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41001 PATENT

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Applicationof:

Ernst Eberlein etal. : Group Art Unit:

Serial No.: Not Assigned Examiner:

Filed: Herewith

For: Method and Apparatus for Fine Frequency
Synchronization in Multi-Carrier Demodulation
Systems

PRELIMINARY AMENDMENT

Assistant Commissioner for Patents

Washington, D.C. 20231

Sit:

This Preliminary Amendmentis being filed concurrently with the U.S. national

stage entry under 35 U.S.C. § 371 of International Application No. PCT/EP98/02184,
which has an International Filing Date of April 14, 1998. Prior to examination and

calculation of thefiling fees, please amendthenationalstage application as follows:

IN THE SPECIFICATION:

Please delete the current specification comprising pages 1-40 and 48 (as amended in

the International Preliminary Examination Report dated July 19, 2000) andreplace it with

the accompanying substitute specification.

IN THE CLAIMS:

Please cancel claims 1-18 annexed to the International Preliminary Examination

Report dated July 19, 2000, and substitute the following new claims 19-34:

19. A method of performing a fine frequency synchronization compensating for a

carrier frequency deviation from an oscillator frequency in a multi-carrier

demodulation system of the type capable of carrying out a differential phase
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decoding of multi-carrier modulated signals, said signals comprising a plurality of

symbols, each symbol being defined by phase differences between simultaneous
carriers having different frequencies, said method comprising the stepsof:

a) determining a phase difference between phases of the same carrier in

different symbols;

b) determining a frequency offset by eliminating phase shift uncertainties
related to the transmitted information from said phase difference making use

of a M-PSKdecision device; and

c) performing a feedback correction of said carrier frequency deviation based
on said determined frequencyoffset.

20. A method of performing a fine frequency synchronization compensating for a

carrier frequency deviation from an oscillator frequency in a multi-carrier

demodulation system of the type capable of carrying out a differential phase

decoding of multi-carrier modulated signals, said signals comprising a plurality of

symbols, each symbol being defined by phase differences between simultaneous
 

carriers having different frequencies, said method comprising the stepsof:

a) determining respective phase of the samecarrier in different symbols;

b) eliminating phase shift uncertainties related to the transmitted information

from said phases to determine respective phase deviations making use of a M-

PSK decision device;

c) determining a frequency offset by determining a phase difference between

said phase deviations; and

d) performing a feedback correction of said carrier frequency deviation based

on said determined frequency offset.
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21. The methodaccordingto claim 19, wherein

said steps a) and b) are performed fora plurality of carriers in said symbols,

an averaged frequency offset is determined by averaging said determined frequency

offsets of said plurality of carriers, and

said feedback correction of said frequency deviation is performed based on said

averaged frequency offset in said step c).

22. The method according to claim 20, wherein

said steps a), b) and c) are performedfor a plurality of carriers in said symbols, 
an averaged frequencyoffset is determined by averaging said determined frequency

offsets of said plurality of carriers, and

 said feedback correction of said frequency deviation is performed based on said

 averaged frequencyoffset.

23. The method according to claim 19, wherein said step a) comprises the step of

determining a phase difference between phases of the samecarrier in symbols which

are adjacentin the time axis direction.

24. The method according to claim 19, wherein said step b) comprises the step of

eliminating phase shift uncertainties corresponding to M-ary phase shifts.

25. The method according to claim 20, wherein said step a) comprises the step of

determining respective phases of the same carrier in symbols which are adjacent in

the time axis direction.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 5
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26. The method according to claim 20, wherein said step b) comprises the step of
eliminating M-ary phaseshifts.

27. An apparatus for performing a fine frequency synchronization compensating for a
carrier frequency deviation from an oscillator frequency, for a multi-carrier
demodulation system of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, said signals comprising a plurality of
symbols, each symbol being defined by phase differences between simultaneous
carriers having different frequencies, said apparatus comprising:

means for determining a phase difference between phases of the samecarrier in

different symbols;

M-PSK decision device for determining a frequency offset by eliminating phase shift
uncertainties related to the transmitted information from said phase difference; and 
means for performing a feedback correction of said frequency deviation based on
said determined frequency offset. 

28. An apparatus for performing a fine frequency synchronization compensating for a
carrier frequency deviation from an oscillator frequency, for a multi-carrier
demodulation system of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, said signals comprising a plurality of
symbols, each symbol being defined by phase differences between simultaneous
carriers having different frequencies, said apparatus comprising:

meansfor determining respective phases of the same carrier in different symbols;

M-PSK. decision device for eliminating phase shift uncertainties related to the

transmitted information from said phases to determine respective phase deviations;

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 6
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means for determining a frequency offset by determining a phase difference

between said phase deviations;

means for performing a feedback correction of said frequency deviation based on

said determined frequencyoffset.

29. The apparatus accordingto claim 27, further comprising:

means for determining an averaged frequency offset by averaging determined

frequency offsets of a plurality of carriers, wherein

said means for performing a feedback correction performssaid feedback correction

of said frequency deviation based on said averaged frequencyoffset.

30. The apparatus according to claim 28, further comprising:

means for determining an averaged frequency offset by averaging determined

frequency offsets of a plurality of carriers, wherein 
said meansfor performing a feedback correction performs said feedback correction

of said frequency deviation based onsaid averaged frequency offset.

31. The apparatus according to claim 27, wherein said means for determining a phase
difference comprises means for determining a phase difference between phases of

the samecarrier in symbols whichare adjacent in the time axis direction.

32. The apparatus accordingto claim 28, wherein said means for determining respective

phases comprises means for determining respective phases of the same carrier in

symbols which are adjacent in the timeaxis direction.

Petitioner Sirius XM Radio Inc. - Ex. 1005,p. 7
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33. The apparatus according to claim 27, wherein said meansfor performinga feedback
correction of said frequency deviation comprises a numerical controlled oscillator

and a complex multiplier.

34, The apparatus according to claim 33, wherein said means for performing a feedback
correction ofsaid frequency deviation further comprises a low pathfilter preceding
said numerical controlled oscillator.

REMARKS

By the present Preliminary Amendment,claims 1-18 annexedto the International
Preliminary Examination Report dated July 19, 2000 are being cancelled and replaced with
new claims 19-34. In the new claims, multiple dependencies and parenthetical reference

numerals have been eliminated.

A substitute specification is being submitted to facilitate processing of this application.

A marked-up copy of the substitute specification is also being provided to show the new

changes which are beyondthose previously made during the international stage. The
substitute specification contains no new matter.

Early and favorable action onthis application is respectfully requested. Should the
Examiner have any questions, the Examineris invited to contact the undersigned attorney at

the local telephone numberlisted below.

Respectfully submitted,

\|bEMabeoes
John E. Holmes
Attorney for Applicant
Reg. No. 29,392

Roylance, Abrams, Berdo & Goodman
1300 19Street, N.W., Suite 600
Washington, D.C. 20036-2680
(202) 659-9076

Dated: Ore. (~ 2000
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oO 09/673270
| 3PRO 509 Rec'd PCT/PTO 13 OCT 2000

METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN
aaanena

~ MULTI-CARRIER DEMODULATION SYSTEMS

FIELD OF THE INVENTION

The present invention relates to methods and apparatus for
performing a fine frequency synchronization in multi-carrier
demodulation systems, and in particular to methods and
apparatus for performing a fine frequency synchronization
compensating for a carrier frequency deviation from an
oscillator frequency in a multi-carrier demodulation system
of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, wherein the
signals comprise a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers
having different frequencies.

BACKGROUND OF THE INVENTION

In a multi carrier transmission system (MCM, OFDM), the
 

effect of a carrier frequency offset is substantially more
considerable than in a single carrier transmission system.

MCM is more sensitive to phase noise and frequency offset

which occurs as amplitude distortion and inter carrier
interference (ICI). The inter carrier interference has the
effect that the subcarriers are no longer orthogonal in
relation to each other. Frequency offsets occur after power

on or also later due to frequency deviation of the

oscillators used for downconversion into baseband. Typical

accuracies for the frequency of a free running oscillator

are about +50 ppm of the carrier frequency. With a carrier
frequency in the S-band of 2.34 Ghz, for example, there will
be a maximum local oscillator (LO) frequency deviation of

above 100 kHz (117.25 kHz). The above named effects result
in high requirements on the algorithm used for frequency
offset correction.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 9
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DESCRIPTION OF PRIOR ART

Most prior art algorithms for frequency synchronization

divide frequency correction into two stages. In the first

stage, a coarse synchronization is performed. In the second

stage, a fine correction can be achieved. A frequently used

algorithm for coarse synchronization of the carrier frequen-

cy uses a synchronization symbol which has a special spec-
tral pattern in the frequency domain. Such a synchronization
symbol is, for example, a CAZAC sequence (CAZAC = Constant

Amplitude Zero Autocorrelation). Through comparison, i.e.

the correlation, of the power spectrum of the received

signal with that of the transmitted signal, the frequency

carrier offset can be coarsely estimated. These prior art

algorithms all work in the frequency domain. Reference is

made, for example, to Ferdinand ClaBen, Heinrich Meyr,

"Synchronization Algorithms for an OFDM System for Mobile

Communication", ITG-Fachtagung 130, Codierung ftir Quelle,

Kanal und Ubhertragung, pp. 105 - 113, Oct. 26-28, 1994; and

Timothy M. Schmidl, Donald Cc. Cox, "“Low-Overhead, Low-

Complexity [Burst] Synchronization for OFDM", in Proceedings

of the IEEE International Conference on Communication ICcc

1996, pp. 1301-1306 (1996).

 
For the coarse synchronization of the carrier frequency,

Paul H. Moose, "A Technique for Orthogonal Frequency

Division Multiplexing Frequency Offset Correction", IEEE

Transaction On Communications, Vol. 42, No. 10, October

1994, suggest increasing the spacing between the subcarriers

such that the subcarrier distance is greater than the

maximum frequency difference between the received and trans-—

mitted carriers. The subcarrier distance is increased by

reducing the number of sample values which are transformed

by the Fast Fourier Transform. This corresponds to a

reduction of the number of sampling values which are trans-

formed by the Fast Fourier Transform.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 10
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SUMMARY OF THE INVENTION

It is an object of the present invention to provide methods

and apparatus for performing a fine frequency synchroni-
zation which allow a fine frequency synchronization compen-—

sating for a carrier frequency deviation from an oscillator

frequency in a MCM transmission system which makes use of

MCM signals in which information is differential phase
encoded between simultaneous sub-carriers having different

frequencies.

In accordance with a first aspect, the present invention

provides a method of performing a fine frequency synchro-
nization compensating for a carrier frequency deviation from

an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential
phase decoding of multi-carrier modulated signals, the
signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers
having different frequencies, the method comprising the

 
steps of:

determining a phase difference between phases of the same

carrier in different symbols;

determining a frequency offset by eliminating phase shift
uncertainties corresponding to codeable phase shifts from

the phase difference; and

performing a feedback correction of the carrier frequency
deviation based on the determined frequency offset.

In accordance with a second aspect, the present invention

provides a method of performing a fine frequency synchro-
nization compensating for a carrier frequency deviation from

an oscillator frequency in a multi-carrier demodulation

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 11
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system of the type capable of carrying out a differential

phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols, each symbol being

defined by phase differences between simultaneous carriers

having different frequencies, the method comprising the

steps of:

determining respective phases of the same carrier in

adifferent symbois;

eliminating phase shift uncertainties corresponding to

codeable phase shifts from the phases to determine

respective phase deviations;

determining a frequency offset by determining a phase

difference between the phase deviations; and

performing a feedback correction of said carrier frequency

deviation based on the determined frequency offset.

In accordance with a third aspect, the present invention

provides a method of performing a fine frequency synchro-

 
nization compensating for a carrier frequency deviation from

an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential

phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols, each symbol being

defined by phase differences between simultaneous carriers

having different frequencies, the method comprising the

steps of:

for a plurality of carriers in the symbols:

determining a phase difference between phases of the same

carrier in different symbols; and

determining a frequency offset by eliminating phase shift

uncertainties corresponding to codeable phase shifts from

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 12
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the phase difference;

determining and averaged frequency offset by averaging the

determined frequency offset of the plurality of carriers;
and

performing a feedback correction of the frequency deviation
based on the averaged frequency offset.

In accordance with a fourth aspect, the present invention

provides a method of performing a fine frequency synchro-
nization compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential
phase decoding of multi-carrier modulated signals, the
signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers
having different frequencies, the method comprising the

 
steps of:

for a plurality of carriers in the symbols: 
determining respective phases of the same carrier in
aifferent symbols;

eliminating phase shift uncertainties corresponding to
codeable phase shifts from said phases to determine
respective phase deviations; and

determining a frequency offset by determining a phase
difference between the phase deviations;

determining an averaged frequency offset by averaging the
determined frequency offsets of the plurality of carriers;
and

performing a feedback correction of the frequency deviation
based on the averaged frequency offset.
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In accordance with a fifth aspect, the present invention

provides an apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a

a@ifferential phase decoding of multi-carrier modulated

signals, the signals comprising a plurality of symbols, each

symbol being defined by phase differences between
simultaneous carriers having different frequencies, the

apparatus comprising:

means for determining a phase difference between phases of

the same carrier in different symbols;

means for determining a frequency offset by eliminating

phase shift uncertainties corresponding to codeable phase
shifts from the phase difference; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset. 
In accordance with a sixth aspect, the present invention

provides an apparatus for performing a fine frequency

synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols,
each symbol being defined by phase differences between
simultaneous carriers having different frequencies, the

apparatus comprising:

means for determining respective phases of the same carrier

in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from the phases to

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 14
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determine respective phase deviations;

means for determining a frequency offset by determining a

phase difference between the phase deviations; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset.

In accordance with a seventh aspect, the present invention

provides an apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a
a@ifferential phase decoding of multi-carrier modulated 
signals, the signals comprising a plurality of symbols, each
symbol being defined by phase differences between simulta-
neous carriers having different frequencies, the apparatus

comprising:

means for determining a phase difference between phases of
the same carrier in different symbols; 
means for determining a frequency offset by eliminating
phase shift uncertainties corresponding to codeable phase
shifts from the phase difference;

means for determining an averaged frequency offset by
averaging determined frequency offsets of a plurality of
carriers; and

means for performing a feedback correction of the frequency
deviation based on the averaged frequency offset.

In accordance with an eighth aspect, the present invention
provides an apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 15
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differential phase decoding of multi-carrier modulated

signals, the signals comprising a plurality of symbols, each

symbol being defined by phase differences between simulta-—

neous carriers having different frequencies, the apparatus

comprising:

means for determining respective phases of the same carrier

in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from the phases to

determine respective phase deviations;

means for determining a frequency offset by determining a

phase difference between the phase deviations;

means for determining an averaged frequency offset by

averaging determined frequency offsets of a plurality of

carriers; and

means for performing a feedback correction of the frequency

deviation based on the averaged frequency offset.

 
The present invention relates to methods and apparatus for

performing a fine frequency synchronization compensating for

a carrier frequency deviation from an oscillator frequency.

This fine frequency synchronization is preferably performed

after completion of a coarse frequency synchronization, such

that the frequency offsets after the coarse frequency

synchronization are smaller than half the sub-carrier
distance in the MCM signal. Since the frequency offsets

which are to be corrected by the inventive fine frequency

synchronization methods and apparatus, a correction of the

frequency offsets by using a phase rotation with
differential decoding and de-mapping in the time axis can be

used. The frequency offsets are detected by determining the

frequency differences between time contiguous sub-carrier

symbols along the time axis. The frequency error is

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 16
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calculated by measuring the rotation of the I-Q cartesian

coordinates of each sub-carrier and, in preferred embodi-

ments, averaging them over all n sub-carriers of a MCM

symbol.

Firstly, the phase ambiguity or uncertainty is eliminated by

using a M-PSK decision device and correlating the output of

the decision device with the input signal for a respective

sub-carrier symbol. Thus, the phase offset for a sub-carrier

symbol is determined and can be used for restructuring the
frequency error in form of a feed-backward structure.

Alternatively, the phase offsets of the sub-carrier symbols

of one MCM symbol can be averaged over all of the active

carriers of a MCM symbol, wherein the averaged phase offset

is used to restructure the frequency error.

In accordance with the present invention, the determination

of the frequency offset is performed in the frequency

domain. The feedback correction in accordance with the

inventive fine frequency synchronization is performed in the

time domain. To this end, a differential decoder in the time

domain is provided in order to detect frequency offsets of

sub-carriers on the basis of the phases of timely successive

sub-carrier symbols of different MCM symbols.

 
BRIEF DESCRIPTION OF THE DRAWINGS

In the following, preferred embodiments of the present

invention will be explained in detail on the basis of the

drawings enclosed, in which:

Figure 1 shows a schematic overview of a MCM transmission

system to which the present application can be

applied;

Figures 2A and 2B show schematic views representing a scheme

for differential mapping in the time axis and a

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 17
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scheme for differential mapping in the frequency

axis;

Figure 3 shows a functional block diagram for performing a

differential mapping in the frequency axis;

Figure 4 shows a representation of time variation of all

sub-carriers in MCM symbols;

Figure 5 shows a QPSK-constellation for each sub-carrier

with a frequency offset;

Figure 6 shows a general block diagram illustrating the

position of the inventive fine frequency

synchronization device in a MCM receiver;

Figure 7 shows a block diagram of the fine frequency error

detector shown in Figure 6;

Figure 8 shows a block diagram of a MCM receiver

comprising a coarse frequency synchronization

unit and a fine frequency synchronization unit;

 
Figure 9 shows a block diagram of a unit for performing a

coarse frequency synchronization;

Figure 10 shows a schematic view of a reference symbol used

for performing a coarse frequency synchroniza-

tion;

Figure 11 shows a schematic view of a typical MCM signal

having a frame structure;

Figure 12 shows scatter diagrams of the output of an

differential de-mapper of a MCM receiver for

illustrating the effect of an echo phase offset

correction;
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Figure 13 shows a schematic block diagram for illustrating

the position and the functionality of an echo

phase offset correction unit;

Figure 14 shows a schematic block diagram of a preferred

form of an echo phase offset correction device;
and

Figure 15 shows schematic views for illustrating a

projection performed by another echo phase offset

correction algorithn.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Before discussing the present invention in detail, the mode

of operation of a MCM transmission system is described

referring to figure 1.

Referring to Figure 1, at 100 a MCM transmitter is shown

that substantially corresponds to a prior art MCM trans~

mitter. A description of such a MCM transmitter can be

 
found, for example, in William Y. Zou, Yiyan Wu, "COFDM: AN

OVERVIEW", IEEE Transactions on Broadcasting, vol. 41, No.

1, March 1995.

A data source 102 provides a serial bitstream 104 to the MCM

transmitter. The incoming serial bitstream 104 is applied to

a bit-carrier mapper 106 which produces a sequence of

spectra 108 from the incoming serial bitstream 104. An

inverse fast Fourier transform (IFFT) 110 is performed on

the sequence of spectra 108 in order to produce a MCM time

domain signal 112. The MCM time domain signal forms the

useful MCM symbol of the MCM time signal. To avoid

intersymbol interference (ISI) caused by multipath

distortion, a unit 114 is provided for inserting a guard

interval of fixed length between adjacent MCM symbols in

time. In accordance with a preferred embodiment of the
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present invention, the last part of the useful MCM symbol is
used as the guard interval by placing same in front of the
useful symbol. The resulting MCM symbol is shown at 115 in
Figure 1 and corresponds to a MCM symbol 160 depicted in
Figure il.

