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DEVICE FOR THEVRECEPTION QF DIGITAL SIGNALS WITH

-
ITERATIVE STRUCTURE, AND CORRESPONDING MODULE AND
/
Back bround OFThe Foiotn ~
The field of +the invention is that of the

transmission and broadcasting of digital signals,
especially in the presence of transmission noises.

. More specifically, the invention relates to the
" reception of digital signals encoded by means of a

convolutive type error correction code.

The invention can be applied in all cases where
digital signals are transmitted or broadcast on noise-
infested channels. For example, the present invention
can be implemented in receivers of systems for digital
radiocommunications with mobile units such as the GSM
system. " ’

Other possible‘applications are, for example, the
reception of 'signais' transmitted by RF channels,
satellites, etc. More generally, the invention can be
applied advantageously in all cases where a convolutive
tyqubode is implemented at transmission.

,‘;In the known type of receivers, the symbols
retrieved at output of the demodulator take the form of

“"analog samples which, after quantification, are

generally processed by an equalizer (a transversal
filter) given the task of eliminating the inter-symbol
interference introduced by the channel. The equalized
samples are then de-interleaved if necessary and
decoded before being given to the addressee.

The principle of equalization consists in
estimating the response of the transmission channel for
the application, to the received signal, of a fi}tering

~ operation symmetrical to this response so as to' obtain

a corrected signal. In particular, the equalization is
aimed at eliminating or, at 'least, at limiting the
inter-symbol interference introduced by the channel.
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The response of the channel is generally estimated
by the analysis of a reference signal known to the
receivers. Of - course, the transmission of these
reference signals leads to a reduction of the useful
bit rate.

The equalized itéms of data are then de-interleaved
(in an operation symmetrical to the interleaving done
at the time of encoding, if such an interleaving is
planned) and then decoded.

In ¢ertain situations, it happens that the
equalization of this type is not sufficient to ensure
high quality source decoding.

The article by P. Jung and P.W. Baier, "VLSI
implementation of soft output Viterbi equalizers for
mobile radio applications" (Proc. of IEEE 42nd
Vehicular Technology Society Conference, Denver,
Colorado, pp. 577—585,' May 1992) proposes the use,
instead of a transversal filter, of a symbol detector
working according’ "to the principle of maximum
likelihood. ‘

This  technique is more efficient if the
coefficients representing the channel are properly
estimated. However, once again, the equalized items of
data may prove to be of insufficient quality.

‘Furthermore, it is more complicated to make and

requires more space than with the transverse filter

technique.

Convolutive codes are codes that associate at least
one encoded item of data with each item of source data
to be encoded. This encoded item of data is obtained
by the modulo 2 summation of this item of source data
with at least one of the previous items of source data.
Thus, each encoded signal is a linear combination of
the item of source data to be encoded and previous
items of source data taken into account.
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In the decoder, the original items of data are most
usually reconstructed by means of a maximum likelihood
algorithm, for example the Viterbi algorithm, whose
decisions may be weighted if necessary. The Viterbi
algorithm, in taking account of a seguence of received
encoded symbols, provides an estimation of each item of
data encoded at transmission, in defining the source
sequence most probably corresponding to the received

sequence.
The Viterbi algorithm may also be used to detect
sequences affected by inter-symbol interference. The

invention can be also applied in this case.

Clearly, the greater the number of symbols taken
into account, the more reliable is the decision. By
contrast, the greater this number, the more complicated
is the decoder or the detector (hereinafter, the term

r. r _ '
gjdecoder » is ‘used to describe decoders themselves as

d
well as detectors ThlS observation is appllcable also

777 to the term « decodlng » which must be understood to
mean « decodlngr or « detectlon » as the case may be.
7z lThe memory space needed soon becomes very great, as do

the corresponding computation times.

The integrated circuits that implement such
algorithms therefore most usually rely on a compromise
between cost and performance. These industrial-level
choices do not always. enable the construction of
decoders that correspond in an optimum way to a given
application. For example, it is not possible to make
low-cost decoders for applications where the reception
quality is not of crucial importance, as integrated
circuits cost too much. Conversely, these integrated

.. circuits too are not suited to the making of recéivers
with very high decoding quality for which the cost

price is of little importance.
An advantageous example of convolutive encoding, to
which the invention can be applied, is described in the

)
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French patent application FR 91 05280 filed on behalf
of the same Applicants as well as in the article by C.
Berrou, A. Glavieux and P. Thitimajshima, "Near Shannon
limit error-correcting coding and decoding: turbo-
codes" (Proc. ICC'93, pPpP.- 1064-1070, Geneva,
Switzerland, May 1993). This class of codes is known

in particular as "turbo-codes".

e

The elementary codes (recursive systematic or
pseudo-systematic codes) described in the French patent
application FR 91 05278 filed on behalf of the present
Applicants may also be used.

The invention is aimed especially at overcoming the
drawbacks of the prior art reception device and more
spec1f1cally at 1mprov1ng the corresponding performance
characteristics.

More specifically, a goal of the invention is to
provide a device of this kind with very high corrective
capacity as compared with known methods presently used
in digital communications systems.

The invention is aimed in particular at providing
methods of this kind that are particularly efficient,
again with respect to known methods, for transmission
in highly noise-infested channels.

It is also an aim of the 1nventlon to provide a
device of this kind that is highly efficient but
nevertheless easy to manufacture on an industrial scale
at acceptable costs. »

Thus, a particular aim of the invention is to
provide a decodlng method enabling implantation on a
silicon surface that is small enough for its
industrial -scale manufacture to be possible, for

l>examp1e on a surface area smaller than 50 mm2. ¢

It is also an aim of the invention to provide a
method of reception used for the making of numerous
types of receivers with perfdrmance characteristics and
cost price that vary as a function of the needs

~

A
/
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fulfilled, implementing one or more integrated circuits
of a single type. _

In other words, an essential aim of the invention
is to provide methods of this kind enabling firstly
profitable industrial-scale manufacture based on the
development of a single ~and relatively simple
integrated circuit and, secondly, the making of
receivers that can be used for a very wide variety of
applications. ;

o Theséﬁéggh;’as ﬁéf?‘é@m?QZEES that shall appear
hereinafter are achieved according to the invention by
means of a device for the reception of signals formed
by a series of digitél- symbols corresponding to the
convolutive encoding of items of source digital data
comprising p cascadercohnected detection and decoding
modules M; to My, p being greater than or equal to 2,
each of said modules Mj including:

inter-symbol interference correction means supplied

by a symbol input R; and delivering estimated symbols

Aj,1 with weighted values,

means for the decoding of said estimated symbols
Ai,l: performing operations symmetrical to said
convolutive encoding and delivering decoded symbols
Aj,2 with weighted values, and

means for the computation of an item of correction
information Zj;q from said estimated symbol Aj,1 and
said decoded symbol Aj, 2,

said means for the correction of each of said
modules M;, except for the first module Mp, taking
account of at least one item of correction information

' Z; determined by the previous module M;_q.

Thus, aécording to the invention, the standard
function of equalization (filtering) is replaced by a
symbol detector that takes account of the memory effect

introduced by the channel.

11
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In other words, the invention proposes a completely
novel and optimized approach to the correction of
inter-symbol interference. Indeed, conventionally, the
equalization does not take account of the items of data
transmitted but only of the channel estimation. By
contrast, the invention is based on a dynamic approach,

in taking account of the last symbols received to

improve the equalization.

In other words again, the invention, in its general
principle, likens the effect of inter—symbql
interference to a particular convolutive encoding
(except that there is no redundancy in the case of
interference: to a symbol emitted on the channel,
there corresponds one and only received symbol), and
carries out its decoding. More specifically, the
phenomenon of intei‘-—éyinbol interference introduced by
the channel may be represented by a lattice. This
lattice differs from a convolutive encoding lattice by
the presence of multiplier coefficients that vary in
time. Thus, each module of the invention includes
correction means and decoding means having similar

‘structures based on convolutive decoding techniques.

The technique of the invention therefore consists
in computing an item of correction information that
represents the received symbol and in taking account of
one or more of these items of information to correct
the interference.

It will be understood that the taking into account
of this information element dictates an iterative
reception structure because of the latency introduced

-. by the processing operations. Thus, during the ‘first

iteration, a first item of correction information is
computed. This information element is used and, as the
case may be, it is recomputed during the following
iterations. 'According to the invention, the iterative
approach takes the form of a structuring of the

/)

|

12
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receiver (detector of symbols and decoder) in the form
of cascade-connected modules with each module
corresponding to an iteration. This is a completely
novel approach to the correction of inter-symbol
interference.

Advantageously, these modules are all identical.
In particular, they may take the form of integrated
circuits. :

The greater the number of modules, the greater is
the increase in the efficiency of reception (correction
of inter-symbol interference and decoding). The
modular approach of the invention can be used to easily
obtain several types of receivers corresponding to
different levels of reception quality, as a function of
the modules implemented. 'Similarly, it is possible to
provide for decoders with an open-ended structure to

According to a preferred embodiment of the

which modules may be added as needed.
B |
£
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invention, each of said modules M; has two inputs, one
symbol input Rj and one correction input Zj and three
outputs, one symbol output Rj4+j, one correction output
Zi+1 and one decoded symbol output Dj4q,

‘the symbol input Ry of the module M; being connected to
the symbol output Rj; of the module Mj_; for i greater
than 1 and being supplied with the symbols received for
i equal to 1, '

the correction input 2Z; of the module M; being
connected to the correction output Zj of the module Mj._
1 for i greater than 1 and being supplied with a
neutral value that does not affect the correction for i
equal to 1, ' ’

. the symbol output Rj;; of the module Mj being equal to

the symbol input Rj of said module M; delayed by the
latency time dictated by the module Mj,

the correction output Zj4q delivering said correction
information, ‘and

¥
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the decoded symbol output Dj4+1 being unused for the
modules M to Mp-1 and being supplied with the decoded
symbol Ap,Z of the module Mp if the code implemented is
a systematic code and, if not, with a corresponding
reconstituted value. |

This structure, as indicated further above, makes
it possible to design identical modules. Of course,
depending on whether it is the first module, the last
module or an intermediate module, the inputs and
outputs used may be different.

'Advantageously, said means for the correction of
the inter—symbol interference are supplied with an item
of correction information Z; representing a difference
between each decoded symbol Aj,2 and the corresponding
estimated symbol Aj,1-

In this case, preferably, said means to compute the
item of correction information comprise means for the
multiplication of said estimation symbols Aj,1 by a
positive weighting coefficient Y2 delivering weighted
symbols, and subtraction means computing the difference
between each decoded symbol Ai,Z and the corresponding

-weighted symbol and delivering said item of correction

information 2.

: Iﬂ particular, the value of this coefficient is set
in such a way that the information borne by Z; no
longer contains any information relating to Ai,l so
that the noise affecting Zz; and the received samples Rj
are decor;elated. - Thus the information element
reinjected into the input of the equalizer is "new" as
compared with the received samples (it comes from the

. decoding process). It shall be called "“extrinsic

information".

According to an advantageous embodiment, said means
for the correction of inter-symbol interference perform
the following operations: '

14
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- the computation of a correction value V; =
71|Zi|, where yq is a positive coefficient and where N
represents the absolute value operator;

~- for each arm of the lattice corresponding to said
convolutive code, the determining of a detected symbol
Aj 0, comprising the following steps: }

- if the symbol assigned to said branch has
the same sign as said item of correction information
Z;, the subtraction, from the metric associated with
said arm, of said correction value Vj;

- if the symbol assigned to said arm has a
sign opposite that of said item of correction
information Zj, the addition, to the metric associated
with said arm, of said correction value Vj;

- the subtraction, from said detected symbol Aj o,
of the value y;Z;.

An object of the latter subtraction is to "rid" the
output of the éymbol detector and hence, all the more
so, the input of the convolutive decoder, of the
information element carried by Zj.

The weighting of the symbols transmitted on the
channel is aimed, conventionally, at representing the

inter-symbol interference. The weighting coefficients

may be fixed or, préferably, estimated, for example by
means of a learning sequence. ‘

Preferably, said coefficient yq depends on at least
one of the items of information belonging to the group
comprising:

- the signal-to-noise ratio;

- the number i of the module considered.

Indeed it can be seen that the greater the value of
Y1, the more reliable is the output of the decoder.

When the symbols are subjected to interleaving at
transmission, the decoder preferably comprises:

- de-interleaving means providing for the
symmetrical operation of said interleaving, inserted

\(

i
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‘means of matrices.

10

between said correction means and said decoding means;
and

- interleaving means providing for an interleaving
of said items of correction information that is
identical to said interleaving at transmission.

The interleaving and de-interleaving may be done by

The reading and writing increments may be fixed or,
more advantageously, may depend on the read or write
address.

The invention also relates to a detection and
decoding module designed to be implemented in a device
for the reception of signals formed by a series of
digital symbols corfesponding to the convolutive
encoding of items of source digital data, said device
comprising at least two cascade-connected modules,
the module having two inputs, one symbol input Rj and
one correction input Z;, and three outputs, one symbol
output Rj4q, one correction output Zj;; and one decoded
symbol output Dj4+1,
and comprising:

means for the correction of inter-symbol
interference supplied by said symbol input Ry and
taking - account of said correction input 2; and
delivering estimated symbols Aj 1,

means for the decoding of said estimated symbols
Aj,1,» performing operations symmetrical to said
convolutive encoding and delivering decoded symbols
Ai,Z' and

means for the computation of an item of correction
information Zj4; from said estimated symbol Aj,g and

" said decoded symbol Ai,ZI

the symbol output Rj;1 being equal to the symbol input
Rj delayed by a predefined latency time,

the correction output Z;;; delivering said correction
information, and

AN
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11

the decoded symbol output Dj,; being supplied with said
decoded symbol Aj 2 or with a value reconstituted as a
function of the code implemented.

As indicated here above, a module of this kind in
particular may take the form of an integrated circuit.

The invention further relates to a method for the
reception of signals‘ formed by a series of digital
symbols corresponding to the convolutive encoding of
items of source digital data comprising the following
steps:

- supplying with received symbols Rj;

- the correction of - inter-symbol interference
affecting each of said received symbols, by means of an
item of correction information Zj, and the delivery of
estimated symbols Aj 1;

- the decoding of said estimated symbols Aj 3,
entailing operations symmetrical to said convolutive
encoding, and the delivery of decoded symbols Aj 2;

- the computation of said items of correction
information Z; from at least one of said estimated
symbols A; ; and at least one of said decoded symbols
Aj,2-

Sther—femtures—and—aduvantages—of—the—invention-

appear rom e i CIriptio

- 3 s 3. o > . =3 o
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The invention can be applied,
all

implementing a convolutive error correction encoding

as indicated here

above, to systems of digital transmission
operation as shown in Figure 1.

This system has a digital source 11 that must be
transmitted to an addressee 12.

The termlkﬁdigital sourcer{lis understood to mean
any useful digital signal (sound, image, data) and more
generally any set of useful signals, for example time-
multiplexed ' and/or frequency-division

The addressee 12 may be a single

division
multiplexed signals.
addressee (in the case of transmission) or a multiple

addressee (in the case of broadcasting). Similarly,

the transmission line may of course be one-way (as in

radio broadcaSting)' or two-way (as in radio

. communications for éxample). e

35

The source of signal is first of all subjected to a
convolutive encoding 13 of avtype known per se. It may

consist, in ©particular, of a standard systematic

convolutive ‘encoding associating, with each item of

N
A

\
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source data, at least one determined value by the
combination of this item of data with at least one of
the previous items of source data.

It may also be a code such as one of those
described in the patent application FR 91 05278. These
codes, known as "pseudo-systematic" codes, are
characterized by the fact that the source data is
transmitted systematically, in conjunction with at
least one encoded item of data or redundancy symbol.

Any other convolﬁtive code may also be used.

The items of data delivered by the encoder 13 are
then advantageously (although this is not an obligatory
characteristic) subjected to an interleaving operation
14. |

This interleaving operation may be obtained
conventionally by means of an interleaving matrix in
which the items of source data are introduced line by
line and restored column by column.

The module 14 provides for matrix interleaving.
The items of data are written, in successive lines, in
a memory with a size ngxnp, and restored in successive
columns. This technique is described for example in
the article by E. Dunscombe and F.C. Piper, "Optimal
interleaving scheme for convolutional coding", in
"Electronics Letters", Vol.‘25, No. 22, October 1989.

As can be seen in this article, the efficiency of
the interleaving for small values of ng (some tens) is
improved if the succession of rows and columns occurs
according to an increment greater than 1, this
increment being, by necessity, relatively prime with

%

nE.

An additional improvement to this technique of
interleaving may be implemented. For it appears to be
advantageous that the row-skip increment, which is
always relatively prime with ng, should be a function
of the position of the column considered. This makes

R
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it possible to break the rectangular-positioned error
packets.

In this case, the interleaving matrix read
increments are chosen in such a way that the minimum
distance at output between two symbols that are
neighboring at input is as great as possible. These
increments may, for example, be determined empirically.

Other interleaving techniques may of course be
used, especially the usual method of write and read
increments equal to 1, without departing from the
framework of the invention. It is also clear that the
rows and columns may be inverted.

Then, the interleaved signal is transmitted through
the transmission channel 15. It therefore undergoes a
modulation and a filtering operation 16, according to
any appropriate tecﬁnique, and is then transmitted
through the transmission medium 17.

This transmission medium 17 is generally noise-
infested and shows interference between the symbols
transmitted in it.

It must be noted that, according to the invention,
the two sources of disturbance namely noise and inter-
symbol interference (IES) are considered in a
dissociated manner. In other words, the symbols
affected by IES are in addition noise-infested. The
IES is chiefly due to distortion introduced by the
filtering elements of the transmission system and the
presence of multiple paths induced by the physical
medium of transmission (due to reflections and
obstacles, etc.). These phenomena lead to disturbances

“~between symbols. The noise induced by the physical

medium gets added toi'this IES phenomenon and is likely
in addition to modify the items of information borne by
the symbols.

b




10

15

20

25

30

35

15

Figure 2 illustrates this approach in the
simplified case of interference relating to two
symbols.

The reference Ap is given to the symbol transmitted
at the instant nT, where 1/T is the speed of modulation
(T being the duration of the symbol). The received
signal Sn can be written, after passage in the
transmission channel:.

Spn = XghgAn-g

This signal comprises a term dependent on the
symbol A,, namely hpA,, but also a term dependent on
the symbols transmitted prior to and subsequently to
Apn. This second term is the inter-symbol interference
term. It can be written in the form Zy.g,hyxAp-x. It
is due to the filtering introduced by the channel and
may be modelled by a lattice with N = 2V states, for an
IES modelled by a discrete equivalent channel with a
memory v (two in the case of Figures 2 and 3).

In the case of Figure 2, interference relating to
two symbols (An-j1 and Ap,;q1) is considered. The effect
of the channel may then be represented by two delay
cells 21; and 21,, each with a duration T.

When the 5ymbol An+l is presented at input of the

cell 217, the output of this cell 217 is A, and the

output of the second cell 21, is Aj.q. The filtering
of the channel amounts to the multiplying (227 to 223)
of each of these symbols by the corresponding filtering
coefficient hj. The corresponding terms are then added
up (23) to form the signal Sp-

The architecture of Figure 2 corresponds to a
convolutive encoding with v = 2, the decoding lattice
of which is illustrated in Figure 3. Conventionally,

.this lattice illustrates the possible transitions' as a

function of the two preceding values depending on
whether the value of Apyq is 1 (solid lines) or O
(dashes).
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Returning to Figure 1, the noise-infested signal Sp,
is subjected to a filtering and a demodulation 18,
which are symmetrical to the operations performed by
the module 16.

Then, conventionally, the signal is equalized (19)
by the application of a filtering operation designed to
compensate for the effects of the transmission medium
17. The equalized signal is then de-interleaved (110)
symmetrically to the interleaving operation 14.

Finally, the signal is transmitted to a convolutive
decoder 111 which, for example, implements an operation
of maximum likelihood decoding such as the Viterbi
algorithm to deliver decoded items of data to the
addressee 12.

The essential characteristic of the invention is
the iterative association of a symbol detection module
with weighted outputs and a decoding module, also with
weighted outputs. If we consider the effect of the
channel according to the approach presented, the
standard equalization (the filtering of the received
signal by means of a transversal filter, for example)
is replaced by an operation of symbol detection that
takes account of the memory effect introduced by the
channel.

Thus, the proposed device includes a detector with
weighted input and output that estimates the symbols Ap
from the noise-infested output of the channel. For
example, this detector may be made by using the
algorithm described in the patent document FR 91 05279.
It requires knowledge of the coefficient hy which
should therefore be estimated externally to the

~.proposed device, for example: by means of learning
ééquences.

Figure 4 illustrates the general principle of the
invention.

!
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Each received sample R, which corresponds to the
noise-infested output of the transmission channel, is
processed as follows:

- a detector 41 of symbols with weighted outputs
produces an estimation An'1 of the corresponding
transmitted symbol;

- the symbols Ap ; at output of the detector 41 are
de-interleaved (42) to give the symbols Ay, 1i
- the de-interleaved symbols Ay, 61 are presented to
the input of a convolutive decoder 43 which gives a new
estimation Ak,z of symbols Ay;

- at output of the decoder 43, there is defined
(44) a correction data element Zy called an extrinsic
data element obtained from . the estimations Ax,1 and
Ag,2i , |

- the correction data .element 2y is then used,
after a re-interleaving operation 45, in the detector
41. ‘ :

More specifically, in the embodiment described, the
item of data Zy is obtained by difference between Ag,2
and YZAk,l delivered by the multiplier 46, where y; is
a positive coefficient, Z, is still an estimation of
the symbol A,, but this time affected by a noise that
is not correlated with the noise that affects Ap,1 and
is slightly correlated with the noise affecting R, by
means of the interleaving function 45.

The extrinsic information Z, is then used by the
detector 41 by the addition or deduction, to or from
each arm metric of the lattice associated with the
channel (cf. Figure 3), of the term yllznl, where y; is
a positive‘coefficient. The term yllznl is deducted
(or added respectively) when the symbol assigned to the

_arm considered has the same sign as 2, (or respectively

the opposite sign). The value of the coefficient yj
depends on both the signal-to-noise ratio and the
reliability of the extrinsic information element Z,.
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The extrinsic information element, assigned the

- coefficient yq for the multiplier 48, is furthermore

deducted (47) from the output of the detector 41 before

~ being presented to the input of the decoder 43.

Indeed, since the extrinsic information element Z, has
been produced by the decoder 43, it cannot be reused by
this decoder 43. ‘

The symbol detector 41 takes its decisions

according to a Viterbi type algorithm. All the
operations performed by this detector correspond to
those described in the patent FR 91 05279. The

difference, as compared with a convolutive decoding
algorithm, lies in the computation of the transition
metrics or branch metrics, which is done differently.

Each node of the lattice is represented by a
possible state of the channel at a given instant nT.
For an IES value relating to K1 symbols subsequent to
the symbol considered and K2 symbols prior to the
symbols considered, namely for:

Sn = Zk=K1 to K2 DkPn-k

the state of the channel at t = nT is given by the
(K1+K2)—uplet(An+K1_1. .-An+12nAn-1- - -An—KZ) . The
knowledge of the state of the channel at t = nT as well
as the value of An+g1 (symbol ¢ entering » the channel)
then provides knowledge of its state at t = (n+l1)T.

Thus, for each node j of the lattice taken at the
instant t = nT, two transition metrics LjO and le are
computed. They correspond to the two possible
transitions'(An+K1=0 and Ap4g1=1). They have the form:

Lj0 = (Rp - Ry0)2 and Lyl = (Ry - R41)2

~where R, represents the sample actually received at
Vinput of the detector and Rjo (or le respectively) is

the theoretical value of the sample that is not noise-
infested when the state of the channel corresponds to
the node j of the lattice and when Ap4g1=0 (or Apsgi=1
respectively). R0 (ox Ryl respectively) therefore has

.
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the form: Zr=K1 to K2 bx2n-x. If Ap4g1=0, then the
value is R40 and if Ap,g3=1 then the value is Rjl.

In practice, the following simplified expression is
used to compute the metrics:

Lj0 = |Ry - Ry0| and Ly1 = |Ry - Ry1l

The performance characteristics of the detection
are then very close to those obtained with the previous
expression and the impiantation of the computation on
silicon is greatly simplified.

Apart from this computation of the metrics, the
computation algorithm is similar in principle as well
as in its implementation to a convolutive decoding
algorithm.

In practice, the receiver shown in Figure 4 induces
a computation latency (processing time of the detector
41, the decoder' 43, the interleaving operation 45 and
the de-interleaving operation 42). It is therefore not
possible to obtain instantaneous knowledge of 2, when
Ry is received in the detector 41. Consequently,
according to an essential characteristic of the
invention, the process implemented is iterative.

This process is illustrated schematically by Figure
5. For each symbol received R, (reception step 51), at
least two iterations 52 are performed.

Each iteration 52 includes a step 521 for the
correction of inter-symbol interference. As indicated
here above, this correction implements a convolutive
decoding technique and takes account of an item of
extrinsic correction information Z, and items of data
h; representing the transmission channel.

The items of information Z, are computed &urinb the
s.t'ep 524. Naturally, at the first iteration, no
particular value of Z, is known. Consequently, this
value is set at a neutral value, namely at a value
having no effect on the computations.
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After the correction 521, the estimated symbols are
de-interleaved during. the de-interleaving step 522 (if
an interleaving operation has been implemented at
transmission) and then decoded according to a standard
technique of convolutive decoding 523 and for example
according to the technique described in the French
patent application FR 91 02579. ,

Then, the item of extrinsic information 32y is
computed (524) from the item of data 525 detected by
the correction step 521 and the item of data 526
decoded by the decoding step 523. Then, the items of
information 2y are re-interleaved (527) symmetrically
with the de-interleaving 522 to give the item of
information Zp. The item of information 2, is taken
into account in the correcfion step 521 of the next

iteration. :

At the last iteration, the step 524 for the
computation of Zy is not implemented. The decoded
symbol Dy is delivered by the decoding step 523.

The corresponding reception - device may

advantageously be made in a modular fashion, by
associating one module with each iteration. Figure 6
illustrates a device of this kind comprising four

modules.

The first module 61 of the system receives (R)p,
the symbol received by the device and delivers firstly
(R)n,zr which is eqﬁal to (R), assigned a delay
corresponding to the latency of the module and,
secondly, (Z)n,z the extrinsic information computed by
the module 61. Each of the following modules 62 to 64
receives the delayed symbol (R)n,i and the item of
extrinsic information (Z)n,i- The last module 64

- It will easily be understood that the perfogmance
characteristics of the device in terms of error rate

,:L\
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are a function of the number of cascade-connected
modules.

Advantageously, all the modules are identical.
Figure 7 illustrates an exemplary embodiment of a

module of this kind. . More specifically, it is the
module corresponding to the pth iteration. It
includes:

- two inputs: (R)p'and (Z)p,

- three outputs: (R)p+1, (Z)p+1 and (D)p4q-

The input (R)p» is equal to the output of the
channel delayed by the latency of p-1 modules. ,

The input (Z)p comes from the previous module and
is set, for p = 1, at a neutral value, namely a value
that has no influence on the output of the detector.

The output (R)p+1,‘equal to the input (R)p delayed
by the latency of a module, is unused if the iteration
is the last one of‘the.process (p=P, P being the total
number of modules). :

The output (Z)p+1 is- the extrinsic information
element prepared at the pth iteration. This output is
also unused if p=P.

The output (D)p+1 which is the decoded item of data
is unused by the P - 1 first modules, and only the
items. of data coming from (D)p+1 are given to the
addressee. : ,
~ The elements of this module that have already been
described with reference to Figure 4 are not described
again, and bear the same references. It will be noted
that, as compared with the schematic diagram of Figure
4, different delays are added to take account of the
latencies of the different elements. i

Thus, the extrinsic information (Z)p used for the
difference 47 must be delayed (71) by a duration equal
to the latency Lji of the detector 41. This is also the
case with (A)p,l which must be delayed by the latency
Ly of the decoder 43. Finally, (R)p must be delayed

r
[\‘J \N;‘*‘

N
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(73) by the total latency introduced by a module Lp in
order that (R)p+1 and (z)p+1 may be presented at the
same instant to the input of the following module.
This latency Lp is equal to the sum of the latency of
the detector 41, Ly, the latency of the decoder L, and
the latency‘introduced‘by the interleaving operations
45 and de-interleaving operations 42 Lgp.

The performance characteristics of the device of
the invention have been simulated and are illustrated
in Figure 8. The item of source data is encoded by a
recursive systematic convolutive code (CSR code) with a
constraint length K = 5 and efficiency R = 1/2. The
encoded items of data are sent on the transmission
channel after a non-uniform interleaving in a matrix of
64 rows and 64 columns. . The modulation used is a
binary phase-shift keying (BPSK) modulation.

The multiplier .coefficients h; are real and
constant and known to the symbol detector but the
principle is applicable when they are complex and
variable. For the results presented hereinafter, the
coefficients h; have been fixed at:
hg = J/0.45, hy = [0.25, hy = [ 0.15, hy = [0.10, hy
= J0.05 ‘

They verify Xj-0 to 4 hj2 = 1. The transmission
channel is also disturbed by a Gaussian white
additional noise. '

At output of the channel, the received samples Rn
are quantified on 8 bits. The symbol detector and the
channel decoder use the algorithm presented in the
patent FR 91 05279. The working of the decoder is also
represented by a 16-state 1lattice. The values of

_ coefficients y; and 7y, have been -determined
empirically.

The results shown use four modules. The curves Cq
and C, represent the error rate at output of the
transmission- system, respectively without and with
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channel encoding, when there is no inter-symbol
interference: C3 gives the error rate in the classic
case where the symbol detector gives a binary decision
(firm decision) and the curves Cy; show the results
obtained with the proposed device after the i-order
iteration.

These curves therefore show that, at an error rate
of 1073, the use of a symbol detector with weighted
output makes it possible to gain 1.6 dB as compared
with a firm decision detector and the three additional
iterations provide an additional gain of about 3 dB.
When the number of iterations increases, the
performance characteristics approach those obtained on
an encoded Gaussian channel.
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CLAIMS
S%%{;h. Device for fihe reception of signals formed by a
- series of digital\ symbols corresponding to the
convolutive encoding bf items of source digital data
5 characterized in\ that it comprises p cascade-
connected detection an »decoding modules (61 to 64) M
to My, P being greater \than or equal to 2,
each of said modules M;\ including:
inter-symbol interfeérence correction means (41, 47,
10 48) supplied by a syhbol input R; and delivering
estimated symbols Aj, 1 with weighted values,
means (43) for the| decoding of said estimated
symbols Aj,1 performing ¢perations symmetrical to said
convolutive encoding and delivering decoded symbols
15 Aj 2 with weighted values) and
means (44, 46) for t computation of an item of
correction information Z;.} from said estimated symbol
Aj,1 and said decoded symb Aj, 2. ‘
said means (41) for the| correction of each of said
20 modules Mj, except for thd first module M., taking
account of at least one item of correction information

Zj determined by the previous\ module Mj_q.

2. Device according to fklaim 1, characterized in

that gach of said modules Mj Nas two inputs, one symbol
25 input Rj and one correction input Z; and three outputs,

one symbol output Rj4q, one cdrrection output Zj41 and

the symbol input R; of the module M; being connected to

the symbol output Rj of the module Mj_1 for i greater
30 than 1 and being supplied with the symbols received for

i equal to 1, '

_the correction input 2z; of the module ~M; ‘being

connected to the correction output\Z; of the module Mj_

1 for i greater than 1 and beihg supplied with a
35 neutral value that does not affect f§he correction for i |

equal to 1,
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the symbol output Rj}; of the module Mj being equal to
the symbol input Rj &f said module Mj delayed by the
latency time dictated |\by the module Mj,

- the correction output Zl+1 delivering said correction

information, and
the decoded symbol output Dj41 being unused for the
modules M; to Mp_3 and \being eupplled with the decoded
symbol Ap 5 of the modulle M, if the code implemented is
a systematic code and, \if not, with a corresponding
reconstituted value.

3. Device according to any of the claims 1 and 2,
characterized in that said means (41) for the
correction of the inter-symbol interference are
supplied with an item of correction information 2j
representing a difference (44) between each decoded
symbol Aj 2 and the corresponding estimated symbol
Ai,l'

4. Device according to claim 3, characterized in
that said means to compute the item of correction
information comprise means (46) for the multiplication
of said estimation symbols Aj 3 by a positive weighting
coefficient 1y, delivering weighted symbols, and
subtraction means (44) computing the difference between
each decoded symbol Aj,2 and the corresponding weighted
symbol and delivering  said item of correction
information Z;.

5. Device according to any of the claims 1 to 4,
characterized in that said means (41, 47, 48) for the
correction of inter—syﬁbol interference perform the
following operations:

- the computation (41) of a correction value Vi =

‘Fvllzil, where y1 is a positive coefficient and where ||

represents the absolute value operator;

- for each arm of the lattice corresponding to said
convolutive code, the determining (41) of a detected
symbol Aj; o, comprising the following steps:
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- if the symbol assigned to said branch has
the same sign as said item of correction information
%Zi, the subtraction, from the metric associated with
said arm, of said correction value Vj;

- if the symbol assigned to said arm has a
sign opposite that of said item of correction
information Zy, the addition, to the metric associated
with said arm, of said correction value Vj;

- the subtraction (47), from said detected symbol
Aj,0r of the value yiZ;.

6. Device according to claim 5, characterized in
that said coefficient y, depends on at least one of the
items of information belonging to the group comprising:

- the signal-to-noise ratio;

~ the number i of the m@dule considered.

7. Device according to any of the claims 1 to 6,
applied to the reception of symbols subjected to an
interleaving oﬁeration at transmission, characterized
in that it comprises:.

- de-interleaving means (42) providing for the
symmetrical operation of said interleaving, inserted
between said correction means and said decoding means;
and

- interleaving means (45) providing for an
interleaving of said items of correction information
that is identical to said interleaving at transmission.

8. Detection and decoding module designed to be
implemented in a device for the reception of signals
formed by a series of digital symbols corresponding to
the convolutive encoding of items of source digital
data, said device comprising at least two cascade-
connected modules,

“characterized in that it has two inputs, one symbol

input Rj and one correction input Zj, and three
outputs, one symbol output Rj;;, one correction output
Z;41 and one.decoded symbol output Dj;1q,
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and in that it comprises:

means (41, 47, 48) for the correction of inter-
symbol interference, supplied by said symbol input Rj
and taking account of said correction input Z; and
delivering estimated symbols Aj, 1

means (43) for the decoding of said estimated
symbols Aj 1, performing operations symmetrical to said
convolutive encoding and delivering decoded symbols
Ai,ZI and '

means (44, 46) for the computation of an item of
correction information Zj4q from said estimated symbol
Aj,1 and said decoded symbol Aj 2,
the symbol output Rj;1. being equal to the symbol input
R;j delayed by a predefined latency time,
the correction output Zj4; delivering said correction
information, and
the decoded symbol output Dj+; being supplied with said
decoded symbol Aj  or with a value reconstituted as a
function of the code implemented.
ception of signals formed by a
ols corresponding to the
tems of source digital data
comprising the following steps:

- supplying (51) with received symbols Rj;

- the correction (521) Adf inter-symbol interference
affecting each of said receiVed symbols, by means of an
Z;, and the delivery of

series of digital s
convolutive encoding of

item of correction informati
estimated symbols Aj 1; ,
- the decoding (523) of safd estimated symbols Aj 1

entailing operations symmetridal to said convolutive

- encoding, and the delivery of ddcoded symbols Ay, 2i

- ;the computation (524) of said items of correction
information Z; from at least oge of said estimated
symbols Aj ;1 and at least one of \said decoded symbols

Ai,Z'

33




28

ABSTRACT

DEVICE FOR THE RECERTION OF DIGITAL SIGNALS WITH

ITERATIVE STRUCTURE, AND CORRESPONDING MODULE AND

METHOD

5 The invention relates\to a device for the reception
of signals formed b series of digital symbols

corresponding to the i

to Mp, p being
10 greater than or ef

48) supplied by\ a  symbol \input Rj; and delivering
estimated symbols Ay ith weighted values,
15 means (43) for the decdding of said estimated
ions symmetrical to said

symbols Aj 3, performing operaf
' vering decoded symbols

convolutive encoding and del
Aj,2 with weighted values, and
means (44, 46) for the computation of an item of
20 correction information Zj4; from\said estimated symbol
‘ Aj,1 and said decoded symbol Aj 2
said means for the correction of dach of said modules
Mi, except for the first module M;) taking account of

at least one item of correction infprmation Zj

25 determined by the previous module M
Figure 4.
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L RANSLATION

PATENT CCNL)PERATION TREATY

PCT

INTERNATIONAL PRELIMINARY EXAMINATION REPORT Z

(PCT Article 36 and Rule 70)

Applicant's or agent's file reference

3324.WO

See Notification of Transmittal of International
FOR FURTHER ACTION Preliminary Examination Report (Form PCT/IPEA/416)

International application No.
PCT/FR 96/00197

International filing date (day/month /year)
06/02/1996

Priority date (day/month/year)
07/02/1995

Tnternational Patent Classification (IPC) or national classification and IPC

H04L25/03

Applicant

FRANCE TELECOM et al.

1. This international preliminary examination report has been prepared by this International Preliminary Examining
Authority and is transmitted to the applicant according to Article 36.

2. This REPORT consists of a total of 6 sheets, including this cover sheet.

D This report is also aécompanied by ANNEXES, i.e., sheets of the description, claims and/or drawings which have
been amended and are the basis for this report and/or sheets containing rectifications made before this Authority
(see Rule 70.16 and Section 607 of the Administrative Instructions under the PCT).

These annexes consist of a total of i sheets.

3. This report contains indications relating to the following items:

I Basis of the report

[

Priority
I

v

v

VI

OEO0 800

Lack of unity of the invention

Certain documents cited
Certain defects in the international application

Certain observations on the international application

Non-establishment of opinion with regard to novelty, inventive step and industrial applicability

Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability:
citations and explanations supporting such statement

Date of submission of the demand

09/08/1996

Date of completion of this report

13/11/1996

Name and mailing address of the IPEA/EP

Facsimile No.

Telephone No.

Authorized officer

Form PCT/IPEA/409 (cover sheet) (Januarv 1994)
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1. Basis of the report

s regort nas been drawn on the Basis ot iReplacement sheets wich have been furmished o the receiving SIfice 1A response (0 an iavitdlian
ser Arucie i e referred t0 in tris report 35 “onginaiiv Aled” 1nd are not annexed 0 the report since inevv 4o not contain amendments.:

-ne international application as oniginaily tied.

D ‘me gescTipion, pages .1s originaily tiled,
pages . tiled with the dermand,
pages ___ filed with the lenter of
pages , filed with the lerter of
D the clairas, Nos. . as originaily filed,
Nos. . as amended under Article 19,
Nos. , filed with the demand,
Nos. , filed with the lerter of
Nos. . filed with the letter of

D the drawings,  sheets/fig , as originally filed,
sheets/fig , filed with the dernand,

sheets/fig , filed with the letter of .

sheets/fig ‘ , filed with thé letter of

2. The arnendments have resuited in the cancellation of:
D the description, pages
D the clairns, Nos.

D the drawings, sheets/fig

-3 D This report has been established as if (some of) the amendments had not been made. since they have been considered
to go beyond the disclosure as filed, as indicated in the Supplemental Box (Rule 70.2(¢)).

4. Additional observations, if necessary:

Form PCT/IPEA/409 (Box [) (January 1994)
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International application No.

INTERNATIONAL PRELIMINARY EXAMINATION REPORT | pe/FR 96/00197

V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability;
citations and explanations supporting such statement

1. Statement

Novelty (N) Claims 1-9 YES
Claims NO

Inventive step (IS) Claims 1-9 YES
Claims NO

Industrial applicability (1A) Claims 1-9 YES
Claims NO

2. Citations and explanations

1.

The subject matter of claim 1 concerns a device for

receiving signals consisting of a series of digital
symbols corresponding to the convolutional coding of
source digital data. ;

The invention‘ié’characterised in that it proposes a
new approach to intersymbol interference correction.
The prior art in this field is based on an
equalisation taking into account only the channel

estimation and not that of the transmitted data.

The invention is characterised in that the effect of
the interferences is assimilated to a particular
convolutional coding, and uses corresponding

decoding techniques. The corresponding state of the
art is correctly cited in EP-A-511 141.

The features of claim 1 are neither known nor
derivable from the cited documénts. The claim meets

the requirements of PCT Article 33(2) and (3).

Claim S corresponds to a subdevice of claim 1 and
also meets the requirements of PCT Article 33(2) and
(3).
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International application No.

INTERNATIONAL PRELIMINARY EXAMINATION REPORT | pcr/FR 96/00197

3). Claim 9 is the process claim corresponding to claim
1 amd meets the requirements of PCT Article 33(2)
and (3).

4). Claims 2 to 7 correspond to embodiments of the
device of the claim and also meet the requirements
of PCT Article 33(2) and (3).
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International application No. T
INTERNATIONAL PRELIMINARY EXAMINATION REPORT PCT/FR 96/00197

VIL Certain defects in the international application

The following defects in the form or contents of the international application have been noted:

The patent documents cited in the description should have
been cited according to their publication number and not

according to their application number.
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RAPPORT D'EXAMEN PRELIMINAIRE INTERNATIGNAL

(article 36 et régle 70 du PCT) . —
Référence du dossier du déposant ou Voir la notification de transmission du rapport d’examen
d datai o nourication de transmiss.
“:;':';‘2‘ % a‘:,'ce) POUR SUITE A DONNER 1 éliminaire international (formulaire PCT/IPEA/416)
Demande internationale n* Date du dépot international Date de priorité (jourimois/année)
(Jour/moisjannée)
PCT/FR 96/ 00197 | 06/02/1996 07/02/1995
Classification internationale des brevets (CIB) ou classification nationale et CIB
HO4L25/03
Déposant

FRANCE TELECOM et al.

1. Le présent rapport d’examen préliminaire international, établi par I'administration chargée de 'examen préliminaire
international, est transmis au déposant conformément a larticle 36.

2. Ce RAPPORT comprend é feuilles, y comprise la présente feuille de couverture,

D Il est accompagné ' ANNEXES, c’est-a-dire de feuilles de la description, des revendications ou des-déssins qui ont
été modifiées et qui servent de base au présent rapport ou de feuilles.contenant des rectifications faites auprés de
l'administration chargée de l'examen préliminaire international (voir la régle 70.16 et l'instruction 607 des
Instructions administratives du PCT). .

Ces annexes comprennent feuilles.

3. Le présent rapport contient des indications et les pages correspondantes relatives aux points suivants:

I Base du rapport
11 D Priorité
1 Absence de formulation d’opinion quant a la nouveauté, lactivité inventive et la possibilité d’application
industrielle )
v [_—_] Absence d’unité de l'invention
v Déclaration motivée selon l'article 35(2) quant  la mouveaute, I’activité inventive et la possibilité
d’application industrielle; citations et explications a I'appui de cette déclaration
Vi E] Certains documents cités
vII E" Irrégularités dans la demande internationale

VIII D Observations relatives i la demande internationale

o

Date de présentation de la demande d'exaxﬁen préliminaire Date d’achévement du présent rapport
international

09/08/1996 - : | 13. 1. %

Nom et adresse postale de I'administration chargée de I'examen Fonctionnaire autorisé. W) e
préliminaire international e .

Office Européen des Brevets P- Le Bras
D-80298 Munich
. 0 Tel. (+49-89) 2399-0, Tx: 523656 epmu d

Fax: (+49-89) 2399-4465 N°* de Télephone

Formulaire PCT/IPEA/409 (feuille de couverture) (janvier 1993)(22/08/1996 )
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Demande internationale n’
RAPPORT D’EXAMEN PRELIMINAIRE INTERNATIONAL PCT/FR96 /00197

I. Base du rapport

1. Le présent rapport a été rédigé sur la base des éléments ci-aprds (Les feuilles de remplacement qui ont été
‘remises 2 1’office récepteur en réponse & une invitation faite confornément a l’article 14 sont considérées
dans le présent rapport comme "initialement déposées" et ne sont pas jointes en annexe au rapport puisqu’elles
ne contiennent pas de modifications.):

[x] de la demande internationale telle qu’initialement déposée.

[ ] de la description, pages , telles qu’initialement déposées,
pages _- : , déposées avec la demande d’examen
prélininaire international,
pages , déposées sous couvert d'une lettre
' du '
pages : , déposées sous couvert d'une lettre
‘ du .,
[ ] des revendications, nos. ‘ , telles qu’initialement déposées,
nos. , telles que modifiées en vertu de
 larticle 19,
nos. , déposées avec la demande d’examen

préliminaire international,

nos. , déposées sous couvert d’une lettre
L —
nos. ___, déposées sous couvert d’une lettre
w___
' [ ] des dessins, feuilles/fig : , telles qu’initialement déposées,
feuilles/fig ___ : , déposées avec la demande d’examen
) ‘préliminaire international,
feuilles/fiq , déposées sous couvert d’une lettre
. N N du ——— —
‘feuilles/fig , déposées sous éou;ert d’une lettre
dw

2. Les modifications ont entrainé 1’annuldtion

[ ] de la description, pages

Formulaire PCT/IPEA/409 (feuille 1) (janvier 1994)
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: Demande internationale n’
RAPPORT D’EXAMEN PRELIMINAIRE INTERNATIONAL PCT/FR96 /00197

[ ] des revendications, nos.
[ ] des dessins, feuilles/fig.

3. [ ] Le présent rapport a été formulé abstraction faite (de certaines) des modifications, qui ont été considérées
comme allant au-dela de 1’exposé de 1’invention tel qu’il a été déposé (régle 70.2.c)).

4.-Observations complémentaires, le cas échéant:

Formulaire PCT/IPEA/409 (feuille 2) (janvier 1994)




Demande internationale n’

RAPPORT D’EXAMEN PRELIMINAIRE INTERNATIONAL PCT/FR96/00197

V. Déclaration motivée selon 1'article 35.2) quant 2 la nouveauté, 1‘activité inventive et la possibilité
d’application industrielle; citations et explications & 1’appui de cette déclaration

1. DECLARATION
Nouveauté Revendications 1-9
Revendications
Activité inventive Revendications 1-9
Revendications

Possibilité d’application industrielle Revendications 1-9
Revendications :

ovI
NON

o1 -
NON

i)
NON

2. CITATIONS ET EXPLICATIONS

1). L’objet de la revendication 1 concerne un dispositif de )

réception de signaux formés d’une série de symboles

numériques correspondant au codage convolutif de données

numériques source.

L’invention est remarqueble en ce qu’elle propose un
approéhe nouvelle de la correction de 1l’interférence
~_intersymbole. L‘’état de la technique en la matiére est

basé sur une égalisation tenat compte seulement de

l’estimation du canal et non pas des données transmises.

L’invention est remarquable en ce l’effet des
interférences est assimilé a un codage convolutif
particulier, et utilise des techniques de décodage
correspondantes. L’état de la technique correspondant
est correctement cité dans la description:

EP-A-0 511 141. S

Les céiactéristiques de la revendication 1 ne sont ni
connues ni dérivables des documents cités. La
revendication répond aux exigences de l’article 33 (2)

Formulaire PCT/IPEA/409 (feuille 3) (janvier 1994)
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Demande internationale n’
RAPPORT D’EXAMEN PRELIMINAIRE INTERNATIONAL PCT/FR96/00197

e§>(3) PCT.

