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(57) Abstract: A receiver for receiving and demodulating an OFDM signal received from an emitter (EMT), comprising a receiving
function module (RFM) adapted for demultiplexing said OFDM signal to generate time symbols (yl(n)) and performing a time-to-
frequency conversion of said time symbols to generate received symbols (Y (k)), this OFDM signal comprising synchronization sig-
nal constituted by at least a synchronization symbol corresponding to a single subcarrier, and data signal constituted of data symbols;
the receiving function module (RFM) being further adapted to receive said synchronization signal during a period substantially
longer that the transmission period of said data symbols; and the receiver (RCV) further comprising a carrier frequency offset estim -
ator (CFOE) having: - A computing circuitry (DV) for determining an estimated carrier frequency offset (€) according to the fre -
quency difterence between the frequency (m) of said single subcarrier and the frequency (m' corresponding to a peak within said re -
ceived symbols (Yi(k)); - A frequency correction module (FC) for applying this estimated carrier frequency offset (€) to said time
symbols, so as to correct the carrier frequency of the received symbols.
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ESTIMATION OF THE CFO BASED ON CHANNEL IMPULSE RESPONSE
FOR OFDM SYNCHRONIZATION

FIELD OF THE INVENTION

The invention relates to the field of multicarrier communications systems and
more particularly to Orthogonal Frequency-Division Multiplexing (OFDM) systems,

including wireless OFDM systems.

BACKGROUND OF THE INVENTION

Orthogonal Frequency-Division Multiplexing (OFDM), also referred to as
“multicarrier modulation” (MCM) or “discrete multi-tone modulation” (DMTM),
splits up and encodes high-speed incoming serial data, modulating it over a plurality
of different carrier frequencies (called “subcarriers”) within a communication channel
to transmit the data from one user to another. The serial information is broken up into
a plurality of sub-signals that are transmitted simultancously over the subcarriers in
parallel.

By spacing the subcarrier frequencies at intervals of the frequency of the
symbols to transmit, the peak power of each modulated subcarrier lines up exactly
with zero power components of the other modulated subcarriers, thereby providing
orthogonality (independence and separability) of the individual subcarriers. This
allows a good spectral efficiency (close to optimal) and minimal inter-channel
interference (ICI), i.e. interferences between the subcarriers.

For these reasons, OFDM is used in many applications. Many digital
transmission systems have adopted OFDM as the modulation technique such as digital
broadcasting terrestrial TV (DVB-T), digital audio broadcasting (DAB), terrestrial
integrated services digital broadcasting (ISDB-T), digital subscriber line (xDSL),
WLAN systems, ¢.g. based on the IEEE 802.11 a/g standards, cable TV systems, etc.

However, the advantage of the OFDM can be useful only when the
orthogonality is maintained. In case the orthogonality is not sufficiently warranted by
any means, the performances of the OFDM system may be degraded due to inter-
symbol interference (ISI) and inter-carrier interference (ICI).

This could happen as a result of synchronization issues between the clocks of

the emitter and of the receiver of the OFDM system. These issues comprise:
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- Symbol Timing Offset (STO) and,
- Carrier Frequency Offset (CFO).

Carrier Frequency Offset is notably caused by the mismatch of the oscillators of
the emitter and of the receiver of the OFDM system, the nonlinear characteristic of the
wireless channel and the Doppler shift when the emitter and/or the receiver are
moving.

Even small frequency offsets can dramatically harm the signal to noise ratio
(SNR) and the bit-error rate (BER). In particular, OFDM systems employing time-
domain differential demodulation are very sensitive to CFO.

Therefore, accurate CFO estimation and correction algorithms should be
implemented so as to avoid performance degradation.

Several solutions have been proposed so far.

Several of these solutions are based on a split of the CFO between a Fractional
Carrier Frequency Offset (FFO) and an Integer Carrier Frequency Offset (IFO). Each
of these two parts can be addressed separately.

However, the proposed solutions are not entirely satisfactory and efficient.
These solutions have one or several of the following drawbacks:

- Some techniques decrease the spectral efficiency by using dedicated
transmitted data or sample sequences to train the CFO estimator at
receiver’s side. It is the case of many solutions based on pilot signals as for
instance described in “Frequency Synchronization Algorithms for OFDM
systems suitable for Communication over Frequency Selective Fading
Channels” of Ferdinand Classen and Heinrich Meyr, In Proceedings of the
Vehicular Technology Conference (VTC'97).

- Some techniques are not accurate enough.

- Some techniques require complex implementation.

- Some technique implies analog treatment, leading to important silicon
overhead.

- Some techniques are not fully compliant with OFDM standards (like
WLAN, LTE...)
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There is thus a need for a solution permitting to improve the situation by
providing a better estimation of the CFO and more particularly of the Integer Carrier

Frequency Offset (IFO) part..