Figure 11 shows the construction of a typical MCM signal
having a frame structure. One frame of the MCM time signal
is composed of a plurality of MCM symbols 160. Each MCM

symbol 160 is formed by an useful symbol 162 and a guard
interval 164 associated therewith. As shown in Figure 11,
each frame comprises one reference symbol 166. The present
invention can advantageously be used with such a MCM signal,

 however, such a signal structure being not necessary for

performing the present invention as long as the transmitted
signal comprises a useful portion and at least one reference

symbol.

In order to obtain the final frame structure shown in Figure

11, a unit 116 for adding a reference symbol for each pre-
determined number of MCM symbols is provided. 
In accordance with the present invention, the reference

symbol is an amplitude modulated bit sequence. Thus, an
amplitude modulation of a bit sequence is performed such
that the envelope of the amplitude modulated bit sequence
defines a reference pattern of the reference symbol. This
reference pattern defined by the envelope of the amplitude
modulated bit sequence has to be detected when receiving the
MCM signal at a MCM receiver. In a preferred embodiment of
the present invention, a pseudo random bit sequence having
good autocorrelation properties is used as the bit sequence
that is amplitude modulated.

The choice of length and repetition rate of the reference

symbol depends on the properties of the channel through
which the MCM signal is transmitted, e.g. the coherence time
of the channel. In addition, the repetition rate and the
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length of the reference symbol, in other words the number of
useful symbols in each frame, depends on the receiver

requirements concerning mean time for initial synchroniza-
tion and mean time for resynchronization after synchroniza-

tion loss due to a channel fade.

The resulting MCM signal having the structure shown at 118

in Figure 1 is applied to the transmitter front end 120.

Roughly speaking, at the transmitter front end 120, a

digital/analog conversion and an up-converting of the MCM
Signal is performed. Thereafter, the MCM ‘signal is
transmitted through a channel 122.

Following, the mode of operation of a MCM receiver 130 is

shortly described referring to Figure 1. The MCM signal is
received at the receiver front end 132. In the receiver

front end 132, the MCM signal is down-converted and,

furthermore, an analog/digital conversion of the down-

 
converted signal is performed.

The down-converted MCM signal is provided to a symbol

frame/carrier frequency synchronization unit 134. 
A first object of the symbol frame/carrier frequency

synchronization unit 134 is to perform a frame synchroni-
zation on the basis of the amplitude-modulated reference

symbol. This frame synchronization is performed on the basis
of a correlation between the amplitude-demodulated reference

symbol an a predetermined reference pattern stored in the
MCM receiver.

A second object of the symbol frame/carrier frequency syn-

chronization unit is to perform a coarse frequency synchron-

ization of the MCM signal. To this end, the symbol

frame/carrier frequency synchronization unit 134 serves as a

coarse frequency synchronization unit for determining a
coarse frequency offset of the carrier frequence caused, for

example, by a difference of the frequencies between the
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local oscillator of the transmitter and the local oscillator

of the receiver. The determined frequency is used in order

to perform a coarse frequency correction. The mode of
operation of the coarse frequency synchronization unit is
described in detail referring to Figures 9 and 10 herein-
after.

As described above, the frame synchronization unit 134
determines the location of the reference symbol in the MCM

symbol. Based on the determination of the frame synchroniza-—
tion unit 134, a reference symbol extracting unit 136
extracts the framing information, i.e. the reference symbol,

from the MCM symbol coming from the receiver front end 132.
 After the extraction of the reference symbol, the MCM signal

is applied to a guard interval removal unit 138. The result
of the signal processing performed hereherto in the MCM
receiver are the useful MCM symbols.

The useful MCM symbols output from the guard interval
removal unit 138 are provided to a fast Fourier transform

unit 140 in order to provide a sequence of spectra from the

useful symbols. Thereafter, the sequence of spectra is
 

provided to a carrier-bit mapper 142 in which the serial
bitstream is recovered. This serial bitstream is provided to

a data sink 144.

Next, referring to Figures 2A and 2B, two modes for
differential mapping are described. In Figure 2A, a first
method of differential mapping along the time axis is shown.

As can be seen from Figure 2A, a MCM symbol consists of K
sub-carriers. The sub-carriers comprise different

frequencies and are, in a preferred embodiment, equally
spaced in the frequency axis Girection. When using
differential mapping along the time axis, one or more bits
are encoded into phase and/or amplitude shifts between two
sub-carriers of the same center frequency in adjacent MCM

symbols. The arrows depicted between the sub-carrier symbols
correspond to information encoded in amplitude and/or phase
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shifts between two sub-carrier symbols.

A second method of differential mapping is shown in Figure

2B. The present invention is adapted for MCM transmission

system using the mapping scheme shown in Figure 2B. This

mapping scheme is based on a differential mapping inside one

MCM symbol along the frequency axis. A number of MCM symbols

200 is shown in Figure 2B. Each MCM symbol 200 comprises a

number of sub-carrier symbols 202. The arrows 204 in Figure

2B illustrate information encoded between two sub-carrier
symbols 202. As can be seen from the arrows 204, this
mapping scheme is based on a differential mapping within one

MCM symbol along the frequency axis direction.

In the embodiment shown in Figure 2B, the first sub-carrier

(k=0) in an MCM symbol 200 is used as a reference sub-

carrier 206 (shaded) such that information is encoded

between the reference sub-carrier and the first active

carrier 208. The other information of a MCM symbol 200 is

encoded between active carriers, respectively.

Thus, for every MCM symbol an absolute phase reference

exists. In accordance with Figure 2B, this absolute phase

reference is supplied by a reference symbol inserted into

 
every MCM symbol (k=0). The reference symbol can either have

a constant phase for all MCM symbols or a phase that varies

from MCM symbol to MCM symbol. A varying phase can be

obtained by replicating the phase from the last subcarrier

of the MCM symbol preceding in time.

In Figure 3 a preferred embodiment of a device for

performing a differential mapping along the frequency axis

is shown. Referring to Figure 3, assembly of MCM symbols in

the frequency domain using differential mapping along the

frequency axis according to the present invention is

aescribed.

Figure 3 shows the assembly of one MCM symbol with the

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 23



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 24

- 16 -

following parameters:

Nppr designates the number of complex coefficients of the
Giscrete Fourier transform, number of subcarriers

respectively.

K designates the number of active carriers. The reference

carrier is not included in the count for K.

According to Figure 3, a quadrature phase shift keying
(QPSK) is used for mapping the bitstream onto the complex

symbols. However, other M-ary mapping schemes (MPSK) like

2-PSK, 8-PSK, 16-QAM, 16-APSK, 64-APSK etc. are possible.

Furthermore, for ease of filtering and minimization of

aliasing effects some subcarriers are not used for encoding
information in the device shown in Figure 3. These sub-

carriers, which are set to zero, constitute the so-called

guard bands on the upper and lower edges of the MCM signal

spectrum.

At the input of the mapping device shown in Figure 3,

complex signal pairs bO[{k], bi[k] of an input bitstream are

 
received. K complex signal pairs are assembled in order to

form one MCM symbol. The signal pairs are encoded into the K

differential phase shifts phi{k] needed for assembly of one

MCM symbol. In this embodiment, mapping from Bits to the 0,

90, 180 and 270 degrees phase shifts is performed using Gray

Mapping in a quadrature phase shift keying device 220.

Gray mapping is used to prevent that differential detection

phase errors smaller than 135 degrees cause double bit
errors at the receiver.

Differential phase encoding of the K phases is performed in

a differential phase encoder 222. At this stage of pro-

cessing, the K phases phi[{k] generated by the QPSK Gray

mapper are differentially encoded. In principal, a feedback
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loop 224 calculates a cumulative sum over all K phases. As

starting point for the first computation (kK = 0) the phase

of the reference carrier 226 is used. A switch 228 is

provided in order to provide either the absolute phase of

the reference subcarrier 226 or the phase information

encoded onto the preceding (i.e. 271, where z-1 denotes the
unit delay operator) subcarrier to a summing point 230. At

the output of the differential phase encoder 222, the phase

information theta[k] with which the respective subcarriers

are to be encoded is provided. In preferred embodiments of

the present invention, the subcarriers of a MCM symbol are
equally spaced in the frequency axis direction.

The output of the differential phase encoder 222 is

connected to a unit 232 for generating complex subcarrier

symbols using the phase information theta[k]. To this end,

the K differentially encoded phases are converted to complex

symbols by multiplication with

factor * ej*(2*pi*(theta[k] + PHI) ] (Eq. 1)

wherein factor designates a scale factor and PHI designates

an additional angle. The scale factor and the additional

angle PHI are optional. By choosing PHI = 45° a rotated

DOPSK signal constellation can be obtained.

 
Finally, assembly of a MCM symbol is effected in an

assembling unit 234. One MCM symbol comprising Nppp sub-

carriers is assembled from Nppp-K-1 guard band symbols which
are "zero", one reference subcarrier symbol and K DQPSK

subcarrier symbols. Thus, the assembled MCM symbol 200 is

composed of K complex values containing the encoded

information, two guard bands at both sides of the Nppop

complex values and a reference subcarrier symbol.

The MCM symbol has been assembled in the frequency domain.
For transformation into the time domain an inverse discrete

Fourier transform (IDFT) of the output of the assembling
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unit 234 is performed by a transformator 236. In preferred
embodiments of the present invention, the transformator 236

is adapted to perform a fast Fourier transform (FFT).

Further processing of the MCM signal in the transmitter as
well as in the receiver is as described above referring to

Figure 1.

At the receiver a de-mapping device 142 (Figure 1) is needed

to reverse the operations of the mapping device described
above referring to Figure 3. The implementation of the
demapping device is straightforward and, therefore, need not
be described herein in detail.

The differential mapping along the frequency axis direction
is suitable for multi-carrier (OFCM) digital broadcasting

over rapidly changing multi path channels. In accordance
with this mapping scheme, there is no need for a channel

 
stationarity exceeding one multi-carrier symbol. However,
differential mapping into frequency axis direction may

create a new problem. In multi path environments, path
echoes succeeding or preceding the main path can lead to 
systematic phase offsets between sub-carriers in the same
MCM symbol. Thus, it will be preferred to provide a
correction unit in order to eliminate such phase offsets.

Because the channel induced phase offsets between

differential demodulated symbols are systematic errors, they

can be corrected by an algorithm. In principle, such an

algorithm must calculate the echo induced phase offset from
the signal space constellation following the differential
demodulation and subsequently correct this phase offset.

Examples for such echo phase correction algorithms are
described at the end of this specification referring to

Figures 12 to 15.

Next, the fine frequency synchronization in accordance with

the present invention will be described referring to Figures
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4 to 8. As mentioned above, the fine frequency synchroniza-

tion in accordance with the present invention is performed

after completion of the coarse frequency synchronization.

Preferred embodiments of the coarse frequency synchroni-

zation which can be performed by the symbol frame/carrier

frequency synchronization unit 134 are described hereinafter

referring to Figures 9 and 10 after having described the

fine frequency synchronization in accordance with the

present invention.

With the fine frequency synchronization in accordance with
the present invention frequency offsets which are smaller

than half the sub-carrier distance can be corrected. Since

the frequency offsets are low and equal for all sub-carriers

the problem of fine frequency synchronization is reduced to

sub-carrier level. Figure 4 is a schematical view of MCM

symbols 200 in the time-frequency plane. Each MCM symbol 200

consists of 432 sub-carrier symbols C, to C,,,. The MCM

symbols are arranged along the time axis, the first MCM

symbol 200 shown in Figure 4 having associated therewith a

time T,, the next MCM symbol having associated therewith a

time T, and so on. In accordance with a preferred embodiment

 
of the present invention, the fine frequency synchronization

is based on a phase rotation which is derived from the same

sub-carrier of two MCM symbols which are adjacent in the

time axis direction, for example C,/T, and C,/T,.

In the following, the present invention is described

referring to QPSK mapping (QPSK = Quadrature Phase Shift

Keying). However, it is obvious that the present invention

can be applied to any MPSK mapping, wherein M designates the

number of phase states used for encoding, for example 2, 4,

8, 16 ....

Figure 5 represents a complex coordinate system showing a

QPSK constellation for each sub-carrier with frequency

offset. The four possible phase positions of a first MCM

symbol, MCM-symbol-1 are shown at 300. Changing from the
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sub-carrier (sub-carrier n) of this MCM symbol to the same

sub-carrier of the next MCM symbol, MCM-symbol-2, the

position in the QPSK constellation will be unchanged in case

there is no frequency offset. If a frequency offset is

present, which is smaller than half the distance between

sub-carriers, as mentioned above, this frequency offset

causes a phase rotation of the QPSK constellation of

MCM-symbol-2 compared with MCM-symbol-1. The new QPSK

constellation, that is the four possible phase positions for

the subject sub-carrier of MCM-symbol-2 are shown at 302 in

Figure 5. This phase rotation © can he derived from the
following equation:

CATurear) = 02"C, (Ck = 1) Tusexs)

@ = 27fssc Euicm (Eq. 2)

Cc, designates the QPSK constellation of a sub-carrier n ina
MCM symbol. n is an index running from 1 to the number of

active sub-carriers in the MCM symbol. Information regarding

the frequency offset is contained in the term=¢/”/m7™mu of
equation 2. This frequency offset is identical for all
sub-carriers. Therefore, the phase rotation @ is identical

for all sub-carriers as well. Thus, averaging overall

 
sub-carrier of a MCM symbol can be performed.

Figure 6 shows a block diagram of a MCM receiver in which
the present invention is implemented. An analog/digital
converter 310 is provided in order to perform an

analog/digital conversion of a down-converted signal
received at the receiver front end 132 (Figure 1). The

output of the analog/digital converter 310 is applied to a

low path filter and decimator unit 312. The low path filter
is an impulse forming filter which is identical to an

impulse forming filter in the MCM transmitter. In the

decimator, the signal is sampled at the MCM symbol

frequency. As described above referring to Figure 1, guard

intervals in the MCM signal are removed by a guard interval
removal unit 132. Guard intervals are inserted between two
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MCM symbols in the MCM transmitter in order to avoid inter-

symbol interference caused by channel memory.

The output of the guard interval removal unit 132 is applied
to a MCM demodulator 314 which corresponds to the fast

Fourier transformator 140 shown in Figure 1. Following the

MCM demodulator 314 a differential decoding unit 316 and a

demapping unit 318 are provided. In the differential

decoding unit 316, phase information is recovered using

differential decoding. In the demapping unit 318, demapping

along the frequency axis direction is performed in order to
reconstruct a binary signal from the complex signal input

into the demapping unit 318.

The output of the MCM demodulator 314 is also applied to

fine frequency error detector 320. The fine frequency error

detector 320 produces an frequency error signal from the

output of the MCM demodulator. In the depicted embodiment,

the output of the fine frequency error detector 320 is

applied to a numerical controlled oscillator 322 via a loop
filter 324. The loop filter 324 is a low path filter for

filtering superimposed interference portions of a higher

frequency from the slowly varying error signal. The
numerical controlled oscillator 322 produces a carrier

signal on the basis of the filtered error signal. The

carrier signal produced by the numerical controlled

oscillator 322 is used for a frequency correction which is

 
performed by making use of a complex multiplier 326. The

inputs to the complex multiplier 326 are the output of the

low path filter and decimator unit 312 and the output of the

numerical controlled oscillator 322.

A description of a preferred embodiment of the fine

frequency error detector 320 is given hereinafter referring

to Figure 7.

The fine frequency error detector 320 comprises a

differential detector in the time axis 330. The output of
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the MCM demodulator 314, i.e. the FFT output (FFT = Fast

Fourier Transform) is applied to the input of the

differential detector 330 which performs a differential

detection in the time axis in order to derive information on

a frequency offset from the same sub-carrier of two

subsequently arriving MCM symbols. In the embodiment shown

in Figure 7, the number of active sub-carriers is 432. Thus,

the differential detector 330 performs a correlation between

the first and the 433rd sample. The first sample is

associated with MCM-symbol-1 (Figure 5), whereas the 433rd

sample is associated with MCM-symbol-2 (Figure 5). However,
both these samples are associated with the same sub-carrier.

To this end, the input signal Y, is applied to a z'~block
332 and thereafter to a unit 334 in order to form the

complex conjugate of the output of the z'-block 332. A

complex multiplier 336 is provided in order to multiply the

output of the unit 334 by the input signal Y,. The output of

the multiplier 336 is a signal 2,.

The function of the differential detector 330 can be

expressed as follows:

 
Zu = Yc Mh (Eq. 3)

y=[¥.%...%...| (Eq. 4)

(Eq.5)
¥ =[C,/T,,C,/T;,.-.,Can (TC, /T...|

Y, designates the output of the MCM modulator 314, i.e. the

input to the differential detector 330, at a time k. 2,

designates the output of the differential detector 330. K

designates the number of active carriers.

The output Z, of the differential detector 330 contains a

M-fold uncertainty corresponding to codeable phase shifts.

In case of the QPSK this M-fold uncertainty is a 4-fold

uncertainty, i.e. 0°, 90°, 180° and 270°. This phase shift
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uncertainty is eliminated from 2Z making use of a M-PSK
decision device 340. Such decision devices are known in the

art and, therefore, have not to be described here in detail.

The output of the decision device 340 (4,) * represents the
complex conjugate of the codeable phase shift decided by the

aecision device 340. This output of the decision device 340

is correlated with the output of the differential detector

330 by performing a complex multiplication using a

multiplier 342.

The output the multiplier 342 represents the phase offset
for the respective sub-carriers. This phase offsets for the

respective sub-carriers are averaged over one MCM symbol in

an averaging unit 344 in accordance with a preferred

embodiment of the present invention. The output of the

averaging units 344 represent the output of the fine

frequency error detector 320.

The mathematical description for this procedure is as

follows: 
1 Kk cyStet = ARF, §z.(aOt 20KTyess nl ” (Eq. 6)

In accordance with preferred embodiments of the present

invention, the frequency control loop has a_ backward

structure. In the embodiment shown in Figure 6, the feedback

loop is connected between the output of the MCM demodulator

314 and the input of the guard interval removal unit 132.

In Figure 8, a block diagram of a MCM receiver comprising a

coarse frequency correction unit 350 and a fine frequency
correction unit as described above is shown. As shown in

Figure 8, a common complex multiplier 326 can be used in

order to perform the coarse frequency correction and the

fine frequency correction. As shown in Figure 8, the

multiplier 326 can be provided preceding the low path filter

and decimator unit 312. Depending on the position of the
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multiplier 326, a hold unit has to be provided in the fine

frequency synchronization feedback loop. In an alternative
embodiment, it is possible to use two separate multipliers

for the coarse frequency correction and for the fine

frequency correction. In such a case, the multiplier for the
coarse frequency correction will be arranged preceding the

low path filter and decimator unit, whereas the multiplier

for the fine frequency correction will be arranged following

the low path filter and decimator unit.

Following, preferred embodiments for implementing a coarse

frequency synchronization will be described referring to

Figures 9 and 10.