2). La revendication 8 correpond a un sous dispositif de la
revendication 1 et répond aussi aux exigneces de
1’Article 33 (2) et (3) PCT.

3). La revendication 9 est la revendication de procédé
correpondante & la revendication 1 et répond aux
exigences de 1l’Article 33 (2) et (3) PCT.

s

4). Les revendications 2 a 7 éorrespondent a des modes de
" réalisation du dispositif de la revendication et
répondent aussi aux exigences de l’Article 33 (2) et (3)
PCT.

Formulaire PCT/IPEA/409 (feuille 4) (janvier 1994)
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Demande internationale n’

RAPPORT D’EXAMEN PRELIMINAIRE INTERNATTIONAL PCT/FR96 /00197

VII. Irréqularités dans la demande internationale

les irréqularités suivantes, concernant la forme ou le contenu de 1a demande internationale, ont été constatées:

Les documents de brevet cités dans la description auraient du
1’étre par leur numéro de publication et non par leur numéro

de demande.

Pormulaire PCT/IPEA/409 (feuille 5) (janvier 1994)
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Expéditeur :  'ADMINISTRATION CHARGEE DE

L’'EXAMEN PRELIMINAIRE INTERNATIONAL

TilAITE DE COOPERATION EN MATIERE DE BREVETS

Destinataire

VIDON, Patrice

Cabinet PATRICE VIDON

80 Av. des Buttes de Coesines
Immeuble Germanium

35700 RENNES

FRANCE '

PCT

NOTIFICAT!ON DE TRANSMISSION DU
RAPORT D’EXAMEN PRELIMINAIRE
INTERNATIONAL

(régle 61.1 DU PCT)

Date d’expédition
(Jour/moisfannée)

131 %

Référence du dossier du déposant ou du mandataire

3324.W0

NOTIFICATION IMPORTANTE

Demande internationale n®

PCT/FR 96/ 00197

Date du dépét international (jour/mois/année)| Date de Priorité (jour/moisjannée)

06/02/1996

0770271995

Déposant

FRANCE TELECOM et al,

échéant, de ces annexes.

communication & tous les offices élus.

4. RAPPEL

le formulaire PCT/IB/301).

du Guide du déposant du PCT.

1. I est notifi¢ au déposant que I'administration chargée de I ) o0 2PPC
d’examen préliminaire international pour la demande internationale et le lui transmet ci-joint, accompagné, le cas

Pour aborder la phase national auprés de chaque office élu,
traduction et paiement des taxes nationales) dans le délai de ) {
pour ce qui concerne certains offices) (article 39.1) (voir aussi le rappel envoyé par le Bureau international dans

Pour plus de précisions en ce qui concerne les délais applicables et les exigenoés des offices élus, voir le Volume [I

examen préliminaire internationale a établi le rapport

2. Une copie du présent rapport ¢t, le cas échéant, de ses annexes, est transmise au Bureau international pour

3. Si tel ou tel office élu I'exige, le Bureau international établira une t.radugtion en langue anglaise du rapport (a
I'exclusion des annexes de celui-ci) et la transmettra aux offices intéressés.

le déposant duit accomplir certains actes (dépot de
30 mois & compter de la date de priorité (ou plus tard

Lorsqu'une traduction de la demande internationale doit étre remise 4 un office élu, elle doit gomportel:lla ;
traduction de toute annexe du rapport d’examen préliminaire international. Il appartient au déposant d'établir la
traduction en question et de la remettre directement chaque office élu intéressé,

L]

Nom et adresse postale de I’administration chargée de l'examen
préliminaire international

} Office Européen des Brevets ‘

D-80298 Munich

)] e (+9-89) 23990, Tx: 523656 epmu d
Fax: (+49-89) 23994465 -»

Fonctionnaire autorisé /

Pietro Cremona

Formulaire PCT/IPFA /416 (ivillet 1992\ Pana7a (14708719086

N* de Télephone POSTE  §24¢
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TRAITE DE COOPERATION EN MATIERE DE BREVETS

PCT

RAPPORT D'EXAMEN PRELIMINAIRE INTERNATIONAL

(article 36 et régle 70 du PCT)

Référence du dossier du déposant ou
du mandataire

3324.W0

POUR SUITE A DONNER

Voir la notification de transmission du rapport d'examen
préliminaire international (formulaire PCT;IPEA/416)

Demande internationale n°

PCT/FR 96/ 00197

jourimoisjannée
f

06/02/1996

Date du dépét international

Date de priorité (jour,mois;année)

07/02/1995

HO4L25/03

Classification internationale des brevets (CIB) ou classification nationale et CIB

Déposant

FRANCE TELECOM et al.

[nstructions administratives du PCT).

Ces annexes comprennent feuilles, .

1. Le présent rapport d'examen préliminaire international, établi par I'administration chargée de I'examen préliminaire
international, est transmis au déposant conformément 2 larticle 36.

2. Ce RAPPORT comprend é feuilles, y comprise la pré;.:ente feuille de couverture.

11 est accompagné ’ANNEXES, c'est-a-dire de feuilles de la description, des revendications ou des dessins qui ont
été modifiées et qui servent de base au présent rapport ou de feuilles contenant des rectifications faites auprés de
I'administration chargée de I'examen préliminaire international (voir la régle 70.16 et I'instruction 607 des

1 Base du rapport

1] Priorité
industrielle

v D Absence d‘unité de l'invention

» VI D Certains documients cités

vil @‘ Irrégularités dans la demande internationale

3. Le présent rapport contient des indications et les pages correspondantes relatives aux points suivants:

41 D Absence de formulation d’opinion quant 4 la nouveauté, I'activité inventive et 1a possibilité d"application

v ‘ Déclaration motivée selon l'article 35(2) quant a la nouveauté, I'activité inventive et la possibilité
d’application industrielle; citations et explications 4 I'appui de cette déclaration

VI D Observations relatives 2 la demande ihte_mationale

Date de présentation de {a demande d’examen préliminaire
international -,

09/08/1996

Date d’achévement du présent rapport .

13.11. %

Nom et adresse postale de I'administration chargée de I'examen
préliminaire international )

Office Européen des Brevets.
D-80298 Munich
- O} Tel. (+49-89) 23990, Tx: 523656 epmu d

Fax: (+49-89) 2399-4465

Fonctionnaire autorisé

P.LeBras

AL SN

N° de Télephone

Formulaire PCT/IPEA,409 (feuille de couverture) (janvier 1994)(22/08/1996 )
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Demande internationale n’

RAPPORT D/EXAMEN PRELIMINAIRE INTERNATIONAL PCT/FR96 /00197

I. Base du rapport

1. Le présent rapport a été rédiqé sur la base des éléments ci-aprés (Les feuilles de remplacement qui ont été
remises a 1'office récepteur en réponse & une invitation faite conformément  l’article 14 sont considérées

dans le présent rapport comme "initialement déposées” et ne sont pas jointes en annexe au rapport puisqu’elles
ne contiennent pas de modifications.):

[x] de la demande internmationale telle qu'initiélement déposée.

[ ] de la description, pages

pages
pages

pages

[ 1 des revendications, nos.
" nos.

nos.

nos.

nos.

, telles qu’initialement déposées,

; déposées avec la demande d’eyamen

préliminaire internationql,
, déposées sous couvert ‘d’une lettre

dw__ .,

, Géposées sous couvert d’une lettre

de -,

, telles qu’initialement déposées, '

, telles que modifiées en vertu de

1’article 19,
, déposées avec la demande d’examen

préliminaire international,

, déposées sous couvert d’une lettre
du '

, déposées sous couvert d’une lettre

[ ] des dessins, feuilles/fig
feuilles/fig

feuilles/fig

feuilles/fig

K

2. Les modifications ont entrainé 1‘annulation

[ ] de la description, pages

dw___ .,

, telles qu/initialement déposées,

, déposées avec la demande d’examen

préliminaire international,
, déposées sous couvert d’une lettre

dw____

; Géposées sous couvert d’une lettre
w_

» Fornulaire PCTZIPEA/409 (feuille 1) (janvier 1994)
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Demande internationale n’
RAPPORT D’EXAMEN PRELIMINAIRE INTERNATIONAL . PCT/FR96/00197

[ ] des revendications, nos.

[ ] des deésins,‘feuilles/fig.

3. [ ] Le présent rapport a été formulé abstraction faite (de certaines) des modifications, qui ont été considérées
comnne allant au-deld de 1’exposé de 1’invention tel qu’il a été déposé (ragle 70.2.c)).

4. Observations complémentaires, le cas échéant:

Fornulaire PCT/IPEA/409 (feuille 2) (janvier 1994)
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Demande internationale n’

RAPPORT D’/EXAMEN PRELIMINAIRE INTERNATIONAL PCT/FR96/00197

V. Déclaration motivée selon 1’article 35.2) quant & la ﬁouveauté, 1factivité inventive et la possibilité
d’application industrielle; citations et explications & 1‘appui de cette déclaration

1., DECLARATION
Nouveauté Revendications 1-9 - oul
Revendications NON
Activité inventive " Revendications 1-9__ ouI
Revendications NON
Possibilité d’application industrielle Revendications 1-9 U1
Revendications NON

2. CITATIONS ET EXPLICATIONS

1). L’objet de'la revendication 1 concerne un dispositif de
réception de signaux formés d’une série de symboles
numériques correspondant au codage convolutif de données
numériques source.

L’invention est remarqueble en ce gqu’elle propose un
approche nouvelle de la correction de l’interférence
intersymbole. L’état de la technique en la matiére est
basé sur une égalisation tenat compte seulement de
i'estimation du canal et non pas des données transmises.

L’invention est remarquable en ce l’effet des
interférences est assimilé a un‘codage convolutif
particulier, et utilise des techniques de décodage
correspondantes. L’état de la technique correspondanﬁ
est correctement-cité dans la description:
EP-A-0 511 141. ’ .
Les caraétéristiqués de la revendication 1 ne sont ni
connues ni dérivables des documents cités. La
revendi@atioh répond aux exigences de l’article 33 (2)

Fornulaire PCT/IPEA/409 (feuille 3) (janvier 1994)
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et (3) PCT.

2). La revendication 8 correpond a un sous dispositif de la
revendication 1 et répond aussi aux exigneces de
1’Article 33 (2) et (3) PCT.

3). La revendication 9 est la revendication de procédé
correpondante & 1a revendication 1 et répond aux
exigences de l‘Article 33 (2) et (3) PCT.

4). 'Les revendications 2 & 7 correspondent & des modes de
réalisation du dispositif de la revendication et
répondent aussi aux exigences de 1’Article 33 (2) et (3)
PCT. ‘ '

Formulaire: PCT/IPEA/409 (feuille 4) (janvier 1994)
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Demande internationale n’

RAPPORT D’EXAMEN PRELIMINAIRE INTERNATIONAL » PCT/FR96,/00197

VII. Irréqularités dans la demande internationale

Les irréqularités suivantes,

Les documents de brevet cités dans la description auraient du

1’étre par leur numéro de publication et non par leur numéro

de demande.

concernant la forme ou le contenu de la demande internationale, ont été constatées:

Formulaire PCT/IPEA/409 (feuille 5) (janvier 1994)
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Dispositif de réception de signaux numériques a structure itérative,
module et procédé'corre’sp“ondants.. '

Le domaine de I'invention est celui de la transmission et de la diffusion de
signaux numériques, en particulier en présence de bruits de transmission. Plus
précisément, I’invention concerne la réception de signaux numériques codés & ’aide d’un
code correcteur d’erreurs de type convolutif,

L’invention trouve des applications dans tous les cas ol un signal numérique est
transmis ou diffusé sur des canaux bruités. A titre d’exemple, la présente invention peut
étre mise en oeuvre dans les récepteurs de systémes de radio-communications numériques
avec les mobiles, tels que le GSM (Groupe Spécial Mobile).

D’autres applications possibles sont, par exemple, la réception de signaux
transmis sur des canaux sous-marins, par faisceaux hertziens, par satellites... Plus
généralement, I'invention s’applique avantageusement dans tous les cas ol un code de
type convolutif est mis en oeuvre a 1*émission. |

Dans les récepteurs de'type connu, les symboles récupérés en sortie du
démodulateur se présentent sous forme -d’échantilions analogiques qui, aprés

quantification, sont généralement traités par un égaliseur (filtre transversal) chargé

d'éliminer 'interférence entre isymboles introduite par le canal. Les échantillons égalisés

-sont ensuite désentrelacés, si nécessaire, et ‘décodés avant d’étre fournis au destinataire.

Le principe de 1'égalisation consiste & estlmer la réponse du canal de transmission
pour apphquer au'signal regu un ﬁltraoe symétrique & cette réponse, de fagon A obtenir un

signal corrigé. Notamment, 1’ égalisation a pour but de supprimer, ou tout au moins de

limiter I"interférence entre symboles introduite par le canal.

L’estimation de la réponse du canal se fait généralement par l’analyse d’un signal
de référence connu des récepteurs. Bien s(r, la transmission de ces signaux de référence
entraine une réduction du débit utile.

Les éléments de données égalisés sont ensuite désentrelacés (opératign symétrique

" I’entrelacement effectué au codage, si un tel entrelacement est prévu), puis décodés.

Dans certaines situations, I’égalisation de ce type s’avére insuffisante pour assurer

un décodage source de bonne qualité.




10

15

20

25

30

L’article “VLSI impiementation of soft output Viterbi equalizers for mobile radio
applications” (Proc. of IEEE 42nd Vehicular Technology Society Conference, Denver,
Colorado, pp. 577-585, May 1992) de P. Jung et P. W. Baier propose d'utiliser,  la

place d’un filtre transverse, un détecteur de symboles fonctionnant suivant le principe du

~maximum de vraisemblance. - - -

Cette technique est plus performante, si les coefficients représentatifs du canal
sont correctement estimés. Toutefois, A nouveau, les données égalisées peuvent s’avérer

de qualité insuffisante. Par ailleurs, elle est de réalisation plus complexe et d’un

* encombrement plus important que la technique a filtre transverse. :

Les codes convolutifs sont des codes associant A chaque donnée source & coder au
moins une donnée codée, obtenue par sommation modulo 2 de cette donnée source avec
au moins une des données source précédentes. Ainsi, chaque symbole codé est une
combinaison linéaire de.la donnée source a coder et des données sources précédentes
prises en compte. A , l

Dans le décodeur, les donn.ées d’ori gine sont le plus souvent reconstruites a I’aide
d’un algorithme 4 maximum de vraisembiance, et par exemple I'algorithme de Viterbi,

dont les décisions peuvent éventuellement étre pondérées. L’algorithme de Viterbi, en

- prenant en compte une séquence de symboles codés regus, fournit une estimation de

r'd 2z . L4 ’l . ’
chaque donnée codée a I'émission, en déterminant la séquence source correspondant le

plus probablement a la séquence regue. _
L’algorithme de Viterbi peut également étre utilisé pour la détection de séquences
affectées d’interférences entre symbdles. L’invention s’applique également dans ce cas.
Clairement, la décision est d’autant plus fiable que le nombre de symboles pris en
compte est élevé. En revanche, plus ce nombre est €levé, plus le décodeur, ou le détecteur
(dans la suite, on utilise le terme “décodeur” pour décrire aussi bicn les décodeurs au sens

propre que les détecteurs. Il en est de méme pour le terme “décodage”, qui doit étre

- compris comme “décodage” ou “détection”, selon le cas), est complexe. La place
¥

“ mémoire.nécessaire devient rapidement trés importante, de méme que les temps de calcul

correspondants.. -

Les circuits intégrés mettant en oeuvre de tels algorithmes reposent donc le plus
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souvent sur un compromis entre le cofit et les performances. Ces choix industriels ne
permettent pas toujours de construire des décodeurs correspondant de fagon optimum a

une application donnée. Il n’est par exemple pas possible de réaliser de décodeurs a faible

- prix de-revient, pour des applications ol la qualité de réception n’est pas cruciale, les

Cll’CUltS intégrés ayant un coit trop élevé. Inversement, ces circuits intégrés ne sont pas
non plus adaptés a la réaltsatxon de récepteurs a trés haute quahté de dccodage pour
lesquels le prix de revient n’a que peu d’importance.

Un exemple de cod-a‘ge: convolutif avantageux, auquel peut s’appliquer
I’invention, est décrit dans la- demande de brevet frangaise FR 91 05280 au nom des

mémes déposants, ainsi que dans l'article “de C. Berrou, A. Glavieux et P.

‘Thitimajshima, “Near Shannon limit ‘error-‘correcting coding and decoding : turbo-codes™

(codage et décodage et décodage_,;‘C»orreéteurs d’erreurs & proximité de la lim_ite de
Shannon)-(Proc. ICC'93, pp. 1064-1070, Genéve, Suisse, Mai 1993). Cctte classe de
codes est notamment connue sous le nom de “turbo-codes”.

Les codes élémentaires (codes systématiques récursifs ou pseudo-systématiques)

~décrits dans la demande de brevet frangaise FR 91 05278 au nom des mémes déposants

peuvent également étre utilisés. .
L’invention a notamment pour but de pallier les inconvénients des dispositifs de

réception de 1’art antérieur, et plus précisément d’améliorer les performances

‘correspondantes.

“Plus précisément, un objectif de ’invention est de fournir un tel dispositif

présentant un trés bon pouvoir de correction, en comparaison avec les procédés connus -

“utilisés actuellement dans les systémes de communications numeériques.

‘L’invention ‘a notamment pour objectif de fournir de tels procédés,
particulierement efficaces, toujours par rapport aux procédés connus, pour la
transmission dans des canaux tres bruités.

*L’invention a également pour objectif de fournir un tel dispositif, qui soit trés

BN \performant mais malgré tout aisément réalisable industriellement & des cofit} acceptables.

Ainsi, un objectif particulier de{’invention est de fournir un procédé de décodage

permettant une implantation sur une surface de silicium suffisamment restreinte pour que
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son industrialisation soit possible, et par exemple sur une surface inférieure a 50 mm2,
L’invention a également pour objectif de fournir un procédé de réception
permettant la réalisation de nombreux types de récepteurs, a:performances et prix de

revient variables en fonction des besoins auxquels ils répondent, et mettant en oeuvre un

“ou plusieurs circuits intégrés d’un type unique.

En d’autres termes, un objectif essentiel de I'invention est de fournir de tels
procédés permettant d’une part une industrialisation rentable, basée sur le développement
d’un circuit intégré unique et relativement simple, et d’autre part la réalisation de
récepteurs utilisables pour une trés grande diversité d’applications.

Ces objectifs, ainsi que d’autres qui apparaitront par la suite, sont atteints selon
'invention & 1’aide d’un dispositif de-réception de signaux formés d’une série de
symboles numériques correspondant au codage convolutif de données numériques
source, comprenant p modules de détection et de décodage M) & M, en cascade, p étant
supérieur ou égala 2, ‘
chacun desdits modules M; comprenant : ,

-des moyens de correction de I'interférence entre symboles, alimentés par une

entrée de symbole R; et délivrant des symboles estimés A; | a valeurs pondérées,

-des moyens de décodage desdits symboles estimés A; |, effectuant des opérations

'symétriques. audit codage convolutif et délivrant des symboles décodés A; 2 a

valeurs pondérées, et

des moyens de calcul d’une information de correction Zi4, a partir dudit symbole

estimé A; | et dudit symbole décodé A;, "
lesdits moyens de correction de chacun desdits modules M;, a ’exception du premier
module M |, tenant compte d’au moins une information de correction Z; déterminée par le
module précédent M;.;. -

Ainsi, selon I’invention, la fonction classique d’égalisation (filtrage) est remplacée

. par un détecteur de symboles, qui tient compte de I’effet de mémoire introduit par le

¢anal.

- En d’autres termes, I'invention propose une approche tout 2 fait nouvelle et

optimisée de la correction de 1’interférence entre symboles. En effet, classiquement,
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I'égalisation ne tient pas compte des données émises, mais seulement de I’estimation du

canal. En revanche, I’invention s’appuie sur une approche dynamique, en tenant compte

s

des derniers symboles regus pour améliorer I’égalisation.

En d’autres termes encore, I'invention assimile, dans son principe général, I’effet
des interférences entre symboles 2 un codage convolutif particulier (2 I'exception de
I"absence de redondance, dans.le cas de I'interférence : & un symbole émis sur le canal
correspond un symbole regu-€t un seul), et en assure le décodage. Plus précisément, le
phénomene d’interférence entre symboles introduit par le canal peut étre représenté par un
treillis. Ce treillis differe d’un treillis de codage convolutif par la présence de coefficients

multiplicatifs variant dans le temps. Ainsi, chaque module de I’invention comprend des

~ moyens de correction et des moyens de décodage présentant des structures similaires a

base de techniques de décodage convolutif.

La technique de I'invention consiste donc i calculer une information de correction
représentative du symbole regu, et 2 prendre en compte une ou plusieurs de ces
informations, pour corriger I'interférence. ,

On comprend que la prise en compte de cette information impose une structure

itérative de réception du fait de la latence introduite par les traitements. Ainsi, lors de la

_premitre itération, on calcule une premiére information de correction, qui est utilisée et

éventuql'lement’-recalculée- lors des itérations suivantes. Selon I’invention, cette approche
itérative se traduit par une structuration én moduléscascadés du récepteur (détecteur de
symboles etfdécodeur),,ch,élqncmédule correspondant 2 une itération. Il s’agit d’une
approche tout & fait nouvelle, en.ce. qui concerne la correction de P’interférence entre
symboles. ; _ e v |

Avantageusement, ces modules sont tous,identiques. 1ls peuvent notamment se
présenter sous la forme de circuits intégrés.

Plus le nombre de modxil\es, est grand, plus I'efficacité de la réception (correction

" de I'interférence entre symboles et décodage) augmente. L'approche modulaire de

- I’invention permet de réaliser aisément plusieurs types de récepteurs, correspondant a

différents niveaux de qualité de réception, en fonction du nombre de modules mis en

“oeuvre. De méme, il est possible de prévoir des décodeurs évolutifs, auxquels on peut
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ajouter des modules en cas de besoin.

Selon un mode de réalisation-préférentiel de I’invention, chacun desdits modules

- M; présente deux entrées, une entrée de symbole R; et-une entrée de correction Z;, et trois

sorties, une sortie de symbole Rj41, une sortie de correction Z;,; et une sortie de symbole

" décodé Dy,1,

i

Ientrée de symbole R; du module M; €tant connectée 3 1a sortie de symbole R; du module
Mi.1, pour i supérieur 1, et étant alimenté paf‘ les symboles requs pouriégal 2 1,
I’entrée de correction Z; du modulé M; étant connectée 4 la sortie de correction Z; du
module M;:1, pour i supérieur 2 1, et étant alimenté par une valeur neutre, n'influant par
sur la correction, pour i égal 2 1, o

la sortie de symbole Rj,; du module M; étant égale 2 I’ entrée de symbole R; dudit
module M; retardée du temps de latence imposé par le module M;,

la sortie de correction Z;, délivrant ladite information de correction, et

la sortie de symbole décodé D;, étant inutilisée pour les modules M, & M.y, et étant,
alimentée par le symboie décodé Ap s du module My, si le code mis en oeuvre est un code
systématique, et par une valeur reconstituée correspondante sinon.

Cette structure permet de concevoir, comme indiqué plus haut, des modules
identiques. Bién sfr, suivant qu’il s’agit du premier module, du dernier module ou d’un
module intermédiaire, les entrées et sorties utilisées peuvent étre différentes.

‘ Avantageusement, lesdits moyens de correction de I'interférence entre symboles
sont alimentés par une information de correction Z; représentative d’une différence entre
chaque symbole décodé A;; et le symbole estimé Ay correspondant.
‘ Dans ce cas, préférentiellement, lesdits moyens de calcul de I’information de
correction comprennent des moyéns de multiplication desdits symboles estimés A;; par
un coefficient pondérateur positif y,, délivrant des symboles pondérés, et des moyens de
soustraction calculant la différence entre chaque symbole décodé A; et le symbole
pondéré correspondant, et délivrant ladite information de correction Z;.

: Notamﬁient, la valeur de ce coefficient est fixée de telle fagon que V information
portée par Z; ne contienne plus d’information concernant A; 1, afin que les bruits affectant

Z; et les échantillons regus R; soient décorrélés. Ainsi, I'information réinjectée en entrée
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de I’égaliseur est “nouvelle” par rapport aux échantillons regus (elle est issue du
processus de décodage). Elle sera dite “information extrinsdque”.

Selon un mode de réalisation avantageux, lesdits moyens de correction de

I'interférence entre symboles effectuent les opérations suivantes :

- calcul d’une valeur de correction V; = y;1Z;l, od ¥ est un coefficient
- positif et oull représente. 1’ opérateur valeur absolue ; |
- pour chaque branche du treillis correspondant audit code convolutif,
_détermination d’un symbole détecté Ao, comprenant les- étapes
suivantes :
- si le symbole affecté 2 ladite branche est de méme signe que ladite
information de correction Z;, soustraction 2 la métrique associée a
ladite branche de ladite valeur de correction Vi ;
- si le symbole affecté a ladite branche est de signe opposé & celui de
ladite information de correction Z;, addition 2 la inétrique associée
2 ladite branche de ladite valeur de correction Vj;
- sousiraction audit symbole détecté A de la valeur %Zi.
Cette derniére soustraction a pour objet de “débarrasser” la sortie du détecteur de
symboles, et donc a fortiori I’entrée du décodeur convolutif, de I’information portée par
Zi.

La pondération des symboles émis sur le canal a pour but, classiquement, de

représenter I’interférence entre symboles. Les coefficients de pondération peuvent étre

fixes ou,. préférentiellement, estimés, par exemple a 1'aide d’une séquence
«d’apprentissage. .

De fagon préférentielle, ledit coefﬁc1ent v; dépend d’au moins une des
informations appartenant au groupe comprenant :

- le rapport signal & bruit;

- le numéro i du module considéré,

On comprend en effet que, plus 7, est grand, plus la sortie du decodeur est fiable.

- Lorsque les symboles sont soumis 2 un entrelacement a 1’em1ss19n, le décodeur

comprend préférentiellement :
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- des moyens de désentrelacement assurant I’opération symétrique dudit
entrelacement, insérés entre lesdits moyens de correction et lesdits moyens
de décodage ; et ’

- des moyens d’entrelacement ‘assurant un entrelacement desdites

» informations de correction identique audit entrelacement  I’émission.

L’entrelacement et le désentrelacement peuvent étre réalisés & I’aide de matrices.

Les incréments de lecture ou d’écriture peuvent étre fixes ou, plus
avantageusement, peuvent dépendre de I'adresse de lecture ou d’écriture.

L’invention concerne également un module de détection et de décodage destiné a
étre mis en oeuvre dans un dispositif dé réception de signaux formés d’une série de
symbolés humériques correspondant au ‘codage convolutif de données numériques
source, ledit dispositif comprenant du moins deux modules en cascade,
module présentant deux entrées, une entrée de symbole R; et une entrée de correction Z;,
et trois sorties, une sortie de Symbole Rj.1, une sortie de correction Z;4 et une sortie de
symbole décodé D;,q, S
et comprenant :

des moyens de correction de I’interférence entre symboles, alimentés par ladite

entrée de symbole R; et tenant compte de ladite entrée de correction Z;, et délivrant

des symboles estimés A; ;, '

des moyens de décodage desdits symboles estimés Aj 1, effectuant des opérations

symétriques audit codage convolutif et délivrant des symboles décodés A; 2, et

des"moyens de calcul d’une information de correction Z;,; & partir dudit symbole

estimé A; ) et dudit symbole décodé A 2,
la sortie de symbole R;,; étant égale 2 I'entrée de symbole R; retardée d’un temps de
latence prédéfini, '
la sortie de correction Zm délivrant ladite information de correction, et
la sortie de symbole décodé D;,; étant alimentée par ledit symbole décodé A; 2, ou par.
une valeur reconstituée en fonction du code mis-en oeuvre., -
Comme indiqué précédemment, un tel module peut notamment sé présenter sous

la forme d’un circuit intégré.
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L’invention concerne encore un procédé de réception de signaux formés d’une

série de symboles numériques correspondant au codage convolutif de données

numériques source, comprenant les étapes suivantes :

alimentation par des symboles regus R; ;
correction de 1'interférence entre symboles .affectant chacun desdits
symboles regus 2 partir d’une information de correction Z;, et délivrant

des symboles estimés A; ; ;

décodage de{sdits,symbole,s estimés A;j, effectuant des opérations

symétriques audit codage convolutif et délivrant des symboles décodés
Al 2 ’ .

calcul de ladxte mformauon de correction Z;, & partir et d’au moins un

- desdits symboles estimés A; et d’au moins un desdits symboles décodés

Aja.

D’autres caractéristiques et avantages de I’invention apparaitront la lecture de la

stratif et non |

description suivante d’un mode de réalisation préférentiel de I'invention donné 2 titre

limitatif, et des dessins annexés, dans lesquels :
la figure 1 est un schéma synoptique illustrant une chaine de transmission
classique, pouvant incorporer un dispositif de réception selon I’invention ;

la figure 2 représente de fagon simplifiée un modeéle discret équivalent en

- bande de base d’un canal de transmission affectée d’une interférence entre

symboles, illustrant I’approche de I'invention ;

la figure 3 représente le treillis correspondant au canal de la figure 2 et

illustrant les évolutions possibles de I'état du canal en fonction du temps ;

la figure 4 est un schéma synoptique de principe du récepteur de

- ’invention ;

la figure 5 est un orgamgramme simplifié 1llustrant le procédé de

Iinvention, mis en oeuvre dans le récepteur de la ﬁgure 4;

la figure 6 illustre la structure modu1a1re du récepteur de l’mventxon ‘dans

le cas de quatre modules cascades H

la figure 7 présente un schéma synoptique d’un module dela ﬁgure 6;
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10

- lafigure 8 présente une série de courbes illustrant les performances de
r mventxon, dans le cas d’un canal gaussien.

L’invention s’applique, comme indiqué précédemment, a tous les systémes de
transmission numérique mettant en oeuvre un codage correcteur d’erreur convolutif, tels
qu’iilustrés en figure I. |

Ce systémé comprend une source numérique 11 qui doit étre transmise a un
destinataire 12. ,

Pér source numérique, on entend tout signal numérique utile (son, image,
données) et, plus généralemenf tout ensemble de signaux utiles, par exemple multiplexés
en temps et/ou en fréquence. Le destinataire 12 peut étre unique (cas de la transmission)
ou multiple (cas de la diffusion). De méme, la chaine de transmission peut bien sir étre
unidirectionnelle (radiodiffusion par exemple) ou bidirectionnelle (radiocommunication
par exemple). -

Le signzil source est tout_"d’abord soumis 2 un codage convolutif 13 de type connu,
en soi. I peuthcv)‘t'ammént d’agir d’un codage convolutif systématique classique, associant

2 chaque donnée source au moins une valeur déterminée par combinaison de cette donnée

et d’au moins une des données source précédentes.

Il peut également s’agir d’un code tels que ceux décrits dans Ja demande de brevet

FR 91 05278. Ces codes, dits “pseudo-systématiques” sont caractérisés par le fait que la

~~donnée source est systemathuement transmise, conjomtement 4 au moins une donnée

codée, ou symbole de redondance. -

Tout autre code convolutif peut également étre utilisé.

Les données délivrées par le codeur 13 sont ensuite avantageusermnent (bien qu’il
ne s’agisse pas d’une caractéristique obligatoire) soumis & un entrelacement 14.

Cet entrelacement peut étre obtenu, de fagon classique, a I’aide d’une matrice
d’entrelacerent, dans laquelle les données source sont introduites ligne par ligne, et
restituées colonne par colonne.

Le module 14 assure un entrelacement matriciel. Les données sont écrites, par

lignes successives, dans une mémoire de taille ngxng, et restituées par colonnes

successives. Cette technique est par exemple décrite dans l'article “Optimal interleaving
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scheme for convolutional coding (Méthode d’entrelacement optimal pour le codage
convolunt) de Dunscombe E.et Plper F.C., paru dans I'"Electronic Letters”, Vol.25,
n°22, Octobre 1989. ' '

Ainsi que le montre cet artiéle, ’efficacité de I’entrelacement, pour de petites
valeurs de ng (quelques dizaines) est améliorée si la succession de lignes et de colonnes
s"effectue selon un incrément supérieur 2 1 et, par nécessité, premier avec ng.

Une amélioration complémentaire 2 cette technique d’entrelacement peut étre mise
en oeuvre. Il apparait en effet avantagéux que I’incrément du saut de ligne, toujours
premier avec ng, soit fonction de la place de la colonne considérée. Cela permet de casser
les paquets d”erreurs A disposition rectangulaire.

Dans ce cas, les incréments de lecture de la matrice d’entrelacement sont choisis
de telle sorte que la distance mini'rﬁa'le, en sortie, entre deux symboles voisins a I’entrée
soit la plus grande possible. Ces incréments peuvent par exemple étre déterminés de
fagon empirique. ' ’

‘D’autres techmques d'entrelacement peuvent bien sir étre utilisées, et notamment
I’habituel proc'edé 3 incréments d"écriture et de lecture égaux 2 1, sans sortir du cadre de
I'invention. Il est clair par ailleurs que les rdles des lignes et des colonnes peuvent €tre
inversés. ' B :

Ensuxte, le sxgnal entrelacé est transmis au travers du canal de transmission 15. il
subxt donc une modulatxon etun ﬁltrage 16 selon toute techmque adéquate, puis est émis
au travers ‘du milieu de transrmssxon 17. '

Ce milieu de transmission 17 est généralement bruité et présente de I'interférence
entre les symboles émis dans celui-ci.

Il est 2 noter que, selon I'invention, les deux sources de perturbations que sont le
bruit et I’interférence entre symboles (IES) sont considérées de fagons dissociées. En
d’autres termes, les symboles affectés d’IES sont de plus bruités. L'IES est

prmcxpalement due 2 des distorsions mtroduxtes par les éléments de ﬁltrage de la chaine

™ de transmission et la présence de trajets multiples induits par le milieu physxque de

~ transmission (due 3 des réflexions sur des obstacles, etc...). Ces phénoménes entrainent

des perturbations entre les symboles. Le bruit induit par le milieu physique vient s”ajouter
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a ce phénomene d’IES et est susceptible de modifier de surcroit les informations portées
par les symboles.

La figure 2 illustre cette approchc dans le cas simplifié d’une interférence portant

-sur deux symboles. -

- On:note An le symbole ¢émis 2 I'instant nT, o 1/T est la rapldxté de modulation (T

étant la durée d’un symbole).ﬁle signal regu S, peut s'écrire, aprés passage dans le canal

de transmission :
Sp= ZkhkAn-
Ce sxgnal comporte un terme dépendant du symbole An, a savoir hoAn, mais
également un terme dépendant des symboles émis antérieurement et postérieurement 2 A,,.

Ce second terme est le terme d'interférence entre symboles. Il peut s’écrire sous la forme

ZksohkAn-k. Il est dd au filtrage introduit par le canal, et peut étre modélisé par un treillis

-a N = 2v états, pour une [ES modélisée par un canal discret équivalent de mémoire v (2

dans le cas des figures 2 et 3). . »

Dans le cas de la figure 2, on considére une interférence portant sur deux
symboles (An.; et Ap,p). Leffet du canal peut alors étre répr’senté par deux ccllules a
retard 21 et 215, chacune d’une durée T.

Lorsqu’en entrée de la cellule 21, est présenté le symbole Ap,1, la sortie de celle-

ci est Ap, et la sortie de la seconde cellule 215 est Ay.j. Le filtrage du canal revient 3

~multiplier (22 & 223) chacun de ces symboles par le coefficient de filtrage correspondant

h;. Les termes correspondants sont ensuite additionnés (23) pour former le signal S;,.

L’architecture de la figure 2 correspond a un codage convolutif avec v = 2, dont le

trexlhs de décodage est illustré en figure 3. Classxquement ce treillis illustre les transitions

possibles en fonction des deux valeurs précédentes, selon que la valeur de A, est 1
(traits pleins) ou O (traits pointillés).

En revenant 2 la ﬁgure 1,-le signal S, bruité est soumis 2 un filtrage et une

- démodulation 18, symétriques des opérations assurées par le module 16.

Ensuite, classiquement, le signal est égahse (19), par apphcanon d un filtrage

visant 2 companser' les effets du milieu de transmission 17. Le signal égalisé est alors

- désentrelacé (110), symétriquqmg:nt, a I'entrelacement 14,
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Enfin, le -signal est transrvnis'é‘ un décodeur convolutif 11 1, qui met par exemple

_ en oeuvre un décodage & maximum de vraisemblance, tel que I’algorithme de Viterbi, ‘

pour délivrer des données décodées au destinataire 12.

 La caractéristique essentielle de I'invention est I'association itérative d’un module
de détection de symboles 2 sorties pondérées et d'un module de décodage, également 2
sorties pondérées. En considérant 1'effet ‘du canal selon I'approche présentée,
I’égalisation classique (filtrage du signal regu, i I’aide d’un filtre transversal, par
exemple) est remplacée par une détection de symbole tenant compte de I'effet de mémoire
introduit par le canal.

Ainsi, le dispositif proposé inclut un détecteur A entrée et A sortie pondérées qui
estime les symboles A, 2 partir de la sortie bruitée du canal. Ce détecteur peut, 2 titre
d’exemple, étre réalisé en utilisant 1'algorithme décrit dans le document de brevet FR
91 05279. Il nécessite la connaissance des coefficients hy, qui devront donc étre estimés

de manire externe au dispositif proposé, par exemple a 1'aide de séquences

-d’apprentissage. .

' La figure 4 illustre le prifcipe général de I'invention. »
Chaque échantillon Ry regu, qui correspond 2 la sortie. bruitée du canal de
transmission est traitée comme suit : |
- . undétecteur 41 de symboles 2 sorties pondérées produit une estimation
A1 du symbole émis correspondant ; - |
- les symboles A, en sortie du détecteur 41 sont désentrelacés (42) pour
fournir les symboles Ag ;-
- les symboles désentrelacés Ay sont présentés a I'entrée d’'un décodeur
convolutif 43 qui fournit une nouvelle estimation Ay 2 de symboles Ay ;
- en sortie du décodeur 43, on détermine (44) une donnée de correction ZK,
" dite information extrinséque obtenue & partir des estimations Ag ; et Ax2 ;
- - la donnée de correction Zy est ensuite utilisée, aprés un _réqntrelacement
45, dans le détecteur41.
Plus précisément, dans le mode de réalisation décrit, la donnée Zy est obtenue par

différence entre Ay 7 et ¥ 2Ay,1, délivré parle multiplicateur 46, ou Y» est un coefficient
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positif. Z, est encore une estimation du symBole A, mais cette fois affectée d’un bruit
non correl€ avec celui qui affecte A, | et faiblement correlé avec celui affectant R,, grace
a la fonction d’entrelacement 45.

L’information extrinséque Z, est ensuite utilisée par le détecteur 41 en ajoutant ou
en retranchant & chaque métrique de branche du treillis associé au canal (cf figure 3) le
terme y; 1Z,l, ot vy est un coefficient positif. Le terme v; 1Z,l est retranché
(respectivemnent ajouté) lorsque le symbole affecté  la branche considérée est de méme
signe que Z, (respectivement de signe contraire). La valeur du coefficient y; dépend a la
fois du rapport signal 2 bruit et de la fiabilité de I'information extrinséque Zp,

*.L’information extrinséque, affectée du coefficient y; - pour le multiplieur 48 est

par ailleurs retranchée (47) 2 la sortie du détecteur 41 avant d'étre présentée 2 Ientrée du

décodeur 43. En effet, I'information ex‘trixiséq\ierzn ayant été produite par le décodeur 43,
elle ne doit pas étre réutilisée par celui-ci. |

Le détecteur de symboles 41 prend ses décisions suivant un algorithme de type
Viterbi. Toutes les opérations effectuées par ce détecteur correspondent a celles décrites )
dans le brevet FR 91 05279. La différence, par rapport 3 un algorithme de décodage
convolutif, réside dans le calcul des métriques de transition, ou métriques de branche, qui
est mené différemment.

- 'Chaque noeud du treillis est représentatif d’un état possible du canal A un instant

"nT donné. Pour une IES portant sur K1 symboles postérieurs et K2 symboles antérieurs

- au symbole considéré, c’est-a-dire pour -

Sn = Zk=-k1 2 K2 NkAnk
I’état du canal & t = nT est donné par le (K1+K2)-uplet (A n+K1-1 wAps1An Apat---Ank2).
La connaissance de I’état ducanal 4 t = nT ainsi que de la valeur de A,k (symbole
“entrant” dans 1e canal) permet alors de connaitre son état & t = (n+1)T.

Ainsi, pour chaque noeud j du treillis pris & I'instant t = nT, deux métriques de
transition L;0 et L;! sont calculées. Elles correspondent aux deux transitions possibles
(AH+K1— 0 et Ap.k1= 1). Elles sont de la forme : ‘ '
L= (R, -R9)Zet Ll = (R, - Rj1)2

ol R, représente !’échantillon effectivement regu en entrée. du détecteur et R0
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_ (respectlvement le) estla valeur théonque de l’échantlllon non bruité lorsque I’état du -

canal correspond au noeud j du trexllxs et que A,,+K,—0 (respectlvement Apsxi=1). R0
(respectlvement R, 1) est donc de la forme Zk._._m a k2 hxAnk. Si Anix1= 0, il s’agit de
R;0, et si An+Kl 1, 11 s"agit de Rjl.

En pratique, on utnhSe I’ express‘ion simplifiée suivante pour le calcol des
métriques :

L; _-.IR,, R,OI etLJ -IRn R;!

Les performances de la détection sont alors trés proches de celles obtenues avec

r expressxon précédente, et I'implantation sur silicium du calcul est tres sxmphﬁée

En dehors de ce calcul des memques I’algorithme de calcul est similaire, dans

. son prmc1pe comme dans sa nuse cn oeuvre, 2 un algorithme de decodaoe convolutif.

Dans la pratxque le récepteur illustré en figure 4 induit une latence de calcul
(temps de trantement du détecteur 41 du décodeur 43, de I'entrelacement 45 et du-
désentrelacement 42) Iin rest donc pas p0351ble de cornaitre instantanément Z, lorsqu’on

regoit Ry dans le détecteur 41 En conséquence, selon une caracterlsthue essentielle de

l mvenuon, le processus mls en oeuvre est 1terat1f

Ce processus est schematxquement 1llustre par la ﬂgure 5. Pour chaque symbole

regu R (etape de réception 51), au moms deux itérations 52 sont effectuées.

Chaque itération 52 comprend une etape 521 de correction de I'interférence entre
symboles. Comme indiqué précedernment cette correction met en oeuvre une technique
de decodage convolunf et nent compte d’une mformatxon extrmséque de correction Zjet -
de donnees h; representauves du canal de transrmssxon

Les mformzmons Zn sont calculees lors de I'étape 524 Bien siir, lors de la
prcxmere itération, aucune valeur pamcuhere de Zrl n’est connue. En conséquence, celle-
ci est alors ﬁxee aune valeur neutre, ¢’est-3-dire n mﬂuant pas sur les calculs.

Apres 1a correction 521, les symboles estimés sont desentrelaces lors de 1'étape
522 de désentrelacement (si un entrelacement a ét¢ mis en oeuvre 2 I’émission), puis
décodés, selon une techmque classxque de decodage convolutif 523, et par exemple selon
la techmque décrite dans la demande frangalse FR 91 05279.

Ensuite on calcule (524) I'information extrinséque Zy, 2 partlr de la donnée 525
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détectée par 1’étape 521 de correction et de la donnée 526 décodée par I'étape 523 de
décodage. Puis les informatio_nszk‘ sont ré-entrelacées (527), symétriquement au
déscntrelacefnem 522, pour fournir les informations Zy. L’information Z, est prise en
compte dans l’é‘tape de correc‘t.ioh 521 de l’itération suivante. '

~ Lors de la derniére itération, I étape 524 de calcul de Zy n’est pas mise en oeuvre.
Le symbole décodé Dy est délivré par l’etape de décodage 523.

Le dispositif de recepnon correspondam peut avantageusement étre réalisé de

_ fagon modulaxre en assocxant un module a chaque 1tératxon La figure 6 illustre un tel

dispositif, comprenant quatre modules ‘
Le prexmer module 61 de la chame regoxt Rn 1, le symbole regu par le dispositif,

et dehvre d’une part Ry, 2, qu1 est egal H R,, | affecté d’un retard correspondant a la

“latence du module, et d’autre part Zn 2 Iinformation extrmseque calculé par le module

. 61. Chacun des modules suwants 62 a 64 regon le symbole retardé R jet !’ mformatxon

extrinséque Z, i Le dernier modulc 64 dehvre le symbole décodé Dq.

On comprend axsément quc les performances du dlSpOSltlf en terme de taux
d’erreur sont fonction du nombre de modules mis en cascade.

De fagon avantageuse, tous les modules sont identiques. La ‘figure 7 illustre un

exemple de réalisation d’un tel module. Plus précisément, il s’agit du module

_,‘correspondant a la pieme jtération. Ii comprend

- 2entrées: (R)p et (Z)p, S

- 3sorties : (R)ps1, Dpe1 et Dlp. |

L'entrée (R), est égale a la sortie du canal retardée de la latence de p-1 modules.

L’entrée (Z), provient du mod'ule précédent et est fixée, pour p = 1, a une valeur
neutre, ¢ est-a-du'e n'influant pas sur la sortie du détecteur. |

La sortie (R)p+1, egale a l’entree (R)p retardee de la latence d’un module, est

inutilisée si ’itération est la dcmlére du processus (p=P P étant le nombre total de

.modules)..

A

La some (Z) p+1 est l’mformatxon extrmseque élaborce a la p-eme xteratxon Cette
sortie est egalement muuhsee dans lc cas ou p=P. '

‘La sortie (D), qui estla donnée décodée, est inutilisée par les P - 1 premiers
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modules, seules les données xssues de (D)p sont fournies au destinataire.

Les éléments de ce module déﬁi décrits en relation avec la figure 4 ne sont pas

décrits 2 nouveau et portent les memes références. On notera que, par rapport au schéma

de prmcxpe de la figure 4, dlfferents retards sont ajoutés, pour prendre en compte les
latences des différents €léments. o

Ainsi, l’information extrinséque (Z)p utilisée pour la différencé 47 doit étre
retardée (71) d’une duree égale a ]a latence L; du détecteur 41. C’est également le cas de
(A)p,1 qui doxt étre retardée de la latence L, du décodeur 43, Enfin, (R), doit étre retardée
(73) de la latence totale mtroduue par un module, L, afin que (R)p4+1 et (Z)p+1 soient
présentées au méme instant & I'entrée du module suivant. Cette latence Lt est égale a la
somme des latences du détecteur 41, L, du décodeur, L,, et de la latence introduite par
les opérations d’entrelacement 45 et de désentrelacement 42 Lgp.

Les performances du dlSpOSltlf de l'mvennon ont été simulées, et sont illustrées
en figure 8. La donnée source ‘est codée par un code convolutif systématique récursif
(code CSR) de longueur de contrainte K = 5 et de rendement R = 1/2. Les données
codées sont envoyées sur le canal de transmission aprés un entrelacement non uniforme
dans une matrice de 64 lignes et 64 colonnes. La modulation utilisée est une modulation
de phase a 2 états (MDP2).

