denotes a multiplication operation,

CP27MA) denotes an exponential term,

2 denotes a fractionally estimated frequency error term, and
o+ denotes sub-carrier spacing.

[0054] A time-offset estimate, g(m), is used for time-offset correction of a

frame index m of a received signal. It is obtained by using a closed tracking

loop in a similar manner to that of the frequency correction:

Gy
G

ave

G(m) = g@m(m)+[l—%gJé(m—1). (10)

ave

[0055] wherein

G, denctes an instantaneous signal-to-noise ratio estimate,
G,.denotes an average signal-to-noise ratio,

g denotes a fixed loop gain,

éML(m) denotes an estimated time error term at the m™ OFDM sym-

bol, and

¢(m—1) denotes an estimated time error term at the (m-1)" OFDM
symbol.
[0056] The time-offset may be removed from a received signal by delay-

ing or advancing the signal in a circular buffer by using a time-offset estimate
é(m); typically, if the time-offset is negative, then the signal is delayed and if

the time-offset is positive, the signal is advanced. Time-offset removal may be
carried out once at the beginning of each frame.

[0057] The embodiment ends in block 208. Arrow 210 depicts one possi-
bility for repeating the embodiment, for instance for a following frame.
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[0058] It should be noted that the embodiment described above enables
the maintaining of time and/or frequency synchronization without a need to run
a coarse synchronization; in other words, once synchronization by using a
coarse synchronization and fine synchronization has been attained, only fine

synchronization is heeded in the maintenance phase.

[0059] On the other hand, a training sequence dedicated for coarse syn-
chronization may be used in fine synchronization. A cyclic prefix and pilots
dedicated to the channel estimation are also usable. These options provide
improved performance compared with prior art synchronization methods and

simplifies the maintaining of the synchronization.

[0060] The embodiment also provides a possibility of using fractional car-
rier offset estimation up to half a sub-carrier spacing. Remarkable is aiso the
fact that, depending on the accuracy of a crystal component used to generate
a system clock, an integer carrier-offset estimation (typically carried out during
coarse synchronization) is not required.

[0061] Figure 3 shows a simplified example of a part of a receiver. The
receiver may be located in a network element, such as a base station, or in
another kind of a communication device, such as a user terminal. It is obvious
to a person skilled in the art that the structure of a receiver may vary from what
is depicted in Figure 3.

[0062] The receiver includes antenna 300 which may be a single antenna
or an antenna array having several antenna elements.

[0063] Radio frequency parts 302 include a power amplifier for amplifying
a received signal for processing and filters. Analog-to-digital converter 304
converts a received analog signal to a digital form for digital signal processing.
Synchronization, which was explained above, is carried out in block 306. Cyclic
extension is removed in block 308 and the data is converted from a serial form
to a parallel form (block 310} for fast Fourier transform (FFT), which in turn is
carried out in block 312; FFT is used as an OFDM demodulator.
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[0064] In biock 314, the data is converted back to a serial form and con-
veyed to channel correction 3186, which typically includes for example a chan-
nel equalizer. Data modulation is removed in block 318. Demodulation is car-
ried out according to current modulation. Several prior art modulation methods

exist.

[0065] De-interleaving is carried out in block 320 and channel decoding in
block 322. Then the signal is conveyed to other parts of the receiver (not

shown).

[0066] Figure 4 shows a simplified example of a user terminal whereto
the embodiments of the invention can be applied. The user terminal is taken
herein as an example of a communication device. The user terminal may be a
mobile telephone or a microcomputer, for example, without being restricted

thereto.

[0067] The user terminal comprises an antenna 400 with which signals
are both transmitted and received via a duplex filter.

[0068] The terminal further comprises a transmitter 402 to amplify and
transmit a modulated signal to the antenna, a modulator 404 modulating the
carrier wave by a data sighal comprising the desired information in accordance
with a selected modulation method, a receiver 406 which amplifies the signal
supplied from the antenna and down-converts the signal to a selected interme-
diate frequency or directly to base band, and a demodulator 408 demodulating
the received signal to enable a data signal to be separated from the carrier

wave.