As it is shown in Figure 9, the output of the receiver front

end 132 is connected to an analog/digital converter 310. The

down-converted MCM signal is sampled at the output of the

analog/digital converter 310 and is applied to a frame/ti-
ming synchronization unit 360. In a preferred embodiment, a

fast running automatic gain control (AGC) (not shown) is

provided preceding the frame/timing synchronization unit in
order to eliminate fast channel fluctuations. The fast AGC

is used in addition to the normally slow AGC in the signal

path, in the case of transmission over a multipath channel

 
with long channel impulse response and frequency selective

fading. The fast AGC adjusts the average amplitude range of
the signal to the known average amplitude of the reference

symbol.

As described above, the frame/timing synchronization unit

uses the amplitude-modulated sequence in the received signal

in order to extract the framing information from the MCM

signal and further to remove the guard intervals therefrom.

After the frame/timing synchronization unit 360 it follows a

coarse frequency synchronization unit 362 which estimates a

coarse frequency offset based on the amplitude-modulated

sequence of the reference symbol of the MCM signal. In the

coarse frequency synchronization unit 362, a frequency
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offset of the carrier frequency with respect to the

oscillator frequency in the MCM receiver is determined in

oder to perform a frequency offset correction in a block

364. This frequency offset correction in block 364 is per-

formed by a complex multiplication.

The output of the frequency offset correction block 364 is

applied to the MCM demodulator 366 formed by the Fast

Fourier Transformator 140 and the carrier-bit mapper 142

shown in Figure 1.

In order to perform the coarse frequency synchronization

described herein, an amplitude-demodulation has to he

performed on a preprocessed MCM signal. The preprocessing

may be, for example, the down-conversion and the

analog/digital conversion of the MCM signal. The result of

the amplitude-demodulation of the preprocessed MCM signal is

an envelope representing the amplitude of the MCM signal.

For the amplitude demodulation a simple alphapsy4 betapin-
method can be used. This method is described for example in

Palachels A.: DSP-mP Routine Computes Magnitude, EDN,

October 26, 1989: and Adams, W. T., and Bradley, J.:

Magnitude Approximations for Microprocessor Implementation,

IEEE Micro, Vol. 3, No. 5, October 1983.

 
It is clear that amplitude determining methods different

from the described alpha,s,4 betapjyp- method can be used.
For simplification, it is possible to reduce the amplitude

calculation to a detection as to whether the current

amplitude is above or below the average amplitude. The

output signal then consists of a -1/+1 sequence which can be

used to determine a coarse frequency offset by performing a

correlation. This correlation can easily be performed using

a simple integrated circuit (IC).

In addition, an oversampling of the signal received at the

RF front end can be performed. For example, the received
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signal can be expressed with two times oversampling.

In accordance with a first embodiment, a carrier frequency

offset of the MCM signal from an oscillator frequency in the

MCM receiver is determined by correlating the envelope

obtained by performing the amplitude-demodulation as
described above with a predetermined reference pattern.

In case there is no frequency offset, the received reference

symbol r(k) will be:

r(kK) = Sgy(kK) + nk) (Eq.7)

wherein n(k) designates "additive Gaussian noise" and S,y

denotes the AM sequence which has been sent. In order to

simplify the calculation the additive Gaussian noise can be
neglected. It follows:

H(A) ESalk) (Eq.8)

In case a constant frequency offset Sf is present, the

received signal will be:
 

F(k) = Sy, (kh) @7c (Eq.9)

Information regarding the frequency offset is derived from
the correlation of the received signal T(k) with the AM

sequence S,, which is known in the receiver:

£L
2 2

27k)Sah) = DSaue(t)fee" (Eq. 10)
Thus, the frequency offset is:

$
Af =ate Dry,Siy(k)|-sarae >Isa(AlMCM (Eq.11)

Since the argument of | Say (K) | 2 is zero the frequency offset
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is:

>IaDF): Siu (Eq.12)MCM

In accordance with a second embodiment of the coarse fre-

quency synchronization algorithm, a reference symbol

comprising at least two identical sequences 370 as shown in

Figure 10 is used. Figure 10 shows the reference symbol of a

MCM signal having two identical sequences 370 of a length of
L/2 each. L designates the number of values of the two

sequences 370 of the reference symbol.

As shown in Figure 10, within the amplitude-modulated

sequence, there are at least two identical sections devoted

to the coarse frequency synchronization. Two such sections,

each containing L/2 samples, are shown at the end of the

amplitude-modulated sequence in Figure 10. The amplitude-

modulated sequence contains a large number of samples. For a

non-ambiguous observation of the phase, only enough samples

to contain a phase rotation of 2m should be used. This num-

ber is defined as L/2 in Figure 10.

 
Following, a mathematical derivation of the determination of

a carrier frequency deviation is presented. In accordance

with Figure 10, the following equation applies for the two

identical sequences 370:

f{o<k< 2). {Eck <1] (Eq.13)
If no frequency offset is present, the following equation 14

will be met by the received signal:

(Eq.14)L L(i+) ere) O<ks

r(k) designates the values of the identical sequences. k is

an index from one to L/2 for the respective samples.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 35



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 36

If there is a frequency offset of, for example, St, the

received signal is:

F(k) = r(k)-een (Eq. 15)

L amyl keeFk +S)ar(k)-e nay ae (Eq.16)
T(k) designates sample values of the received portion which
are based on the identical sequences. Information regarding

the frequency offset is derived from the correlation of the

received signal T(k+L/2) with the received signal T(k). This
correlation is given by the following equation:

win jm

~~ a k _ 2 . k 2 ~)228S STcuF kt F( )= Dar¢ re (Eq.17)k=

week
T* designates the complex conjugate of the sample values of

the portion mentioned above.

Thus, the frequency offset is

 
£

I 2 LAf = —>-—arg Yaar4) rw -——are
205 Tuc ‘el 2H

Mere Foy
(Eq.18)> tl

Qo McM

Since the argument of [f(k)|2 equals zero, the frequency
offset becomes

Mee aC +4) P(e)1

Af =—arg
“x (Eq.19)~j

7

Thus, it is clear that in both embodiments, described above,

the frequency position of the maximum of the resulting out-

put of the correlation determines the estimated value of the

offset carrier. Furthermore, as it is also shown in Figure

9, the correction is performed in a feed forward structure.
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In case of a channel with strong reflections, for example

due to a high building density, the correlations described

above might be insufficient for obtaining a suitable coarse

frequency synchronization. Therefore, in accordance with a

third embodiment of the present invention, corresponding

values of the two portions which are correlated in

accordance with a second embodiment, can be weighting with

corresponding values of stored predetermined reference

patterns corresponding to said two identical sequences of

the reference symbol. This weighting can maximize the

probability of correctly determining the frequency offset.
The mathematical description of this weighting is as

follows:

£

Af = —;—arg >|r(« +4} FU} |SaaS& +5)|
27> Tacs kal (Eq.20)

Sm designates the amplitude-modulated sequence which is

known in the receiver, and S*ny designates the complex
conjugate thereof.

If the above correlations are calculated in the frequency

 
domain, the amount of

L

2 L . . . L[ree See] [sutosia(e+ 4)| (nq. 21)k=l

is used rather than the argument. This amount is maximized

as a function of a frequency correction. The position of the

maximum determines the estimation of the frequency devia-

tion. As mentioned above, the correction is performed in a

feed forward structure.

Preferred embodiments for performing an echo phase offset

correction when using a differential mapping in the

frequency axis will be described hereinafter referring to

Figures 12 to 15.

Systematic phase shifts stemming from echoes in multipath
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environments may occur between subcarriers in the same MCM

symbol. This phase offsets can cause bit errors when

demodulating the MCM symbol at the receiver. Thus, it is

preferred to make use of an algorithm to correct the

systematic phase shifts stemming from echoes in multipath

environments.

In Figure 12, scatter diagrams at the output of a diffe-

rential demapper of a MCM receiver are shown. As can be seen

from the left part of Figure 12, systematic phase shifts

between subcarriers in the same MCM symbol cause a rotation

of the demodulated phase shifts with respect to the axis of

the complex coordinate system. In the right part of Figure

12, the demodulated phase shifts after having performed an

echo phase offset correction are depicted. Now, the

positions of the signal points are substantially on the axis

of the complex coordinate system. These positions correspond

to the modulated phase shifts of 0°, 90°, 180° and 270°,

respectively.

An echo phase offset correction algorithm (EPOC algorithm)

must calculate the echo induced phase offset from the signal

space constellation following the differential demodulation

 
and subsequently correct this phase offset.

For illustration purposes, one may think of the simplest

algorithm possible which eliminates the symbol phase before

computing the mean of all phases of the subcarriers. To

illustrate the effect of such an EPOC algorithm, reference

is made to the two scatter diagrams of subcarriers symbols

contained in one MCM symbol in Figure 12. This scatter

diagrams have been obtained as result of an MCM simulation.

For the simulation a channel has been used which might

typically show up in single frequency networks. The echoes

of this channel stretched to the limits of the MCM guard

interval. The guard interval was chosen to be 25% of the MCM

symbol duration in this case.
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Figure 13 represents a block diagram for illustrating the

position and the functionality of an echo phase offset

correction device in a MCM receiver. The signal of a MCM

transmitter is transmitted through the channel 122 (Figures

1 and 13) and received at the receiver frontend 132 of the

MCM receiver. The signal processing between the receiver

frontend and the fast Fourier transformator 140 has been

omitted in Figure 13. The output of the fast Fourier

transformator is applied to the de-mapper, which performs a

aifferential de-mapping along the frequency axis. The output

of the de-mapper are the respective phase shifts for the
subcarriers. The phase offsets of this phase shifts which

are caused by echoes in multipath environments are

visualized by a block 400 in Figure 13 which shows an

example of a scatter diagram of the subcarrier symbols

without an echo phase offset correction.

The output of the de-mapper 142 is applied to the input of

an echo phase offset correction device 402. The echo phase

offset correction device 402 uses an EPOC algorithm in order

to eliminate echo phase offsets in the output of the de-

mapper 142. The result is shown in block 404 of Figure 13,

i.e. only the encoded phase shifts, 0°, 90°, 180° or 270°

are present at the output of the correction device 402. The

 
output of the correction device 402 forms the signal for the

metric calculation which is performed in order to recover

the bitstream representing the transmitted information.

A first embodiment of an EPOC algorithm and a device for

performing same is now described referring to Figure 14.

The first embodiment of an EPOC algorithm starts from the

assumption that every received differentially decoded

complex symbol is rotated by an angle due to echoes in the
multipath channel. For the subcarriers equal spacing in

frequency is assumed since this represents a preferred

embodiment. If the subcarriers were not equally spaced in

frequency, a correction factor would have to be introduced
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into the EPOC algorithm.

Figure 14 shows the correction device 402 (Figure 13) for

performing the first embodiment of an EPOC algorithm.

From the output of the de-mapper 142 which contains an echo

phase offset as shown for example in the left part of Figure

12, the phase shifts related to transmitted information must

first be discarded. To this end, the output of the de-mapper

142 is applied to a discarding unit 500. In case of a DQPSK

mapping, the discarding unit can perform a "(.)4" operation.
The unit 500 projects all received symbols into the first

quadrant. Therefore, the phase shifts related to transmitted

information is eliminated from the phase shifts representing

the subcarrier symbols. The same effect could be reached

with a modulo~4 operation.

Having eliminated the information related symbol phases in

unit 500, the first approach to obtain an estimation would

be to simply compute the mean value over all symbol phases

of one MCM symbol. However, it is preferred to perform a

threshold decision before determining the mean value over

all symbol phases of one MCM symbol. Due to Rayleigh fading

some of the received symbols may contribute unreliable

 
information to the determination of the echo phase offset.

Therefore, depending on the absolute value of a symbol, a

threshold decision is performed in order to determine

whether the symbol should contribute to the estimate of the

phase offset or not.

Thus, in the embodiment shown in Figure 14, a threshold

decision unit 510 is included. Following the unit 500 the

absolute value and the argument of a differentially decoded

symbol is computed in respective computing units 512 and

514. Depending on the absolute value of a respective symbol,

a control signal is derived. This control signal is compared

with a threshold value in a decision circuit 516. If the

absolute value, i.e. the control signal thereof, is smaller
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than a certain threshold, the decision circuit 516 replaces

the angle value going into the averaging operation by a
value equal to zero. To this end, a switch is provided in
order to disconnect the output of the argument computing

unit 514 from the input of the further processing stage and

connects the input of the further processing stage with a

unit 518 providing a constant output of "zero".

An averaging unit 520 is provided in order to calculate a

mean value based on the phase offsets ¥% determined for the
individual subcarrier symbols of a MCM symbol as follows:

Ys (Eq. 22)

In the averaging unit 520, summation over K summands is 
performed. The output of the averaging unit 520 is provided
to a hold unit 522 which holds the output of the averaging

unit 520 K times. The output of the hold unit 522 is

connected with a phase rotation unit 524 which performs the

correction of the phase offsets of the K complex signal 
points on the basis of the mean value .

The phase rotation unit 524 performs the correction of the
phase offsets by making use of the following equation:

VE’ = VR e-If (Eq.23)

In this equation, v;’ designates the K phase corrected
differentially decoded symbols for input into the soft-

metric calculation, whereas v, designates the input symbols.

As long as a channel which is quasi stationary during the
duration of one MCM symbols can be assumed, using the mean
value over all subcarriers of one MCM symbol will provide

correct results.

A buffer unit 527 may be provided in order to buffer the
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complex signal points until the mean value of the phase

offsets for one MCM symbol is determined. The output of the

phase rotation unit 524 is applied to the further processing

stage 526 for performing the soft-metric calculation.

With respect to the results of the above echo phase offset

correction, reference is made again to Figure 12. The two

plots stem from a simulation which included the first

embodiment of an echo phase offset correction algorithm

described above. At the instant of the scatter diagram
snapshot shown in the left part of Figure 12, the channel

obviously distorted the constellation in such a way, that a

simple angle rotation is a valid assumption. As shown in the

right part of Figure 12, the signal constellation can be

rotated back to the axis by applying the determined mean

value for the rotation of the differentially detected
symbols.

A second embodiment of an echo phase offset correction

algorithm is described hereinafter. This second embodiment

can be preferably used in connection with multipath channels

that have up to two strong path echoes. The algorithm of the

second embodiment is more complex than the algorithm of the

 
first embodiment.

What follows is a mathematical derivation of the second

embodiment of a method for echo phase offset correction. The

following assumptions can be made in order to ease the

explanation of the second embodiment of an EPOC algorithm.

In this embodiment, the guard interval of the MCM signal is

assumed to be at least as long as the impulse response h[q],

q= 0, 1, .--, Qh-1 of the multipath channel.

At the transmitter every MCM symbol is assembled using
frequency axis mapping explained above. The symbol of the

reference subcarrier equals 1, i.e. 0 degree phase shift.

The optional phase shift PHI equals zero, i.e. the DQPSK
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signal constellation is not rotated.

Using an equation this can be expressed as

a, =a,ja;* (Eq.24)

with

k : index k = 1,2,...,K of the active subcarrier;

izme m

a =e? : complex phase increment symbol; m=0,1,2,3 is
the QPSK symbol number which is derived from

Gray encoding pairs of 2 Bits;

ag = 1 : symbol of the reference subcarrier.

At the DFT output of the receiver the decision variables

ey, = ah, (Eq.25)

are obtained with

Qn-} 2n
H, = Dobfi]-e * (Eq. 26)1=0

being the DFT of the channel impulse response h{q] at

position k.

With |a,|2 = 1 the differential demodulation yields

vy, =e. e, =aHAL, (Eq.27)

For the receiver an additional phase term ‘fy, is introduced,
which shall be used to correct the systematic phase offset

caused by the channel. Therefore, the final decision

variable at the receiver is

. 2 * *

IPqK = ay .@IP?k . Hy * Hye] (Eq.28)
t

Vk = V_E 7 e&

As can be seen from the Equation 28, the useful information
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a, ine is weighted with the product ed¥k- Hy -H*yy (rotation
and effective transfer function of the channel). This

product must be real-valued for an error free detection.
Considering this, it is best to choose the rotation angle to
equal the negative argument of Hy‘H*,-j- To derive the
desired algorithm for 2-path channels, the nature of

Hy, H*4 is investigated in the next section.

It is assumed that the 2-path channel exhibits two echoes

with energy content unequal zero, i.e. at least two dominant
echoes. This assumption yields the impulse response

hfa] =c,5,[q]+¢,5,[a—-4o] (Eq.29)

with

C1,Cg + complex coefficients representing the path echoes;

do : delay of the second path echo with respect to the
first path echo;

1 for k = 0

Oo else

ll

85 : Dirac pulse; 6,{k]
69{K]

 
The channel transfer function is obtained by applying a DFT

to Equation 29:

2m, joka;a “FU S401, -H[e'®") =e, 405-6 K (Eq.30)

With Equation 30 the effective transfer function for
differential demodulation along the frequency axis is:

* ~1eka +j2(k-1)_ : * —(k-Hi, “HL, =lc¢, + ce K Le + cre IE |
™ 31=e, +4, 00{=q,(2k -0)] (Eq.31)

Assuming a noise free 2-path channel, it can be observed
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from Equation 31 that the symbols on the receiver side are

located on a straight line in case the symbol 1+j0 has been

send (see above assumption). This straight line can be

characterized by a point

c, =[o,[' +c,[-67 (Eq. 32))

and the vector

. 2
C, =2¢,c3-e K” . (Eq. 33)

which determines its direction.

With the above assumptions, the following geometric

derivation can be performed. A more suitable notation for

the geometric derivation of the second embodiment of an EPOC

algorithm is obtained if the real part of the complex plane

is designated as x = Re{z}, the imaginary part as y = Im{z},

respectively, i.e. z = x+jy. With this new notation, the

straight line, on which the received symbols will lie in

case of a noise-free two-path channel, is 
f(x) =a +t bx (Eq.34)

with

Ref{c, }
a= Im{c, } -——Y¥: Im{e, }

 

 

Re{o,} (Eq. 35)

Rele,}-aRe{o, } (Eq. 36)
Additional noise will spread the symbols around the straight

line given by Equations 34 to 36. In this case Equation 36
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is the regression curve for the cluster of symbols.

For the geometric derivation of the second embodiment of an
EPOC algorithm, the angle f,. from Equation 28 is chosen to
be a function of the square distance of the considered

symbol from the origin:

,, = fx({2|7) (Eq. 37)

Equation 37 shows that the complete signal space is
distorted (torsion), however, with the distances from the

origin being preserved.

For the derivation of the algorithm of the second embodi-

ment, fy(°) has to be determined such that all decision
variables v’; (assuming no noise) will come to lie on the
real axis:

Im{(x+ jf(s))-2*()}0 (Eq.38)

Further transformations of Equation 38 lead to a quadratic

equation which has to be solved to obtain the solution for

-..

 
In case of a two-path channel, the echo phase offset

correction for a given decision variable v;, is

   

 

Vk = Vk . etx (Eq.39)

with

a+ bylv,| (1+b?)—a? 2 ay—atan for l»,[ = 3
b+ lv [" 1+b?)-a? itb—, = -ab+VM , (Eq. 40)

I 2 aaan4] for lv, < Tab?
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From the two possible solutions of the quadratic equation

mentioned above, Equation 40 is the one solution that cannot

cause an additional phase shift of 180 degrees.

