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DISTRIBUTED PILOT MULTICARRIER SIGNAL DESIGNED TO LIMIT
INTERFERENCE AFFECTING SAID PILOTS

The invention relates to the field ¢f transmission
and broadcasting of digital information. The invention
concerns particularly, but not exclusively,
transmission and broadcasting of digital information

5 with a high spectral efficiency, over a limited
frequency band, for example in a radiomobile
environment.

The multicarrier modulation technique, associated
for example with an error correction coding techniqgque

10 and interlacing, provides an efficient solution to the
problem of broadcasting or transmission of information,
for example in a radiomobile environment. Thus, the
COFDM (Coded Orthogonal Frequency Division
Multiplexing) modulation technique was selected for the

15 DAB (Digital Audio Broadcasting), DVB-T (Digital Video
Broadcasting - Terrestrial) and HIPERLAN/2 (High

Performance Local Area Network) standards.
The multicarrier modulation used 1n COFDM system
described for example 1n French patent document No. FR

20 2 765 757, comprises a particularly simple equalization
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system based on the insertion of a guard interval.
This guard interval, also called a cyclic prefix,
behaves well faced with echoes, at the cost of a loss
in spectral efficiency. New multicarrier modulations
are currently being studied in order to avoid this
loss, or at least to reduce 1it. Among these new
multicarrier modulations, the invention is particularly
applicable to OFDM/OQAM (Orthogonal Frequency Division
Multiplexing / Offset Quadrature Amplitude Modulation)
modulation, for which the carriers are shaped by Iota
prototype function. Note that the Iota prototype
function, described for example in patent document No.
FR 2 733 869, has the characteristic that 1t 1is
identical to 1ts Fourier transform. The invention is
obviously equally applicable to any other type of
multicarrier modulation, particularly of the OFDM/OQAM
type regardless of the associated prototype function.

Obviously, the process for shaping an electrical
signal starting from the information to be transmitted
depends on the conditions under which such a signal 1is
transmitted. The characteristics of a transmission
channel are summarised briefly below, particularly in a
radiomobile environment, 1in order to better understand
the advantage of using multicarrier modulations on such
a channel.

In a radiomobile environment, the emitted wave 1is
reflected many times along its route, and therefore the
recelver receives a sum of delayed ‘versions of the
emitted signal. Each of these versions is attenuated
and 1ts phase is shifted at random. This phenomenon,

known under the term “delay spread”, generates inter-
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symbol 1interference (ISI). For example, 1in an urban
type environment, delay spreading is of the order of a
few microseconds or less.

The receive:r; (for example the mobile
radiotelephone of a car driver) 1s assumed to be
moving, and hence the Doppler effect also acts on each
path, which results 1in a frequency shift 1in the
received spectrum proportional to the movement speed of
the receiver. Note that there are also other types of
Doppler effects, all of which can be taken into account
by the technique 1implemented according to the
invention,

A combination of these effects results in a non-
stationary transmission channel with deep fading at
some frequencies (therefore a frequency selective
channel 1s obtained). For some applications,
particularly useful for the purposes of the invention,
the transmission band is wider than the channel
coherence band (in other words the band for which the
channel frequency response can be considered as being
constant for a given duration). Therefore, fading
appears 1in the band, 1in other words, at a given moment,
some frequencies of the band are strongly attenuated.

In order to overcome these different phenomena
(due to the ISI and the Doppler effect), it was
envisaged to add a guard interval, particularly in OFDM
type systems, during which information will not be
transmitted so as to guarantee that all received
information originates from the same symbol. In the
case of a coherent demodulation of sub-carriers, the

distortion due to the channel is then corrected by
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estimating its wvalue at all points in the time-
frequency network.,

The introduction of such a guard interval reduces
the problems relateé to inter-symbol interference, but
one disadvantage of this technique according to prior
art is that its spectral efficiency 1is low, since no
useful information is transmitted during the guard
interval.

Therefore, for the purposes of the invention, an
attempt was made to find a technique capable of
reducing the inter-symbol interferénce affecting
multicarrier signals, without introducing a guard
interval.

The main characteristics of a multicarrier
modulation are summarised below, to glve Dbetter
understanding of interference phenomena between symbols
and / or carriers of a multiplex. A multicarrier
modulation is above all a digital modulation, 1n other
words a process for generation of an electromagnetic
signal, starting from digital information to Dbe
transmitted. The innovation and the advantage of such
a modulation is to cut the frequency band allocated to
the signal into a plurality of sub-bands, chosen with a
width narrower than the channel coherence band, and on
which the channel can therefore be considered as being
constant during the transmission period of a symbol.
Digital information to be transmitted during this
period is then distributed on each of the sub-bands, so

as to:
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- reduce the modulation speed (in other words
increase the symbol duration) without modifying the

transmitted throughput;

- make a simple model of the action of the
channel on each of the sub-bands, with reference to the
complex multiplier model.

In reception, an uncomplicated system for
correction of received data (consisting of making a
complex division by the estimated channel) makes it
possible to satisfactorily recover information emitted
on each o0f the carriers, except for carriers for which
deep fading occurred. In this case, i1f no measures are
taken to protect the information, the data transported
by these carriers will be 1lost. Therefore, a
multicarrier system 1is only interesting if generation
of the electrical signal 1is preceded by digital data
processing, for example such as error correction coding
and / or interlacing.

In particular, at the moment, two types of
orthogonal multicarrier modulations are known, for
example described in patent document No. FR 2 733 869,
and for which the characteristics are summarised below.

All carriers 1in a multicarrier modulation form a
multiplex. Each of the carriers of this multiplex is
shaped using the same prototype function denoted g(t)
that characterises the multicarrier modulation. We
will use vy to denote the spacing between two adjacent
multiplex carriers, and To to denote the time spacing
between two emitted multicarrier symbols. The signal

emitted at each instant nty, on the mt'" sub-band with

\ 1Qm.n ., 21TVl :
central frequency vn 1S a,.e e gt —nt,) , 1n
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which the an,n terms represent the digital data to be
transmitted. The expression of the signal emitted 1in

low band (centred around frequency Mvyg) 1s then:

2M~-1

s(f) = E 2 a, '”ei"’”°“ e”™™ o(t — nt,) -

n m=(

Note that we have considered the case of a signal
with an even number of frequency sub-bands, for
simplification purposes. Obviously, the signal could

be written more generally in the following form:
5(2) = 2 E a, &% e" ™ g(t - nt,)

Remember that according to one conventional
technique, digital data an,n, with a zero value on the
edges of the spectrum are input, which modifies the
number of terms actually used i1n the above sum, and for

example leads to an even number of carriers.