‘ Les coefficients multiplicatifs h; sont réels et constants et connus du détecteur de
symboles, mais le principe est applicable aux cas ol ils sont complexes et variables. Pour
les résultats présentés ci-aprés, les coefficients h; ont été fixés 2 :

ho = V0,45, by = V0,25, hy = ¥0,15, h3=\0,10, hs = ¥0,05

et vérifient Y;=0a 4 hi2 = 1. Le canal de transmission est également perturbé par un
bruit additif blanc gaussien. |

En sortie du canal, les échantillons regus R, sont quantifiés sur 8 bits. Le
détecteur de symboles et le décodeur de canal utilisent I'algorithme présenté dans le brevet
FR 91 05279. Le fonctionnement du codeur est également représenté par un treillis 3 16
états. Les valeurs de coefficients y; et ¥, ont été déterminées de fagon empi;iquc.

Les résultats présentés utilisent 4 modules. Les courbes C) et C; représentent le

taux d’erreur en sortie de la chaine de transmission, respectivement sans et avec codage
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de canal, en I'absence d’interférence entre symboles : C3 donne le taux d’erreur dans le
cas classique ol le détecteur de symb@les fournit une décision binaire (décision _femie) et
les courbes Cy4; montrent les résultats obtenus avecle dispositif proposé, apres I'itération
derang i. - o ,

Ces courbes montrent\tdonc que 2 un taux d’erreur de 10-5, I'utilisation d’un
détecteur de symboles i sortie pondérée permet de gagner 1,6dB par rapport a un
détecteur A décision ferme et les trois itérations supplémentaires apportent un gain
supplémentaire de 3 dB environ, Lorsque le nombre d’itérations augmenie, les

performances se rapprochent de celles obténues sur un canal gaussien codé.
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REVENDICATIONS .
1. Dispositif de réception de signaux formés d’une série de symboles numériques
correspondant au codage convolutif de données numériques source,
caractérisé en ce qu'il comprend p modules (61 2 64) de détection et de décodage M 2
M, en cascade, -p étant supérieur-ou égald 2, -~
chacun desdits modules M; cordprenant taei
des moyens (41, 47, 48) de correction de Iinterférence entre symboles, alimentés
par une entrée de symbole R; et délivrant des symboles estimés A 2 valeurs
pondérées, - _ B
'k des~m6yens (43) de décodage desdits symboles estimés A;,j, effectuant des
opéfations symétriquesahdit codége convolutif et délivrant des symboles décodés
A2 & valeurs pondérées, et |
des moyens (44, 46) de calcul d’une information de correction Z;4  partir dudit
symbole estimé A et dudit symbole décodé A;z, '

lesdits moyens (41) de correction de chacun desdits modules M,;, & P’exception du premier

- module M, tenant compte d’au moins une information de correction Z; déterminée par le

module précédent M;g. -

2. Dispositif selon la revendication 1, caractérisé en ce que chacun desdits modules

- M; présente deux entrées, une entrée de symbole R; et une entrée de correction Z;, et trois

sorties, une sortie de symbole R, 1, une sortie de correction Zi4 et une sortie de symbole
décodé Di,y,

Pentrée de symbole R; du module M; étant connectée 2 la sortie de symbole R; du module

M;.1, pour i supérieur A 1, et étant alimenté par les symboles recus pour iégalal,
’entrée de correction Z; du module M; étant connectée 2 la sortie de correction Z; du
module M;.;, pour i supérieur a 1, et étant alimenté par une valeur neutre, n’influant pas
sur la correction, pour i égal a1,

la sortie de symbole Rj,; du module M; étant égale a I’ entrée de symbole R; dudit

" module M; retardée du temps de latence imposé par le module M;,

la sortie de correction Z;,; délivrant ladite information de correction, et

la ‘sortie de symbole décodé D;+i étant ifmtilisée pour les modules M & Mp.p, et étant
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alimentée par le symbole décodé A ;2 du module M si le code mis en oeuvre est un code
systématique, et par une valeur reconstituée en fonction du code mis en oeuvre sinon.
3.  Dispositif selon I'une quelconque des revendications 1 et 2, caractérisé en ce que

lesdits moyens (41) de correction de I'interférence entre symboles sont alimentés par une

information de correction Z; représentative d’une différence (44) entre chaque symbole

décodé€ A;; et le symbole estimé A; ; correspondant.

4. - Dispositif selon la revendication 3, caractérisé en ce que lesdits moyens de calcul
de I'information de correction comprennént des moyens (46) de multiplication desdits
symboles estimés A;; par un coefficient pondérateur positif y,, délivrant des symboles
pondérés, et des moyens (44) de soustraction calculant la différence entre chaque
symbole décodé Aj; etle symbole pondéré correspondant, et délivrant ladite information
de correction Z;. ' ‘ A

5. Dispositif selon I’une quelconque des revendications 1 2 4, caractérisé en ce que
lesdits moyens (41, 47, 48) de correction de I’interférence entre symboles effectuent les
opérations suivantes :

- calcul (48) d’une vaieur de correction V; = 11Zil, oli y; est un coefficient
positif et oli | | représente I’opérateur valeur absolue ;

- pour chaque branche du treillis correspondant audit code convolutif,
détermination (41) d’un symbole détecté A; o, comprenant les étapes
suivantes : ‘

- si le symbole affecté a ladite branche est de méme signe que ladite
information de correction Z;, soustraction i la métrique associée a
‘ladite branche de ladite valeur de correction V; ;

- si le symbole affecté 2 ladite branche est de signe opposé a celui de
'ladit’e information de correction Z;, addition a la métrique associée
a ladite branche de ladite valeur de correction V; ;

- * soustraction (47) audit symbole détecté Ao de la valeur 1,Z;.

. 6. Dispositif selon la revendication 5, caractérisé en ce que ledit coefficient Y1

dépend d’au moins une des informations appartenant au groupe comprenant :

- e rapport signal & bruit ;
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- le numéro i du module considéré.
7. Dispositif selon 'une quelconque des revendications 146, appliqué 2 la réception.
de symboles soumis 2 un entrelacement & 1’émission, caractérisé en ce qu’il comprend :

- ~des moyens (42) de désentrelacement assurant 1'opération symétrique

dudit entrelacement,-insérés entre lesdits.moyens de correction et lesdits
‘moyens de decodage et ;
0 des moyens (45) d’entrelacement assurant un entrelacement desdxtes
* . informations de correction identique audit entrelacement a I’émission.

8. Module de détection et de décodage destiné  &tre mis en oeuvre dans un dispositif
de réception de signaux formés d’une série de symboles numériques correspondant au
codage convolutif de données numériques‘sour,ce, ledit -_dispositif comprenant au moins
deux modules en cascade,
caractérisé en ce qu'il présente deux entrées, une entrée de symbole R; et une entrée de
correction Z;, et trois sorties, une sortie de symbole R, une sortie de correction Z;4; et

une sortie de symbole décodé Di;l,

‘et'en ce qu’il comprend :

des moyens (41, 47, 48) de correction de I'interférence entre symboles, alimentés
par ladite entrée de symbole R; et tenant compte de ladite entrée de correction Z;,
et délivrant des symboles estimés A; j,
des moyens (43) de décodage desdits symboles estimés Aj 1, effectuant des
opérations symétriques audit codage convolutif et délivrant des symboles décodés
Ajs, et
des moyens (44, 46) de calcul d’une information de correction Zi;l a partir dudit
symbole estimé A;; et dudit symbole décodé A; 3,
la sortie de symbole Ri. étant égale a I' entrée de symbole R; retardée d’un temps de
latence prédéfini,

la sortie de correction Z;, délivrant ladite information de correction, et

. la sortie de symbole décodé Dj, étant alimentée paf ledit symbole décodé A; 2, ou par

une valeur reconstituée en fonction du code mis en oeuvre.

9. Procédé de réception de signaux formés d’une série de symboles numériques
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correspondant au codage convolutif de données numériques source,

caractérisé en ce qu'il comprend les étapes suivantes @

alimentation (51) par-les symbbles recus R; ;
correction (521) de P’interférence entre symboles affectant chacun desdits
symboles regus & partir d'une information de correction Z;, et délivrant

des symboles estimés A; 1 ;

- décodage (523) desdits symboles estimés A; ;, effectuant des opérations

symétriques audit codage convolutif et délivrant des symboles décodés
Ai2; ‘ ' /

calcul (524) de ladite information de correction Z;,' a partir et d’au moins
un desdits symboles estimés A;; et d’au moins un desdits symboles

décodés A .
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Applicant :  Catherine Douillard et al.
Serial No. _
Filed . Herewith Group Art Unit:

" For : DEVICE FOR THE RECEPTION OF Examiner:

: DIGITAL SIGNALS WITH ITERATIVE
STRUCTURE, AND CORRESPONDING
MODULE AND METHOD

Docket No. : F264.312-16

PRELIMINARY AMENDMENT

\ 1 CERTIFY THAT THIS PAPER IS BEING SENT BY U.S. MAIL,
FIRST CLASS, TO THE ASSISTANT COMMISSIONER FOR
Box Non-Fee Amendment PATENTS, WASHINGTON, D.C. 20231, THIS DAY OF

Assistant Commissioner for Patents 19
Washington, D.C. 20231

PATENT ATTORNEY
Sir:

Please amend the above-identified application as follows:
~ IN THE CLAIMS

Please amend claims 1, 3-5 aﬁd 7-9 as follows:
1. (Amended) Device for the reception of signals formed by a series of digital symbols corresponding
to the convolutive encoding of items of source digital data

characterized in that it comprises p cascade-connected detection and decoding
modules [(61 to 64)] M, to M, p being greater than or equal to 2,
each of said modules M; including:
| inter-symbol interference correction means [(41, 47, 48)] supplied by a symbol input
R; and delivering estimated symbols A; ; with weighted values,

means [(43)] for the decoding of said estimated symbols A performing operations

symmetrical to said convolutive encoding and delivering decoded symbols A; , with weighted values,

and
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means [(44, 46)] for the computation of an item of correction information Z; from
said estimated symbol A; | and said decoded symbol A; ,,

said means [(41)] for the correction of each of said modules M;, except for the first
module M, taking account of at least one item of correction information Z; determined by the

previous module M; ;.

2. Device according to claim 1, characterized in that each of said modules M; has two
inputs, one symbol input R, and one correction input Z, and three outputs, one symbol output Ry},
one correction output Z;,; and one decoded symbol output D;,,,

the symbol input R; of the module M; being connected to the symbol output R; of the module M,
for i greater than 1 and being supplied with the symbols received for i equal to 1,

the correction input Z; of the module M; being connected to the correction output Z; of the module ‘
M;_; for i greater than 1 and being supplied with a neutral value that does not affect the correction
for i equal to 1, |

the symbol output R;,; of the module M; being equal to the symbol input R; of said module M;
delayed by the latency time dictated by the module M,

the correction output Z;, delivering said correction information, and

the decoded symel output D, being unused for the modules M; to M, and being supplied with
the decoded symbol A,, ; of the module M, if the code implemented is a systematic code and, if not,

with a corresponding reconstituted value.

3. (Amended) Device according to [any of the claims 1 and 2] claim 1, characterized in that said
means [(41)] for the correction of the inter-symbol interference are supplied with an item of
correction information Z; represénting a difference [(44)] between each decoded symbal A; , and the
correspSnding estimate symbol A; .
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4. (Amended) Device according to claim‘3, characterized in that said means to compute the item of
correction information comprise means [(46)] for the multiplication of said estimation symbols A;
1 by a positive weighting coefficient v, delivering weighted symbols, and subtraction means [(44)]
computing the difference between each decoded symbol A; 5 and the corresponding weighted symbol

and delivering said item of correction information Z.

5. (Amended) Device according to [any of the claims 1 to 4] claim 1, characterized in that said means
[(41, 47, 48)] for the correction of inter-symbol interference perform the following operations:

- the computation [(41)] of a correction value V;_y; |Z;|, where v is a positive
coefficient and where | | represents the absolute value operator;

- for each arm of the lattice correspénding to said convolutive code, the determining
[(41)] of a detected symbol Al o comprising the following steps:

- if the symbol assigned to said branch has the same sign as said item of correction
information Z;, the subtraction, from the metric associated with said arm, of said correction value V;;

- if the symbol assigned to said arm has a sign opposite that of said item of correction
information Z;, the addition, to the metric associated with said arm, of said correction value V;

- the subtraction [(47)], from said detected symbol A; ¢, of the value v;Z;.

6. Device according to claim 5, characterized in that said coefficient y; depends on at
least one of the items of information belonging to the group comprising:
- the signal-to-noise ratio;

- the number i of the module considered.

7. (Amended) Device according to [any of the claims 1 to 6] claim 1, applied to the reception of

symbols subjected to an interleaving operation at transmission, characterized in thatsit comprises:
- de-interleaving means [(42)] providing for the symmetrical operation of said

interleaving, inserted between said correction means and said decoding means; and
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- interleaving means [(45)] providing for an interleaving of said items of correction

information that is identical to said interleaving at transmission.

8. (Amended) Detection and decoding module designed to be implemented in a device for the
reception of signals formed by a series of digital symbols corresponding to the convolutive encoding
of items of source digital data, said device comprising at least two cascade-connected modules,
characterized in that it has two inputs, one symbol input R, and one correction input Z;, and three
outputs, one symbol output R;.1, one correction output Z;,; and one decoded symbol output D,
and in that it comprises: '

means [(41, 47, 48)] for the correctiﬁn of inter-symbol interference, supplied by said
symbol input R; and taking account of said correction input Z; and delivering estimated symbols A;
L .

means [(43)] for the decoding of said estimated symbols A; ;, performing operations
symmetrical to said convolutive encoding and delivering decoded symbols A; 5, and

means [(44, 46)] for the computation of an item of correction information Z;,; from
said estimated symbol A; ;| and said decoded symbol 4, ,,
the symbol output R;,; being equal to the symbol input R; delayed by a predefined latency time,
the correction ouiput Z;,) delivering said correction information, and
the decoded symbol output D, ; being suppiied with said decoded symbol A; , or with a value
‘reconstituted as a function of the code implemented.

9. (Amended) Method for the reception of signals formed by a series of digital symbols
corresponding to the convolutive encoding of items of source digital data comprising the following
steps. ' .

- supplying [(51)] with received symbols R;;
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- the correction [(521)] of inter-symbol interference affecting each of said received
symbols, by means of an item of correction information Z;, and the delivery of estimated symbols A;
1 ‘

- the decoding [(523)] of said estimated symbols A; entailing operations symmetrical
to said convolutive encoding, and the delivery of decoded symbols A; 2;

- the computation [(524)] of said items of correction information Z; from at least one
of said estimated symbols A; | and at least one of said decoded symbols A; ».

: REMARKS

In this Preliminary Amendment the claims are amended to remove multiple
dependencies and reference numerals. The application is now in condition for examination. The
Examiner is invited to contact the undersigned attorney at the number listed below if it would any

way facilitate allowance of the claims. - .

Respectfully submitted,

KINNEY & LANGE, PA.

e

Jeﬁ‘rey e chuk, Reg. No. 37,235

Suite 1 00

625 Fourth Avenue South

Minneapolis, MN 55415-1659

Phone: (612) 339-1863 Fax: (612) 339-6580

JDS:cnj

108



UNLTED STATES DEPARTM? Yt OF LOMMLRLL
Patent and Trademark Office
. Address ASSISTANT COMMISSIONER OR PATENTS

: e : -~ Box PCT ,
{ US. 4prLicaTION NO. ] | T FIRST NAMED APPLICANT ’ | ATTY. DOCKET NO. |
08/894,207 DOUILLARD C F264.312-16
l INTERNATIONAL APPLICATION NO. J
5611 ' PCT/FR96/00197
Ii%ggng &DLA‘%EE“’S:UK , LA. FILING DATE ] PRIORITY DATE J
SUITE 1500
625 FOURTH AVENUE SOUTH 02/06/96 02/ 07/ 95
MINNEAPOLIS MN 55415-1659
DATE MAILED: 1 0 /31 /97

NOTIFICATION OF MISSING REQUIREMENTS UNDER 35 U.S.C. 371 IN THE UNITED

STATES DESIGNATED/ELECTED OFFICE (DO/EO/US)
1. The following items have been submitted by the applicant or the IB to the United States Patent and Trademark
Office as [] a Designated Office (37 CFR 1.494),
P70 Elected Office (37 CER 1. 495):

_EYU.S. Basic National Fee.
/B’C/oiy of the international applxcatlon in?)
on-English language.
{7 English.

[ Translation of the international apphcauon into English.

[0 Oath or Declaration of inventors(s) for DO/EO/US

[ Copy of Article 19 amendments.

[ Translation of Article 19 amendments into-English.

[ The International Preliminary Examination Report in English and its Annexes, if any. - - --

[ Translation of Annexes to the International Preliminary Examination Report into English.
,Z Preliminary amendment(s) filed and .
/B/lfformation Disclosure Statement(s) filed ) and .

[ Assignment document.

[ Power of Attorney and/or Change of Address.
[ Substitute specification filed
[ Verified Statement Claiming Small Entity Status.

rity Document. .

Copy of the International Search Report/aﬁ copies of the references cited therein.
Other:
2. TE: following items MUST be furnished within the penod set forth below in order to complete the requirements for

acceptance under 35 U.S.C. 371:

[] a. Translation of the application into Enghsh Note a processing fee will be required if submitted
later than the appropriate 20 or 30 months from the priority date.
[J The current translation is defective for the reasons indicated on the attached Notice of Defective
Translation.
[ b. Processing fee for providing the translation of the application and/or the Annexes later that the
ppropriate 20 or 30 months from the priority date (37 CFR 1.492(f)).
/Qc/(l)ath or declaration of the inventors, in compliance with 37 CFR 1.497(a) and (b), identifying the application
by the International application number and international filing date.
[ The current oath or declaration does not comply with 37 CFR 1.497(a) and (b) for the reasons indicated
on the attached PCT/DO/EO/917. -
d. Surcharge for providing the oath or declaration later that the appropriate 20 or 30 months from the
» priority date (37-CFR 1.492(e)). 5

3. Additional claim fees of $ as a[7] large entity [7] small entity, including any required multiple

deperdent claim fee, are required. Applicant must submxt the additional claim fees or cancel the additional claims for

which fees are due. See attached PTO-875.

ALL OF THE ITEMS SET FORTH IN 2(a)-2(d) AND 3 ABOVE MUST.-BE SUBMITTED WITHIN ONE
- MONTH FROM THE DATE OF THIS NOTICE OR BY [J21 OR 1 MONTHS FROM THE PRIORITY
- DATE FOR THE APPLICATION, WHICHEVER IS LATER. URE TO PROPERLY RESPOND WILL
RESULT IN ABANDONMENT.

The time period set above may be extended by ﬁlmg a petition and fee for extension of time under the prov,mons of 37
CFR 1.136(a).

4. Translation of the Annexes MUST be submitted no later that the time period set above or the annexes will be

cancelled. Note processing fee will be required if submitted later than 30 months from the priority date.

5. (7 The Article 19 amendments are cancelled since a translation was not provided by the appropriate 20 (37 CFR

‘1.494(d)) or 30 (37 CFR 1 495(d)) months- from the priority date. \

Applicant is reminded Lhat any communication to the Umted States Patent and Tradema.rk Ofﬁce must be mailed to th}

address given in the heading dnd include the U. S, application Ao, sEow above. (37 CFR 1.5) ; ‘

Enclosed: (] PCT/DO/EO/917 [ Notice of Defective Translation ’by WQ“
[] PTO-875 PCT Intemnational Divisi
FORM PCT/DO/EO/905 (September 1996) ) Telephone: (703) BDS 52@53

A copy of this notice MUST be returned with this response. U WD
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Rec'd § %
IN THE UNITED STATES PAT NT QID TRADEMARK OFFICE

Catherine Douillard et al.
Serial No.  :__08/894,207 | ~ J
Filed . July 29, 1997 9

For . DEVICE FOR THE RECEPTION OF
‘ DIGITAL SIGNALS WITH ITERATIVE
STRUCTURE AND CORRESPONDING
MODULE AND METHOD

Docket No. : F264.312-16

RESPONSE TO NOTIFICATION OF MISSING REQUIREMENTS
UNDER 35 USC 371 IN THE UNITED STATES o
DESIGNATED/ELECTED OFFICE (DO/EO/US) L

,'F

I CERTIFY THAT THIS PAPER IS BEING SENT BY U.S. MALL,
FIRST CLASS, TO THE ASSISTANT .COMMISSIONER FOR

Box Missing Parts PATENTS, WASHINGTON, DC 20231, THIS 2432 DAY_OF
Assistant Commissioner for Patents _——Aqgif mpel sl o na VLS

- Washington, D.C. 20231

PATENT
Sir:

In response to the Notification of Missing Requirements Under 35 U.S.C. 371 in
the United States Designated/Elected Office (DO/EO/US) dated October 31, 1997, Applicant
encloses the following documents to complete the above-identified patent application filed July 29,
1997: ‘ '
1. Our checks in the amount of $40.00 to cover the Assignment recording fee;
-and $130.00 for Missing Requirements surcharge.
2. Declaration executed by the inventor(s).
‘ 3. Power of Attorney. '
s*lmml KDUNCANL 00000056 Mﬂg&Wted Assignment of the invention to France Telecom and Telediffusion
de France, and Recordation Form Cover Sheet.
5. Certificate Under 37 CFR § 3.73(b) and attached copy of 'A;signment.
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6. Notification of Missing Requirements Under 35 U.S.C. 371 in the United‘ ‘
States Designated/Elected.,Ofﬁce (DO/EO/US)
The Commissioner is authorized to charge payment of any additional fees associated
with this paper or credit any overpayment {0 Deposit Accourit No. 11-0982. A duplicate copy of

this sheet is enclosed.
Respectfully submitted,

KINNEY & LANGE, P.A.

625 Fo rth Avenue South
Minneapolis, MN 55415-1659
Phone: (612) 339-1863 Fax: (612) 339-6580

JDS:atp
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KINNEY o

‘FOURTH AVENUE SOUTH

& L ANGE ...1tNNEAPOLIS, MINNESOTA 55415-1659

A PROFESSIONAL ASSOCIATION (612) 339-1863 DECLARATION

DECLARATION Attorney Docket No.-

O ORIGINAL X NATIONAL STAGE OFPCT APPLICATION F264.312-16
0 DIVISIONAL 00 CONTINUATION
O CONTINUATION-IN-PART

SPECIFICATION AND INVENTORSHIP IDENTIFICATION
As a below named inventor, I declare that:

My residence, post office address and citizenship are as stated below next to my name.

1 believe I am the original, firstand O'sole ® joint- inventor of the subject matter whichis .
claimed, and for which a patent is sought, on the invention entitled DEVICE FOR THE RECEPTION OF DIGITAL

SIGNALS WITH ITERATIVE STRUCTURE. AND CORRESPONDING MODULE AND METHOD, the
specification of which;
X is attached hereto.
] was filed on : as Appln. Serial No. ,
O and was amended on
R was described and claimed in PCT International Application No. _PCT/FR96/00197 , filed on
February 6, 1996, '
u] and was amended under PCT Article 19 on

ACKNOWLEDGEMENT OF REVIEW OF PAPERS AND DUTY OF CANDOR
I have reviewed and understand the contents of the above identified specification, including the claims, as
amended by any amendment referred to above. I acknowledge the duty to disclose information which is known to me
to be material to the patentability of this application in accordance with Title 37, Code of Federal Regulations, § 1.56.
PRIORITY CLAIM (35 USC § 119)
I claim foreign priority benefits under Title 35, United States Code, § 119 of any foreign application(s) for

patent or inventor's certificate listed below and have also identified below any foreign application for patent or inventor's
certificate having a filing date before that of the application on which priority is claimed:

Prioeroreign Application(s)

Number Country - Day/Month/Year Filed Priority Claimed
9501603 France 7 February 199 BYes 0O No
, OYes ONo
OYes ONo
FORM 1, Page 1

©Kinney & Lange, P.A. 1994
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KINNEY - “ 1TE 1500

FOURTH AVENUE SOUTH

& L ANGE .+INNEAPOLIS, MINNESOTA 55415-1659

A PROFESSIONAL ASSOCIATION (612) 339-1863 DECLARATION |

PRIORITY CLAIM (35 USC § 120)

I claim the benefit under Title 35, United States Code, § 120 of any United States application(s) listed below.
Insofar as the subject matter of each of the claims of this application is not disclosed in the prior United States
application in the manner provided by the first paragraph of Title 35 United States Code § 112, I acknowledge the duty
to disclose to the Patent Office all information known to me to be material to patentability as defined in Title 37 Code
of Federal Regulations § 1.56 which became available between the filing date of the prior application and the national
or PCT international filing date of this application:

US Serial No. International Appln. No. Fling Date Status (patented,
‘ (under PCT) : : pending, abandoned)

DECLARATION

I declare that all statements made herein that are of my own knowledge are true and that all statements that are
made on information and belief are believed to be true; and further that these statements were made with the knowledge
that willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 1001
of Title 18 of the United States Code and that such willful false statements may jeopardize the validity of the application
or any patent issued thereon. '

DESIGNATION OF CORRESPONDENCE ADDRESS

Please address all correspondence and telephone calls to_Jeffrey D. Shewchuk _in care of:

KINNEY & LANGE, P.A.
Suite 1500
625 Fourth Avenue South
Minneapolis, Minnesota 55415+1659—
Phone: (612) 339-1863 Fax: (612) 339-6580

Full name of sole or first joint infentor: Catherine Douillard
. 7 ~ ' > ¥
"\ Signature: WOA» — Date: _(31 ‘ 09 , 9T ( %@%&U’ 4‘)
— | T a
/" Residence: Brest, France —F QA /

Citizenship: France

P.O. Address: 3, rue de Lannion, F-29200 Brest, France

Full name of second joint inventor: Alain Glavieux

/L® Signature;
\ _

Residence: Brest Cédex, France

Date: 04-("031 f&% ( Skk)g’,,L@ /151,)

Citizenship: France

P.O. Address: ENST Bretagne, Boite postale 832, F-29285 Brest Cédex, France

=

FORM 1, Page 2
©Kinney & Lange, P.A. 1994
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KINNEY - TE 1500 : .

'FOURTH AVENUE SOUTH

& L ANGE " .uNNEAPOLIS, MINNESOTA 55415-1659 :
A PROFESSIONAL ASSOCIATION (612) 339-1863 oy DECLARATION
Full name of third joint inventor: Michel Jezequel

\ Date: 4/ /‘S 2 (&?L&\q\ﬂt}

. France W ‘ Citizenship: France

P.O. Address: Keresseis, F-29200 Brest, France

Signature:__

Residence:

Full name of fourth joint in}/ntor: Claude Betrou ~ ‘
) st
Signature: é -~ : Date: 4 /j)/ 32 ( S&f‘)‘w%‘l l >

Residence: igfPlouz. ran Citizenship: France

P.O. Address: 3. impasse de Gorrequaer, F-29280 Locamaria-Plouzane, France

FORM 1, Page 3
©Kinney & Lange, P.A. 1994
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KINN EY o ; 00 : Jltuuyg

625 FOURTH AVENUE SOUTH
& L ANGE MINNEAPOLIS, MINNESOTA 55415-1659
A PROFESSIONAL ASSOCIATION (612) 339-1863 POWER OF ATTORNEY

@) ' -
“\POWER OF ATTORNEY Atorey Dosket No
§

¥264.312-16

Do

entor(s): _Catherine Douillard, Alain Glavieux, Michel J ezequel and Claude Berrou

Title: _DEVICE FOR THE RECEPTION OF DIGITAL SIGNALS WITH ITERATIVE STRUCTURE, AND
CORRESPONDING MODULE AND METHOD

In the patent application:
& identified above.
3] filed on_July 29, 1997 as application Serial No.

I appoint the attorneys and agents associated with Customer Number 00164 to prosecute the patent
application identified.above and to transact all business in the Patent and Trademark Office connected therewith,
including full power of association, substitution and revocation.

I ratify all prior actions taken by Kinney & Lange, P.A. or the attorneys and agents mentioned above in
connection with the prosecution of the above-mentioned patent application.

1 authorize Kinney & Lange, P.A. to mark the appropriate space above and to insert the filing date and Serial
No. of the application, as appropriate. B ‘

I authorize the attorneys and agents named herein to accept and follow instructions from Cabinet Patrice Vidon
as to any action to be taken in the Patent and Trademark Office regarding this application without direct communication
between the attorneys and agents and the undersigned. In the event of a change in the persons from whom instructions
may be taken, the attorneys and agents named herein will be so notified by the undersigned.

Please address all correspondence and telephone calls to_Jeffrey D. Shewchuk in care of:

KINNEY & LANGE, P.A.
Suite 1500
625 Fourth Avenue South
Minneapolis, Minnesota 55415-1659
Phone: (612) 339-1863 Fax: (612) 339-6580
CETEL

Assignee or Owner: France Telecom

oS,
. LeD gv 0«'\’/ 8, plase
Slgnature: ireCteUTd/u(;CE T Date: L aateray
, 75015 PARS
Printed Name:

Title: J. GUESNIER

Assignee or Owner: Telediffusion De France

Signature:. Le Directeur du CCETT Date:
Printed Name:

Title: J. GUESNIER

FORM 2, Page 1

©Kinney & Lange, P.A. 1994
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" KINNEY & o |
) : 625 FOURTH AVENUE SOUTH .
’ & L ANGE MINNEAPOLIS, MINNESOTA 55415-16 RTIFICATE UNDER
A PROFESSIONAL ASSOCIATION (612) 339-1863 ; E ! 37 CFR 3.73(b)
Applicant :  Catherine Douillardet al
Serial No.
Filed v July 29, 1997 Group Art Unit:
For :  DEVICE FOR THE RECEPTION OF DIGITAL Examiner:
' SIGNALS WITH ITERATIVE STRUCTURE, AND
CORRESPONDING MODULE AND METHOD
Docket No. . F264.312-16

CERTIFICATE UNDER 37 CFR § 3.73(b)

I HEREBY CERTIFY THAT THIS PAPER IS BEING
SENT BY U.S. MAIL, FIRST CLASS, TO THE

- COMMISSIONER ~ OF  PATENTS  AND
Commissioner of Patents and Trademarks TRADEMARKS, WA

Washington, D.C. 20231 ' _ 26™ay oF

PA'
Sir:

France Telecom , a/an company , of France and Telediffusion De France S.A., a/an _company , of France,

are the owners of the entire right, title and interest in the patent application identified above by virtue of either:

A. X An assignment from the inventor(s) of the patent application identified above. A copy of the
: assignment is attached or was recorded in the Patent and Trademark Office at Reel , Frame

OR

B. ] A chain of title from the inventor(s), of the patent application identified above, to the current assignee

as shown below:

1. From: To:
A copy of the document is attached or was recorded in the Patent and Trademark
Office at Reel , Frame

2. From: ' To:
A copy of the document is attached or was recorded in the Patent and Trademark
Office at Reel , Frame ot

3. From: To:
A copy of the document is attached or was recorded in the Patent and Trademark
Office at Reel , Frame

FORM 5, Page 1
©Kinney & Lange, P.A. 1994
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_KINNEY &

625 FOURTH AVENUE SOUTH
& L ANGE MINNEAPOLIS, MINNESOTA 55415-1659 CERTIFICATE UNDER -
A PROFESSIONAL ASSOCIATION (612) 339-1863 37 CFR 3.73(b)

The undersigned has reviewed all the documents in the chain of title of the patent application identified above
and certifies, to the best of undersigned's knowledge and belief, title is in the assignee identified above.

The undersigned (whose title is supplied below) is empowered to act on behalf of the assignee.

Thereby declare that all certified statements made herein of my own knowledge are true, and that all statements
made on information and belief are believed to be true; and further, that these statements are made with the knowledge
that willful false statements, and the like so made, are punishable by fine or imprisonment, or both, under Section 1001,
Title 18 of the United States Code, and that such willful false statements may jeopardize the validity of the application
or ahy patent issuing thereon. :

FRANCE TELECOM g & .
Signature: YR NP ,‘A

Printed Name:

Title:

TELEDIFFUSION DE FRANC

Signature:

Le Directeur dﬁ CCETY

Printed Name:

Title:

FORM 5, Page 2
©Kinney & Lange, P.A. 1994
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KINNEY 'Su. . . 1500

625 FOURTH AVENUE SOUTH

& L ANGE MINNEAPOLIS, MINNESOTA 55415 1659

A PROFESSIONAL ASSOCIATION (612) 339-1863 - : ASSIGNMENT

AS SIGNMENT | Attorney Docket No.

F264.312-16

Inventor(s): _Catherine Douillard, Alai Glavieux, Michel Jezequel and Claude B .
Title: VICE FOR TE OF DIGITAL SIGNAL RATIVE UCTURE, AND

WHEREAS, I Qa.ﬂmm&_lleumam_. of;wwm Alain Glavieux, of ENST
Bretagne, Boite postal 832, F-29285 Brest Cédex, France, Michel Jezequel of Keresseis, F-29200 Brest. France, and
Claude Berrou, of 3, impasse de Gorrequaer, F-35700 Locamaria-Plouzane, France, have invented certain new and
useful unprovements as descnbed inan apphcatlon enuﬂedww
JOD for Letters Patent of the
United States the apphcatlon havmg been executed on even date herethh and/or bemg identifiable in the United States
Patent and Trademark Office by Serial No. S , filed ;and

WHEREAS, France Telecom, a _Qg_mpgu_ orgamzed and existing under the laws of Erance and havmg

offices at _6, place d'Alleray, F-75015 Paris, France and Telediffusion De France S.A., 2 company organized and
existing under the laws of France, and having offices at 10. rue d'Oradour-sur-Glane, F-75732 Paris Cédex 15, France,
("Assignee") is desirous of acquiring the entire right, title and interest in and to the invention, the application, and any

and all Letters Patent or similar legal protection, foreign or domestic, to be obtamed therefor; -

NOW THEREFORE for good and valuable consideration, the receipt and adequacy of which is ‘hereby
acknowledged, I transfer to Assignee, its successors and assigns, my entire right, title and interest in and to the
invention, the above-identified application, corresponding domestic and foreign applications, all Letters Patent or similar *
legal protection issuing thereon, and all rights and benefits under any applicable treaty or convention; and I authorize
the Commissioner of Patents and Trademarks of the United States or foreign equivalent thereof to issue the Letters
Patent or similar legal protection to the Assignee. ».

I authorize the Assignee, its successors and assigns, to insert in thls instrument the filing date and serial
number of the application when ascertained.

T-authorize the Assignee, its successors and assigns, or anyone it may properly designate, to apply for Letters
Patent or similar legal protection, in its own name if desired, in any and all foreign countries.

I represent to the Assignee, its successors and assxgns, that I have not and shall not execute any writing or do
any act whatsoever conflicting with this Assignment. I, my executors or administrators, will at any time upon request;
without additional consideration, but at the expense of the Assignee, its successors and ass1gns, execute such additional

-writings and do such additional acts as the Assignee, its successors and assigns, may deem desirable to perfect its

enjoyment of this grant, and render all assistance in making application for and obtaining, maintaining, and enforcing -
the Letters Patent or similar legal protection on the invention in any and all countries.

lDate; _ @4|95 '99" (S«ew\d)

Printed Name:_fwe _ T1RA

Address  _Vodealde dt Suk Thly
b By 0 bRew

FORM 3, Page 1

©Kinney & Lange, P.A. 1994
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KINNEY 'SU.. 1500

625 FOURTH AVENUE SOUTH

& L ANGE MINNEAPOLIS, MINNESOTA 55415-1659

A PROFESSIONAL ASSOCIATION (612) 339-1863 _ . ASSIGNMENT

Signature: Q\ i  Date: _9A ‘031 3;/ ( % Aw)
Printed Name:_Alain Gl& feux ‘\‘ 1 . ' !

Witnessed By Soueka LY ;,mg_l
Printed Name: Bre ~ Yullid

~ Address T%h bk .

80 R¥y AM
, B
Signature: 7 pﬂ >D:ate: A / /1% (S"ﬂ\f ( )

. Printed Namel

Witnessed By: : \WQL o M
Printed Name: ﬁu«x Tu il

Address Yohwold de Pranle . Thelte
4. B3 b X

A *
o M e g SED

Printed Name:_Cl errou

Witnessed By: oy, Oletad
Printed Name: &a‘: Yu i
Address  _Vohudd i Buet  Tide

BV SN P Y 3 .3
B

FORM 3, Page 2
©Kinney & Lange, P.A. 1994
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UNITED STA  DEPARIMENT O COMMERCE
4 \ Patent and Tragemark Offic

. é . Address: ASSISTANT COMMISSION... FOR PATENTS
X'hm ot / ‘

| - Box PCT
Dg 8%2@7 L. Washingion, D.C, 20231
Us. {PPLICATION No.j ] ] FIRST NAMED APPLICANT ] ATTY. DOCKET NO, ]
t
08/834,207 DOUILLARD C F264.312-186
l INTERNATIONAL APPLICATION NO. ‘,
5611 PCT/FRS6/00197
gg ;:ng&DiAzggWg;’UK | [ A FtNG oate | Priormy 0ATE ]
SUITE 1500 .
625 FOURTH AVENUE SQUTH 02/06/96 02/07/95
MINNEAPOLIS MmN 554 15-1659 ) DATE MALLED: 10/31,97

—ET Elected Office (37 CFR 1.495):

,E'tf - Basic National Fee. .
,atfpy of the ‘internationa} application in:
‘ on-English language,
{3 English. ) ) '
(3 Translation of the international application iato English,
{3 Oath or Declaration of inventors(s) for DO/EQ/US.
7 Copy of Anticle 19 amendments,
(O Translation of Anicle 19 amendments into English,
[ The Intetnational Preliminary Examination Report in English and its Annexes, if any, -

[ Translation of ‘Annexes to the Intematiopal Preliminary Examination Report into English. )
A Preliminary amendment(s) filed and : .
_ E¥fformation Disclosure Statement(s) filed_ 25 },75~ and -

', .

. [0 Assignment documen; .
O Power of Attorney and/or Change of Address. _
(3 Substitute specification filed : :
© [ Verified Statement Claiming Small Entity Starus, )
rity Document, : :
Copy of the International Search Répon/aﬁ copies of the references cited therein.
Other: ’ . . . .
"2 T?e following items MUST be furnished within the period set forth below in order to complete the requirements for .
acceptance under 35 U.S.C. 371 }
{3 a. Translation of the application into English. ‘Note 3 processing fee will be required if submitted
later than the appropriate 20 or 30 months from the priority date. - .
{0 The current translation is defective for the reasons indicated on the attached Notice of Defective

€. Oath or declaration of the inveritors, in compliance with 37 CFR 1.497(a) and (b); identifying the application

[ The current oath or declaration does not comply with 37 CFR 1.497(a) and (b) for the reasons indicated
on the attached PCT/DO/E0/S17.
: d. Surcharge for providing the oath or declaration later that the appropriate 20 or 30 months from the
o priority date (37 CFR 1.492(e)).
3. "Additional claim fees of § as a7 large entity [0 small entity, including any required multiple
deperdent claim fee, are required, Applicant must submit the additional claim fees or cance] the additional claims for
which fees dre due, See attached PTO-875, :

ALLOFT
MONTH FROM THE DATE OF THIS NOTICE OR By [J 21 ORA31 MONTHS FROM THE PRIORITY

HE ITEMS SET FORTH IN 2(a)-2(d) AND 3 ABOVE MUST.BE SUBMITTED WITHIN ONE
Eﬁ]%i: TO PROPERLY RESPOND WILL

\

The tirme period set above may be extended by filing a petition and feé for extension of time under the provisions of 37

"CFR:1.136(a). ' : "

“3. Translation of the Annexes MUST be submitted no later that the time period set above or the annexes will be
cancelled. ‘Note processing fee will be required if submitted laer than 30 months from the priority date. }
5. ] The Anticle 19 amendments are cancelled since.a translation was not provided by the appropriate 20 (37 CER
1.494(d)) or 30 (37 CFR 1.495(d)) months from the priority date, : . . .

Applicant is reminded that any éommum’cation to the United Szaies Patent and Trademark Office must be mailed to the
address given in the heading and incluge the U.S. application no. showa above. (37 CFR 1.5)

A copy of this notice MUST be returned witgugfzis response. V\D

Enclosed: O PCT/DO/EO/S17 [ Notice-of Defective Translation Vigii A
[J PTO-875 " — PCT,’WOMMS )

FORM PCT/D0/EO/905 (September 1996) . ;  Telephone: (703) 3&5 3[053
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e (SATEY 2T) S1ALES UBFAKLMENL OF COMMERUE
f \ Patent and Trademark Office '.
' .- Address: ASSISTANT COMMISSIONER FOR PATENTS

o , : '\% j Washington, D.C. 20231
COYI8HAN) e |
]T:.s. ppucxnou No. | \ ] FIRST NAMED APPLICANT | ATTY. DOCKET NO. _J
1 0
- 08/894,207 DOUILLARD C ) F264. 312—*16_
[ INTERNATIONAL APPLICATION NO. | .
‘ v 5611 PCT/FR96/ 00197
JEFFREY D. SHEWCHUK | ri T.A. FILING DATE ] PRIORITY DATB_J
KINNEY & LANGE PA :
SUITE 1500 ]
625 FOURTH AVENUE SOUTH 02/06/96 02/07/95
MINNEAPOLIS MN 55415-1659 _ DATE MAILED: ’

02/02/98
NOTIFICATION OF ACCEPTANCE OF APPLICATION UNDER 35 U.S.C. 371
' AND 37 CFR 1.494 OR 1.495

Designated Office (37 CFR 1.494), Elected Office (37 CFR 1.495), has determined that the above -
identified international applicatio “met the requirements of 35 U.S.C. 371, and is ACCEPTED for
national patentability examination in the United States Patent and Trademark Office. K

1. The applicant is hereby advised that thlg United States Patent and Trademark Office in its capacity as D a

2. The United States Application Number assigned to, the application is-shown above and the relevant dates

are:

35U.5.C. 102(¢) DATE . ~“DATE OF RECEIPT OF
' : ' 35 U.S.C. 371 REQUIREMENTS

A Filing Receipt (PTO-103X) will e issued for the present application in due course. THE DATE
APPEARING ON THE FILING RECEIPT AS THE "FILING DATE" IS THE DATE ON WHICH
. THE LAST OF THE 35 U.8.C. 371(C) REQUIREMENTS HAS BEEN RECEIVED IN THE OF?'ICE.
THIS DATE IS SHOWN ABOVE. The filing date of the above identified application is the in:emfmonal
filing date of the international application (Article 11(3) and 35 U.S.C. 363). Once the Filing Receipt has
been received, send all correspondence to the Group Art Unit designated thereon. :
. s ¥

3, A request for immediate _examina;tion under 35 U.S.C. 371(f) was received on
and the application will be examined in turn.

4. The follo®ing items have been received: -
. Basic National Fee.
Copy of the international application in:

% non-English language.

English. ,

Tanslation of the international application into English. _

ath or Declaration of inventors(s) for DO/EQ/US. .
Copy of Article 19 amendments. [} Translation of Article 19 amendments into English.

The Article 19 amendments ["] have ] bave not been entered.

The International Preliminary Examination Report in English and its Annexes, if any.
Translation of Annexes to the International Preliminary Examination Report into English.
The Annexes [_] have have not been entered. '
Preliminary amendment(s filed _.,_and
ormation Disclosure Statement(s) filed 1 Iurt ) / and
signment document. .
Power of Attorney and/or Change of Address.
Substitute specification filed '
Vegified Statement Claiming Small Entity Status.
riority Document. ' ' ) .
%py of the International Search Report(Bﬁd copies of the references cited therein.
Other: '

Applicant is reminded that any communication to the Unifed States Patent and Trademark Office must be
mailed to the address given in the heading and include the U ,Sapplication.no. shown above. (77 CFR 1.5)

C P e S L lé%Z/ -
oS S

' “ o emeewo . Telephone:(703)
FORM PCT/DO/EOQ/903 (September 1996)
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4y

- |Date of Completion of DO/EQ 91

U.S. appl. NO-O‘

- loternmational Appl Noa

@ e 7 G

Apblica(ion‘ ﬁl(:.d by:"' (O 20 moaoths

| ATIONAL APPLICATION Pa

\PERS IN THE APPLICATION FILE:

[nternational application (RECORD COPY) (J Requesi form pCT/RO/10
L) Artcle 19 amendmens ’ ) peTiBim
CT/B/331 PCT/ISAI210-Seasch Repon
: PCT/IPEA/409 IPER (PCT/IPEA/416 on fronij Search Repon references
D nnexes to 409 ' N Qther
E%/I:rion’ty document(s) No. o
[NTERNATIONAL APPLICATION-ON DOUBLE SIDED PAPER (COPIES MADE, ‘

RECE FROM THE APPLICANT: (other than checked above) j
(@%S?C National Fee (paid or authorized 1o charge) () Pretiminary amendment(s) fileq
Trajsal?ﬁioﬁ of intemnational application as filed: o
D

: _—
ripuon N
/E{gjcms

, nformation Disclosuge Statemen( -
Words in the drawing figure(s) ‘ (_mssignmcnt document - :
Article 19 amendments | Power of attomey/Change of address
Annexes to 409 ‘ Substitute specification ’
Oath / Declaragon ‘ , Verified small status claim
L1DNA diskete o Other
Notes: ‘
35 U.S.C. 371 - Receipt of Request (PTO-1350) O?C?L k‘oﬁ// WTPO Publication
— - (AL b Publ.ication No.
Date acceptable oath 7 declaration reeeived %\ﬁ\%ﬁ() : WOM
— - N ‘ 7 v DR . ’
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B. FIELDS SEARCHED ) ‘ '

Minimum documentation searched (classification syster'followed by; classification symbols)

IPC 6 HO4L HO3M ",

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

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT
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TELEDIFFUSION DE FRANCE). 28 October 1992
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see abstract

see page 4, line 21 - page 5, line 41;
claims; figures 3,4 :

.-/--

A EP,A,0 511 141 (FRANCE TELE&OM / : 1-9
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“E" earlier document but published on or after the international "X* document of particular relevance; the claimed invention
filing date cannot be considered novel or cannot be considered
“L" document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone
which is cited to establish the publication date of another "Y* - document of particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the
"0 document referring to an oral disclosure, use, exhibition or docurnent is combined with one or fiore other such docu-
“:other means : o ments, such combination being obvious to a person skilled
"P* document published prior to the international filing date but in the art. ‘
later than the priority date claimed . . “&" document member of the same patent family
Date of the actual completion of the international search _ Date of mailing of the international search report
24 April 1996 23.05.36
Name and mailing address of the [SA Authorized officer
European Patent Office, P.B. 5818 Patentlaan 2 .
NL - 2280 HV Rijswijk Py
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl o 3
Fax: ( + 31-70) 340-3016 ' Gries, T

Form PCT/ISA/210 (second sheet) (July 1992)
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A ICC '"93 "GENEVA. IEEE INTERNATIONAL - -
CONFERENCE ON COMMUNICATIONS '93.
TECHNICAL PROGRAM, CONFERENCE RECORD (CAT.
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TIEEE INTERNATIONAL. CONFERENCE ON

~|... COMMUNICATIONS, GENEVA, SWITZERLAND,.23-26
1~ "MAY 1993, ISBN 0-7803-0950-2, 1993, NEW

YORK, NY, USA, IEEE, USA,

pages 1064-1070 vol.237, XP000371240

BERROU C ET AL: ~ "Near Shannon Timit

error-correcting cod1ng and decoding:

Turbo-codes. 1"

cited in the app]1cat1on

see figures 3B,4A,48 -

A v ELECTRONICS AND COMMUNICATIONS IN JAPAN

PART 1 (COMMUNICATIONS), APRIL 1994, USA

vol. 77, no. 4, ISSN 8756-6621,

pages 103 110, XPO0O0445333- '

MURATA H ET AL: "Performance of adaptive

equalizer using iterative application of

Viterbi algorithm"

see page 103, right-hand column, paragraph

5 - page 105, left-hand column, paragraph

2; figure 1

A PHILIPS JOURNAL OF RESEARCH, 1987,

NETHERLANDS,

vol. 42, no. 4, ISSN 0165-5817,

pages 399-428, XP000565157

BERGMANS J W M ET AL: "On the use of

decision feedback for simplifying the
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see page 401, paragraph 2

see page 406, paragraph 1 - page 409,

paragraph 2; figures 3,4

_see page 411, paragraph 3

see page 426, paragraph 5 - page 427,

paragraph 2-
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‘nternationale No

PCT/FR 96/00197

A. CLASSEMENT DE L'OBJET DE LA DEMANDE
CIB 6 - HO4L25/03 :

Selon la classification internationale des brevets (CIB) ou 4 la fois selon la classification nationale et 1a CIB
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Docum ion minimale jté

CIB 6 HO4L HO3M
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C. DOCUMENTS CONSIDERES COMME PERTINENTS

Catégorie °| Identification des documents cités, avec, le cas échéant, l'iﬁdicanon des pmiges pertinents

no. des revendications visées
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revendications; figures 3,4

A EP,A,0 511 141 (FRANCE TELECOM /
~ TELEDIFFUSION DE FRANCE) 28 Octobre 1992

voir page 4, ligne 21 -;page 5,’1igne 41;

1-9

-/..-

Voir 1a suite du cadre C pour la fin de la iste des documents

Les documents de familles de brevets sont indiqués en annexe

° Catégories spéciales de documents cités:

“A" document définissant I'¢tat général de la technique, non
considéré comme particuliérement pertnent

“E" document antérieur, mais publié¢ 4 la date de dépdt international
Ou apres cette date .