SUMMARY OF THE INVENTION

A first aspect of the invention concerns a method for receiving and
demodulating an orthogonal frequency division multiplexing signal received from an
emitter by a receiver, comprising demultiplexing said orthogonal frequency division
multiplexing signal to generate time symbols and performing a time-to-frequency
conversion of said time symbols to generate received symbols, said orthogonal
frequency division multiplexing signal comprising synchronization signal constituted
by at least a synchronization symbol corresponding to a single subcarrier, and data
signal constituted of data symbols; said method further comprising:

- receiving from said emitter said synchronization signal during a period
substantially longer that the transmission period of said data symbols;

- determining an estimated carrier frequency offset according to the
frequency difference between the frequency of said single subcarrier
and the frequency corresponding to a peak within said received
symbols;

- applying said estimated carrier frequency offset to said time symbols,

s0 as to correct the carrier frequency of said received symbols.

According to embodiments of the invention, said estimated carrier frequency
offset may be applied only on time symbols corresponding to said data signal.

A frequency correction signal may be determined from said estimated carrier
frequency offset and applied to said time symbols. Said frequency correction signal
may be a sine wave signal at a frequency determined by said estimated carrier
frequency offset. Said frequency correction signal may be mixed to said time symbols.

Said estimated carrier frequency may be an estimated fractional carrier
frequency offset.

The method may also comprise steps of:
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- performing a cyclic convolution on said time symbols corresponding to
a second synchronization signal;

- determining an estimated integer carrier frequency offset according to a
measurement related to the numbers of frequency bins approximately
equal to zero at the output of said time-to-frequency conversion;

- applying said estimated integer carrier frequency offset to said time
symbols, so as to correct the carrier frequency of said received
symbols.

Said measurement may be a difference of the number of frequency bins
approximately equal to zero at the beginning and at the end of said output.
Said orthogonal frequency division multiplexing signal may be divided into

packets and said synchronization signal is repeated at the beginning of said packets.

Another aspect of the invention concerns a computer program product
comprising a computer readable medium, having thercon a computer program
comprising program instructions, the computer program being loadable into a data-
processing unit and adapted to cause execution of the method previously described,
with or without any of its described options, when the computer program is run by the

data-processing unit.

Another aspect of the invention concerns a receiver for receiving and
demodulating an orthogonal frequency division multiplexing signal received from an
emitter, comprising a receiving function module adapted for demultiplexing said
orthogonal frequency division multiplexing signal to generate time symbols and
performing a time-to-frequency conversion of said time symbols to generate received
symbols, said orthogonal frequency division multiplexing signal comprising
synchronization signal constituted by at least a synchronization symbol corresponding
to a single subcarrier, and data signal constituted of data symbols; said receiving
function module being further adapted to receive said synchronization signal during a
period substantially longer that the transmission period of said data symbols; and said
receiver further comprising a carrier frequency offset estimator having:

- A computing circuitry for determining an estimated carrier frequency

offset according to the frequency difference between the frequency of
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said single subcarrier and the frequency corresponding to a peak within
said received symbol;

- A frequency correction module for applying said estimated carrier
frequency offset to said time symbols, so as to correct the carrier

frequency of said received symbols.

According to embodiments of the invention, the receiver may comprise one or
several of the following features:

Said frequency correction module determines a frequency correction signal from
said estimated carrier frequency offset and provides it to said receiving function
module, said receiving function module being adapted to apply it to said time
symbols.

Said frequency correction module generates as said frequency correction signal
a sine wave signal at a frequency determined by said estimated carrier frequency
offset.

The receiver further comprises:

- a cyclic convolution module for performing a cyclic convolution on time
symbols corresponding to a second synchronization signal,

- a counting module for determining an estimated integer carrier frequency
offset according to a measurement related to the numbers of frequency bins
approximately equal to zero at the output of said time-to-frequency
conversion, and ,

- a frequency correction module for applying said estimated integer carrier
frequency offset to said time symbols, so as to correct the carrier frequency
of said received symbols.

Said counting module is adapted to compute said measurement as a difference
of the number of frequency bins approximately equal to zero at the beginning and at

the end of said output.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a simplified and high-level block diagram of an OFDM

System.
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FIG. 2 illustrates a possible block diagram of the carrier frequency offset
estimator in accordance with an embodiment of the invention.

FIG. 3 illustrates a possible block diagram of the carrier frequency offset
estimator in accordance with another embodiment of the invention.

FIGS. 4a and 4b illustrate a simplified example of transmitted OFDM spectrum.

FIG. 4 is a detailed view of the mixing circuitry according to an embodiment of
the invention.

FIG. 5 is a more detailed view of a mixing circuit according to an embodiment
of the invention.

FIG. 6 illustrates an OFDM signal made of several packets according to an
embodiment of the invention.

FIGS. 7a, 7b, 7c, 7d illustrate a simplified example of transmitted OFDM
spectrum according to embodiments of the invention.