The g,.(1) = eiq"’"”ezi’m""’g(zﬁ-nto) ) functions are called

“time-frequency” translated functions of g(t). To find
the information transmitted by each sub-carrier, you
need to choose g(t) and the phases @n,n such that the
“time-frequency” translated functions given above can
be separated. A sufficient condition to satisfy this
separability property 1s that the translated functions
should be orthogonal, i1n the sense of a scalar product
defined on a set of finite energy functions (which is a
Hilbert space in the mathematical sense).

Note that the following two scalar products can be

calculated on the finite energy functions space:

- the complex scalar product (x/J’) ==fx(t)y'(t)dt
R
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- the real scalar product (x/y )R =§Refx(t)y'(t)dt
R

Thus, two types of multicarrier modulations are

defined:

h—

- a complex type multicarrier modulation, for
which the g(t) function chosen guarantees orthogonality
of its translated functions in the complex sense. For
example, this 1s the case for OFDM modulation, also
called OFDM/QAM (Orthogonal Frequency Division
Multiplexing / Quadrature Amplitude Modulation). For
this type of modulation, on,=0 and the data ap,, are
complex.

- a real time multicarrier modulation, for
which the g(t) function chosen enables orthogonality of
1ts translated functions 1n the real sense. For
example, this 1is the dase cf the OFDM/OQAM, OFDM/OMSK
(Offset Minimum Shift Keying) or OFDM/OQAM/IOTA
modulations. For this type of modulation, @um,n =
(n/2) * (m+n) and the ap, data are real.

The characteristics o0f these two types of
modulations induce significant differences,
particularly in terms of the time-frequency network
density associated with the modulation considered.

Remember that these multicarrier modulations are
designed to transmit information at high speed, and
consequently their spectral efficiency is fairly high,
and 1n particular can reach 4 bits/Hz (for example in
the case 0of a digital television). The transformation
of bits output from an error correction encoder 1in
modulation symbols (mapping) will thus be of the QAM
(Quadrature Amplitude Modulation) type.
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A complex variable output from the QAM
constellation 1s therefore transmitted differently
depending on the multicarrier modulation type used.

Thus, for a coéﬁlex type modulation, the real and
imaginary parts of a complex output from the QAM
constellation are transmitted simultaneously, every
symbol time Tg; on the other hand, in the case of a
real type modulation, the real and imagilnary parts are
transmitted with a time offset of a half symbol time
(Ts/2) (this is called the Offset QAM or OQAM).

Therefore, for a particular transmission band and
for a given number of sub-carriers, the transmission
rate of real type multicarrier symbols to carry the
same throughput has to be twice the transmission rate
of complex type multicarrier symbols.

Furthermore, these two information transmission
modes are characterised 'by the density of the
associated time-frequency network d = 1/(vo To). Thus,
real type multicarrier modulations correspond to a
density d = 2, whereas complex type multicarrier
modulations correspond to a density d = 1.

The distinct characteristics of firstly real type
multicarrier modulations, and secondly complex type
multicarrier modulations, require different processing
when making an estimate of the transmission channel.
In the case 0f a real type multicarrier modulation, and
as described in the rest of this document, the channel
estimating process is made more difficult because all
that is available is an orthogonality of the translated

functions in the real sense. In order to get a better

understanding of this problem, we will now try to
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describe known channel estimating techniques for a
multicarrier modulation as presented above.

In the rest of the reasoning, it is assumed that
the multicarrier moéulation parameters are chosen such
that the channel can be considered as being practically
constant on each of the sub-carriers (multiplication
channel), for each OFDM symbol. The channel can then
be modelled by a complex coefficient to be estimated,
Hn,n (where m 1is the sub-carrier index and n 1s the
index of the OFDM symbol considered).

One conventional technique for estimating the
channel 1in OFDM consists o©of 1inserting reference
carriers in the useful carrier flow, at positions known
to the receiver. In reception, the values adopted by
these reference carriers, called pilots, are read and
it 1s easy to deduce the complex channel gain at these
reference positions from them. The complex gailn of the
channel on all points 1in the transmitted time-frequency
network 1s then derived from the calculated value of
the complex gain at the reference positions.

In particular, in the context of the OFDM/QAM, a
method was considered based on the use 0of an estimate
by scattered pilots. The ©pilots are scattered
according to a regular pattern in the time-frequency
plane, and are used to measure an under sampled version
of the channel. The next step 1s to make a two-
dimensional interpolation to determine the value of the
channel at all points in the time-frequency network.
For example, this method 1s used in the DVB-T standard
(Digital Video Broadcasting - DVB); Framing Structure,

channel coding and modulation for digital terrestrial
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television (DVB-T), Digital Video Broadcasting (DVB);
ETS 300 744, March 1997), and is illustrated in Figure
1 in which 6 OFDM symbols numbered from 0 to 5 are

shown. Each cross (x) represents a reference carrier,
and each dot (.) represents useful data to be
transmitted.

Therefore, the invention presented 1in this
document 1s more particularly applicable to this
method, called the scattered pilots channel estimating
method.

In the case of an OFDM/OQAM (0Offset QAM) type
multicarrier modulation, the channel estimating process
is made more difficult because all that is available 1is
orthogonality of the translated functions in the real
sense. To estimate the complex gain of the channel on
a given sub-carrier, the complex projection of the
signal received on the considered sub-carrier needs to
be made. In this case, orthogonality of the translated
functions 1n the real sense and the fact that the
prototype functions, even if they are optimally located
1in time and frequency, extend to infinity over at least
one of the time and freqgquency axes, means that there
will be (intrinsic) interference between carriers, even
on an l1deal channel.

