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"A digital communication system and a recelver for use m such a system

The present mvennon relates to a digital communication system

il

||

comprising a transmitter for transmitting digital messages representing symbols modulated
onto at least one carﬁer, which symbols are representable as symbol vectors in a signal
constellation which is rotationally invariant over a predetermined rotation angle, the system
further comprising a transmission channel and a receiver for receiving the symbols
transmitted through the channel, which receiver comprises a demodulator for demodulating
the received symbols into received messages, the demodulator using an estimate for a
channel state of the channel. Such a system can be a Digital Television Broadcasting System
in which a digital signal is broadcasted to digital TV receivers, or any other digital
communication system.

The present invention further relates to a receiver for use in such a

system.

A system of this kind is known from the International Patent Application
WO 92/05646. In this system OFDM (Orthogonai Frequency Division Multiplexed) signals
are transmitted by a transmitter to a receiver through a transmission channel. On each carrier
of this multi-carrier system, symbols to be transmitted are QPSK (Quadrature Phase Shift
Keying) modulated. An OFDM signal is obtained by supplying a QPSK symbol stream to an

Inverse Discrete Fourier Transformer. The QPSK signals can be considered as two bit binary

. . messages representing symbols on a carrier. The symbols can be represented as symbol

vectors in a signal constellation which is rotationally invariant over a predetermined angle. In

the exmngié given the signal configuration consists of four constellation points, representing
two bit bmary messages "00", "10", "11", and "10". In case of differental encoding,
starting from an.;initial symbol state, the messages are encoded as a phase difference between
two successive symbols. Then, in the receiver, it is not necessary to know the exact phase,
but, starting from a first detected symbol, the succeeding symbols are detected from relative
phases of sy;rfb;)ls. The transmitted symbols are subject to noise and to channel distortion.
Therefore, the récéived_;y{anls are amplitude and phase shift modulated QPSK signals. In a
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can be plotted as four clouds of end points of received symbol vectors in the complex plane.
Before proper demodulation, a position of two notional perpendicular axes , which are

5 symmetrical to centres of the signal clouds, must be found. For this reason, in the known
receiver, a separate phase recovery method is disclosed for each subcarrier of the received
OFDM signal. In this method, with demodulation, a channel state is estimated, which varies
with time. More particularly a channel phase shift is estimated recursively, i.e. with each of
the received symbols, the positién of the notional axes with respect to the symbol clouds is

10 updated. Starting with a phase reference signal which is set equal to the first received signal,

a reference phase which is set equal to an argument of the phase reference signal, and ‘

notional axes at 45° and 135° to the signal vector, a next received symbol is rotated with a

multiple of 90° such that it falls within 45° sectors at both sides of the reference phase. ILe.,

a minimum squared Euclidean distance is determined, when detecting the symbol. From the

15 number of 50° rotations, the transmitted binary message can be detected. The phase

reference signal is updated with the received rotated vector, and, consequently, the reference

phase. This method is shown to be Maximum Likelihood in most practical cases. In digital
communication systems, also symbols representable by other signal constellations are
transmitted. E.g. for Digital Video Broadcasting a so-called 2R(2,2)-QAM constellation can

20 be used. Such a constellation is a 2-resolution configuration, i.e. a constellation representing

symbols of which a first group of 2 bits for encoding the symbols represents constellation

points in respective quadrants of the signal constellation, and of which a second group of 2

bits for encoding the symbols represents constellation points within the quadrants. The first

group of bits are so-called high priority bits, and the second group of bits are so-called low

25 priority bits. When symbols representing video signals are transmitted using such a 2R(2,2)-

QAM signal constellation, at receiver side, depending on the signai-to-noise ratio, the video

signals can be detected with low resolution by only detecting the high priority bits and the

video signals can be detected with high resolution by also detecting the low priority bits. The

£
g 2R(2,2)-QAM constellation is rotationally invariant as to rotation of clusters of constellation
;30 points in the respective quadrants over a muitiple of 90°. In this sense, also other signal

constellations, which can be multiresolution or not, are rotationally invariant, such as a 64-
QAM constellation. Such signal constellations is described in the handbook "Digital
Communication”, E.A. Lee et al., Kluwer Academic Publishers, 1990, Chapter 6.5. "Signal

Set Design", pages 198-206. In the same handbook transmitters and receivers are described
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It is an object of the present invention to provide a digital communication
5 system in which received symbols representable by rotionally invariant signal constellations

can be easily detected.

. To this end the digital telecommunication system according to the present
invention is characterized in that the signal constellation is partitioned into clusters of
constellation points which coincide when at least once rotated over the predetermined rotation
10 angle, the clusters representing a first group of bits in the messages and constellation points
within the clusters representing at least a second group of bits in the messages, and in that
the first group of bits is demodulated by rotating a cluster containing a received symbol over
an integer number of times of the predetermined rotation angle such that the received symbol
is located in a partition of the signal constellation containing the estimate for the channel
15 state and by determining the first group of bits from the rotation, and the second group of
bits is demodulated by translating the rotated cluster to an origin of the signal constellation
and by determining the second group of bits from the translated cluster, the estimate being
updated with each received symbol. By rotating the cluster containing the received symbol to
the partition containing the channel state estimate and by updating the channel state estimate
0 with each received symbol, information about the first group of bits is achieved. The channel
state estimate can be determined as according to the method disclosed in WO 92/05646,
then, or by subjecting the received signal to a Mt-order power loop, known per se, for a
360°/M rotationally invariant constellation, M being a positive integer greater than 2. By
translating the rotated cluster to the origin of the signal configuration, information about the
5 second group of bits is obtained. After translation to the origin, the method disclosed in WO
92/05646 can be used for obtaining the information about the second group of bits. The
estimate for the channel state can be fine adjusted by using amplitude and phase information

about the thus recovered symbol. Accordingly, a very simple detection mechanism is

obtained.

The present invention is based upon the insight that with detection of the
second group of bits, the phase information in the estimate for the channel state is preserved

when translating a cluster to the origin of the signal constellation.
In an embodiment of a digital communication system according to the
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rotationaly invariant after translation to the origin. For still more complicate signal
configurations the same detection mechanism can be applied. The constellations can than be

made to be beyond 2-resolution. Depending on the signal-to-noise ratio, the receiver can

0 decide up to which resolution the symbols are detected. E.g., when too high a BER (Bit

Error Rate) is observed in the receiver for a particular resolution, the receiver can only ‘

detect the symbols with a lower resolution.
In an embodiment of a digital communication system according to the

present invention a phase reference signal is recursively determined from the rotated received

§ symbols, and a centre of the rotated cluster is estimated by dividing the phase reference

signal through the number of received symbols, the rotated cluster being translated through
vectorial subtraction of a currently rotated received symbol and the cluster constellation
points with the estimated centre. It is thus achieved that the translation vector is updated with
each received vector, resulting in an accurate translation with each received symbol.

{ In a further embodiment of a digital communication system according to
the present invention the second group of bits is determined from the rotated and translated
cluster by determining a minimum squafed Euclidean distance between the rotated and
translated received symbol and the constellation points of the rotated and translated cluster.

Thus, a simple decision criterion is obtained for detecting the second group of bits. For a

k (2,2)-QAM system, i.e. a signal constellation with 16 constellation points, 2 minimum

Euclidean distance is achieved by determining whether a rotated and translated symbol is
located in a sector of two notional axes which form 45° angles with the determined reference
phase.

In a further embodiment of a digital communication system according to
) the present invention the phase reference signal is updated for each received symbol by
subtracting therefrom a vector corresponding to the determined second group of bits.
Herewith the estimate for the channel state is both updated with phase and amplitude

information of the received symbols. With this fine phase and amplitude recovery an accurate

reference phase is obtained.
This Sheet Has Been Replaced
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Further embodiments are claimed in the dependent claims. When the first
group of bits is non-differentially encoded, from the received a priori known reference
symbol an initial decoding value is derived. When differential encoding for the first group of

bits is applied, the first received symbol, not necessarily known a priori, serves as a

reference symbol for detecting successive symbols.

The present invention will now be described, by way of example, with

reference to the accompanying drawings, wherein _
Fig. 1, shows a digital communication system according to the present

invention,
Fig. 2 shows a 2R(2,2)-QAM signal constellation,
Fig. 3 shows detection of a received symbol in a receiver in a system

according to the present invention, and
Fig. 4 shows an embodiment of a demodulator according to the present

invention.
Throughout the figures, the same reference numerals are used for the

same features.

Fig. 1 shows a digital communication system 1 according to the present
invention comprising a transmitter 2 for transmitting digital messages representing complex
symbols s; to a receiver 3 via a transmission channel 4. The digital messages can be binary
messages but also another logic is possible such as ternary and quaternary logic, for instance.
The symbols s; are modulated onto a carrier. The modulated symbols are quadrature
modulated 2R(2,2)-QAM signals, i.e. the symbols from a complex-valued alphabet are -
representable as symbol vectors in a signal constellation. For allowing two-resolution
detection, in the signal constellation, constellation points are non-uniformly spaced. In each
of the four quadrants of the signal constellation, four constellation points are spaced
relatively close together, whereas the so formed clusters of constellation points are spaced
further apart form each other. For further details with respect to signal constellations referred
is to said Chapter 6.5 of said handbook of Lee et al. Modulated is a source bit stream By,
which is first coded by means of a coder 5, in an embodiment, a first group of two bits, or

the so-called HP (high priority) bits, being differentially encoded, and a second group of
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7, of which outputs are fed to multipliers 8 and 9 which multiply the respective output
signals of the filters 8 and 9 with quadrature carriers cos(w.t) and sin(w.t), w, being the
carrier frequency and t being time. Such a transmitter 2 is well-known in the art. Referred is
for example to said handbook of Lee, pages 167-172. The symbols can also be modulated
onto rﬁultiple carriers as so-called OFDM signals (Orthogonal Frequency Division
Multiplexed) signals, such as described in said Patent Application WO 92/05646. Then, the
output of the coder 5 is subjected to an N-points Inverse Discrete Fourier Transform, before
modulation onto a carrier, N being an integer. At receiver side, the present invention is then
appiied to each subcarrier of the OFDM signal. The carrier modulated in phase and
quadrature signals are combined in an adder 10, and then transmitted to the receiver 3 via
the transmission channel 4. The receiver 3 receives a signal which is distorted by the channel
4, i.e. the received signal is an phase and amplitude modulated version of the transmitted
signal, further disturbed with noise. It is assumed that the noise is AWGN (Additive White
Gausian Noise). In the receiver 3, the received signal is first subjected to carrier
demodulation with respective multipliers 11 and 12, followed by respective receive filters 13
and 14. At outputs of the receive filters 13 and 14 a complex carrier demodulated signal 1 is
available in the form of a real signal part Re{r;} and imaginary signal part Im{r;}. The signal
r; can thus be represented as a signal vector in a signal constellation. Such a receiver front
end is well-known and for further details as to this kind of receivers, referred is to said
handbook of Lee et al., pages 184-186. The signal parts Re{r;} and Im{r;} are sampled by
means of respective analog-to-digital converters 15 and 16, digital output signals of which
are supplied to a demodulator 17 which comprises a signal processor 18. The actual
demodulation is carried out by the signal processor 18, which is programmed to implement
the present invention, and which contains non-volatile memory for storing the programs for
implementing the present invention, and volatile memory for storing program variables. At

an output of the digital signal processor 18, a bitstream comprising the HP-bits and the LP-