FIGS. 8a, 8b and 8c illustrate three different outputs of the time-to-frequency
conversion module during the transmission of synchronization signal according to an

embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

FIG.1 illustrates a simplified and high-level block diagram of an OFDM system
comprising an emitter EMT and a receiver RCV connected by a communication
channel TC. This communication channel is usually (but not necessarily) wireless and
perturbed by noise.

The principle of this OFDM system consists in transmitting several symbols (or
signal) in parallel by assigning to each of them a different carrier, each carrier being
orthogonal to the others. The number of carriers (or subcarriers) depends on the total
bandwidth and on the duration of a symbol (i.e. the size of the time window in which
the receiver can capture the transmitted symbols).

The symbols to be transmitted, initially in the frequency domain, are transposed
into the time domain and modulated for transmission over the communication channel
TC. The receiver RCV transposes the received signals back to the frequency domain

to extract the transmitted symbols.
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More precisely, the symbols Xj[k] to be transmitted at emitter EMT side are first
appropriately encoded and then sent to a serial-to-parallel transformer SPg. This
function blocks aims in extracting from a symbol, a number N of individual values
Xj[k], where “k” ranges from 1 to N-1 and “1” represents the ordinal number of the
OFDM symbol to be transmitted.

This number N is equal to the number of subcarriers used for the transmission
over the communication channel TC. It depends on the standard. For instance
according to WLAN 802.11a (on which relies the embodiment depicted on figure 5a),
52 subcarriers are used (48 data subcarriers + 4 pilot subcarriers), and 12 (6 on the
“left” and 6 on the “right”) subcarriers are not used (zero subcarriers).

Here and in the following descriptions, the variable k will be used for the
frequency domain and the variable n for time domain.

In the figure 1, the curly brackets indicate a set of individual symbols associated
with arrows. They are used to prevent having references for each arrow and helps
simplifying and clarifying the figure 1.

The symbols {Xi[k]} which are outputted by the serial-to-parallel transformer
SPg are provided to a frequency-to-time conversion module IDFT. This frequency-to-
time convertor can perform an inverse discrete Fourier Transform of the symbols
{Xi[k]} to generate symbols {xj[n]} in the time domain. These symbols {xj[n]} are
then multiplexed by the parallel-to-serial transformer PSg to produce a signal
transmitted over the transmitted channel TC.

hi(n) represents the time domain transfer function associated with the
communication channel. This time domain transfer function hy(n) (called channel
impulse response as well) may vary over time (from one OFDM symbol to another)
and is therefore indexed by the number | of the transmitted symbol. The time domain
transfer function hy(n) represents a multipath channel model and is therefore indexed
by the number n, n represents the time delay of each of the considered paths of the
multipath model.

The multiplexer PSg modulates the orthogonal subcarriers by the symbols to be
transmitted.

The transmitted OFDM symbol xj(n) signal spectrum is the sum in the frequency
domain of the orthogonal subcarrier sinc functions that are superposed over each

other. The individual symbols can be independently modulated by using different



10

15

20

25

30

WO 2014/090592 PCT/EP2013/075001

types of modulations techniques, like for instance QAM (Quadrature Amplitude
Modulation) or PSK (Phase-Shift Keying).

FIG. 4a and 3b illustrate a simplified example of such a transmitted OFDM
spectrum at the emitter’s side (FIG. 4a) and at receiver’s side (FIG. 4b) according to
the prior art. These explanations aim at better understanding the problem solved by the
invention.

In this simplified example, only 3 subcarriers are depicted in order to keep the
figure easy to read. Each subcarrier corresponds to a sinc function which peak
matches with a frequency bin associated with an orthogonal modulation frequency.
The frequency bins are depicted with vertical dotted lines. The sinc function is defined
as sinc(x)=sin(7.x)/ w.x (in its normalized format).

Taking the example of WLAN 802.11 a/g, the frequency bins are located at
-26*312.5 kHz, -25%312.5 kHz..., 25*312.5 kHz, 26*312.5 kHz. (the 0*312.5kHz
subcarrier is not used)

In the figure 4a, the symbol Xj(m) corresponds to a value “a” which is at the
peak of the corresponding subcarriers and thus independent of the other subcarriers.

In the figure 4b, the subcarriers are shifted by a carrier frequency offset (CFO) ¢
in the frequency domain. As a consequence, the peaks of the sinc functions do not
match anymore the frequency bins. The received symbol Yi(m) is not equal to “a”
anymore. Instead, the received signal is the addition of the values of the subcarriers,
so as Yi(m)=btctd. In other words, the received signal depends on the other
subcarriers (c, d). The orthogonality of the subcarriers is violated, due to the presence
of the carrier frequency offset ¢; and the received and decoded symbols are in error.
This is in fact mainly due to the Fractional Carrier Frequency Offset (FFO).