Within the framework of a real type multicarrier
modulation, the imaginary part of the projection of the
received signal based on translated functions of the
prototype function is not zero. A disturbing term then
appears, which 1s added to the demodulated signal,
which will have to be corrected before the channel 1is

estimated. Therefore, 1t 1s necessary to think of
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methods of compensating for this lack of complex
orthogonality, thus overcoming the disadvantages of
this technique according to prior art.

According to the technique presented above, the
complex projection of a multicarrier signal r(t)

received at point (mp, ng) in the time-frequency space

is used to estimate the channel ﬁmg,no at this

position. Thus, if -JE 1s emitted in (mp,ng), we have

a J g, (1)t
Mo,y ‘\/"E

Therefore, assuming that the channel 1is 1ideal

(r(t) = S(t)), we should have Hm,,n,=1.

Now

fs(t) g;;o My (z) = ’\/E + 2 am,n gm,u (t) g:no,no (r) (I1 )

(m,nm)=(my,ng)
;——-—-\—-————-—-—v——————-——————J
! g g SR

Equation (II) represents the fact that the complex
projection of the perfectly transmitted signal 1is
nevertheless affected Dy IS1I (Inter-symbol
interference) intrinsic to OFDM/OQAM modulations. ISI
includes 1nterference between time symbols and / or
between carriers.

The existence 0of this intrinsic ISI that disturbs
the transmission channel estimate, 1s a major
disadvantage of this technique according to prior art.

In particular, the purpose of the invention 1is to
overcome these disadvantages according to prior art.

More precisely, one purpose of the invention is to
supply a multicarrier modulation technique to reduce

intrinsic interference between symbols and / or between

carriers.
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Another purpose of the invention 1s to implement a
multicarrier modulation technique that is simple and
costs little to implement.

Another purposé of the 1nvention 1s to supply a
multicarrier modulation technique adapted to OFDM/OQAM
type systems.

Another purpose of the invention is to implement a
multicarrier modulation technique through which the
scattered pilot channel estimating method can be
adapted to OFDM/OQAM type signals.

Another purpose o0f the invention 1s to supply a
multicarrier modulation technique for implementing a
scattered pilot channel estimating method that is more
precise than methods used according to prior art.

Another purpose of the invention is to implement a
multicarrier modulation techniqué enapling improved
reception, demodulation and decoding of the emitted
multicarrier signal.

These purposes, and others that will become clear
later, are achieved by means of a multicarrier signal
consisting of a temporal succession of symbols formed
by a set of data elements, each of said data elements
modulating a carrier frequency of said signal, the said
data elements comprising firstly reference elements
called pilots, for which the value at emission is known
to at least one receiver that will receive the said
signal, and secondly informative data elements for
which the value at emission is not known to said
receiver (s) in advance, one of said carrier frequencies

modulated, at a gilven point in time, by one of said
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data elements being called a carrier, at a given
instant.

According to the invention, at least one
constraint 1s imposé-d on the value of at least one of
said informative data elements, in order to obtain the
reduction of at least one interference term affecting
at least one of said pilots, at reception.

Thus, the invention is based on a completely new
and inventive approach to the reduction of phenomena
inherent to the intrinsic interference between symbols
and / or between carriers, affecting the multicarrier
signals. At the moment, the technique used to reduce
problems related to intrinsic interference,
particularly for COFDM/QAM systems, consists of
introducing a guard interval during which no useful
information is transmitted, so as to guarantee that all
received data belong to the same symbol. However, such
a solution reduces the information flow that can be
transmitted. Therefore, the invention i1is based on an
innovative technique to reduce interference phenomena,
involving a multicarrier modulation with distributed
pilots <consisting of imposing one or several
constraints on the value of one or several informative
data elements that are to be transmitted, so as to
reduce the ISI (inter-symbol interference) that makes a
correct channel estimate more difficult.

Advantageously, an OFDM/OQAM type signal 1s used.

The main advantage 1s to reduce the intrinsic
interference between symbols and / or between carriers

for real type modulations, particularly 1in order to

make a channel estimate by scattered pilots. As
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already described above, the channel estimating process
is more difficult for OFDM/OQAM type signals for which
all that is available is orthogonality of translated
functions 1n the ‘real sense. Therefore, 1t 1s
particularly useful to attempt to improve the channel
estimate for this type of multicarrier signals.

Preferably, one of said constraints consists, for
at least one pilot, of cancelling an i1interference term
at least partially due to carriers directly neighboring
said pilot in the time-frequency space.

Thus, interference affecting a given pilot due to
carriers belonging to the first ring surrounding this
pilot, in other words due to carriers directly adjacent
to the pilot considered, 1s cancelled firstly 1n the
time space, and secondly in the frequency space. It 1is
also possible to cancel the interference due to the
second ring surrounding a pllot, composed of carriers
directly adjacent to the carriers in the first ring,
firstly in the time space and secondly 1in the frequency
space. It 1s also possible to cancel the interference
affecting a given pilot due to rings 1 to N surrounding
this pi1lot, in which N > 2.

According to one advantageous characteristic, this
type of signal is in the following form:

= g gt (t - nt,)
s(t) 2;%"’8 e g 0)>s

where g 1s a predetermined prototype function such
that said carriers are orthogonal, and in which the
terms ap,n are real and represent said data elements, To
1s the duration of one of said symbols and vy 1s the

spacing between said carrier frequencies, where 1/ (voTo)
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= 2, and where @Qupnn, = (n/2)* (m+n), where m and n are
characteristic of the position in the frequency space
and 1n the time space respectively of the carrier
carrying the data eiément Am, n
5 As mentioned above, zero value data elements are
conventionally introduced on spectrum edges. Thus, for
example, the number of zero data elements can be chosen
so as to implement an even number of useful carriers.
According to one advantageous technique, this type

10 of signal respects the following constraint:

ay (amo +ln, amo -1,n, ) + (" 1)”0 x, (amo S amo,uo-l)

- ﬁ(amo-t-l,noﬂ + amo -1,y +1 + amo +1,ny -1 + amo-l,no-l) =0
Ag (09V0) = Ag (0,-V0) =,
where Ag (1;’0 ,0) o= Ag (_.1;'0 ,0) =q,

A, (T, vy) = A (-Ty,vy) = A, (-T,~Vy) = 4,(T),~vy) =P
15 and in which Ag; is the ambiguity function of the
said function g, my and ng are characteristic of the
pllot for which the interference is to be cancelled.
Appendix 1 contains the characteristics of an
ambiguity function. This type of constraint also
20 cancels the interference term associated with the first
ring surrounding a given pilot.
Advantageously, said function g 1s a real, and,
isotropic even-parity function.