The two plots in Figure 15 show the projection of the EPOC

algorithm of the second embodiment for one quadrant of the

complex plane. Depicted here is the quadratic grid in the

sector |[arg(z)| < 7/4 and the straight line y = f(x) = atb:x

with a = -1.0 and b = 0.5 (dotted line). In case of a

noise-free channel, all received symbols will lie on this

straight line if 1+j0 was send. The circle shown in the

plots determines the boarder line for the two cases of

Equation 40. In the left part, Figure 15 shows the situation

before the projection, in the right part, Figure 15 shows

the situation after applying the projection algorithm. By

looking on the left part, one can see, that the straight

line now lies on the real axis with 2+j0 being the fix point

of the projection. Therefore, it can be concluded that the

echo phase offset correction algorithm according to the

second embodiment fulfills the design goal.

Before the second embodiment of an EPOC algorithm can be

applied, the approximation line through the received symbols

has to be determined, i.e. the parameters a and b must be

 
estimated. For this purpose, it is assumed that the received

symbols lie in sector |arg(z)| < 7/4, if 1+j0 was sent. If

symbols other than 1+j0 have been sent, a modulo operation

can be applied to project all symbols into the desired

sector. Proceeding like this prevents the necessity of

deciding on the symbols in an early stage and enables

averaging over all signal points of one MCM symbol (instead

of averaging over only 4% of all signal points).g p

For the following computation rule for the EPOC algorithm of

the second embodiment, x; is used to denote the real part of

the i-th signal point and y,; for its imaginary part,
respectively (i = 1, 2,..., K). Altogether, K values are

available for the determination. By choosing the method of
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least squares, the straight line which has to be determined

can be obtained by minimizing

(8) = argminSy, -(a+5-x,)) (Eq. 41)ab

The solution for Equation 41 can be found in the laid open

literature. It is

b=, a=y-x-b . (Eq.42)

with mean values

K ] K

Reyes, Vay oyi i=listz|\-
(Eq. 43)

If necessary, an estimation method with higher robustness

can be applied. However, the trade-off will be a much higher

computational complexity.

To avoid problems with the range in which the projection is

applicable, the determination of the straight line should be

separated into two parts. First, the cluster’s centers of

gravity are moved onto the axes, following, the signal space

is distorted. Assuming that a and b are the original

parameters of the straight line and a is the rotation angle,

fx.) has to be applied with the transformed parameters

 
.  b-cos(ce) — sin(x) on~ cos(a) + b-sin(a)’ as a-(cos(a.) “b («)) (Eq. 44)

Besides the two EPOC algorithms explained above section,

different algorithms can be designed that will, however,

most likely exhibit a higher degree of computational

complexity.
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Claims

1. A method of performing a fine frequency synchronization

compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

determining a phase difference between phases of the

same carrier in different symbols;

determining a frequency offset by eliminating phase

shift uncertainties corresponding to codeable phase

shifts from said phase difference; and

performing a feedback correction of said carrier

frequency deviation based on said determined frequency

offset.

 
2. A method of performing a fine frequency synchronization

compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

determining respective phase of the same carrier in

different symbols;

eliminating phase shift uncertainties corresponding to
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codeable phase shifts from said phases to determine

respective phase deviations;

determining a frequency offset by determining a phase

difference between said phase deviations;

performing a feedback correction of said carrier

frequency deviation based on said determined frequency
offset.

3. A method of performing a fine frequency synchronization

compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

 
for a plurality of carriers (202) in said symbols (200): 

determining a phase difference between phases of the

same carrier in different symbols; and

determining a frequency offset by eliminating phase

shift uncertainties corresponding to codeable phase

shifts from said phase difference;

determining an averaged frequency offset (forse) bY
averaging said determined frequency offsets of said

plurality of carriers (202); and

performing a feedback correction of said frequency

deviation based on said averaged frequency offset

( foftset ) °

4. A method of performing a fine frequency synchronization
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compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

for a plurality of carriers (202) in said symbols (200):

determining respective phases of the same carrier in

aifferent symbols;

eliminating phase shift uncertainties corresponding to

codeable phase shifts from said phases to determine

respective phase deviations; and

determining a frequency offset by determining a phase

difference between said phase deviations;

determining an averaged frequency offset by averaging

 
said determined frequency offsets of said plurality of

carriers; and

performing a feedback correction of said frequency
deviation based on said averaged frequency offset.

5. The method according to claims 1 or 3, wherein said step

of determining a phase difference comprises the step of

determining a phase difference between phases of the

same carrier (202) in symbols (200) which are adjacent

in the time axis direction.

6. The method according to claims 1 or 3, wherein said step

of determining a frequency offset comprises the step of

eliminating phase shift uncertainties corresponding to

M-ary phase shifts.
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The method according to claims 2 or 4, wherein said step

of determining respective phases comprises the step of

determining respective phases of the same carrier (202)

in symbols (200) which are adjacent in the time axis
Girection.

The method according to claims 2 or 4, wherein said step

of eliminating phase shift uncertainties comprises the

step of eliminating M-ary phase shifts.

An apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of
multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol being defined
by phase differences between simultaneous carriers (202)
having different frequencies, said apparatus comprising:

means (330) for determining a phase difference between

phases of the same carrier (202) in different symbols
(200);

means (340, 342) for determining a frequency offset by
eliminating phase shift uncertainties corresponding to

codeable phase shifts from said phase difference; and

means for performing a feedback correction ‘of said
frequency deviation based on said determined frequency
offset.

An apparatus for performing a fine frequency

synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of
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multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol being defined

by phase differences between simultaneous carriers (202)

having different frequencies, said apparatus comprising:

means for determining respective phases of the same

carrier in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from said phases

to determine respective phase deviations;

means for determining a frequency offset by determining

a phase difference between said phase deviations;

means for performing a feedback correction of said

frequency deviation based on said determined frequency
offset.

11. An apparatus for performing a fine frequency

synchronization compensating for a carrier frequency

deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of

multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol being defined

by phase differences between simultaneous carriers (202)

 
having different frequencies, said apparatus comprising:

means (330) for determining a phase difference between

phases of the same carrier (202) in different symbols;

means (340, 342) for determining a frequency offset by

eliminating phase shift uncertainties corresponding to

codeable phase shifts from said phase difference;

means (344) for determining an averaged frequency offset

(fostset) by averaging determined frequency offsets of a
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plurality of carriers; and

means for performing a feedback correction of said

frequency deviation based on said averaged frequency
offset.

12. An apparatus for performing a fine frequency

synchronization compensating for a carrier frequency

deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of

multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol (200) being

defined by phase differences between simultaneous

carriers (202) having different frequencies, said

apparatus comprising:

means for determining respective phases of the same

carrier in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from said phases

 
to determine respective phase deviations;

means for determining a frequency offset by determining

a phase difference between said phase deviations;

means for determining an averaged frequency offset by

averaging determined frequency offsets of a plurality of

carriers; and

means for performing a feedback correction of said

frequency deviation based on said averaged frequency

offset.

13. The apparatus according to claims 9 or 11, wherein said

means (330) for determining a phase difference comprises

means for determining a phase difference between phases
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of the same carrier in symbols which are adjacent in the

time axis direction.

14. The apparatus according to claims 10 or 12, wherein said

means for determining respective phases comprises means

for determining respective phases of the same carrier in

symbols which are adjacent in the time axis direction.

15. The apparatus according to claims 9 or 11, wherein said

means (340, 342) for determining a frequency offset

comprises a M-ary phase shift keying decision device

(340) and a complex multiplier (342).

16. The apparatus according to claims 10 or 12, wherein said

means for eliminating phase shift uncertainties

comprises a M-ary phase shift keying decision device and

a complex multiplier.

17. The apparatus according to one of claims 9 to 16,

wherein said means for performing a feedback correction

of said frequency deviation comprises a numerical

controlled oscillator (322) and a complex multiplier

(326).

 
18. The apparatus according to claim 17, wherein said means

for performing a feedback correction of said frequency

deviation further comprises a low path filter (324)

preceding said numerical controlled oscillator (322).
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METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

MULTI-CARRIER DEMODULATION SYSTEMS

ABSTRACT

A method and an apparatus relate to a fine frequency

synchronization compensating for a carrier frequency

deviation from an oscillator frequency in a multi-carrier
demodulation system 130 of the type capable of carrying out

a differential phase decoding of multi-carrier modulated

signals, the signals comprising a plurality of symbols 200,

each symbol being defined by phase differences between

simultaneous carriers 202 having different frequencies. A

phase difference between phases of the same carrier 202 in

different symbols 200 is determined. Thereafter, a frequency

offset is determined by eliminating phase shift

uncertainties corresponding to codeable phase shifts from

the phase difference. Finally, a feedback correction of the

carrier frequency deviation is performed based on the

determined frequency offset. Alternatively, an averaged

frequency offset can be determined by averaging determined

 
frequency offsets of a plurality of carriers 202. Then, the

feedback correction of the frequency deviation is performed

based on the averaged frequency offset.
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METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

5 MULTI-CARRIER DEMODULATION SYSTEMS

FIELD OF THE INVENTION

10 The present invention relates to methods and apparatus for
performing a fine frequency synchronization in multi-carrier
demodulation systems, and in particular to methods and appa-
ratus for performing a fine frequency synchronization com-
pensating for a carrier frequency deviation from an oscilla-

15 tor frequency in a multi-carrier demodulation system of the
type capable of carrying out a differential phase decoding
of multi-carrier modulated signals, wherein the signals com-

prise a plurality of symbols, each symbol being defined by
phase differences between simultaneous carriers having dif-

20 ferent frequencies. 
BACKGROUND OF THE INVENTION

 
25. In a multi carrier transmission system (MCM, OFDM), the ef-

fect of a carrier frequency offset is substantially more

considerable than in a single carrier transmission system.
MCM is more sensitive to phase noise and frequency offset
which occurs aS amplitude distortion and inter carrier in-

30 terference (ICI). The inter carrier interference has the ef-
fect that the subcarriers are no longer orthogonal in rela-

tion to each other. Frequency offsets occur after power on
or also later due to frequency deviation of the oscillators
used for downconversion into baseband. Typical accuracies

35 for the frequency of a free running oscillator are about +50

ppm of the carrier frequency. with a carrier frequency in
the S-band of 2.34 Ghz, for example, there will be a maximum

local oscillator (LO) frequency deviation of above 100 kHz
(117.25 kHz). The above named effects result in high re-
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quirements on the algorithm used for frequency offset cor-
rection.

5 DESCRIPTION OF PRIOR ART

Most prior art algorithms for frequency synchronization di-

vide frequency correction into two stages. In the first

stage, a coarse synchronization is performed. In the second

10 stage, a fine correction can be achieved. A frequently used

algorithm for coarse synchronization of the carrier fre-
quency uses a synchronization symbol which has a special

spectral pattern in the frequency domain. Such a synchroni-

zation symbol is, for example, a CAZAC sequence (CAZAC =

15 Constant Amplitude Zero Autocorrelation). Through compari-
son, i.e. the correlation, of the power spectrum of the re-

ceived signal with that of the transmitted signal, the fre-

quency carrier offset can be coarsely estimated. These prior

art algorithms all work in the frequency domain. Reference
20 is made, for example, to Ferdinand Clafen, Heinrich Meyr,

"Synchronization Algorithms for an OFDM System for Mobile
Communication", ITG-Fachtagung 130, cCodierung ftir Quelle,

Kanal und Ubertragung, pp. 105 - 113, Oct. 26-28, 1994; and

Timothy M. Schmidl, Donald Cc. Cox, "Low-Overhead, Low-

25 complexity [Burst] Synchronization for OFDM", in Proceedings
of the IEEE International Conference on Communication ICC

1996, pp. 1301-1306 (1996).

 
 

For the coarse synchronization of the carrier frequency,

30 Paul H. Moose, “A Technique for Orthogonal Frequency Divi-

sion Multiplexing Frequency Offset Correction", IEEE Trans-

action On Communications, Vol. 42, No. 10, October 1994,

Suggest increasing the spacing between the subcarriers such

that the subcarrier distance is greater than the maximum
35 frequency difference between the received and transmitted

carriers. The subcarrier distance is increased by reducing

the number of sample values which are transformed by the

Fast Fourier Transform. This corresponds to a reduction of
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the number of sampling values which are transformed by the
Fast Fourier Transform.

wo 9205646 A relates to methods for the reception of or-

thogonal frequency division multiplexed signals comprising
data which are preferably differentially coded in the direc-
tion of the time axis. Phase drift of the demodulated sam-

ples from one block to the next is used to indicate the de-
gree of local oscillator frequency error. Phase drift is as-
sessed by multiplying complex values by the complex conju-
gate of an earlier sample demodulated from the same OFDM
carrier and using the resulting measure to steer the local
oscillator frequency via a frequency locked loop.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide methods
and apparatus for performing a fine frequency synchroniza-
tion which allow a fine frequency synchronization compensat-

ing for a carrier frequency deviation from an oscillator
frequency in a MCM transmission system which makes use of
MCM signals in which information is differential phase en-
coded between simultaneous sub-carriers having different

frequencies.

In accordance with a first aspect, the present invention

provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation sys-
tem of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, the signals
comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having
different frequencies, the method comprising the steps of:

determining a phase difference between phases of the same
carrier in different symbols;
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determining a frequency offset by eliminating phase shift

uncertainties [going back to phase shifts due to the defini-

tion of symbols] related to the transmitted information from
the phase difference making use of a M-PSK decision device;

5 and

performing a feedback correction of the carrier frequency
deviation based on the determined frequency offset.

10 In accordance with a second aspect, the present invention

provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation sys-

tem of the type capable of carrying out a differential phase

15 decoding of multi-carrier modulated signals, the signals
comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having
different frequencies, the method comprising the steps of:

20 determining respective phases of the same carrier in differ-
ent symbols; 
eliminating phase shift uncertainties related to the trans-
mitted information from the phases to determine respective

25 phase deviations making use of a M-PSK decision device;

determining a frequency offset by determining a phase dif-
ference between the phase deviations; and

30 performing a feedback correction of said carrier frequency
deviation based on the determined frequency offset.

In accordance with a third aspect, the present invention

provides an apparatus for performing a fine frequency syn-

35 chronization compensating for a carrier frequency deviation

from an oscillator frequency, for a multi-carrier demodula-

tion system of the type capable of carrying out a differen-
tial phase decoding of multi-carrier modulated signals, the
signals comprising a plurality of symbols, each symbol being
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defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:

means for determining a phase difference between phases of
5 the same carrier in different symbols;

{means] M-PSK decision device for determining a frequency

offset by eliminating phase shift uncertainties [going back

to phase shifts due to the definition of symbols] related to

10 the transmitted information from the phase difference [mak-

ing use of a M-PSK decision device]; and

means for performing a feedback correction of the frequency

deviation based on the determined frequency offset.
15

In accordance with a fourth aspect, the present invention

provides an apparatus for performing a fine frequency syn-

chronization compensating for a carrier frequency deviation

from an oscillator frequency, for a multi-carrier demodula-

20 tion system of the type capable of carrying out a differen-

tial phase decoding of multi-carrier modulated signals, said

Signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:

 
25

means for determining respective phases of the same carrier

in different symbols;

M-PSK decision device for eliminating phase shift uncertain-

30 ties [going back to phase shifts due to the definition of

symbols] related to the transmitted information from the

phases to determine respective phase deviations;

means for determining a frequency offset by determining a
35 phase difference between the phase deviations; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset.
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The present invention relates to methods and apparatus for

performing a fine frequency synchronization compensating for

a carrier frequency deviation from an oscillator frequency.

This fine frequency synchronization is preferably performed

5 after completion of a coarse frequency synchronization, such

that the frequency offsets after the coarse frequency syn-
chronization are smaller than half the sub-carrier distance

in the MCM signal. Since the frequency offsets which are to

be corrected by the inventive fine frequency synchronization

10 methods and apparatus, a correction of the frequency offsets

by using a phase rotation with differential decoding and de-

mapping in the time axis can be used. The frequency offsets

are detected by determining the frequency differences be-

tween time contiguous sub-carrier symbols along the time

15 axis. The frequency error is calculated by measuring the ro-
tation of the I-Q cartesian coordinates of each sub-carrier

and, in preferred embodiments, averaging them over all n
sub-carriers of a MCM symbol.

20 Firstly, the phase ambiguity or uncertainty is eliminated by

using a M-PSK decision device and correlating the output of

the decision device with the input signal for a respective

sub-carrier symbol. Thus, the phase offset for a sub-carrier

symbol is determined and can be used for restructuring the
25 frequency error in form of a feed-backward structure. Alter-

natively, the phase offsets of the sub-carrier symbols of

one MCM symbol can be averaged over all of the active carri-

ers of a MCM symbol, wherein the averaged phase offset is
used to restructure the frequency error.

 
30

In accordance with the present invention, the determination

of the frequency offset is performed in the frequency do-
main. The feedback correction in accordance with the inven-

tive fine frequency synchronization is performed in the time
35 domain. To this end, a differential decoder in the time do-

main is provided in order to detect frequency offsets of

sub-carriers on the basis of the phases of timely successive
sub-carrier symbols of different MCM symbols.
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BRIEF DESCRIPTION OF THE DRAWINGS

In the following, preferred embodiments of the present in-

5 vention will be explained in detail on the basis of the

drawings enclosed, in which:

Figure 1 shows a schematic overview of a MCM transmis-

sion system to which the present application

10 can be applied;

Figures 2A and 2B show schematic views representing a

scheme for differential mapping in the time

axis and a scheme for differential mapping in

15 the frequency axis;

Figure 3 shows a functional block diagram for performing

a differential mapping in the frequency axis;
 

20 Figure 4 shows a representation of time variation of all

sub-carriers in MCM symbols; 
Figure 5 shows a QPSK-constellation for each sub-carrier

with a frequency offset;
25

Figure 6 shows a general block diagram illustrating the
position of the inventive fine frequency syn-

chronization device in a MCM receiver;

30 Figure 7 shows a block diagram of the fine frequency er-

ror detector shown in Figure 6;

Figure 8 shows a block diagram of a MCM receiver com-

prising a coarse frequency synchronization unit

35 and a fine frequency synchronization unit;

Figure 9 shows a block diagram of a unit for performing
a coarse frequency synchronization;

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 63



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 64

-~ 8 -

Figure 10 shows a schematic view of a reference symbol
used for performing a coarse frequency synchro-

nization;

5 Figure 11 shows a schematic view of a typical MCM signal
having a frame structure;

Figure 12 shows scatter diagrams of the output of an dif-
ferential de-mapper of a MCM receiver for il-

10 lustrating the effect of an echo phase offset
correction;

Figure 13 shows a schematic block diagram for illustrat-
ing the position and the functionality of an

15 echo phase offset correction unit;

Figure 14 shows a schematic block diagram of a preferred
form of an echo phase offset correction device; and

20

Figure 15 shows schematic views for illustrating a pro-

jection performed by another echo phase offset
correction algorithm.

25

DETAILED DESCRIPTION OF THE EMBODIMENTS

Before discussing the present invention in detail, the mode
of operation of a MCM transmission system is described re-

30 ferring to figure 1.