In conclusion, the two parts of the Carrier frequency offset (CFO) have distinct
main impacts:

- The Integer Carrier Frequency Offset (IFO) ¢ shifts the received OFDM

signal in the frequency domain.

- The Fractional Carrier Frequency Offset (FFO) er impacts dramatically the

orthogonality of the received OFDM signal and jeopardizes its decoding.
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According to the invention, a CFO compensation is put in place, both for the

IFO and for the FFO, so as to determine the right values of the received symbols.

The symbols yi(n) are received by the receiver RCV with, potentially such a

CFO. The CFO can be positive or negative. No information can be determined by the

receiver RCV about the nature of the transmission channel to help valuing the CFO.

In other words, at the moment of CFO estimation, we do not have information about

the transfer function of the channel. Therefore, the receiver RCV should rely on blind

determination techniques to compensate the effects of the Carrier Frequency Offset.

The received symbols can be expressed with the typical following equation:

=L S H X )

Where:

n, k represent variable over the time and frequency domains respectively.
H; is the channel transfer function during the I symbol.

N is the number of subcarriers (which depends on the standard that is
used).

z; 18 the time domain additive noise of the channel during the transmission

of the I™ symbol.

k+e corresponds to the frequency shifted by the carrier frequency offset €.

The estimation of the CFO is not a straightforward process.

Its impact on the received signal can be expressed by taking the DFT (Discrete

Frequency Transform) of the previous equation. We then get:

Yz[k]_

sin(re )
N-sin(rep / N)

-ejzm;F(N_%v)'H] [k]X] [k]+L1(k)+Zl [k]

Where

Ll[k]:ejzﬂ'&‘F(N—%v)‘ ]vz_l Sln(ﬂ'(m_k+gF)) H [m]Xl[m]ejzﬁ(m—k)(N—%v)
m=0,m=

 Nesin(z(m—k+ep)/N)

This Li(k) term expresses the distortion due to the inter-channel interference

(ICI) from other subcarriers into the k™ subcarrier frequency component. As already
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said, the presence of such a term implies that the orthogonality among subcarrier
frequency components is not maintained any longer.
It appears from these two equations that it is in practice impossible to determine

directly the FFO

The receiver RCV comprises a receiving function module RFM which generates
demodulated symbols YI[k] from the received symbols stream yl[n]. The demodulated
symbols can then be passed over to other circuitry of the receiver RCV (not depicted).

The receiving function module RFM may perform different steps which are
usual in OFDM systems but may be subject to variations and different
implementations.

The high-level schema of the figure 1 shows a possible implementation where
the receiving function module RFM comprises:

- a serial-to-parallel transformer or demultiplexer SPg, which parallelizes the

received symbol to a set of time symbols {yi(n)}.

- A time-to-frequency conversion module DFT. This convertor can perform a
discrete Fourier Transform of the time symbols {yi(n)} to generate a set of
received frequency bins {Yi(k)} in the frequency domain, corresponding to
determined subcarriers.

- A parallel-to-serial transformer PSy to produce symbols Yi(k) made of these
received frequency bins {Yi(k)}. These symbols can then be transmitted to

other circuitries of the receiver RCV (not depicted in the figure).

In order to perform these steps, the receiving function module RFM shares with
the emitter EMT the same subcarriers frequencies, as well as the number of
subcarriers N. They could have been communicated beforehand, or they may be set or
tuned previously in both the emitter and receiver, for instance according to standards
specifications.

The time-to-frequency conversion module DFT uses as inputs a frequency
correction signal ¢ in order to correct the effect of the CFO within the transmission
channel TC. This frequency correction signal ¢ is provided by a carrier frequency

offset estimator CFOE, which will be described later.
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This frequency correction signal ¢ can be a sine wave signal at a frequency
equal to an estimated frequency of the carrier frequency offset (CFO). Several
embodiments are possible.

For instance, the frequency correction signal ¢ can be mixed with the time
symbol y1[0], yl[1], yI[2]... yI[N-1] before entering the time-to-frequency conversion
module DFT, within a mixing circuitry MX.

Such an implementation is close to the one described in the chapter 5 of the
book “MIMO-OFDM  Wireles = Communications  with  Matlab”,  of
Yong Soo Cho, Jackwon Kim, Won Young Yang, Chung-Gu Kang, in connection

with the figure 5.16.

FIG. 5 shows the mixing circuitry MX with more details. We can see that each
individual time symbol yj[m] is mixed with the frequency correction signal ¢ in the
time domain.

Other embodiments are possible. According to some embodiments, the
frequency correction signal ¢ can be provided to the time-to-frequency conversion
module DFT, so as to avoid mixing signals in the time domain.

Further, the receiving function module RFM can comprise other apparatuses and
circuitries to enhance the OFDM demodulation and decoding schemes, and the
embodiment depicted in figure 1 may be regarded as an over simplification.
Nonetheless, it is sufficient to the man skilled-in-art to situation the invention and how

it interacts with the known OFDM systems and processes.