It 1is thus checked that:

25 As (0, vo) = Ag (0, -vp)
Ag(TOr 0) = Ag (=T, 0)
Ag(To, Vo) = Ay (-To, Vo) = Ay (-To, -Vo)= Ag(To, Vo)

Advantageously, said function g 1is the Iota

function.




10

15

20

25

30

CA 02423583 2003-03-12

16

The Iota function 1is a particularly attractive
prototype function for the purposes of the OFDM/0OQAM
multicarrier modulation, because it has the
characteristic that_ it 1is identical to its Fourier
transform. By using the Iota prototype function
denoted ¥, it is certain that o; = o,. It is recalled
that the Iota function 1s described particularly in
patent document No. FR 2 733 869.

Preferably, said constraint is respected using a
linear transformation to fix at least one degree of
freedom on a set containing at least one ring
comprising said carriers neighboring said pilot
(Mo, No) .

Preferably, said constraint 1s respected by
applying a linear transformation to fix a degree of
freedom on a ring containing said carriers directly
adjacent to said pilot (mg,ng).

Advantageously, the said transformation 1is
unitary.

The use o0f a linear and unitary transformation
enables conservation of energy and prevents the
appearance of large enerqgy differences between the
different carriers forming the ring(s) on which an
attempt is made to reduce and / or cancel intrinsic
interference.

According to one advantagecus characteristic, the
energy associated with each of said pilots 1is
significantly greater than the average energy of said
carriers modulated by an informative data element.

By boosting the energy of the pilots in proportion

to the average energy of carriers transporting the
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useful information, pilots are provided with better
protection against transmission channel distortions.
This increases the channel estimating quality.

Preferably, said pilots form a regular pattern in
the time-freguency space, two consecutive pilots,
firstly in the time space, and secondly 1in the
frequency space, being separated by at least two
carriers.

This guarantees that the first rings associlated to
two consecutive pilots in the time space or 1in the
frequency space do not overlap, in other words that
there is no carrier that belongs tc the first ring of
two separate pilots. Furthermore, the use of a regular
pattern of pilots is a means of obtaining transmission
channel estimates at regularly distributed locations 1in
the time-frequency space, which facilitates the use of
interpolation in order to obtain a channel estimate
over the entire time-frequency network.

The invention also relates to a process for the
construction of a multicarrier signal consisting of a
temporal succession of symbols formed by a set of data
elements, each of said data elements modulating a
carrier frequency of said signal, said data elements
comprising firstly reference elements called pilots,
for which the wvalue at emission 1is known by at least
one receiver that will receive sailid signal, and
secondly by informative data elements for which the
value at emission is not known in advance by said
receiver (s), one of said carrier frequencies modulated,
at a given point in time, by one of said data elements

being called a carrier.
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According to the invention, at least one
constraint is applied on the value of at least one of
said informative data elements, so as to obtain the
reduction of at re;eption at least one 1interference
term affecting at least one of said pillots.

Advantageously, said informative data elements
belonging to a set of at least one ring comprising said
carriers adjacent to a determined pilot form a first
vector, obtained by taking the product of a determined
interference cancellation matrix, and of a second
vector composed of a set of source informative data
elements, the wvalue of at least one of saild source
informative data elements being set.

Thus, when informative data is put into frames for
construction of a multicarrier signal, a linear
transformation is made in the form of a product of a
vector comprising data elements to be transmitted, and
an interference cancellation matrix.

Preferably, said matrix is a unit matrix, with the
value of the coefficients of said matrix depending on a
prototype function associated with said multicarrier
signal, and at least one of said source informative
data elements being equal to zero; even more
preferably, said matrix is symmetrical and orthonormal.

In this manner, energy conservation 1s guaranteed.
The wvalue of a source informative data element 1is
fixed, the values of the other data elements being
related to each other through coefficients of the
symmetric orthonormal matrix.

The invention also relates to a process for

reception of a multicarrier signal like that described
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above, using an estimate of the transfer function of a
transmission channel, comprising a step to determine
the value of at least some coefficients of said
transfer function, éhd for at least some of said pilots
applying a division of the value of said reference
elements in reception by the value of said reference
elements known when they are sent, so as to obtaln a
good estimate of said channel.

Dividing the value of the reference elements 1in
reception by the value of the reference elements 1n
emission thus gives a more accurate result than 1is
possible with methods according to prior art due to the
particular structure of the multicarrier signal, which
enables cancellation and / or reduction of the
intrinsic interference affecting the pillots.

Advantageously, this type o0f reception process
also comprises a step for interpolation of said
coefficients in time and in frequency so as to obtain
an estimate of said channel over sald entire time-
frequency space.

By dividing the value of the reference elements in
reception by the value of the reference elements known
in emission, an estimate 1s obtained of the transfer
function of the channel at the reference locations
alone, corresponding to the position of the pilots 1in
the time-frequency network. Therefore, this channel
estimate has to be extended to include the entire time-
frequency network, by carrying out an interpolation

step.
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According to one advantageous variant, said
interpclation step comprises an interpolaticn sub-step
in time and an i1nterpclation sub-step in frequency.

These two suk;-steps are then carried out 1in
sequence, A time interpolation can be carried out
first followed by a frequency interpolation, or vice
versa.

According to a second advantageous variant, said
interpolation step consists of making a simultaneous
lnterpolation in time and in frequency.

Preferably, said interpolation step applies a
digital filtering sub-step.

Advantageously, this type of reception process
takes account of said constraint(s) during demodulation
and / or decoding of said informative data elements.