[0069] The user terminal also comprises a control block 418 comprising,
for example, control and calculation means for controlling the operation of the
different parts of the terminal, means for processing the speech of a user or
the data generated by the user, such as a digital signal processing (DSP)
processor comprising, for example, channel correction functions compensating
for interference in the signal caused by the radio channel, A/D converters con-
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verting an analogue signal into a digital one by sampling and quantizing the
base band signal, D/A converters converting a digital signal to an analogue
one by a reverse method, filters at the receiver which filter frequencies outside
a desired frequency band or, which in band-restricted systems restrict the band
width of the output at the transmitter, and coding and decoding means for both
channel and speech coding.

[0070] Furthermore, in spread-spectrum systems, such as wideband
code division multiple access (WCDMA used in UMTS) systems, the spectrum
of the signal is spread at the transmitter by means of a pseudo-random
spreading code over a wide band and despread at the receiver, in an attempt
to increase the channel capacity.

[0071] The user interface of the terminal comprises a loudspeaker or an
earpiece 410, a microphone 412, a display 414 and possibly a keypad and/or a
joystick or a similar device. The user interface devices communicate with the
controi block. In Figure 4, a memory block 416 is also depicted.

[0072] The embodiments of the synchronization method can mainly be
implemented by software storable in the control block including instructions for
executing a computer process for catrying out a coarse time offset and fre-
quency offset estimation, first estimating errors in the coarse time-offset and
frequency offset estimation by using a maximum-likelihood time-offset estima-
tion and joint optimisation of time-offset and frequency-offset, second estimat-
ing frequency offset and time offset by using error estimates in a closed track-
ing loop.

[06073] Different hardware implementations are also feasible, e.g. a circuit
built of separate logics components or one or more client-specific integrated
circuits (Application-Specific Integrated Circuit, ASIC). A hybrid of software and
hardware implementations is also feasible.
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[0074] = The embodiments of the synchronization method can also be im-
plemented as a module that may be installed, for instance, in a communication

device.

[0075] With reference to Figure 5, an example of an electronic device is
examined to which embodiments of the invention can be applied. The device
may be a personal computer or another device configured to wireless commu-

nication.

[0076] The electronic device comprises controlier 500, typically imple-
mented with a microprocessor, a signal processor or separate components
and associated software. The device further comprises display 502. The dis-
play is typically configured to display graphics and text. The device also com-
prises keyboard 504. Depending on the type of the device, there may be a dif-
ferent number of user interface parts, such as a mouse, a touch pad or any
other corresponding input device, as one skilled in the art is aware.

[0077] The device may also comprise an audio interface 506, which typi-
cally comprises a microphone and a loudspeaker. The device may also com-
prise memory 512. The device may also comprise communication unit 508 im-
plementing the functions of terminal equipment including speech and channel
coders, modulators and RF parts. In some embodiments, the device may also

comprise an antenna 510.

[0078] The embodiments of the synchronization method can mainly be
implemented by software storable in the controller and/or communication unit
including instructions for executing a computer process for carrying out a
coarse time offset and frequency offset estimation, first estimating errors in the
coarse time-offset and frequency offset estimation by using a maximum-
likelihood time-offset estimation and joint optimisation of time-offset and fre-
quency-offset, second estimating frequency offset and time offset by using er-
ror estimates in a closed tracking loop.



WO 2007/036612 PCT/F12006/050417

17

[0079] Different hardware implementations are also feasible, e.g. a circuit
built of separate logics components or one or more client-specific integrated
circuits (Application-Specific Integrated Circuit, ASIC). A hybrid of software and

hardware implementations is also feasible.

[0080] The embodiments of the synchronization method can be imple-
mented by software including instructions for executing a computer process for
carrying out a coarse time offset and frequency offset estimation, first estimat-
ing errors in the coarse time-offset and frequency offset estimation by using a
maximum-likelihood time-offset estimation and joint optimisation of time-offset
and frequency-offset, second estimating frequency offset and time offset by

using error estimates in a closed tracking loop.

[0081] The computer program may be stored on a computer program dis-
tribution medium readable by a computer or a processor. The computer pro-
gram medium may be, for example but not limited to, an electric, magnetic,
optical, infrared or semiconductor system, device or transmission medium. The
medium may be a computer readable medium, a program storage medium, a
record medium, a computer readable memory, a random access memory, an
erasable programmable read-only memory, a computer readable software dis-
tribution package, a computer readable signal, a computer readable telecom-
munications signal, and a computer readable compressed software package.