‘L* document pouvant jeter un doute sur une revendication de
priorité ou cité pour déterminer la date de publication d’une
autre citation ou pour une raison spéciale (telle qu'indiquée)

“0" document se référant 4 une divulgation orale, 4 un usage, 4
une exposition ou tous autres moyens

"P* document publi¢ avant la date de dépét international, mais

“. postéricurement 4 1a date de priorité revendiquée

“T" document ultérieur publié aprés la date de dépdt international ou la
date de priorité et n’'appartenenant pas & l'¢tat de la
technique pertinent, mais cité pour comprendre le principe
ou la théorie constituant la base de I'invention

“X" document particuliérement pertinent, 1invention revendiquée ne peut
&tre considérée comme nouvelle ou comme impliquant une actwité
inventive par rapport au dc dére isc )

*Y" document particuli¢rement pertinent; Iinvention revendiquée
ne peut &tre considérée comme impliquant une activité inventive
lorsque {e document est associé 4 un ou plusieurs autres
documents de méme nature, cette combinaison étant évidente
pour une personne du métier

*&° document qui fait partic de 1a méme familie de brevets

Date 4 laquelle la recherche internationale a été effectivenent achevée

24 Avril 1996

Date d'expédition du présent rapport de rechérche internationale

29 0596

Nom et adresse postale de I'administration chargée de Ia recherche inter

Office Européen des Brevets, P.B. 5818 Patentlaan 2 -
NL - 2280 HV Rijswijk

Tel. ( +31-70) 340-2040, Tx. 31 651 epo nl,

Fax (+31-70) 340-3016

| F i ire autorise

Gries, T .

Formulaire PCT/ISA/210 (deuxiéme feuiile) {juillet 1992)
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error-correcting coding and decoding:
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ELECTRONICS  AND  COMMUNICATIONS IN JAPAN
PART 1 (COMMUNICATIONS), APRIL 1994, USA
vol. 77, no. 4, ISSN 8756- 6621
pages 103 110, XP000445333- : ’
MURATA H ET AL “Performance of adapt1ve
equalizer using iterative application of
Viterbi algorithm"
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figure 1
PHILIPS JOURNAL OF RESEARCH, 1987,
NETHERLANDS, .
vol. 42, no. 4, ISSN 0165-5817,
pages 399-428, XP000565157
BERGMANS J WM ET AL: "On the use of
decision feedback for simplifying the
Viterbi detector"
voir page 401, alinéa 2
voir page 406, alinéa 1 - page 409, alinéa
2; figures 3,4
voir page 411, alinéa 3
voir page 426, alinéa 5 - page 427, alinéa
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Intem 3l Application No

PCT/FR 96/00197

C{Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT ..

Category® | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

-~ COMMUNICATIONS THEORY MINI-CONFERENCE.
TECHNICAL PROGRAM ‘CONFERENCE RECORD (CAT.
NO.93CH3250-8), PROCEEDINGS OF GLOBECOM
‘93, JEEE GLOBAL TELECOMMUNICATIONS
CONFERE, ISBN 0-7803-0917-0, 1993, NEW
YORK, :NY, USA, IEEE; USA,

‘" pages 98-102 vol.l, XPO00428037
JIANJUN WU ET AL: "A channel model and a

- novel adaptive equalizer for mobile radio
communications"

" see abstract . &
see page. 98, left- hand column, paragraph 3
- right- hand columny -paragraph 1

- see page: 100, right-hand column, line 1 -

“page 101, ]eft-hand“to]umn, line 18;

‘ figure 2'
A WO,A,91 06165 (MOTOROLA INC.) 2 May 1991
see abstract
see page 3, line 18 - line 28; claims;
| figure
A VEHICULAR TECHNOLOGY SOCIETY 42ND VTS

CONFERENCE. FRONTIERS OF TECHNOLOGY. FROM
PIONEERS TO THE 21ST CENTURY (CAT.
NO.92CH3159-1), DENVER, CO, USA, 10-13 MAY
1992, ISBN 0-7803-0673-2, 1992, NEW YORK,
NY, USA, IEEE, USA,

pages 577-585 vol.2, XP000339855

JUNG P ET AL: "VLSI implementation of
soft output Viterbi equalizers for mobile
radio applications"

cited in the application

see page 578, left-hand column, paragraph
3

see page 577, right-hand column, paragraph
2. ,

A EP,A,0 524 597 (ALCATEL RADIOTELEPHONE) 27
January 1993
see abstract

see page 6, line 8 - page 7, line 19

A | IEEE IN HOUSTON. GLOBECOM '93. IEEE GLOBAL.
TELECOMMUNICATIONS CONFERENCE. INCLUDING A -

1-9

1-9

1-9

1-9

Form PCT,flSAillﬂ (continuation of second sheet) {July 1992)
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.. TECHNICAL PROGRAM-CONFERENCE RECORD (CAT.
NO.93CH3250-8), PROCEEDINGS OF GLOBECOM
.'93. IEEE GLOBAL -TELECOMMUNICATIONS
CONFERE, ISBN 0-7803-0917-0, 1993, NEW
'YORK, "NY, USA, IEEE, USA, _
pages 98-102 vol.1, XP000428037
JIANJUN WU ET AL:- "A channel model and a
novel ‘adaptive equalizer for mobile radio
communications"
voir abrégé .
voir page 98, co]onne de gauche, alinéa 3
- colonne de droite, alinéa 1
voir page 100, colonne de droite, ligne 1
- page ‘161, colonne de gauche, ligne 18;
figure 2
A .| WO0,A,91 06165 (MOTOROLA INC.) 2 Mai 1991 1-9
voir abrégé
voir page 3, ligne 18. - ligne 28;
revendications; figure .
A VEHICULAR TECHNOLOGY SOCIETY 42ND VTS 1-9
CONFERENCE. FRONTIERS OF TECHNOLOGY. FROM
PIONEERS TO THE 21ST CENTURY (CAT.
NO.92CH3159-1), DENVER, CO, USA, 10-13 MAY
1992, ISBN.0-7803-0673-2, 1992, NEW YORK,
NY, USA 1EEE, USA, ,
pages 577-585 vo].z, XP000339855
JUNG P ET AL: "VLSI implementation of .
soft output Viterbi equalizers for mobile
radio applications"
cité dans la demande
voir page 578, colonne de gauche, alinéa 3
voir page 577, colonne de droite, alinéa 2
A EP,A,0 524 597 (ALCATEL RADIOTELEPHONE) 27 1-9
: Janvier 1993 _
voir abrégé
voir page 6, ligne 8 - page 7, ligne 19

Formulaire PCT/ISA/210 (suite de la deuxiéme feuille) (juillet 1992)
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Applicant Cathetine Douillard et al. v

Serial No.  : 08/894,207
Filed - : July29,1997 - .
For . DEVICE FOR THE RECEPTION OF

DIGITAL SIGNALS WITH ITERATIVE
STRUCTURE AND CORRESPONDING
MODULE AND METHOD

Docket No. : F264.312-16

RESPONSE TO NOTIFICATION OF MISSING REQUIREMENTS
UNDER 35 USC 371 IN THE UNITED STATES
DESIGNATED/ELECTED OFFICE (DO/EO/US)

Box Missing Parts

Assistant Commissioner for Patents
Washington, D.C. 20231 '

Sir:

o

1 CERTIFY THAT THIS PAPER IS BEING SENT BY U.S. MAIL,
FIRST CLASS, TO THE ASSISTANT COMMISSIONER FOR
PATENTS, WASHINGTON, D.C. 20231, THIS ZL D OF

Ve M o 22 ~A 8719 .

In response to the Notxﬁcatlon of Missing Requlrements Under 35 U.S.C. 371 in
the United States Des1gnated/Elected Office (DO/EO/US) dated October 31, 1997, Applicant
encloses the f_ollowmg documents to complete the above-identified patent application filed July 29,

1997:

Our checks in the amount of $40.00 to cover the Assignment recording fee;

" and $130.00 for Missing Requirements surcharge.

Declaratxon executed by the mventor(s)

Power of Attorney

Executed Assignment of the invention to France Telecom and Teledxffusnon

de France, and Recordatlon Form Cover Sheet.

Certificate Under 37 CFR § 3.73(b) and attached copy of Ass1gmnent
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6.  Notification of Missing chuirements Under 35 U.S.C. 371 in the United
‘States Designated/Eiecte‘d Office .(DO/EOIUS)
The Commissioner is authorized to charge paymént of any additional fees associated
* with this paper or credit any ove.r_payment_ to Deposit Account No. 11-0982. A duplicate copy of
this sheef is enclosed. - ' |

Rgspectlfully”submitted,v .

KINNEY & LANGE, P.A.

N

By:
Jetfrey(D|/Shefvchuk, Reg. No. 37,235
Suite '

625 Foprth Avenue South
' Minneapolis, MN - 55415-1659 .
Phone: (612) 339-1863 Fax: (612) 339-6580

JDS:atp
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i

08/894,207 Catherine Douillard et al.
Ofﬁce A CtiOﬂ summ ary Examiner Group Art Unit
' Tesfaldet Bocure 2731

X Responsive to communication(s) filed on Dec 3, 71997

[J This action is FINAL.

[0 Since this application is in condition for allowance except for formal matters, prosecution as to the merits is closed
in accordance with the practice under Ex parte Quayle, 1935 C.D. 11; 4563 0.G. 213.

A shortened statutory period for response to this action is set to expire three month{s), or thirty days, whichever
is longer, from the mailing date of this communication. Failure to respond within the period for response will cause the
application to become abandoned. {35 U.S.C. § 133). Extensions of time may be obtained under the provisions of

37 CFR 1.136(a).

Disposition of Claifns

X Claim(s) 7-9 ' is/are pending in the application.
Of the above, claim(s) . isfare withdrawn from consideration.

X Claim(s) 8 is/are allowed.

Claim(s) 7, 2, and 9 - _ » is/are rejected.

Claim(s) 3-7 ' is/are objected to.

[ Claims\_ ) ’ " are subject to restriction or election reqUirement.

Application Papers

o See the attached Notice of Draftsperson's Patenjc Dr‘awing Review, PTO-948.

[ The drawingls) filed on ‘ is/are objected to by the Examiner. «
[l The proposed drawing correction, filed on is [hpproved [Hisapproved.

[] The specification is objected to by the Examiner.

[l The oath or declaration is objected to by the Examiner.

AN

Priority under 35 U.S.C. § 119
Acknowledgement is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d).
X Al [JSome* [INone of the CERTIFIED copies of the priority documents have been
X received. )
[J received in Application No. {Series Code/Serial Number)

[ received. in this national stage application from the International Bureau (PCT Rule 17.2(a)).
*Certified copies not received:

[0 Acknowledgement is made of a claim for domestic priority under 35 U.S.C. § 119(e).

Attachment(s) .
Notice of References Cited, PTO-892
O Information Disclosure Statement(s), PTO-1449, Paper No(s).
{J Interview Summary, PTO-413

Xl Notice of Draftsperson's Patent Drawing Review, PT0-948 ) oo
[J Notice of Informal Patent Application, PTO-152
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U. S. Patent and Trademark Office
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Seriai Number: 087/894,207 . Page 2

Art Unit: 2731

DETAILED ACTION

~ Priority
1. Receipt is acknowledged of papers submitted under 35 U.S.C. 119(a)-(d), which papers

have been placeq of record in the file.

Drawings

2. Figure 1 should b¢ designated by a legend such as --Prior Art-- because only that which is
old is illustrated. See MPEP § 608.02(g). *
Note that, figure 1 has been disclosed in page 11, lines 28-30 as “illustrating a standard

transmission line that can be incorporated into the reception device according to the invention.”

Specification
3. The abstract of the disclosure ié objecfed to because the abstract of the disclosure should
be one paragraph, and the title to the abstract should be deleted. Correction is required. See
MPEP § 608.01(b). | |
4, This application is informal in the arrangement of the specification. The following

guidelines illustrate the preferred layout and content for patent applications. - These guidelines are
suggested for the applicant's use.

Arrangement of the Specification

140



4
4
A

Serial Number: 087/894,207 ' Page 3

Art Unit: 2731

The following order or arrangement is preferred in framing the specification and, except
for the reference to “Microfiche Appendix” and the drawings, each of the lettered items should
appear in upper case, without underlining or bold type, as section headings. If no text follows the
section heading, the phrase “Not Applicable” should follow the section heading:

(@  Title of the Invention.
(b)  Cross-References to Related Applications.
Statement Regarding Federally Sponsored Research or Development.
(d)  Reference to a “Microfiche Appendix” (see 37 CFR 1.96).
(e)  Background of the Invention:
1. Field of the Invention.
2. Description of the Related Art including information disclosed under 37
i CFR 1.97 and 1.98.
® Brief Summary of the Invention. |
(g)  Brief Description of the Several Views of the Drawing(s).
(h)  Detailed Description of the Invention.
(I)  Claim or Claims (commencing on a separate sheet).
) Abstract of the Disclosure (commencing on a separate sheet).
(k)  Drawings.
()] Sequence Listing (see 37 CFR 1.821-1.825).

Claim Rejections - 35 USC § 112
5. The following is a quotation of the second paragraph of 35 U.S.C. 112:

The specification shall conclude with one or more claims particularly pointing out and
distinctly claiming the subject matter which the applicant regards as his invention.

6. Claims 1 and 2 are rejected under 35 U.S.C. 112, second paragraph, as being indefinite for
failing to particularly point out and distinctly claim the subject matter which applicant regards as
the invention. |

Claims 1 and 2: It has been claimed in claim 1 that the “the means for corréction of each
modules M, except for the first module M, taking account of at least one item of correction

information Zi determined by the previous module M,,,” reads as if the correction information is
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Art Unit: 2731

supplied to the rest of the modules except to the first one. While in claim 2 which depends on

claim 1, it has been claimed as if all the modules are receiving a correction information Z, which

is confusing . See the claimed “each modlile M, has two inputs, one symbol input Ri and one

correction input Z,” Applicant should refer to figures 6 and 7 and the disclosure in page 7.

Claim Rejections - 35 USC § 102
7. The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that form the

basis for the rejections under this section made in this Office action:

A person shall be entitled to a patent unless -

() the invention was described in a patent granted on an application for patent by another filed in the United
States before the invention thereof by the applicant for patent, or on an international application by another who
has fulfilled the requirements of paragraphs (1), (2), and (4) of section 3710 of this title before the invention
thereof by the applicant for patent.

8. Claim 8 is rejected under 35 U.S.C. 102(¢) as being anticipated by Bremer et al. (US
patent No. 5,537,441).

Bremer e; al. (Bremer hereinafter) teaches a receivér (see figs.11-13) for receiving a
digitally mbdulated signals comprising: an adaptive filter (280) for receiving the received
demodulated signal and minimizing the Intersymbol Interference (ISI) associated with the
received symbols and geﬁerating an estimate of the (eceived signals; slicer for detecting symbols
from the estimated signal by the adaptivé filter; and’control signal geﬁerator (260,250 and 295)
for gen&ziting a control signal to control the adaptive filter (280) in response to Both outputs from

the slicer (220) the adaptive equalizer (280) as in claim 8.
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9. .Claim 8 is rejected under 35 U.S.C. 102(e) as being anticipated by Lester et al (US
patent No. 5,353,307).

Lester et al ( Lester hereinafter) teaches a receiver (see fig 5b) for receiving a digitally
modulated signals comprising: an adaptive ﬁlter (54) for receiving the received demodulated
signal and minimizing the Intersymbol Interference (ISI) associated with the received symbols and
generating an estimate of the received signals; slicer for detecting symbols from the estimated
signal by the adaptive filter; and control signal generator (60,56 and 56) for generating a control
signal to contrbl the adaptive filter (54) in response to both outputs from the Viterbi decoder (58)

the adaptive equalizer (54) as in claim 8.

Allowable Subject Matter
10 Claims 3-7 are objécted to as being dependent upon a rejected base claim, but would be
allowable if rewﬁﬁen in independent form including all of the limitations of the base claim and any
interveniﬁg claims.
11. Cla}im'2 would be allowable if rewritten to overcome the rejection(s) under 35 U.S.C. 112,
2™ paragraph, set forth in this Office action and to include all of the limitations of the base claim
and any intervening claims.
12. Claim 1 would be‘ allowable if rewritten or amended to overcome the rejection(s) under 35

US.C. 112, 2" paragraph, set forth in this Office action.
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13. Claim 8 allowed.

Conclusion

' 14.  The prior art made of record and not relied upon is considered pertinent to applicant's

disclosure.

US patent numbers 5,513,216; 5,537,436; 5,684,834 and 5,719,923 issued to Gadot et al.,
Bottoms et al., Betts et al. and Bremer et al., respe;:tively disclose a receiver haﬁng means for
removing Intersymbol Interference and.décoc-ler.

US patent number 5,446,747 issued to Berrou disclose a receiver having a cascaded
dgcoders.

Any inquiry concerning this communication should be directed to T.Bocure at telephone

number (703) 305-4735.
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March 16, 1999
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File new drawmgs with the changes mcorporated therein, The apphcatlon umber or the title of the invention,
inventor’s nafiil [docket iifabet (if ‘any); and the*nianie and telephone. n i ‘to call if the Office is
unable to match:the drawings totht proper -application, should be placed o e eac] et of drawmgs in
accordance with”37°CER T18H(c)! Apphban thay delay filing of the new drawmgs until recelpt of the Notice of .-
Allowability (PTOL-37). Extensions of- tim niay be obtained under the prov1s1ons of 37.CFR 1,,136. The drawmg
should be filed as a separate papér w1th a transmitta] 1etter addressed to the Draw g, Revrew Branch '
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Applicant is requrred to ‘subimit: aceeptable €0l ected drawmgs within the three-month shortened statutory period set
in the Notice of Allowability (PTOL-37). If‘a corréction is determined to be unacceptable by the Office, applicant
must atfange to have ’acceptable'ccrrectlon‘resﬂbmrtted within the original thrée-month period to avoid the necessity
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as soon as possrble \ :

Fallure to take c0rrect1ve actlon w1th1n set (or extended) period will result in ABANDONMENT of the Apphcatlon

s i

3 Correctrons other than Informalltres Noted by the Drawing Review Branch on the Form PTO 948

All changes to the drawmgs other than mfcrmahues noted by the Drawing Rev1ew Branch MUST be approved by
the examiner before the application.will be:allowed. No changes will be permitted to be made, other than correction
of informalities, unless-the examiner has approved the proposed changes.
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Patent and Trademark Office
&

Address: COMMISSIONER OF PATENTS AND TRADEMARKS

Washington, D.C. 20231

UNITED STATES DEP..A)T MENT OF COMMERCE

.0

1AL, M ‘ Fi%lugggﬁg ; 9‘ 4 et E;QST NAMED APPLICANT ' ATTC{RI\{EY DOC!(ET NHO.
+ ‘ '
’ LMOZ/ 0405
KINNEY % LANGE, F.A. , _ pocuRE T
THE KINNEY % LANGE BUILDING EXAMINER _
41% SOUTH THIRD STREET : -
MINNEAPOLIS MN BE4A1S-1002 - o
ART UNIT. | PAPER NUMBER
T/ 09/ 9%
#8
DATE MAILED:

Please find below a communication from the EXAMINER in charge of this
application. - ' :

Commissioner of Patents

1. In response to applicant's telephone inquiry regarding “the last office action mailed on
March 23", the following action has been taken: -

THE PERIOD FOR RESPONSE OF 3(THREE) MONTHS SET IN SAID OFFICE
ACTION CONTINUE TO RUN FROM THE DATE OF THE LAST OFFICE ACTION
WAS MAILED.

2. "A corrected copy of the last office action (art rejection to claim 8 to read as --claim 9--
-) is enclosed with this correspondence.

4, Any inquiry Esﬂgenﬁng this communication or earlier communications from the
examiner should be directed to T Bocure whose telephone number is (703) 305-4735.
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Art Unit: 2731

DETAILED ACTION

Priority
1. Receipt is acknowledged of papers submitted under 35 U.S.C. 119(a)-(d), which papers ,/

have been placed of record in the file.

Drawings
2. Figu;e 1 should be designated by a legend such as --Prior Art-- because only that which is
old is illustrated. See MPEP § 608. 02(g)

Note that, figure 1 has been d1sclosed in page 11, lines 28-30 ag “illustrating a standard @,/

transmission line that can ‘be incorporated into the reception device accordmg to the invention.”

Specification

g

3. The ab‘str\a‘\c\tldf the disclosure is objected to because the abstract of the disclosure should

be o_n_gmgmpll_, and the fitle to the abstract should be deleted. Correction is required. See @m

MPEP § 608.01(b).
4. This application is informal in the arrangement of the specification. The following

guidelines illustrate the preferred layout and content for patent applications. These guidelines are
suggested for the applicant's use.

Arrangement of the Specification
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Serial Number: 087/894,207 J Page 3

Art Unit: 2731

“The following order or arrangement is preferred in framing the specification and, except
for the reference to “Microfiche Appendix” and the drawings, each of the lettered items should
appear in upper case, without underlining or bold type, as section headings. If no text follows the
section heading, the phrase “Not Applicable”should follow the section heading:

(®)
(®)
©

(d)
©

®

(8-

(h)
M
)
(k)
)

T1tle of the Invention.

" Cross-References to Related Apphcatlons

Statement Regarding Federally Sponsored Research or Development.
Reference to a “Microfiche Appendix” (see 37 CFR 1.96).

Background of the Invention.

1. Field of the Invention.

2. Description of the Related Art mcludlng information dlsclosed ‘under 37

s

CFR 1.97 and 1.98. .
Brief Summary of the Invention. / ‘
Brief Description of the Several Views of the Drawing(s). : -

Detailed Description of the Inventien.

Claim or Claims (commencing on a separate sheet).

Abstract of the Disclosure (commencing on a separate sheet).
Drawings: - '

Sequence Llstmg (see 37 CFR 1.821-1.825).

Claim Rejections - 35 USC § 112

5. The following is a quotation of the second paragraph of 35 U.S.C. 112:

The specification shall conclude with one or more claims particularly pointing out and

 distinctly claiming the subject matter which the applicant regards as his invention.

"

6. Claimé 1 and 2 are rejected under 35 U.S.C. 112, second paragraph, as being indefinite for

failing to particularly point out and distinctly claim the subject matter which applicant regards as

the invention.

o

Claims 1 and 2: It has been clajm‘éd»in claim 1 that the “the means for correction of each

modules M

except for the first module M,, takmg account of at least one itém of cerrectlon

mformatlon Zi determmed by the prewous module M, 1,” reads as if the correction information i is
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supplied to the rest of the modules except to the first one. While in claim 2 which depends on
claim 1, it has been claimed as if all the moduies are receiving a correction information Z;, which
is confusing . See the claimed “each module M, has two inputs, one symbol input Ri and one

correction input Z,.” Applicant should refer to figures 6 and 7 and the disclosure in page 7.

Claim Rqectwns 35U8C§102
7..  The followmg isa quotatron of the appropriate paragraphs of 35 U.S.C. 102 that form the

basis for the rejections‘under this section made in t‘hiseOfﬁce action:

A person shall be entitled to a patent unless -
(e) the invention was descnbed ina patent granted on an application for patent by another filed in the United
States before the invention thereof by the applicant for patent, or on an international application by another who

has fulfilled the requirements of paragraphs (1) 2); and (4) of section 371© of this title before the invention
thereof by the applicant for patent.

8. Claim9is rejected under 35 U.8.C. 102(e) as being anticipated by Bremer et al. (US
patent No. 5,537,441).

Bre‘merre‘t al. (Bremer hereinafter) teaches a receiver (see figs.11-13) for receiving a

digitally medulated signals comprising: an adaptive filter (280) for receiving the received

demodulated signal and minimizing the Intersymbol Interference (ISI) associated with the
received symbols band generating an estimate of the received signals; slicer for detecting symbols
from the estimated signal .by the adaptive filter; and control signal generator (260,250 and 295)
for generatmg a control signal to control the adaptive ﬁlter (280) in response to botb outputs from

the shcer (220) the adaptive equalizer (280) asin claxm,?’
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9. Claim 9 is rejected under 35 U.S.C. 102(e) as being anticipated by Lester et al (US
patent No. 5,353,307).
Lester et al ( Lester hereinafter) teaches a receiver (see fig 5b) for receiving a digitally

modulated signals comprising: an adaptive filter (54) for receiving the received demodulated

| signal and minimizing the Intersymbol Interference (ISI) associated with the received symbols and

,'//

generating an estimate of the received signals; slicer for detecting symbols from the estimated
signal by the adaptive filter; and control sighal generator (60,56 and 56) for generating a control
signal to control the adaptive filter (54) in réspons_e to both outputs from the Viterbi decoder (58)

the adaptive equalizer (54) as in claim 8.

Allowable Subject Matter
10. : Claims 3-7 are objected to as being dependent upon a rejected base claim, but would be
allowablgif rewrii:\ten in independent form including all of th¢ limitations of the base claim and any
intervening‘ claims. |
11.  Claim 2 would be allowable if rewritten to overcome the rejection(s) under} 35U.8.C. 112,
2" paragraph, set forth in this Office action énd to include all of the limitations of the base claim
and any intervening claixr;s. | .
12. :;x(llairn 1 would be alloyvabl‘é if rewritten or amended to overcome the- g,ejec_:t%qn(s) under 35

W,

U.S.C. 112, 2™ paragraph, set forth in this Office action.
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Art Unit: 2731

13. Claim 8 allowed.

Conclusion

14. Thé prior art made of record and,!hbt\ relied upon is considered pertinent to applicaﬁt's
disclosure. | ‘ |

US patent numbers 5,513,21:6;' 5,537,436; 5,684,834 and 5,719,923 issued to Gadqt etal,
Bottoms et al, Betts et al. and Bremer. et al., respectively disclose a receiver having n;;;ns for
removing Intersymbol Interference and decoder.

US patent number 5,446,?47 issued to Beﬁou disclose a receiver having a cascaded
decoders. |

Any inquiry concerning this communication should be directed to T.Bocure at telephone

number (703) 305-4735.

e
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named ,
¥ Inventor . Catherine Douillard

Appin. No. : 08/894,207
Filed : December 3, 1997 Group Art Unit: 2732

Title - ITERATIVE-STRUCTURE DIGITAL Examiner: Bocure, T.
SIGNAL RECEPTION DEVICE, AND
MODULE AND METHOD THEREFOR

Docket No. : F264312:0016 . RECE\VED

. i . JuL 06 1999 |
LETTER TO OFFICIAL DRAFTSMAN
(PROPOSED CORRECTIONS) Grouo 2700

I CERTIFY THAT THIS PAPER IS BEING SENT BY US. MAIL,
FIRST CLASS, TO THE ASSISTANT COMMISSIONER FOR
PATENTS, WASHINGTON, D.C. 20231, THIS Z 3.2DAY OF

Assistant Commissioner for Patents - - A JNC L4 h A pe
Washington, D.C. 20231

|
{

A1/
PATENT ATW@("/ ‘

Sir:

Pursuant to M.P.EP. 608.02(r), enclosed is one (1) sheet of a drawing with -
corrections marked in red for filing in the above-identified application.

Respectfully submitted,

KINNEY & LANGE, P.A.

Jeffrey D} chuk, Reg. No. 37,235
Y &\LANGE BUILDING

312 South Third Street

Minneapolis, MN 55415-1002
Telephone: (612) 339-1863

Fax: (612)339-6580

IDS:km_m
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j 65“’ IN THEI”WITED STATES PATENT AND TRADEMARK OFFICE %7/
' > i , . v
First Named o :
Inventor 1 Catherine Douillard
Appln. No.  : 08/894,207 |
Filed . December 3, 1997 . Group Art Unit: 2732
Title. . ITERATIVE-STRUCTURE DIGITAL Examiner:
SIGNAL RECEPTION DEVICE, AND Bocure, T. .
MODULE AND METHOD THEREFOR RECEIVED
Docket No. _: F264.312-0016 JuL 04 1999
AMENDMENT Groven 2700
) i I CERTIFY THAT THIS PAPER IS BEING SENT— BY U.S. MAIL,
. FIRST CLASS, TO THE ASSISTANT COMMISSIQKRER FOR
Box Non-Fee Amendment PATENTS, WAii—IINGTON, D.C.20231, THIS 23 OF
Assistant Commissioner for Patents . o - '
* Washington, D.C. 20231 | uwe_ 4 ad a4y

Sir:

———

This is in response to the Office Action mailed on April 9, 1999, which was a
correction to the Office Action mailed on March 23, 1999. Please amend the above-identified

application as follows:

HE IF I
Page 1, between the title and line 1, insert --

BACKGROUND OF TH7{NVENTIO -

Page 5 between line 9 and line 10, insert --
BRIEF SUMMARY OF THE JVENTION--.

P

\ Page 7, between line 17 and line 18, insert -- .
~ * BRIEF DESCRIPTION OF THE DRAWINGS - = °
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First Named Inventor: Catherine Douillard Application No.: 08/894,207
. .

Other features and advantages of the invention shall appear from the following

description of a preferred embodiment of the invention giving by way of a non-restricted

"1 2 shows a simplified view of a discrete model, equivalent in terms of -

baseband tténsmission cha i8] affected by an inter-symbol interference, illustrating the
(/ , ~approach ohthe pi'es J B

)‘/ ésponding lattice of the channel of FIG. 2, illustrating
_ possible dev, o the state of the chanhel as a function of time.

kdifgram showing the principle of the receiver of the present

e;é8nnected modiles.

o
,x'v?{ﬁock diagram of the module of FIG. 6.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS--.

Delete page 11, line 23 through page 12, line 16.

IN THE ABSTRACT

Please replace the abstract with the abstract provided on the following separate

page:

.

%O.
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First Named Inventor: Catherine Douillard Application No.: 08/894,207
3- :

--ABSTRACT

The invention relates to a device for g};e reception of signals formed by a series of
digital symbols corresponding to the convolutive encoding of items of source digital data
comprising p cascade-connected detection and decoding modules M, to M,, p being greater than
or equal to 2, each of said modules M including: (a) ihter-symbol interference correction means
supplied by a symbol input R; and delivering estimated symbois A, , with weighted values, (b)
means for the decoding of said estimated symbols A, ;, performing operations symmetrical to
said convolutive encoding and delivering decoded symbols A, , with weighted values; é’nd'(c)

means for the computation of an item of correction information Z, , , from said estimated symbol

A ;and said decoded symbol A, ,, (d) said means for the correction of each of said modules M;,

except for the first module M,, taking account of at least one item of correction information Z,

determined by the previous module M, .+
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 First Named Inventor: Catherine Douillard Application No.: 08/894,207
4
IN THE CLAIMS
: Please amend claims 1, 2, and 9 as follows:

1. (Amended) Device for the reception of signals formed by a series of digital symbols
corresponding to the convolutive encoding of items of source digital data characterized in that it
comprises; ‘ o
p cascade-connected detection and deéoding modules M, to M,, p being greater
than or equal to 2,
each of said modules M; including:
inter-symbol interference correction means sBpplied by a symbol input R;
and deliveriné estimated symbols A ;,; with weighted values[,] ;.
means for the decoding of said estimated symbols A ,, performing
‘ op‘eratiohs éythetrical to said convolutive encoding and
a delivering decoded symbols A ;,, with weighted values[,]_; and
means for the computation of an item of correction information Z ; ,; from
said estimated symbol A ;,; and said decoded symbol A ;,,,
said means for the correction of each of said modules M;, except for the
first module M,, taking account of at least one item of correction

information Z; determined by the previous module M; _,.

2. (Amended) Device according to claim 1, characterized in that;
each of said modules M, has two inputs, one symbol input R; and one correction
input [Z, ]‘on which correction information Z, may be received, and three
outputs, one symbol output R;,;, one correction output [Z;,, | and one

decoded symbol output D, ,[,];

e
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First Named Inventor: Catherine Douillard Application No.: 08/894,207
-5-

the symbol input R, of the module M; being connected to the symbol output R; of
the module M, , for i greater than 1 and being supplied with the symbols

received for 1 equal to: i[,] N

{ ~ the correction input [Z;] of the module M; being connected to the cotrection output
a f\’\ [Z]] of the module M, , for i greater than 1 and being supplied with a
Cd{\ neutral value that does not affect the correction for i equal to 1[,];

the symbol output R, , of the module M; being equal to the symbol input R; of
said module M; delayed by the latency time dictated by the module M;[,]:

the correction output [Z,,, ] delivering said correction information[,]; and

the decoded symbol output D, , , being unused for the modules M, to M, _, and
being supplied with the decoded symbol A, , of the module M, if the code

implemented is a systematic code and, if not, with a corresponding

reconstituted value.

9.(Amended) Method for the reception of signals formed by a series of digital symbols
corresponding to the convolutive encoding of items of source digital data comprising the
following steps: |
" [-] supplying with received symbols R;; and
, peffoming at least two iterations of the following steps:
} [-] [the correction of] correcting inter-symbol interference affecting each
4 of said received symbols, by means of an item of correction
a information Z ;, and the delivery of estimated symbols A j,;
[-] {the] decoding [of] said estimated symbols A ,,, entailing operations
symmetrical to said convolutive encoding, and the delivery of

decoded symbols A ,,,; and : .
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First Named Inventor: Catherine Douillard Application No.: 08/894,207
-6-
g; ﬂ)(‘.. ‘ [-] [the computation of] computing said items of correction information Z,
@ | from at least one of said estimated symbols A ;,, and at least one of
said decoded svmbols A .,

| - REMARKS
This Amendment is in response to the office action mailed on March 23, 1999
(and the corrected office action mailed on April 9, 1999) in which claims 1-9 were pending.
Claims 1 and 2 were rejected under 35 U.S.C. § 112 as indefinite. Claims 3-7 were objected to
as being dependent upon a rejected base claim and were noted as being otherwise allowable. The
4 office action allowed claim 8. Claim 9 was rejected under 35 U.S.C. § 102(e). -

With this amendment, claims 1, 2, and 9 are amended. All claims are in condition
for allowance, and reconsideratién and notice to that effect is respectfully requested.

Applicant respectfully thanks the examiner for the telephone interview conducted
on or about April 14, 1999. In response to applicant’s questions, the examiner indicated that
both the rejections of paragraphs 8 and 9 of the office action mailed March 23, 1999 were
intended to be directed to claim 9 This change was embodied in the office action mailed April
9,1999. =

‘ The examiner objected to figure 1 as not being designated --prior art--. A
proposed correction to figure 1 incorporating this change is submitted herewith.
~ The office action objected to the format of the abstract and the arrangement of the
specification. Appropriate changés have been made to overcome these obj»ections.i

The ofﬁce‘action rejected claims 1 and 2 undef 35U.S.C. § 112 as being

indefinite for failing to particularly point out and distinctly claim the subject matter which

applicant regards as the invention. The applicant respectfully traverses this rejectiop. - The

Examiner correctly noted that claim 1 sets forth a means for correction of each module M;,

except the for the first module M,. This means for correction takes into account at least one item

| of correction information Z; determined by the previous module M; _,. In other words, the

— - s
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—

correction information Z; is supplied to all of the modules except for the first one. According to
the present invention, thete are at least two cdscade-connected modules each having a correction
input provided by the previous module. Clearly, there is no previous module when considering

the first mbdule and, consequently, the first module does not receive a correction information Z;
determined by the previous module. | ‘

Claim 2, as thé Examiner corréctly noted, describes each module M; as having
two inputs, one symbol input R, and one correction input. As used in claim 2 by the Applicant,
the term correction input refers to the actual physical input on which correction data lﬁay be
received. The first module has a correction'input, as all the modules are identical, but does not
receive corrective information on it. The first module of the device of claim 2 is not supplied
with correction information but rather with a neutral value that does not affect the correction for 1
equals one. Claim 2 has been amended to more clearly highlight the distinction between
correction input and correction information. The symbol Z; in claim'2 has been deleted where
referring to correction input and is used solely to refer to correction information, to avoid the
interpretation that correction input and correction information are in all instances the same.

Claims 1 and 2 were not rejected based upon prior art. Claims 1 and 2 remain
patentable over the art of record. |

Claims 3-7 were objected to as depending from a rejected independent claim. As
the objection to claim 1 has been traversed by the Applicant, claims 3-7 now stand in-allowable
form. Claim 8 was not addressed by the office action and the Applicant assumes it to be in
allowable form. »

Claim 9 was rejected under 35 U.S.C. § 102(e) as anticipated by U.S. Patent No.
5,537,441 ("Bremer '441") and U.S. Patent No. 5,353,307 ("Lester '307"). Claim 9, as amended,
is limited to a device that includes at least two iterations of correction steps. . The re‘ferences cited
by the Examiner do not teach a device that includes multiple iterations. Absent the disclosure of
every claimed feature in a single prior art reference, a rejection under § 102(e) is improper.

Claim 9 therefore stands in allowable form.
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_ 5.

All of the currently pending claims (1-9) are patentable over the art of record and
in condition for allowance. Reconsideration and notice to that affect is respectfully requested. ‘
The Examiner is invited to contact the undersigned at the telephone number listed below if such a

call would facilitate allowance of the application.

Respectfully submitted,

KINNEY & LANGE, P.A.

4] | 01 &

hewchuk eg. No. 37,235
T & LANGE BUILDING
312 South Third Street
.Minneapolis, MN 55415-1002
Telephone: (612) 339-1863
Fax: (612) 339-6580

JDS:JRK:kmm
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UNITED STAK,,,V_J DEPARTMENT OF COMMERCE
Patent and Trademark Office
Address: COMMISSIONER OF PATENTS AND TRADEMARKS
Washington, D.C. 20231 R
S .~ »\)
| APPLICATIONNO. | FILING DATE | . FIRSTNAMED INVENTOR =~ | ATTORNEY DOCKETNO. |
nEsEed, Bnv 1T2/037/97 DO T LLARD o CFIEd.31T-18
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* DATE MAILED:
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proceeding. 3
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" Application No. Applicant(s)
08/894,207 Catherine Douillard et al.
Off’ce ACtIOﬂ Summary Examiner Group Art Unit
Tesfaldet Bocure 2731

Responsive to communication(s) filed on Jun 2&, 1999
X This action is FINAL.

] Since this application is in condition for allowance except for formal matters, prosecution as to the merits is closed
in accordance with the practice under £x pan‘e Qirayle, 1935 C.D. 11; 453 0.G. 213.

A shortened statutory period for response to this a~tion is set to expire three _ month(s), or thirty days, whichever
is longer, from the mailing date of this communicaticn. Failure to respond within the period for response will cause the
application to become abandoned. {35'U.S.C. § 133). -Extensions of time may be obtained under the provisions of

37 CFR 1.136(a).

Disposition of CIaims

X Claim(s) 7-9 is/are pending in the application.
6f the above, claim(s) is/are withdrawn from congideration.

X Claim(s) 7-8 . , is/are allowed.

X Claim(s) 9 ' ‘ is/are rejected.

0 Claim(s) ) B ’ is/are objected to.

O Claims _ C are éubject to restriction or election requirement.

Applicatlon Papers

[ Sée the attached Notice of Draftsperson s Patent Drawmg Review, PT0O-948. ‘
IE/I'he drawing(s) filed on slﬂ ne. £ ]33«‘ /are objected to by the Examiner,
[ The proposed drawing correction, filed on is [hpproved [_Hisapproved.

[] The specification is objected to by the Examirier.
[ The oath or declaration is objected to by the “<aminer.

Priority under-35 U.S.C. § 119
O Acknowledgement is made of a claim for for3n priority under 35 U.S.C. § 119(a}-(d).

OAnl Osome* D.{\Johe of the CERTIF.:) copies of the priority documents have been
» [ received. '

[ received.in Application No. (Series Co<../Serial Number)

[J received in this national stage applica: - from the International Bureau (PCT Rule 17.2{a)).
*Certified copies not Teceived:

[0 Acknowledgement is made of a claim for do. 1 :stic priority under 35 U.S.C. § 119(e).

”‘ ‘Attachment(s)

[0 Notice of References Cited, PTO-892

[0 Information Disclosure Statement(s), PTO-14:;, Paper No(s).
[ Interview Summary, PTO 413 : R
[ Notice of Draftsperson s Patent Drawmg Rev :w, PTO-948

l:] Notice of Informal Patent Application, PTO-1: -

--- SEE OFFICE .. "¥{ON ON THE FOLLOWING PAGES ---

U. S. Patent and Trademark Office

PTO-326 (Rev. 9-95) L e Action Summary Part of Paper No.

1
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Serial Number: 087/894,207 . | Page 2

Art Unit: 2731

DETAILED ACTION

Claim Rejections - 35 USC § 103
1. The following is a quotation of 35 U.S.C. 103 (a) which forms the basis for all obviousness

rejections set forth in this Office action::

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are
such that the subject matter as a whole would have been obvious at the time the invention was made to a person
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the
manner in which the invention was made.

2. Claim 9 is >rejected' under 35 U.S.C. 103(a) as being unpatentable over Lester et al. (US

~ patent number 5,353,307)."

Lester et al ( Lester hereinafter) teaches a receiver (see fig 5b) for receiving a digitally
modulated signals compi‘ising: an adaptive filter (54) for receiving the received demodulated
sigﬁal and minimizing the Intersymbol Interference (ISI) associated with the received symbols and

generating an estimate of the received signals; decoder (58) for detecting symbols from the

estimated §ighal by the adaptive filter; and control signal generator (60,56 and 56) for generating

a control signél to control the adaptive filter (54) in response to both outputs from the Viterbi
decoder (58) the édaptive equalizer (54) asin claim 9.

Even though Lest.er doe not teach that each of tl;e correction step and decoding step
having at least two iterations, he shows that the channel adaption circuit (56), claiﬂ}t;d computing,

“

performs the Mean Square Error calculation by using the loop for performing an iterations‘ (see
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Art Unit: 2731

figure 6). The use a loop as shown in figure 6 would enable the receiver of Lester to minimize
the error (phase, frequency and/or amplitude) factor which contributes the Intersymbol
Iﬁterferencg (ISI) in the received.

T_herefore, it would have been ob’\?iou_s to-one of an ordinary skill in the art to use the
iteration loop shown in figure 6 to diverge or converge the error for eliminating the ISI in the

received signal at the time the invention was made.

Allowabie Subject Mattér
3. Claims 3-7 are ‘/c;bjected to as being dependent upon a rejecte(i base claim, but would be
allowable if rewrittc_an in independeht form including all of the limitations of the base claim and any
intérvenipg claims.
4. Cla%fn \Z\WQuid be allowable if rewritten to overcome the rejvection(s) under 35 U.S.C. 112,
2™ paragraph, set fOlI‘th in this Ofﬁce action and to include allv of the limitations of the base claim
and any interveﬁipg claiﬁs. :
5. Claim 1 wbuld be allowable if rewritten or amended to overcome the rejection(s) >|‘mder 35
U.S.C. 112, 2% paragré.ph, set forth in this Office action.

6. Claim 8 allowed.
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Art Unit: 2731

Conclusion
7. THIS ACTION IS MADE FINAL. Applicant is reminded of the extension of fime '
policy as set forth in 37 CFR 1.136(a). - |
A shortened statutory period for reply to this final action is set to expire THREE
MONTHS from the mailing date of this action. In the event a first reply is filed within TWO
MONTHS of the‘ mailing date of this final action and ';he advisory action is not mailed until after
the end of the TI{REE;MONTH shortened statutory period, then the shortened statutory period

will expire on the date the advisory action is mailed, and any extension fee pursuant to 37

' CFR 1.136(a) will be calculated from the mailing date of the advisory action. In no event,

however, will the statutory period for reply expire later than SIX MONTHS from the mailing date

of this final action.

8. Any inquiry concerning this communication or earlier communications from the examiner
should be directed to T.Bocure whose telephone number is (703) 305-4735. The examiner can
normally be reached on Monday through Thursday the first week of a bi-week and Monday
through Friday the second week of a bi-week from 7:00am to 4:30pm.

If attempts to reach the examiner by telephone are unsuccessful, the examiner's supervisor,
Chi Phg{p, can be'reached on (703) 305- 4378. The fax phone number for the organization where

this applicaﬁon or proceeding is assigned is (703) 308-4743 or (703) 305-3988 .
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Art Unit: 2731

Any inquiry of a general nature or relating to the status of this application or proceeding

should be directed to the receptionist whose telephone number is (703) 305-3900.

Tesfaldet Bocure
Primary Examiner
Art Unit 2731
T.Bocure
o I\
- 1999
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> ’ . e ) Application No. Applicant(s)
08/894,207 Catherine Douillard et al.
Ofﬁce ACﬁOﬂ summ ary Examiner Group Art Unit
Tesfaldet Bocure 2731

X Responsive to communication(s) filed on Jun 28, 1999

X This action is FINAL.

[ Since this application is in condition for allowance except for formal matters, prosecution as to the merits is closed
in accordance with the praqtice under Ex parte Quayle, 1935 C.D. 11; 4563 0.G. 213.

A shortened statutory period for response to this action is set to expire three __ month(s), or thirty days, whichever
is longer, from the mailing date of this communication. Failure to respond within the period for response will cause the
application to become abandoned. {35.U.S.C. § 133). - Extensions of time may be obtained under the provisions of

37 CFR 1.136{a). ‘ ‘

Disposition of Claims

X Claim(s) 7-9 isfare pending in the application.
Of the above, claim(s) B is/are withdrawn from con§ideration.

Claim(s) 7-8 . K is/are allowed.”

Claim(s) 9 ' " is/are rejected.

O Claim(s) - - is/are objected to.

[ Claims . "~ are subject to restriction or election requirement.