bits is available.
Fig. 3 shows detection of the received symbol r; in the receiver 3 in the
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amglgmty being a multiple of #/2 is eliminated by first multiplying the argument of the
received symbol by four and then dividing the result by four, after first having eliminated a
modulo 27 phase from the multiplied argument. With HP-bit detection, the clusters of signal
constellation points are considered as single constellation points. The 2R(2,2)-QAM
constellation is then considered as a QPSK constellation, corresponding to 4 point signal
constellation. At a time instant i, the complex 4 bit encoded symbol 1;, 2 HP bits and 2 LP-
bits, is received, the symbol r; corresponding to the ith transmitted symbol s;. After
demodulation of the symbol r;, an updated reference phase ®;+ is determined, being an
argument of a recurrently determined phase reference signal f;. Starting with the first
received symbol r, which is an a priori known reference symbol in case the HP-bits are
non-differentially encoded, initial values f; = r;, and ¢, = arg ry, arg being the argument.
Then, with the second received symbol I, and accordingly with further received symbols,
the cluster containing the received symbol r; is rotated over k;.#/2, k; containing information
about the HP-bits; such that the rotated vector b; is within sectors of 45° with respect to é;.
In the given 2R(2,2)-QAM configuration, k; is an element of the set {0, 1, 2, 3}. In case of
diffential encoding of the HP-bits, the HP-bits are encoded from a phase difference Ay of the
received symbols 1; and r,_,, in the given example a phase difference 0 corresponding to the
bits "00", a phase difference /2 corresponding to the bits "01", a phase difference r
corresponding to the bits "11%, and a phase difference 3%/2 corresponding to the bits "10",
the phase difference Ag being {(2x - k.%/2) - 27 - k;_;.%/2) modulo 2x}. In case of non-
differential encoding, a priori known reference symbols, e.g. r;, determine the absolute
decoding reference in the signal constellation, e.g. a reference symbol "00" corresponds to
k; = 0, herewith determining decoding as to the other three constellation points. The thus
rotated cluster and rotated received symbol b;, in the example given by x/2 corresponding to
k;=1, contains information about the two LP-bits. According to the present invention, based
upon the reference phase estimate ¢;, a four point cluster or constellation CLx is constructed
with a centre point x., for which the following relations hold:

Xpo = {(dy + 2d)M2} /¢, [/ being the angle in the complex plane,
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implemented by means of vectorial subtraction, i.e. by determining b;’ = b; - x;. Then, for
demodulating the LP-bits, the method disclosed in WO 92/05646 for detecting the HP-bits is
applied to the rotated and translated cluster containing the LP-bits, i.e. in b’ = b’

10 [ki’.-zr/2, k;' is determined such that the most likely transmitted symbol x, has minimum

squared Euclidean distance Ed with b;. For k;’ = 0, LP-bits "00" are detected, for k’ = 1, (
LP-bits "10" are detected, for k' = 2, LP-bits "11" are detected, and for k;’ = 3, LP-bits

01" are detected. Using x,, an estimated centre a; of the cluster b; belongs to, is determined

as a; = b; + (x, - x,). Then, the phase reference signal is updated in the recurrent relation f;

15 = f,; + a;. The reference phase ¢; is updated as ¢;,, = arg f;. Using a;, in addition to b,

as used with demodulation of an QPSK signal only or an assumed QPSK signal, gives a

more accurate estimate of ¢, ;.
In case of QAM signalling, the average amplitude of the received signals r; is also estimated.

Then, the centre x, of the cluster CLx is estimated from the phase reference signal f; as fi/i.
90 The determination of f; and the estimation of x. can be made adaptive to tackle smail time
variances in ¢, by alternatively determining f; = a.f,; + (1-a).a fori>1 with f; = (I-
a).1y, in which the centre x; of the cluster CLx is estimated as f/(1-a'), a being in the
interval (0,1). For @ = 0, non-coherent reception is provided, whereas for o approaching 1
coherent reception is provided. Such an adaptation can be necessary if the phase recovery is
25 disturbed by channel properties such as multipath fading and frequency instabilities or
incorrect frequency adjustment at in the receiver 3. Then, ¢ is a time varying function, it’
being assumed that ¢ is constant during transmission of the symbol s;. The parameter
adetermines the adaptation speed of ¢. With decreasing «, the adaptation speed increases,
but then, the BER (Bit Error Rate) also increases. Adaptation also has the advantage that

30 overflow in f, registers is avoided during calculation. The phase reference signal f; not
necessarily has to be determined recursively, but can also be determined from a number n of
previously determined values of b; or a;, according to the formula f; = X bj, L being a
summing sign, the summing being taken from j = i-n+1 to j = i, j and i being integer

values. Then, again, ¢, = arg f;. E.g., n = 10. The previous values are stored in a shift
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register (not shown), the oldest value being shifted out, with a new value each time. The
present invention can be recursively applied for clusters within clusters, for signal
constellations in which clusters itself form rotationally invariant signal constellations.
Although the present invention is preferably applied to multi-resolution signal constellations
for which there are clear signal-to-noise differences as to respective resolutions, the present
invention can also be used for single resolution systems. 2-Resolution can be applied, for
instance, for Digital Video Broadcasting. For portable receivers only the HP-bits can be
detected, and for fixed receivers, the LP-bits can also be detected, i.e. a normal video mode,

and an enhanced video mode is provided, then.
Fig. 4 shows an embodiment of the demodulator 17 according to the

10
present invention for a 2R(2,2)-QAM signal constellation, implemented with the signal
processor 18. In a computation block 40, the signal b; determined which is within 45° sectors
with respect to ¢;, and from k; thus determined, the HP-bits are determined. For determining
k;, rotation blocks 41, 42, and 43 are provided for respective rotation of the received signal
15 r; with %/2, «, and 3%/2. In a computation block 44 the LP-bits are determined, together
with the most likely transmitted symbol x,. Inputs to the computation block 44 for the LP-
bits and x, are respective computation blocks 45, 46, 47, and 48 for xqog, Xg;, X1, and x;;,
according to the formulas given. In a summing block 50, to- which x,, b;, and further an
output of a computation block 49 for computing x, are supplied, the variable a; is

20 determined. For adaptive calculation of f; and thus of ¢, ,, multiplying blocks 51 and 52, a
summing block 53, and a block 54 for determining the argument of f; are provided. In case
of estimation of x, a division block is provided for calculating f/i, or, in case of adaptivity,

f/(1-c), instead of the calculation block 49.
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1. A digital communication system (1) comprising a transmitter (2) for

groug of bits in the nessages and constell ation points
transmitting digital messages representing symbols (s;) modulated onto at least one carrier,

which symbols (s;) are representable as symbol vectors in a signal constellation which is
rotationally invariant over a predetermined rotation angle, the system further comprising a
5 transmission channel (4) and a receiver (3) for receiving the symbols transmitted through the

channel, which receiver (3) comprises a demodulafor (17) for demodulating the received
symbols (r;) into received méssages (HP-bits, LP-Hits), the demodulator (17) using an ‘
estimate for a channel state of the channel (4), characterized in that the signal constellation is
partitioned into clusters (CL) of constellation points which coincide when at least once

10 rotated over the predetermined rotation angle, the clusters representing a first group of bits
(I-IPQbits) in the messages and constellation points within the clusters representing at least a
second group of bits (LP-bits) in the inessages, and in that the first group of bits (HP-bits) is
demodulated by rotating a cluster containing a received symbol (r;) over an integer number
of times of the*.predetermined rotation angle such that the received symbol (r;) is located in a

15 partition of the signal constellation containing the estimate (¢;) for the channel state and by
determining the first group of bits (HP-bits) from the rotation, and the second group of bits
(LP-bits) is demodulated by translating (TR) the rotated cluster (CLx) to an origin (O) of the
signal constellation and by determining the second group of bits (LP—bits) from the translated
cluster, the estimate being updated with each received symbol (r;).

20 2. A digital communication system (1) according to claim 1, wherein the
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constellation points within the clusters represent a third group of bits within the second group
of bits, the second group of bits being representative for a rotationally invariant further
cluster within the cluster, and wherein the third group of bits is demodulated as according to

the second group of bits.

3. A digital communication system (1) according to claims 1 or 2, wherein a
phase reference signal (f)) is recursively determined from the rotated received symbols (b;),
and a centre (x.) of the rotated cluster is estimated by dividing the phase reference signal (f)
through the number of received symbols (i), the rotated clusier being translated (TR) through
vectorial subtraction of a currently rotated received symbol (b;) and the cluster constellation
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Wi éh&BEe pietcetl east a second group o gp the
nes ages and I n oup of bits is denodul ate y ro atlng a
clugter contalnlng over an integer nunber of tinmes of the
predet er m ned rotatlon ang e suc that the received synbol is located in a
partfition of the signal constellation containing the estimate for the

charnel wms@lmnﬂebmxﬂﬁé@uﬁtm@g) the first group of bits fromthe rotation,
and Jt he second group of hits is denpdul ated by translating the rotated

cludter %o an origi n Adigiskbcemmyaicaton sysienm Ghiaseording toyelaid r wheseinghe he
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recqdi vedeteymining ammmmaquawt Encligioan distaneg) (Ed)ebetweenrtbe retawdeanésmnsiabé and
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92/ 564%hase reference signal (f;) is updated for each received symbol (r;) by subtracting therefrom a
vector (a;) corresponding to the determined second group of bits,
6. A digital communication system (1) according to claims 3, 4, or 5,
10 wherein after determining the second group of bits, a reference phase (¢;,.;) for the signal
constellation is determined from an argument of the phase reference signal (f}).

7. A digital communication system (1) according to any one of claims 1 to 6,

wherein the signal constellation is a multi-resolution constellation (2R(2,2)-QAM).

_ 8. A digital comunication system (1) according to any one of the claims 1 to

IS 7, wherein the first group of bits (HP-bits) are differentially encoded.
9. A digital communication system (1) according to any one of the claims 1
to 7, wherein the first group of bits (HP-bits) are non-differentially encoded, and the
transmitted symbols (s;) comprise at least one reference symbol, which is a priori known in
the receiver.

20 10. A receiver (3) for receiving digital messages representing symbols (s;)

modulated onto at least one carrier, which symbols (s;) are representable as symbol vectors

in a signal constellation which is rotationally invariant over a predetermined rotation angle,

which receiver (3) comprises a demodulator (17) for demodulating the received symbols (r;)

into received messages (HP-bits, LP-bits), the demodulator (17) using an estimate for a

25 channel state of a channel through which the symbols are transmitted, characterized in that
the signal constellation is partitioned into clusters of constellation points which coincide when
at least once rotated over an integer number of times of the predetermined rotation angle, the
clusters representing a first group of bits (HP-bits) in the messages and constellation points
within the clusters representing at least a. second group of bits (LP-bits) in the messages, and

30 in that the first group of bits (HP-bits) is demodulated by rotating a cluster containing a
received symbol (r;) over the predetermined rotation angle such that the received symbol (r;)
is located in a partition of the signal constellation containing the estimate (¢;) for the channel
state and by determining the first group of bits (HP-bits) from the rotation, and the second
group of bits (LP-bits) is demodulated by translanng (TR) the rotated cluster to an origin (O)
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t heng or ()éﬂgg%cting the received signal to a Merr]-order_ power | oop,
kno per s a 360[err]/Mrotationally invariant constBETEB4/8A378 \
beinp a positive integer greater than 2. By translating the rotated cluster
to-the origin of the signal configuratio i nformation about the second
group of bits is obtained. After translation to the origin, the nethod

di sc§ osed ¢l ed. for. .obtaining the. inf t.i on about
the becors e HEh spRgHfRoR 3he BF IRTBluY B ot ar ol LB SN 5 e ne
adj upt ed uapslaed cipsenpthe tesdigata (g, Qhdsiag ivptaedailiihogich heddived gmbbL &)l ecover ed
synbpl . Accordingly, a very sinple detection nechanismis obtained.