[0082] Even though the invention is described above with reference to an
example according to the accompanying drawings, it is clear that the invention
is not restricted thereto but it can be modified in several ways within the scope

of the appended claims.
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Claims

1. A synchronization method in a communication system, the
method comprising:

determining a coarse time offset and a coarse frequency offset es-
timation;

estimating errors in the coarse time-offset and frequency offset es-
timation, wherein the errors are estimated by using a maximum-likelihood time-
offset estimation and a joint optimisation of time-offset and frequency-offset;
and

estimating frequency offset and time offset based on the error esti-
mates in a closed tracking loop.

2. The method of claim 1, further comprising generating the maxi-
mum-likelihood time-offset estimation by maximizing a log-likelihood function
over possible coarse time-offset estimates.

3. The method of claim 1, further comprising determining the fre-
quency offset estimation as foilows:

£(m) = %ﬂgé‘m (m)+ [1 - g"‘“‘ gJ &(m-1),

ave ave

wherein

G, denotes an instantaneous signal-to-noise ratio estimate,
G,,. denotes an average signal-to-noise ratio,
g denotes a fixed loop gain,

£,, (m)is a maximum-likelihood estimate of a frequency-offset,
£(m-1) is an ML frequency-offset output of a closed tracking loop
for a previous OFDM symbol.

4. The method of claim 1, further comprising determining the time
offset estimation as follows:
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3y = st 5 Gt |5
¢(m) = G g¢m(m)+[1 s gJ¢(m 1),

ave ave

wherein

G,,, denotes an instantaneous signal-to-noise ratio estimate,

G, denotes an average signal-to-noise ratio,

g denotes a fixed loop gain,

gﬁm (m) denotes an estimated time error term at the m™ OFDM sym-
bol, and

#(m—1) denotes an estimated time error term at the (m-1)"" OFDM
symbol.

5. The method of claim 1, further comprising removing the time-
offset from a received signal by delaying or advancing the received signal in a
circular buffer by using the time-offset estimate.

6. The method of claim 1, further comprising removing the fre-
quency-offset from a received signal as foliows:

() = r(t) x e~ 2= )

wherein

r(z) denotes a time-domain received signal,

x denotes a multiplication operation,

e72EMA) denotes an exponential term,

¢ denotes a fractionally estimated frequency error term, and
& denotes sub-carrier spacing.

7. A receiver comprising:

a determining unit configured to determine a coarse time offset and
a coarse frequency offset estimation;

an error estimating unit configured to estimate errors in the coarse
time offset and the coarse frequency offset estimation, wherein the errors are
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estimated by using a maximum-likefihood time-offset estimation and a joint
optimisation of time-offset and frequency-offset; and

an offset estimating unit configured to estimate frequency offset and
time offset based on the error estimates in a closed tracking loop having an
adaptive loop gain.

8. The receiver of claim 7, further comprising a generating unit con-
figured to generate the maximum-likelihood time-offset estimation by maximiz-
ing a log-likelihood function over the coarse time-offset estimates.

9. The receiver of claim 7, further comprising a frequency offset unit
configured to determine the frequency offset estimation as follows:

5 (}'ins fa Gm.s' 3
E(m)= G—‘gSML(m)+(1— G ¢ ng(m—l) ,

ave

ave

wherein

G, denotes an instantaneous signal-to-noise ratio estimate,

G, denotes an average signal-to-noise ratio,

g denotes a fixed loop gain,

é,, (m) is a maximum-likelihood estimate of a frequency-offset,

&(m-1) is an ML frequency-offset output of a closed tracking loop
for a previous OFDM symbol.

10. The receiver of claim 7, further comprising a time offset unit
configured to determine the time offset estimation as follows:

G

ave

By = Tt gém(m){l—%g] dm-1),

ave

wherein

G, denotes an instantaneous signal-to-noise ratio estimate,
G, denotes an average signal-to-noise ratio,
g denotes a fixed loop gain,
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ém (m) denotes an estimated time error term at the m" OFDM sym-
bol, and

@(m—1) denotes an estimated time error term at the (m-1)" OFDM
symbol.

11. The receiver of claim 7, further comprising a removing unit con-
figured to remove the time-offset from a received signal by one of delaying the
signal in a circular buffer or to advance the signal in a circular buffer, by using
the time-offset estimate.

12. The receiver of claim 7, further comprising a removing unit con-
figured to remove the frequency-offset from a received signal as follows:

() = r(f)x e /2= |

wherein

r(¢) denotes a time-domain received signal,

x denotes a multiplication operation,

e denotes an exponential term,

¢ denotes a fractionally estimated frequency error term, and
& denotes sub-carrier spacing.