According to one advantageous technigque, said
signal 1s built according to the above mentioned
construction process, and such a reception process also
comprises a step to retrieve said source informative
data elements, 1in which an inverse matrix of said
determined interference cancellation matrix is applied
to a received vector corresponding to said first
vector.

This type of operation is thus the inverse of the
operation implemented when the signal is framed, and
therefore consists of applying a linear transformation
that 1s the inverse of the transformation applied to
the source informative data elements when the
multicarrier signal was constructed, to the received

data elements.
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The invention also relates to a receiver and an
emission device for a multicarrier signal such as
described previously.

Other charactéristics and advantages of the
invention will become clearer after reading the
following description of a preferred embodiment, given
as a simple 1illustrative and non-limitative example,

and the attached drawings, wherein:

- Figure 1, already described above, presents
an example signal generation, 1including pilots

distributed in a COFDM DVB-T frame:;

- Figure 2 illustrates the first ring related

to a given carrier, in which an attempt 1s made to
limit the intrinsic interference for a signal like that
presented in Figure 1.

The general principle of the invention is based on
cancellation of the intrinsic 1interference due to at
least the first ring on some reference carriers 1n the
time-frequency plane, called pilots, particularly for
an OFDM/OQAM type multicarrier signal.

We will describe an embodiment for limitation of
the intrinsic interference on a set of scattered pilots
of a multicarrier signal, with reference to Figures 1
and 2.

Throughout the rest of this document, we will be
particularly concerned with an OFDM/OQAM type signal.
It will be assumed that all multiplex carriers
considered are modulated, in order .to simplify the
notations. But on the contrary, according to one more
realistic embodiment, it may be necessary to use sub

sampling, so as to prevent spectral folding inherent to
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digital generation of the signal from deteriorating the
edge carriers. This type of under sampling also
facilitates low pass filtering of the signal.

We will start with a reminder of a few concepts

about intrinsic interference.

The ambiguity function

The definition and characteristics of the
ambiguity function of a waveform are described for
example in patent document No. FR 2 733 869. As a
reminder, this information 1s summarized 1n appendix 1
of this patent application. However, the following 1s
an expression of the ambiguity function of the function

x(t):

A (T,V) = ‘!: e ™ x(t+71/2)x (t-T/2)dt

We will also mention a few properties of the
ambiguity function:

- 1f a function x 1s even, 1ts ambiguity
function is real;

- 1f x is also real, its ambiguity function 1is
even according to the frequency variable v;

- if x is also isotropic (in other words if x
1s equal to 1ts Fourier transform), 1its ambiguity
function 1s even according to the time variable =.

In the following, it will be assumed that the
prototype function g(t) associated with the
multicarrier signal considered satisfies these
properties. This 1is the case particularly for the Iota

waveform J(t) described in patent document No. FR 2

733 869.
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Orthogonality of the sub-carriers

The complex scalar product of the gmn(t) and

Jw ,nv (L) translated functions is equal to:

(8 (8o )

( m.n gm',n'>

Equation (III) 1is used and a variable change 1is

ng,n (t)'-g*n;’,n' (t)dz

fl(m-m )+{n-n") ..m'(m-m 3% org(t _ nro)g* (Z _ n"ro )df (ITI)
R

made u = t - (n+n’)ty/2, to obtain:

:
<g lg ) _ i(m-m’)+(n-n’)f62ia‘f(m-m’)”o (u+(n+n")7g fz)g(u + (n + 1l * A
mn{Om' ' [

‘-’E(m-m')(n-i-n’)

( g . | g .. ) fim-m ) (nn) g2 f g MM Vet gy 4 (' — )T,/ 2)g (u—(n' -m)T,/2)dl

R
10 or:

gm"n'> _ i(m-m’)-ﬁ-(n-n')-o-(m-m')(n-i-n') Al- ((nr‘ _ n)‘ro,(m' _ m)‘vo) (IV)

(8

One necessary condition for the family of

functions ng,n(z)} to be orthogonal in the real sense 1is

15 that g(t) should be even and Ag(2mv0’2n‘vo)=5m,0-5,,,o

In this case, it is verified that

VY(m,n) 1ntegers

<g’”’" Ig’”'*”i > R - Re(l’(”"’"”")“‘("""')*'(m*m')(n-f-n')Ag ((n"'n)to: (m'—HZ)V 0)) = 6m,m"6

nn'

In the following, 1t will be assumed that g(t) 1is
20 such that these assumptions are satisfied. This is the

case particularly when g(t) is the Iota function.
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Intrinsic interference (ISI) for an ideal channel
For an 1deal channel, the interference on the

studied carrier (mp, ng) caused by other carriers 1in

the time-frequency network 1is expressed by Im,hn, in

equation (II):

Imo.no = 2 am.n gm.n (l) g:‘o’no (t)

(m,n)n(mo.no)
Given the assumed strongly localized nature of

g(t) in time and in frequency, the terms that have a
significant influence in this interference are due to
the carriers directly adjacent to the carrier (mg,no).
These carriers are 1illustrated diagrammatically 1in
Figure 2; they form what we will call the “first ring”
related to the studied carrier.

We will thus consider the carrier reference 20,
for which the position in the time space is indicated
by no, and for which the position in the frequency
space 1s indicated by mg. This type of carrier 20
corresponds to a pilot, in other words it transports a
data element for which the value on emission i1s known
to the receiver. Carrier references 21 to 28, which
are directly adjacent to the pilot 20, form the first
ring of this pilot. They belong to the OFDM symbols
with 1ndexes ng-1 and ng+l, and correspond to the
carrier frequencies with indexes my, me=1 and mo+l.