Application Papers S
[ See the attached Notice of Draftsperson's Patent Drawing Review, PTO-948.
[0 The drawing(s) filed on ; is/are objected to by the Examiner,
X The proposed drawing correction, filed on Jun 28, 1999 is [Xbpproved [ Hisapproved.
(] The specification is objected to by the Examiner.

[J The oath or declaration is objected to by the Examiner.

Priority under-35 U.S.C. § 119
[J Acknowledgement is made of a claim for foreign priority under 35 U.S.C. § 119{a)-(d).
[JAIl [JSome* [JINone of the CERTIFIED copies of the priority documents have been
O received. ' '
[] received.in Application No. {Series Code/Serial Number) .
[ received in this national stage application from the International Bureau (PCT Rule 17.2(a}).
*Certified copies not received:

(] Acknowledgement is made of a claim for domestic priority under 35 U.S.C. § 119(e}).

2 Attachment(s)
[J Notice of References Cited, PTO-892
] information Disclosure Statement(s), PTO-1449, Paper No(s). .
O Interview Summary, PT0-413 ‘ .
O Notice of Drgftsperson"s Patent Drawing Review, PT0-948

“ [ Notice of Informal Patent Application, PTO-152

- §EE OFFICE ACTION ON THE FOLLOWING PAGES ---

U, S. Patent and Trademark Office

PT0-326 (Rev. 9-95) Office Action Summary , Part of Paper No. _ 11
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Art Unit: 2731

DETAILED ACTION
Drawings

L. The corrected or substitute drawings were received on June 28, 1999. These drawings are

approved by the Examiner.

Claim Rejections - 35 USC § 103
2. The following is a quotation of 35 U,S.C. 103(a) which forms the basis for all obviousness

rejections set forth in this Office action:

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in
section 102 of this title, if the differences between the subject matter sought to be patented and the prior art are
such that the subject matter as a whole would have been obvious at the time the invention was made to a person
having ordinary skill in the art to which said subject matter pertains. Patentability shall not be negatived by the
manner in which the invention was made. ‘

3. (iiaim 9is rejected under 35 U.S.C. 103(a) as being unpatentable over Lester et al. (US
patent number 5,3t53,3o7).' |

Léstér et al ( Lester hereinafter) teaches a receiver (see fig 5b) for receiving a digitally
modulated signals comprising: an adaptive filter (54) for receiving the received demodulated
signal and minimizing the Intersymbol Interference (ISI) associated with the received symbols and
generating an estimate of the received sigﬁals; decoder (58) for detecting symbols from the

estimated signal by the adaptive filter; and control signal generator (60,56 and 56) for generating
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a contfol signal to control the adaptive filter (54) in response to both outputs from the Viterbi
decoder (58) the adaptive equalizer (54) s in claim 9.

Even though Lestef doe not show that each of the correction step and decodingv step
having at ieast two iterations, he shows _.,that\ the channel adaption circuit (56), claimed computing,
performs the Méan Square Error calculation By using the loop for performing an iterations (see
figure 6). The use of a loop as shown in figure 6 would enable the receiver of Lester to minimize
the error (phase, frequency and/or amplitude) facfor which contributes the Intersymbél
Interference (ISI) in the received signal.

Therefore,' it would have been obvious to one of an ordinary skill in the art to use the
iteration loop shown in figure 6 to divérée o.f converge the error for eliminating the ISI in the

received signal at the time the invention was made.

Allowable Subject Matter

4. Claims 1- 8 allowed.
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Conclusion
5. THIS ACTION IS MADE FINAL. Applicant is reminded of the extension of time
policy as set forth in 37 CFR 1.136(a).
A éhortened statutory péﬁod for_»,'rfeply to this final action is set to expire THREE

MONTHS from the mailing date of this action. In the event a first reply is filed within TWO

~ MONTHS of the mailing date of this final action and the advisory action is not mailed until after

the end of the THREE-MONTH shortened statutory period, then the shortened statut&y period
will expire-on the date the adv1sory action is maxled and any extension fee pursuant t037
CFR 1.136(a) will be calculated from the mailing date of the advisory action. In no event,
however, will the statutory period for rep;ly éxpire later than SIX MONTHS from the mailing dat'e .

of this final action.

6. Any inquiry concerning this communication or earlier communications from the examiner

should be dlrected to T.Bocure whose telephone number is (703) 305-4735. The examiner can

~ normally be reached on Monday through Thursday the first week of a bi-week and Monday

through Friday the second week of a bi-week from 7:00am to 4:30pm.
If attempts to reach the examiner by telephone are unsuccessful, the examiner's supervisor,
Chi Pham, can be reached on (703) 305- 4378. The fax phone number for the organization where

this application or proceeding is assigned is (703) 308-4743 or (703) 305-3988 .
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~ Any inquiry of a general nature or relating to the status of this application or proceeding -

should be directed to the receptionist whose telephone number is (703) 305-3900.

T.Bocure .

March 16, 1999
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named "

Inventor :  Catherine Douillard et al

Appln.No. : 08/894,207 OF F ’ c, A ,_

Piled . Decomber3,1997 Group Art Unit: 2731
Title : ITERATIVE-STRUCTURE DIGITAL Examiner: T. Bocure

SIGNAL RECEPTION DEVICE AND
MODULE AND METHOD THEREFOR

Docket No. i F264.312-16

CERTIFICATION OF TELEFACSIMILE TRANSMISSION

Assistant Commissioner for Patents (703) 308-4743

Washington, D.C. 20231 R

i | | S T
I certify that the following papers are bemg telefacsimile transmitted ? thg-U'y
Patent and Trademark Office on the date shown below:
1. AMENDMENT AFTER FINAL
2. FEE TRANSMITTAL FORM
3. 3 MONTH EXTENSION OF TIME

THEKI i BY & LANGE BUILDING
312 South Third Street

‘Minneapolis, MN 55415-1002
Telephone: (612) 339-1863
Fax: (612) 339-6580

JDS:alg:

6 PAGES - INCLUDING COVER PAGE

179

05 5 1/




c o S b“i UNITED STATESL JARTMENT OF COMMERCE
& k%‘ j Patent and Trademark Office

Address: COMMISSIONER OF PATENTS AND TRADEMARKS

Washington, D.C. 20231 ) :
J
SERIALENUMBER, 11 FILING DATE /3 IRSE NAMED APPLICANT ATTORNEY DOCKET NO. |
222 puy FIRSENAME T Feed, 3116 f
+ ‘
s LMO2/ 10028
KINNEY & LANGE. F.A. - i
THE KINNEY % LANGE RUILDIN EREERET
312 SOUTH THIRD STREET EXAMIER
. MINNEAPOLIS MN S58415-1002 PR .
EW A A -
. ART UNIT I PAPER NUMBER .
10/; P
12’

DATE MAILED:

Please find below a communlcatlon from the EXAMINER in charge of thls

application.
Commissioner of Patents
1. In response to applicant's telephone inquiry regarding “the last office action mailed on
September 13, 1999", the following action has been taken: \ .

THE PERIOD FOR RESPONSE OF 3(THREE) MONTHS SET IN SAID OFFICE
ACTION CONTINUE TO RUN FROM THE DATE OF THE LAST OFFICE ACTION
WAS MAILED.

2. A cdfr‘ectcd copy of the last office actiofi indicating the withdrawal to the: objection of
claims 3-7; rejection of claims 1 and 2; and objection to the proposed drawing
correction filed on June 28, 1999 is enclosed with this correspondence.

4, Any inquiry concerning this communication or earlier communications from the
examiner should be directed to T.Bocure whose telephone number is (703) 305-4735.
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Applicant : Catherine Douillard et al,
Serial No.  : 08/894,207 )
Filed :  December 3, 1997 Group Art Unit; 2731
For : ITERATIVE-STRUCTURE DIGITAL Examiner: T. Bocure
SIGNAL RECEPTION DEVICE AND
MODULE AND METHOD THEREFOR
( g Docket No. : F264.312-16
¥ N AMENDMENT AFTER FINAL
NS FRcsimue
1 CERTIFY THAT THIS PAPER IS BEING SENT BY &-f=MatE:,
N Box AF FIRST CLASS, TO THE ASSISTANT COMMISSIGNER FOR -

GTON, D.C. 20231, THIS DAY OF

//llll /”’ .

PATENTA ORHE

Assistant Commissioner for Patents ‘
Washington, D.C. 20231

«  OFFICIAL

This is in response to the Office Action mailed September 13, 1999, as corrected by
the Office Action mailed October 25, 1999. Please amend the above-identified application as‘

follows:
INTHE CLAIMS
Please amend claim 9 as follows:
9. (Amended) Method for the reception of signals formed by a series of digital symbols B

corresponding to the convolutive encoding of items of source digital data comprising the following
steps: '
supplying with received symbols R,, and

performing for each received g R, at least two iterations of the followmg steps:

correcting inter-symbol interference affecting [each of said] received
~ symbols R;, by means of an item of correction information Z ,, gaid
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Inventor: Douillia‘rd etal. Serial No.:

ation, and the delivery of

1] &
& PHEC LO S

v : QIND ﬁ'-‘ SLE

comresponding estimated symbols A ; ; wi i e,
decoding said estimated symbols A |; with weighted value entailing
| operations symmetrical to said convolutive encoding, and the delivery

of decoded symbols A ;, with weighted value; [and]

computing said [items of] correction information Z,; from at least one of said

- estimated symbols A ;,; and at least one of said decoded symbols A ;.

This is in response to the Qfﬁce Action mailed September 13, 1999, as corrected by
the Office Action mailed October iS, 1999. Claims 1-9 were pending. In the Office Action, claim-
9 was rejected under 35 U.S.C. §103(a) as being unpatentable over Lester et al. (U.S. Patent No.
5,353,307). Applicant respectfully acknowledges the Examiner’s allowance of claims 1-8. Claim
9 is amended. Entry of this amendment and reconsideration is respectfully requested to place the
application in condition for allowance.

Applicant respectfully thanks the Examiner for the telephone interview between the
undersigned and the Exa.minér on or about October 22, 1999 Applicant pointed out inconsistencies
in the September 13, 1999 Office Action, resulting in the corrected Office Action mailed October

25, 1999. .
With this Amendment, claim 9 is aincnded to clarify the claimed invention. As
amended, claim 9 requires at least two iterations to be performied for gach received symbol R,. The
changes to claim 9 further clarify the computing and delivery of the correction information Z ;

between iterations, and the use of weighted value of the cotresponding cstimated symbols A. Claim
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Inventor: Douillard et al. | Serial No.:

9 as amended has a scope similar to allowed claim 1, and Applicant submits that claim 9 as amended
is clearly new and non-obvious over Lester 'et al.

With this Amendment, all of claams 1-9 are in condition for allowance. Entry of the
amendment reconsideration and notice to that effect is respectfully requested. The Examiner is
invited to contact the undersigned attorney at the number listed below if it would any way facilitate .
allowance of the claims.

Respectfully submitted,

'KINNEY & LANGE, P.A,

The Kinney & Lange Buxldmg
312 South Third Street
Minneapolis, MN 55415-1002
Telephone: (612) 339-1863
Fax: (612) 339-6580

JDS/RMR:beh
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Feb. 29. 2000 1:
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
* First Named
Inventor Catherine Douillard et al.
Appln. No. 08/894,207 |
Filed December 3, 1997 Group Art Unit: 2731 .
Title ITERATIVE-STRUCTURE DIGITAL Examiner: T. Bocure
SIGNAL RECEPTION DEVICE AND
A MODULE AND METHOD THEREFOR
Docket No. : F264.312-16

Assistant Commissioner for Patents ‘ PATENTS, WASHINGTON, D.C. 20231, THIS
. Washington, D.C. 20231

Sir:

PETITION FOR TﬁREE-MONTH EXTENSION OF
TIME

1 CERTIFY THAT THIS PAPER IS BEING SENT av-v-rmr:(
FIESI~ELASS, TO THE ASSISTANT CO%}IONER OF

AY OF

Pursuant to 37 C.F.R. 1.136(x), Applicant pefitions for a Three-month extension of -

time to respond to the Office Action dated October 25, 1999.

JDS:alg

Respectfully submitted,
KINNEY & LANGE PA.

. ewchu.k Reg No. 37,235
KINNBY & LANGE BUILDING

312 South Third Street

Minneapolis, MN 55415-1002

Telephone: (612) 339-1863

Fax: (612) 339-6580.
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‘ Application No. Rmifgcant(s)
~ 08/894,207 _ Catherine Douillard et al.
Notice of Allowability o Sroos AU
Tesfaldet Bocure 2731

All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance and Issue Fee Due or other appropriate communication will be mailed
in due course.

This communication is responsive to _2/29/2000

X] The allowed claim(s) is/are _1-9

[ The drawings filed on are acceptable.

X Acknowle'dgement is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d).
K Al [JSome* [Bione of the CERTIFIED copies of the priority documents have been
X received. ; S '
[0 received in Application No. (Series Code/Serial Number) .
[0 received in this national stage application from the International Bureau (PCT Rule 17.2(a)).

*Certified copies not received:
[0 Acknowledgement is made of a claim for domestic priority under 35 U.S.C. § 119(e).

PO TR

A SHORTENED STATUTORY PERIOD FOR RESPONSE to comply with the requirements noted below is set to EXPIRE
THREE MONTHSROM THE "DATE MAILED" of this Office action. Failure to timely comply will result in
ABANDONMENT of this application. Extensions of time may be obtained under the provisions of 37 CFR 1.136(a).

[0 Note the attached EXAMINER'S AMENDMENT or NOTICE OF INFORMAL APPLICATION, PTO-152, which discloses that
the oath or declaration is deficient. A SUBSTITUTE OATH OR DECLARATION {S REQUIRED.
K] Applicant MUST submit NEW FORMAL DRAWINGS
[] because the originally filed drawings were declared by applicant to be informal.

Xl including changes required by the Notice of Draftsperson's Patent Drawing Review; PTO-948, attached hereto or to
Paper No. 7. ' .

X} including changes required by the proposed drawing correction filed on Jun 28 1999 , which has been i
approved by the examiner. - . A

[ including changes required by the attached Examiner's Amendment/Comment.

Identifying ihdicia such as the application number (see 37 CFR1 .84(c)) should be written on the reverse side of
the drawings. Thé‘drawings should be filed as a separate paper with a transmittal lettter addressed to the Official
Draftsperson. T

~
~
N

(] Notethe attached Examiner's comment regarding REQUIREMENT FbR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Any response to this letter should include, in the upper right hand corner, the APPLICATION NUMBER (SERIES
CODE/SERIAL NUMBER). If applicant has received a Notice of Allowance and Issue Fee Due, the ISSUE BATCH NUMBER
and DATE of the NOTICE OF ALLOWANCE should also be included.
Attachment(s)

[] Notice of References Cited, PTO-892

(] Information Disclosure Statement(s), PTO-1449, Paper No(s).

[] Notice of Draftsperson's Patent Drawing Review, PTO-948

[ Notice of Infqrmal Patent Application, PTO-152

[ Interview Summary, PTO-413

N
b

] Examiner's Amendment/Comment »
[ Examiner's Comment Regarding Requirement for Deposit of Biological Material TES E ,/ 7 Al -
« [] Examiner's Statement of Reasons for Allowance ‘ - _ PRIMARY EXA D\

A

&

' RTUNFZT3]/ '
U. S. Patent and Trademark Office ] ' ) .
PTO-37 (Rev. 9-95) - Notice of Allowability ' Partfof Paper No/___ 14 ‘ {

<[\
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First Named Batch No: J11
Inventor : Catherine Douillard et al.
Appln. No. : 08/894,207 Allowed: 03/06/00
Filed . December 3, 1997 | Group Art Unit: 2731
Title . ITERATIVE-STRUCTURE DIGITAL SIGNAL | Examiner: Bocure, T.
S RECEPTION DEVICE, AND MODULE AND

METHOD THEREFOR
Docket No. : F264.312-0016

CERTIFICATE OF MAILING - ISSUE FEE

I CERTIFY THAT THIS PAPER IS BEING SENT BY U.S. MAIL,
FIRST CLASS, TO THE ASSISTANT COMMISSIONER FOR
Box Issue Fee PATENTS, WASHINGTON, D.C. 20231, THIS AY OF

Assistant Commissioner for Patent . 5
e N g/,

PATENT fw/

Submitted herewith is our check in the amount of $1,240.00 as payment of the issue

coppme s
e

Sir:

fee in the above-identified application and Advanced Order for ten soft copies of the issued patent,
along with the Issue Fee Transmittal.
The Examiner is authorized to charge any payment of any issue fee or document
supply fees under 37 C.F.R. 1.18 or 1.19 or credit any overpayment to Deposit Account No. 11-
0982. A dﬁplicatg of this paper is enclosed.
Respectfully submitted, |

KINNEY & LANGE, P.A.

By: J S
, chuk, Reg. No. 37,235
TH & LANGE BUILDING
312 South Third Street
Minneapolis, MN 55415 T

Phone: (612) 339-1863
Fax: (612) 339-6580

JDS/RMR:beh
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First Named Batch No: J11
Inventor . Catherine Douillard et al.
Appln. No. : 08/894,207 | Allowed: 03/06/00
Filed : December 3, 1997 , Group Art Unit: 2731
Title : ITERATIVE-STRUCTURE DIGITAL SIGNAL | Examiner: Bocure, T.
RECEPTION DEVICE, AND MODULE AND
METHOD THEREFOR
Docket No. : F264.312-0016

LETTER TO OFFICIAL DRAFTSMAN

. [ CERTIFY THAT THIS PAPER IS BEING SENT BY U.S. MAIL,
FIRST CLASS, TO THE ASSISTANT COMMISSIONER FOR
Box Issue Fee PATENTS, WASHINGTON, D.C. 20231, THIS AY OF

Assistant Commissioner for Patents ' 0. Iad AN ,
Washington, D.C. 20231 : / 4/ // Zj J

PATENT W
Sir: ‘

Enclosed are three (3) sheets of formal drawings for filing in the above-identified

application.

Respectfully submitted,

KINNEY & LANGE, P.A.

/)

o

. / k o\ A1 R
Jeffrey/D Jheyichuk, Reg. No. 37,2
THE KINNEY &/LANGE BUILDING
312 South Third Street
Minneapolis, MN 55415-1002
Telephone: (612) 339-1863
Fax: (612)339-6580

JDS/RMR:beh -
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ITERATIVE-STRUCTURE DIGITAL SIGNAL
RECEPTION DEVICE, AND MODULE AND
METHOD THEREFOR

BACKGROUND OF INVENTION

The field of the invention is that of the transmission and
broadcasting of digital signals, especially in the presence of
transmission noises. More specifically, the invention relates
to the reception of digital signals encoded by means of a
convolutive type error correction code.

The invention can be applied in all cases where digital
signals are transmitted or broadcast on noise-infested chan-
nels. For example, the present invention can be implemented
in receivers of systems for digital radiocommunications with
mobile units such as the GSM system.

Other possible applications are, for example, the reception
of signals transmitted by RF channels, satellites, etc. More
generally, the invention can be applied advantageously in all
cases where a convolutive type code is implemented at
transmission.

In the known type of receivers, the symbols retrieved at
output of the demodulator take the form of analog samples
which, after quantification, are generally processed by an
equalizer (a transversal filter) given the task of eliminating
the inter-symbol interference introduced by the channel. The
equalized samples are then de-interleaved if necessary and
decoded before being given to the addressee.

The principle of equalization consists in estimating the
response of the transmission channel for the application, to
the received signal, of a filtering operation symmetrical to
this response so as to: obtain a corrected signal. In particular,
the equalization is aimed at eliminating or, at least, at
limiting the inter-symbol interference introduced by the
channel.

The response of the channel is generally estimated by the
analysis of a reference signal known to the receivers. Of
course, the transmission of these reference signals leads to
a reduction of the useful bit rate.

The equalized items of data are then de-interleaved (in an
operation symmetrical to the interleaving done at the time of
encoding, if such an interleaving is planned) and then
decoded.

In certain situations, it happens that the equalization of
this type is not sufficient to ensure high quality source
decoding.

The article by P. Jung and P. W. Baier, “VLSI implemen-
tation of soft output Viterbi equalizers for mobile radio
applications” (Proc. of IEEE 42nd Vehicular Technology
Society Conference, Denver, Colo., pp. 577-585, May
1992) proposes the use, instead of a transversal filter, of a
symbol detector working according to the principle of
maximum likelihood.

This technique is more efficient if the coefficients repre-
senting the channel are properly estimated. However, once
again, the equalized items of data may prove to be of
insufficient quality. Furthermore, it is more complicated to
make and requires more space than with the transverse filter
technique.

Convolutive codes are codes that associate at least one
encoded item of data with each item of source data to be
encoded. This encoded item of data is obtained by the
modulo 2 summation of this item of source data with at least
one of the previous items of source data. Thus, each encoded
signal is a linear combination of the item of source data to
be encoded and previous items of source data taken into
account.
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In the decoder, the original items of data are most usually
reconstructed by means of a maximum likelihood algorithm,
for example the Viterbi algorithm, whose decisions may be
weighted if necessary. The Viterbi algorithm, in taking
account of a sequence of received encoded symbols, pro-
vides an estimation of each item of data encoded at
transmission, in defining the source sequence most probably
corresponding to the received sequence.

The Viterbi algorithm may also be used to detect
sequences affected by inter-symbol interference. The inven-
tion can be also applied in this case.

Clearly, the greater the number of symbols taken into
account, the more reliable is the decision. By contrast, the
greater this number, the more complicated is the decoder or
the detector (hereinafter, the term <« decoder > is used to
describe decoders themselves as well as detectors. This
observation is applicable also to the term <« decoding
> which must be understood to mean < decoding > or
< detection > as the case may be. The memory space
needed soon becomes very great, as do the corresponding
computation times.

The integrated circuits that implement such algorithms
therefore most usually rely on a compromise between cost
and performance. These industrial-level choices do not
always enable the construction of decoders that correspond
in an optimum way to a given application. For example, it
is not possible to make low-cost decoders for applications
where the reception quality is not of crucial importance, as
integrated circuits cost too much. Conversely, these inte-
grated circuits too are not suited to the making of receivers
with very high decoding quality for which the cost price is
of little importance.

An advantageous example of convolutive encoding, to
which the invention can be applied, is described in the
French patent application FR 91 05280 filed on behalf of the
same Applicants as well as in the article by C. Berrou, A.
Glavieux and P. Thitimajshima, “Near Shannon limit error-
correcting coding and decoding: turbo-codes” (Proc.
ICC’93, pp. 1064-1070, Geneva, Switzerland, May 1993).
This class of codes is known in particular as “turbo-codes”.

The elementary codes (recursive systematic or pseudo-
systematic codes) described in the French patent application
FR 91 05278 filed on behalf of the present Applicants may
also be used.

The invention is aimed especially at overcoming the
drawbacks of the prior art reception device and more spe-
cifically at improving the corresponding performance char-
acteristics.

More specifically, a goal of the invention is to provide a
device of this kind with very high corrective capacity as
compared with known methods presently used in digital
communications systems.

The invention is aimed in particular at providing methods
of this kind that are particularly efficient, again with respect
to known methods, for transmission in highly noise-infested
channels.

It is also an aim of the invention to provide a device of this
kind that is highly efficient but nevertheless easy to manu-
facture on an industrial scale at acceptable costs.

Thus, a particular aim of the invention is to provide a
decoding method enabling implantation on a silicon surface
that is small enough for its industrial-scale manufacture to
be possible, for example, on a surface area smaller than 50
mm?.

It is also an aim of the invention to provide a method of
reception used for the making of numerous types of receiv-
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ers with performance characteristics and cost price that vary
as a function of the needs fulfilled, implementing one or
more integrated circuits of a single type.

In other words, an essential aim of the invention is to
provide methods of this kind enabling firstly profitable
industrial-scale manufacture based on the development of a
single and relatively simple integrated circuit and, secondly,
the making of receivers that can be used for a very wide
variety of applications.

BRIEF SUMMARY OF THE INVENTION

These goals as well as others that shall appear hereinafter
are achieved according to the invention by means of a device
for the reception of signals formed by a series of digital
symbols corresponding to the convolutive encoding of items
of source digital data comprising p cascade-connected detec-
tion and decoding modules M, to M,,, p being greater than
or equal to 2, each of said modules M; including:

inter-symbol interference correction means supplied by a

symbol input R; and delivering estimated symbols A, ;
with weighted values,

means for the decoding of said estimated symbols A, ;,

performing operations symmetrical to said convolutive
encoding and delivering decoded symbols A,, with
weighted values, and

means for the computation of an item of correction

information Z,,, from said estimated symbol A, ; and
said decoded symbol A, ,,

said means for the correction of each of said modules M,,

except for the first module M;, taking account of at
least one item of correction information Z; determined
by the previous module M;_;.

Thus, according to the invention, the standard function of
equalization (filtering) is replaced by a symbol detector that
takes account of the memory effect introduced by the
channel.

In other words, the invention proposes a completely novel
and optimized approach to the correction of inter-symbol
interference. Indeed, conventionally, the equalization does
not take account of the items of data transmitted but only of
the channel estimation. By contrast, the invention is based
on a dynamic approach, in taking account of the last symbols
received to improve the equalization.

In other words again, the invention, in its general
principle, likens the effect of inter-symbol interference to a
particular convolutive encoding (except that there is no
redundancy in the case of interference: to a symbol emitted
on the channel, there corresponds one and only received
symbol), and carries out its decoding. More specifically, the
phenomenon of inter-symbol interference introduced by the
channel may be represented by a lattice. This lattice differs
from a convolutive encoding lattice by the presence of
multiplier coefficients that vary in time. Thus, each module
of the invention includes correction means and decoding
means having similar structures based on convolutive
decoding techniques.

The technique of the invention therefore consists in
computing an item of correction information that represents
the received symbol and in taking account of one or more of
these items of information to correct the interference.

It will be understood that the taking into account of this
information element dictates an iterative reception structure
because of the latency introduced by the processing opera-
tions. Thus, during the first iteration, a first item of correc-
tion information is computed. This information element is
used and, as the case may be, it is recomputed during the
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following iterations. According to the invention, the iterative
approach takes the form of a structuring of the receiver
(detector of symbols and decoder) in the form of cascade-
connected modules with each module corresponding to an
iteration. This is a completely novel approach to the correc-
tion of inter-symbol interference.

Advantageously, these modules are all identical. In
particular, they may take the form of integrated circuits.

The greater the number of modules, the greater is the
increase in the efficiency of reception (correction of inter-
symbol interference and decoding). The modular approach
of the invention can be used to easily obtain several types of
receivers corresponding to different levels of reception
quality, as a function of the modules implemented. Similarly,
it is possible to provide for decoders with an open-ended
structure to which modules may be added as needed.

DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention shall
appear from the following description of a preferred
embodiment of the invention giving by way of a non-
restricted example and from the appended drawings, of
which:

FIG. 1 is a block diagram illustrating a standard trans-
mission line that can incorporate the reception device
according to the present invention.

FIG. 2 shows a simplified view of a discrete model,
equivalent in terms of baseband to a transmission channel
affected by an inter-symbol interference, illustrating the
approach of the present invention.

FIG. 3 shows the corresponding lattice of the channel of
FIG. 2, illustrating possible developments of the state of the
channel as a function of time.

FIG. 4 is a block diagram showing the principle of the
receiver of the present invention.

FIG. 5 is a simplified flow chart illustrating the method of
the present invention implemented in the receiver of FIG. 4.

FIG. 6 illustrates the modular structure of the receiver of
the present invention in the case of four cascade-connected
modules.

FIG. 7 shows a block diagram of the module of FIG. 6.

FIG. 8 shows a series of curves illustrating the perfor-
mance characteristics of the present invention in the case of
a Gaussian channel.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

According to a preferred embodiment of the invention,
each of said modules M; has two inputs, one symbol input
R, and one correction input Z; and three outputs, one symbol
output R,,, one correction output Z;,, and one decoded
symbol output D,, ,,
the symbol input R; of the module M; being connected to the

symbol output R; of the module M,_, for i greater than 1

and being supplied with the symbols received for i equal

to 1,
the correction input Z; of the module M; being connected to

the correction output Z; of the module M,_; for i greater

than 1 and being supplied with a neutral value that does

not affect the correction for i equal to 1,
the symbol output R, ; of the module M, being equal to the

symbol input R; of said module M, delayed by the latency

time dictated by the module M,,
the correction output Z;, delivering said correction

information, and the decoded symbol output D;,, being
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unused for the modules M; to M,,_; and being supplied

with the decoded symbol A, , of the module M,, if the

code implemented is a systematic code and, if not, with a

corresponding reconstituted value.

This structure, as indicated further above, makes it pos-
sible to design identical modules. Of course, depending on
whether it is the first module, the last module or an inter-
mediate module, the inputs and outputs used may be differ-
ent.

Advantageously, said means for the correction of the
inter-symbol interference are supplied with an item of cor-
rection information Z; representing a difference between
each decoded symbol A, , and the corresponding estimated
symbol A, ;. ’

In this case, preferably, said means to compute the item of
correction information comprise means for the multiplica-
tion of said estimation symbols A, ; by a positive weighting
coefficient y, delivering weighted symbols, and subtraction
means computing the difference between each decoded
symbol A;, and the corresponding weighted symbol and
delivering said item of correction information Z,.

In particular, the value of this coefficient is set in such a
way that the information borne by Z; no longer contains any
information relating to A, ; so that the noise affecting Z, and
the received samples R, are decorrelated. Thus the informa-
tion element reinjected into the input of the equalizer is
“new” as compared with the received samples (it comes
from the decoding process). It shall be called “extrinsic
information”.

According to an advantageous embodiment, said means
for the correction of inter-symbol interference perform the
following operations:

the computation of a correction value Vi=y1|Zi|, where v,

is a positive coefficient and where | | represents the
absolute value operator;

for each arm of the lattice corresponding to said convo-

lutive code, the determining of a detected symbol A, ,

comprising the following steps:

if the symbol assigned to said branch has the same sign
as said item of correction information Z; the
subtraction, from the metric associated with said
arm, of said correction value V;

if the symbol assigned to said arm has a sign opposite
that of said item of correction information Z,, the
addition, to the metric associated with said arm, of
said correction value V;;

the subtraction, from said detected symbol A

value y,Z,.

An object of the latter subtraction is to “rid” the output of
the symbol detector and hence, all the more so, the input of
the convolutive decoder, of the information element carried
by Z,.

The weighting of the symbols transmitted on the channel
is aimed, conventionally, at representing the inter-symbol
interference. The weighting coefficients may be fixed or,
preferably, estimated, for example by means of a learning
sequence.

Preferably, said coefficient y, depends on at least one of
the items of information belonging to the group comprising:

the signal-to-noise ratio;

the number i of the module considered.

Indeed it can be seen that the greater the value of y,, the
more reliable is the output of the decoder.

When the symbols are subjected to interleaving at
transmission, the decoder preferably comprises:

de-interleaving means providing for the symmetrical

operation of said interleaving, inserted between said
correction means and said decoding means; and

of the
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interleaving means providing for an interleaving of said
items of correction information that is identical to said
interleaving at transmission.

The interleaving and de-interleaving may be done by
means of matrices.

The reading and writing increments may be fixed or, more
advantageously, may depend on the read or write address.

The invention also relates to a detection and decoding
module designed to be implemented in a device for the
reception of signals formed by a series of digital symbols
corresponding to the convolutive encoding of items of
source digital data, said device comprising at least two
cascade-connected modules, the module having two inputs,
one symbol input R; and one correction input Z,, and three
outputs, one symbol output R,, ;, one correction output Z,, ;
and one decoded symbol output D,, ;, and comprising:

means for the correction of inter-symbol interference

supplied by said symbol input R; and taking account of
said correction input Z; and delivering estimated sym-
bols A, ;,

means for the decoding of said estimated symbols A, ;,
performing operations symmetrical to said convolutive
encoding and delivering decoded symbols A, ,, and

means for the computation of an item of correction
information Z,,; from said estimated symbol A, ; and said
decoded symbol A, ,,
the symbol output R;,, being equal to the symbol input R;

delayed by a predefined latency time,
the correction output Z, , delivering said correction

information, and
the decoded symbol output D,, ,, being supplied with said

decoded symbol A, , or with a value reconstituted as a

function of the code implemented.

As indicated here above, a module of this kind in par-
ticular may take the form of an integrated circuit.

The invention further relates to a method for the reception
of signals formed by a series of digital symbols correspond-
ing to the convolutive encoding of items of source digital
data comprising the following steps:

supplying with received symbols R;;

the correction of inter-symbol interference affecting each

of said received symbols, by means of an item of
correction information Z;, and the delivery of estimated
symbols A, ;;

the decoding of said estimated symbols A, ,, entailing

operations symmetrical to said convolutive encoding,
and the delivery of decoded symbols A, ,;

the computation of said items of correction information Z;

from at least one of said estimated symbols A, ; and at
least one of said decoded symbols A, ,.

The invention can be applied, as indicated here above, to
all systems of digital transmission implementing a convo-
lutive error correction encoding operation as shown in FIG.
1.

This system has a digital source 11 that must be trans-
mitted to an addressee 12.

The term <« digital source > is understood to mean any
useful digital signal (sound, image, data) and more generally
any set of useful signals, for example time-division multi-
plexed and/or frequency-division multiplexed signals. The
addressee 12 may be a single addressee (in the case of
transmission) or a multiple addressee (in the case of
broadcasting). Similarly, the transmission line may of course
be one-way (as in radio broadcasting) or two-way (as in
radio communications for example).

The source of signal is first of all subjected to a convo-
lutive encoding 13 of a type known per se. It may consist,

i+1
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in particular, of a standard systematic convolutive encoding
associating, with each item of source data, at least one
determined value by the combination of this item of data
with at least one of the previous items of source data.

It may also be a code such as one of those described in the
patent application FR 91 05278. These codes, known as
“pseudo-systematic” codes, are characterized by the fact that
the source data is transmitted systematically, in conjunction
with at least one encoded item of data or redundancy
symbol.

Any other convolutive code may also be used.

The items of data delivered by the encoder 13 are then
advantageously (although this is not an obligatory
characteristic) subjected to an interleaving operation 14.

This interleaving operation may be obtained convention-
ally by means of an interleaving matrix in which the items
of source data are introduced line by line and restored
column by column.

The module 14 provides for matrix interleaving. The
items of data are written, in successive lines, in a memory
with a size ngxng, and restored in successive columns. This
technique is described for example in the article by E.
Dunscombe and F. C. Piper, “Optimal interleaving scheme
for convolutional coding”, in “Electronics Letters”, Vol. 25,
No. 22, October 1989.

As can be seen in this article, the efficiency of the
interleaving for small values of n, (some tens) is improved
if the succession of rows and columns occurs according to
an increment greater than 1, this increment being, by
necessity, relatively prime with ng.

An additional improvement to this technique of interleav-
ing may be implemented. For it appears to be advantageous
that the row-skip increment, which is always relatively
prime with ng, should be a function of the position of the
column considered. This makes it possible to break the
rectangular-positioned error packets.

In this case, the interleaving matrix read increments are
chosen in such a way that the minimum distance at output
between two symbols that are neighboring at input is as great
as possible. These increments may, for example, be deter-
mined empirically.

Other interleaving techniques may of course be used,
especially the usual method of write and read increments
equal to 1, without departing from the framework of the
invention. It is also clear that the rows and columns may be
inverted.

Then, the interleaved signal is transmitted through the
transmission channel 15. It therefore undergoes a modula-
tion and a filtering operation 16, according to any appropri-
ate technique, and is then transmitted through the transmis-
sion medium 17.

This transmission medium 17 is generally noise-infested
and shows interference between the symbols transmitted in
it.

It must be noted that, according to the invention, the two
sources of disturbance namely noise and inter-symbol inter-
ference (IES) are considered in a dissociated manner. In
other words, the symbols affected by IES are in addition
noise-infested. The IES is chiefly due to distortion intro-
duced by the filtering elements of the transmission system
and the presence of multiple paths induced by the physical
medium of transmission (due to reflections and obstacles,
etc.). These phenomena lead to disturbances between sym-
bols. The noise induced by the physical medium gets added
to this IES phenomenon and is likely in addition to modify
the items of information borne by the symbols.

FIG. 2 illustrates this approach in the simplified case of
interference relating to two symbols.
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The reference An is given to the symbol transmitted at the
instant n'T, where 1/T is the speed of modulation (T being the
duration of the symbol). The received signal Sn can be
written, after passage in the transmission channel:

S=ZMhA,

This signal comprises a term dependent on the symbol A,
namely h,A,, but also a term dependent on the symbols
transmitted prior to and subsequently to A,. This second
term is the inter-symbol interference term. It can be written
in the form 2,_,,hA,, ;. It is due to the filtering introduced
by the channel and may be modelled by a lattice with N=2"
states, for an IES modelled by a discrete equivalent channel
with a memory v (two in the case of FIGS. 2 and 3).

In the case of FIG. 2, interference relating to two symbols
(A,_; and A,,, ;) is considered. The effect of the channel may
then be represented by two delay cells 21, and 21,, each
with a duration T.

When the symbol An+1 is presented at input of the cell
21,, the output of this cell 21, is A, and the output of the
second cell 21, is A,,_;. The filtering of the channel amounts
to the multiplying (22, to 22,) of each of these symbols by
the corresponding filtering coefficient h;. The corresponding
terms are then added up (23) to form the signal S,.

The architecture of FIG. 2 corresponds to a convolutive
encoding with v=2, the decoding lattice of which is illus-
trated in FIG. 3, conventionally, this lattice illustrates the
possible transitions as a function of the two preceding values
depending on whether the value of A, is 1 (solid lines) or
0 (dashes).

Returning to FIG. 1, the noise-infested signal S, is
subjected to a filtering and a demodulation 18, which are
symmetrical to the operations performed by the module 16.

Then, conventionally, the signal is equalized (19) by the
application of a filtering operation designed to compensate
for the effects of the transmission medium 17. The equalized
signal is then de-interleaved (110) symmetrically to the
interleaving operation 14.

Finally, the signal is transmitted to a convolutive decoder
111 which, for example, implements an operation of maxi-
mum likelihood decoding such as the Viterbi algorithm to
deliver decoded items of data to the addressee 12.

The essential characteristic of the invention is the iterative
association of a symbol detection module with weighted
outputs and a decoding module, also with weighted outputs.
If we consider the effect of the channel according to the
approach presented, the standard equalization (the filtering
of the received signal by means of a transversal filter, for
example) is replaced by an operation of symbol detection
that takes account of the memory effect introduced by the
channel.

Thus, the proposed device includes a detector with
weighted input and output that estimates the symbols A,
from the noise-infested output of the channel. For example,
this detector may be made by using the algorithm described
in the patent document FR 91 05279. It requires knowledge
of the coefficient h, which should therefore be estimated
externally to the proposed device, for example by means of
learning sequences.

FIG. 4 illustrates the general principle of the invention.

Each received sample R,,, which corresponds to the noise-
infested output of the transmission channel, is processed as
follows:

a detector 41 of symbols with weighted outputs produces

an estimation A, ; of the corresponding transmitted
symbol;
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the symbols A, ; at output of the detector 41 are
de-interleaved (42) to give the symbols A, ,;

the de-interleaved symbols A, ; are presented to the input
of a convolutive decoder 43 which gives a new esti-
mation A, , of symbols A;

at output of the decoder 43, there is defined (44) a
correction data element Z, called an extrinsic data
element obtained from the estimations A, ; and A »;

the correction data element Z, is then used, after a
re-interleaving operation 45, in the detector 41.

More specifically, in the embodiment described, the item
of data Z, is obtained by difference between A, , and y,A; ;
delivered by the multiplier 46, where y, is a positive
coefficient, Z,, is still an estimation of the symbol A, but this
time affected by a noise that is not correlated with the noise
that affects A, ; and is slightly correlated with the noise
affecting R,, by means of the interleaving function 45.

The extrinsic information Z,, is then used by the detector
41 by the addition or deduction, to or from each arm metric
of the lattice associated with the channel (cf. FIG. 3), of the
term v,|Z,|, where v, is a positive coefficient. The term
v1/1|Z,| is deducted (or added respectively) when the symbol
assigned to the arm considered has the same sign as Z,, (or
respectively the opposite sign). The value of the coefficient
v, depends on both the signal-to-noise ratio and the reliabil-
ity of the extrinsic information element Z,.

The extrinsic information element, assigned the coeffi-
cient y, for the multiplier 48, is furthermore deducted (47)
from the output of the detector 41 before being presented to
the input of the decoder 43. Indeed, since the extrinsic
information element Z,, has been produced by the decoder
43, it cannot be reused by this decoder 43.

The symbol detector 41 takes its decisions according to a
Viterbi type algorithm. All the operations performed by this
detector correspond to those described in the patent FR 91
05279. The difference, as compared with a convolutive
decoding algorithm, lies in the computation of the transition
metrics or branch metrics, which is done differently.

Each node of the lattice is represented by a possible state
of the channel at a given instant nT. For an IES value relating
to K1 symbols subsequent to the symbol considered and K2
symbols prior to the symbols considered, namely for:

S,=Z ki1 10 k2 Ak

the state of the channel at t=nT is given by the (K1+K2)-
uplet(A, . xi-1 - - - A1 AA,_1 - - - A, _g). The knowledge
of the state of the channel at t=nT as well as the value of
A, ,x1 (symbol < entering » the channel) then provides
knowledge of its state at t=(n+1)T.

Thus, for each node j of the lattice taken at the instant
t=nT, two transition metrics L0 and ;1 are computed. They
correspond to the two possible transitions (A, ;=0 and
A, x1=1). They have the form:

LO=(R,~RO)2 and L1=(R,~R1)2

where R,, represents the sample actually received at input of
the detector and R0 (or R/1 respectively) is the theoretical
value of the sample that is not noise-infested when the state
of the channel corresponds to the node j of the lattice and
when A, z=0 (or A, x;=1 respectively). R0 (or R/1
respectively) therefore has the form: Z,_x; ., xo DA, If
A, x1=0, then the value is R0 and if A,,, x;=1 then the value
is R;1.
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In practice, the following simplified expression is used to
compute the metrics:

LO=R,~R0| and L1=IR, /1|

The performance characteristics of the detection are then
very close to those obtained with the previous expression
and the implantation of the computation on silicon is greatly
simplified.

Apart from this computation of the metrics, the compu-
tation algorithm is similar in principle as well as in its
implementation to a convolutive decoding algorithm.

In practice, the receiver shown in FIG. 4 induces a
computation latency (processing time of the detector 41, the
decoder 43, the interleaving operation 45 and the
de-interleaving operation 42). It is therefore not possible to
obtain instantaneous knowledge of Z, when R,, is received
in the detector 41. Consequently, according to an essential
characteristic of the invention, the process implemented is
iterative.

This process is illustrated schematically by FIG. S. For
each symbol received Rn (reception step 51), at least two
iterations 52 are performed.

Each iteration 52 includes a step 521 for the correction of
inter-symbol interference. As indicated here above, this
correction implements a convolutive decoding technique
and takes account of an item of extrinsic correction infor-
mation Z,, and items of data h; representing the transmission
channel.

The items of information Z, are computed during the step
524. Naturally, at the first iteration, no particular value of Z,
is known. Consequently, this value is set at a neutral value,
namely at a value having no effect on the computations.

After the correction 521, the estimated symbols are
de-interleaved during the de-interleaving step 522 (if an
interleaving operation has been implemented at
transmission) and then decoded according to a standard
technique of convolutive decoding 523 and for example
according to the technique described in the French patent
application FR 91 02579.

Then, the item of extrinsic information Z, is computed
(524) from the item of data 525 detected by the correction
step 521 and the item of data 526 decoded by the decoding
step 523. Then, the items of information Z, are
re-interleaved (527) symmetrically with the de-interleaving
522 to give the item of information Z,. The item of infor-
mation Z,, is taken into account in the correction step 521 of
the next iteration.

At the last iteration, the step 524 for the computation of
Z, is not implemented. The decoded symbol D, is delivered
by the decoding step 523.

The corresponding reception device may advantageously
be made in a modular fashion, by associating one module
with each iteration. FIG. 6 illustrates a device of this kind
comprising four modules.

The first module 61 of the system receives (R),, the
symbol received by the device and delivers firstly (R),, ,,
which is equal to (R),, assigned a delay corresponding to the
latency of the module and, secondly, (Z),, the extrinsic
information computed by the module 61. Each of the fol-
lowing modules 62 to 64 receives the delayed symbol (R),, ;
and the item of extrinsic information (Z), ;. The last module
64 delivers the decoded symbol (D),,.

It will easily be understood that the performance charac-
teristics of the device in terms of error rate are a function of
the number of cascade-connected modules.

Advantageously, all the modules are identical. FIG. 7
illustrates an exemplary embodiment of a module of this
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kind. More specifically, it is the module corresponding to the
p™ iteration. It includes:

two inputs: (R), and (Z),,

three outputs: (R),,, 1, (Z),,, and (D),,, ;.

The input (R), is equal to the output of the channel
delayed by the latency of p—1 modules.

The input (Z), comes from the previous module and is set,
for p=1, at a neutral value, namely a value that has no
influence on the output of the detector.

The output (R),,, ;, equal to the input (R),, delayed by the
latency of a module, is unused if the iteration is the last one
of the process (p=P, P being the total number of modules).

The output (Z),,, is the extrinsic information element
prepared at the p’ﬁ iteration. This output is also unused if
p=P.

The output (D),,,, which is the decoded item of data is
unused by the P-1 first modules, and only the items of data
coming from (D),,,, are given to the addressee.

The elements of this module that have already been
described with reference to FIG. 4 are not described again,
and bear the same references. It will be noted that, as
compared with the schematic diagram of FIG. 4, different
delays are added to take account of the latencies of the
different elements.

Thus, the extrinsic information (Z), used for the differ-
ence 47 must be delayed (71) by a duration equal to the
latency L, of the detector 41. This is also the case with (A),,
which must be delayed by the latency L, of the decoder 43.
Finally, (R), must be delayed (73) by the total latency
introduced by a module L; in order that (R),,,, and (Z),,,,
may be presented at the same instant to the input of the
following module. This latency L, is equal to the sum of the
latency of the detector 41, L,, the latency of the decoder L,
and the latency introduced by the interleaving operations 45
and de-interleaving operations 42 L.,

The performance characteristics of the device of the
invention have been simulated and are illustrated in FIG. 8.
The item of source data is encoded by a recursive systematic
convolutive code (CSR code) with a constraint length K=5
and efficiency R=%. The encoded items of data are sent on
the transmission channel after a non-uniform interleaving in
a matrix of 64 rows and 64 columns. The modulation used
is a binary phase-shift keying (BPSK) modulation.

The multiplier coefficients h; are real and constant and
known to the symbol detector but the principle is applicable
when they are complex and variable. For the results pre-
sented hereinafter, the coefficients h; have been fixed at:
hy=v0.45, h,=v0.25, h,=v0.15, h,=v0.10, h,=vv0.05

They verify 2,_ ,, 4 h;2=1. The transmission channel is
also disturbed by a Gaussian white additional noise.

At output of the channel, the received samples Rn are
quantified on 8 bits. The symbol detector and the channel
decoder use the algorithm presented in the patent FR 91
05279. The working of the decoder is also represented by a
16-state lattice. The values of coefficients y, and y, have
been determined empirically.

The results shown use four modules. The curves C; and
C, represent the error rate at output of the transmission
system, respectively without and with channel encoding,
when there is no inter-symbol interference: C; gives the
error rate in the classic case where the symbol detector gives
a binary decision (firm decision) and the curves C,; show the
results obtained with the proposed device after the i-order
iteration.