The receiver RCV receives from the emitter EMT an OFDM signal which can
be composed of two parts:

- The preamble: to be used by the receiver for frame detection, time and
frequency synchronization, automatic gain control, channel estimation,
etc. Embodiments of the invention focus in the frequency
synchronization part (synchronization signal) of the preamble.

- A data signal, which should be here understood as the part of the OFDM
signal that is not the synchronization signal. It can comprise “real” data
(i.e. payload, transporting higher-level datagrams), but also pilot data,
CRC (cyclic redundancy check) codes, etc.
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In general, the OFDM is divided in packets. Each packet is made of a plurality
of OFDM symbols. The size of the packets (i.e. the number of symbols) is dependent
of the standard.

FIG. 6 illustrates an OFDM signal made of P packets, Py, P,, Ps...Pp,

The synchronization signal is repeated at the beginning of the packets. In other
words, the packets P;, P,, Ps...Pp comprise synchronization signal part S;, Sz, Ss...Sp

and a data part D;, D;, Ds...Dp.

According to an aspect of the invention, the synchronization data is constituted
by at least a synchronization symbol corresponding to a single subcarrier. In other
words, in the frequency domain before the frequency-to-time conversion module

IDFT, we have:

Xi(k)=g, fork=m
X;(k)=0 fork #m

where s; is an amplitude value. This value can be arbitrary chosen. However an
important amplitude is interesting as it allows a better discrimination between the peak
and the zeros of the received single subcarrier. According to the modulation scheme, it
can be equal to a complex value that has maximum amplitude on the constellation
diagram.

As it will be explained later, using a single subcarrier implies that even in the
presence of a fractional carrier frequency offset, no inter-channel interference (ICI) is
created since there is only one channel that is used.

FIG. 7a depicts the OFDM spectrum corresponding to this synchronization
symbol is constituted by a single subcarrier at a frequency m. This subcarrier
corresponds to a sinc function which peak matches with a frequency bin with this
modulation frequency m. The frequency bins are depicted with vertical dotted lines.
The sinc function is defined as sinc(x)=sin(m.x)/mt.x (in its normalized format) as it
was explained with regard to figures 4a and 4b.

This synchronization signal is generated and then transmitted over the
transmission channel TC during a period of time T. This period of time may be around

10 times the normal transmission duration of a data symbol. The longer the period of
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time is, the better the estimation of the CFO can be. However mitigation shall be done
between the needed precision of the CFO and the loss of bandwidth (or spectral
efficiency) due to this additional transmission.

The value of the frequency m can be chosen in various ways. It seems however
interesting to choose it in the middle of the range of available frequencies, so as to
cover positive and negative values of the CFO in equivalent manner. In the context of

a WLAN 802.11a/g implementation, m=32 is an interesting value.

The synchronization signal is received by the receiving function module RFM of
the receiver RCV

As explained earlier, in addition to the receiving function module RFM, the
receiver RCV further comprises a CFO estimator CFOE.

FIG. 2 depicts a possible embodiment of such a CFO estimator.

It comprises an estimation module EST and a frequency correction module FC.

The estimation module EST is in charge of determining an estimated carrier
frequency offset £. The frequency correction module takes this estimated carrier
frequency offset £ as input and output a frequency correction signal ¢ which is
provided to the mixing circuit MX or to the time-to-frequency conversion module
DFT, as it was explained earlier.

The estimation module EST takes as inputs the outputs of the time-to-frequency
conversion module DFT {Y()}.

In a normal situation, the received signal spectrum would resemble the one
depicted on figure 7b. However, the synchronization signal is transmitted during a
longer duration T and the received signal spectrum looks more like the one depicted in
figure 7d. Figure 7c is a copy of the figure 7a for the purpose of better understanding
by showing alignments between sent and received signal spectrums.

Figure 7b shows that a straightforward approach for determining the CFO is not
possible in presence of a fractional carrier frequency offset (FFO). Due to this
fractional part ¢, the peak value of the received single subcarrier falls between two
frequency indices (or bins). Therefore it can be easily detected and, a fortiori,
determined.

However, as the transmitted synchronization signal is T/T; longer than the

normal transmission time T; of an OFDM symbol, the frequency gaps between the
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frequency bins is reduced by the same ratio T/T;. This is a known mechanism
underlying to the OFDM theory that in the frequency domain (after the DFT), the
increase of duration by a certain factor is equivalent to the resolution of the frequency
bins at the output of the DFT being multiplied by the same factor.

In the example of the figure 7d, this ratio T/T; is equal to 4 : we can see 4 times
more dashed vertical lines representing the frequency bins in the figure 7d than in the
figure 7c above, and the gap Af” between 2 successive frequency bins is 4 times
smaller than the gap Af between 2 successive frequency bins in figure 7c.

In the case of WLAN 802.11 a/g, this gap Af'is equal to 312.5 kHz.