The interference term representative of the first
ring, 1n other words the interference term due to
carrier references 21 to 28, is denoted Cmo.no, and the
lnterference term due to the other carriers in the
time-frequency network is denoted Dug,no-

We have
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C =

mo ,no

)GZ Ay} (m“mO)Jr("“no)+(m-m°)("+"°)Ag ((ny —n)ry,(my —m)v,)
INg my 1Mo

(m,n

where

Ring, , = <km,rz).'mc:li that((m - mo),(-n -n,))E {— l,O,IFand (m,n) = (m,,n,) }

Assume that am,n values are BPSK (Binary Phase

Shift Keying) symbols within the {«[e—,+\/e—} lnterval,

where e represents the energy of symbols transmitted on
each of the carriers. Obviously, the values an, may be
symbols with any other nature, but for simplification
purposes, all we will do here is to describe the
particular embodiment in which ap,, values may only be
equal to one of two distinct wvalues. Obviously, the
invention 1is also applicable to the case in which the
am,n Values may be one of several different values, for
example 4, If g(t) 1s the Iota function, we can
demonstrate the following, if there is only one pilot

at (mg,ng) :

Varyg (D, , )-Var(C, ,)-18.6dB

070 »7p

This result will remain valid if there are several
pllots scattered in the frame, and if they have the
same energy as the useful carriers. If the energy of
the pilots 1is greater than the energy of the useful
carriers, the wvalue of 18.6 dB will be slightly
modified (as a function of the ratio of the energies
and the pilot insertion pattern). The objective of the
remaining part of this example embodiment is to attempt
to reduce the ISI due to this “first ring”.

The characteristics of g (t) (real, even and

isotropic) mean that:

Ag(o,'vo)m Ag(oa““"o) , that we will denote a4,
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A4,(ty,0)=4,(-7,,0) , that we will denote ay,
A, (Ty,vy) = A, (-79,vy) = A, (-T,~V,) = 4, (Ty,=V,) + that we
will denote f.

The more general necessary sufficient condition to

5 be satisfied to cancel C 1S:

mO ,no

al (amo +1,1, - amo -1,n, ) + (__1)"0 az(am,, g +1 - amo.no-l)
—ﬁ(amo +1,n9 +1 + amo -1,nq +1 + amo +1,n4 -1 + amn -1,n4 -1 ) = 0

Note that with some prototype functions,
particularly the Iota function, o; is always equal to
Qo .
10

Intrinsic interference (ISI) for a realistic channel

In the case o0of a realistic channel, and by
adopting notations about modelling the action of the
channel previously used 1n this document, the ISI

15 (inter-symbol interference) intrinsic to the carrier

(mg, nNo) 1s written:

I = N 4y Ho [ 8 () 8y, @)

(m*ﬁ)’(mm”'o)
The intrinsic IBS due to the first ring in this

realistic case 1s equal to:

sti {m- —~ - +1;) -
20 Creal:stw _ ); a,, Hm’nz(m mg }+(n—ng )+(m—mgy Xn+a, Ag((no — n)‘go,(mo m)'vo)
{(m.,n)YeKi

My Ny
NEmo. n0

It is assumed that the channel i1s constant on this
ring, so that it becomes simple to cancel this IBS.

The result is that:

2 i(m—m() )+(n-no)+(m-mo)("*"°)Ag((no - n)fgs(mb - m)"o)
m.n

25
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and therefore:

* fisti
fr(t)gmo,no (t) o Hmo,no q»:o,no + Hmo,no Cmo,no T D::I’::IC (VI)

N —
tobecanceled

With this assumption, that 1is satisfied 1in
practice by choosing appropriate wvalues of the
modulation parameters, the same term (Cmm ) can be

cancelled as in the i1ideal case.

Cancelling the ISI due to the first ring

In the following part of this document, it 1is
assumed that the transmission channel 1s almost
invariable in time on Q symbols, 1if Q 1is the time
interval of the pattern of scattered pilots.

All that 1s necessary to cancel the ISI due to the
first ring related to the carrier (mp,npg) 1is to satisfy
equation (V). This 1s done by fixing a degree of
freedom on this ring, which will then transport the
equivalent of 7 useful information elements (instead of

8) . The direct method could be to decide to express

a for example, as a function of the other 7

my ~1,ne~1 7
elements of the ring. However, this type of operation
can lead to large energy variations between this
carrier and the other 7 elements. Consequently, a
unique linear transformation is made to smooth this
phenomenon, and thus to achieve energy conservation.
Since equation (V) depends on time, this
transformation will be different depending on whether
pilots are placed on even or odd symbols. One
transformation example is given below for even symbols

(in other words when the index ng characteristic of the
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position of the pilot considered in the time space 1s

even) :

amo-h”o-t 60
a  no-1 e,
am0+l,n0-l 82
d, o e
m0~-1,n0 - Mo 3
amO-u-l,nO e4
A m0-1,10+1 €s
e

amO,n0+1 6
a €,

mO+1,n0+1

2
1 B -a, - -a «a -p -a, -B
here M= - 1 :
’ 2ol +202 428 \~a, -B a, -B -B ~a, -«

where 1t 1s assumed that e 1s equal to zero. The

values of ey, e;, e, ez, €4, €5, e7 are taken from the

{-\/;,+\/g= alphabet, in which e denotes the energy of the

symbols transmitted on each of the carriers.

For odd symbols (in other words when the index ng
characteristic of the position of the pilot considered
in the time space 1is odd), it 1is represented for

example by the following transformation:
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amo-la"o-l 6’0
a . .n0-I e
am0+l,n0—l 82

a.o-
mQ-1,20 - Ml 63
am0+l,n0 e4
amO-l,n0+1 65
e
amo,n0+1 6
a €,

mO+1,n0+]

1
where Mg = _\/F_Z_WE__E_; p p p o
Q, + 8, + ﬁ ~a, ﬁ R ﬁ ﬁ a, ﬁ

where e 1s also assumed to be equal to zero.

According to one preferred embodiment, which
achieves conservation of energy, the matrices My, and M
are chosen to be symmetrical and orthogonal.

In terms of spectral efficiency, this method
consists of fixing the value of 2 reals per pilot (the
data element transported by the pilot i1tself and the
data element transported by the dedicated carrier 1in
the first ring), which is equivalent to what is done in
a conventional OFDM/QAM system (for example according
to the DVB-T standard) in which the -complex value of
the pilot (namely 2 reals corresponding to the real
part and the i1maginary part respectively of the pilot)

i1s fixed.
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Channel estimate

The values received on each pilot can then be used
to find the coefficients H,,«x, simply by dividing by the
known emitted value, and these coefficients then give a
good channel estimate since the intrinsic interference
on these pilots is reduced.