These curves therefore show that, at an error rate of 107>,
the use of a symbol detector with weighted output makes it
possible to gain 1.6 dB as compared with a firm decision

207

10

15

20

25

30

35

40

45

55

60

65

12

detector and the three additional iterations provide an addi-
tional gain of about 3 dB. When the number of iterations
increases, the performance characteristics approach those
obtained on an encoded Gaussian channel.

What is claimed is:

1. Device for the reception of signals formed by a series
of digital symbols corresponding to the convolutive encod-
ing of items of source digital data characterized in that it
comprises:

p cascade-connected detection and decoding modules M,

to M,,, p being greater than or equal to 2,
each of said modules M; including:
inter-symbol interference correction means supplied by
a symbol input R; and delivering estimated symbols
A, ; with weighted values;
means for the decoding of said estimated symbols Ay
performing operations symmetrical to said convolu-
tive encoding and delivering decoded symbols A, ,
with weighted values; and
means for the computation of an item of correction
information Z,_, from said estimated symbol A, ; and
said decoded symbol A, ,,
said means for the correction of each of said modules
M;, except for the first module M, taking account of
at least one item of correction information Z; deter-
mined by the previous module M,_,.
2. Device according to claim 1, characterized in that:
each of said modules M, has two inputs, one symbol input
R; and one correction input on which correction infor-
mation Z; may be received, and three outputs, one
symbol output R,,;, one correction output and one
decoded symbol output D, ;;
the symbol input R; of the module M; being connected to
the symbol output R; of the module M,_, or i greater
than 1 and being supplied with the symbols received for
iequal to 1;

the correction input of the module M; being connected to
the correction output of the module M;_, for i greater
than 1 and being supplied with a neutral value that does
not affect the correction for i equal to 1;

the symbol output R;,, of the module M, being equal to
the symbol input R; of said module M; delayed by the
latency time dictated by the module M;;

the correction output delivering said correction informa-

tion; and

the decoded symbol output D,,; being unused for the

modules M; to M,,_; and being supplied with the
decoded symbol A, , of the module M,, if the code
implemented is a systematic code and, if not, with a
corresponding reconstituted value.

3. Device according to any of the claims 1 and 2,
characterized in that said means (41) for the correction of the
inter-symbol interference are supplied with an item of cor-
rection information Z, representing a difference (44)
between each decoded symbol A, , and the corresponding
estimated symbol A, ;.

4. Device according to claim 3, characterized in that said
means to compute the item of correction information com-
prise means (46) for the multiplication of said estimation
symbols A, ; by a positive weighting coefficient v, deliver-
ing weighted symbols, and subtraction means (44) comput-
ing the difference between each decoded symbol A, , and the
corresponding weighted symbol and delivering said item of
correction information Z,.

5. Device according to any of the claims 1 to 4, charac-
terized in that said means (41, 47, 48) for the correction of
inter-symbol interference perform the following operations:
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the computation (41) of a correction value V,=y|Z/,
where v, is a positive coefficient and where | | repre-
sents the absolute value operator;

for each arm of the lattice corresponding to said convo-
lutive code, the determining (41) of a detected symbol

A, o, comprising the following steps:

if the symbol assigned to said branch has the same sign
as said item of correction information Z; the
subtraction, from the metric associated with said
arm, of said correction value V;

if the symbol assigned to said arm has a sign opposite
that of said item of correction information Z,, the
addition, to the metric associated with said arm, of
said correction value V;

the subtraction (47), from said detected symbol A, , of the
value y,Z,.
6. Device according to claim 5, characterized in that said
coefficient y, depends on at least one of the items of
information belonging to the group comprising:
the signal-to-noise ratio;
the number i of the module considered.
7. Device according to any of the claims 1 to 6, applied
to the reception of symbols subjected to an interleaving
operation at transmission, characterized in that it comprises:
de-interleaving means (42) providing for the symmetrical
operation of said interleaving, inserted between said
correction means and said decoding means; and

interleaving means (45) providing for an interleaving of
said items of correction information that is identical to
said interleaving at transmission.

8. Detection and decoding module designed to be imple-
mented in a device for the reception of signals formed by a
series of digital symbols corresponding to the convolutive
encoding of items of source digital data, said device com-
prising at least two cascade-connected modules, character-
ized in that it has two inputs, one symbol input R; and one
correction input Z, and three outputs, one symbol output
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R,,;, one correction output Z,,; and one decoded symbol
output D, ,, and in that it comprises:
means (41, 47, 48) for the correction of inter-symbol
interference, supplied by said symbol input R, and
taking account of said correction input Z; and deliver-
ing estimated symbols A, ,,

means (43) for the decoding of said estimated symbols

A, ;, performing operations symmetrical to said con-
volutive encoding and delivering decoded symbols
A, and

means (44, 46) for the computation of an item of correc-

tion information Z,,, from said estimated symbol A, ;
and said decoded symbol A, ,, the symbol output R,
being equal to the symbol input R; delayed by a
predefined latency time, the correction output Z,,
delivering said correction information, and the decoded
symbol output D,,, being supplied with said decoded
symbol A, , or with a value reconstituted as a function
of the code implemented.

9. Method for the reception of signals formed by a series
of digital symbols corresponding to the convolutive encod-
ing of items of source digital data comprising the following
steps:

supplying with received symbols R;; and

performing at least two iterations of the following steps:

correcting inter-symbol interference affecting each of
said received symbols, by means of an item of
correction information Z,, and the delivery of esti-
mated symbols A, ;;

decoding said estimated symbols A, ; entailing opera-
tions symmetrical to said convolutive encoding, and
the delivery of decoded symbols A, ,; and

computing said items of correction information Z; from
at least one of said estimated symbols A, and at
least one of said decoded symbols A, ,.

* * * * &
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decoding said estimated symbols A;; with weighted value entailing operations
symmetrical to said convolutive encoding, and the delivery of decoded
symbols A;, with weighted value;

computing said correction information Z; from at least one of said estimated symbols
A, and at least one of said decoded symbols A, ,; and

delivering said correction information Z; to the step of correcting inter-symbol
interference of the following iteration.--
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dbstract - This paper deals with a new class of convolutional
codes called Turbo-codes, whose performances in terms of
Bit Error Rate (BER) are close to the SHANNON limit, The
Turbo-Code encoder is built using a parailel concatenation of
two Recursive Systematic Convolutional codes and the
associated decoder, using a feedback decoding rule, is
implemented as P pipelined identical elementary decoders.

I- INTRODUCTION
Consider a binary rate R=1/2 convolutional encoder with
constraint length X and memory M=K-1. The input to the
encoder at time  is a bit dy and the corresponding codeword
Ck is the binary couple (Xy, Yi ) with
Xk =‘i‘:lg“dk_i mod. 2 &ii '—_0,1 (la)
i=0

XK=
L= Zondi; mod2 g, =01 (1b)
i=0

where Gy (g1}, G2: {ga; ) are the two encoder generators,
generally expressed in octal form. L

It is well known, that the BER of a classical Non
Systematic Convolutional (NSC) code is lower than that of a
classical Systematic code with the same memory M at large
SNR. Atlow SNR, it is in general the other way round. The
new class of Recursive Systematic Convolutional (RSO
codes, proposed in this paper, can be better than 'he best NSC
code at any SNK for high code rates.

A binary rate R=1/2 RSC code is obtained from a
NSC code by using a feedback loop and setting one of the
WO outputs Xy or Y} equal to the input bit dy. For an RSC
code, the shift register (memory) input is no longer the bit dj,
but is a new binary variable ay. If Xp=dy (respectively
Yg=dy), the output Y (resp. Xp) is equal to equadon (1b)
(resp. 1a) by substituting ag for dy and the variable g is
recursively calculated as

k=1
a =d, + é)’i‘%-; mod.2 (2)

where y; is respectively equal o gy; if Xp=d; and to 82 if
Yy=d}. Equation (2) can be rewritten as '

K-t

dk = Z}’,—Gk_,- mod.z. (3)

=0
One RSC encoder with memory =4 obtained from an NSC
encoder defined by generators G1=37, G2=21 is depicted in
Fig.1.

Generally, we assume that the input bit d;. takes

values 0 or 1 with the same probability. From equation (2),
we can show that variable ag exhibits the same statistical.

property
(-7803-0950-2/92/33.00©1993IEEE

Pla,=0/a)=¢,..a, ,=¢_} = P{d, =€} =1/2(4)
with ¢ is equal to

K -1
£= v mod2 €=01 (5)
I=1

Thus the trellis structure is identical for the RSC
code and the NSC code and these two codes have the same
free distance dr. However, the two output sequences {Xi} and
{Y} } do not correspond to the same input sequence {dy} for
RSC and NSC codes. This is the main difference between the
two codes.

When punctured code is considered, some output
bits Xx or Yy are deleted according to a chosen puncturing
pattern defined by a maurix P. For instance, starting from a
rate R=1/2 code, the matrix P of rate 2/3 punctured code is

= i)

3"

ﬁ&
a, =d, E T T T

I
N
v

—

Xy

W

Y
Fig. 1a Classical Non Systematic code.
I >
Xk
a K -

NN

AN
Fig. 1b Recursive Systematic code. {k
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IT- PARALLEL CONCATENATION OF RSC CODES

With RSC codes, a new concatenation scheme,
called parallel concatenation can be used. In Fig. 2, an
example of two identical RSC codes with parallel
concatenation is shown. Both elementary encoder (C; and
C) inputs use the same bit dy but according to a different
sequence due o the presence of an interleaver. For an input
bit sequence {dx}, encoder outputs X and Yy at time k are
respectively equal to di (systematic encoder) and to encoder
Cy output Y g, or to encoder C; output Yop. If the coded
outputs (Yi1g, Y2x) of encoders C; and C, are used
respectively ny times and n; times and so on, the encoder Cy
rate R1 and encoder Cj rate Rj are equal to

ny +n, R __n]+n2

R = = . (6)
2n +n, : 2n,y +ny
dyg }
xk
Recursive
Systematic
Code (37.21)
NTL
NN
delay Y1k
Nine (L1) ‘——k—)
1
Y2k '
interleaving ' Yk
<
7K
Recursive
O LT T T T}~ Systematc
Code (37,21)
Fig. 2 Recursive Systematic codss
with parallel concatenation.

The decoder DEC depicted in Fig. 3a, is made up of two
elementary decoders (DEC; and DEC;) in a serial
concatenation scheme. The first elementary decoder DEC; is
associated with the lower rate R} encoder Cy and yields a
soft (weighted) decision. The error bursts at the decoder
DEC; output are scattered by the interleaver and the encoder
delay Ly is inserted to take the decoder DEC; delay into
account. Parallel concatenation is a very attractive scheme

because both elementary encoder and decoder use a single
frequency clock.

For a discrete memoryless gaussian channel and a
binary modulation, the decoder DEC input is made up of a
couple Ry of two random variables x; and yg, at time &
X, =(2d, 1)+, (7a)
Ye =(2Y, -1)+gq,, (7b)
where i, and g are two independent noises with the same
variance 0. The redundant information Yk is demultiplexed
and sent to decoder DECy when Y =Y and toward decoder
DEC; when Y =Y2x. When the redundant information of a
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"
given encoder (C1 or C3) is not emitted, the corresponding
decoder input is set to zero. This is performed by the
DEMUX/INSERTION block.

It is well known that soft decoding is better than
hard decoding, therefore the first decoder DECy must deliver
to the second decoder DEC; a weighted (soft) decision. The
Logarithm of Likelihood Ratio (LLR), Ay(dk ) associated
with each decoded bit dy by the first decoder DEC, is a
relevant piece of information for the second decoder DEC3
2 {d, =1/observation}
P,{d, =0/observation}’
where P {dy =i lobservation},i = 0, 1 is the a posteriori
probability (APP) of the data bit di.

A,(dy) = Log

(8)

. A
A1(?k) Ay(dn)  da,
I |
16STATE| [0 7] |16STATE|
DECODER leaving DECODER{——
Xy DEC, DEC,
K Latency 1 Ly Latency : L 5
FNed Y b
) T 71k 2k
. : [
yk .}l .
DEMUX/
INSERTION
Fig. 3a Principle of the decoder according to
a serial concatenation scheme.

II1 - OPTIMAL DECODING OF RSC CODES WITH
WEIGHTED DECISION

The VITERBI algorithm is an optimal d: oding
method which minimizes the probability of sequence error
for convolutional codes. Unfortunately this algorithm is not
able to yield the APP for each decoded bit. A relevant
algorithm for this purpose has been proposed by BAHL er al.
{1]. This algorithm minimizes the bit error probability in
decoding linear block and convolutional codes and yields the
APP for each decoded bit. For RSC codes, the BAHL ez al.

algorithm must be modified in order to take into account their
recursive character.

II1 - 1 Modified BAHL et al. algorithm for RSC codes
Consider a RSC code with constraint length X; at
time k the encoder state S, is represented by a K-uple

S = (4. @p oy QGyoker)- (9)
Also suppose that the information bit sequence {d} is made
up of N independent bits dy, taking values 0 and 1 with equal
probability and that the encoder initial state So and final state
Sy are both equal to zero, i.e

So=8y=(0,0...00=0. (10)
The encoder output codeword sequence, noted
C1~={C‘ ....... Cpoeeenenn CN}is the input to a discrete

gaussian memoryless channel whose output is the sequence
RY ={R.... Ry } where R =(xg,yp) is defined by
relations (7a) and (7b).
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The APP of a decoded data bit di can be derived
from the joint probability A} (m) defined by
AL(m)=R{d,(=i,Sk=m/RlN} (11)
and thus, the APP of a decoded data bit dy, is equal to
Pdy=i/RY} =X A(m), i=01 (12)
From relations (8) and (12),Mthe LLR A(d,) associated with
a decoded bit di can be written as
Ay(m)
HED
Finally the decoder can make a decision by comparing
A(d,) toathreshold equal to zero
dy=1 if A(d)>0
&,,:o if  Ald,)<0.  (14)
In order to compute the probability l‘;(m), let us introduce
the probability functions ay(m), B;(m) and y,(R,, m’,m)

- = k
a,ﬁ(m)= Pr{dk —P”{S;k-}m‘Rl}Pf{dk =435, =m/Rf} (15)
1

Ald,) = Log (13)

R{lev+l/5k =m}
Pr{Rl‘cVH/le}
YilRe,m',m) = P{d, =i,R,S, =m/S, _, =m)}. a1

The joint probability A, (m) can be rewritten using BAYES
rule

Br(m) = (16)

R{dk =45 :m‘Rzk:Révﬁi
Pr{Rll('Rl;\;l}

A(m) = } (18)

Thus we obtain
P{d, =i, =m R} B{RY, /d, =i, =m R}
B {rt} PR /R

(19)
Taking into account that events after time k are not

influenced by observation Rl and bit dy if state S is known,
the probability A, (m) is equal

Ap(m) = al(m)B,(m). (20)
The probabilities aj(m) and B,(m) can be recursively

calculated from probability 7;(R,,m’,m). From annex I, we
obtain

A(m) =

1
_ Z:_Z‘/,(Rkyml.m)ak l(m )
ap(m)=—"20 (21)
ZZ%ZOY,(Rk,m maj_(m’)
mm = I:
and
]
Z:_Zyi(Rkﬂ»’nrm,)BkM(m’)
Be(m) =210 — (22)
EZ_%207,(&,1.'"',171)&{(”1')
mm’i=0j

The probability 7;(R,,m’, m) can be determined from
transidon probabilities of the discrete gaussian memoryless
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chanrel and transition probabilities of the encoder trellis.
From relation (17), y,(R,, mism) is given by

7i(Re,m’,m)=p(R, /d, =i,§, =m,§,_, =m’)
9(d, =i/S =m, S, =m’)a(S, =m/S,_, =m’) (23)

where p(./.) is the transition probability of the discrete
gaussian memoryless channel. Conditionally to

(de =i, Sg=m, Sg.) =m", x and y; are two uncorrelated - -

gaussian variables and thus we obtain
PR /d, =i,5, =m, S, | =m’)=
px,/dy =05, =m, S, |, =m’)
Py/dy=i,85, =m,S,_, =m’). (24)

Since the convolutional encoder is a deterministic machine,
q(dy =i/S5, =m,S,_, =m’) is equal to 0 or 1. The
transition state probabilities (S, =m/S,_, =m’) of the
trellis are defined by the encoder input statistic.
Generally, P, {d, =1} = P,{d, =0} =1/2 and since there
are two possible transitions from each
sate, (S, =m/S,_, =m’)=1/2 for each of these
transitions.

Different steps of modified BAHL et al. algorithm

-Step 0 : Probabilities aj(m) and By(m) are

initalized according to relation (12)
aa(0)=1 ai(m)=0 VYm =0, i=0,! (25a)
Bu(0)=1 By(m)=0 Vm =0. (25b)

-Siep 1: For each observation Ry, the probabilities
a,i(m) and v;(R,,m’ m) are computed using relations (21)
and (23) respectively.

-Step 2 : When the sequence R has been
completely received, probabilities f§,(m) are comyuted using
relation (22), and probabilities aj(m) and B,(m) are
multiplied in order to obtain A\(m). Finally the LLR

associated with each decoded bit dy is computed from
relation (13).

IV- THE EXTRINSIC INFORMATION OF THE RSC
DECODER

In this chapter, we will show that the LLR A(dy
associated with each decoded bit dg , is the sum of the LLR
of dy at the decoder input and of another information called
exurinsic information, generated by the decoder.
Using the LLR A(dp) definiton (13) and relations (20) and
(21), we obuin

D) Z}'X(Rk,m m)al_(m’)By(m)
A(d,) = Log-mliz? . (26)
22X Yo(Rkym m)ak-l(m )ﬂk(m)

mm’j=0
Since the encoder is systematic (XL- = dy), the transition
probability p(x,/dy =i,S, =m,S,_, =m’) in expression
Yi( Re,m’,m) is independent of state values S; and Sk.1-

Therefore we can factorize this transition probability in the
numerator and in the denominator of relation (26)
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feedback loop il

2 Ay (dy) Ay (dn) dein.te(-__l Wak
> 16.STATE inter- 16-STATE ___J—J leaving
DECODER : DECODER

Xk — DECy leaving OEC2 || [deinter Az (dk)
N leaving —,
?\L’_ Yik Yok
e

yk ,}[ , _]’c-
DEMUX/ Y
INSERTION decoded output

Fig. 3b Feedback decoder (under 0 intarnal delay assumption).

A
dy

(x,/d, =1)
Ald,) = Log P12 7% =1) |
K O 7d, =0)

1 ,
X I t(vem’ maf_(m)By(m)
[og mm ;TO : )
22 %Yo(yk:m’,m)ai-l(m')ﬁk(m)

mm'j=
Conditionally to d =1 (resp. dy =0), variables Xg are
gaussian with mean 1 (resp. -1) and variance o2, thus the

LLR A (dg) is still equal to

(27)

A(dk)=£-2-xk W, (28)

where
W, =A(d,) |

x, =0 =

1 .
22X Zlyem’im)al (m’)B,(m)

mm’j=0

i )
22 2 Yo (Y, m’, m)ai_l(m')ﬁk(m)

mm’j=0

Log . (29)

Wy is a function of the redundant information inwoduced by
the encoder. In general Wy has the same sign as dy; therefore
Wi may improve the LLR associated with each decoded data
bit dr. This quantity represents the extrinsic information

§upplied by the decoder and does not depend on decoder
input xg . This property will be used for decoding the two
parallel concatenated encoders.

V- DECODING SCHEME OF PARALLEL
CONCATENATION CODES

In the decoding scheme represented in Fig. 3a,
decoder DEC computes "LLR Aj(dy) for each transmitted
bit dj from sequences {x;} and {y;], then the decoder DEC,
performs the decoding of sequence{d;} from sequences
{A1(dp)) and {yx}. Decoder DEC; uses the modified BAHL
et al. algorithm and decoder DEC; may use the VITERBI
algorithm. The global decoding rule is not optimal because
the first decoder uses only a fraction of the available
redundant information. Therefore it is possible to improve the
performance of this serial decoder by using a feedback loop.

V-1 Decoding with a feedback loop
We consider now that both decoders DEC; and
DEC; use the modified BAHL er al. algorithm. We have

seen in section [V that the LLR at the decoder output can be
expressed 1s a sum of two terms if the decoder inputs were
independent. Hence if the decoder DEC3 inputs Aj(dy) and
Y24 are independent, the LLR Ap(dy) at the decoder DEC,
output can be written as

Az(dk)zf(/ll(dk))+W“ (30)
with

2
Al(dk)=?Ik+Mk (31)

From relation (29), we can see that the decoder DEC;
extrinsic information Wog is a function of the sequence

{A1(dn)}pzy Since Aj(d,) depends on obscrvau'oan‘V,
extrinsic information Wy is correlated with observations x;
and y)x. Nevertheless from relation (29), the greater | n-k |is,
the less correlated are Aj{(d,) and observations xg, yk. Thus,
due to the presence of interieaving between decoders DECy
and DEC;, extrinsic information Wy and observations x,
Y1k are weakly correlated. Therefore extrinsic information
Wa and observations x4, y1x can be jointly used for carrying
out a new decoding of bit d, the extrinsic information
7 = Wy acting as a diversity effect in an iterative process.

In Fig. 3b, we have depicted a new decoding scheme
using the extrinsic information Wo generated by decoder
DEC; in a feedback loop. This decoder does not take into
account the different delays introduced by decoder DECy
and DEC;, and a more realistic decoding structure will be
presented later.

The first decoder DEC; now has three data inputs,
(xk, Y1k, 2) and probabilities aj,(m) andB,(m) are
computed in substituting Ry ={xk, y1£} by R =Cx, Y14 2) in
relations (21) and (22). Taking into account that Z; is weakly
correlated with xx and yix and supposing that zx can be
approximated by a gaussian variable with variance of =02,
the transition probability of the discrete gaussian memoryless
channel can be now factored in three terms
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P(Rk /dk = i, Sk =m, Sk-l =m ’) = P(Xk/. )P(yk/)P(Zt/) (32)
The encoder C; with initial rate Ry, through the feedback
_ loop, is now equivalent to a rate R’y encoder with

R

R TR R (33)
The first decoder obtains an additional redundant information
with zx that may significantly improve its performances; the
term Turbo-codes is given for this iterative decoder scheme
with reference (o the turbo engine principle.

With the feedback decoder. the LLR Aj(dy) generated by

Gecoder DEC) is now equal to

2 2
A d D me— + —5 + W, 34)
1(dy) o2 X p 4 e (

where Wy depends on sequence {za}guk As indicated
above, information z; has been built by decoder DEC,; at the
previous decoding step. Therefore zx must not be used as
input information for decoder DEC3. Thus decoder DEC;
input sequences at step p (p=2) will be sequences

{A(d,)} and (y2¢) with

Ald,)=A(d,), .. (35)

Finally from relation (30), decoder DEC; extrinsic
information z; = Wy, after deinterleaving, can be written as
2 =Wy = Ay (d, )| A(dy)=0 (36)

and the decision at the decoder DEC output is

d, = sign[A,(d,)]. {37)
The decoding delays introduced by decoder DE C
(DEC=DEC+DEC,), the interleaver and the deinterleaver
imply that the feedback information z; must be used through
an iterative process as represented in Fig. 4a, 4b. In fact, the
glooal decoder circuit is composed of P pipelined identical
elementary decoders (Fig. 4a). The pth decoder DEC
(Fig. 4b) input, is made up of demodulator output sequences
(x)p and (y)/, through a delay line and of extrinsic information
(2)p generated by the (p-1)th decoder DEC. Note that the

variance o7 of the extrinsic information and the variance of
/ix (d, ) must be estimated at each decoding step p.

V-2 Interleaving
The interleaver uses a square matrix and bits {dr}
are written row by row and read pseudo-randomly. This non-
uniform reading rule is able to spread the residual error
blocks of rectangular form, that may set up in the interleaver
located behind the first decoder DECy, and to give the

greater free distance as possible to the concatenated (parallel)
code.

VI-RESULTS

For a rate R=1/2 encoder with constraint length K=5,
generators G1=37, G,=21 and parallel concatenation
(R1=R2=23), we have computed the Bit Error Rate (BER)
after each decoding step using the Monte Carlo method, as a
function of signal to noise ratic Ep/Np where Ep is the
energy received per information bit dy and Np is the noise
monolateral power spectral density. The interleaver consists
of a 256x256 matrix and the modified BAHL et al. algorithm
has been used with length data block of N=65536 bits. In

@} ——, ) (2 (2

(o | wooute | () |woouee [(xy (x| MoOULE

From o | v [0k 2 (i ey P
demodulator

Fig. 4a Modular pipslined decoder, corresponding to an
iterative processus of the feedback decoding.

(Z)p-l

o (Z)p
e d 16-STATE [ 16-STATE .
oecooerl— " L ipecooer leaving >
DEC, o aving DEC,
-
: L{,f Wy [_w"
ET‘
i
6, ' By

Tl DELAYLME :ﬁ}
W

Fig. 4b Deccding module (levsi p). ot

order to evaluate a BER equal to 10°3, we have considered
128 data blocks i.e. approximatively 8 x100 bits dr. The BER
versus Ep/ Ny, for different values of p is plotted in Fig. 5.
For any given signal to noise ratio greater than 0 dB, the BER
decreases as a function of the decoding step p. The coding
gain is fairly high for the first values of p (p=1,2,3) and
carries on increasing for the subsequent values of p. For p=18
for instance, the BER is lower than 107 at Ep/Ng=0,7 dB.
Remember that the Shannon limit for a binary modulation
with R=1/2, is P, = 0 (several authors take P, =10 as a
reference) for Ep/Np= 0 dB. With parallel concatenation of
RSC convolutional codes and feedback decoding, the
performances are at 0,7 dB from Shannon's limit.

The influence of the constraint length on the BER
has also been examined. For K greater than 5, at
Ey/No= 0,7 dB, the BER is slightly worst at the first (p=1)
decoding step and the feedback decoding is inefficient to
improve the final BER. For K smaller than 5, at
Ep/No= 0,7 dB, the BER is slightly better at the first
decoding step than for X equal to 5, but the correction
capacity of encoders Cy and Cj is too weak to improve the
BER with feedback decoding. For K=4 (i.e. 8-state
elementary decoders) and after iteration 18, a BER of 1073 is
achieved at Ep/Ng = 0,9 dB. For K equal to 5, we have tested
several generators (G}, G2 ) and the best results were
achieved with G1=37, G=21.
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Fig. 5 Binary error rate given by iterative decoding (p=1,....18)
of code of fig. 2 (rate:1/2); interleaving 256x256.
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For low signal to noise ratios, we have sometimes noticed
that BER could increase during the iterative decoding
process. In order to overcome this effect, we have divided the

exuinsic information z¢ by [ 1+ 6|4, (d, )| Jwith 6 =0,15.

In Fig. 6, the histogram of extrinsic information (2)p
has been drawn for several values of iteration p, with all data
bits equal to 1 and for a low signal to noise ratio
(Ep/No= 0,8 dB). For p=1 (first iteration), extrinsic
information (z)p is very poor about bit d, furthermore the
gaussian hypothesis made above for extrinsic information
{2)p, is not sauisfied! Nevertheless when iteration p increases,
the histogram merges towards a gaussian law with a mean
equal to 1. For instance, for p=13, extrinsic information (2p
becomes relevant information concerning data bits.

VI CONCLUSION

In this paper, we have presented a new class of
convolutional codes called Turbo-codes whose performances
in terms of BER are very close to SHANNON's limit. The
decoder is made up of P pipelined identical elementary
modules and rank p elementary module uses the data
information coming from the demodulator and the extrinsic
information generated by the rank (p-1) module. Each
elementary module uses a modified BAHL et al. algorithm
which is rather complex. A much simpler algorithm yielding
weighted (soft) decisions has also been investigated for
Turbo-codes decoding {2], whose complexity is only twice
the complexity of the VITERBI algorithm, and with
performances which are very close to those of the BAHL et
al. algorithm. This new algorithm will enable encoders and
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decoders to be integrated in silicon with error correcting
performances unmatched at the present time.

15%
10% En
! i
P
5% _ ]
'ilerationa J’r[ FL‘\
..r"':‘ -."'t"‘.\"‘-
0% e ? ™ 9
NORMALIZED -1 0 +1 +2
SAMPLES
Fig. 6 Histograms of extrinsic information z after
iterations # 1,4,13 at Eb/No = 0.8 dB;
all information bits d=1.

ANNEX I : EVALUATION OF PROBABILITIES o (m)
AND B,(m) .
From relation (15) probability o} (m) isequal to
Prid, =i, =mRTLR]
Pr{R R} -

ai(m):

Prid, =iS, =m, R /R
Pr{R, /R ' A

The numerator of a,’;(m) can be expressed from state Sg.p
and bit dg .;.

Pr{dy =i Sy =m R, /R ) =

(Al)

)}
I ERfd =id =) =m S =m R/R) (A2)

m'j=0
By using BAYES rule, we can write
Prid, =i$, = m R /R =
5§ Pf{dk-x =15 :m"le-l}
m' j=0 Pr{le_l}
Pld =i, S =mR,/dy_ = ]S, = m R (A3)
By taking into account that events after time (k-1) are not
influenced by observation Rl""l and bit dg.; if state Sg. is
known and from relation (17) we obtain

Pr{d, =i,S, =m R, /R =

1 .
2207.-(Rk,m'm)a,{_,(m'). (A4)
m'j=

The denominator can be also expressed from bit dj and state

Sk
i

R{rR /R =33 Prid, =i5, = m Ry /RS ] (AS)

m i=0

and from relation (A4), we can write :
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| S :
Pr{R /R =23 3 Txi(Rem' maiy(m'). (A6)

mm =0 j=
Finally probability a,’;( m) can be expressed from probability
aj_,(m) by the following relation

1 .
E;Z)',-(Rk,m'm)a{_l(m')
o (m) = —"4=0 : . (A7)
XY XY ZvdR,mmjaj_(m')

mm' i=0 j=0 .
In the same way, probability B¢ (m) can be recursively -
calculated from probability Bgs; (m). From relation (16), we
have

_R{RE /S, =m]
P = TR /R
Zépr{dkﬂ =i'Slc+l =m‘,R;v+2'Rk+l/Sk ‘=m}

m'i=0
PR /RE) (48

By using BAYES rule, the numerator is equal to
N i y ,
Pp{’le /S, =m} =.ZZPr{Rk+2/Sk+l = m}
m'i=0
P{dy, =i,S, =m Ry, /S, = m}. (A9)
By taking into account expressions of Yi(Rg+1,/mm’) and
Bis1 (M), we can write

1
);‘Z 7i(Repr,mm')By,y(m')
ﬁk(m): m'i=0

(A10)
PR /R
In substituting k by (k+/) in relation (A6), the denominator
of (A10) is equal to

, 11 .
Pr{R /B } =S5 I Zyd(Rem ma(m) (Al])

mom i=0 j=0

Finally probability $x (m)can be expressed from probability
Br+1 (M), by the following relation

1
E'}:./i(Rkﬂ'm*ml)EkH(m')
Bi(m) = —==8— — (Al2)
ZX X XVRmmiap(m’)

m m' i=0 j=0

REFERENCES

{1 L.R. Bahl, J. Cocke, F. Jeinek and J. Raviv,
"Optimal decoding of linear codes for minimizing symbol
error rate", /EEE Trans. Inform. Theory, vol. IT-20, pp. 248-
287, March 1974.

{2] C. Berrou, P. Adde, E. Angui and S. Faudeil, "A
low complexity soft-output Viterbi decoder architecture”, 10
appear at ICC' 93.

218




Rrwe

LAy

P 445
Electronics and Communications in Japan, Part 1, Vol. 77, No. 4, 1994
Translated from Denshi Joho Tsushin Gakkai Ronbunshi, Vol. B-I1, No. 3, March 1993, pp. 166-172

/o. /03 = /10 = (g)

PO 3-'93
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SUMMARY path component becomes nonnegligible compared to the
transmission signal symbol interval, and communication
quality degradation due to frequency selective fading

The Viterbi equalizer is effective for frequency
becomes remarkable.

selective fading in digital mobile communication, but as
the multipath component propagation delay time differ-
ence increases, the number of states increases exponen-
tially and the computation amount increases drastically.
Combining the Viterbi equalizer and interference reduc-
tion operation based on the equalization result, this paper
proposes a new type of Viterbi equalizer with iterative

To realize high-speed digital mobile communication,
this frequency selective fading must be overcome and
hence the anti-multipath modulation system [1], adaptive
equalizer [2], and so on, are being studied. However, the
anti-multipath modulation system is effective only when

equalization. It can expand the equalizable range without the delay time difference is 0.5 or within 1 symbol length.
increasing the number of states. Computer simulation
result shows that its performance is better than that of a On the one hand, in the area where a receiver point
conventional one. : . can observe mountains or hills there can be delayed
components with a delay time difference of 20 pus or
Key words: Adaptive equalizer; Viteri equalizer; more. If high-speed digital mobile communication with
iterative equalization; frequency-selective fading; digital around 512 kbit/s is applied in such an area, delayed
mobile communication. components of 10-bit length must be overcome.

For this reason attention is being paid to the adaptive

1. Introduction equalizer, which is effective for long-delayed components.
Decision Feedback Equalizer (DFE)and Viterbi Equalizer

(VE) are typical adaptive equalizers (3, 4]. VE with

Digital mobile communication is very close to being maximum likelihood sequence estimation is expected to
realized. To meet the requirement for communication give a performance superior to that of DFE, but as the
varicties and advanced services, higher-speed digital delay time difference increases, the number of states for
mobile communication must be realized in the future. Viterbi algorithm increases exponentially and its realiza-

tion becomes difficult.
Radio propagation in the urban area becomes muiti-

path due to reflection and diffraction by surrounding To suppress this increase in the number of states,
buiidings. If transmission speed is increased under this various proposals have been made. However, the method
propagation ¢nvironment, delay time difference of multi- of using linear equalizers [S, 6] tends to increase the
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noise. The method of using DFE [7] can suppress this
noise, but the performance tends to deteriorate due to
error propagation. For this reason, DDFSE (Delayed
Decision Feedback Sequence Estimation) [8], RSSE
(Reduced-State Sequence Estimation) [9], etc., have been
proposed. By referring to the path history of Viterbi
algorithm, DDFSE and RSSE can reduce the effect of
delayed components which exceed the equalizable range
of the Viterbi equalizer. The application of DDFSE to
mobile communication is mentioned in [10].

In this paper a simple and practical method modi-
fying the Viterbi equalizer to deal with a longer multipath
delay time without increasing the number of states is
proposed [11]. It equalizes the channel by applying the
Viterbi algorithm iteratively after canceling the effect of

longer delayed multipath components based on an esti--

mated sequence in the previous step. Although its com-
putational amount is large compared with conventional
methods, the equalization performance can be improved
for longer delayed components.

2. Principle

The proposed method extends the equalizable range
without increasing the number of states by reducing the
effect of longer delayed components with delay time
difference exceeding the equalizable range of VE. A
received signal is a convolution of transmitted signals,
transmitter/receiver filter, and impulse response of propa-
gation path (hereafter they are referred to as "delay
profile”). Therefore, if a correct transmission sequence
and delay profile are obtained, the effect of longer
delayed multipath components exceeding the equalizable
range of VE can be eliminated. However, since the
received sequence and delay profile estimated at the
receiver side are not accurate, their effect' cannot com-
pletely be eliminated. By iteratively applying the equal-
ization, the proposed method improves the accuracy in
eliminating the effect of longer delayed components and
attempts to improve the performance.

Specifically, after the effect of longer delayed com-
ponents is reduced by using the information symbol
sequence {a!} estimated with the maximum likelihood by
VE, the maximum likelihood estimation again is applied
by VE.

Let {a?} be this estimated sequence. Then, it is
expected that the symbol error rate of {a?} is better than
that'of {a}}. Furthermore, by using {a?}, the interference
is reduced and {a’} is obtained. As mentioned later, the
location of errors tends to vary at each iteration, and

[ Dty oot | Majoriy

Input {a;}]  function

- (b‘ ) ]
-——(? 2
(a;] /}-—O
\
(bzl Output

3

(ai)

Delay a— VE

VE : Viterbi equalizer
Mod : Modulator
® : Convolution

Fig. 1. Flow of signal processing of the proposed
method (n = 3). :

hence there is a possibility that based on these sequences
a sequence with fewer error rates can be generated. For
this purpose the majority function is applied in this paper.

Hereafter, let n be the number of VE applications. *

As for the Bit Error Rate, the BER when a symbol is
Gray-encoded is calculated. Figure 1 shows the flow of
signal processing of the proposed method for n = 3. The
case of n = 1 corresponds to the ordinary VE. As shown
in this figure, the processing for reducing the effect of
longer delayed components is applied only by using the
part exceeding the equalizable range of estimated profile.

In this study, VE is operated by using delayed
components within m-symbol delay, and the effect of
delayed components within L-symbol delay (m < L) is
reduced by using the preceding equalization result. Simi-
lar operation is applied also to DDFSE, which is to be
compared with, by referring to path history.

The operation of reducing the effect of longer
delayed components is as follows:

u(D)=y() = O (= iT)

(k=1,2,3,, n—1) ey
(K1) mTw<(SLT
h(t)={ 0 otherwise (2

Here, y() is the received signal and y, (1) is the signal with
the effect of longer delayed components being reduceq;
h(r) is the delay profile estimated at the receiver; {bf} is
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Table 1. Simulation parameters

Items

Features

Modulation system

/4-shift QPSK

Demodulation system

Quasi-coherent detection

Transmitter/receiver filter

Gaussian Filter (BT, = 1.0)

Training sequence

00100 1011100001000100 10111

Data length

58 symbol X 2

Propagation path

Static 2-component multipath model

mand L

m=2andL =395

the complex baseband signal sequence obtained by modu-
lating {a¥}; and T, is the symbol width. With 7/4-shift
QPSK modulation system, which is used in later computer
simulation, four symbols of af are Gray-encoded as 00,
01, 11, and 10, and associated b‘-" is assumed to be (1 +

DINZ, -1 + HNZ, (1 - PRNZ, and (1 - )A/Z when i is.

odd, and 1, J, -1, and -j when i is even.

As understood from Eq. (1), yk('t) is obtained
directly from the received signal y(r), oot from y,,(f).
Therefore, there is no noise addition. The decoding by
VE is applied to y,(f) calculated in this way and {a}**'} is
obtained. Final decoding result is obtained by applying
majority function to {a??}, {a™'} and {a} for n = 3,
and is {a?} for n = 2. This majority function is applied
on bit-by-bit basis to Gray-encoded symbols, just as in the
calculation of the error rate.

3. Computer Simulation

Table 1 shows the parameters used in the computer
simulation. As shown in Fig. 2, one TDMA timeslot
consists of a pair of information symbol sequences, a
training sequence in between, head symbols, and tail
symbols. There are five symbols in the head, and as
many symbols as required for state convergence are added
in the tail. The estimation of delay profile is done for
each timeslot by the correlated reception of the training
sequence [12]. The delay profile obtained by this cor-
related reception is used directly as A(r).

The simulation is carried out at an equivaleat base-
band system and thermal noise is assumed. Gaussian
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Head syr{n\bols Training sequence

Tail symbals
\ N
[Tlnf. symbols I\ l Inf. symbolsJ
| 1 1

-
4 I ¥ L

58 26 58

Inf. : Information

Fig. 2. TDMA timeslot structure.

filters with BT, = 1.0 (BT, is the 3-dB bandwidth normal-
ized by the transmission symbol rate) are used for both
transmitter and receiver filters. It is assumed that there
is no frequency shift between receiving frequency and
transmitting frequency.

The m/4-shift QPSK is used as a modulation system
and quasi-coherent detection is applied. The quasi-
coherent detection is applied because we can get to know
the phase of the received signal from delay profile
estimation and the phase can be corrected. Static 2-
component multipath propagation model is used as a
propagation path. Its impulse response is given by

ho(t)=Apd(t)+ Aud(t—r)e” 3)

Here, 8(¢) is the delta function, A, is the amplitude
of leading component D signal, Ay is the amplitude of
delayed compoment U signal, 7 is the delay time
difference between D and U signals, and ¢ is the carrier
phase difference between D and U signals. The number
of states in the used VE is 16(m = 2)and L = 5. Asa
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Fig. 3. Comparison of BER vs. E,/N; curves.
(DIU = 0dB)

result, the equalization effect is obtained in the range
7/T, = 5. The sample position is located at the peak
position of the D signal in the delay profile, and- one
sample is sampled for one symbol. Values averaged over
carrier phase difference ¢ are shown.

4. Results of Computer Simulation

4.1. Basic characteristic

First, BER of symbol sequence {a;*} before applica-
tion of the majority function is discussed. Figures 3 and
4 show the BER vs. E,/N, characteristics for D/U = 0 dB
and 5 dB. Since it is assumed that 7/T, = 4, sufficient
equalization is not obtained by 16-state VE (n = 1). As
n is increased, BER characteristics improve. In case of
D/U = 0 dB shown in Fig. 3, a floor of BER, or a flat
area of BER, is observed at a high range of E,/N,. By
contrast, no floor is observed in case of D/U = 5 dB
shown in Fig. 4, and an excellent characteristic is
obtained.

4.2.  Performance of proposed method

In the preceding section the characteristic with no
majority function is shown. In succeeding sections the
characteristics with majority function are studied.
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Bit error rate

Fig. 4. Comparison of BER vs. £,/Nj curves.
(DIU = 5 dB)

Figure 5 shows the characteristic of BER vs. D/U of
the proposed method, where the condition of 7/7; = 4
and E,/N, = 10, a propagation environment which cannot -
be equalized by a 16-state VE is considered. Better per-
formances are obtained both for n = 4 and n = 8 com-
pared with those by 16-state VE. As D/U becomes large,
or delayed components become weak, differences in the
characteristics for # = 4 and for n = 8 become small.
The characteristic for DDFSE is located between those for
n=4andn = 8.

From Fig. 5 it is observed that D/U of about 5 dB
or more is required for the proposed method and DDFSE
to obtain BER of around 1073 under this condition. Thus,
the proposed method is effective in case delayed com-
ponents are somewhat weak compared to leading com-
ponents. For this reason, D/U is set to be 5 dB in the
computer simulation thereafter.

Figure 6 is the BER vs. E,/N; characteristic for
71T, = 4. Forn 2 4, the performances for the proposed
method are better than those for DDFSE. Compared with
Fig. 4, the performances for n = 3 and n = 4 are
improved by the majority function. This is because the
error locations due to longer delayed componeats, in
principle, tend to be different for {a?}, (a/"'}, and (a/"}-
For example, on the basis of the i-th symbol of the
preceding equalization result, the interference is reduced
at the locations from the i + m + l-th to i + L-th
symbols according to Eq. (2). Thus, the effect of the
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Fig. 5. Comparison of BER vs. D/U curves.
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Fig. 6. Comparison of BER vs. E,/N; curves.
(r/T, = 4)

error of a symbol becomes. effective at locations a few
symbols later. Therefore, the effect of majority function
appears in the propagation environment where longer
delayed components (m < /T, < L) exist.

Figure 7 shows an example of majority function.
This is a part of the simulation result for 7/T, = 4,
E, Ny = 10 dB, D/U = 5 dB, and n =

3, and an error
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Transmitted symbols
12033313023321120030323003220

1
{a;} 120333130333211200{J0§23003220
{af] 1203331302332[81200303230[3220

{23) 12033313023321120[30323003220

Q Majority function

12033313023321120030323003220

(I: Error symbol

Fig. 7. Effect of majority function.

symbol is marked by a square. It is observed that the
number of error symbols decreases while changing their
locations. The movement width of error locations is four
symbols, which coincides with the delay time difference.
Thus, the reason for error location movement and the
effectiveness of majority function are confirmed.

By contrast, any performance improvement due to
majority function is not observed for n = 6 and n = 8.
At this stage, most errors are caused by the noise and the
error locations are identical. As a result, no improvement
is expected by the majority function. For the case of
D/U = 5 dB, the performance improvement with n tends
to be saturated at around n = 6. The characteristic
indicated by "correct cancellation” in Fig. 6 is the BER
characteristic of {a‘?) for the case where transmitted
symbol sequence is used as {a}}. This characteristic and
the characteristic for n = 6 agree well. By applying
iterative equalization, the proposed method is almost not
affected by the effect of error propagation.

Figure 8 shows BER vs. 7/T, characteristic, where
D/U is 5 dB and n = 4 for the proposed method. Char-
acteristics for DDFSE, 16-state VE, 64-state VE, and
1024-state VE also are shown. The proposed method and
DDFSE can equalize a wider range than 16-state and 64-
state VEs. Since E,/N, is low, i.e., 10 dB and 7 is small,
i.e., 4, the proposed method is only slightly better than
DDFSE. This difference increases if n and E,/N, are
taken large, considering Fig. 6. On the one hand, in the
range of 7/T; < 2, where no interference reduction is
required, the performance of the proposed method is
worse than those of 16-state and 64-state VEs. Figure 9
shows BER vs. E,/N, characteristics for such shorter
delayed components, where 7/7, = |. In the range of
small delay time difference, the performance deterioration
in E,/Ng is shown to be about 1 dB. This is because
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Fig. 8. Comparison of BER vs. 7/T; curves.

unnecessary interference reduction operation increases the
effect of delay profile estimation error.

5. Computational Complexity

Generally, the computation amount depends on how
much memory size is used. In this paper, it is assumed
that sufficient memory is available. With the static 2-
component model used in this computer simulation, h(r)
is constant within a timeslot. In this case the computation
amount required for branchmetric calculation can be
reduced significantly. In an actual propagation environ-
ment, however, h(r) is not constant, and hence we assume
only for evaluating the computation amount that h(t)
varies within a timesiot. Therefore, the increase in
branchmetric computation amount is taken into account,
but the computation amount for updating A(r) itself is not
taken into account.

Path history operation and related procedures, and
integer operation, which depend greatly on implementa-
tion, are not evaluated. In calculating the branchmetric of
Viterbi equalization for the third time and thereafter,

reduction amount L b%h ‘(¢ - iT,) at time ¢ for reducing
7

interference is recalculated only when the amount is
different from the preceding amount, and preceding
branchmetric remaining in the memory is again used when
the amount is the same.
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Now, consider the j-th equalization. As understood
from Eq. (1), if one symbol of {5/} is different from
{b{?}, the branchmetric of L - m symbols must be re-
calculated. The maximum probability that {6/} is varied
is 2(PBE_RJ_2 + PBERJ_I), where PBERJ- is the BER at the
J-th equation. Since two bits constitute one symbol, a
coefficient 2 is multiplied. Therefore, the probability of
branchmetric recalculation does not exceed P; given by

P, =2(L—m)(Pass.;-2+ Paer.;-1) (jz3) @

The maximum computation amount is evaluated by
using this equation, where the BER for E /Ny = 15 dB
and D/U = 5 dB is used as Ppgg ;. Table 2 shows the
comparison of computation amount per symbol. In this
paper parameters are set so that both the proposed method
and DDFSE can equalize delay component of 57, at the
maximum. An ordinary Viterbi equalizer requires 1024
states to equalize delayed components of up to 57;. Table
2 shows that the computation amount of both the proposed
method and DFSE can be reduced significantly compared
with this 1024-state VE.