The present invention is based upon the insight that with detection of the
second group of bits, the phase information in the estimte for the channel
statfp is preserved when translating a cluster to the origin of the signal
consgel | ation.
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deci up to_which resolution the synbols are detected. E. g.. when too high
a BEH (BiWORMEH4Rate) is observed in the receiver for a pngfoa?n
resoltion, the receiver can only detect the synbols with a | ower

resolfuti on. I n an enbodi nent of a digital comunication
syst according to the present invention a phase reference signal is
recurfsi vely determ ned fromthe rotatggl cei ved synbols, and a centre of
the rpptated cluster is estimated by di%i 81 ng t he phase reference signal

t hrough the nunber of received synbols, the rotated cluster being

trang ated through vectorial subtraction of a currgptly rotated received
synbd and the caopnstallation.pointo with.t ' centre. |t
is thus achiev&d that the translation vector is updhted wi th egch received

vectdqr, resultgng in an accurate trapslgiti on with each recei ved synbol .
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Abstract

Known in a digital communication system (1) are phase re-
methods for QPSK modulated signals. It is proposed to
such methods to multi-resolution QAM signals, which can

zpresented by rotationally invariant signal constellations. To

end. with each received symbol (5;), a phase reference (g;)

2 high priority-bit (HP-bits) constellation is determined, and

&4 respect to this phase reference (@y), a sub-consteliation (CLx)

low-priority bits (LP-bits) is construced, the sub-constellation

1) being rotationally invariant. The sub-configuration (CLx) is

.#slated to an origin (0O) of the signal constellation, and then the

- iy priority-bits (LP-bits) are determined by determining a mini-
41 squared Euclidean distance (Ed) of the rotated and translated

Reved symbol (bi") with respect to the rotated and wanslated

wliation. For a 2R(2,2)-QAM signal constellation a sim-

&tection method is thus provided. The method can be made

ive, and can also be made recursive for more complicated

constellations such as a 64-QAM signal constellation.
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The present invention relates to a digital communication system
comprising a transmitter for transmitting digital messages representing symbols modulated

onto at least one carﬁer, which symbols are representable as symbol vectors in a signal
constellation which is rotationally invariant over a predetermined rotation angle, the system
further comprising a transmission channel and a receiver for receiving the symbols
transmitted through the channel, which receiver comprises a demodulator for demodulating
the received symbols into received messages, the demodulator using an estimate for a
channel state of the channel. Such a system can be a Digital Television Broadcasting System
in which a digital signal is broadcasted to digital TV receivers, or any other digital
communication system. _
The present invention further relates to a receiver for use in such a

system.

A system of this kind is known from the International Patent Application
WO 92/05646. In this system OFDM (Orthogonal Frequency Division Multiplexed) signals
are transmitted by a transmitter 10 a receiver through a transmission channel. On each carrier
of this multi-carrier system, symbols to be transmitted are QPSK (Quadrature Phase Shift
Keying) modulated. An OFDM signal is obtained by supplying a QPSK symbol stream to an
Inverse Discrete Fourier Transformer. The QPSK signals can be considered as two bit binary
messages representing symbols on a carrier. The symbols can be represented as symbol
vectors in a signal constellation which is rotationally invariant over a predetermined angle. In
the example given the signal configuration consists of four constellation points, representing
two bit binary messages "00", “10", "11*, and "10". In case of differential encoding,
starting from an initial symbol state, the messages are encoded as a phase difference between
two successive symbols. Then, in the receiver, it is not necessary to know the exact phase,
but, starting from a first detected symbol, the succeeding symbols are detected from relative
phases of symbols. The transmitted symbols are subject to noise and to channel distortion.

Thei'efore, the received symbols are amplitude and phase shift modulated QPSK signals. In a
This is the replacement sheet
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5. Further enbodi nents are claiméd in the dependent
clainms. Wien the first group of bits is nofrdbhdBOBEH RapiRBEOded, from

the received a priori known reference synbol ' odi ng value is
derived. Wien differential encoding for the fJM"IWHHMﬂmbl ts is
applied, the first received synbol, not feces priori, serves
as a reference synbol for detecting successive synbols.

T2 PSS NS 88 M 1OHE SN ol 6 R SPAT polhlna
constellation, or, stated otherwise, when maﬁy symbols are received the received symbols
can be plotted as four clouds of end points of received symbol vectors in the complex pléhe.
Before proper demodulation, a position of two notional perpendicular axes , which are
symmetrical to centres of the signal clouds, must be found. For this reason, in the known
receiver, a separate phase recovery method is disclosed for each subcarrier of the received
OFDM signal. In this method, with demodulation, a channel state is estimated, which varies
with time. More particularly a channel phase shift is estimate& recursively, i.e. with each of
the received symbols, the positibn of the notional axes with respect to the symbol clouds is
updated. Starting with a phase reference signal which is set equal to the first received signal,
a reference phase which is set equal to an argument of the phase reference signal, and
notional axes at 45° and 135° to the signal vector, a next received symbol is rotated with a
multiple of 90° such that it falls within 45° sectors at both sides of the reference phase. L.e.,
a minimum squared Euclidean distance is determined, when detecting the symbol. From the
number of 90° rotations, the transmitted binary message can be detected. The phase
reference signal is updated with the received rotated vector, and, consequently, the reference
phase. This method is shown to be Maximum Likelihood in most practical cases. In digital
communication systems, also symbols representable by other signal constellations are
transmitted. E.g. for Digital Video Broadcasting a so-called 2R(2,2)-QAM constellation can
be used. Such a constellation is a 2-resolution configuration, i.e. a constellation representing
symbols of which a first group of 2 bits for encoding the symbols represents constellation
points in respective quadrants of the signal constellation, and of which a second group of 2
bits for encoding the symbols represents constellation points within the quadrants. The first
group of bits are so-called high priority bits, and the second group of bits are so-called low
priority bits. When symbols representing video signals are transmitted using such-a 2R(2,2)-
QAM signal constellation, at receiver side, depending on the signal-to-noise ratio, the video
signals can be detected with low resolution by only detecting the high priority bits and the
video signals can be detected with high resolution by also detecting the low priority bits. The
2R(2,2)-QAM constellation is rotationally invariant as to rotation of clusters of consteliation
points in the respective quadrants over a multiple of 90°. In this sense, also other signal
constellations, which can be multiresolution or not, are rotationally invariant, such as a 64-
QAM constellation. Such signal constellations is described in the handbook "Digital
Communication”, E.A. Lee et al., Kluwer Academic Publishers, 1990, Chapter 6.5. "Signal

Set Design", pages 198-206. In the same handbook transmitters and receivers are described
Thiz is *he replacement shees
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Fig. 1, shows a digital communication systemaccording to the gresent
i nventi on, Fig. 2 shows a 2R(2, 2)- QAM si HrigBheet Has Been Replaced
constel |l ati on, Fig. 3 shows detection of ajm"ﬁ

synbol in a receiver in a systemaccording to the present inv

t

Fig. 4 shows an enbodi nent of a denodul aor according to the presen
I nventi on. Throughout the figures, the sane reference

nuner al sfoalLnstfitehg £id febeivingret syamblslf6m such constellations.

It is an object of the present invention to provide a digital communication
system in which received symbols representable by rotionally invariant signal constellations
can be easily detected.

' To this end the digital telecommunication system according to the present
invention is characterized in that the signal constellation is paﬁdoned into clusters of
constellation points which coincide when at least once rotated over the predetermined rotation
angle, the clusters representing a first group of bits in the messages and constellation points
within the clusters representing at least a second group of bits in the messages, and in that
the first group of bits is demodulated by rotating a cluster containing a received symbol over
an integer number of times of the predetermined rotation angle such that the received symbol
is located in 2 partition of the signal constellation containing the estimate for the channel
state and by determining the first group of bits from the rotation, and the second group of
bits is demodulated by translating the rotated cluster to an origin of the signal constellation
and by determining the second group of bits from the translated cluster, the estimate being
updated with each received symbol. By rotating the cluster containing the received symbol to
the partition containing the channel state estimate and by updating the channel state estimate
with each received symbol, information about the first group of bits is achieved. The channel
state estimate can be determined as according to the method disclosed in WO 92/05646,
then, or by subjecting the received signal to a M®-order power loop, known per se, for a
360°/M rotationally invariant constellation, M being a positive integer greater than 2. By
translating the rotated cluster to the origin of the signal configuration, information about the
second group of bits is obtained. After translation to the origin, the method disclosed in WO
92/05646 can be used for obtaining the information about the second group of bits. The
estimate for the channel state can be fine adjusted by using amplitude and phase information
about the thus recovered symbol. Accordingly, a very simple detection mechanism is
obtained.

The present invention is based upon the insight that with detection of the
second group of bits, the phase information in the estimate for the channel state is preserved
when translating a cluster to the origin of the signal constellation.

In an embodiment of a digital communication system according to the

present invention the constellation points within the clusters represent a third group of bits
This is the replacement sheet
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Fig. 1 shows a digital comrunication system1 accor di ng to the present

i nvention conprising a transnitter 2 for tridy ' n la¢edressages
representing conplex synbols s[err] to a recei [ ansni ssi on
channel 4. The digital messages can be binary | so anot her

|l ogic is possible such as ternary and qugternary | ogic, for instance. The
synbols s[err] are nodul ated onto a carrier. The nodul ated synbols are

dr at ) I r ' I ' .th T
dompl ox- varedEPhf APE of bl e Skl shous oPid Bied YBRBRTRLIC R gna
const el | gpda@dnallfrdnvaziahofirthgr tloster edthinuthe @lustte] end whbein thetthizd Sr@Padf bits is -
n-unjpformy spaced, .1 n eacH of

he. four demaGiiER & 87eov e & JRalecuihEioap oAt SnbY RBOHAEEH OE dhirb erR Pt s
are spacgd F{gﬁdrg% | ¥plne s g%r%ggﬁﬁ&ﬁm W SESRFirk e $8ubRNYBAVAHHBLIBLS,, Qhd
then the further cluster within the cluster, the same simple symbol recovery can be applied as
for the first group of bits, and the second group of bits. The clusters within clusters are |
rotationaly invariant after translation to the origin. For still more complicate signal
configurations the same detection mechanism can be applied. The constellations can than be
made to’be beyond 2-resolution. Depending on the signal-to-noise ratio, the receiver can
decide up to which resolution the symbols are detected. E.g., when too high a BER (Bit
Error Rate) is observed in the receiver for a particular resélution, the receiver can only
detect the symbols with a lower resolution.

_ _ In an embodiment of a digital communication system according to the
present invention ; phase reference signal is recursively determined from the rotated received
symbols, and a centre of the rotated cluster is esﬁmated by dividing the phase reference
signal through the number of received symbols, the rotated cluster being translated through
vectorial subtraction of a currently rotated received symbol and the cluster constellation
points with the estimated centre. It is thus achieved that the translation vector is updated with
each received vector, resulting in an accurate translation with each received symbol.

In a further embodiment of a digital communication system according to
the present invention the second group of bits is determined from the rotated and translated
cluster by determining a minimum squared Euclidean distance between the rotated and
translated received symbol and the constellation points of the rotated and translated cluster.
Thus, a simple decision criterion is obtained for detecting the second group of bits. For a
(2,2)-QAM system, i.e. a signal constellation with 16 constellation points, a minimum
Euclidean distance is achieved by determining whether a rotated and translated symbol is
located in a sector of two notional axes which form 45° angles with the determined reference
phase.

In a further embodiment of a digital communication system according to
the present invention the phase reference signal is updated for each received symbol by
subtracting therefrom a vector corresponding to the determined second group of bits.
Herewith the estimate for the channel state is both updated with phase and amplitude
information of the received symbols. With this fine phase and amplitude recovery an accurate

reference phase is obtained. This is the replacement sheet
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further apart formeach other. For further details with r‘espect to signal
‘constel l ations ref gffeandesribPpeenindplbapt er 6.5 of said handbook of Lee et

al. Modulated is a so Blerr], which is first coded by neans
of a coder 5, in an erﬁ“mﬂn l‘ rst group of two bits, or the so-called
HP (high priority) bit'ss f rentgal | y encoded, and a second group
of
Further embodiments are claimed in the dependent claims. When the first

group of bits is non-differentially encoded, from the received a priori known reference .

symbol an initial decoding value is derived. When differential encoding for the first group of

bits is applied, the first received symbol, not necessarily known a priori, serves as a

reference symbol for detecting successive symbols.