If this ratio is high enough, this enables the localization of the peak Y(m’) since
the probability to have it matching (or approximately matching) a frequency bins is
linked to the gaps between the frequency bins. In other words and as mentioned
carlier, the higher the ratio T/T; is, the more precise can be the estimation of the CFO
er. But increasing this ratio too much would lead to some impact in the spectral
efficiency of the transmitted signal. So, a compromise should be found, which
depends notably on the technology.

For instance with a ratio T/T; =Af/Af’=4, we get a CFO estimation accuracy of
10%. This figure can be considered as sufficient in a context of WLAN CFO

synchronization.

The estimated fractional carrier frequency offset £, can then be determined as

the frequency shift between the matching frequency bins m and m’, respectively at the

emitter side (figures 7a, 7c) and at the receiver side (figure d).
A A
It can be expressed as £, = Ef'.(m'—m)

The computing circuitry DV of the estimation module EST can determine an
estimated carrier frequency offset according to the frequency difference between the
frequency m of the single subcarrier of the synchronization symbol and the frequency

m’ corresponding to the peak within the received symbols Yi(k).

Of course, not only the fractional carrier frequency offset can be estimated this

way but also the whole carrier frequency offset.
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In the presence of an integer carrier frequency offset ¢, the frequency shift will
be larger than the gap Af between successive initial frequency bins. Of course the
carrier frequency offset is the sum of the integer and fractional parts: € = erter.

We can write the same with the estimations: € =&, +¢;

According to an embodiment of the invention, the integer carrier frequency
offset ¢ can be determined in a different way. In this case, the previously described

computing circuitry DV only determines the fractional carrier frequency offset ¢

According to this embodiment, the synchronization signal comprises symbols
for which, in the frequency domain, all the subcarriers are equal, i.e. all the inputs of
the frequency-to-time conversion module IDFT are equal. In other words, during the

transmission of the synchronization signal, Vk, X;(k)=s,, where s, is the constant

value. This value can be arbitrary chosen.

According to this embodiment, this second synchronization signal can be sent
after or before the previously-described synchronization signal. Each type of
synchronization signal has a different characteristic and has a different aim.

As it will be later demonstrated, at the output of the frequency-to-time
conversion module IDFT the time symbol vector is then given by:

x(n)= [8(n).¢*, 0, 0,0...].

And the signal outputted by the parallel-to-serial transformer PSg and
transmitted over the transmission channel TC is then:

xi(n)= 3(n).¢"*

In the ideal case, the value of ¢ is zero. In this case, the convolution circuit CC
at receiver side would be simpler to implement.

In practice, due to the modulation scheme that is used and due to the bit
precision of the frequency-to-time conversion module IDFT, ¢ is different to zero.
However, one of the advantages of the invention is not be robust enough to not be
sensible to this approximation.

It aims in determining a good estimated value of the integer carrier frequency

offset as perceived by the receiver RCV and in compensating for it.
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FIG. 3 depicts a possible embodiment for a CFO estimator CFOE according to
this embodiment.

It comprises a cyclic convolution module CC for performing a cycling
convolution on the time symbols corresponding to the synchronization signal.

These time symbols yi(n) are provided to the cyclic convolution module CC by
the serial-to-parallel transformer SPr during the reception of the synchronization
signal.

This cyclic convolution module CC can perform convolution between the time
symbols yi(n) and the circulant matrix of the complex conjugate of the transmitted
OFDM symbol x(n).

In linear algebra, a circulant matrix is a special kind of Toeplitz matrix (or
diagonal-constant matrix) where each row vector is rotated one element to the right
relative to the preceding row vector. In numerical analysis, circulant matrices are
important because they are diagonalized by a discrete Fourier transform, and
hence linear equations that contain them may be quickly solved using a fast Fourier
transform.

Such a n x n circulant matrix C may take the following form:

Co Cp1 77 C2

9 Co Cua C2

c=| i ¢ :
Cn-2 Co Cna
| Cn1 Cu—2 77 C1 Co |

The transmitted OFDM symbol xi(n) can be known by the receiver RCV as it
knows that synchronization signal is being transmitted and because the emitter and the
receiver share some data related to this process.

The receiver RCV then knows that xi(n)= S(n).ejd’

The convolution can be y;(n)* x7 (1), wherein « * » represents the operator for

the circular convolution. x;(n) is the complex conjugate of xi(n).

The rational for performing such a convolution can be explained as follows:
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Let’s write ¥,(n)the hypothetical I™ received synchronization symbol in the

case where the CFO ¢ is null. This hypothesis is made for the purpose of the
demonstration.

The “real” received synchronization symbol yi(n) can then be written as:

yi(m) = Fy(m)- 27N

According to OFDM theory, adding the cyclic prefix in the emitter and
removing them in receiver can be interpreted by the possibility to express the linear
convolution by a circular convolution.