6. Conclusions
A new method of expanding the equalization range

of Viterbi equalizer without increasing its number_of
states is proposed. It equalizes the channel by applying




Table 2. Comparison of computational amount per symbol

System Product Sum
16-state VE 368 424
64-state VE 1344 1760
1024-state VE 20576 31792
DDFSE(m = 2L = 5) 560 616
Proposed method (m = 2, L = 5, n = 4) 799 915
Proposed method (im = 2, L =5, n = 65 832 953

a Viterbi algorithm iteratively and it is shown that the
equalization performance for longer-delayed multipath
components can be improved compared with conventional
method.

DDFSE where equalization is applied by referring to
path history is considered as a soft-decision method.
Then the proposed method can be considered as a hard
decision method. By iteratively applying equalization,
which is characteristic of the proposed method, a superior
equalization performance than that by DDFSE can be
obtained.

However, the computation amount of the proposed
method is larger than that of DDFSE. Therefore, the
proposed method is considered as being located between
VE and DDFSE, and the trade-off between computation
amount and equalization performance can be controlled by
selecting the number of equalization iterations.

Considering the time until final equalization result is
obtained and necessary memory size, the proposed
method is not necessarily an effective method. As dis-
cussed in section 5, however, its computation amount of
real numbers is not proportional to the number of
iterations, but is comparatively small as shown in Table
2. Through advancement of circuit technology and algo-
rithm improvement, this method may lead to a new
equalizer in the future.

Studies on decision functions superior to the major-
ity function used in this paper, and performance
evaluation of multipath model and that under fading envi-
ronment are future problems. If n is set adaptively

depending on propagation environment, both computation

amount and equalization performance can be improved for
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short-delayed components. Therefore, adaptive selection
of n also must be studied.
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ON THE USE OF DECISION FEEDBACK FOR
SIMPLIFYING THE VITERBI DETECTOR

by J.W.M. BERGMANS, S.A. RAJPUT and F.A.M. VAN DE LAAR
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands

Abstract

This paper explores and compares two methods of simplifying the Vi-
terbi detector (VD) by means of feedback from preliminary decisions
present in the VD. Both methods use these decisions to cancel trailing
intersymbol interference (ISI) in order to reduce the effective memory
length of the channel and thereby the number of states retained in the
detector. They differ in that in the first method a single canceilation takes
place on the basis of the most likely survivor residing in the VD, while
in the second one a local cancellation is carried out for each state in the
VD on the basis of the associated survivor. The paper shows that the
somewhat larger complexity of the local method of feedback results in a
better error propagation behaviour. In addition, it derives simple esti-
mates for the quality of the preliminary and final decisions produced by
the VD in the absence of error propagation. and these expressions are
used to show that the optimum prefilter for the VD is the canonical form
of Forney's Whitened Matched Filter. irrespective of the precise span of
IST exploited by the VD. The analytical performance predictions are ver-
ified numerically by means of a hardware realization of both detectors.

Keywords: decision feedback equalizer, intersymbol interference, Vi-
terbi detector, whitened matched filter.

1. Introduction

Among the methods available for combating intersymbol interference (ISI)
and noise, the Viterbi detector (VD) distinguishes itself by its ability to
achieve an essentially insurpassable transmission quality !). Even though it
represents the simplest known manner of achieving this ideal. the VD is still
highly complicated for channels with a large memory length. For this rea-
son, numerous methods have been proposed to lower its complexity at an
intentionally small expense to performance.

In one category of methods. referred to as reduced-state detection**), the
VD is simplified by retaining only the most likely fraction of the candidate
data sequences of which the full-fledged VD keeps track. In a second cate-
gory, the memory length of the channel is reduced by means of a linear
equalizer, which curtails the impulse response of the channel into a substan-
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tially shorter desired impulse response (DIR)!54). To achieve the smallest
possible degradation of transmission quality, the DIR must be chosen ap-
propriately. and should basically reflect the zeros and depressions of the
channel transfer.characteristics*'%). A third and perhaps largest category of
methods uses tie concept of decision feedback to achieve an effective re-
duction of the memory length of the channel !"02), I essence, these meth-
ods use a prefilter to suppress pre-cursive ISI, and they all attempt to elim-
inate post-cursive ISI outside the span of the VD by synthesizing a replica
of it on the basis of decisions about past symbols. The relatively large de-
cision delay inherent in Viterbi detection necessitates the use of preliminary
decisions in this feedback process. These decisions must be relatively relia-
ble. since otherwise imperfect cancellation of ISI and error propagation will
occur. Preliminary decisions can be generated by means of a separate de-
cision feedback equalizer '*'), or extracted from the most likely candidate
sequence resident in the VD '"1%17:1%) " Alternatively, a separate feedback
path can be established for each candidate sequence residing in the VD, the
corresponding estimate of post-cursive ISI being used for the recursive ex-
tension of that particular sequence only !5-18.20.22)

Apart from their pure variants, several hybrid versions of these ap-
proaches have been desribed. For example, for multilevel systems like QAM,
reduced-state detection is possible by retaining only the data sequences whose
symbol values are within a specified distance from the ones of the tentative
data sequence generated by a decision feedback equalizer?!*), or by using
feedback from data paths within the VD to enable the application of set par-
titioning concepts %), Also, reduced state detection can be useful in situa-
tions where only a modest reduction of the channel memory length is
achieved by linear equalization !).

For VD's simplified by means of linear equalization. the subject of opti-
mum prefiltering has been studied in great detail®'%). In contrast, optimum
prefiltering for VD's simplified by means of decision feedback has received
scant attention to date. In several instances, a DIR has been used to trans-
form the received signal into one with prescribed ISI within the span of the
VD !33¥) Besides causing colouration and enhancement of noise and a
consequential performance degradation of the VD, this approach has the
problem that only heuristic procedures are available for selecting a suitable
DIR. In other instances, the canonical form of Forney's Whitened Matched
Filter (WMF) ) has been applied 314202128y ' This prefilter does not entail
noise enhancement or noise colouration, and yields a system impulse re-
sponse with minimum-phase. It is known to be the optimum prefilter for the
zero-forcing decision-feedback equalizer (ZF DFE)?*), and it is also opti-
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On the use of decision feedback for simplifying the Viterbi detector

mum for the VD since any WMF is optimum for this detector'). Because it
can be regarded as an intermediate form of the ZF DFE and the VD, one
may expect that this choice is also optimum for the VD employing decision
feedback. Among other things. the present paper shows that this is indeed

The paper focuses on two of the most powerful VD’s employing decision
feedback. viz. one that uses global feedback from the most likely data se-
quence ''7) and one that uses the local and distributed form of feedback just
mentioned 318202} " After giving a unified description of their operation. we
show that the local method can be interpreted as a special form of reduced-
state detection, and that its error propagation behaviour makes it preferable
over the global method *). The quality of the final and preliminary decisions
produced by the detector with local feedback is then analyvsed subject to the
assumption that error propagation can be neglected. On the basis of these
results, it is shown that the optimum prefilter for the detector should indeed
be a canonical WMF, irrespective of the precise span of the trailing ISI used
in the feedback process. Furthermore, it is shown that this ideal can be eas-
ily reached adaptively.

After analysing five example channels. a final section of the paper pre-
sents bit error characteristics that were measured for these channels by means
of a hardware realization of both detectors. These characteristics illustrate
the performance differences between both methods of feedback, the influ-
ence of the phase characteristics of the equalized channel on the preliminary
and final decisions generated by the VD. and the performance consequences
of increasing the span of ISI exploited by the VD in exchange tor a reduc-
tion of the span of trailing ISI used in the feedback process. Among other
things, it is found that at a much smaller hardware cost. the Viterbi detector
with decision feedback often comes close to the fully fledged Viterbi detec-
tor in performance, particularly when local feedback is used.

2. A discrete-time channel model

The intersymbol interference and noise which arise in digital transmission
and recording can be represented in the canonic discrete-time form

re=(axf) + ng (h

*) In our research. the VD with local feedback originated as a natural development of the VD
with global feedback. much in the way described later. After its analysis and construction. we
have noticed that it is similar to previous detectors 5y and in fact equivalent to the one de-
scribed in ref. 20. Also. while preparing this manuscript some of the ideas and results contained
herein were forwarded independently in ref. 22 for an essentially equivalent detector.
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where r, is the received discrete-time data sequence, a, is the data sequence
to be conveyed, f, is the sampled impulse response of the channel, ‘«’ de-
notes linear convolution, and n, is a zero-mean white Gaussian noise se-
quence with variance Ny%¥). Denoting the channel memory length (ex-

pressed in symbol intervals) as L we have, apart from a pure delay without
further relevance, that

fe=0 for k& {0,.. L} )

For mathematical convenience, we shall take a, to be an uncorrelated se-
quence of binary digits drawn from the alphabet {—1,+1} with equal prob-
ability. Both N, and f, can be determined from the parameters of the actual
continuous-time channel by successively applying a matched filter, a symbol-
rate sampler and a discrete-time noise whitening filter, together referred to
as a Whitened Matched Filter (WMF)!). Because noise whitening can be
achieved with arbitrary phase-frequency characteristics. there are in general
many WMF's for a given continuous-time channel. To express this fact, f,
may be factored as .

fe=1(g*h) &)
into a causal minimum-phase impulse response g, which captures the pre-

scribed amplitude-frequency characteristics of f, and an impulse response 4,

which describes a causal and stable phase shifting operation. If we define the
@-transform of g, as

gD)E > g2 (4)

k=-x

then g(%) must have its L zeros 8. i € {0....,L — 1}, all outside the unit cir-
cle*), ie.

g(B)=0 for|B]>1.i€{0.....L.—1}. (5)

To ensure that the convolution of g, and h, satisfies eq. (2), the @-trans-
form h(<Z) of A, must be of the form

') By performing an appropriate limiting operation. zeros on the unit circle can also be in-
cluded in these considerations.
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Fig. L. Factorized discrete-time model.of a data transmission system.

g -1
h(@) & Al . (6)
2 -8
€5
where S is an arbitrary subset of {0.....L. -1} and the superscript "%’ indi-

cates complex conjugation *). Because lh(@)| = 1 for all g with [} = 1, A(Z)

describes a pure phase shifting operation

. Furthermore, because its poles are

all outside the unit circle. A, will in

deed be stable and causal (though pos-

sibly infinite in length). The mode! descri

bed by eqs (1) and (3) is depicted

in fig. 1. In this figure. ¥ represents the set of all impulse responses h, whose
g-transform satisfies eq. (6). The choice h, = 8, with &, the Kronecker delta-
function. causes f; to have minimum-phase. and corresponds to the use of a

canonical WMF Y.

3. Viterbi detection

The received signal r, is applied to a maximum-likelihood sequence de-
tector (MLSD), which produces a maximum-likelihood estimate d,-pofa
with D >> L representing the delay inherent in the detection process. The
MLSD essentially regards ISI as an implicit form of coding which causes the
incoming data sequence 4 10 be transformed into an ‘encoded’ sequence
(a*f), with a well defined correlation structure, and it attempts to find the
data sequence d, whose ‘encoded’ version matches the received signal r, as

closely as possible (in the Euclidean se

nse). The Viterbi detector (VD) is

the simplest known (and recursive) version of the MLSD 1), For each of the

2L possible combinations of L most recent bits

§ 2 (al_p.diy), (€{0.20 - 1)

(7)

hereafter referred to as states, the VD

contains a Basic Viterbi Algorithm

*) The composition of S is subjected to restrictions of symmetry if A, 1s 10 be real-valued ™).
Such restrictions do not affect the results of this paper.
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f'

" ’
JH.I Jb"

seiect

J:‘_, smailest

Pl Pis P, survivor
switch r < .
07 P

Fig. 2. Basic Viterbi algorithm unit (BVAU) for the standard Viterbi algorithm.

Unit (BVAU; fig. 2), which keeps track of the associated survivor, i.e. the
most likely path of previous bits

P’ké {ai—o,---sa‘k—l_—x} 8

leading to s}, and also of an accumulated Euclidean distance

k-1 k-1
S8 Zr= (@)= 5 (a=a) )+ i ©)

which is a direct measure of the momentary likelihood of the data path

>

@ = (@i o, .0 } = P U s (10)

Out of all 2" data paths 4 contained in the VD, the one with the smallest
metric value Ji, referred to as d, (= p,U$,), has the greatest likelihood !).

The ‘oldest’ digit d, ., of d, serves as the final estimate of the VD about ay-p
To achieve near-MLSD performance, the detection delay D should be much
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larger than the memory length L of the channel. e.g. D= SL%).

Because Viterbi detection is a recursive process, each BVAU contains
provisions for the transition of k to k +1, i.e. for the recursive update of
s', p\ and Ji. This update involves appending both new possible bits a, = +1
and a, = —1 t& every data path a}. For each old data path a; this determines
two new data paths 45, and henceforth two new states
§5, = {@4 L +1se- Bk-, =1} with associated (and identical) candidate survi-

vors pii ) = {@h-psr--r@k-r}, @S Well as two new accumulated Euclidean
distance vaiues

Eum T (= @ N (1)

Because of the finite memory length of the channel. the contribution (@' * ),
in this expression is completely determined by the state s, and the newly ap-
pended digit a, = =1 according to

L
@<= =fot 2 deifi (1)

It is apparent that two old states s’ and 57 which differ only in their oldest
bit af"_, and a} _, . respectively. will both lead to an identical new state. say
s..,. when extended with identical digits. Of these two possibilities, only the
one with the smallest accumulated distance value can possibly correspond to
the most likely data sequence, and the other one can hence be ignored. Be-
cause after extension af., and a}_, form the most recent bits of the com-
peting candidate survivors pi., and pf. . it follows that these candidate sur-
vivors differ at least in their most recent bit. This means that selection of an
erroneous survivor will inevitably lead to an erroneous value of aj -,

After selecting the new survivors pi,, for all distinct states si . there are
again 2t distinct data paths d. ., and accumulated Euclidean distance values
Ji..,. This process of appending. comparison and selection is also shown in
fig. 2. For channels with a modest or large memory length L, the large num-
ber (2¢) of BVAU's comprised in the VD often renders full-fledged Viterbi
detection too complicated to be practical. The following section discusses two
methods of simplifying the VD by applying feedback from previously de-
tected digits in order to establish an effective reduction of the channel mem-
ory length.
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4. Global versus local feedback

To lower the complexity of the VD, the data path 4, = 3§, U p, with the
largest instantaneous likelihood may be used to generate a compensation
signal for trailing ISI!*17:19) In fig. 3, trailing ISI outside a predefined span
of length M < L is dealt with in this way.

The digits @,_,,....4,_,_, of d, are applied to a linear combiner with
weights fy, . ,,....f,, whose output signal is subtracted from the received sig-
nal r,. This yields a signal

Ze=(axfle+n —(axf), (13)

which is applied to the Viterbi detector (see fig. 3). Here f; denotes the re-
sidual impulse response of the channel. given by

faf0 ke MLy,

. kE{(M+1...L). (14)

Whenever the decisions 4, M1+, - are all correct, eq. (13) simplifies to

Ze=(axf+ny, (15)
where
A fo. kE{0....M).
== fi= : 16
= fe= £ {0. ke (0,...M) (16)

is the truncated impulse response of the channel. According to eq. (15), the
VD operates upon an input signal with a reduced ISI span of only M symbol
intervals. For this reason. it now needs to maintain only 2™ states

Viterd:
cetector

r.o. 2, Gy.g
‘*@*- {memory ieng'n M) p————s

srelimicry cec.sions

)

G wli RERIE- T

(G-'/'l. linear
———e—e ] COMZuner
. fo.. .t
SRS

Fig. 3. Viterbi detector simplified by means of global feedback from the most likelv survivor.
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Ay i i
s 2 (@l _ygoee @1} (17)

and survivors

08 (d ... @y} foralli € {0,...,2M~1}. (18)

This means a complexity reduction by a factor 2¢~*. In return for this re-
duction, signal energy outside the span of the VD is cancelled and hence not
exploited in the detection process, while imperfect cancellation may fur-
thermore cause error propagation.

Because z,, cf. eq. (13), rather than r, is the input signal of the VD and
because the VD is dimensioned to operate upon the truncated rather than
upon the original channel. the metric values Ji as given by eq. (9) for the
full-fledged VD are now given by

k=1
Jo=S(r—dsfi—a«f); foralli€ (0....2" -1} (19)
=0

It is seen from this expression that the compensation signal (@~ f"), affects
all 2" metric values and their increments. For this reason we refer to this
type of decision feedback as global. Making use of eqs (1) and (16). eq. (19)
can alternatively be written as

k=1
Ji= (E((a—a’)'f’ﬂa—d)*f’+n)?. (20)
=()

When the preliminary decisions 4....,dy -y -2 are correct. this expression
simplifies to

k-1
Jo= 2 ((@a=a)«f+n)i 1)
{=0

In this case the only penalty for the simplification by means of global feed-
back is a performance decrement due to the fact that the filtered error se-
quences ((a = a') = '), generally have a smaller amplitude than their untrun-
cated versions ((a — @) * f),, cf. eq. (9). which causes their discrimination
against the noise signal n, to be more difficult. However, in case not all of
the symbols @, - ,....d, s -, are correct, it is according to eq. (20) inevitable
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that erroneous cancellation occurs at moment & for all maintained data paths
a;. The false information thus incorporated in the metric values may cause
the correct data path to be completely lost in favour of an incorrect data path
in one of the following selections. This problem can be circumvented by us-
ing the local survivor pi rather than the most likely one to generate individ-
ual estimates (a' f7), of the trailing IS !%:182022) By using these estimates
in the update of the i data path a; only, trailing ISI will be correctly can-
celled whenever the local survivor Pk is correct. Thus even at instants when
the correct data path does not have the greatest likelihood, the new metric
values of many data paths a} (viz. those with a correct survivor p%) will still
be calculated correctly. As a consequence, error propagation will be re-
duced.

Substituting a} for 4, in egs (19) and (20), we see that this local method
of feedback gives rise to metric values

k-1
k=2 (r= (@' f1) = (@ + 1))}
- (=0 (22)

k-1 k-1
= 2@ = Z((@-a)ef) 4

Because this expression is identical to the one for the full-fledged VD, eq.
(9). the calculations performed in the respective BVAU's are also identical.
This can be seen more clearly by comparing fig. 2 with fig. 4, which shows
the BVAU for local feedback.

In fig. 2 the states s{ contain all the information required for calculating
the noiseless estimates (a'= « f), of re involved in the metric update process.
Since sj characterizes the BVAU and hence does not change in time, the
values of (a'= = f), need to be calculated only once and can be used ever after.
In contrast, in fig. 4 the bits @e-sr-yy...,@%_, form part of the survivor P
and can hence change dynamically. To account for their influence in the
metric update process, a feedback operation is now needed to calculate their
contribution (a'* » f*), to (@'= + f), at any instant k. The remainder (a'=+f"),
of (a'* « f), depends entirely upon s, and is thus again a fixed value that can
be calculated beforehand.

According to figs 2 and 4, the detector with local feedback uses fewer states
than the full-ledged VD (2M vs. 2b). and it performs identical metric cal-
culations. For this reason it can be regarded as a somewhat special reduced-
state detector. in which a highly structured subset of the original states is
retained. This opposes the conventional reduced-state VD, where at any in-
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J;.: /..,
- {

o smaliest

i

i

Fig. 4. Basic Viterbi algorithm unit (BVAU) for Viterbi detector simplified by means of local
feedback.

stant k a new subset of states is formed by the topmost part of a stack that
is ordened according to the metric values of the contained states=~). The
unpredictable composition of this subset, the dynamically varying size of the
stack and the need to orden states acccording to their metric values all cause
the conventional reduced-state VD to be more complicated than the VD with
local feedback. In spite of these simplifications, we shall see soon that even
performances close to that of the full-fledged VD are often within reach.

For both local and global feedback. the receiver under study degenerates
into a conventional decision feedback equalizer (DFE) in the extreme case
M = 0, because it then has only one survivor p, = @, left and attempts 10
cancel all trailing ISI. By varying M between 0 and L performance can be
traded against complexity and vice versa. We shall now explore this trade-
off in more detail for the situation that single bit errors prevail.
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5. Prefiltering for the Viterbi detector with decision feedback

For channels in which only a modest amount of ISI arises, the full-fledged
Viterbi detector often produces predominantly single-bit errors'). Its bit er-
ror probability Pr[£] then approaches the matched filter bound (MFB)

E,
Pr{£] = 0 \/ i) (23)
where
SR R
Q(x)E\/_)__f e dy, 24)
while
L
£,= Zflzc (23)
k=0

is the received data energy per transmitted bit. Because of the quadratic na-
ture of eq. (25), only samples f, whose magnitude is comparable with the
magnitude of the largest sample can contribute significantly to £,. It is thus
of little use to exploit the energy that stems from the remaining samples in
the detection process. As reflected in eqs (15) and (16), the VD with feed-
back ideally cancels all energy of £, in the span {M +1,....L}. For optimum
performance. f, should thus have the largest possible fraction of its energy
concentrated inside the remaining span of length M + 1 which is exploited
by the VD. As we saw in sec. 2 (eq. (3)), f is determined within a factor
h that depends upon the precise characteristics of the prefilter in the actual
continuous-time system. Because the Viterbi algorithm considered here re-
lies upon the presence of uncorrelated noise. h, can be chosen freely only
within the set ¥ defined in eq. (6).
Now for any minimum-phase function g, and any h, € ¥. we have that
M M
kz“(e*gﬁa D (exg=h). (26)

k=9

This inequality applies for any non-negative integer M and any signal e, (ref.
29. p. 200). Taking e, = §, in this expression and using eq. (3) to recognize
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(g » h), as fy, it follows that f, has the largest possible fraction of its energy
concentrated in the span {0,...,M} when h; = §,. Hence for any M€ {0.....L}
the optimum prefilter of the continuous-time system should be a canonical
WMF, for which f; =g, "). This result should not come as 2 surprise, since
it is well known that minimum-phase responses have their energy optimally
concentrated near the time origin %), and also because it has long been known
that for the DFE (i.e. for the degenerate case M = 0) the optimum sampled
impulse response of the system should indeed have minimum-phase **32).

In the sequel we shall see that this same conclusion can be reached sub-
ject to less restrictive assumptions.

6. Performance of the VD with lecal feedback

In optimizing the DFE, one normally overcomes the mathematical in-
tractability of error propagation by neglecting it, i.e. by assuming that pre-
vious decisions which affect the currect decision variable are all correct. This
approach is justified a posteriori by the fact that the resulting solution in-
deed causes little error propagation on typical channels 830y For M =0, the
receiver under study is just a DFE, and by increasing M the compensation
signal generated by the feedback filter(s) becomes smaller in magnitude.
causing error propagation to be less severe. In analysing and optimizing the
VD with feedback, it is thus reasonable to assume a similar absence of error
propagation, particularly for the VD with local feedback. which suffers least
from error propagation. Apart from the final decisions with delay D, our
analysis for this VD will also cover the poorest preliminary decisions applied
in the feedback process (viz. those with delay M), because their quality de-
termines the severeness of error propagation most strongly.

For the full-fledged VD, an error event is said to occur between the
instants k, and ki if §, = s and §i, = Sk but § #s, for all k €
{k,+1,....ky =1} 1). Unlike the full-ledged VD. the metric increments
(re—(a= «f),)? determined by the VD with local feedback depend not only
upon the newly appended digit a, = +1 and the state s, but also upon the
L — M most recent digits @k _ ,....ak -y - Of the survivor pi associated to si.
To ensure that no error propagation was in progress at the instant k. it is
thus necessary to assume that §, was correct both at k, and at the L =M
instants immediately preceding k,. With eq. (17) this means that

g, =a, fork€ {k,—L... k,—1}. (27

Also, the condition §,. = 5, does not necessarily demarcate the end of a
cluster of errors now, because incorrect preliminary  decisions
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Qi ~ gyl -y _, will cause erroneous contributions in the metric calcula-

tions during the moments k,....ky+ L — M —1. As motivated above, we shall
neglect this error propagation problem in our analysis. We do this by split-
ting a cluster of errors up into an error event which is defined to occur be-
tween the instants &, and k,, and a subsequent propagation-induced part
which is not accounted for in the analysis.

Because Sk, = 8, we have with eq. (17) that

dy=a, forke {k:-M,....k:—l}. (28)
However,
i #a, (29)
and
By ost -1 # Ay gy -1, (30)

because Sk, -1 FS, - and § _ #s, |, respectively. We define the error

sequence e, corresponding to this error event as

alo, k¢{0,...,k2—kl—M-1},

e = ] (31)
ak,.k‘—ak“(!, kE(O..,kz-kl—M—l}

Hence every error sequence of length N =k, - k, — M characterizes a cor-

responding error event of length N+ M ~ 1. For this error event to occur,

it is necessary that a bad span of noise n, causes an erroneous state 5% to be

more likely than the true state s, for k € {k,....k>}. This will be so if

k-1

o =de= 2 (0= @0 = (= (@ o) )
N+ M-~

2 (lefi+2m,. (ef)

1]

is smaller than zero. Here Ji and Ji denote the accumulated metric values
of the most likely and the actually transmitted data sequence, respectively,
Due to its linear dependence on the noise signal n,, the right hand side of
eq. (32) is a Gaussian stochastic variable with mean

NeM-1

> (eefpta (33)

k=0
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and variance

N+eM-1

Wo 2 (exfli=daNodiy. (34)

2

(o4

>

Hence the probability that J,, exceeds J &, €quals

Pl =/ <0] = Q(%) = Q(7—d%v—> (35)
2 0

where Q(-) was defined in eq. (24).

At high signal-to-noise ratio’s and in the absence of error propagation, the
error probability Pr(£] achieved by the VD with local feedback will be lin-
early proportional to Pr{/,, - J,. <0] for the error sequence e, which leads

to the smallest possible value d3, of d3,'). From egs (31) and (33). it follows
that

N+MW-1

L=min (e~ (36)

exES k=0

where S is the set of all error sequences e, € {—2.0,+2} of arbitrary length
. starting at moment 0 *). Because the channel has a memory length of L
symbol intervals. the effect of a filtered error sequence (e = f), extends in
principle over an interval of length N + L. Hence for M < L the summation
in eq. (36) covers only a part of the energy of filtered error sequences, re-
flecting the fact that insufficient states are available to be able to take full
advantage of the Euclidean distance properties of the received signal. Con-
versely, the full-fledged VD has the smallest value M = L for which all en-
ergy of (exf), is exploited. and from this point of view it can be regarded
as the canonical implementation of an MLSD in the sense that it has the
smallest number of states needed to achieve MLSD performance. Finally,
for the zero-forcing DFE (i.e. for M = 0) it is easily verified that d, = 4f3, in
accordance with refs 24 and 31. These results indicate that the VD with local
feedback is a natural and canonical intermediate between the DFE and the
full-fledged VD.

On the basis of eq. (36) it is easy to optimize the prefilter of the VD with
feedback. To this end. we first notice that for M = L, d3, just describes the

*) This result was obtained independently by Eyubogiu and Qureshi ™).
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minimum distance dZ,, introduced by Forney!). Because it is determined by
the total energy of filtered error sequences, this distance depends by Par-
seval’s equality ) exclusively upon the amplitude characteristics of fih.
Hence the all-pass response 4, comprised in f, according to eq. (3) may take
any value in ¥'). Interestingly, the quality of the preliminary decisions gen-
erated by the full-fledged VD may still depend quite heavily upon A,, as will
become apparent soon.

For M< L. d% also depends upon the phase characteristics of f, (and hence
upon h,) because it no longer reflects all energy of the filtered error se-
quences. Writing f; as (g = h),, with g, and hy as defined in sec. 2, we can
again use eq. (26) to show that for any error sequence ¢, € § and any h, € ¥

N+M-| N+M-1 N+M-1

2 (er9iz > (ergrhi= S (e<f) (37)
k=0 k=0 k=0

Hence d%; is maximized by choosing A, = §,, which is equivalent to applying
a canonical WMF.

Apart from optimizing the performance of the VD with feedback in the
absence of error propagation, the use of this WMF also leads to a favour-
able error propagation behaviour in the sense that it optimizes the quality
of the poorest preliminary decisions applied in the feedback process (viz.
those with delay M). To show this *), we note that k,+ M + 1 is the first mo-
ment at which the survivors p} contain preliminary decisions about a,,. If we
again assume that no error event or error propagation was in progress at the
instant ky, i.e. that eq. (27) applies, then we may restrict attention to the
2¥*! data paths di, ., ., that emanate from the correct path d,, =a,,').
Because there are 2" distinct states, these paths do not merge before the

moment &, + M + 1. At this moment. the path with greatest likelihood has
accumulated metric

ki+M
Taewai=dut 2 (4= 0)*fh (38)

where J,, is the (correct) accumulated metric at moment k,. Denoting the
accumulated metric value at moment k, + M + 1 of the actually transmitted

data sequence g, as J, . y., and making use of eq. (27), we have with eq.
(38) that

*) The following argument is partly due to F.M.J. Willems, University of Technology, Eind-
hoven.
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M

jk.».ww “Jemar = 2 [(e*f)i + z”k(e*f)klv (39)

k=0

where -

0. k < 0.
Agrky -Gk vk k=0

>

(40)

Out of all possible error sequences e, of this form. only those with g # 0
correspond to an erroneous estimate i, - of a, - Proceeding as before.
it follows that at high signal-to-noise ratio’s the probability that such an

erroneous preliminary decision is made is linearly proportional to
Q(d\/ v 4N,). where

M
(dy)? = min 2, (e=)i. (41)

ereS k=0

and where S’ is the set of all error sequences €, < {=2.0.2} of arbitrary length
and with e, # 0. Because the summation range in this expression is smaller
than the one in eq. (36) and because §’ O S. we have for all M that dy=
dy. For M =0 it is easily verified that the single bit error e, = =25 mini-
mizes eq. (41). Hence d = d, = 2|f,|. For larger values of M. d}; is usually
strictly smaller than d,. as we will see later. A large difference between
d', and d,, indicates that preliminary decisions are of considerably poorer
quality than the final ones. so that error propagation is likely to be serious.
By a similar reasoning as used before it is straightforward to show that dy
is maximized by choosing f; to have minimum-phase. i.e. by applying a can-
onical WMF.

Whenever multiple bit errors determine d\. the sequence (e f); will have
one or more non-zero values for kK = L + 1. Because their magnitude may
depend quite heavily on h,. we see with eq. (41) that even for the full-fledged
VD the phase characteristics of f, can have a significant influence upon the
quality of its preliminary decisions. and hence upon the minimum detection
delay D needed to virtually achieve MLSD performance. Because eq. (41)
coincides with a lower bound on the performance of any detector with a re-
stricted decoding delay ™). we may conclude that the preliminary decisions
with delay M. present in the VD with local feedback. have a quality that can
effectively not be improved upon by any type of receiver. provided that er-
ror propagation is indeed insignificant.
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7. Adaptive implementation

To dimension the prefilter appropriately when incomplete prior knowl-
edge about the channel characteristics is available, its output signal r, may
be applied to a separate adaptive decision-feedback equalizer !*2!8), Both
the feedback filter (with impulse response p,, k = 1) and the prefilter can
then be adapted on the basis of the error signal ¢, = r, — (4+p), — 4, formed
by the DFE (see fig. 5).

Provided that the decisions d, are mostly correct, this leads after conver-
gence to a minimum-phase impulse response f, =g, scaled according to f, =
1, and to a feedback filter impulse response p, = fi, k= 1%). Thus the pre-
filter will closely approximate a canonical WMF. Furthermore, together with
the a priori known value py = f; = 1 the feedback filter coefficients p,, k =
1 completely determine the values of f, needed in the linear weighers of the
VD.

Interestingly. an error signal essentially equivalent to ¢ is in fact available
within the VD. To see this, we write the impulse responses of the linear
weighers of figs 2 and 4 as p, so as to account for their adaptive nature. From
the two extensions @, = =1 of the most likely data path 4, the one with the
smallest error power (r, — (4% = p),)? is a preliminary decision about a,, with
a quality at least as good as that of the symbol-wise decision 4, produced by
the DFE because erroneous preliminary decisions d, _,...,d, -, are rarer for
the VD than for the DFE. Consequently, the error signal r, ~ (4= » p), cor-
responding to this preliminary decision can be used instead of ¢, when p, is
assigned the fixed value 1. Thus, it is apparently possible to adapt the pre-
filter and the coefficients p;, k = 1 of the linear weighers of the VD without
the aid of a separate DFE by making use of this error signal.

Fu

~(2)

'\?J
’ 1

errar signal €, |
to pretiiter ‘ f
|
|
adaptive i
L reeadack tilter <__..J
kg f1 . L}

s,z ke(0 L} l

to Viterdi cetector N
Pg = ’a ]

Fig. 5. Adaptive decision feedback equalizer controlling the VD with feedback.
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8. Hardware realization

To enable a detailed comparison of the detectors with local and global
feedback, they were both implemented using two NEC pPD7720 digital sig-
nal processors-and some external hardware. The first DSP contains a pseudo-
random data generator with a polynomial of length 32, a channel filter and
a noise source in which, at any instant k, 17 independent and uniform de-
viates, generated according to the linear congruential method described in
ref. 34, pp. 9-25 are added in order to obtain a nearly Gaussian noise dis-
tribution. After a signal-to-noise ratio dependent weighing, the noise signal
n, is added to the filtered data signal (a» f),. The resulting channel output
signal r, has a data rate of about 10 kbit/s, and is transferred serially to the
second DSP. This DSP contains a VD equipped with both types of feedback
and with up to 8 states (M = 3). The latter restriction is imposed to be able
to store all candidate survivors and their associated data in the 16 memory
rows available in the DSP. Because the channels used in the measurements
have a priori known impulse responses with appropriate phase characteris-
tics, the receiver does not contain a prefilter and it is not adaptive. Instead.
the coefficients f, are transferred serially to the VD upon initialization.

In each BVAU (see fig. 4), the weighing functions f, have a fixed length
of 16 bit intervals. The weights f,,....f;s which account for the feedback op-
eration of the detector are split into three parts. The corresponding three
partial feedback sums are determined by table look-up operations and then
added. In return for a modest occupation of nominally 3x2* =48 internal
ROM locations, this method of weighing is computationally more efficient
than the straightforward transversal approach. Because one 16-bit word is
reserved for each survivor pi, the detection delay D has a maximum value
of 3+ 16 =19 bit intervals. Scaling and saturation arithmetic within the
BVAU are designed to make optimum use of the 16-bit accuracy of the pro-
cessor while minimizing errors due to overflow. After the selection of the
minimum metric value. all metric values are renormalized by subtracting this
minimum value.

The entire program for the receiver with local feedback comprises about
400 instructions. This quantity is reduced by less than 20 percent for the re-
ceiver with global feedback. In terms of their internal memory consumption
(both ROM and RAM). the net difference between both receivers is even
smaller.

It is worth noting that the use of local feedback yields a more homoge-
neous receiver structure and goes without the need of first making a decision
as to which survivor is most likely before the precise feedback signal can be
determined. This facilitates the incorporation of parallellism and potentially
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reduces latency. Consequently, for dedicated high-speed implementations the
use of local feedback may be favourable.

9. Five channels and their distance properties

To illustrate the effect of the phase characteristics of the channel on the
performance of the VD with feedback, fig. 6 depicts three channel impulse
responses with D-transforms f(@) equal to (2+9D)?, 2+9D)(1+22) and
(1+29)?, respectively.

The channels have a memory length L = 2 and identical amplitude-fre-
quency characteristics

|[F(w)| =5 + 4cosw, (42)

as depicted in fig. 7. Here F(w) is defined as

L

Flw) &

k

fee . (43)

-

Because its @-transform has both zeros outside the unit circle, the (2 +2)-
channel has minimum-phase. Conversely, apart from an insignificant delay
the (2+D)(1 +29) and (1 + 29@)*-channels can be said to have linear and
maximum-phase, respectively. The following table clearly reveals that these
phase characteristics are less desirable.

TABLE |
Distance profile of the channels of fig. 6.

M=0 M=1 M=2
dy=dy | & | a4 | & |d=d,
channel (dB) | (dB) | (dB) | (dB) (dB)
@)= (2+2) =31 | =31 ] -12 ] =29 -1.0
f@)=2+D)(1+22)] -92 | -40 | -18 | =37 -1.0
f(D) = (1 +22)? =152 | =52 | =52 | =52 -1.0

L
The table uses a 0dB level equal to E,= I f}=33. The comprised val-
k=0

ues of d,, and d}, (as defined in €qs (36) and (41), respectively) can there-
fore be interpreted as losses relative to the Matched Filter Bound (MFB).
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is indeed indepen

dent of the phase characteristics of the channel. Con-

versely, its preliminary decisions are (judged by d3) clearly best for the min-
imum-phase channel. Consequently, for the other two channels a larger de-
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d.;, than for the
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minimum-phase channel. The performance of the DFE
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apparently a strong function of the phase characteristics of the channel. Fi-

nally, for the M =

1 VD with feedback. performance levels are somewhat

closer to the VD than to the DFE. Here. serious error propagation is t0 be

expected for the (
differ considerably
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Fig. 8. Power normalized minimum-phase responses f, for digital magnetic recording systems
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Although they enable a clear illustration of the importance of minimum-
phase, the impulse responses of fig. 6 are not the most logical candidates for
the application of a VD with feedback because of their very small memory
length. Two more appropriate responses are shown in fig. 8.

These responses, used earlier in refs 35 and 36, have a minimum-phase
and pertain to digital magnetic recording systems which use an NRZ-like

transmission code and a differentiating playback head. Their channel trans-
fer function F(w) satisfies

|F(@)| = |sin(w/2)|'V cosh D(w - lal) for | <. (44)

Here D characterizes the spatial information density on the magnetic stor-
age medium, and ranges between roughly 0.2 and 3 in present systems .
Apart from a zero at the lower band edge (w=0), transfer functions in this
class have an attenuation near the upper band edge (w= =) which increases
rapidly with the information density D (fig. 9).

The distance properties of both channels are summarized in table II.

TABLE II
Distance profile of D=2.0 and D =3.3 recording channels. The 0dB-level

sinhwD
corresponds to V E, = \/ il

2aD(D*+ 1)
ITm=0| M=1 | M=2 M=3 M==x
dy=dy| d | dy | db | dp | 45 | ds = o
channel | (dB) |(dB)|(dB)|(dB)|(dB)| (dB) | (dB) | .. | (dB)
D=20] -1.4 |-1.2{-12|-0.5{=0.5 —0.15\-0.15 0.0
D=3.3 \ ~4.4 |-44|-33|-4.4|-33] -36|-30] .| =21

From table I, it is seen that the VD promises advantages up to 1.4 and
2.3dB over the DFE (M =0), of which a major fraction should already be
attainable with values of M no larger than 1 or 2, thanks to the optimum
energy concentration provided by the minimum-phase nature of f,. Because
single-bit errors prevail for the D = 2.0 channel, the corresponding values of
d’ and d coincide for all M. This indicates that error propagation is insig-
nificant. and that the preliminary decisions used in the feedback process are
effectively as good as the final ones. Conversely, for D =3.3 even the full-
fledged VD incurs a loss (of 2.1dB) relative to the MFB, because for this
channel multiple bit errors prevail. Here dy and d,, differ considerably, sug-
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ABSTRACT This paper presents a multi-ray channel model
and a novel reduced-state soft decision feedback Viterbi
equalizer (RSSDFVE). The channel model can implement any
channel. impulse response_which is“::eqil;'réak—f;rn.};551'&
communications and the distribution functions of channel
parameters can be chosen according to the environment. We
use a 5 ray channel model for the simulation in this paper.
For mobile radio channels with severe IS, a Viterbi equalizer
needs to handle both postcursors and precursors, like a
decision feedback equalizer(DFE) having both linear and
feedback filters. We propose an equalizer using maximum
likelihood sequence estimation (MLSE) to handle precursors
a-id truncates overall postcursors with the soft decision
Jeedback of MLSE 1o reduce the implemeniation complexity of
Viterbi equalizers. A~cording to the simulation results, the
proposed equalizer gives nearly the same performance as
MLSE in the presence of severe selective multipath fading with
much less implementation complexity than MLSE .

INTRODUCTION

In this paper, we are concerned with QPSK and n/4-QPSK
transmission systems in mobile radio communications subject
to severe intersymbol interference(ISI). Firstly ,we modify our
indoor channel model for mobile radio communications
because the two ray model used in most papers is not quite
realistic in mobile radio communications {1]. One of the main
differences of our channel is that path delay T, can be any time
instead intervals of T .

It is well known that MLSE , implemented by Viterbi
algorithm(VA)[2] , can provide a significant improvement
compared to the DFE. However, because the implementation
complexity of ML SE is exponentially increased with M" where
L is the length of overall channel impulse response and M is
the levels of modulations, it is difficult to implement MLSE
for QPSK or m/4-QPSK which is corrupted by severe selective
multipath fading .

A Jot of research has been undertaken to achieve the
performance of the MLSE at reduced complexity[3-9] . Most
of earlier work concentrated on preprocessing techniques to
reduce the channel impulse response to a short length[3}-[6] .
In [3] , a linear equaliser was used to reduced the overall
impulse response. Falconer4]and Beare[5] investigated the
optimization of the desired impulse response for fired given
length . Lee[6) used a separated DFE with hard decision to

0-7803-0917-0/93303.00 © 1993 IEEE
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truncate part of postcursors. Cheung (7] also used a separate
DFE with soft decision feedback to reduce the channel impulse
response but his MLSE is used for ISI introduced by
continuous phase modulation. Eyuboglu[8] proposed reduced-
state"sequence estimation (RSSE) with set partitioning which
is more applicable to high level modulations and Duel-
hallen{S] proposed a delayed decision feedback sequence
estimator(DFSE), but both RSSE and DFSE only can handle
pOStCUl'SOTS.

MATHEMATICAL CHANNEL MODEL
The mathematical model used for the complex low-pass
impulse response of the mobile radio channel is given by

N
9= T a8 (1-1,()] )
k=0

where 8(t) is a delta function, a,(t) 1s the real positive gain
of the kth path, propagation delay 7,(t) 1s the arrival time of
the kth path and the associated phase shift ©,(t) is the phase
of kth path; k is the path index; in principle, k extends from
0 to infinite.

Because of the motion of mobiles, the parameters a,(t), 7,(t)
and ©,(1) are randomly time-varying functions. We treat them
as slowly varying random variables in low bit rate and big
Doppler frequency(f,) systems and put special low-pass filters
in the generators of these variables. For high bit rate and small
f, mobile communication systems, the rate of their variations
during bursts is very slow compared to the transmitted symbol
rate. Then we can treat these parameters as time-invariant
random variables. Equation (1) can then be rewriiten as
follow:

N
o)== a*8-1) )
k=0

1. The Distribution Functions of a,, 7, and ©,

A. The Probability Distribution of the Path Gains,{a,}

Path gains, a, are represented by Rayleigh or Rician
distribution depending on the topography of the site. We use
two probability density functions (pdfs) for our channel model.

(@) Rayleigh Distribution[when a line-of-sight(LOS)
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. component 1s absent]

fx)=Ze e )
(¢

where @’ is the variance of the faded component.
(b) Rician Distribution(when a LOS component is present)

fy=Zetndy (2 @
(]

where, A is the mean, g’ is the variance of the faded
component, i (x4 /g% is the zeroth order Bessel function.

For a Rician-distributed envelope with a uniformly
distributed phase component, the theoretical spectral density of
the complex envelope of the a, is given by

SO =1y T=(A7)7)

"f dsf Sfd (5)

5()=0 otherwise 6

where I is the maximum Doppler frequency shift. The Rice
factor, that is the severity of the fading, is determined by the
direct to multipath signal power ratio and given by:

AZ

2

CIM= Q)

20

By selecting C/M=0 a severe Rayleigh fading channel is
obtained.
B. Arrival Time {1}

According to (1}, 1, can be described by the independent

inter-arrival exponential probability density function where
LOS is present.

ﬂx)=§e'#° ®)

where x20, a is the mean(a>0), a’ is the variance. This
distribution is suitable for a small cell size. Where LOS is

absent, the arrival times 1,=t,-t, , were modeled by the Weibull
distribution:

Ap=BEt G ©

where x20, a is a scale parameter (@>0), and P is a shape
parameter (f>o0).

C. Phase {8,)
Like others, we assume that the phase of each ray has a
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uniform distribution from 0 to 2x.

SYSTEM MODEL
We  consider the use of uncoded quadrature phase
modulation(QPSK or n/4-QPSK) systems corrupted by additive
Gaussian noise(AWGN). as shown in Fig.1.
The complex finite baseband signal sampled at symbol
rate(1/T) can be represented as a function of sampling time
and given by:

N2
ZOND AN 10
k=-NI

where r(t) and n, are ith received signal and additive noise
samples, respectively, d, is the corresponding transmitted data
symbol, which is complex-valued, and h(t)=h (kT+ty) is kth
sample of the finite overall channel impulse h(t) including the
response of the transmitter and receiver filters. For the
quadrature phase modulations,

42 (y
§

where

DD, =m+d  m3=0,123 (12)
2

m is the value transmitted by kth symbol, ® is the offset phase
shift, if @ 1s n/4, we got n/4-QPSK; if &
normal QPSK.

We assume the composite of the transmit filter and receive
matched filter response are satisfied Nyqust's first criterion in
order to guarantee zero ISI. The ISI is only resulted from
multipath fading. According our channel model, we can use
two methods to represent the overall channel impulse
response for equaliser with sampling rate 2t 1/T and be shown
in equation (13) and (14). We can implement different channel
impulse response by these methods. When the overall impulse
response is known, equation (13) is used, otherwise, equation
(14) is used. The received signal sampled once per symbol at
iT+ 1, , where t, is the sample time yielding the signal sample
sequence, can be rewritten by our method as follows:

is zero, we got

K2
rlt)=riT+t)= Y d 0™ +n, (13
k=-KI

K
ri)=3Y 8, dp (-1 ) +n, (14)
k=0

where h, is the overall channel impulse response, h; is the
transmit filter impulse response, h. the is multipath fading




channel impulse response, hy is the match filter impulse
response, h, is the overall channel impulse response without
multipath fading, K is the number of multipath, K1i-1 is the
number of precursors and K2 is the number of postcursors.
For the sake of easily understanding, two static channel
models are used in this paper, channel one is the channel
model used by Proakis as channel A[10], channel two is one
which only has delayed rays with an exponential profile
compared with the main ray and shows that there are
precursors for overall channel impulse response. For channel
one, overall channel impulse response h={-0.2,-
0.5,0.7,0.36,0.2}; Using equation (13), our equivalent channel
parameters are |[h,|={0.2,0.5,0.7,0.36,0.2}; 6,,={n,%,0,0,0}:
kT={2T,T,0,-T,-2T}. For channel two, Our channel parameters
are  a,={1,0.8,0.6,04,0.2}; 6,={0,0.1%,0.2%,0.3%,0.4n};
7,={0.0.1T,0.2T,0.3T,0.4T} according equation (14) and the
estimated overall channel impulse response is h,={(0.007,
0.037), (-0.072, -0.148), (1.646, 1.049), (-0.028, 0.760), (-
0.005, -0.129)}. You can see that the first precursor is bigger
than first postcursor in inphase channel.

PROPOSED REDUCED STATE SOFT DECISION
FEEDBACK VITERBI EQUALISER AND SIMULATION
RESULTS

The structure of our proposed Viterbi equaliser is given in
Fig. 1.

Before RSSDFVE is discussed, let us recall how the DFE
works and why a DFE has much a better performance than a
transversal equaliser(TE). The equations of the DFE are given
by:

NI N2
M=) a,#r(n-i-NI)+Y b+d(n+i) (15)
i=1 i:l
e=d(n)-y(n) (16)

where r(n) is the input of the DFE » Y(n) is the output of the
DFE and d(n) is the decision signal, a, are the forward taps
and b, are the feedback taps of the DFE, e(n) is the error of
the DFE.