The present invention will now be described, by way of example, with
reference to the accompanying drawings, wherein _
Fig. 1, shows a digital communication system according to the present
invention,
Fig. 2 shows a 2R(2,2)-QAM signal constellation,
_ Fig. 3 shows detection of a received symbol in a receiver in a system
according to the present invention, and

Fig. 4 shows an embodiment of a demodulator according to the present

invention.
Throughout the figures, the same reference numerals are used for the

same features. ' .
l

Fig. 1 shows a digital communication system 1 according to the present
invention comprising a transmitter 2 for transmitting digital messages representing complex
symbols s; to a receiver 3 via a transmission channel 4. The digital messages can be binary
messages but also another logic is possible such as ternary and quaternary logic, for insﬁnce.
The symbols s; are modulated onto a carrier. The modulated symbols are quadrature
modulated 2R(2,2)-QAM signéls, i.e. the symbols from a complex-valued alphabet are -
representable as symbol vectors in a signal constellation. For allowing two-resolution
detection, in the signal constellation, constellation points are non-uniformly spaced. In each
of the four quadrants of the signal constellation, four constellation points are spaced
relatively close together, whereas the so formed clusters of constellation points are spaced
further apart form each other. For further details with respect to signal constellations referred
is to said Chapter 6.5 of said handbook of Lee et al. Modulated is a source bit stream B,,
which is first coded by means of a coder 5, in an embodiment, a first group of two bits, or

the so-called HP (high priority) bits, being differentially encoded, and a second group of

Thie & the replacemsn! siest
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6 bits, or the so-called LP (low priority) bits, being non-differentially

encodmdShé&I-ﬁaaeQER ¢cin Fig. 2, the HP-bits in the respective quadrants

are I and "10", the bits "00" being in the first quadrant,
ran

and t h "01", "11", and "10" being rotationally invariant as
I'n the signal constellation, a cluster distance

d[err] and a d| stance d[err] between cofstellation points within a cluster
CL are indicated. The coder 5 supplies two synbol sequences Re{s[err]} and
| n{ s[ err]gitsi ﬂ@sqgec@ﬂwél’t(i%mpmyﬁ ibits.chaing namlfkmwlmnweéuapm ba.s@enf ed
{1 ters B b P e Skl 6P ftid8 qiabidfi G000, (1" DL Py and 80 s Bty
bei ng t he'00" being in the ﬁrst quadrant, and the LP-bits "00", 01", "11", and "10" being

rotationally invariant as to the four quadrants. In the signal constellation, a cluster distance

dy, and a distance dg between constellation points within a cluster CL are indicated. The

coder 5 supplies two symbol sequences Re{s;} and Im{s;} to respective transmit filters 6 and

7, of which outputs are fed to multipliers 8 and 9 which multiply the respective output

signals of the filters 8 and 9 with quadrature carriers cos(w,t) and sin{wt), w. being the

carrier fréquency and t being time. Such a transmitter 2 is well-known in the art. Referred is

for example to said handbook of Lee, pages 167-172. The symbols can also be modulated

onto rfmltiple carriers as so-called OFDM signals (Orthogonal Frequency Division

Multiplexed) signals, such as described in said Patent Application WO 92/05646. Then, the

output of the coder 5 is subjected to an N-points Inverse Discrete Fourier Transform, before

modulation onto a carrier, N being an integer. At receiver side, the present invention is then

appiied to each subcarrier of the OFDM signal. The carrier modulated in phase and

quadrature signals are combined in an adder 10, and then transmitted to the receiver 3 via

the transmission channel 4. The receiver 3 receives a signal which is distorted by the channel

4, i.e. the received signal is an phase and amplitude modulated version of the transmitted

signal, further disturbed with noise. It is assumed that the noise is AWGN (Additive White
Gausian Noise). In the receiver 3, the received signal is first subjected to carrier
demodulation with respective multipliers 11 and 12, followed by respective receive filters 13
and 14. At outputs of the receive filters 13 and 14 a complex carrier demodulated signal r; is
available in the form of a real signal part Re{r;} and imaginary signal part Im{r;}. The signal
r; can thus be represented as a signal vector in a signal constellation. Such a receiver front
end is well-known and for further details as to this kind of receivers, referred is to said
handbook of Lee et al., pages 184-186. The signal parts Re{r;} and Im{r;} are sampled by
means of respective analog-to-digital converters 15 and 16, digital output signals of which
are supplied to a demodulator 17 which comprises a signal processor 18. The actual
demodulation is carried out by the signal processor 18, which is programmed to implement
the present invention, and which contains non-volatile memory for storing the programs for
implementing the present invention, and volatile memory for storing program variables. At
an output of the digital signal processor 18, a bitstream comprising the HP-bits and the LP-

bits is available.

Fig. 3 shows detection of the received symbal r; in the receiver 3 in the
This is the replacement sheet
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carrier frequency and t being tine. Such a transmitter 2 is well-Knowr im—

the art. Referred is for exanple to said handbook of Lee, pa'gEShé&hal |
The synbols can al so be nodul ated onto nultiple carriers as so paced
signals (Othogonal Frequency Division Miltiplexed) signals, s

described in said Patent Application WO 92/05646. Then, the out

coder 5 is subjected to an N-points | nve?se Discrete Fourier Transform

before nodul ation onto a carrier, N being an integer. At receiver side, the
present i Bysemilqscarding e theagspicni i vensionhyhmeans o4 the @gitalfsignabprormarsig thel .

The carrig mgawbaélﬁ&ngmmmmu&u ?ﬁx%ﬁf ercp%gnabé ﬁraemt@g rgmssils g -

adder 10, nd then"transmtted to the feceiV via the trat
channel 4 Coﬂmlau@tmcv@rﬂg:;O rfige?-viEar dgtestigmeaf “W*Ht‘hlﬁ gheirkanpelt e tan tiche

Vorsi on ofiled b EFRIAGA s HAAL LoWET P36, BPQUATRNA RN TN oRleE

assuned t Ipawer loep,rimowe pes seh\iBN\a BAEMIM; jfolasiondiyt imvariant constellation, M being a
positive integer value greater than 2. When e.g. applying a 4% order power loop, a phase
ambiguity being a multiple of %/2 is eliminated by first multiplying the argument of the
received symbol by four and then dividing the result by four, after first having eliminated a
modulo 2= phase from the multiplied argument. With HP-bit detection, the clusters of signal
constellation points are considered as single constellation points. The 2R(2,2)-QAM '
constellation is then considered as a2 QPSK constellation, corresponding to 4 point signal
constellation. At a time inﬁtant i, the complex 4 bit encoded symbal r;, 2 HP-bits and 2 LP-
bits, is received, the symbol r; corresponding to the ith transmitted symbol s;. After
demodulation of the symbol ri; an updated reference phase ¢; . is determined, being an
argument of a recurrently determined phase reference signal f;. Starting w-ith the first
received symbol ry, which is an a priori known reference symbol in case the HP-bits are
non-differentially encoded, inital values f; = r, and ¢, = arg r;, arg being the argument.
Then, with the second received symbol r,, and accordingly with further received symbols,
the cluster containing the received symbol r; is rotated over k;.#/2, k; containing information
about the. HP-bits, such that the rotated vector b; is within sectors of 45° with respect to ¢;.
In the given 2R(2,2)-QAM configuration, k; is an element of the set {0, 1, 2, 3}. In case of
diffential encoding of the HP-bits, the HP-bits are encoded from a phase difference A¢ of the
received symbols r; and r,_;, in the given-example a phase difference 0 corresponding to the
bits "00", a phase difference /2 corresponding to the bits "01", a phase difference x
corresponding to the bits 11", and a phase difference 3%/2 corresponding to the bits "10",
the phase difference Ay being {2« - k;.%/2) - 27 - k;.;.7/2) modulo 2x}. In case of non-
differential encoding, a priori known reference symboals, e.g. r;, determine the absolute
decoding reference in the signal constellation, e.g. a reference symbol "00" corresponds to
k; = 0, herewith determining decoding as to the other three constellation points. The thus
rotated cluster and rotated received symbol b;, in the example given by x/2 corresponding to
k;=1, contains information about the two LP-bits. According to the present invention, based
upon the reference phase estimate ¢;, a four point cluster or constellation CLx is constructed
with a centre point x, for which the following relations hold:

Xo0 = {(dy + 2d)V2} /$, [ being the angle in the complex plane,
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Gausi an Noise). In the receiver 3, the recelwﬁgsgég B |rst subjected
to carrier denodulation with respective nultlpl el o] | owed by
respective receive filters 13 and 14. At output ém H ve filters 13
and 14 a conplex carrier denpodul ated signal [er e in the form
of a real signal part Re{r[err]} and |nag nary signal part In{r[err]} . The
signal r[err] can thus be represented as S|gnal vector in a signal
constel lation. Such a_receiver ont kn and for further
details as to this*¥iTd of recgi eT§1+ g&??&§k+"q9wgald handbook of Lee
et al., pages 184- i%ﬁ: The srgﬂ@j pamg 4$r]} and Im{r[err]} are
sanpl ed by neans of ‘respective aéflo I gi converters 15 and 16,
di gital output sigfgal3 of whi cldy ‘géppmded to a denodul ator 17 which
conprises a signal, processor 18. The nodul ation is carried out by
3&annédg$

the signal process’é?r 18, which is pro 0 inmplenent the present
i nvent i onAccaondingo the presehainventivm) theotlafter €Liveamdrthe tanted treseived sigmal by figr ans

For translated to the origin O of the complex plane, indicated with TR. The translation TR is

implemented by means of vectorial subtraction, i.e. by determining b;" = b; - x.. Then, for
demodulating the LP-bits, the method disclosed in WO 92/05646 for detecting the HP-bits is
applied to the rotated and translated cluster containing the LP-bits, i.e. in b;”” = b;’
¥’ .x/2, &’ is determined such that the most likely transmitted symbol x, has minimum
squared Euclidean distance Ed with b;. For k'’ = 0, LP-bits "00" are detected, for k' =
LP-bits "10" are detected, for k" = 2, LP-bits "11" are detected, and for k’ = 3, LP-bits
"01" are detected. Using x,, an estimated centre a; of the cluster b; belongs to, is determined
as a; = b; + (x; - x,). Then, the phase reference signal is updated in the recurrent relation f;
f.1 + a;. The reference phase ¢; is updated as ¢;,; = arg f;. Using a, in addition to b
as used with demodulation of an QPSK signal only or an assumed QPSK signal, gives a
more accurate estimate of ¢;.,.;. |
In case of QAM signalling, the average amphtude of the received signals ; is also estimated.
Then, the centre x, of the cluster CLx is estimated from the phase reference signal f; as f/i.
The determination of f; and the estimation of x, can be made adaptive to tackle small time
variances in ¢, by alternatively determining f; = a.f.; + (I-a).3; for i>1 with f; = (I-
@).ry, in which the centre x, of ttte cluster CLx is estimated as fi/(l-ozi), a being in the
interval (0,1). For « = 0, non-coherent reception is provided, whereas for « approaching 1
coherent reception is provided. Such an adaptation can be necessary if the phase recovery is
disturbed by channel properties such as multipath fading and frequency instabilities or
incorrect frequency adjustment at in the receiver 3. Then, ¢ is a time varying function, it
being assumed that ¢ is constant during transmission of the symbol s;. The parameter
adetermines the adaptation speed of ¢. With decreasing «, the adaptation speed increases,
but then, the BER (Bit Error Rate) also increases. Adaptation also has the advantage that
overflow in f; registers is avoided during calculation. The phase reference signal f; not
necessarily has to be determined recursively, but can also be determined from a number n of
previously determined values of b; or a;, according to the formula f; = I b;, T being a
summing sign, the summing being taken from j = i-n+1 toj = i, j and i being integer

values. Then, again, ¢; = arg f;. E.g., n = 10. The previous values are storcd in a shift
ihis I the repiacermient shest
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i.npl ementing the present invention, and volatile memory for storing program
vari ables. At an output of the digital signal processor 18, a bitstream

conprising the HP-bits and the LP- bits is available. _ _
Fig. 3 shows detection of the received synbol r[err] in the receiver 3 in

t he
9

register (not shown), the oldest value being shifted out, with a new value each time. The
present invention can be recursively applied for clusters within clusters, for signal “
constellations in which clusters itself form rotationally invariant signal constellations.
Alihough the present invention is preferably applied to multi-resolution signal constellations
for which there are clear signal-to-noise differences as to respective resolutions, the present
invention can also be used for single resolution systems. 2-Resolution can be applied, for
instance, for Digital Video Broadcasting. For portable receivers only the HP-bits can be
detected, and for fixed receivers, the LP-bits can also be detected, i.e. a normal video mode,
and an enhanced video mode is provided,.then.