13. A network element comprising:

a coarse offset unit configured to determine a coarse time offset
and a coarse frequency offset estimation;

an error estimating unit configured to estimate errors in the coarse
time offset and the coarse frequency offset estimation, wherein the errors are
estimated by using a maximum-likelihood time-offset estimation and a joint
optimisation of time-offset and frequency-offset; and

an offset estimating unit configured to estimate frequency offset and
time offset based on the error estimates in a closed tracking loop having an
adaptive loop gain.
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14. A communication device, comprising:

a coarse offset unit configured to determine a coarse time offset
and a coarse frequency offset estimation:

an error estimating unit configured to estimate errors in the coarse
time offset and the coarse frequency offset estimation, wherein the errors are
estimated by using a maximum-likelihood time-offset estimation and a joint
optimisation of time-offset and frequency-offset; and

an offset estimating unit configured to estimate frequency offset and
time offset based on the error estimates in a closed tracking loop having an
adaptive loop gain.

15. An electronic device comprising:

a determining unit configured to determine a coarse time offset es-
timation and a coarse frequency offset estimation;

an error estimating unit configured to estimate errors in the coarse
time offset and the coarse frequency offset estimations, wherein the errors are
estimated by using a maximum-likelihood time-offset estimation and a joint
optimisation of time-offset and frequency-offset;

an offset estimating unit configured fo estimate frequency offset and
time offset based on the error estimates in a closed tracking loop having an
adaptive loop gain.

16. A computer program embodied on a computer-readable medium
comprising a computer program of instructions for executing a computer proc-
ess for synchronization, the process comprising:

determining a coarse time offset and a coarse frequency offset es-
timation; and

estimating errors in the coarse time-offset and frequency offset es-
timation, wherein the errors are estimated by using a maximum-likelihood time-
offset estimation and a joint optimisation of time-offset and frequency-offset;

estimating frequency offset and time offset based on the error esti-
mates in a closed tracking ioop.

17. The computer program distribution medium of claim 16, wherein
the computer-readable medium comprises at least one of a program storage
medium, a record medium, a computer readable memory, a computer readable
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software distribution package, a computer readable signal, a computer read-
able telecommunications signal, and a computer readable compressed soft-
ware package.

18. An apparatus configured to:

determine a coarse time offset and a coarse frequency offset esti-
mation;

estimate errors in the coarse time-offset and frequency offset esti-
mation, wherein the errors are estimated by using a maximum-likelihood time-
offset estimation and a joint optimisation of time-offset and frequency-offset;
and

estimate frequency offset and time offset based on the error esti-
mates in a closed tracking loop.

19. The apparatus of claim 18, further configured to generate the
maximume-likelihood time-offset estimation by maximizing a log-likelihood func-
tion over possible coarse time-offset estimates.

20. An apparatus, comprising:

determining means for determining a coarse time offset and a
coarse frequency offset estimation:

an error estimating means for estimating errors in the coarse time
offset and the coarse frequency offset estimation, wherein the errors are esti-
mated by using a maximum-likelihood time-offset estimation and a joint opti-
misation of time-offset and frequency-offset; and

an offset estimating means for estimating frequency offset and time
offset based on the error estimates in a closed tracking loop having an adap-
tive loop gain.

21. A receiver, comprising:

determining means for determining a coarse time offset and a
coarse frequency offset estimation:;

an error estimating means for estimating errors in the coarse time
offset and the coarse frequency offset estimation, wherein the errors are esti-
mated by using a maximum-likelihood time-offset estimation and a joint opti-
misation of time-offset and frequency-offset; and
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an offset estimating means for estimating frequency offset and time
offset based on the error estimates in a closed tracking loop having an adap-
tive loop gain.



WO 2007/036612

PCT/F12006/050417

12
W N
’@ 102 RNC ™10
BS Yy _
108 < R
L T2
FIG. 1
UEQ
106
400 409 5)4 /4]8
%— MOD |e—
TRANSMITTER
DEMOD —) 414
| o) pispay |/
RECEVER 40, 408
‘_
410

FIG. 4 (k —>
2
A

5]0/&

416

MEM

COMM.UNIT |~50g

~500

504 1 KEYS

FIG.5

CNTL

DISPLAY

™ 502

506

AUDIO

MEM [512




WO 2007/036612

22

PCT/F12006/050417

START
200
CARRY OUT COARSE
ESTIMATION 202
ESTINATE ERRORS FIG. 2
ESTIMATE TIME-OFFSET AND
- FREQUENCY-OFFSET 904
END 50
300
302 304 306 308 110
\ \ \ \ \
REM SERTO
L e L] g R —»lPAR
322 320 318 316 314 312
\ \\ \ \ \
<« pecon e pent fe— DEMOD |<— ggﬁ:" — spé\:m —]| FT

FIG. 3



INTERNATIONAL SEARCH REPORT International application No.