Referring to Figure 1, at 100 a MCM transmitter is shown
that substantially corresponds to a prior art MCM transmit-

ter. A description of such a MCM transmitter can be found,

35 for example, in william Y. Zou, Yiyan Wu, “COFDM: AN

OVERVIEW", IEEE Transactions on Broadcasting, vol. 41, No.
1, March 1995.
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A data source 102 provides a serial bitstream 104 to the MCM

transmitter. The incoming serial bitstream 104 is applied to

a bit-carrier mapper 106 which produces a sequence of spec-

tra 108 from the incoming serial bitstream 104. An inverse

5 fast Fourier transform CIFFT) 110 is performed on the se-

quence of spectra 108 in order to produce a MCM time domain

Signal 112. The MCM time domain signal forms the useful MCM

symbol of the MCM time signal. To avoid intersymbol inter-

ference (ISI) caused by multipath distortion, a unit 114 is

10 provided for inserting a guard interval of fixed length be-

tween adjacent MCM symbols in time. In accordance with a

preferred embodiment of the present invention, the last part

of the useful MCM symbol is used as the guard interval by

placing same in front of the useful symbol. The resulting

15  mcM symbol is shown at 115 in Figure 1 and corresponds to a

MCM symbol 160 depicted in Figure 11. 
Figure 11 shows the construction of a typical MCM signal

having a frame structure. One frame of the MCM time signal

20 is composed of a plurality of MCM symbols 160. Each MCM sym-

bol 160 is formed by an useful symbol 162 and a guard inter-

val 164 associated therewith. As shown in Figure 11, each
frame comprises one reference symbol 166. The present inven-

tion can advantageously be used with such a MCM signal, how-

25 ever, such a signal structure being not necessary for per-

forming the present invention as long as the transmitted

Signal comprises a useful portion and at least one reference

symbol.

 
30 In order to obtain the final frame structure shown in Figure

11, a unit 116 for adding a reference symbol for each prede-
termined number of MCM symbols is provided.

In accordance with the present invention, the reference sym-

35 bol is an amplitude modulated bit sequence. Thus, an ampli-
tude modulation of a bit sequence is performed such that the

envelope of the amplitude modulated bit sequence defines a

reference pattern of the reference symbol. This reference

pattern defined by the envelope of the amplitude modulated
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bit sequence has to be detected when receiving the MCM sig-
nal at a MCM receiver. In a preferred embodiment of the pre-

sent invention, a pseudo random bit sequence having good

autocorrelation properties is used as the bit sequence that
5 is amplitude modulated.

The choice of length and repetition rate of the reference
symbol depends on the properties of the channel through
which the MCM signal is transmitted, e.g. the coherence time

10 of the channel. In addition, the repetition rate and the

length of the reference symbol, in other words the number of
useful symbols in each frame, depends on the receiver re-
quirements concerning mean time for initial synchronization
and mean time for resynchronization after synchronization

15 loss due to a channel fade.

The resulting MCM signal having the structure shown at 118
in Figure 1 is applied to the transmitter front end 120.
Roughly speaking, at the transmitter front end 120, a digi-

20 tal/analog conversion and an up-converting of the MCM signal
is performed. Thereafter, the MCM signal is transmitted
through a channel 122.

 
 

Following, the mode of operation of a MCM receiver 130 is
25 shortly described referring to Figure 1. The MCM signal is

received at the receiver front end 132. In the receiver

front end 132, the MCM signal is down-converted and, fur-
thermore, an analog/digital conversion of the down-converted
signal is performed.

30

The down-converted mMCM signal is provided to a_ symbol

frame/carrier frequency synchronization unit 134.

A first object of the symbol frame/carrier frequency syn-
35 chronization unit 134 is to perform a frame synchronization

on the basis of the amplitude-modulated reference symbol.

This frame synchronization is performed on the basis of a
correlation between the amplitude-demodulated reference sym-
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bol [an] and a predetermined reference pattern stored in the
MCM receiver.

A second object of the symbol frame/carrier frequency syn-
5 chronization unit is to perform a coarse frequency synchro-

nization of the MCM signal. To this end, the symbol
frame/carrier frequency synchronization unit 134 serves as a
coarse frequency synchronization unit for determining a
coarse frequency offset of the carrier frequence caused, for

10 example, by a difference of the frequencies between the lo-
cal oscillator of the transmitter and the local oscillator
of the receiver. The determined frequency is used in order

to perform a coarse frequency correction. The mode of opera-
tion of the coarse frequency synchronization unit is de-

15 scribed in detail referring to Figures 9 and 10 hereinafter.

As described above, the frame synchronization unit 134 de-

= termines the location of the reference symbol in the MCM
symbol. Based on the determination of the frame synchroniza-

20 tion unit 134, a reference symbol extracting unit 136 ex-
tracts the framing information, i.e. the reference symbol,
from the MCM symbol coming from the receiver front end 132.
After the extraction of the reference symbol, the MCM signal

is applied to a guard interval removal unit 138. The result
25 of the signal processing performed hereherto in the MCM re-

ceiver are the useful MCM symbols.

 
 

The useful MCM symbols output from the guard interval re-
moval unit 138 are provided to a fast Fourier transform unit

30 140 in order to provide a sequence of spectra from the use-
ful symbols. Thereafter, the sequence of spectra is provided
to a carrier-bit mapper 142 in which the serial bitstream is
recovered. This serial bitstream is provided to a data sink
144.

35

Next, referring to Figures 2A and 2B, two modes for differ-
ential mapping are described. In Figure 2A, a first method
of differential mapping along the time axis is shown. As can
be seen from Figure 2A, a MCM symbol consists of K sub-
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carriers. The sub-carriers comprise different frequencies

and are, in a preferred embodiment, equally spaced in the
frequency axis direction. when using differential mapping
along the time axis, one or more bits are encoded into phase

5 and/or amplitude shifts between two sub-carriers of the same
center frequency in adjacent MCM symbols. The arrows de-
picted between the sub-carrier symbols correspond to infor-
mation encoded in amplitude and/or phase shifts between two

sub-carrier symbols.

10

A second method of differential mapping is shown in Figure

2B. The present invention is adapted for MCM transmission
system using the mapping scheme shown in Figure 2B. This
mapping scheme is based on a differential mapping inside one

15  MCM symbol along the frequency axis. A number of MCM symbols
200 is shown in Figure 2B. Each MCM symbol 200 comprises a
number of sub-carrier symbols 202. The arrows 204 in Figure
2B illustrate information encoded between two sub-carrier

symbols 202. As can be seen from the arrows 204, this map-
20 ping scheme is based on a differential mapping within one

MCM symbol along the frequency axis direction. 
In the embodiment shown in Figure 2B, the first sub-carrier
(k=0) in an MCM symbol 200 is used as a reference sub-

25 carrier 206 (shaded) such that information is encoded be-
tween the reference sub-carrier and the first active carrier

208. The other information of a mcM symbol 200 is encoded

between active carriers, respectively.

30 Thus, for every MCM symbol an absolute phase reference ex-
ists. In accordance with Figure 2B, this absolute phase ref-
erence is supplied by a reference symbol inserted into every
McM symbol (k=0). The reference symbol can either have a
constant phase for all MCM symbols or a phase that varies

35 from MCM symbol to MCM symbol. A varying phase can be ob-
tained by replicating the phase from the last subcarrier of
the MCM symbol preceding in time.
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In Figure 3 a preferred embodiment of a device for perform-
ing a differential mapping along the frequency axis is
shown. Referring to Figure 3, assembly of MCM symbols in the

frequency domain using differential mapping along the fre-
5 quency axis according to the present invention is described.

Figure 3 shows the assembly of one MCM symbol with the fol-
lowing parameters:

10 NFFT designates the number of complex coefficients of the
discrete Fourier transform, number of subcarriers re-

spectively.

K designates the number of active carriers. The refer-
15 ence carrier is not included in the count for K. 

According to Figure 3, a quadrature phase shift keying
(QPSK) is used for mapping the bitstream onto the complex
symbols. However, other M-ary mapping schemes (MPSK) like 2-

20 PSK, 8-PSK, 16-QAM, 16-APSK, 64-APSK etc. are possible.

 

Furthermore, for ease of filtering and minimization of

aliasing effects some subcarriers are not used for encoding
information in the device shown in Figure 3. These subcarri-

25 ers, which are set to zero, constitute the so-called guard
bands on the upper and lower edges of the McM signal spec-
trum.

 

At the input of the mapping device shown in Figure 3, com-

30 plex signal pairs bO[k], b1[k] of an input bitstream are re-
ceived. K complex signal pairs are assembled in order to

form one MCM symbol. The signal pairs are encoded into the K

differential phase shifts phi[{k] needed for assembly of one
MCM symbol. In this embodiment, mapping from Bits to the 0,

35 90, 180 and 270 degrees phase shifts is performed using Gray

Mapping in a quadrature phase shift keying device 220.
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Gray mapping is used to prevent that differential detection

phase errors smaller than 135 degrees cause double bit er-
rors at the receiver.

5 Differential phase encoding of the K phases is performed in

a differential phase encoder 222. At this stage of process-

ing, the K phases phi[k] generated by the QPSK Gray mapper
are differentially encoded. In principal, a feedback loop
224 calculates a cumulative sum over all K phases. As start-

10 ing point for the first computation (k = 0) the phase of the
reference carrier 226 is used. A switch 228 is provided in

order to provide either the absolute phase of the reference
subcarrier 226 or the phase information encoded onto the

preceding (i.e. z’*, where z? denotes the unit delay opera-
15 tor) subcarrier to a summing point 230. At the output of the

differential phase encoder 222, the phase information

theta[k] with which the respective subcarriers are to be en-

coded is provided. In preferred embodiments of the present
invention, the subcarriers of a MCM symbol are equally

20 spaced in the frequency axis direction.

 

The output of the differential phase encoder 222 is con-

nected to a unit 232 for generating complex subcarrier sym-

bols using the phase information theta[k]. To this end, the
25 K differentially encoded phases are converted to complex

symbols by multiplication with

 
factor * eit[2*pi*(thetalk]+PHD)] (Eq.1)

30 wherein factor designates a scale factor and PHI designates

an additional angle. The scale factor and the additional an-

gle PHI are optional. By choosing PHI = 45° a rotated DQPSK

Signal constellation can be obtained.

35 Finally, assembly of a MCM symbol is effected in an assem-

bling unit 234. One MCM symbol comprising N,,, subcarriers is
assembled from N,,,-K-1 guard band symbols which are "zero",
one reference subcarrier symbol and K DQPSK subcarrier sym-

bols. Thus, the assembled MCM symbol 200 is composed of K
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complex values containing the encoded information, two guard
bands at both sides of the N,,, complex values and a refer-
ence subcarrier symbol.

5 The MCM symbol has been assembled in the frequency domain.
For transformation into the time domain an inverse discrete

Fourier transform CIDFT) of the output of the assembling

unit 234 is performed by a transformator 236. In preferred
embodiments of the present invention, the transformator 236

10 is adapted to perform a fast Fourier transform (FFT).

Further processing of the MCM signal in the transmitter as
well as in the receiver is as described above referring to

Figure 1.

15

At the receiver a de-mapping device 142 (Figure 1) is needed

to reverse the operations of the mapping device described
above referring to Figure 3. The implementation of the de-
mapping device is straightforward and, therefore, need not

20 be described herein in detail.

 
The differential mapping along the frequency axis direction
is suitable for multi-carrier (OFCM) digital broadcasting

over rapidly changing multi path channels. In accordance
25 with this mapping scheme, there is no need for a channel

stationarity exceeding one multi-carrier symbol. However,

differential mapping into frequency axis direction may cre-

ate a new problem. In multi path environments, path echoes

succeeding or preceding the main path can lead to systematic
30 phase offsets between sub-carriers in the same MCM symbol.

Thus, it will be preferred to provide a correction unit in

order to eliminate such phase offsets. Because the channel

induced phase offsets between differential demodulated sym-

bols are systematic errors, they can be corrected by an al-

35 gorithm. In principle, such an algorithm must calculate the
echo induced phase offset from the signal space constella-

tion following the differential demodulation and_ subse-
quently correct this phase offset.
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Examples for such echo phase correction algorithms are de-
scribed at the end of this specification referring to Fig-

ures 12 to 15.

5 Next, the fine frequency synchronization in accordance with
the present invention will be described referring to Figures
4 to 8. AS mentioned above, the fine frequency synchroniza-

tion in accordance with the present invention is performed
after completion of the coarse frequency synchronization.

10 preferred embodiments of the coarse frequency synchroniza-

tion which can be performed by the symbol frame/carrier fre-
quency synchronization unit 134 are described hereinafter
referring to Figures 9 and 10 after having described the
fine frequency synchronization in accordance with the pres-

15 ent invention.

with the fine frequency synchronization in accordance with
the present invention frequency offsets which are smaller
than half the sub-carrier distance can be corrected. Since

20 the frequency offsets are low and equal for all sub-carriers
the problem of fine frequency synchronization is reduced to
sub-carrier level. Figure 4 is a schematical view of MCM
symbols 200 in the time-frequency plane. Each MCM symbol 200
consists of 432 sub-carrier symbols C, to C,4;.. The MCM sym-

25 bols are arranged along the time axis, the first MCM symbol
200 shown in Figure 4 having associated therewith a time T,,
the next MCM symbol having associated therewith a time T,
and so on. In accordance with a preferred embodiment of the

present invention, the fine frequency synchronization is
30 based on a phase rotation which is derived from the same

sub-carrier of two MCM symbols which are adjacent in the

time axis direction, for example C,/T, and C,/T;.

 
In the following, the present invention is described refer-

35 ring to QPSK mapping (QPSK = Quadrature Phase Shift Keying).
However, it is obvious that the present invention can be ap-

plied to any MPSK mapping, wherein M designates the number
of phase states used for encoding, for example 2, 4, 8, 16
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Figure 5 represents a complex coordinate system showing a
QPSK constellation for each sub-carrier with frequency off-
set. The four possible phase positions of a first MCM sym-

5 bol, MCM-symbol-1 are shown at 300. Changing from the sub-
carrier (sub-carrier n) of this MCM symbol to the same sub-
carrier of the next MCM symbol, MCM-symbol-2, the position

in the QPSK constellation will be unchanged in case there is
no frequency offset. If a frequency offset is present, which

10 is smaller than half the distance between sub-carriers, as

mentioned above, this frequency offset causes a phase rota-

tion of the QPSK constellation of MCM-symbol-2 compared with
MCM-symbol-1. The new QPSK constellation, that is the four
possible phase positions for the subject sub-carrier of MCM-

15 symbol-2 are shown at 302 in Figure 5. This phase rotation 0
can be derived from the following equation:

C, (k Twen ) = efMorssettncn C, (x — LPvexe )

O = 22foper Tucm CEq.2)
20

c, designates the QPSK constellation of a sub-carrier n ina
MCM symbol. n iS an index running from 1 to the number of
active sub-carriers in the MCM symbol. Information regarding

 
the frequency offset is contained in the term eerste Of

25 equation 2. This frequency offset is identical for all sub-
carriers. Therefore, the phase rotation 9 is identical for

all. sub-carriers as well. Thus, averaging overall sub-

carrier of a MCM symbol can be performed.

30 Figure 6 shows a block diagram of a MCM receiver in which
the present invention is implemented. An analog/digital con-

verter 310 is provided in order to perform an analog/digital
conversion of a down-converted signal received at the re-

ceiver front end 132 (Figure 1). The output of the ana-

35 log/digital converter 310 is applied to a low path filter
and decimator unit 312. The low path filter is an impulse

forming filter which is identical to an impulse forming fil-
ter in the MCM transmitter. In the decimator, the signal is
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sampled at the MCM symbol frequency. As described above re-
ferring to Figure 1, guard intervals in the mcm signal are
removed by a guard interval removal unit 132. Guard inter-
vals are inserted between two MCM symbols in the MCM trans-

5 mitter in order to avoid intersymbol interference caused by

channel memory.

The output of the guard interval removal unit 132 is applied
to a MCM demodulator 314 which corresponds to the fast Fou-

10 rier transformator 140 shown in Figure 1. Following the MCM

demodulator 314 a differential decoding unit 316 and a de-

mapping unit 318 are provided. In the differential decoding
unit 316, phase information is recovered using differential
decoding. In the demapping unit 318, demapping along the

15 frequency axis direction is performed in order to recon-
struct a binary signal from the complex signal input into

the demapping unit 318.
 
 

2 The output of the mMcM demodulator 314 is also applied to
~ 20 fine frequency error detector 320. The fine frequency error

detector 320 produces an frequency error signal from the
output of the mMcCM demodulator. In the depicted embodiment,
the output of the fine frequency error detector 320 is ap-
plied to a numerical controlled oscillator 322 via a loop

25 filter 324. The loop filter 324 is a low pass filter for

filtering superimposed interference portions of a higher
frequency from the slowly varying error signal. The numeri-
cal controlled oscillator 322 produces a carrier signal on

the basis of the filtered error signal. The carrier signal

30 produced by the numerical controlled oscillator 322 is used
for a frequency correction which is performed by making use
of a complex multiplier 326. The inputs to the complex mul-
tiplier 326 are the output of the low pass filter and deci-
mator unit 312 and the output of the numerical controlled

35 oscillator 322.

 

A description of a preferred embodiment of the fine fre-

quency error detector 320 is given hereinafter referring to

Figure 7.
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The fine frequency error detector 320 comprises a differen-
tial detector in the time axis 330. The output of the McCM

demodulator 314, i.e. the FFT output (FFT = Fast Fourier
5 Transform) is applied to the input of the differential de-

tector 330 which performs a differential detection in the
time axis in order to derive information on a frequency off-

set from the same sub-carrier of two subsequently arriving

MCM symbols. In the embodiment shown in Figure 7, the number
10 of active sub-carriers is 432. Thus, the differential detec-

tor 330 performs a correlation between the first and the
433rd sample. The first sample is associated with MCM-
symbol-1 (Figure 5), whereas the 433rd sample is associated
with MCM-symbol-2 (Figure 5). However, both these samples

15 are associated with the same sub-carrier.

To this end, the input signal yY, is applied to a z™*-block
332 and thereafter to a unit 334 in order to form the com-

: plex conjugate of the output of the z‘*-block 332. A complex
= 20 multiplier 336 is provided in order to multiply the output

of the unit 334 by the input signal yY,. The output of the
multiplier 336 is a signal Z,.

 
 

The function of the differential detector 330 can be ex-

25 pressed as follows:

Z, =Yan (Eq. 3)

Y=[¥%...%.-| (Eq. 4)
30

¥ =[C,/T,,C,/Tyy--,Cagy (TC, / T...| (Eq.5)

Y, designates the output of the MCM modulator 314, i.e. the
input to the differential detector 330, at a time k. Z des-

35 ignates the output of the differential detector 330. K des-
ignates the number of active carriers.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 75



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 76

~ 20 -

The output Z, of the differential detector 330 contains a M-
fold uncertainty corresponding to codeable phase shifts. In
case of the QPSK this M-fold uncertainty is a 4-fold uncer-

tainty, i.e. 0°, 90°, 180° and 270°. This phase shift uncer-
5 tainty is eliminated from Z, making use of a M-PSK decision

device 340. Such decision devices are known in the art and,

therefore, have not to be described here in detail. The out-

put of the decision device 340 (4,)' represents the complex
conjugate of the codeable phase shift decided by the deci-

10 sion device 340. This output of the decision device 340 is
correlated with the output of the differential detector 330

by performing a complex multiplication using a multiplier
342.