Fig. 4 shows an embodimer;t of the demodulator 17 according to the
present invention for a 2R(2,2)-QAM signal constellation, implemented with the signal
processor 18. In a computation block 40, the signal b; determined which is within 45° sectors
with respect to ¢;, and from k; thus determined, the HP-bits are determined. For determining
k;, rotation blocks 41, 42, and 43 are provided for respective rotation of the received signal
r; with %/2, 7, and 3%/2. In a compuiation block 44 the LP-bits are determined, together
with the most likely transmitted symbol x,. Inputs to the computation block 44 for the LP-
bits and x, are respective computation blocks 45, 46, 47, and 48 for xqq, X, Xjg, and xy,,
according to the formulas given. In a summing block 50, to which X,, b;, and further an
output of a computation block 49 for computing x, are supplied, the variable g is
determined. For adaptive calculation of f; and thus of ¢;. ,, multiplying blocks 51 and 52, a
summing block 53, and a block 54 for determining the argument of f; are provided. In case
of estimation of x, a division block is provided for calculating f/i, or, in case of adaptivity,

f/(1-a), instead of the calculation block 49,
!
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system | according to the present invention by neans of The digital signal

processor 18, the synbol r[err] originating fromthe tr %sgpe :
s[err] representable in a 2R(2,2)-QAM signal constell atT?’o Ettl-ﬁ’éé HJRQ, Iaced
Fig. 2. For detection of the HP-bits, the channel" state c ml“
using the nethod as disclosed in WO 92/ 05646, or alternat

Merr] order power |oop, known per se, ¥®r a 360[err]/M rot atlonally

i nvariant_constellation, Mbeing a positive integer val ue greater than 2.
Wien e. g Cldd®Sii ng a 4[err] order power |oop, a phase anbiguity being a

multiple of [err]/ 2 is elimnated by first nultiplying the argunent of the
recei ved synbol by four and then dividing the result by four, after first

e o 0N

1. A digital communication system (1) comprising a transmitter (2) for
transmitting digital messages representing symbols (s;) modulated onto at least one carrier,
which symbols (s;) are representable as symbol vectors in a signal constellation which is
rotationally invariant over a predetermined rotation angle, the system further comprising a
transmission channel (4) and a receiver (3) for receiving the symbols transmitted through the
channel, which receiver (3) comprises a demodulator (17) for demodulating the received
symbols (r;) into received messages (HP-bits, LP-bits), the demodulator (17) using an
estimate for a channel state of the channel (4), characterized in that the signal constellation is
partitioned into clusters (CL) of constellation points which coincide when at least once
rotated over the predetermined rotation angle, the clusters representing a first group of bits
(HP-bits) in the messages and constellation points within the clusters representing at least a
second group of bits (LP-bits) in the inessages, and in that the first group of bits (HP-bits) is
demodulated by rotating a cluster containing a received symbol (r;) over an integer number
of times of the predetermined rotation angle such that the received symbol (r;) is located in a
partition of the signal constellation containing the estimate (¢;) for the channel sta(;.e and by
determining the first group of bits (HP-bits) from the rotation, and the second group of bits
(LP-bits) is demodulated by translating (TR) the rotated cluster (CLX) to an origin (O) of the
signal constellation and by determining the second group of bits (LP-bits) from the translated
cluster, the estimate being updated with each received symbol (r;).

2. A digital communication system (1) according to claim 1, wherein the
constellation points within the clusters represent a third group of bits within the second group
of bits, the second group of bits being representative for a rotationally invariant further
cluster within the cluster, and wherein the third group of bits is demodulated as according to
the second group of bits.

3. A digital communication system (1) according to claims 1 or 2, wherein a
phase reference signal (f;) is recursively determined from the rotated received symbols (),
and a centre (x,) of the rotated cluster is estimated by dividing the phase reference signal (f)
through the number of received symbols (i), the rotated cluster being translated (TR) through
vectorial subtraction of a currently rotated received symbol (b;) and the cluster constellation
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nmodul o 2[err] phase fromthe nultiplied argunment. " WtTh HP-bit—detecti on,
the clusters of signal constellation points are pﬁg},sé,gg{,% éggnﬁie ,gée%'
S

constellation poi.nts. The 2R(2,2)-QAM constel |l ation ered as a
QPSK constel l ation, corresponding to 4 point signal UIW’H'HNIEMH At a
time instant i, the conplex 4 bit encodeol synmbol r| ' and 2
LP- bits, is received, the synbol r[err]1 corresponding to the ith

updat o r SOPLRER v @hlbheet B G "Get er m ned. - bei ng an ar gurent of a
recurrentld det er m nedAptigisd cormienienivn systgma(l) ddcerdig toSamt 3, nehevdift thet he
17 3L RN e ey Mo PR uP A oL R GURRE 5T
rferr], anidtefminidg #mitgum[squardd Eadliedredisgndesh@Edpbguwaanthe rdtard andvirtutslatdie
second,  eCeled B S Ty SRR LB bR ecel ved
k[err]. [eétr]/2, K[ erAldigimhtammurnicationfsgstemt(i)oatcording to claim 4, wherein the
phase reference signal (f}) is updated for each received symbol (r;) by subtracting therefrom a
vector (a;) corresponding to the determined second group of bits.
6. : A digital communication system (1) according to claims 3, 4, or 5,
wherein after determining the second group of bits, a reference phase (¢;,.;) for the signal
constellation is determined from an argument of the phase reference signal (f)).
7. A digital communication system (1) accdrding to any one of claims 1 to 6,
wherein the signal constellation is a multi-resolution constellation (2R(2,2)-QAM).
8. A digital comunication system (1) according to any one of the claims 1 to
7, wherein the first group of bits (HP-bits) are differentially encoded. '
9. A digital communication system (1) according to any one of the claims 1
to 7, wherein the first group of bits (HP-bits) are'non-differentiauy encoded, and the
transmitted symbols (s;) comprise at least one reference symbol, which is a priori known in
the receiver.
10. A receiver (3) for receiving digital messages representing symbols (s;)
modulated onto at least one carrier, which symbols (s;) are representable as symbol vectors
in a signal constellation which is rotationally invariant over a predetermined rotation angle,
which receiver (3) comprises a demodulator (17) for demodulating the received symbols (r;)
into received messages (HP-bits, LP-bits), the demodulator (17) 'using an estimate for a
channel state of a channel through which the symbols are transmitted, characterized in that
the signal constellation is partitioned into clusters of constellation points which coincide when
at least once rotated over an integer number of times of the predetermined rotation angle, the
clusters representing a first group of bits (HP-bits) in the messages and constellation points
. within the clusters representing at least a'second group of bits (LP-bits) in the messages, and
in that the first group of bits (HP-bits) is demodulated by rotating a cluster containing a
received symbol (r;) over the predetermined rotation angle such that the received symbol (r;)
is located in a partition of the signal constellation containing the estimate (¢;) for the channel
state and by determining the first group of bits (FIP-bits) from the rotation, and the second
group of bits (LP-bits) is demodulated by translating (TR) the rotated cluster to an origin (O)

AR
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about the HP-bits, such that the rotated vector b[err] i.s within sectors of
45[err] with respect to [err] In the given 2R(2,2)-QAM confi gurati on

k[err] is an elenent of the set (0, 1, 2, 3}. In case of diffential
encoding of the HP-bits, the HP-bits are encoded from a phase difference
[err] of the received synbols r[err] and r[err], in the given exanple a
phase difference 0 correspondi ng to the bits "00", a phase difference
[err]/2 corresponding to the bits "01" dzphase difference [err]
corresponding to the bits and a phase di fference

cor r espon&f Hi signal F\@‘SEEHPBO" i’(ﬁ by FPFE’ HRgtha i SPFadeaToRp Pégt‘f (Ibé‘bﬁﬁ fromthe r].

| [err]/2) ymadifef bhibter, thé Bftimact 85,71 Bdin guhed i &dch reéewaass«%me.t (ﬁ)on-
dlfferentna? encoglng, a prlorl’?h erence synbol s, r[efr]
determ ne the absolute decodi ng reference in the si gnal constellatlon e.g.
a reference synbol "00" corresponds to k[err] = 0, herewith deternining
decoding as to the other three constellation p0|nts The thus rotated
cluster and rotated received synbol b[err], in the exanple given by [err]/2
corresponding to
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k[err] =1, contains information about the two LP-bits. Abcording to the

‘present invention, based upon the reference phase estimate [err] , a four
poi nt cluster or constellation CLx is constructed with a centre point
x[err], for which the follow ng relations hol d: [err] =
[err] being the angle in the conplgé pl ane,

A DIGITAL COMMUNICATION SYSTEM AND A
RECEIVER FOR USE IN SUCH A SYSTEM

Abstract

Known in a digital communication system (1) are phase
recovery methods for QPSK modulated signals. It is proposed
to extend such methods to multi-resolution QAM signals,
which c¢an be represented by rotationally invariant
constellations. To this end, with each received symbol (r;),
a phase reference (¢;) for a high priority-bit (HP-bits)
constellation is determined, and with respect to this phase
reference (¢,;), a sub-constellation (CLx) for low-priority
bits (LP-bits) is construced, the sub-constellation (CLx)
being rotationally invariant. The sub-configuration (CLx)
ig translated to an origin (0O) of the signal constellation,
and then the low priority-bits (LP-bits) are determined by
determining a minimum gsquared Euclidean distance (Ed) of
the rotated and translated received symbol (b;) with respect
to the rotated and translated sub-constellation. For a
2R(2,2) -QAM signal constellation a simple detection method
is thus provided. The method can be made adaptive, and can
also be made recursive for more complicated signal
constellations such as a 64-QAM signal constellation.