Then, from the « ideal » received synchronization symbol, we can write:
x; () #h () = ()
This result is then transmitted to the DFT module, which outputs a vector:
DFT ly(n)* i (m)]
This expression can be rewritten according to the previous statements as:
DFT{y (n)* 33 (m)} = DFT {7 () - €757 [ ()

= DFT [y (m) #h ()] €277 % 3 ()

Since the synchronization signal has been chosen so that x(n)= S(n).ejd’, the
result of the convolution y;(n) * x; (1) is approximately 3(n).
The previous expression can then be written

DFT{y (n) % x} (m)}= DFT Jhy(n)- /%" 'V | = 1,k — g)

In other words, an estimation £ of the CFO can be determined by counting the

number for zeros at the beginning or at the end of the expression DFT {y [ (n)* x/ (n)})

FIGS. 8a, 8b and 8&c illustrate three different outputs of the time-to-frequency
conversion module DFT during the transmission of synchronization signal,
corresponding to three different situations. There are based on a WLAN 802 a/g
standard and the signals, including the synchronization signal, make use of 52

subcarriers.
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In the figure 8a, there is no CFO. The signal spectrum corresponds to these 52
subcarriers (48 data subcarriers and 4 pilot subcarriers). At the beginning and at the
end of this spectrum, there are 12 unused subcarriers, which are set to zero according
to OFDM principle.

In the figure 8b, a positive CFO has been introduced during the transmission of
the synchronization signal over the transmission channel TC.

The spectrum is shifted to the left: the number of zero subcarriers at the
beginning of the spectrum is reduced, while the number of zero subcarriers at the end
of the spectrum is increased. The shift corresponds to the CFO .

In the figure 8¢, a negative CFO has been introduced during the transmission of
the synchronization signal over the transmission channel TC.

The spectrum is shifted to the right: the number of zero subcarriers at the
beginning of the spectrum is increased, while the number of zero subcarriers at the
end of the spectrum is reduced. The shift corresponds to the CFO ¢.

A way to determine the estimation ¢ for the CFO can be to count the difference
between the numbers of zero subcarrier at the beginning and at the end of the output

of the DFT module. This different correspond to 2¢ .

Accordingly, the output of the time-to-frequency conversion module DFT is
provided to a counting circuitry CNT of the estimation module EST.

This counting circuitry CNT makes a measurement related to the frequency bins
associated with the DFT module. More particularly, it counts the number of zero
subcarriers at the beginning and the end of the provided signal Yi(k), and can then
subtracts these 2 values.

In the embodiment depicted in the figure 3, this value is considered as the

estimated integral carrier frequency offset ;. This value is then provided to the

frequency correction module FC.

As the zero subcarriers may not be exactly equal to zero due to noise and bit
precision of the time-to-frequency and frequency-to-time modules, it could be helpful
to introduce a threshold. Below this threshold, the value of the subcarrier would be
considered as a zero subcarrier, whereas above this threshold, the subcarrier would be

considered as transporting the symbol and will not be considered as a zero subcarrier.
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More generally it can be stated that the estimated IFO is determined according
to a measurement related to the numbers of frequency bins approximately equal to

zero at the output of the time-to-frequency conversion.

The estimated integer carrier frequency offset £; can be provided by the

computing circuitry DV as previously described. The estimated fractional carrier

frequency offset is also provided to the frequency correction module FC.

In the embodiment depicted in figure 2, the estimated carrier frequency offset
(corresponding to the integer and fractional parts so that £ =¢; + € ) is provided to

the frequency correction module FC.

The frequency correction module FC takes the estimated IFO &;, FFO & or

CFO ¢ as input so as to determine the frequency correction signal c.

In the case it receives separate signals €; and £, it can simply reconstruct an
estimation of the CFO by computing &€ =&; +£.
According to an embodiment of the frequency correction module FC, it can

generate a sinusoidal wave at a frequency Frpe- |é| *312.5 kHz as |é| is a normalized

value with respect to the inter subcarrier frequency Af (Af=312.5kHz in all 802.11
OFDM WLAN standards).

- If the CFO is positive, Frc down-converts the received signal by mixing
down the received signal in the time domain (i.c. before the IFFT block in the
receiver).

- Ifthe CFO is negative, Frc up-converts the received signal by mixing up the
received signal in the time domain (i.e. before the IFFT block in the
receiver).

Mixing-up and mixing-down can have different implementations in RF or

baseband.

In this embodiment, a complex mixing is performed. Using a complex multiplier

before the input of the S/P converter of the receiver is a well-known technique.

Functionally, the frequency correction module FC is thus performing a classical

task and may be implemented in various ways accessible to the man skilled-in-the-art.
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For this reason, it will not be further detailed, as the invention is independent of the

actual implementation of this functional module.

As explained earlier, the frequency correction signal ¢ is provided as input of the

5 receiving function module RFM.

The invention has been described with reference to preferred embodiments; but
other embodiments and variations are possible while being within the scope of the

claimed invention.