The energy of these pilots 1in proportion to the
average energy of carriers transporting the useful
information can be boosted to provide better protection
of these pilots against channel distorsions.

A channel estimate for all carriers in the time-
fregquency network can be made by making an
interpolation in time and 1in frequency between the
different channel estimates on the pilot carriers. For
example, this 1interpolation can be made 1in time and
then 1in frequency, or 1in time and freqgquency

simultaneously.

Framing

For a broadcasting or transmission system based on
OFDM/OQAM modulation, framing based on the particular

channel estimate described above includes:

- pilots scattered within wuseful carriers
according to a regular pattern like that illustrated in
Figure 1. Thus, for example, it can be seen in the
example 1n Figure 1 that the position of a pilot 1is
cffset by three steps towards the right in the
frequency space, to move from one symbol to the next
symbol.

Shannon’ s theorem states that:
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- the inverse of the space between two pilots
in time 1s greater than the spectral spreading of the
channel, 1n other words twice the maximum Doppler
frequency;

- the inverse of the space between two pilots
in frequency 1s greater than the time spreading of the
channel response, 1n other words the maximum
significant delay (with average duration assumed to be
known for example by prior propagation measurements);

On these pilots, the intrinsic ISI cancellation
procedure due to the first ring is applied as described
above.,

These pillots may also be boosted, if necessary,
by:

- carriers transporting the useful information;

- 1f applicable, carriers dedicated to other
reception operations, for example such as recuperation

of synchronization.
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APPENDIX 1

REMINDERS ABOUT THE AMBIGUITY FUNCTION

1. DEFINITIONS
Consider a function x(t) and its Fourier transform
X(£f). Its time and frequency products defined as

follows can be asgociated with it;:
Y. (t,7) =x(t+ /D x(t—-1/2)

5 T (fv)=X(f+v/2) X (f-v/2)

The Wigner-Ville transform and the ambiguity

function of x are then given by:

W.(t, ) = [0 dv = [T,(f,v)e™dv

A (T,v)= fyx(z,—c)e‘ﬁ"”dr = fl; (f,v)e* 7 df
10 2. SYMMETRY PROPERTIES OF THE AMBIGUITY FUNCTION
Consider a function x(t). The functions defined

as follows will be denoted by x~ and X respectively.

x~ (1) = x(=1)
{f(t) =% (1)
We then get the relations:
A (t,v)= f e ™ x(t+1/2)x" (t -t /2)dt

A(t,v)= f e ™ x(~u+71/2)x"(~u-1/2)du =
15 By setting u = -t;

f e ™ x(u-1/2)x"(u+7/2)du = A'(z,v)

In particular, it will be concluded that 1f a

function x 1s even, in other words x = X, 1its
ambiguity function is real. Furthermore, the following

20 relation 1s noted:

A.(t,v)= f e ™x"(u+t!2)x(u—-7/2)du=A(-t,v)
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These two relations can be combined to obtain:

| Ai\‘f(‘t:v) = AX(T,"V)

3. AMBIGUITY FUNCTION AND FOURIER TRANSFORM
The definition of the ambiguity function can be

rewritten as follows:

A (T,V) = frx( )t df = fyx( £V df = Ay (v,-T)
or A4(t,v) =A (-V,T)

4, AMBIGUITY FUNCTION AND TIME-FREQUENCY TRANSLATION
We will consider a translated function of an

arbitrary prototype function x(t), namely:

The assoclated ambiguity'function is written:

A_(t,v) = f g2 P T Dy g g D) P DN (g — T/ 2)dE =
k

f e MMM x(t — 1, +T/2)X"(t -7, - T/2)d!

or by setting u = t-Tx:
2in(vyT=vEy) £ =2 Yl = pHETVR) A (7
A (Tv)=¢ G ’J'e Wyx(u+t/2)x (u-t/2)du=¢e A (T,v)

5. ORTHOGONALITY AND AMBIGUITY FUNCTION
General case
We will consider two translated functions of the
same function x(t), namely:
x, =P e x(t - T,)
%, = 0% PPV x(t =T,
The scalar product of these fwo functions 1s

written:

(xk ka,) = ¢ll? o) f g =ve) '_x(t -T, )x*(t ~T,, )dz‘
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or by setting: u =t - (tx + T ) /2.
(xk‘xk'> — ei(% “¢t’)ezfﬂ{'\’t ""VA-')(TJ; +Tg-')fezfﬂ-'(1’t "Vt’)ux(u + (T:k, -Tk)lz)x*(u _ (Tk, —Tk)/Z)du

_ ef(% - Py )ezl“("k ~Vp ATy +Tp )‘% (T’-k' - T,V - Vk)
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CLAIMS

1. Process for transmitting a multicarrier signal consisting of a temporal
succession of symbols formed by a set of data elements, each of said data elements
modulating a carrier frequency of said signal, said data elements comprising firstly reference
elements called pilots, having a value at emission which is known to at least one receiver that
will receive said signal, and secondly informative data elements having a value at emission
which is not known to said receiver(s) in advance,

one of said carrier frequencies modulated, at a given point in time, by one of said data
elements being called a carrier,

characterised in that, for at least one of said pilots, the following steps are

implemented:

- determining a set of carriers closed to said pilot in time-frequency space and being
each modulated by one of said informative data elements;

- imposing at least one constraint on the value of at least one of said informative data
elements modulating carriers from the set of carriers, as a function of the other
informative data elements modulating carriers from the set of carriers; and

- transmitting the multicarrier signal.

2. Transmitting process according to claim 1, characterised in that the multicarrier
signal 1s an OFDM/OQAM type signal.

3. Transmitting process according to any one of claims 1 or 2, characterised in
that one of said constraints consists, for at least one pilot, of cancelling an interference term at
least partially due to the carriers directly neighbouring said pilot in the time-frequency space.