Figure 4.
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[err] According to the present invention, the cluster CLx and the rotated
received signal b[err] are translated to the origi n0—efthe—conmplex—pl ane,
indicated with TR The translation TR is
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i.npl enented by nmeans of vectorial subtraction, i.e. by determning b[err]’
b[err] - x[err]. Then, for denodul ating the LP-bits,—-the-nethod-di-sclosed
in WD 92/ 05646 for detectlng the HP-bits is applied to the rotated and
translated cluster containing the LP-bits, i.e. in b[e ﬂ

[err]/2 k[err]' is determ ned such that the nost |ikely uﬂl l

x[err] has m ni mum squared Euclidean distance Ed with b[ =
O, LP-bits "00" are detected, for err]' =1, LP-bits "10" are detected
for k[err]' = 2, LP-bits "11" are détected, and for k[err]' = 3, LP-bits
"01" are detected. Using x[err], an estinmated centre a[err] of the cluster
b[err] belongs to, is determned as a[err] = b[er (x[err] - x[err]). ~
Then, the phase rgfereqce signap is upgzt @g TQﬁiurent rel ation
flerr] = f[err] a[efr]. The yeferen pha ] is updated as [err] =
arg flerr]. Using®[e®], in additi n_to®b[ e®r] used wi th denodul ation
of an QPSK si gnal onIy or 4@ assuned QPSK & gives a nore accurate
estimate of [err].® P
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N
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.In case of QAM signalling, the average anplitude-of--the-received signals
rlerr}"is also estimted. Then, the centre x[err] of he cluster CLx is
estimted fromthe phase ref erence si gnal '? . The
determ nation of f[err] and the estlnatlon ‘ be made adaptive
to tackle small time variances in [err] , y det érm ni ng

flerr] = a.f[err] + (l-a).a[err] for-i>1 mnth f[err] = (1- a).rf[err], in
which the centre x[err] of the clustgr CLx is estinmated as
flerr]/(l-a[err]), a being in the injerval (0,1). For a = 0, non-coherent

reception is provided, whereas for a approaching 1 coherent reception is-
provi ded. Such an adaptation can be necessary if he phase recovery is
di sturbed by channel properties such as nulti ath f adi ng and frequency

instabilitie$ or 1ncorrec requency adjustnent at -in the recegi ver 3. Then,
[err] is a tigne varying function, ift being assuned that [err]{is constant
during transti ssion of the synbol Y]. The paraneter adetefm nes the
adaptation speed of [err]. Wth dgcreasing a, the adaptation}speed
i ncr eases, L0 HP-
' : bits
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bgt then, the BER (Bit Error Rate) al so increases. Aclébfaf_lon af'so has the
alvant age that overflow in f[err] registers is aveﬂded dur.i.ng  cal.gul.ati on. ",
The phase reference signal f[err] not necessaril ly whas- t.abe: deter@ined - i

recursively, but can also be determned froma nurvber A~0f.y previoysty
determ ned :val ues of b[err] or a[err], -acdordi ng o the fornFIa feerr}. =
[err] b[err], [err] being a summ ng sign, the summ ng bei ng

i-n+ | toj =1, j and i being int eger val ues. Then aga,l n,. {errﬁ] AL

flerrl. E gy, o kN cRE RN SHT R MR L OB R i bt SHSTER

The present invention relates to a digital communication system
comprising a transmitter for transmitting digital messages representing symbols modulated
onto at least one carﬁer, which symbols are representable as symbol vectors in a signal
constellation which is rotationally invariant over a predetermined rotation angle, the system
further comprising a transmission channel and a receiv.cr for receiving the symbols
transmitted through the channel, which receiver comprises a demodulator for demodulating
the received symbols into received messages, the demodulator using an estimate for a
channel state of the channel. Such a system can be a Digital Television Broadcasting System
in which a digital signal is broadcasted to digital TV receivers, or any other digital
corﬁmum'cation system.

The present invention further relates to a receiver for use in such a

system.

A system of this kind is known from the Internarional Patent Application
WO 92/05646. In this system OFDM (Orthogonal Frequency Division Multiplexed) signals
are transmitted by a transmitter to a receiver through a transmission channel. On each carrier
of this multi-carrier system, symbols to be transmitted are QPSK (Quadrature Phase Shift
Keying) modulated. An OFDM signal is obtained by supplying a QPSK symbol stream to an
Inverse Discrete Fourier Transformer. The QPSK signals can be considered as two bit binary
messages representing symbols on a carrier. The symbols can be represented as syinbol
vectors in a signal constellation which is rotationally invariant over a predetermined angle. In
the example given the signal configuration consists of four constellation points, representing
two bit binary messages "00", "10%, "11", and "10". In case of differential encoding,
starting from an initial symbol state, the messages are encoded as a phase difference between
two successive symbols. Then, in the receiver, it is not necessary to know the exact phase,
but, starting from a first detected symbol, the succeeding symbols are detected from relative
phases of symbols. The transmitted symbols are subject to noise and to channel distortion.
Therefore, the received symbols are amplitude and phase shift modulated QPSK signals. In 2
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9 register (not shown), the ol dest value being shifted out, with a new
sval.ue each time. The present invention can be recursively applied for
clusters within clusters, for signal constellations in which clusters
itself formrotationally invariant signal_constellations. Al though the
present invention is preferably applied t% mul ti-resolution signal

constell ati ons f ch there re ci ear naI noi se di.fferenges . as to
respect i vé°5“3€°5 F&‘F wed 3y, 5&: QYT RPIYS Of aSqus PRINLSigNH o

resol uti oRosAfafe®, or?sﬁéﬁcﬂrhﬁrkv%, WAén B&nQRPhbSQ,aré Qéceived the received symbols
can be plotted as four clouds of end points of received symbol vectors in the complex plane.
Before proper demodulation, a position of two notional perpendicular axes , which are
symmetrical to centres of the signal clouds, must be found. For this reason, in the known
receiver, a separate phase recovery method is disclosed for each subcarrier of the received
OFDM signal. In this method, with demodulation, a channel state is estimated, which varies
with time. More particularly a channel phase shift is estimated recursively, i.e. with each of
the received symbols, the position of the notional axes with respect to the symbol clouds is
updated. Starting with a phase reference signal which is set equal to the first received signal,
a reference phase which is set equal to an argument of the phase reference signal, and
notional axes at 45° and 135° to the signal vector, a next received symbol is rotated with a
multiple of 90° such that it falls within 45° sectors at both sides of the reference phase. I.e.,
a minimum squared Euclidean distance is determined, when detecting the symbol. From the
number of 90° rotations, the transmitted binary message can be detected. The phase

| reference signal is updated with the received rotated vector, and, consequently, the reference
phase. This method is shown to be Maximum Likelihood in most practical cases. In digital
communication systems, also symbols representable by other signal constellations are
transmitted. E.g. for Digital Video Broadcasting a so-called 2R(2,2)-QAM constellation can
be used. Such a constellation is a 2-resolution configuration, i.e. a constellation representing
symbols of which a first group of 2 bits for encoding the symbols represents constellation
points in respective quadrants of the signal constellation, and of which a second group of 2
bits for encoding the symbols represents constellation points within the quadrants. The first -
group of bits are so-called high priority bits, and the second group of bits are so-called low
priority bits. When symbols representing video signals are transmitted using such a 2R(2,2)-
QA_M signal constellation, at receiver side, depending on the signal-to-noise ratio, the video
signals can be detected with low resolution by only detecting the high priority bits and the
video signals can be detected with high resolution by also detecting the low priority bits. The
2R(2,2)-QAM constellation is rotationally invariant as to rotation of clusters of constellation
points in the respective quadrants over a multiple of 90°. In this sense, also other signal
constellations, which can be multiresolution or not, are rotationally invariant, such as a 64-
QAM constellation. Such signal constellations is described in the handbook "Digital
Communication", E.A. Lee et al., Kluwer Academic Publishers, 1990, Chapter 6.5. "Signal
Set Design”, pages 198-206. In the same handbook transmitters and receivers are described
This is the replacement sheet
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I nstance, for Digital Video Breadcasting. For portable receivers only the
HP-bits can be detected, and for fixed receivers, the LP-bits can al so be
detected, i.e.- a normal video node, and an enhanced vi-deo node is provided,
t hen. Fig. 4 shows an enbodi nent of the denodul ator 17
according to the present invention for aﬂbR(Z,Z)-QANIsignal constel l ation

I npl emented with the signal_ processor 18. In a conputation bl ock 40, the

si gnal b[ fOF MRNERIENEINdBCTiMing ol sympplsfrom suchoronstelladens s with respect to
[err] and fromk[err] thus determ ned, the HP-bits are determ ned. For
determning k[err], rotation blocks 41, 42, and 43 are provided for
respective rotation of the received signal r[err] with [err]/2, [err] and

3 /2. 1 tation bl.ock A4 the LP-bit d ' t gget h
St h The oot 11 kery. +it i PoiBipr i phRed:inynion th 3riies  GET sofifitics,
bl ock 44 ygtem inowhith réteived aPmbislsGepresehtbld BF ReEdnall¢ ifwinant sighdltoRdteltiondS,

46, 47, and 48 for x[err], x[err], x[err], and x[err],
can be easily detected.

To this end the digital telecommunication system according to the present
invention is characterized in that the signal constellation is partitioned into clusters of
constellation points which coincide when at least once rotated over the predetermined rotation
angle, the clusters representing a first group of bits in the messages and constellation points
within the clusters representdng at least a second group of bits in the messages, and in that
the first group of bits is demodulated by rotating a cluster containing a received symbol over
an integer number of times of the predetermined rotation angle such that the received symbol
is located in a partdtion of the signal constellation containing the estimate ;'or the channel
state and by determining the first group of bits from the rotation, and the second group of
bits is demodulated by translating the rotated cluster to an origin of the signal consteilation
and by determining the second group of bits from the translated cluster, the estimate being
updated with each received symbol. By rotating the cluster containing the received symbol to
the partition containing the channel state estimate and by updating the channel state estimate
with each received symbol, information about the first group of bits is achieved. The channel
state estimate can be determined as according to the method disclosed in WO 92/05646,
then, or by subjecting the received signal to 2 M'-order power loop, known per se, for a
360°/M rotationally invariant constellation, M being a positive integer greater than 2. By
translating the rotated cluster to the origin of the signal configuration, information about the
second group of bits is obtained. After transiation to the origin, the method disclosed in WO
92/05646 can be used for obtaining the information about the second group of bits. The
estimate for the channel state can be fine adjusted by using amplitude and phase information
about the thus recovered symbol. Accordingly, a very simple detection mechanism is
obtained.

The present invention is based upon the insight that with detection of the
second group of bits, the phase information in the estimate for the channel state is preserved
when translating a cluster to the origin of the signal constellation.

In an embodiment of a digital communication system according to the
present invention the constellation points within the clusters represent a third group of bits
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accordi ng to the formlas given. In a sunmng block 50, to which x[err],
Blerr], and further an output of - a conmputation block 49 for conputing

. Xferr]

are supplied, the variable al.err] is detérni ned. For adaptive

calculation of f[err] and thus of [err] multiplying blocks 51 and 52, a
summ ng bl ock 53, and a block 54 for determ ning the argunent of f[err] are

provi ded.

In case of estimation of x[err] a division block is provided for

cal cul at i ngidiip rer$eeand gupyp ofrbisathe sebndgequpiofivity peing eeprdseqthd) for anst ead of
the cal cul r%uﬁgx[klxl}lig\&lﬁﬁtgﬁmhcr cluster within the cluster, and wherein the third group of bits is

demodulated as according to the second group of bits. By translating the third group of bits
to the origin of the signal constellation in two steps, first the rotionally invariant cluster, and
then the further cluster within the cluster, the same simpie symboi recovery can be applied as
for the first group of bits, and the second group of bits. The clusters within clusters are
rotationaly invariant after translation to the origin. For still more complicate signal
configurations the same detection mechanism can be applied. The constellations can than be
made o be beyond 2-resolution. Depending on the signal-to-noise ratio, the receiver can
decide up to which resolution the symbols are detected. E.g., whea too high 2 BER (Bit

Error Rate) is observed in the recsiver for a particular resoludon, the receiver can only

detect the symbols with a lower resolution.

In an embediment of a digital communication system according to the
present invention a phase reference signal is recursively determined from the rotated received
symbols, and a centre of the rotated cluster is estimated by dividing the phase reference
signal through the number of received symbols, the rotated cluster being translated through
vectorial subtraction of a currently rotated received symbol and the cluster constellation
points with the estimated centre. It is thus achieved that the translation vector is updated with
each received vector, resulting in an accurate transiation with each received symbol.