For a LMS algorithm, the equations are given by:

c(n+1)=c(n)+Auln)e *(n) a7n

e(n)=d(n)~c *u(n) (18)

where e(n)={ay.;».... , 3y, ag, by, ..., by}’ u(n)={rep e s
To di, dyy}7 L * is the conjugate, # indicates the
ransposed conjugate, A is step factor.

When error propagation is not serious, DFE has a much better
performance than TE because of its decision feedback,
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therefore we introduce the more reliable soft decision rather
than hard decision to improve the RSSDFVE performance.
For our RSSDFVE, we use channel estimation to get channe;
impulse response[11] and update the RSSDFVE metrics by a
method proposed by us. Our RSSDFVE computes the cost
function according to equation (19).

N2

(19)
COS?[I'P d[(k)’ r(Pp hl)]=](f"k21d‘(k)*h_k)‘f(DPh‘)'Z

The formed metrics are added to the previous accumulative
metric of the corresponding states to determine a new set of
survivors. The survivor with the smallest metric is used to
determine the tentative soft decisions. The final decision of
MLSE i1s further delayed according to the decision depth of the
Viterbi algonthm which is usually longer than the feedback
part of the RSSDFVE. It is mean that the feedback part of the
RSSDFVE can be used as long as the decision depth of the
Viterbi algorithm .

The simulation results for channel one and two are given in
Fig.3. The results show that there is 9DB improvement
compared to the LMS DFE with correct decision fecdback and
only 1DB worse than MLSE at SER=107 for channel one, and
RSSDFVE has nearly the same performance as MLSE for
channel two.

CONCLUSIONS
Our proposed RSSDFVE has following characteristics:
<1> Good performance
1) This RSSDFVE retains the MLSE structure to obtain good
performance and only uses soft decisions to subtract the
postcursor interference before VA metric computations. The
RSSDFVE could equal the MLSE performance if earlier soft
decisions are the same as final soft decisions. However,
although the earlier soft decisions are not as good as the final
soft decisions, they are quickly improved as the delay is
increased.
2) Using MLSE to handle precursors, RSSDFVE does not
suffer from the poor performance of linear equalisers on
severely distorted channels or low SNR because linear
equalisers will introduce noise during the sum, On the other
hand, the taps of linear equalisers will affect each other,
therefore, linear equalisers need more taps than precursors. It
means that RSSDFVE does not have a linear filter and there
will be no noise enhancement for the RSSDFVE.
3) The RSSDFVE can be used for any modulations and
severe distorted channels if we use the method of reduced-state
sequence estimation with set partitioning for high modulations

and time reverse method for long precursors channel where the -

delayed path is predominant[12]. This is because the
equivalent channel impulse response as seen by equaliser
becomes a time-reverse of the actual channel impulse response
by reversing the sequential order of the received signal
samples in time prior to equalization.

4) In our implementation, the RSSDFVE is different from the
DFSE and does not become a zero-forcing equaliser although




RSSDFVE uses soft decision feedback to cancel postcursors.
Our RSSDFVE can handle infinite ISI channels with rational
response by using recursion in path metric computations as the
DFSE does.
<2> Less complexity
For QPSK  with the 5 ray channel , the complexity of
RSSDFVE is 16 times less than MLSE because the possible
transitions become from 4’ to 4" It is apparent that the
complexity is much less if the channel impulse response has
long postcursors.
<3> Flexibility

For fewer precursors channels, we can let MLSE handle not
only precursors but also some postcursors so thal more
delayed soft decisions are used and make the error propagation
become negligible. In this case, our proposed RSSDFVE will
reduce to DFSE if the precursors are zero. If we introduce set
partitioning in the RSSDFVE | it would reduce to RSSE with
this condition.
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gesting that the preliminary decisions used in the feedback process are of
considerably poorer quality than the final ones. Hence error propagation is
bound to be serious, and particularly for small values of M the predictions
of table II are bound to be somewhat too optimistic.

10. Simulation results

To validate the predictions of tables I and I1, we have performed a set of
bit error rate measurements for signal-to-noise ratio’s

L
:fi
A Eb k=0
e2=k=0 45
SNR IVO ‘VO ( )

ranging from 0 to 15dB. Figs 10 to 12 depict the results for the channels with
f@)=(2+92), AD)=(2+D)(1+29) and f(@) =(1+292)? respectively.
The significance of minimum-phase is evident from these figures. For the

10°
10’
BER
i
L 0?
10’ .
a
f
10"t "
10° ' ' ‘ \\\\\
0 3 6 9 2 75
—= SNR (dB)

Fig. 10. Bit error characteristics (BER) for various receivers operating on a channel with
AD)=(2+%)2 a) DFE (M = 0): b) Preliminary decisions with delay OD=M of M =1 VD
with global feedback: ¢) Preliminary decisions with delay O=M of M = | VD with local
feedback: d) Final decisions of M = | VD with global feedback: ¢) Final decisions of M = |
VD with local feedback; f) Preliminary decisions with delay D= M of full-fledged VD (M =
2); g) Final decisions of full-fledged VD (M = 2). The Matched Filter Bound (MFB) is also
depicted (curve h).
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L

0 3 6 9 12 5
— SNR (dB)

Fig. 11.- As fig. 10. but for a channel with flL) = (2 =)L +22).

DFE (M =0) and the M =1 VD the other two phase characteristics invari-
ably result in serious performance degradations. Somewhat less strongly. a
similar remark applies for the preliminary decisions of the full-fledged VD

10°
—
10-1 ’ ° d
o c.e
BER "y
]
T 107+
10°+
10°F
10° ‘ : ' *
0 3 6 g 12 5
—» SNR (dB)

Fig. 12. As fig. 10. but for a channel with fi"z) = (1 + 2%)°.
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10°

10 . . .
0 3 6 9 2 5
— SNR (gB)
Fig. 13. Bit error characteristics (BER) for various receivers operating on the D = 2.0 chan-

nel. a) DFE (M = 0); b) VD with M = l:¢) VD with M =2; d) VD with M =3, The
Matched Filter Bound (MFB) is also depicted (curve e.).

(M =2). The consequential increment of the detection delay D needed to
virtually achieve MLSD performance is elaborated in more detail in ref. 33.

In this paper, it is also shown that the Q-function which governs the prob-
ability of erroneous preliminary decisions is preceded by a constant of pro-
portionality whose value normally decreases rapidly with the detection delay
D. This explains the somewhat better quality of the preliminary decisions than
anticipated on the basis of table I, especially for 0 = M = 2,

Particularly for the final decisions and minimum-phase channels, global
feedback indeed leads to inferior performance figures as compared to local
feedback. Judged by the predictions of table I, figs 10 to 12 suggest that the
severeness of error propagation decreases with M, and that it is smallest in
the minimum-phase situation.

Because of its modest amplitude distortion, the D= 2.0 channel causes lit-
tle error propagation for any of the receivers studied. Thus performances are
observed which validate the predictions of table I, and which are essentially
identical for both types of feedback (fig. 13). Also. even the poorest prelim-
inary decisions (viz. those with delay D= M) are invariably effectively as good
as the final ones. For this reason, fig. 13 contains only one performance curve
for each value of M. Here, the M =3 VD virtually achieves matched filter
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12 %
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—> SNR (dB)

6
Fig. 14. Bit error characteristics (BER) for various M = 1 receivers operating on the D
channel. a) Preliminary decisions with delay D= M.
sions with delay D= M, local feedback: c) Final decisions.

sions, local feedback. The DFE performance (M =0, curve ¢
(MFB. curve f) are also shown.
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Fig. 15. As fig. 14, but for M = 2.
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10°

10 ; .
0 3 6 9 2 5
—+= SNR (d8)

Fig. 16. As fig. 14. but for M = 3.

bound performance. It is hence effectively as powerful as the full-fledged VD
detector.

For the D=3.3 channel, the performances actually achieved by the DFE
(M =0) and the M = 1 VD with global feedback are slightly poorer than ex-
pected on the basis of table I (see fig. 14). This means that error propaga-
tion is significant. To a smaller extent, this is also true for the M = 2 re-
ceiver with global feedback (fig. 15).

In both figures (14 and 15) the preliminary decisions with delay D= M are
seen to be considerably poorer in quality than the final ones, in accordance
with table II. Finally, for M =3 the measured performances accurately re-
flect the predictions of table I (fig. 16).

Figs 14 to 16 confirm that error propagation decreases as M increases, and
that the performance estimates derived before are indeed quite accurate,
particularly if local feedback is used. The results reconfirm the expected su-
periority of local over global feedback. The advantage is largest for M =1,
and then amounts to about 0.8dB. The M = 1 receiver with local feedback
is seen to be effectively as good as the more complicated M =2 and M =3
receivers. This remarkable phenomenon was indeed predicted in table II.

11. Concluding remarks

[n this paper we have explored and compared two methods of simplifying
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the Viterbi detector (VD) by using feedback from preliminary decisions
present in the VD. The first one uses the most likely data path to perform
a global cancellation of trailing intersymbol interference outside the span of
the VD. The second one forms a separate compensation signal for each path.
which is used for the recursive extension of that data path only. In this way
erroneous cancellation may be avoided at instants when the VD fails to re-
gard the actually transmitted data sequence as the most likely one. This yields
an improved error propagation behaviour. particularly for channels with se-
vere amplitude distortion and when the VD exploits only a small intersym-
bol interference span. We have shown that the VD with local feedback is in
fact a simplified reduced-state detector. which differs from the conventional
one in that a highly structured subset of the original states is retained. thus
¢.g. omitting the need to use a stack and to orden it according to the like-
lihood of the contained states. Although it involves a somewhat larger com-
putational effort. the local method of feedback vields a fully homogeneous
receiver structure with less latency. This facilitates the use of parallellism and
the realization of dedicated high-speed implementations. We have shown that
both types of receiver can be easily implemented adaptively. without re-
quiring a separate adaptation mechanism to determine an optimum Desired
Impulse Response (DIR). as needed for simplifving the VD by means of lin-
ear equalization only.

Simple estimates were derived for the performance of the detector in the
absence of error propagation. These estimates were used to show that its
optimum prefilter should transtorm the impulse response of the channel into
an overall system impulse response with minimum-phase. Because it should
also perform a noise whitening operation. this prefilter should be the can-
onical form of Forney's whitened matched filter. irrespective of the precise
span of IS1 exploited by the detector. Simulations for several channels have
confirmed the validity of the performance estimates. and have shown that
even substantial reductions of the span of the VD (and thus substantial sim-
plifications) do not seriously degrade its performance.
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VLST IMPLEMENTATION OF SOFT OUTPUT VITERBI
EQUALIZERS FOR MOBILE RADIO APPLICATIONS

Peter Jung* and Paul Walter Baier**

Introduction

In the course of this paper, advantageous optimum
and suboptimum receiver structures operating in
the IF domain, therefore, enabling real signal pro-
cessing and reducing the hardware expense are pre-
sented. Petri net representations of the soft gutput
Viterbi Equalizer (SOVE) and the transition me-
tric calculation combined with the so-called "add-
soft-output-select” recursion are given. Hence, an
efficient design flow as well as an easy to accom-
plish validation of the functionality of the design is
achieved. Further, the impact of the quantization
and the duration of the channel impulse response on
both the performance and the complexity of SOVE
VLSIs are considered.

Communication system

In digital mobile radio systems, spectrum efficiency
is the most important goal. Hence, bandwidth effi-
cient modulation schemes such as GMSK (Gaussian
minimum shift keying) and GFSK (Gaussian fre-
quency shift keying) are often applied. It is a well-
known fact that binary digital continuous phase mo-
dulations (BDCPM) with modulation index 1/2 can
be approximated by linear modulation schemes [1].
Recently; a simple modulator structure for. the di-
rect generation of BDCPM signals in the IF domain
has been presented [2, 3]. Accordingly, assuming
the transmission of finite bursts consisting of binary
data sequences {ax} with K elements, with the real
impulse Dy(t) of a-finite duration, the IF domain
output signal s(t) of the BDCPM modulator with

*Dipl.-Phys. Peter Jung, Microelectronics Centre (ZMK),
University of Kaiserslautern, P.O. Box 3049, W-6750 Kai-
serslautern, Germany, phone -+49 631 205 3146, fax
+49 631 205 3616, e-mail wowbag@rhrk.uni-kl.de, e-mail
kzmk42@dkluniOl.bitnet

**Prof. Dr.-Ing. habil. Paul Walter Baier, Research Group
for RF Communications, University of Kaiserslautern, P.O.
Box 3049, W-6750 Kaiserslautern, Germany, phone +49 631
205 2075, fax +49 631 205 2612

#05/‘7 /3/0051

respect to a carrier frequency
_4i-1

fo=— €N, (1)
is approximately given by
K-1
s(t)~ ) axDo(t — kT). (2)
k=0

Due to the time-variant and frequency-selective
multipath reception caused by the mobile radio
channel, the intersysmbol interference (ISI) must
be removed in the receiver by an adaptive equalizer.
It has been shown that the optimum receiver struc-
ture consists of a whitened matched filter (WMF)
at the receiver input sampled at the bit rate 1/T,
followed by an ISI cancellation device based on the
maximum-likelihhod sequence estimation (MLSE)
principle (4]. The latter can be efficiently imple-
mented using the Viterbi algorithm operating over
additive white Gaussian noise (AWGN) channels.
According to (2), the signal processing in the recei-
ver can be carried out in the IF domain choosing a
frequency given by (1). This leads to a significant
complexity reduction of the digital signal processing
because no complex calculus has to be applied any
more.

A further simplification of the signal processing
can be achieved by the omission of the WMF, cf.
Fig. 1. After the received and distorted signal has
been converted into the IF domain it is oversampled
at the rate o/T, o > 1. The sample sequence {7,}
is re-ordered in sets containing samples which are
separated in time by one bit duration T. For each
one of these sets, the channel estimation is carried
out, and on the basis of an appropriate criterion
one of these sets named {ri} is selected. The se-
quence {rx} and the corresponding estimated chan-
nel impulse response {g} are then put into the Vi-
terbi equalizer which estimates the output sequence
{Sk}. By appropriately choosing the bandpass filter
at the receiver input, the noise samples separated
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0-7803-0673-2/92 $3.00 1992 IEEE .

263




in time by one bit duration T can still be regarded
as uncorrelated. Hence, the same Viterbi equalizer
which is used in the WMF receiver can be applied.
Simulations have shown a degradation below 1dB
compared with the optimum WFM receiver.

Channel as a finite state machine

From the viewpoint of the Viterbi equalizer, the ap-
proximately linear modulator, the physical mobile
radio channel, and the receiver bandpass filter form
a FIR filter with a tap spacing of one bit duration
T. As shown in Fig. 2, this FIR filter can be
modelled as a finite state Mealy machine {4]. Asu-
ming a time-variant sequence g; of (L + 1) samples,
each sample representing the signal attenuation in-
troduced over each one of the (L + 1) paths of the
multipath channel, the next state function § con-
tains L registers storing the elements of the state
vector Zg = {zF71, 2572, . zk} at the time instant
kT. The output funct;xon w’ outputs the distorted

sample 1y j = Zl_ ax-1g9: which is then disturbed
by AWGN

Soft output Viterbi algorithm

Due to the correspondence of the FIR model shown
in Fig. 2 to a convolutional encoder, the Viterbi al-
gorithm is known to be an optimum equalizer struc-
ture [4]. Unfortunately, hard decision equalizers
discard valuable information which could be used
in a following decoding unit. Hence, efficient imple-
mentations of the Viterbi algorithm for ISI cancel-
lation must provide a soft decision output.

Since it is rather costly to calculate the opti-
mum soft output value suggested in [5], a simpli-
fication represented by the product of the deci-
ded output bit and the absolute value of the dif
ference of the possible path metrics leading to the
same trellis state is used. In Fig. 3 the re-.
cursion step of a SOVE operating over a 3-path
channel (L = 2) with binary data input is illu-
strated. In every state of the trellis, the acti-
ons to be carried out are shown. After deter-
mining the possible undisturbed samples yl(,

—sm+§:._1 %711+ (25— 1)go and g™t o

+91 + Zzgl z g+ (2b — 1)go, with b being the -

possible binary input to the channel of Fig. 2,
the metric increments [dg’")] ygm)] and

s a0l=1y12
[d§m+2 )] = [Tk -
Based on the path metrics F(m)mdF(m+2L-l) the
two possible path metrics P{™ = F{™ 4 [df,’")]z

43
] are calculated.

and P+

L- - 2
) = F,i"‘” R [dﬁ,”‘”b 91 for the

next time instant (k + 1)T are calculated. The

‘above-mentioned soft decision output is directly re-

presented by the difference

S(2m+b)

m m+25-1
k+1 Pb ) Pb( * )

(3)
This is explained by the following example exami-
ning state 0 of the trellis deplcted m Fig. 3. In the
case of Poo) being lower than Po , the transition
starting at the preceding state 0 would be chosen.
Thus, the soft output would be negative. In the
vice versa case, the soft output would be positive.

- Hence, the soft output is correctly represented by

(3). The calculation of the soft output replaces the
"compare” action of the add-compare-select (ACS)
unit. The new action sequence is called ”add-soft-

output-select” (ASOS) On the basis of the soft out-

put, the new path metric F,Si";'m is selected. As
it is shown in Fig. 3, the signal processing can be
carried out using identical basic components, calcu-

lating the transitions from two start states to two

" final states [6]. In the case of 2 trellis states there

is a maximum of 2£~! such components, which
are called transition-metric/add-soft-output-select
(TM/ASOS) units, needed to calculate the trellis

step.

In the case of a transmission of bursts which was
already assumed in (2), the calculation of the trellis
step and the trace-back can be carried out in sepa-
rate concurrent steps. This is shown in the Petri
net (7, 8] of Fig. 4. After proper initialization, the
TM/ASOS processing is carried out until the suf-
ficient set of statistics of the transmitted sequence
{ax} has been entirely used for the calculations. In
the case of transmitting L known tail bits following
the K data bits, the final state of the trellis is ex-
actly known, and the comparisons of final path me-
trics in order to decide the initial state for the trace
back are not necessary. Thus, the hardware com-
plexity is reduced. The trace-back is carried out
using the first calculated and stored data while the
next burst is already calculated by the TM/ASOS

‘processor. Both the TM/ASOS and the trace-back

processing are carried out until the final burst has
been calculated.

TM/ASOS and trace-back processors

In this section, the hardware expense of the opera-
tional parts .of the TM/ASOS and trace-back pro-
cessors is discussed. The most hardware expensive
part of the SOVE is formed by the TM/ASOS pro-
cessor consisting of 1,2,4,...,2L~! single TM/ASOS
units, depending on the data rates that are to be
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achieved. Assuming y, bits for the quantization of
the channel impulse response {g}, g. bits for the
quantization of the input sequence {rx}, gm; bits
for' the quantization of the metric increments,

ar = [logo[(K + L)(2% - 1)]], (4)

bits for the quantization of the path metrics, [+]
denoting the rounding of - to the nearest integer
towards +o0, and g¢s bits for the quantization of
the soft output, the complexity krm/asos of the
TM/ASOS unit hardware is given as follows:

2{L + 1]kb-ada(gg)

dkp—add(g:)

Skb—add(qF)

4kb-—sqr(9r)

2[L - I]kcntr—neg(Qg)

4kcntr— neg (qr) v

2[98 + 2¢: + qrlkinv

2{[4 + ‘2]k=xor2

2grkmuxa1.

kPipo(Qr) .

store r)

(L + 1]kpipo(gg) -

store {g1}

In (5), ky—saa(g), kb —sar (), kcntr-neg(’l)a kinv,
Kexor2, kmux21, and kpipo(g) correspond to the com-
plexity of a binary adder for ¢-bit quantized words,
a binary squarer for g-bit quantized words, a con-
trollable two’s complement negate operator for g-bit
quantized words, an inverter, an exclusive-or gate
with two inputs, a 2 to 1 bit multiplexer, and a
parallel-in-parallel-out register of width g, respecti-
vely.

ktm/asos =

(5)

4+ +

+

The block diagram of one half of such a
TM/ASOS unit is depicted in Fig. 5. In the case of
the parameter b equal to one it is the upper half and
in the case of b equal to zero it represents the lower
half, cf. Fig. 3. The actions to be carried out by
each half of the TM/ASOS unit are shown in the
Petri net of Fig. 6. Using modern semi-custom
CMOS technologies, and assuming L < 16, each
TM/ASOS unit will operate in a time interval of
a duration well below 100ns. Therefore, for 5-path
and 6-path channels typical for digital mobile radio
systems, the implementation of just one TM/ASOS
unit within the TM/ASOS processor is sufficient for

transmission systems operating at data rates below
500kbit/s.

In order to enable the pfesetting of the path me-
tric registers at the beginning of the TM/ASOS cal-
culation, with kanq2 being the hardware expense of

an and gate with two inputs and kyecoderfioat eing
the hardware expense of a L to 2% decoder, the fol-
lowing hardware adds to ktm/asos:

2L‘?F[kmuxm + kand?]
+ kpipo(L) + kdecoderLto'Z" )

(6)

Freser =

When using only one TM/ASOS unit, the newly
calculated path metrics cannot all be stored directly
in the 2% registers. It can easily be seen that there
are 25=2 more regsiters needed to guarantee a pro-
per processing. Hence, the expense of the trellis
registers is given by

ktrellis =5- Zb_zkpipo(‘h‘)- (M

In order to correctly store the calculated path
metrics and the soft decision outputs in the trellis
registers and a RAM, respectively, a demultiplexer

logic is necessary increasing the hardware expense
as follows:

2L—2‘1deemux12
2q}?‘kdemux1(2""1 —2L-3)
kcounter(L - 1)

row

chounter ( rIOgZ (K + L)] )'

column

kdemux =

-+

+ ®)

+

with kdemux12, kdemuxl(?"" ~2L-3Y, and kcounter(Q)
being the hardware expenses of a 1. to 2 demultiple-
xer, a 1 to (26-1 —2L-3) demultiplexer, and a g-bit
counter, respectively. The two counters are used for
the determination of both the row and the column
address of 2 RAM cell.

The operational part of the trace-back processor
is comparably small, consisting only of the addres-
sing logic for the RAM which contains the calcula-
ted soft decision output data

(9)

kb = ksipo(L) + keounter([logo(K)1)
NN — d

Tow column

with ksipo(g) indicating the hardware expense of a
g bit wide serial-in-parallel-out register.

Since the RAM for the SOVE following the pre-
sented principle is large, it is not recommended to
integrate it on the VLSI itself but to use an external
RAM.

" Results

In order to estimate the impact of the finite resolu-
tion due to quantization on the performance of the
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cos(2m ft)

i

o/T

2R

S N

{Fa}

Channel estimation | {T%}

lecti
sample set selection (a)

Viterbi equalizer

(5

‘ - gate counts | gate counts
gr / bits | g / bits | gmi / bits | gr / bits L=4 L=35
5 8 6 13 = 8.0k =~ 13.0k
5 8 7 14 =~ 8.5k =~ 13.5k
5 8 8 15 =~ 9.0k =~ 14.5k
6 7 7 14 ~ 9.0k =~ 14.0k
6 7 8 15 =~ 9.0k =~ 14.5k
6 8 6. 13 ~ 8.5k ~ 13.5k
6 8 7 14 ~ 9.0k =~ 14.0k
6 8 8 15 = 9.5k = 15.0k
7 7 7 14 ~ 9.0k ~ 14.0k
7 7 8 15 =~ 9.5k ~ 15.0k
7 8 6 13 =~ 9.0k =~ 13.5k
7 8 7 14. ~ 9.0k ~ 14.5k
7 8 8 15 ~ 9.5k ~ 15.0k
8 7 7 14 =~ 9.5k ~ 14.5k
8 7 8 15 ~ 10.0k ~ 15.0k
8 8 6 13 ~ 9.0k ~ 14.0k
8 8 7 14 = 9.5k ~ 14.5k
8 8 8 15 ~ 10.0k ~ 15.5k
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Fig. 1: Simple suboptimum receiver structure using IF domain signal processing

Tab. 1: Complexity of the operational TM/ASOS and trace-back processor parts of the
SOVE with external RAM
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SOVE, the degradations resulting from the subop-
timurn receiver filter and the channel estimation as
well as the sample set selection had to be surpres-
sed. Therefore, the channel impulse response {g:}
was preset and the undisturbed samples ry x were
calculated accordingly and then superimposed. by
an AWGN sequence. The quantization of {g} and
{rx} was then carried out and the quantized data
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the introduced equations. The impact of the quan-
tization of {rk}, {9} and the metric increments on
the performance have been studied by simulations.
Based on these data, an efficient design of the SOVE
can be reached.
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?
TM/ASOS initialization:
Set k = 0, initialize F§™, 0 <m < 28— 1

2

TM/ASOS recursion:

 Determine FT), 880 < m < 28 — 1, increment k

k<K+L j/?‘1<;=K_*_L '

Trace-back initialization:
Set k¥’ =0, preset Zx+L,

All bursts

Not all
equalized

bursts
equalized

Trace-back recursion:
Determine Skyr- -1, Zx4+1-k~1, increment k'

k":-"K K< K

T

Al bursts equalized Not all bursts equalized

Fig. 4: Petri net of the Viterbi-equalizer (Mealy modeiling)
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08/894,207

d his

(FILE 'USPAT' ENTERED AT 07:58:03 ON 15 MAR 1999)

Ll 340 S CASCAD? (3A)DECODER# OR PIPELINE# (3A) DECODER#

L2 2440 S INTERSYMBOL# INTERFERENCE# OR ISI

L3 149 S SERIES## (2A) CONNECT? (2A) DECODER# OR SERIAL? (2A) CONNECT? (
2A)

L4 12 S L1 AND L2

L5 0 S L2 AND L3

L6 317 S SERIES## (4A)CONNECT? (4A) DECODER# OR SERIAL? (4A) CONNECT? (
4Rn)

L7 899 S (INTERSYMBOL# INTERFERENCE# OR ISI) AND DECODER#

L8 44822 S CORRECT? (3A)SIGNAL# OR CORRECT? (3A) SYMBOL# OR CORRECT? (3
A)B

L9 376 S L7 AND L8

L10 2629 S RECEIV? (2A) SYMBOL#

L11 131 S L9 AND L10O
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broadcasting; Jin-Der Wang, 375/367; 370/509, 515, 522; 375/261, 298, 364
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[IMAGE AVAILABLE]

30. 5,751,766, May 12, 1v98, Non-invasive digital communications test
system; Jeffrey Marc Kletsky, et al., 375/224; 348/184, 192, 193;
375/225, 228, 285, 326, 344, 346 [IMAGE AVAILABLE]

3i. 5,751,730, May 12, 1998, Encoding/interleaving method and
corresponding deinterleaving/decoding method; Christophe Mourot, 714/780
[IMAGE AVAILABLE]

32. 5,748,686, May 5, 1998, System and method producing improved frame
synchronization in a digital communication system; Ehud Langberg, et al.,
375/367; 370/515; 375/368 [IMAGE AVAILABLE]

33. 5,742,642, RApr. 21, 1998, Signal processing method and apparatus for
reducing equalizer error; Antoni Fertner, 375/233, 348, 350; 708/323
[IMAGE AVAILABLE]

34. 5,742,622, Apr. 21, 1998, Error detection and correction system for
a stream of encoded data; Anthony Peter John Claydon, et al., 714/790
[IMAGE AVAILABLE]

35. 5,732,113, Mar. 24, 1998, Timing and frequency synchronization of
OFDM signals; Timothy M. Schmidl, et al., 375/355, 354 [IMAGE AVAILABLE]

36. 5,729,558, Mar. 17, 1998, Method of compensating for Doppler error
in a wireless communications system, such as for GSM and IS54; Mohammad
shafiul Mobin, 375/232, 341, 346 [IMAGE AVAILABLE]

37. 5,729,538, Mar. 17, 1998, Dual mode satellite/cellular terminal;
Paul W. Dent, 370/347, 349; 714/746 [IMAGE AVAILABLE]

38. 5,719,923, Feb. 17, 1998, Sketching unit for transmission of
sketches and notes over normal telephone lines; Gordon Bremer, et al.,
379/100.01; 370/493; 379/93.17 [IMAGE AVAILABLE]

39. 5,715,280, Feb. 3, 1998, Method for partially modulating and
demodulating data in a multi-carrier transmission system; Stuart D.
Sandberg, et al., 375/260, 261 [IMAGE AVAILABLE]

40. 5,712,873, Jan. 27, 1998, Multi-mode equalizer in a digital video
signal processing system; Dong-Chang Shiue, et al., 375/233, 230, 231,
232 [IMAGE AVAILABLE]

41. 5,703,904, Dec. 30, 1997, Impulse noise effect reduction; Ehud
Langberg, 375/232; 708/322 [IMAGE AVAILABLE]

42. 5,694,423, Dec. 2, 1997, Method and apparatus for detecting and
correcting misconvergence of a blind equalizer; Patrik Larsson, et al.,
375/231, 232 [IMAGE AVAILABLE]

43. 5,692,011, Nov. 25, 1997, Dual decision equalization apparatus;
Ramin Nobakht, et al., 375/233; 333/18; 375/341, 348; 708/323 [IMAGE
AVAILABLE]

44. 5,684,834, Nov. 4, 1997, Simultaneous analog and digital
communication using fractional rate encoding; William Lewis Betts, et
al., 375/298, 261 [IMAGE AVAILABLE]

45. 5,677,934, Oct. 14, 1997, Multipath propagation compensation in a
TDMA system; Kjell I. Ostman, 375/349, 231, 232; 708/313, 323 [IMAGE
AVAILABLE]
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46. 5,675,697, Oct. 7, 1997, Signal restoring apparatus ‘- DVCR using
two threshold values; Dc Wha Lee, 386/124, 40 [IMAGE A\ ABLE]

47. 5,663,957, Sep. 2, 1997, Dual mode satellite/cellular terminal; Paul
W. Dent, 370/347, 350, 468; 375/267; 714/821 [IMAGE AVAILABLE]

48. 5,661,718, Aug. 26, 1997, Simultaneous analog and digital
communication; Gordon Bremer, et al., 370/207, 286; 375/222 [IMAGE
AVAILABLE]

49. 5,659,578, Aug. 19, 1997, High rate Reed-Solomon concatenated
trellis coded 16 star QAM system for transmission of data over cellular
mobile radio; Siavash M. Alamouti, et al., 375/261, 265, 322, 341;
714/792 [IMAGE AVAILABLE]

50. 5,636,246, Jun. 3, 1997, Multicarrier transmission system; Michael
A. Tzannes, et al., 375/260; 370/480; 375/221 [IMAGE AVAILABLE]

51. 5,625,652, BApr. 29, 1997, Timing recovery controller and method for
adjusting the timing of synchronizing windows in a PSK demodulator; James
E. Petranovich, 375/355, 329, 365 [IMAGE AVAILABLE]

52. 5,610,949, Mar. 11, 1997, Phase detector and a method determining
the phase of received PSK symbols; James E. Petranovich, 375/330;
329/304 [IMAGE AVAILABLE]

53. 5,604,769, Feb. 18, 1997, Hybrid equalizer arrangement for use in
data communications equipment; Jin-Der Wang, 375/229, 231, 233 [IMAGE
AVAILABLE]

54. 5,594,758, Jan. 14, 1997, Frequency controller and method of
correcting phase estimates in a PSK demodulator using frequency control;
James E. Petranovich, 375/344; 329/304; 375/329 [IMAGE AVAILABLE]

55. 5,594,496, Jan. 14, 1997, Detection of co-channel interference in
digital television signals; Larry E. Nielsen, et al., 348/21, 470, 607
[IMAGE AVAILABLE]

56. 5,590,160, Dec. 31, 1996, Symbol and frame synchronization in both a
TDMA system and a CDMA; Kjell Ostman, 375/367; 370/342, 515; 375/209, 210
[IMAGE AVAILABLE]

57. 5,581,579, Dec. 3, 1996, Method and apparatus to adaptively control
the frequency of reception in a digital wireless communication system;
Nan-Sheng Lin, et al., 375/331; 329/304; 375/283 [IMAGE AVAILABLE]

58. 5,579,345, Nov. 26, 1996, Carrier tracking loop for QPSK
demodulator; Brian W. Kroeger, et al., 375/344, 261, 330; 455/192.2
[IMAGE AVAILABLE]

59. 5,568,330, Oct. 22, 1996, Recording/reproducing apparatus with
maximum likelihood sequence estimation; Hideki Sawaguchi, et al., 360/46,
51 [IMAGE AVAILABLE]

60. 5,550,596, Aug. 27, 1996, Digital television signal processing
system including a co-channel rejection filter; Christopher H. Strolle,
et al., 348/607, 471, 726; 375/233 [IMAGE AVAILABLE)

61. 5,546,429, Aug. 13, 1996, Frequency hopping code division multiple
access radio communication unit; Gregory M. Chiasson, et al., 375/341,
343, 347; 455/137 [IMAGE AVAILABLE]

62. 5,541,955, Jul. 30, 1996, Adaptive data rate modem; Jay M.
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Jacobsmeyer, 375/222, 265 376, 377 [IMAGE AVAILABLE]

63. 5,539,774, Jul. 23, 1996, Dual decision equalization method and
device; Ramin Nobakht, et al., 375/232; 333/18; 375/233; 708/322, 323
[IMAGE AVAILABLE]

64. 5,537,441, Jul. 16, 1996, Controlled simultaneous analog and digital
communication; Gordon Bremer, et al., 375/261; 370/206; 375/222;
379/93.08 [IMAGE AVAILABLE]

65. 5,537,436, Jul. 16, 1996, Simultaneous analog and digital
communication applications; Stanley Bottoms, et al., 375/222, 261;
455/553, 557 [IMAGE AVAILABLE]

66. 5,524,127, Jun. 4, 1996, Unique word detector and method for
detecting a unique word within one of several windows offset in time;
James E. Petranovich, 375/368, 363 [IMAGE AVAILABLE]

67. 5,517,535, May 14, 1996, Numerically controlled oscillator with
complex exponential outputs using recursion technique; Brian W. Kroeger,
et al., 375/373; 327/146; 331/1A [IMAGE AVAILABLE]

68. 5,513,216, Apr. 30, 1996, Hybrid equalizer arrangement for use in
data communications equipment; Shlomo Gadot, et al., 375/233, 231;
708/323 [IMAGE AVAILABLE]

69. 5,506,861, Apr. 9, 1996, System and method for joint demodulation of
CDMA signals; Gregory E. Bottomley, 370/441; 375/334, 347; 380/34; 455/65
[IMAGE AVAILABLE]

70. 5,491,726, Feb. 13, 1996, Method and apparatus to determine the
frequency and time slot position in a digital wireless communication
session; Jong-Keung Cheng, et al., 375/343, 349; 455/182.3 [IMAGE
AVAILABLE]

71. 5,483,557, Jan. 9, 1996, Channel equalisation in particular for
fading channels; William T. Webb, 375/349, 229, 233 [IMAGE AVAILABLE]

72. 5,471,504, Nov. 28, 1995, Bilinear decision feedback equalizer;
Junghsi Lee, et al., 375/233, 229, 230, 232 [IMAGE AVAILABLE]

73. 5,461,644, Oct. 24, 1995, Adaptive. viterbi detector; Johannes W. M.
Bergmans, et al., 375/341; 714/794 [IMAGE AVAILABLE]

74. 5,461,426, Oct. 24, 1995, Apparatus for processing modified NTSC
television signals, with digital signals buried therewithin; Allen L.
Limberg, et al., 348/475, 473 [IMAGE AVAILABLE]

75. 5,448,555, Sep. 5, 1995, Simultaneous analog and digital
communication; Gordon Bremer, et al., 370/206; 329/304; 332/103; 370/286;
375/222, 261 [IMAGE AVAILABLE]

76. 5,440,585, Aug. 8, 1995, Applications of simultaneous analog and
digital communication; B. Waring Partridge, III, 375/261, 222 [IMAGE
AVAILABLE]

77. 5,438,595, Aug. 1, 1995, Method of estimating the speed of a mobile
unit in a digital wireless communication system; Jong-Keung Cheng, et
al., 375/340; 340/466; 455/238.1 [IMAGE AVAILABLE]

78. 5,436,942, Jul. 25, 1995, Method of equalizing digitally encoded

signals transmitted in a plurality of non-contiguous time slots;
Jong-Keung Cheng, et al., 375/229; 370/458; 375/340, 342 [IMAGE
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AVAILABLE]

79. 5,425,050, Jun. 13, .295, Television transmission sys.em usi§g
spread spectrum and orthogonal frequency-division multiplex; William F.
Schreiber, et al., 375/200; 380/10, 13 [IMAGE AVAILABLE]

80. 5,408,504, Apr. 18, 1995, Symbol and frame synchronization in a TDMA
system; Kjell I. Ostman, 375/354; 370/350; 375/343; 708/422 [IMAGE
AVATILABLE]

8l. 5,408,503, Apr. 18, 1995, Adaptive viterbi detector; Josephus A. H.
M. Kahlman, 375/340, 348; 714/795 [IMAGE AVAILABLE]

82. 5,406,593, Apr. 11, 1995, Adaptive phase-locked loop employing
channel state information estimation from received signal phase angles;
Sandeep Chennakeshu, et al., 375/376; 331/1R; 375/327, 351 [IMAGE
AVAILABLE]

83. 5,400,368, Mar. 21, 1995, Method and apparatus for adjusting the
sampling phase of a digitally encoded signal in a wireless communication
system; Jong-Keung Cheng, et al., 375/354, 365 [IMAGE AVAILABLE]

84. 5,394,439, Feb. 28, 1995, Bisdn compatible modem codec for digital
information communication system; Farhad Hemmati, 375/242; 332/103;
375/260, 262, 280, 308 [IMAGE AVAILABLE]

85. 5,394,410, Feb. 28, 1995, Differentially coded and guard pulse
position modulation for communication networks; Kwang-Cheng Chen,
371/47.1 {IMAGE AVAILABLE]

86. 5,392,316, Feb. 21, 1995, Decoding method and apparatus with maximum
likelihood sequence estimation; Hideki Sawaguchi, et al., 375/290;
360/46; 375/286 [IMAGE AVAILABLE]

87. 5,392,300, Feb. 21, 1995, Dual mode radio communication unit; David
E. Borth, et al., 714/761, 786 [IMAGE AVAILABLE]

88. 5,376,894, Dec. 27, 1994, Phase estimation and synchronization using
a PSK demodulator; James E. Petranovich, 329/306, 310; 375/324, 329
[IMAGE AVAILABLE]

89. 5,375,146, Dec. 20, 1994, Digital frequency conversion and tuning
scheme for microwave radio receivers and transmitters; Harvey Chalmers,
375/350, 344; 708/313 [IMAGE AVAILABLE]

90. 5,365,229, Nov. 15, 1994, Adaptive telemetry system for hostile
environment well logging; Wallace R. Gardner, et al., 340/855.4, 855.5;
367/76 [IMAGE AVAILABLE]

91. 5,363,408, Nov. 8, 1994, Mode selective quadrature amplitude
modulation communication system; Woo H. Paik, et al., 375/261; 329/304;
332/103; 375/341, 354; 714/789 [IMAGE AVAILABLE]

92. 5,353,307, Oct. 4, 1994, Automatic simulcast alignment; Howard L.
Lester, et al., 375/233, 341, 348; 455/503; 708/323 [IMAGE AVAILABLE]

93. 5,351,274, sep. 27, 1994, Post detection selection combining
diversity receivers for mobile and indoor radio channels; Sandeep
Chennakeshu, et al., 375/347, 341; 455/135, 137 [IMAGE AVAILABLE]

94. 5,343,498, Aug. 30, 1994, Sample timing selection and frequency

offset correction for U.S. digital cellular mobile receivers; Raymond L.
Toy, et al., 375/259; 370/337, 350; 375/355, 365, 376 [IMAGE AVAILABLE]
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95. 5,335,250, Aug. 2, i4, Method and apparatus for b. cectional
demodulation of digitally modulated signals; Paul W. Dent, et al.,
375/224, 340 [IMAGE AVAILABLE]

96. 5,317,595, May 31, 1994, Rapidly adaptable channel equalizer; Kjell
Ostman, 375/232, 230 [IMAGE AVAILABLE]

97. 5,311,558, May 10, 1994, Data receiver comprising a control loop
with reduced sampling frequency; Johannes W. M. Bergmans, 375/346;
370/290; 375/232, 348 [IMAGE AVAILABLE]

98. 5,311,546, May 10, 1994, Carrier phase recovery for an adaptive
equalizer; Woo H. Paik, et al., 375/232, 344; 708/323 [IMAGE AVAILABLE]

99. 5,311,545, May 10, 1994, Modem for fading digital channels affected
by multipath; David N. Critchlow, 375/232; 329/304; 375/324, 332, 343,
344 [IMAGE AVAILABLE]

100. 5,305,349, Apr. 19, 1994, Quantized coherent rake receiver; Paul W.
Dent, 370/209, 342 [IMAGE AVAILABLE]

101. 5,303,263, Apr. 12, 1994, Transmission channel characteristic
equalizer; Yasuoc Shoji, et al., 375/229, 341; 714/795 [IMAGE AVAILABLE]

102. 5,301,167, Bpr. 5, 1994, Apparatus for improved underwater acoustic
telemetry utilizing phase coherent communications; John G. Proakis, et
al., 367/134 [IMAGE AVAILABLE]

103. 5,283,815, Feb. 1, 1994, Tangental type differential detector for
pulse shaped PI/4 shifted differentially encoded quadrature phase shift
keying; Sandeep Chennakeshu, et al., 375/330; 329/304; 455/60 [IMAGE
AVAILABLE]

104. 5,283,811, Feb. 1, 1994, Decision feedback equalization for digital
cellular radio; Sandeep Chennakeshu, et al., 375/233, 234; 708/323 [IMAGE
AVAILABLE]

105. 5,249,200, Sep. 28, 1993, Device and method for combining precoding
with symbol-rate spectral shaping; Michael Chen, et al., 375/285;
329/349; 332/159; 375/296 [IMAGE AVAILABLE]

106. 5,220,568, Jun. 15, 1993, shift correcting code for channel encoded
data; Dennis G. Howe, et al., 341/59, 94; 714/775 [IMAGE AVAILABLE]

107. 5,202,901, Apr. 13, 1993, Digital discriminator for pulse shaped
.pi./4 shifted differentially encoded quadrature phase shift keying;
Sandeep Chennakeshu, et al., 375/331; 329/304; 455/60 [IMAGE AVAILABLE]

108. RE 34,206, Mar. 30, 1993, Method and apparatus for timing recovery;
Babak Sayar, 375/293, 344, 371 [IMAGE AVAILABLE]

109. 5,195,108, Mar. 16, 1993, System and method for determining
absolute phase of a differentially-encoded, phase-modulated signal; Kevin
L. Baum, et al., 375/330; 323/304; 375/331, 332, 343 [IMAGE AVAILABLE]

110. 5,159,609, Oct. 27, 1992, Data receiving device with delayed

equalization and retroactive time-pulse recovery; Jacques Palicot,

375/232; 333/18; 708/323 [IMAGE AVAILABLE]

111. 5,151,926, Sep. 29, 1992, Sample timing and carrier frequency

estimation circuit for sine-cosine detectors; Sandeep Chennakeshu, et
al., 375/333; 329/304 [IMAGE AVAILARBRLE]
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112. 5,131,011, Jul. 1« 992, Receiver for data transmi .on system
with nonlinearities; Johannes W. M. Bergmans, et al., 375/348; 341/106;
375/341; 702/191; 714/759 [IMAGE AVAILABLE]

113. 5,052,000, Sep. 24, 1991, Technique for improving the operation of
decision feedback equalizers in communications systems utilizing error
correction; Jin-Der Wang, et al., 375/233, 265; 714/784, 792 [IMAGE
AVAILABLE]

114. 5,022,053, Jun. 4, 1991, Data communications with alternation of
signaling constellations; Hong Y. Chung, et al., 375/265; 370/522;
375/262 [IMAGE AVAILABLE]

115. 4,995,031, Feb. 19, 1991, Equalizer for ISDN-U interface; Sami A.
H. Aly, et al., 370/286; 375/230, 232 [IMAGE AVAILABLE]

lle. 4,964,118, Oct. 16, 1990, Apparatus and method for echo
cancellation; Sami A. H. Aly, et al., 370/291; 379/411 [IMAGE AVAILABLE]

117. 4,959,845, Sep. 25, 1990, Receiver of a system for transmitting
data symbols at a given baud~rate; Simon J. M. Tol, et al., 375/354, 357
[IMAGE AVAILABLE]

118. 4,918,685, Apr. 17, 1990, Transceiver arrangement for full-duplex
data transmission comprising an echo canceller and provisions for testing
the arrangement; Simon J. M. Tol, et al., 370/249, 286 [IMAGE AVAILABLE]

119. 4,914,699, Apr. 3, 1990, High frequency anti-jam communication
system terminal; James G. Dunn, et al., 380/34; 375/202, 207, 209, 343;
380/46 [IMAGE AVAILABLE]

120. 4,896,334, Jan. 23, 1990, Method and apparatus for timing recovery:
Babak Sayar, 375/293; 370/276; 375/344, 371 [IMAGE AVAILABLE]

121. 4,866,736, Sep. 12, 1989, Data transmission system comprising a
decision feedback equalizer and using partial-response techniques;
Johannes W. M. Bergmans, 375/291, 233, 350 [IMAGE AVAILABLE]

122. 4,833,693, May 23, 1989, Coded modulation system using interleaving
for decision-feedback equalization; Vedat M. Eyuboglu, 375/254, 233, 346;
714/7%2, 795 [IMAGE AVAILABLE]

123. 4,651,320, Mar. 17, 1987, Inband coding of secondary data; Hemant
K. Thapar, 370/207, 522; 375/261 [IMAGE AVAILABLE]

124. 4,644,537, Feb, 17, 1987, Inband coding of secondary data; Richard
D. Gitlin, et al., 370/207, 522; 375/261 [IMAGE AVAILABLE]

125. 4,608,703, RAug. 26, 1986, Synchronization detection system for data
transmission; Mitsuru Kaga, et al., 375/365, 231, 261 [IMAGE AVAILABLE]

126. 4,597,089, Jun. 24, 1986, Single pulse fast learn modem; David M.
Motley, et al., 375/231, 222 [IMAGE AVAILABLE]

127. 4,466,108, Aug. 14, 1984, TDMA/PSK Carrier synchronization without
preamble; Smith A. Rhodes, 375/329; 329/308; 375/344, 371 [IMAGE
AVAILABLE]

128. 4,370,749, Jan. 25, 1983, Phase noise correction circuit for a data

transmission system; Michel Levy, et al., 375/346; 327/146; 375/373
[IMAGE AVAILABLE]
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129. 3,962,637, Jun. 8, 1976, Ultrafast adaptive digital modem; David M.
Motley, et al., 375/232; 3/18; 375/235, 355 [IMAGE AVAI LE)

130. 3,935,535, Jan. 27, 1976, Fast equalization acquisition for
automatic adaptive digital modem; David M. Motley, et al., 375/231;
333/18; 375/235, 290; 708/323 [IMAGE AVAILABLE]

131. 3,747,065, Jul. 17, 1873, SYSTEM FOR CORRECTING DETECTED ERRORS IN
A HIGH SPEED DIGITAL DATA TRANSMISSION SYSTEM; Earl D. Gibson, 375/346
[IMAGE AVAILABLE]
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