15 The output the multiplier 342 represents the phase offset
for the respective sub-carriers. This phase offsets for the
respective sub-carriers are averaged over one MCM symbol in
an averaging unit 344 in accordance with a preferred embodi-
ment of the present invention. The output of the averaging

20 units 344 represent the output of the fine frequency error
detector 320. 
The mathematical description for this procedure is as fol-
lows:

25

by1 ~\
f. =O at x Z_: Eq. 6offset 2KTwer of n (2, | C q )

In accordance with preferred embodiments of the present in-
vention, the frequency control loop has a backward struc-

30 ture. In the embodiment shown in Figure 6, the feedback loop
is connected between the output of the McCM demodulator 314
and the input of the guard interval removal unit 132.

In Figure 8, a block diagram of a MCM receiver comprising a
35 coarse frequency correction unit 350 and a fine frequency

correction unit as described above is shown. As shown in

Figure 8, a common complex multiplier 326 can be used in or-
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der to perform the coarse frequency correction and the fine
frequency correction. As shown in Figure 8, the multiplier
326 can be provided preceding the low pass filter and deci-
mator unit 312. Depending on the position of the multiplier

5 326, a hold unit has to be provided in the fine frequency
synchronization feedback loop. In an alternative embodiment,
it is possible to use two separate multipliers for the
coarse frequency correction and for the fine frequency cor-
rection. In such a case, the multiplier for the coarse fre-

10 quency correction will be arranged preceding the low path
filter and decimator unit, whereas the multiplier for the

fine frequency correction will be arranged following the low
path filter and decimator unit.

15 Following, preferred embodiments for implementing a coarse
frequency synchronization will be described referring to
Figures 9 and 10. 
As it is shown in Figure 9, the output of the receiver front

20 end 132 is connected to an analog/digital converter 310. The
down-converted MCM signal is sampled at the output of the
analog/digital converter 310 and is applied to a
frame/timing synchronization unit 360. In a preferred em-
bodiment, a fast running automatic gain control (AGC) (not

25 shown) is provided preceding the frame/timing synchroniza-
tion unit in order to eliminate fast channel fluctuations.

The fast AGC is used in addition to the normally slow AGC in

the signal path, in the case of transmission over a mul-
tipath channel with long channel impulse response and fre-

30 quency selective fading. The fast AGC adjusts the average
amplitude range of the signal to the known average amplitude
of the reference symbol.

 

As described above, the frame/timing synchronization unit

35 uses the amplitude-modulated sequence in the received signal
in order to extract the framing information from the MCM

signal and further to remove the guard intervals therefrom.
After the frame/timing synchronization unit 360 it follows a
coarse frequency synchronization unit 362 which estimates a

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 77



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 78

- 22 -

coarse frequency offset based on the amplitude-modulated se-
quence of the reference symbol of the MCM signal. In the
coarse frequency synchronization unit 362, a frequency off-
set of the carrier frequency with respect to the oscillator

5 frequency in the MCM receiver is determined in oder to per-
form a frequency offset correction in a block 364. This fre-
quency offset correction in block 364 is performed by a com-
plex multiplication.

10 The output of the frequency offset correction block 364 is
applied to the mcM demodulator 366 formed by the Fast Fou-
rier Transformator 140 and the carrier-bit mapper 142 shown

in Figure 1.

15 In order to perform the coarse frequency synchronization de-
scribed herein, an amplitude-demodulation has to be per-
formed on a preprocessed MCM signal. The preprocessing may
be, for example, the down-conversion and the analog/digital
conversion of the MCM signal. The result of the amplitude-

a 20 demodulation of the preprocessed MCM signal is an envelope
representing the amplitude of the mcm signal.

 
 

For the amplitude demodulation a simple alpha,,,, betayin-
method can be used. This method is described for example in

25 [Palachels] Palacherla A.: [DSP-mP] DSP-uP Routine Computes
Magnitude, EDN, October 26, 1989; and Adams, W. T., and
Bradley, J.: Magnitude Approximations for Microprocessor Im-
plementation, IEEE Micro, Vol. 3, No. 5, October 1983.

30 It is clear that amplitude determining methods different
from the described alpha,,,, beta; method can be used. For
simplification, it is possible to reduce the amplitude cal-
culation to a detection as to whether the current amplitude
is above or below the average amplitude. The output signal

35 then consists of a -1/+1 sequence which can be used to de-
termine a coarse frequency offset by performing a correla-
tion. This correlation can easily be performed using a sim-

ple integrated circuit (IC).
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In addition, an oversampling of the signal received at the
RF front end can be performed. For example, the received

signal can be expressed with two times oversampling.

In accordance with a first embodiment, a carrier frequency

offset of the MCM signal from an oscillator frequency in the
MCM receiver is determined by correlating the envelope ob-

tained by performing the amplitude-demodulation as described
above with a predetermined reference pattern.

In case there is no frequency offset, the received reference

symbol rCk) will be:

rck) = SwCk) + nck) (Eq.7)

wherein n(k) designates "additive Gaussian noise” and S,, de-
notes the AM sequence which has been sent. In order to sim-
plify the calculation the additive Gaussian noise can be ne-
glected. It follows:

r(k) = Sy(k) (Eq. 8)

In case a constant frequency offset Af is present, the re-

ceived signal will be:

F(k) = Syy (k)eon (Eq.9)

Information regarding the frequency offset is derived from
the correlation of the received signal 7(k) with the AM se-

quence S,, which is known in the receiver:

L

2

FE) Sia) = 21]Sas (b0fee" (Eq. 10)Meir
au ray

Thus, the frequency offset is:
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< L

1 2 1 2 5
A = k . * _ E iv 2aTcu “ 2" ) Saath) 2ATcu me DiSa(t ¢ q )
  

Since the argument of |S,,(k)|? is zero the frequency offset
5 is:

ft
 

2

Af = arg} >F(k)+ Say (Eq.12)
k=122Dcu

In accordance with a second embodiment of the coarse fre-

10 quency synchronization algorithm, a reference symbol com-
prising at least two identical sequences 370 as shown in
Figure 10 is used. Figure 10 shows the reference symbol of a
MCM signal having two identical sequences 370 of a length of
L/2 each. t designates the number of values of the two se-

15 quences 370 of the reference symbol.

 
As shown in Figure 10, within the amplitude-modulated se-
quence, there are at least two identical sections devoted to
the coarse frequency synchronization. Two such sections,

20 each containing L/2 samples, are shown at the end of the am-
plitude-modulated sequence in Figure 10. The amplitude-
modulated sequence contains a large number of samples. For a
non-ambiguous observation of the phase, only enough samples
to contain a phase rotation of 2x should be used. This num-

25 ber is defined as L/2 in Figure 10.

 

Following, a mathematical derivation of the determination of
a carrier frequency deviation is presented. In accordance
with Figure 10, the following equation applies for the two

30 identical sequences 370:

fo<ks)a{Fces] CEq.13)
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If no frequency offset is present, the following equation 14
will be met by the received signal:

(k+4) = rk) 0<ks5 (Eq. 14)

r(k) designates the values of the identical sequences. k is
an index from one to L/2 for the respective samples.

If there is a frequency offset of, for example, Af, the re-
ceived signal is:

F(k) = r(k)-eco (Eq.15)

L
j2nag+=) Tuc(Kk +S) =r(k)-e (Eq.16)

r(k) designates sample values of the received portion which
are based on the identical sequences. Information regarding

the frequency offset is derived from the correlation of the
received signal #(k+2/2) with the received signal 7(k).
This correlation is given by the following equation:

Mes
L

L 2 ~j2m £ MOMAG +<)}@=Dre" (Eq.17)k=1=~u 1

=* designates the complex conjugate of the sample values of
the portion mentioned above.

Thus, the frequency offset is

BL Z
1 24 L we 1 teAf = —= arg uu if + =) “7r (x) anarg mu lF(KY

2H—Ten kel 2m = Twice kel

(Eq. 18)

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 81



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 82

- 26 -

Since the argument of |%xj|’ equals zero, the frequency offset
becomes

1 2. DV ove5 Af = —— arg > ik + =) - E(k) (Eq.19)

Thus, it is clear that in both embodiments, described above,
the frequency position of the maximum of the resulting out-
put of the correlation determines the estimated value of the

10 offset carrier. Furthermore, as it is also shown in Figure
9, the correction is performed in a feed forward structure.

In case of a channel with strong reflections, for example
due to a high building density, the correlations described

15 above might be insufficient for obtaining a suitable coarse
frequency synchronization. Therefore, in accordance with a
third embodiment of the present invention, corresponding
values of the two portions which are correlated in accor-
dance with a second embodiment, can be weighting with corre-

20 sponding values of stored predetermined reference patterns
corresponding to said two identical sequences of the refer-
ence symbol. This weighting can maximize the probability of
correctly determining the frequency offset. The mathematical
description of this weighting is as follows:

 
25

HIse ped Ede 8) v0) [store(s 9)
° (Eq. 20)

Ss designates the amplitude-modulated sequence which is
30 known in the receiver, and s%, designates the complex conju-

gate thereof.
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If the above correlations are calculated in the frequency
domain, the amount of

Mbi- EG + =) 2()| [Sax CES (2 + +) (Eq.21)2=1

is used rather than the argument. This amount is maximized
as a function of a frequency correction. The position of the
maximum determines the estimation of the frequency devia-
tion. As mentioned above, the correction is performed in a

10 feed forward structure.

preferred embodiments for performing an echo phase offset
correction when using a differential mapping in the fre-
quency axis will be described hereinafter referring to Fig-

15 ures 12 to 15. 
Systematic phase shifts stemming from echoes in multipath
environments may occur between subcarriers in the same MCM
symbol. This phase offsets can cause bit errors when demodu-

20 lating the MCM symbol at the receiver. Thus, it is preferred
to make use of an algorithm to correct the systematic phase
shifts stemming from echoes in multipath environments.

 
In Figure 12, scatter diagrams at the output of a differen-

25 tial demapper of a MCM receiver are shown. As can be seen
from the left part of Figure 12, systematic phase shifts be-
tween subcarriers in the same MCM symbol cause a rotation of

the demodulated phase shifts with respect to the axis of the
complex coordinate system. In the right part of Figure 12,

30 the demodulated phase shifts after having performed an echo
phase offset correction are depicted. Now, the positions of
the signal points are substantially on the axis of the com-
plex coordinate system. These positions correspond to the
modulated phase shifts of 0°, 90°, 180° and 270°, respec-

35 tively.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 83



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 84

- 28 -

An echo phase offset correction algorithm (CEPOC algorithm)
must calculate the echo induced phase offset from the signal

Space constellation following the differential demodulation
and subsequently correct this phase offset.

For illustration purposes, one may think of the simplest al-
gorithm possible which eliminates the symbol phase before
computing the mean of all phases of the subcarriers. To il-
justrate the effect of such an EPOC algorithm, reference is

10 made to the two scatter diagrams of subcarriers symbols con-
tained in one MCM symbol in Figure 12. This scatter diagrams
have been obtained as result of an MCM simulation. For the

simulation a channel has been used which might typically

show up in single frequency networks. The echoes of this
15 channel stretched to the limits of the MCM guard interval.

The guard interval was chosen to be 25% of the MCM symbol
duration in this case.

 
20 Figure 13 represents a block diagram for illustrating the

position and the functionality of an echo phase offset cor-
rection device in a MCM receiver. The signal of a MCM trans-

mitter is transmitted through the channel 122 (Figures 1 and
13) and received at the receiver frontend 132 of the MCM re-

25 ceiver. The signal processing between the receiver frontend
and the fast Fourier transformator 140 has been omitted in

Figure 13. The output of the fast Fourier transformator is
applied to the de-mapper, which performs a differential de-
mapping along the frequency axis. The output of the de-

30 mapper are the respective phase shifts for the subcarriers.
The phase offsets of this phase shifts which are caused by
echoes in multipath environments are visualized by a block
400 in Figure 13 which shows an example of a scatter diagram
of the subcarrier symbols without an echo phase offset cor-

35. rection.

 

The output of the de-mapper 142 is applied to the input of
an echo phase offset correction device 402. The echo phase
offset correction device 402 uses an EPOC algorithm in order
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to eliminate echo phase offsets in the output of the de-
mapper 142. The result is shown in block 404 of Figure 13,
i.e. only the encoded phase shifts, 0°, 90°, 180° or 270°
are present at the output of the correction device 402. The

5 output of the correction device 402 forms the signal for the
metric calculation which is performed in order to recover

the bitstream representing the transmitted information.

A first embodiment of an EPOC algorithm and a device for

10 performing same is now described referring to Figure 14.

The first embodiment of an EPOC algorithm starts from the

assumption that every received differentially decoded com-
plex symbol is rotated by an angle due to echoes in the mul-

15  tipath channel. For the subcarriers equal spacing in fre-
quency is assumed since this represents a preferred embodi-
ment. If the subcarriers were not equally spaced in fre-

quency, a correction factor would have to be introduced into
= the —EPOc algorithm.

ms 20

 
Figure 14 shows the correction device 402 (Figure 13) for
performing the first embodiment of an EPOC algorithm. 
From the output of the de-mapper 142 which contains an echo

25 phase offset as shown for example in the left part of Figure
12, the phase shifts related to transmitted information must
first be discarded. To this end, the output of the de-mapper

142 is applied to a discarding unit 500. In case of a DQPSK
mapping, the discarding unit can perform a "(.)*" operation.

30 The unit 500 projects all received symbols into the first
quadrant. Therefore, the phase shifts related to transmitted
information is eliminated from the phase shifts representing

the subcarrier symbols. The same effect could be reached
with a modulo-4 operation.

35

Having eliminated the information related symbol phases in
unit 500, the first approach to obtain an estimation would

be to simply compute the mean value over all symbol phases
of one MCM symbol. However, it is preferred to perform a
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threshold decision before determining the mean value over

all symbol phases of one MCM symbol. Due to Rayleigh fading
some of the received symbols may contribute unreliable in-
formation to the determination of the echo phase offset.

5 Therefore, depending on the absolute value of a symbol, a
threshold decision is performed in order to determine
whether the symbol should contribute to the estimate of the
phase offset or not.

10 Thus, in the embodiment shown in Figure 14, a threshold de-
cision unit 510 is included. Following the unit 500 the ab-
solute value and the argument of a differentially decoded

symbol is computed in respective computing units 512 and
514. Depending on the absolute value of a respective symbol,

15 a control signal is derived. This control signal is compared
with a threshold value in a decision circuit 516. If the ab-

solute value, i.e. the control signal thereof, is smaller
than a certain threshold, the decision circuit 516 replaces

the angle value going into the averaging operation by a
a 20 value equal to zero. To this end, a switch is provided in

order to disconnect the output of the argument computing

unit 514 from the input of the further processing stage and

connects the input of the further processing stage with a
unit 518 providing a constant output of "zero".

 
 

25

An averaging unit 520 is provided in order to calculate a

mean value based on the phase offsets g, determined for the

individual subcarrier symbols of a MCM symbol as follows:

30 @ =1/K>g, (Eq.22)i=l

In the averaging unit 520, summation over K summands is per-
formed. The output of the averaging unit 520 is provided to
a hold unit 522 which holds the output of the averaging unit

35 520 K times. The output of the hold unit 522 is connected —
with a phase rotation unit 524 which performs the correction
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of the phase offsets of the K complex signal points on the
basis of the mean value @.

The phase rotation unit 524 performs the correction of the
5 phase offsets by making use of the following equation:

Vv, =v,:e7 (Eq. 23)

In this equation, v, designates the K phase corrected dif-
10 ferentially decoded symbols for input into the soft-metric

calculation, whereas v, designates the input symbols. As

long as a channel which is quasi stationary during the dura-
tion of one MCM symbols can be assumed, using the mean value
over all subcarriers of one MCM symbol will provide correct

15 results.

A buffer unit 527 may be provided in order to buffer the
complex signal points until the mean value of the phase off-
sets for one MCM symbol is determined. The output of the

20 phase rotation unit 524 is applied to the further processing
stage 526 for performing the soft-metric calculation.

 
hi

 
with respect to the results of the above echo phase offset
correction, reference is made again to Figure 12. The two

25 plots stem from a simulation which included the first em-
bodiment of an echo phase offset correction algorithm de-
scribed above. At the instant of the scatter diagram snap-

shot shown in the left part of Figure 12, the channel obvi-

ously distorted the constellation in such a way, that a sim-
30 ple angle rotation is a valid assumption. As shown in the

right part of Figure 12, the signal constellation can be ro-
tated back to the axis by applying the determined mean value
for the rotation of the differentially detected symbols.

35. A second embodiment of an echo phase offset correction algo-
rithm is described hereinafter. This second embodiment can

be preferably used in connection with multipath channels
that have up to two strong path echoes. The algorithm of the
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second embodiment is more complex than the algorithm of the
first embodiment.

what follows is a mathematical derivation of the second em-

5 ©6©bodiment of a method for echo phase offset correction. The

following assumptions can be made in order to ease the ex-
planation of the second embodiment of an EPOC algorithm.

In this embodiment, the guard interval of the MCM signal is
10 assumed to be at least as long as the impulse response hf[q],

q=0, 1, ..., Qh-1 of the multipath channel.

At the transmitter every MCM symbol is assembled using fre-
quency axis mapping explained above. The symbol of the ref-

15 erence subcarrier equals 1, i.e. 0 degree phase shift. The

optional phase shift PHI equals zero, i.e. the DQPSK signal
constellation is not rotated.

 
 

 
Using an equation this can be expressed as

 
20

a, 7 a,_a;"°

CEq.24)

with

25 k : index k = 1,2,...,K of the active subcar-

rier;

are = ee: complex phase increment symbol; m=0,1,2,3
is the QPSK symbol number which is derived
from Gray encoding pairs of 2 Bits;

30

aQ = 1 : symbol of the reference subcarrier.

At the DFT output of the receiver the decision variables

35 ex = aH, (Eq.25)

are obtained with
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Qn —-1 (28,
H, = Safi]. e (Eq. 26)

i=0

being the DFT of the channel impulse response h[q] at posi-
tion k.

with |ak|? = 1 the differential demodulation yields

Vv, = 6 (eh, = aH,Ay, (Eq.27)

For the receiver an additional phase term 9, is introduced,

which shall be used to correct the systematic phase offset
caused by the channel. Therefore, the final decision vari-
able at the receiver is

‘= ~ ele me ite , IP, .Vv, =v,7¢€ = ay e H,+Ay 4

(Eq. 28)

As can be seen from the Equation 28, the useful information

a‘? is weighted with the product e” -H, -H;., Crotation and
effective transfer function of the channel). This product
must be real-valued for an error free detection. Considering
this, it is best to choose the rotation angle to equal the

*

negative argument of H, -H,_,. To derive the desired algo-

rithm for 2-path channels, the nature of H, - H,., is investi-

gated in the next section.