In a further embodiment of a digital communication system according to
the present invention the second group of bits is determined from the rotated and translated
cluster by determining a minimum squared Euclidean distance between the rotated and
translated received symbol and the coastellation points of the rotated and translated cluster.
Thus, a simple decision criterion is obtained for detecting the second group of bits. For a
(2,2)-QAM system, i.e. a signal constellation with 16 constellation points, a minimum
Euclidean distance is achieved by determining whether a rotated and translated symbol is
lqc_:ate'd in a sector .of two notional axes which form 45° angles with the determined reference
phase.

In a further embodiment of a digital communication system according to
the present invention the phase reference signal is updated for each received symbol by
subtracting therefrom a vecter corresponding to the determined second group of bits.
Herewith the estimate for the channel state is both updated with phase and amplitudé
information of the received symbols. With this fine phase and amplitude recovery an accurate
reference phase is cbtained. ' : '
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Further embodiments are claimed in the degendent claims. When the first
group of bits is non-diff'crcmially encoded, from the received a priori known reference
symbol an initial decoding value is derived. When differential encoding for the first group of
aits is applied, the first received symbol, not necessarily known a priori, serves ‘as a
reference symbol for detecting successive symbols.

The present invention will now be described, by way of example, with
reference to the accompanying drawings, wherein | )

Fig. 1, shows a digital communicaﬁon system according to the present
invention,

Fig. 2 shows a 2R(2,2)-QAM signal constellation,

Fig. 3 shows detection of a received symbol in a receiver in a system
according to the present invention, and

Fig. 4 shows an embodiment of a demodulator according to the present
invention.

Throughout the figures, the same reference numerals are used for the

same features.

i

Fig. 1 shows a digital communication system 1 according to the present
invention comprising a transmitter 2 for transmitting digital messages representing complex
symbois s; to a receiver 3 via a transmission channel 4. The digital messages can be binary
messages but also another logic is possible such as temary and quatemary logic, for instance.
The symbols s; are modulated onto a carrier. The modulated symbols are quadrature
modulated 2R(2,2)-QAM signals, i.e. the symbols from a complex-valued alphabet are
representable as symbol vectors in a signal constellation. For allowing two-resolution
detection, in the signal constellation, constellation points are non-uniformly spaced. In each
of the four quadrants of the signal constellatidn, four constellation points are spaced
relatively close together, whereas the so formed clusters of constellation points are spaced
further apart form each other. For further details with respect to signal constellations referred
is to said Chapter 6.5 of said handbook of Lee et al. Modulated is 2 source bit stream By,
which is first coded by means of a coder 5, in an embodiment, a first group of two bits, or
the so-called HP (high priority) bits, being differentially encoded, and a second group of
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1. A digital conmmunication system (1) conprising a
tiransmtter (2) for transmtting digital nessages representing synbols
(s[err]) nodul ated onto at |east one carrier, which synbols (s[err]) are
representabl e as synbol vectors in a signal constellation which is
rotational ly invariant over a predeterniftned rotation angle, the system
further conprising a transm ssion channel (4) and a receiver (3) for

recei vi ng bitheor shendvedadied EBr(tow priasity) titso beihg mpe-diffessnsally eageredy Ascqaaibe seen( 3)
conpri ses . a.de | OF.. o | HGahN6gh €Ccaijve 0 [err])
into receit/bd ggglg‘a%éégf'(ﬁég%f{sgédggg%igs@f&tghgéde%dul"alttb?‘dsslll%g' JSEP% an
estimate 00" meinghiarthe firss qeddeannf arkdithe TReDita 00T, 4PL" .cHAT atdetOZz deingn t hat t he

;IOIQ 2? ls \(/:vﬁ {%&# %i&(‘)’a%h ‘;qi Sj ﬁé ?Pr é\iftﬂ%n%gagxgd%%gmcllhg %fggﬁscog&l)azi%, % &Qﬂre&ihﬂéeo n

dy, and 2 distance d, between constellation points within a cluster CL are indicated. The

coder 5 supplies two symbol sequences Re{s;} and Im{s;} to respective transmit filters 6 and
7, of which outputs are fed to multipliers 8 and 9 which multiply the fespecﬁvc output
signals of the filters 8 and 9 with quadrature carriers cos(wt) and sin(w,t), w, being the
carrier frequency and t being time. Such a transmitter 2 is well-known in the art. Referred is
for example to said handbook of Lee, pages 167-172. The symbols can aiso be modulated
onto rfxultiple carriers as so-called OFDM signals (Orthogonal Frequency Division
Multiplexed) signals, such as described in said Patent Application WO 92/05646. Then, the
output of the coder 5 is subjected to an N-points Inverse Discrete Fourier Transform, before
modulation onto a carrier, N being an integer. At receiver side, the present invention is then
appiied to each subcarrier of the OFDM signai. The carrier modulated in phase and
quadrature signals are combined in an adder 10, and then transmitted to the receiver 3 via
the transmission channel 4. The receiver 3 receives a signal which is distorted by the channel
4, i.e. the received signal is an phase and amplitude modulated version of the transmitted
signal, further disturbed with noise. It is assumed that the noise is AWGN (Additive White
Gausian Noise). In the receiver 3, the received signal is first subjected to carrier
demodulation with respective multipliers 11 and 12, followed by respective receive filters 13
and 14. At outputs of the receive filters 13 and 14 a complex carrier demodulated signal r; is
available in the form of a real signal part Re(r;} and imaginary signal part Im{r;}. The signal -
r, can thus be represented as a signal vector in a signal constellation. Such a receiver front
end is well-known and for further details as to this kind of receivers, referred is to said
handbook of Lee et al., pages 184-186. The signal parts Re{r;} and Im{r;} are sampled by
mea.r;s of respective analog-to-digital converters 15 and 16, digital output signals of which
are supplied to a demodulator 17 which comprises a signal processor 18. The actual
demodulation is carried out by the signal processor 18, which is programmed to implement
the present invention, and which conwins non-volatile memory for storing the programs for
implementing the present invention, and volatile memory for storing program variables. At
an output of the digital signal processor 18, a bitstream comprising the HP-bits and the LP-
bits is available.

Fig. 3 shows detection of the received symbol r; in the receiver 3 in the
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rotated over the predetermned rotation angle, the clusters representing a
fiirst group of bits (HP-bits) in the nessages and constellation points
within the clusters representing at | east a second group of bits (LP-bits)
in the nessages, and in that the first group of bits (HP-bits) is

derodul ated by rotating a cluster containing a received synbol (r[err])
over an i NgyQe@ri skepfudiz @fthd prEbdnt divehdid g ﬁdﬂfseifrmmaémlaigml procaRg! 18, such

that the received synbol (rlerr i.S dlna |t|

constel | at%ym‘i’%bﬁﬂa}“ﬂ%fr?ﬁéh% ﬁ‘?ﬁr’[‘%} é‘ﬁ’r"r fﬁ?“’i"ﬂ gﬁ(z();)aé'gs
det er m ni ”&mhg?’a Bhraééonﬂﬁ WPFR 20EbsadudtoRiok He ﬁimmtdnechmatmaca@w the
second group O ub

I'ts -bits) is denodul ated translatln TR
rotated clestimaied (UGIEK)‘-het 'Beiaﬁi a¥ tigrlesedan WP %W%gg‘ﬁeﬂm%ﬂ‘ﬁ ¥l éh Qn %Tgﬂ by
he. eat | ot dodky ¥R R ifedta A coilaly ladaliBlh S8 famishedchiy &1 ust el
A digital paitivaisege |val|ue gyeaten hanid. Wheroe-8i ARpLYiBg a14a) ‘?ﬁdif PowRETieqm, atphase

ambiguity being a multiple of #/2 is eliminated by first multiplying the argument of the
received symbol by four and then dividing the result by four, after first having eliminated a
modulo 2 phase from the multiplied argument. With HP-bit detection, the clusters of signal
constellation points are considered as single constellation points. The 2R(2,2)-QAM
constelladon is then considered as a QPSK cdnstcnadon, corresponding to 4 point signal
constellation. At 2 time instant i, the complex 4 bit encoded symbol r;, 2 HP-bits and 2 LP-
bits, is received, the symbol r; corresponding to the ith transmitted symbol 5. After
demodulation of the symbol r;, an updated reference phase ¢; ., is determined, being an
argument of a recurrently determined phase reference signal f;. Starting with the first
received symbol r;, which is an a priori known reference symbol in case the HP-bits are
non-differentially encoded, inital values f; = r;, and ¢, = arg r, arg being the argument.
Then, with the second received symbol r,, and accordingly with further received symbols,
the cluster containing the received symbol r; is rotated over k;.%/2, k; containing information
about the HP-bits, such that the rotated vector b; is within sectors of 45° with respect to ¢;.
In the given 2R(2,2)-QAM configuration, k; is an element of the set {0, 1, 2, 3}. In case of
diffential encoding of the HP-bits, the HP-bits are encoded from a phase difference Ag of the
received symbols r; and r;;, in the given example a phase difference 0 corresponding to the
bits "00", a phase difference x/2 corresponding to the bits _"01", a phase difference «
corresponding to the bits “117, and a phase difference 3x/2 corresponding to the bits "10%,
the phase difference Ag being {(27 - k. #/2) - (27 - k;.,.7/2) modulo 2x}. In case of non-
differental encoding, a priori known reference symbols, e.g. ry, determine the absolute
decoding reference in the signal constellation, e.g. a reference symbol 00 corresponds to
k; = 0, herewith determining decoding as to the other three constellation points. The thus
rotated cluster and rotated received symbol b;, in the example given by x/2 corresponding to
k.=1, conuins information about the two LP-bits. According to the present inventon, based -
upon the reference phase esimate ¢;, a four point cluster or constellation CLx is constructed

with a centre point x., for which the following relations hold:

Xgo = {(dy + 242} Lo, Z being the angle in the complex plane

vy
i
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constellation points within the clusters represent a third group of bits

Wi thin the second group of bits, the second group of bits being
representative for a rotationally invariant further cluster within the
cluster, and wherein the third group of bits is denodul ated as according to
t he second group of bits. 3. -8 Adi gital communi cation system

(1) according to clainms 1 or 2, wherein_ a e, refepence signal (f[err])
i s recursively detefai fed from {(fs ’f‘dt%ﬂ@ﬁ?iié%éﬁ“é’éﬂbd s (b[err]), and a

centre (x[err]) of thedotated %

ISk . £y081 | Lt ed by dividing the phase
ref erence si gnal (f[éqrr]) t hrou h’thg r‘{?f%)er}éwrecei ved synbols (i), the

rotated cluster bei Ag &ransl ate bMﬁ)lﬁhMgh vectorial subtraction of a
currently rotated rgce___i ved synbol (Db er{dl,/\/ﬁ%#:t he cluster constellation
. .

According to the present invention, the cluster CLx and the rotated received signal b; are
translated to the origin O of the complex plane, indicated with TR. The translation TR is
implemented by means of vectorial subtraction, i.e. by determining bi-’ = b; - X.. Then, for
demodulating the LP-bits, the method disclosed in WO 92/05646 for detecting the HP-bits is
applied to the rotated and translated cluster containing the LP-bits, i.e. in b;”" = b;’
[k’.%/2, k' is determined such that the most likely transmitted symbol x, has minimum
squared Euclidean distance Ed with b,. For k' = 0, LP-bits "00" are detected, for k' = 1,

- LP-bits "10" are detected, for k;' = 2, LP-bits "11" are detected, and for k" = 3, LP-bits
"01" are detected. Using x,, an estimated centre 3; of the cluster b; belongs to, is determined
as 3, = b; + (x; - x). Then-, the phase reference signal is updated in the recurrent relation f;
= f; + ;. The reference phase ¢, is updated as ¢;..; = arg f;. Using a;, in addition to b;
as used with demodulation of an QPSK signal only or an assumed QPSK signal, gives a
more accurate estimate of ¢;,.;.