PCT/FI2006/050417

A.  CLASSIFICATION OF SUBJECT MATTER
See extra sheet

According to International Patent Classification (IPC) or to both national classification and TIPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC8: HO4L, HO4B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Fl, SE, NO, DK

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-INTERNAL, WPI, INSPEC, IEEE

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X BEEK VAN DE J-J ET AL: "ML Estimation of Timing and Frequency Offset | 1,2,5-8,11-21
in Multicarrier Systems”, Div. of Signal Processing, Lulea University of
Technology, S-97187 Luled, Sweden, April 1996 (1996-04) [retrieved on
2006-12-15], pages 1-26, refrieved from the
Internet:<URL:http://epubl.luth.se/avslutade/0347-0881/96-09/bsb96r.pdf>

A LANDSTROM DANIEL ET AL: "Symbol Time Offset Estimation in Coherent | 1-21
OFDM Systems", IEEE Transaction on Communications, Vol. 50, No. 4,
April 2002 [retrieved on 2006-12-15], pages 545-549, retrieved from the
Internet:<URL :http://ieeexplore.ieee.org/Xplore>

cited in the application

A US 2005084025 A1 (CHEN HUNG-KUN) 21 April 2005 (21.04.2005) 1-21
A US 2003063678 A1 (CRAWFORD JAMES A) 03 April 2003 (03.04.2003) 1-21
A US 2002150168 A1 (CRAWFORD JAMES A) 17 October 2002 1-21

(17.10.2002)

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered nd 1 ¢ 8 c
the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"Q" document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents, such combination
"P" document published prior to the international filing date but later than being obvious to a person skilled in the art
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
28 December 2006 (28.12.2006) 19 January 2007 (19.01.2007)
Name and mailing address of the ISA/FI Authorized officer
National Board of Patents and Registration of Finland Seppo Ojala
P.O. Box 1160, FI-00101 HELSINKI, Finland
Facsimile No. +358 9 6939 5328 Telephone No. +358 9 6939 500

Form PCT/ISA/210 (second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

International application No.

Internet:<URL:http://ieeexplore.ieee.org/Xplore>

Channel Estimation for OFDM", Communications, 2004 IEEE International
Conference on Paris, France, 20-24 June 2004 [retrieved on 2006-12-21],
Piscataway, NJ, USA, pages 872-876, retrieved from the

PCT/FI2006/050417
C (Continuation). ~ DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A LASHKARIAN DAVID ET AL: "Class of Cyclic-Based Estimators for 1-21
Frequency-Offset Estimation of OFDM Systems", IEEE Transaction on
Communications, Vol. 48, No. 12, Dec 2002 [retrieved on 2006-12-21],
pages 2139-2149, retrieved from the
Internet:<URL:http://ieeexplore.ieee.org/Xplore>
A MINN H. ET AL: "A Combined Timing and Frequency Synchronization and | 1-21

Form PCT/ISA/210 (continuation of second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

2 - International application No.
Information on patent family members

PCT/FI2006/050417
Patent document Publication Patent family Publication
cited in search report date members(s) date
US 2005084025 A1 21/04/2005 None
US 2003063678 A1 03/04/2003 None
US 2002150168 A1 17/10/2002 US 2004114675 A1 17/06/2004
TW 545008B B 01/08/2003
WO 02069515 A1 06/09/2002
US 2002176483 A1 28/11/2002
US 2002159533 A1 31/10/2002

Form PCT/ISA/210 (patent family annex) (April 2005)



INTERNATIONAL SEARCH REPORT . .
International application No.

PCT/F12006/050417

CLASSIFICATION OF SUBJECT MATTER

Int.Cl.
HO4L 27/26 (2006.01)
H04B 7/26 (2006.01)

Form PCT/ISA/210 (Extra sheet) (April 2005)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report
	Page 31 - wo-search-report
	Page 32 - wo-search-report