It is assumed that the 2-path channel exhibits two echoes

with energy content unequal zero, i.e. at least two dominant
echoes. This assumption yields the impulse response

Hq] = c,6.1] + c,501a — Fol (Eq.29)

with
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C15Cp : complex coefficients representing the path
echoes;

Ao : delay of the second path echo with respect
to the first path echo;

5, : Dirac pulse; 6,[k] = 1 for k=0
6,[k] = 0 else

The channel transfer function is obtained by applying a DFT

to Equation 29:

2a 2a

H, = fe P) nates K (Eq. 30)
with Equation 30 the effective transfer function for differ-
ential demodulation along the frequency axis is:

- joi 6 * j=(kaH, -H., = (« + c,e "K *) . [< + cle*
n

=c, +c, cos= q,{2k - 1) CEq.31)

Assuming a noise free 2-path channel, it can be observed
from Equation 31 that the symbols on the receiver side are
located on a straight line in case the symbol 1+j0 has been
send (see above assumption). This straight line can be char-
acterized by a point

wr4
-i+>4o

c, = |e, + lc,|? -e°* (Eq. 32)

and the vector

* ~j=q,
Cc, = 2c,c, -e * (Eq. 33)

which determines its direction.
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with the above assumptions, the following geometric deriva-
tion can be performed. A more suitable notation for the geo-
metric derivation of the second embodiment of an EPOC algo-

rithm is obtained if the real part of the complex plane is

5 designated as x = Re{z}, the imaginary part as y = Im{z},
respectively, i.e. z = x+jy. with this new notation, the
straight line, on which the received symbols will lie in
case of a noise-free two-path channel, is

10 f(x) =atb-x (Eq. 34)

with

Re{c,}a = Im{c,} - 2 . Im{c,} CEq.35)
e{c, }

15

and 
 Im{c,} - Rete) : Im{c,}

b=eSee(Eq. 36)
Relc,} — Tmfc,} - Re{c,} 

20 Additional noise will spread the symbols around the straight
line given by Equations 34 to 36. In this case Equation 36
is the regression curve for the cluster of symbols.

For the geometric derivation of the second embodiment of an

25 EPOC algorithm, the angle gy, from Equation 28 is chosen to

be a function of the square distance of the considered sym-

bol from the origin:

P, = £, (2) (Eq. 37)
30

Equation 37 shows that the complete signal space is dis-
torted (torsion), however, with the distances from the ori-

gin being preserved.
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For the derivation of the algorithm of the second embodi-

ment, £,() has to be determined such that all decision vari-

ables v, (assuming no noise) will come to lie on the real

 
  
 

axis:

5

imfx + 7£(x)) - etl") = 0 (Eq. 38)

Further transformations of Equation 38 lead to a quadratic
equation which has to be solved to obtain the solution for

10 @,.

In case of a two-path channel, the echo phase offset correc-
tion for a given decision variable v, is

15 v, = Vv, ° 2% CEq . 39)

is with

a+ ballv,/ (0 + b?) - 2’ 2~ atan2+bilG+bi)=atfor lv,[° 2 < 5
?, = - abt lv, [°G@ + b?) - a? 1+

Ee 2~ a tan{=) for |v,{ < 2 ,b 1+b

20 (Eq. 40)

From the two possible solutions of the quadratic equation
mentioned above, Equation 40 is the one solution that cannot
cause an additional phase shift of 180 degrees.

25

The two plots in Figure 15 show the projection of the EPOC
algorithm of the second embodiment for one quadrant of the
complex plane. Depicted here is the quadratic grid in the

sector larg(z] < 7/4 and the straight line
30 y = £(x) =a+b-x with a = -1.0 and b = 0.5 (dotted line).

In case of a noise-free channel, all received symbols will

lie on this straight line if 1+j0 was send. The circle shown
in the plots determines the boarder line for the two cases
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of Equation 40. In the left part, Figure 15 shows the situa-

tion before the projection, in the right part, Figure 15

shows the situation after applying the projection algorithm.

By looking on the left part, one can see, that the straight
5 Tine now lies on the real axis with 2+j0 being the fix point

of the projection. Therefore, it can be concluded that the

echo phase offset correction algorithm according to the sec-

ond embodiment fulfills the design goal.

10 Before the second embodiment of an EPOC algorithm can be ap-

plied, the approximation line through the received symbols
has to be determined, i.e. the parameters a and b must be

estimated. For this purpose, it is assumed that the received

symbols lie in sector |aro(z] < «7/4, if 1+jO was sent. If

15 symbols other than 1+j0 have been sent, a modulo operation
can be applied to project all symbols into the desired sec-
tor. Proceeding like this prevents the necessity of deciding

ms on the symbols in an early stage and enables averaging over

5 all signal points of one MCM symbol Cinstead of averaging
a 20 over only *% of all signal points).

 
For the following computation rule for the EPOC algorithm of
the second embodiment, x; is used to denote the real part of

the i-th signal point and y; for its imaginary part, respec-
25 tively (i = 1, 2,..., K). Altogether, K values are available

for the determination. By choosing the method of least

squares, the straight line which has to be determined can be

obtained by minimizing

 

30 (a, b) = arg min y (y, - 6 +b- x,)} CEq.41)

The solution for Equation 41 can be found in the laid open
literature. It is
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> (x, -x)-y,
b=a ey - zd (Eq.42)

> (x, — xy
i=l

with mean values

1< 1<
5 — — Eq.43)= oy 2a = Uv CEq

If necessary, an estimation method with higher robustness

can be applied. However, the trade-off will be a much higher

~ computational complexity.
10

To avoid problems with the range in which the projection is
applicable, the determination of the straight line should be
separated into two parts. First, the cluster's centers of

= gravity are moved onto the axes, following, the signal space
= 15 is distorted. Assuming that a and b are the original parame-
= ters of the straight line and « is the rotation angle, £,(-)

has to be applied with the transformed parameters

 
 

20 (Eq. 44)

Besides the two EPOC algorithms explained above section,

different algorithms can be designed that will, however,
most likely exhibit a higher degree of computational com-

25 plexity.
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[METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

MULTI-CARRIER SYSTEMS]

5 ABSTRACT

A method and an apparatus relate to a fine frequency syn-

chronization compensating for a carrier frequency deviation

from an oscillator frequency in a multi-carrier demodulation

10 system [130] of the type capable of carrying out a differen-
tial phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols [200], each symbol
being defined by phase differences between simultaneous car-

riers [202] having different frequencies. A phase difference

15 between phases of the same carrier [202] in different sym-
bols [200] is determined. Thereafter, a frequency offset is

determined by eliminating phase shift uncertainties [corre-

sponding to codeable phase shifts] related to the transmit-
ted information from the phase difference making use of a M-

tae 20 PSK decision device. Finally, a feedback correction of the
: carrier frequency deviation is performed based on the deter-

mined frequency offset. Alternatively, an averaged frequency
offset can be determined by averaging determined frequency

offsets of a plurality of carriers [202]. Then, the feedback

25 correction of the frequency deviation is performed based on

the averaged frequency offset.
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METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

MULTI-CARRIER DEMODULATION SYSTEMS

FIELD OF THE INVENTION

The present invention relates to methods and apparatus for
10 performing a fine frequency synchronization in multi-carrier

demodulation systems, and in particular to methods and appa-

ratus for performing a fine frequency synchronization com-
ns pensating for a carrier frequency deviation from an oscilla-

tor frequency in a multi-carrier demodulation system of the
15 type capable of carrying out a differential phase decoding

of multi-carrier modulated signals, wherein the signals com-

prise a plurality of symbols, each symbol being defined by
phase differences between simultaneous carriers having dif-
ferent frequencies.

 
20

BACKGROUND OF THE INVENTION 
In a multi carrier transmission system (MCM, OFDM), the ef-

25 fect of a carrier frequency offset is substantially more

considerable than in a single carrier transmission system.
MCM is more sensitive to phase noise and frequency offset

which occurs as amplitude distortion and inter carrier in-
terference (ICI). The inter carrier interference has the ef-

30 fect that the subcarriers are no longer orthogonal in rela-

tion to each other. Frequency offsets occur after power on

or also later due to frequency deviation of the oscillators
used for downconversion into baseband. Typical accuracies

for the frequency of a free running oscillator are about +50

35 ppm of the carrier frequency. with a carrier frequency in
the S-band of 2.34 Ghz, for example, there will be a maximum

local oscillator (LO) frequency deviation of above 100 kHz

(117.25 kHz). The above named effects result in high re-
quirements on the algorithm used for frequency offset cor-

40 rection.
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DESCRIPTION OF PRIOR ART

5 Most prior art algorithms for frequency synchronization di-
vide frequency correction into two stages. In the first

stage, a coarse synchronization is performed. In the second
stage, a fine correction can be achieved. A frequently used
algorithm for coarse synchronization of the carrier fre-

10 quency uses a synchronization symbol which has a special
spectral pattern in the frequency domain. Such a synchroni-
zation symbol is, for example, a CAZAC sequence (CAZAC =
Constant Amplitude Zero Autocorrelation). Through compari-
son, i.e. the correlation, of the power spectrum of the re-

15 ceived signal with that of the transmitted signal, the fre-
quency carrier offset can be coarsely estimated. These prior
art algorithms all work in the frequency domain. Reference
is made, for example, to Ferdinand Cla&en, Heinrich Meyr,
"Synchronization Algorithms for an OFDM System for Mobile

20 Communication", ITG-Fachtagung 130, Codierung fiir Quelle,
Kanal und Ubertragung, pp. 105 - 113, Oct. 26-28, 1994; and
Timothy M. Schmid], Donald Cc. Cox, "“Low-Overhead, Low-
Complexity [Burst] Synchronization for OFDM", in Proceedings
of the IEEE International Conference on Communication ICC

25 1996, pp. 1301-1306 (1996).

 
For the coarse synchronization of the carrier frequency,
Paul H. Moose, "A Technique for Orthogonal Frequency Divi-
sion Multiplexing Frequency Offset Correction", IEEE Trans-

30 action On Communications, Vol. 42, No. 10, October 1994,

suggest increasing the spacing between the subcarriers such
that the subcarrier distance is greater than the maximum

frequency difference between the received and transmitted
carriers. The subcarrier distance is increased by reducing

35 the number of sample values which are transformed by the
Fast Fourier Transform. This corresponds to a reduction of

the number of sampling values which are transformed by the
Fast Fourier Transform.
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wo 9205646 A relates to methods for the reception of or-

thogonal frequency division multiplexed signals comprising
data which are preferably differentially coded in the direc-
tion of the time axis. Phase drift of the demodulated sam-

5 ples from one block to the next is used to indicate the de-
gree of local oscillator frequency error. Phase drift is as-
sessed by multiplying complex values by the complex conju-
gate of an earlier sample demodulated from the same OFDM
carrier and using the resulting measure to steer the local

10 oscillator frequency via a frequency locked loop.

SUMMARY OF THE INVENTION

15 It is an object of the present invention to provide methods
and apparatus for performing a fine frequency synchroniza-
tion which allow a fine frequency synchronization compensat-—

ing for a carrier frequency deviation from an oscillator
frequency in a MCM transmission system which makes use of

20 MCM signals in which information is differential phase en-
coded between simultaneous sub-carriers having different

frequencies.

 
 

In accordance with a first aspect, the present invention

25 provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation sys-
tem of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, the signals

30 comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having
different frequencies, the method comprising the steps of:

determining a phase difference between phases of the same
35 carrier in different symbols;

determining a frequency offset by eliminating phase shift
uncertainties related to the transmitted information from
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the phase difference making use of a M-PSK decision device;
and

performing a feedback correction of the carrier frequency
5 deviation based on the determined frequency offset.

In accordance with a second aspect, the present invention

provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from

10 an oscillator frequency in a multi-carrier demodulation sys-
tem of the type capable of carrying out a differential phase

decoding of multi-carrier modulated signals, the signals
comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having

15 different frequencies, the method comprising the steps of:

determining respective phases of the same carrier in differ-
ent symbols;

 
20 eliminating phase shift uncertainties related to the trans-

mitted information from the phases to determine respective

phase deviations making use of a M-PSK decision device; 
determining a frequency offset by determining a phase dif-

25 ference between the phase deviations; and

performing a feedback correction of said carrier frequency
deviation based on the determined frequency offset.

30 In accordance with a third aspect, the present invention

provides an apparatus for performing a fine frequency syn-
chronization compensating for a carrier frequency deviation
from an oscillator frequency, for a multi-carrier demodula-

tion system of the type capable of carrying out a differen-

35 tial phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:
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means for determining a phase difference between phases of

the same carrier in different symbols;

M-PSK decision device for determining a frequency offset by

5 eliminating phase shift uncertainties related to the trans-

mitted information from the phase difference; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset.

10

In accordance with a fourth aspect, the present invention

provides an apparatus for performing a fine frequency syn-

chronization compensating for a carrier frequency deviation
from an oscillator frequency, for a multi-carrier demodula-

15 tion system of the type capable of carrying out a differen-

tial phase decoding of multi-carrier modulated signals, said

signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:

 
20

means for determining respective phases of the same carrier
in different symbols; 
M-PSK decision device for eliminating phase shift uncertain-

25. ties related to the transmitted information from the phases

to determine respective phase deviations;

means for determining a frequency offset by determining a

phase difference between the phase deviations; and
30

means for performing a feedback correction of the frequency

deviation based on the determined frequency offset.

The present invention relates to methods and apparatus for

35 performing a fine frequency synchronization compensating for

a carrier frequency deviation from an oscillator frequency.

This fine frequency synchronization is preferably performed

after completion of a coarse frequency synchronization, such

that the frequency offsets after the coarse frequency syn-
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chronization are smaller than half the sub-carrier distance

in the MCM signal. Since the frequency offsets which are to

be corrected by the inventive fine frequency synchronization

methods and apparatus, a correction of the frequency offsets

5 by using a phase rotation with differential decoding and de-

mapping in the time axis can be used. The frequency offsets

are detected by determining the frequency differences be-

tween time contiguous sub-carrier symbols along the time

axis. The frequency error is calculated by measuring the ro-

10 tation of the I-Q cartesian coordinates of each sub-carrier

and, in preferred embodiments, averaging them over all n

sub-carriers of a MCM symbol.

Firstly, the phase ambiguity or uncertainty is eliminated by

15 using a M-PSK decision device and correlating the output of

the decision device with the input signal for a respective

sub-carrier symbol. Thus, the phase offset for a sub-carrier

symbol is determined and can be used for restructuring the

frequency error in form of a feed-backward structure. Alter-
20 natively, the phase offsets of the sub-carrier symbols of

one MCM symbol can be averaged over all of the active carri-

ers of a MCM symbol, wherein the averaged phase offset is

used to restructure the frequency error.

 
 

25 In accordance with the present invention, the determination

of the frequency offset is performed in the frequency do-
main. The feedback correction in accordance with the inven-

tive fine frequency synchronization is performed in the time

domain. To this end, a differential decoder in the time do-

30 main is provided in order to detect frequency offsets of

sub-carriers on the basis of the phases of timely successive

sub-carrier symbols of different MCM symbols.

35 BRIEF DESCRIPTION OF THE DRAWINGS

In the following, preferred embodiments of the present in-
vention will be explained in detail on the basis of the

drawings enclosed, in which:
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Figure 1 shows a schematic overview of a MCM transmis-

sion system to which the present application

can be applied;

Figures 2A and 2B show schematic views representing a
scheme for differential mapping in the time

axis and a scheme for differential mapping in

the frequency axis;
10

Figure 3 shows a functional block diagram for performing
a differential mapping in the frequency axis;

Figure 4 shows a representation of time variation of all
15 sub-carriers in MCM symbols;

Figure 5 shows a QPSK-constellation for each sub-carrier
with a frequency offset;

 
20 Figure 6 shows a general block diagram illustrating the

position of the inventive fine frequency syn-
chronization device in a MCM receiver; 

Figure 7 shows a block diagram of the fine frequency er-
25 ror detector shown in Figure 6;

Figure 8 shows a block diagram of a MCM receiver com-
prising a coarse frequency synchronization unit
and a fine frequency synchronization unit;

30

Figure 9 shows a block diagram of a unit for performing
a coarse frequency synchronization;

Figure 10 shows a schematic view of a reference symbol
35 used for performing a coarse frequency synchro-

nization;

Figure 11 shows a schematic view of a typical MCM signal
having a frame structure;
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Figure 12 shows scatter diagrams of the output of an dif-

ferential de-mapper of a MCM receiver for il-

lustrating the effect of an echo phase offset

5 correction;

Figure 13 shows a schematic block diagram for illustrat-

ing the position and the functionality of an

echo phase offset correction unit;
10

Figure 14 shows a schematic block diagram of a preferred
form of an echo phase offset correction device;
and

15 Figure 15 shows schematic views for illustrating a pro-

jection performed by another echo phase offset

correction algorithm. 
20 DETAILED DESCRIPTION OF THE EMBODIMENTS

Before discussing the present invention in detail, the mode

of operation of a MCM transmission system is described re-

ferring to figure 1.

 
25

Referring to Figure 1, at 100 a MCM transmitter is shown

that substantially corresponds to a prior art MCM transmit-
ter. A description of such a MCM transmitter can be found,

for example, in William Y. Zou, Yiyan Wu, "COFDM: AN

30 OVERVIEW", IEEE Transactions on Broadcasting, vol. 41, No.

1, March 1995.

A data source 102 provides a serial bitstream 104 to the MCM

transmitter. The incoming serial bitstream 104 is applied to

35 a bit-carrier mapper 106 which produces a sequence of spec-

tra 108 from the incoming serial bitstream 104. An inverse

fast Fourier transform CIFFT) 110 is performed on the se-

quence of spectra 108 in order to produce a MCM time domain

signal 112. The mcm time domain signal forms the useful MCM
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symbol of the MCM time signal. To avoid intersymbol inter-
ference (ISI) caused by multipath distortion, a unit 114 is

provided for inserting a guard interval of fixed length be-

tween adjacent MCM symbols in time. In accordance with a
5 preferred embodiment of the present invention, the last part

of the useful MCM symbol is used as the guard interval by

placing same in front of the useful symbol. The resulting
MCM symbol is shown at 115 in Figure 1 and corresponds to a
MCM symbol 160 depicted in Figure 11.

10

Figure 11 shows the construction of a typical MCM signal
having a frame structure. One frame of the MCM time signal
is composed of a plurality of MCM symbols 160. Each MCM sym-

bol 160 is formed by an useful symbol 162 and a guard inter-

15 val 164 associated therewith. As shown in Figure 11, each

frame comprises one reference symbol 166. The present inven-

tion can advantageously be used with such a MCM signal, how-
ever, such a signal structure being not necessary for per-
forming the present invention as long as the transmitted

20 signal comprises a useful portion and at least one reference

symbol.

 
 

In order to obtain the final frame structure shown in Figure

11, a unit 116 for adding a reference symbol for each prede-
25 termined number of MCM symbols jis provided.

In accordance with the present invention, the reference sym-

bol is an amplitude modulated bit sequence. Thus, an ampli-

tude modulation of a bit sequence is performed such that the

30 envelope of the amplitude modulated bit sequence defines a

reference pattern of the reference symbol. This reference

pattern defined by the envelope of the amplitude modulated

bit sequence has to be detected when receiving the MCM sig-

nal at a MCM receiver. In a preferred embodiment of the pre-

35 sent invention, a pseudo random bit sequence having good

autocorrelation properties is used as the bit sequence that

is amplitude modulated.
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The choice of length and repetition rate of the reference

symbol depends on the properties of the channel through

which the MCM signal is transmitted, e.g. the coherence time

of the channel. In addition, the repetition rate and the

5 length of the reference symbol, in other words the number of
useful symbols in each frame, depends on the receiver re-

quirements concerning mean time for initial synchronization

and mean time for resynchronization after synchronization
loss due to a channel fade.