In case of QAM signalling, the average amplitude of the received signals r; is also estimated.
Then, the centre x_ of the cluster CLx is estimated from the phase reference signal f; as fi/i.
The determination of f; and the estimation of x, can be made adaptive to tackie small time
variances in ¢, by alternatively determining f; = a.fi,; + (1-@).3; for i>1 with f; = (1-
@).ry, in which the centre x, of tfxe cluster CLx is estimated as fil(l-ai), o being in the
interval (0,1). For ¢ = 0, non-coherent reception is provided, whereas for « approaching 1
coherent reception is provided. Such an adaptation can be necessary if the phase recovery is
disturbed by channel properties such as multipath fading and frequency instabilities or
incorrect frequency adjustment at in the receiver 3. Then, ¢ is a time varying function, it
being assumed that ¢ is constant during transmission of the symbol s;. The parameter
adetermines the adaptation speed of ¢. With decreasing «, the adaptation speed increases,
but then, the BER (Bit Error Rate) also increases. Adaptation also has the advantage that
overflow in f; registers is avoided during calculation. The phase reference signal f; not
necessarily has to be determined recursively, but can also be determined from a number n of
previously determined values of b; or a;, according to the formula f; = L bj, L being a
summing sign, the summing being taken from j = i-n+1 to j = i, j and i being integer

values. Then, again, ¢; = arg f;. E.g., n = 10. The previous values are stored in a shift
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points with the estimated centre (x[err]). 4. _ A digital
comuni cation system (1) according to claim3, wherein the

9

register (not shown), the oldest value being shifted out, with i new value each dme. The
present inventon can be recursively applied for clusters within clusters, for signal
constellatons in which clusters itself form rotationally invariant signal constellations.
Although the present invention is preferably applied to multi-resolution signal constellations
for which there are clear signal-to-noise differences as to respective resolutions, the present
invention can also be used for single resolution systems. 2-Resolution can be applied, for
instance, for Digital Video Broadcasting. For portable recsivers only the HP-bits can be
detected, and for fixed receivers, the LP-bits can also be detectad, i.e. a normal video mode,
and an enhanced video mode is provided, then.

Fig. 4 shows an embodiment of the demodulator 17 according to the
_presen't invendon for a 2R(2,2)-QAM signal constellation, implemented with the signal
processor 18. In a computation block 40, the signal b; determined which is within 45° sectors
with respect to ¢;, and from k; thus determined, the HP-bits are determined. For determining
k;, roation blocks 41, 42, and 43 are provided for respective rotation of the received signal
r; with %/2, =, and 3%/2. In a compuntion block 44 the LP-bits are determined, together
with the most likely transmitted symbol x,. Inputs to the computation block 44 for the LP-
bits and x, are respective computation blocks 45, 46, 47, and 48 for xgq, Xq;, Xig, a0d Xy,
according to the formulas given. In a summing block 50, to which x,, b;, and further an
output of 2 computadon block 49 for computing x, are supplied, the variabie gz is
determined. For adaptive calculation of f; and thus of ¢;..,, multiplying blocks 51 and 52, a
summing block 53, and a block 54 for determining the argument of f; are provided. In case
of estimation of x, a division block is provided for calculating fi/i, or, in case of adaptivity,
f/(1-), instead of the calculation biock 49.
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second group of bits (LP-bits) is determned fromthe rotated and

transl ated cluster by determ ning a mini mum squared Euclidean distance (Ed)
_ between the rotated and transl ated received synhol and the constellation
points of the rotated and translated cluster. 5. A digital
communi cation system (1) according to chgi m4, wherein the phase reference
signal (f[err]) is updated for each received synbol (r[err]) by subtracting
therefroma vector (af[err]) corresponding to the determ ned second group of
bits. 6.. A digital communication system (1) according to

“claims 3, 4, or 5 wherein after gﬁtéiggini ng the second group of bits, a
reference phase ( [err]) for the st constellation is determ ned from an
argunment of the phase reference signal (f[err]). 7. A

di-gi tal conmmunication system (1) according to any one of clainms 1 to 6,
wherein the signal constellation is a nulti-resolution constellation

(2R(2, 2)- QAM).

1. A digital communication system (1) comprising a transmitter (2) for
transmitting digital messages representing symbols (s;) modulated onto at least one carrier,
which symbols (s;) are representable as symbol vectors in 5. signal constellation which is
rotationally invariant over a predetermined rotation angle, the system further comprising a
transmission channel (4) and a receiver (3) for receiving the symbols transmitted through the
channel, which receiver (3) comprises a demodulator (17) for demodulating the received
symbols (r;) into received messages (HP-bits, LP-bits), the demodulator (17) using an
estimate for a channel state of the channel (4), characterized in that the signal constellation is
parutioned into clusters (CL) of constellation points which coincide when at least once
rotated over the predetermined rotation angle, the clusters representing a first group of bits
(HP-bits) in the messages and constellation points within the clusters representing at least a
second group of bits (LP-bits) in the messages, and in that the first group of bits (HP-bits) is
demodulated by rotating a cluster containing a received symbol (r;) over an integer number
of times of the predetermined rotation angle such that the received symbol (r;) is located in a
partition of the signal constellation containing the estimate (¢;) for the channel state and by -
determining the first group of bits (HP-bits) from the rotation, and the second group of bits
(LP-bits) is demodulated by translating (TR) the rotated cluster (CLX) to an origin (O) of the
signal constellation and by determining the second group of bits (LP-bits) from the transiated
cluster, the estimate being updated with each received symbol (r;).

2. ' A digital communication system (1) éccording to claim 1, wherein the
constellation points within the clusters represent a third group of bits within the second group
of'"l.:its, the second group of bits being representative for a rotationally invariant further
cluster within the cluster, and wherein the third group of bits is demodulated as according to
the second group of bits.

3. A digital communication system (1) according to claims 1 or 2, wherein a _
phase reference signal (f;) is recursively determined from the rotated received syinbbls (®;),
and a centre (x.) of the rotated cluster is estimated by dividing the phase reference signal (£)
through the number of received symbols (i), the rotated cluster being translated (TR) through

vectorial subtraction of a curremly romed received symbol (b;) and the cluster constellation
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8.

(1) according to any one of the clains 1 to 7, wherein the first group of

A digital comunication system (1) according to any one
.of.the clains 1 to 7, wherein the first group of bits (HP-bits) are
differentially encoded- 9. A digital comunication system

hits.(HP-bits) are non-differentially.ehtoded, and_the transmtted synbols
(s[err]) conprise at | east one reference synbol, which is a priori known in
t he receiposKks with) the estimated cenwre (x).A receiver (3) for receiving digital

nmessages representing nodul at ed nto a st. one carrier,
whi ch syfbol s (s[err] g%ﬂ ﬁ’ﬁ@%ﬁﬂ?&%ﬂé‘e&(@ “\ﬁe‘& Eﬁ‘g‘? Wheretn thes |
const el | akdond gtdlipCer Bis (LSPtbiis) Bridtelrifiried \iom &{Hrtﬁtafaxﬁi Wﬂ{mﬂﬂﬁr rotation

angl e,

recei ved 6FRBIING 3 FERMUM squﬁteé Buglidaag listancs é‘é@e%ﬂr/m ¢ iretatedrangtragslated o
denodul atrgleived Hymbsi 49 O cERtdudBEEpSiA of the rotated and translated cluster.

5. A digital communication system (1) according to claim 4, wherein the
phase reference signal (f;) is updated for each received symbol (r) by subtracung therefrom a
vector (3;) corresponding to the determined second group of bits.

6. : A digital communication system ( 1 é.ccording to claims 3, 4, or §,
wherein after determining the second group of bits, a reference phase (¢; ) for the signal
constetlation is determined from an argument of the phase reference signal (f).

7. A digital communicadon system (1) according to any one of claims 1 to 6,
wherein the signal constellation is a multi-resolution constellation (2R(2,2)-QAM). '

8. A digital comunication Syst:m (1) according to any one of the claims 1 to
7, wherein the first group of bits (HP-bits) are differentially encoded.

9. A digital communication system (1) according to any one of the claims 1
to 7, wherein the first group of bits (HP-bits) are non-differentially encoded, and the
transmitted symbols (s;) comprise at least one reference symbol, which is 2 priori known in
the receiver.

10. A receiver (3) for receiving digital messages representing symbols (s;)
modulated onto at least one carrier, which symbols (s;) are representable as symbol vectors
in a signal constellation which is rotationally invariant over a predetermined rotation angle,
which receiver (3) comprises a demodulator (17) for demodulating the received symbols (r;)
into received messages (HP-bits, LP-bits), the demodulator (17) using an estimate for a
channet state of a channel through which the symbols are transmitted, characterized in that
the signal constellation is partitioned into clusters of constellation points which coincide when
at least once rotated over an integer number of times of the predetermined rotation angle, the
clusters representing a first group of bits (HP-bits) in the messages and constellation points
within the clusters representing at least a second group of bits (LP-bits) in the messages, and
in that the first group of bits (HP-bits) is demodulated by rotating a cluster containing a
received symbol (r;) over the predetermined rotation angle such that the received symbol (r;)
1s located in a partition of the signal constellation containing the estimate (¢;) for the channel
state and by determining the first group of bits (HP-bits) from the rotation, and the second
group of bits (LP-bits) is demodulated by transla:mg ('I'R) the rotated cluster to an origin (O)

RN O AR O i e oo
* c L L] s *

) NETEEE e 319

R 4 ";)';' H N
A5y s © e RS
Lava.

whi ch receiver, (3) nprises a denodul at or for denpdulating the

neet



channel state of a channel through which the synbols are transmtted,
characterized in that the signal constellation is partitioned into clusters
of constellation points which coincide when at | east once rotated over an

i nt.eger nunber of tinmes of the predeterm ned rotation angle, the clusters
representing a first group of bits (HP-bits) in the nessages and
constellation points within the clustersi?2representing at |east a second

group of bits (LP-bits) in the nessages, and in that EHE‘Eiéﬁt grougéof
bits (HP-gBitesigdas coesaititibmnadi bpyieteomiaing teseeqndsgrabp Of A (LR -RESAIBEY v eq
synbol (r[err over the predeterm ivith &3eflrBcetveasyhribal (f)he

recei ved E=p waér&f)ﬁé)@a?gémlg]gg‘?‘g %‘géti B on of the gi gnalr¥
constellation containing the estimate ([err] ) for the channel state and by
determning the first group of bits (HP-bits) fromthe rotation, and the

second group of bits (LP-bits) is denodulated by translating (TR) the
rotated cluster to an origin (0)
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12 of the signal
{LP-bits) fromthe

constellation and by determ ning the second group of bits

13

A DIGITAL COMMUNICATION SYSTEM AND A
RECEIVER FOR USE IN SUCH A SYSTEM

ABSTRACT

" Known in a digital communication system (1) are phase

recovery methods for QPéK modulated signals. It is proposed

‘to extend such methods to multi-resolution QAM signals,.

which can be represented by rotationally invariant
constellations. To this end, with each received symbol (r,),
a phase reference (¢;) for a high priority-bit (HP-bits)
constellation is determined, and with respect to this phase
reference (¢;), a sub-constellation (CLx) for low-priority
bits (LP-bits) is construced, the sub-constellation (CLx)
being rotationally invariant. The sub-configuration (CLx)
is translated to an origin (O) of the signal constellation,
and then the low priority-bits (LP-bits) are determined by
determining a minimum sguared Euclidean distance (Ed) of
the rotated and translated received symbol (b;) with respect
to the rotated and translated sub-constellation. For a
2R(2,2) -QAM signal constellation a simple detection method
is thus provided. The method can be made adaptive, and can
also be made recursive for more complicated signal
constellations such as a 64-QAM signal constellation.

Figure 4.
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transl ated cluster, the estinmate [err] being updated with each received
symbol (rferr]).
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