10
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CLAIMS

A method for receiving and demodulating an orthogonal frequency division
multiplexing signal received from an emitter (EMT) by a receiver (RCV),
comprising demultiplexing said orthogonal frequency division multiplexing signal
to generate time symbols (yi(n)) and performing a time-to-frequency conversion of
said time symbols to generate received symbols (Yi(k)), said orthogonal frequency
division multiplexing signal comprising synchronization signal constituted by at
least a synchronization symbol corresponding to a single subcarrier, and data
signal constituted of data symbols; said method further comprising:

- receiving from said emitter said synchronization signal during a period
substantially longer that the transmission period of said data symbols;

- determining an estimated carrier frequency offset (£ ) according to the
frequency difference between the frequency (m) of said single
subcarrier and the frequency (m’) corresponding to a peak within said
received symbols (Yi(k));

- applying said estimated carrier frequency offset (£) to said time
symbols, so as to correct the carrier frequency of said received

symbols.

The method according to claim 1, wherein said estimated carrier frequency offset

(£ ) is applied only on time symbols corresponding to said data signal.

The method according to any of previous claims, wherein a frequency correction
signal (c) is determined from said estimated carrier frequency offset (£) and

applied to said time symbols (yi(n)).

The method according to claim 3, wherein said frequency correction signal (c) is a
sine wave signal at a frequency determined by said estimated carrier frequency

offset (£).

The method according to claim 4, wherein said frequency correction signal (c) is

mixed to said time symbols (yi(n)).
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A method according to any of previous claims, wherein said estimated carrier

frequency ( € ) is an estimated fractional carrier frequency offset ().

A method according to claim 2, further comprising steps of:
- performing a cyclic convolution on said time symbols corresponding to
a second synchronization signal;

- determining an estimated integer carrier frequency offset (&;)

according to a measurement related to the numbers of frequency bins
approximately equal to zero at the output of said time-to-frequency
conversion;

- applying said estimated integer carrier frequency offset (£;) to said

time symbols, so as to correct the carrier frequency of said received

symbols.

The method according to claim 7, wherein said measurement is a difference of the
number of frequency bins approximately equal to zero at the beginning and at the

end of said output.

The method according to any of the previous claims, wherein said orthogonal
frequency division multiplexing signal is divided into packets and said

synchronization signal is repeated at the beginning of said packets.

A computer program product comprising a computer readable medium, having
thereon a computer program comprising program instructions, the computer
program being loadable into a data-processing unit and adapted to cause execution
of the method according to any of claims 1 to 8 when the computer program is run

by the data-processing unit.

A receiver for receiving and demodulating an orthogonal frequency division
multiplexing signal received from an emitter (EMT), comprising a receiving
function module (RFM) adapted for demultiplexing said orthogonal frequency

division multiplexing signal to generate time symbols (yi(n)) and performing a
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time-to-frequency conversion of said time symbols to generate received symbols
(Yi(k)), said orthogonal frequency division multiplexing signal comprising
synchronization signal constituted by at least a synchronization symbol
corresponding to a single subcarrier, and data signal constituted of data symbols;
said receiving function module (RFM) being further adapted to receive said
synchronization signal during a period substantially longer that the transmission
period of said data symbols; and said receiver (RCV) further comprising a carrier
frequency offset estimator (CFOE) having:
- A computing circuitry (DV) for determining an estimated carrier
frequency offset (€ ) according to the frequency difference between the
frequency (m) of said single subcarrier and the frequency (m’)
corresponding to a peak within said received symbols (Yi(k));
- A frequency correction module (FC) for applying said estimated carrier
frequency offset (£) to said time symbols, so as to correct the carrier

frequency of said received symbols.

The receiver according to claim 11, wherein said frequency correction module
(FC) determines a frequency correction signal (¢) from said estimated carrier
frequency offset (£) and provides it to said receiving function module (RFM),

said receiving function module (RFM) being adapted to apply it to said time
symbols (yi(n)).

. The receiver according to claim 12, wherein said frequency correction module

(FC) generates as said frequency correction signal (¢) a sine wave signal at a

frequency determined by said estimated carrier frequency offset (€).

The receiver according to claim 11 to 13, further comprising:
- a cyclic convolution module (CC) for performing a cyclic convolution on
time symbols corresponding to a second synchronization signal,
- a counting module (CNT) for determining an estimated integer carrier
frequency offset (£ ) according to a measurement related to the numbers of
frequency bins approximately equal to zero at the output of said time-to-

frequency conversion, and ,
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- afrequency correction module (FC) for applying said estimated integer
carrier frequency offset (£) to said time symbols, so as to correct the

carrier frequency of said received symbols.

15. The receiver according to claim 10, wherein said counting module (CNT) is
adapted to compute said measurement as a difference of the number of frequency

bins approximately equal to zero at the beginning and at the end of said output.
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