4. Transmitting process according to any one of claims 1 to 3, characterised in

that the multicarrier signal has the form:

M —~1
| . o
S(t): z : 2 :amqner(mf,nebmm“ g(t - mo)

i om=0

where g is a predetermined prototype function such that said carriers are orthogonal, and
where the terms an, , are real and represent said data elements,

1o being the duration of one of said symbols and v, being the spacing between said carrier
frequencies, with 1/(vgtg) = 2,

and where @, = (n/2)*(m+n), where m and n are characteristic of the position in the

frequency space and in the time space respectively of the carrier bearing the data element ay, p.
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5. Transmitting process according to claim 4, characterised in that the multicarrier

signal respects the following constraint:
R
al (amUH,n{, o am{,—-—l,nl,) | ( ]) az (am{,,n{,H o am{,,nt,—l)
o ﬁ(am(,+l.n“+l T aml,ml,nﬂﬂ + am,,+l,n“——l T aml,—l,n{,—l ) = 0
A,(0,vy)=4,0,~vy) =,
where 4,(7,,0)=4,(-7,.,0) = a,

A, (ty,vy)=A4,(-74,Vy) = A, (-Ty,—Vy) = A (t),—vy)=p
and in which A, is the ambiguity function of said function g, mo and ng being characteristic of
the pilot for which the interference 1s to be cancelled.

6. Transmitting process according to claims 4 or 5, characterised in that said
function g is a real, and isotropic even-parity function.

7. Transmitting process according to any one of claims 4 to 6, characterised in
that said function g is the lota function.

8. Transmitting process according to any one of claims 1 to 7, characterised 1n
that said constraint is respected using a linear transformation to fix at least one degree of
freedom on a set containing at least one ring comprising said carriers neighboring said pilot
(mo,ng).

9. Transmitting process according to any one of claims 5 to 8, characterised in
that said constraint is respected by applying a linear transformation to fix a degree of freedom

on a ring containing said carriers directly adjacent to said pilot (mg,ng).
10. Transmitting process according to claims 8 or 9, characterised in that said

transtormation is unitary.

11.  Transmitting process according to any one of claims | to 10, characterised in
that the energy associated with each of said pilots is significantly greater than the average
energy of said carriers modulated by an informative data element.

12.  Transmitting process according to any one of claims 1 to 11, characterised in
that said pifots form a regular pattern in the time-frequency space, two consecutive pilots
firstly in the time space, and secondly in the frequency space, being separated by at least two
Carriers.

13.  Transmitting process according to claim 1, characterised 1n that said

informative data elements belong to a set of at least one ring comprising carriers neighboring
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said pilot form a first vector, obtained by taking the product of a determined interference
cancellation matrix, and of a second vector composed of a set of source informative data
elements, the value of at least one of said source informative data elements being tfixed.

14.  Transmitting process according to claim 13, characterised in that said matrix 1s
a unit matrix, with the value of the coefficients of said matrix depending on a prototype
function associated with said multicarrier signal, and at least one of said source informative
data elements being equal to zero.

15.  Transmitting process according to claim 14, characterised in that said matrix is
symmetricél and orthonormal.

16.  Process for reception of a multicarrier signal transmitted according to the
process of claim 1, characterised in that it uses an estimate of the transfer function of a
transmission channel, comprising a step to determine the value of at least some coefficients of
said transfer function, and for at least some of said pilots applying a division of the value of
said reference elements in reception by the value of said reference elements known when they
are sent, so as to obtain a good estimate of the said channel.

17.  Reception process according to claim 16, characterised in that it comprises a
step for interpolation of said coefficients in time and in frequency so as to obtain an estimate
of said channel over said entire time-frequency space.

18. Reception process according to claim 17, characterised in that said
interpolation step comprises an interpolation sub-step in time and an interpolation sub-step in
frequency.

19. Reception process according to claim 17, characterised in that said
interpolation step consists of making a simultaneous interpolation in time and in frequency.

20.  Reception process according to any one of claims 17 to 19, characterized in
that said interpolation step applies a digital filtering sub-step.

21.  Reception process according to any one of claims 16 to 20, characterized in
that it takes account of said constraint(s) during demodulation and / or decoding of said
informative data elements.

22. Reception process according to any one of claims 16 to 21, characterised in
that, said signal is built according to the process in claim 14, and such a reception process also

comprises a step to retrieve said source informative data elements, in which an inverse matrix
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of said determined interference cancellation matrix is applied to a received vector

corresponding to said first vector.

23.  Receiver of a multicarrier signal consisting of a temporal succession of
symbols formed by a set of data elements, each of said data elements modulating a carrier
frequency of said signal, said data elements comprising firstly reference elements called
pilots, having a value at emission which is known to at least one receiver that will receive said
signal, and secondly informative data elements having a value at emission which is not known
to said receiver(s) in advance,

one of said carrier frequencies modulated, at a given point in time, by one of said data

elements being called a carrier,

wherein said receiver comprises:

- means to estimate the transfer function of a transmission channel comprising means to
determine the value of at least some coefficients of said transfer function, applying for
at least some of said pilots a division of the value of said reference elements in
reception by the value of said reference elements known when they are sent, so as to
obtain a good estimate of the said channel, and

- means to demodulate and / or decode said informative data elements, taking into
account of at least one constraint on the value of at least one of said informative data
elements modulating carriers from the set of carriers, imposed at emission, as a
function of the other informative data elements modulating carriers from the set of
carriers,

the set of carriers being formed by carriers closed to a pilot in time-frequency space and being

cach modulated by one of said informative data elements.

24.  Emission device for transmitting a multicarrier signal consisting of a temporal
succession of symbols formed by a set of data elements, each of said data elements
modulating a carrier frequency of said signal, said data elements comprising firstly reference
elements called pilots, having a value at emission which is known to at least one receiver that
will receive said signal, and secondly informative data elements having a value at emission
which is not known to said receiver(s) in advance,

one of said carrier frequencies modulated, at a given point in time, by one of said data

elements being called a carrier,

characterised in that, for at least one of said pilots, said device comprises:
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means for determining a set of carriers closed to said pilot in time-frequency space and
being each modulated by one of said informative data elements;

means for imposing at least one constraint on the value of at least one of said
informative data elements modulating carriers from the set of carriers, as a function of

the other informative data elements modulating carriers from the set of carriers; and

means for transmitting the multicarrier signal.
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