10

The resulting MCM signal having the structure shown at 118

in Figure 1 is applied to the transmitter front end 120.
Roughly speaking, at the transmitter front end 120, a digi-

tal/analog conversion and an up-converting of the MCM signal
15 is performed. Thereafter, the MCM signal is transmitted

through a channel 122. 
Following, the mode of operation of a MCM receiver 130 is
shortly described referring to Figure 1. The MCM signal is

20 received at the receiver front end 132. In the receiver

front end 132, the mcm signal is down-converted and, fur-

thermore, an analog/digital conversion of the down-converted

= signal is performed.

“yeaThe

ye

 
gy 

25 The down-converted MCM signal is provided to a_ symbol

frame/carrier frequency synchronization unit 134.

A first object of the symbol frame/carrier frequency syn-
chronization unit 134 is to perform a frame synchronization

30 on the basis of the amplitude-modulated reference symbol.

This frame synchronization is performed on the basis of a

correlation between the amplitude-demodulated reference sym-

bol and a predetermined reference pattern stored in the MCM
receiver.

35

A second object of the symbol frame/carrier frequency syn-

chronization unit is to perform a coarse frequency synchro-

nization of the mcM signal. To this end, the symbol

frame/carrier frequency synchronization unit 134 serves as a
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coarse frequency synchronization unit for determining a
coarse frequency offset of the carrier frequence caused, for

example, by a difference of the frequencies between the lo-
cal oscillator of the transmitter and the local oscillator

5S of the receiver. The determined frequency is used in order

to perform a coarse frequency correction. The mode of opera-
tion of the coarse frequency synchronization unit is de-

scribed in detail referring to Figures 9 and 10 hereinafter.

10 As described above, the frame synchronization unit 134 de-

termines the location of the reference symbol in the MCM

symbol. Based on the determination of the frame synchroniza-
tion unit 134, a reference symbol extracting unit 136 ex-

tracts the framing information, i.e. the reference symbol,
15 from the MCM symbol coming from the receiver front end 132.

After the extraction of the reference symbol, the MCM signal

is applied to a guard interval removal unit 138. The result

of the signal processing performed hereherto in the MCM re-
ceiver are the useful MCM symbols.

20

The useful MCM symbols output from the guard interval re-

moval unit 138 are provided to a fast Fourier transform unit

140 in order to provide a sequence of spectra from the use-

ful symbols. Thereafter, the sequence of spectra is provided
25 to a carrier-bit mapper 142 in which the serial bitstream is

recovered. This serial bitstream is provided to a data sink
144.

 
Next, referring to Figures 2A and 2B, two modes for differ-

30 ential mapping are described. In Figure 2A, a first method
of differential mapping along the time axis is shown. As can

be seen from Figure 2A, a MCM symbol consists of K_ sub-

carriers. The sub-carriers comprise different frequencies

and are, in a preferred embodiment, equally spaced in the

35 frequency axis direction. when using differential mapping

along the time axis, one or more bits are encoded into phase
and/or amplitude shifts between two sub-carriers of the same

center frequency in adjacent MCM symbols. The arrows de-

picted between the sub-carrier symbols correspond to infor-
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mation encoded in amplitude and/or phase shifts between two

sub-carrier symbols.

A second method of differential mapping is shown in Figure

5 2B. The present invention is adapted for MCM transmission

system using the mapping scheme shown in Figure 2B. This

mapping scheme is based on a differential mapping inside one

MCM symbol along the frequency axis. A number of MCM symbols

200 is shown in Figure 2B. Each MCM symbol 200 comprises a

10 number of sub-carrier symbols 202. The arrows 204 in Figure
2B illustrate information encoded between two sub-carrier

symbols 202. As can be seen from the arrows 204, this map-

ping scheme is based on a differential mapping within one

McM symbol along the frequency axis direction.
15

In the embodiment shown in Figure 2B, the first sub-carrier

(k=0) in an MCM symbol 200 is used as a reference sub-

carrier 206 (shaded) such that information is encoded be-

tween the reference sub-carrier and the first active carrier

20 208. The other information of a MCM symbol 200 is encoded

between active carriers, respectively.

 
 Thus, for every MCM symbol an absolute phase reference ex-

ists. In accordance with Figure 2B, this absolute phase ref-

25 erence is supplied by a reference symbol inserted into every

MCM symbol (k=0). The reference symbol can either have a

constant phase for all MCM symbols or a phase that varies

from MCM symbol to MCM symbol. A varying phase can be ob-

tained by replicating the phase from the last subcarrier of

30 the MCM symbol preceding in time.

In Figure 3 a preferred embodiment of a device for perform-

ing a differential mapping along the frequency axis is

shown. Referring to Figure 3, assembly of MCM symbols in the

35 frequency domain using differential mapping along the fre-

quency axis according to the present invention is described.

Figure 3 shows the assembly of one MCM symbol with the fol-

lowing parameters:

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 107



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 108

- 13 -

NFFT designates the number of complex coefficients of the

discrete Fourier transform, number of subcarriers re-

spectively.

K designates the number of active carriers. The refer-
ence carrier is not included in the count for K.

According to Figure 3, a quadrature phase shift keying
10 (QPSK) is used for mapping the bitstream onto the complex

symbols. However, other M-ary mapping schemes (MPSK) like 2-

PSK, 8-PSK, 16-QAM, 16-APSK, 64-APSK etc. are possible.

Furthermore, for ease of filtering and minimization of

15 aliasing effects some subcarriers are not used for encoding

information in the device shown in Figure 3. These subcarri-

ers, which are set to zero, constitute the so-called guard

bands on the upper and lower edges of the MCM signal spec-
trum.

20

At the input of the mapping device shown in Figure 3, com-

plex signal pairs bO[k], b1[k] of an input bitstream are re-

ceived. K complex signal pairs are assembled in order to

form one MCM symbol. The signal pairs are encoded into the K

25 differential phase shifts phi[k] needed for assembly of one

McCM symbol. In this embodiment, mapping from Bits to the 0,

90, 180 and 270 degrees phase shifts is performed using Gray

Mapping in a quadrature phase shift keying device 220.

 
30 Gray mapping is used to prevent that differential detection

phase errors smaller than 135 degrees cause double bit er-
rors at the receiver.

Differential phase encoding of the K phases is performed in

35 a differential phase encoder 222. At this stage of process-
ing, the K phases phi[k] generated by the QPSK Gray mapper

are differentially encoded. In principal, a feedback loop

224 calculates a cumulative sum over all K phases. As start-

ing point for the first computation (k = 0) the phase of the
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reference carrier 226 is used. A switch 228 is provided in

order to provide either the absolute phase of the reference

subcarrier 226 or the phase information encoded onto the

preceding (i.e. z*, where z* denotes the unit delay opera-

5 tor) subcarrier to a summing point 230. At the output of the

differential phase encoder 222, the phase information

theta[k] with which the respective subcarriers are to be en-

coded is provided. In preferred embodiments of the present

invention, the subcarriers of a MCM symbol are equally

10 spaced in the frequency axis direction.

The output of the differential phase encoder 222 is con-

nected to a unit 232 for generating complex subcarrier sym-

bols using the phase information theta[k]. To this end, the

15 K differentially encoded phases are converted to complex

symbols by multiplication with

factor * qi*[2*pis(thetalk]+PHT)] (Eq.1)

20 wherein factor designates a scale factor and PHI designates

an additional angle. The scale factor and the additional an-

gle PHI are optional. By choosing PHI = 45° a rotated DQPSK

signal constellation can be obtained.

 
25 Finally, assembly of a MCM symbol is effected in an assem-

bling unit 234. One MCM symbol comprising N,,, subcarriers is
assembled from N,,,-K-1 guard band symbols which are "zero",

one reference subcarrier symbol and K DQPSK subcarrier sym-

bols. Thus, the assembled MCM symbol 200 is composed of K

30 complex values containing the encoded information, two guard

bands at both sides of the N,,, complex values and a refer-

ence subcarrier symbol.

The MCM symbol has been assembled in the frequency domain.
35 For transformation into the time domain an inverse discrete

Fourier transform (CIDFT) of the output of the assembling
unit 234 is performed by a transformator 236. In preferred

embodiments of the present invention, the transformator 236

is adapted to perform a fast Fourier transform (FFT).
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Further processing of the MCM signal in the transmitter as

well as in the receiver is as described above referring to

Figure 1.

At the receiver a de-mapping device 142 (Figure 1) is needed

to reverse the operations of the mapping device described

above referring to Figure 3. The implementation of the de-

mapping device is straightforward and, therefore, need not
10 be described herein in detail.

The differential mapping along the frequency axis direction

is suitable for multi-carrier (COFCM) digital broadcasting

over rapidly changing multi path channels. In accordance

15 with this mapping scheme, there is no need for a channel

stationarity exceeding one multi-carrier symbol. However,

differential mapping into frequency axis direction may cre-

ate a new problem. In multi path environments, path echoes

succeeding or preceding the main path can lead to systematic

20 phase offsets between sub-carriers in the same MCM symbol.

Thus, it will be preferred to provide a correction unit in

order to eliminate such phase offsets. Because the channel

induced phase offsets between differential demodulated sym-

bols are systematic errors, they can be corrected by an al-

25 gorithm. In principle, such an algorithm must calculate the

echo induced phase offset from the signal space constella-

tion following the differential demodulation and_subse-

quently correct this phase offset.

 
 

30 Examples for such echo phase correction algorithms are de-

scribed at the end of this specification referring to Fig-
ures 12 to 15.

Next, the fine frequency synchronization in accordance with

35 the present invention will be described referring to Figures
4 to 8. AS mentioned above, the fine frequency synchroniza-

tion in accordance with the present invention is performed

after completion of the coarse frequency synchronization.

Preferred embodiments of the coarse frequency synchroniza-
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tion which can be performed by the symbol frame/carrier fre-

quency synchronization unit 134 are described hereinafter

referring to Figures 9 and 10 after having described the

fine frequency synchronization in accordance with the pres-

5 ent invention.

with the fine frequency synchronization in accordance with

the present invention frequency offsets which are smaller
than half the sub-carrier distance can be corrected. Since

10 the frequency offsets are low and equal for all sub-carriers

the problem of fine frequency synchronization is reduced to

sub-carrier level. Figure 4 is a schematical view of MCM

symbols 200 in the time-frequency plane. Each MCM symbol 200

consists of 432 sub-carrier symbols C, to C,3;,. The MCM sym-

15 bols are arranged along the time axis, the first MCM symbol

200 shown in Figure 4 having associated therewith a time T,,

the next MCM symbol having associated therewith a time T,

and so on. In accordance with a preferred embodiment of the

present invention, the fine frequency synchronization is

20 based on a phase rotation which is derived from the same

sub-carrier of two MCM symbols which are adjacent in the

time axis direction, for example C,/T, and C,/T,.

 
 

In the following, the present invention is described refer-

25 ring to QPSK mapping (QPSK = Quadrature Phase Shift Keying).

However, it is obvious that the present invention can be ap-

plied to any MPSK mapping, wherein M designates the number

of phase states used for encoding, for example 2, 4, 8, 16

30

Figure 5 represents a complex coordinate system showing a

QPSK constellation for each sub-carrier with frequency off-

set. The four possible phase positions of a first MCM sym-

bol, MCM~symbol-1 are shown at 300. Changing from the sub-

35 carrier Csub-carrier n) of this MCM symbol to the same sub-

carrier of the next MCM symbol, MCM-symbol-2, the position

in the QPSK constellation will be unchanged in case there is

no frequency offset. If a frequency offset is present, which

is smaller than half the distance between sub-carriers, as

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 111



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 112

-17 -

mentioned above, this frequency offset causes a phase rota-

tion of the QPSK constellation of MCM-symbol-2 compared with

MCM-symbol-1. The new QPSK constellation, that is the four

possible phase positions for the subject sub-carrier of MCM-

5 symbol-2 are shown at 302 in Figure 5. This phase rotation 6

can be derived from the following equation:

Ca(KTyey) = eer((K — Wye)

O = 2mopeluc (Eq. 2)
10

c, designates the QPSK constellation of a sub-carrier nina

MCM symbol. n is an index running from 1 to the number of

active sub-carriers in the MCM symbol. Information regarding

the frequency offset is contained in the term eset of

15 equation 2. This frequency offset is identical for all sub-
carriers. Therefore, the phase rotation 9 is identical for

all sub-carriers as well. Thus, averaging overall sub-

carrier of a MCM symbol can be performed.

20 Figure 6 shows a block diagram of a MCM receiver in which
the present invention is implemented. An analog/digital con-

verter 310 is provided in order to perform an analog/digital

conversion of a down-converted signal received at the re-

ceiver front end 132 (Figure 1). The output of the ana-

25 log/digital converter 310 is applied to a low path filter
and decimator unit 312. The low path filter is an impulse

forming filter which is identical to an impulse forming fil-

ter in the MCM transmitter. In the decimator, the signal is

sampled at the MCM symbol frequency. As described above re-

30 ferring to Figure 1, guard intervals in the MCM signal are

removed by a guard interval removal unit 132. Guard inter-

vals are inserted between two MCM symbols in the MCM trans-

mitter in order to avoid intersymbol interference caused by

channel memory.

 

35

The output of the guard interval removal unit 132 is applied

to a MCM demodulator 314 which corresponds to the fast Fou-

rier transformator 140 shown in Figure 1. Following the MCM
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demodulator 314 a differential decoding unit 316 and a de-

mapping unit 318 are provided. In the differential decoding
unit 316, phase information is recovered using differential

decoding. In the demapping unit 318, demapping along the

5 frequency axis direction is performed in order to recon-

struct a binary signal from the complex signal input into

the demapping unit 318.

The output of the mMcM demodulator 314 is also applied to

10 fine frequency error detector 320. The fine frequency error

detector 320 produces an frequency error signal from the

output of the MCM demodulator. In the depicted embodiment,

the output of the fine frequency error detector 320 is ap-

plied to a numerical controlled oscillator 322 via a loop
15 filter 324. The loop filter 324 is a low pass filter for

filtering superimposed interference portions of a higher

frequency from the slowly varying error signal. The numeri-
cal controlled oscillator 322 produces a carrier signal on

the basis of the filtered error signal. The carrier signal

20 produced by the numerical controlled oscillator 322 is used
for a frequency correction which is performed by making use

of a complex multiplier 326. The inputs to the complex mul-

tiplier 326 are the output of the low pass filter and deci-
mator unit 312 and the output of the numerical controlled

25 oscillator 322.

 
 

A description of a preferred embodiment of the fine fre-
quency error detector 320 is given hereinafter referring to

Figure 7.

30

The fine frequency error detector 320 comprises a differen-

tial detector in the time axis 330. The output of the MCM

demodulator 314, i.e. the FFT output (FFT = Fast Fourier

Transform) is applied to the input of the differential de-

35 tector 330 which performs a differential detection in the

time axis in order to derive information on a frequency off-

set from the same sub-carrier of two subsequently arriving

MCM symbols. In the embodiment shown in Figure 7, the number

of active sub-carriers is 432. Thus, the differential detec-
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tor 330 performs a correlation between the first and the

433rd sample. The first sample is associated with MCM-

symbol-1 (Figure 5), whereas the 433rd sample is associated

with MCM-symbol-2 (Figure 5). However, both these samples
5 are associated with the same sub-carrier.

To this end, the input signal yY, is applied to a z?-block
332 and thereafter to a unit 334 in order to form the com-

plex conjugate of the output of the z‘-block 332. A complex
10 multiplier 336 is provided in order to multiply the output

of the unit 334 by the input signal y,. The output of the

multiplier 336 is a signal Z,.

The function of the differential detector 330 can be ex-

15 pressed as follows: LZ, = Yea Me (Eq. 3)

Y=[¥,%...¥,--.| (Eq. 4)
20

¥=[C,/7,,C, / Ty-sCygo /T,C, /T...| (Eq. 5) 
Y, designates the output of the MCM modulator 314, i.e. the
input to the differential detector 330, at a time k. Z, des-

25 ignates the output of the differential detector 330. K des-
ignates the number of active carriers.

The output Z, of the differential detector 330 contains a M-

fold uncertainty corresponding to codeable phase shifts. In

30 case of the QPSK this M-fold uncertainty is a 4-fold uncer-

tainty, i.e. 0°, 90°, 180° and 270°. This phase shift uncer-

tainty is eliminated from Z, making use of a M-PSK decision
device 340. Such decision devices are known in the art and,

therefore, have not to be described here in detail. The out-

35. put of the decision device 340 (@,)° represents the complex

conjugate of the codeable phase shift decided by the deci-
sion device 340. This output of the decision device 340 is
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correlated with the output of the differential detector 330

by performing a complex multiplication using a multiplier
342.

5 The output the multiplier 342 represents the phase offset

for the respective sub-carriers. This phase offsets for the

respective sub-carriers are averaged over one MCM symbol in

an averaging unit 344 in accordance with a preferred embodi-

ment of the present invention. The output of the averaging

10 units 344 represent the output of the fine frequency error

detector 320.

The mathematical description for this procedure is as fol-
lows:

15

1 ei -
f, = —arg, Z, - Eq.6offset 2KTyon {8 n (2, ( q )

In accordance with preferred embodiments of the present in-

vention, the frequency control loop has a backward struc-

20 ture. In the embodiment shown in Figure 6, the feedback loop

is connected between the output of the mMcM demodulator 314

and the input of the guard interval removal unit 132.

 
In Figure 8, a block diagram of a MCM receiver comprising a

25 coarse frequency correction unit 350 and a fine frequency
correction unit as described above is shown. As shown in

Figure 8, a common complex multiplier 326 can be used in or-

der to perform the coarse frequency correction and the fine

frequency correction. As shown in Figure 8, the multiplier

30 326 can be provided preceding the low pass filter and deci-
mator unit 312. Depending on the position of the multiplier

326, a hold unit has to be provided in the fine frequency

synchronization feedback loop. In an alternative embodiment,

it is possible to use two separate multipliers for the

35 coarse frequency correction and for the fine frequency cor-

rection. In such a case, the multiplier for the coarse fre-

quency correction will be arranged preceding the low path
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filter and decimator unit, whereas the multiplier for the

fine frequency correction will be arranged following the low
path filter and decimator unit.

5 Following, preferred embodiments for implementing a coarse
frequency synchronization will be described referring to
Figures 9 and 10.

As it is shown in Figure 9, the output of the receiver front

10 end 132 is connected to an analog/digital converter 310. The

down-converted MCM signal is sampled at the output of the

analog/digital converter 310 and is applied to a

frame/timing synchronization unit 360. In a preferred em-

bodiment, a fast running automatic gain control (AGC) (not

15 shown) is provided preceding the frame/timing synchroniza-
tion unit in order to eliminate fast channel fluctuations.

The fast AGC is used in addition to the normally slow AGC in

the signal path, in the case of transmission over a mul-

tipath channel with long channel impulse response and fre-

20 quency selective fading. The fast AGC adjusts the average

amplitude range of the signal to the known average amplitude

of the reference symbol.

 
 

As described above, the frame/timing synchronization unit

25 uses the amplitude-modulated sequence in the received signal

in order to extract the framing information from the MCM

signal and further to remove the guard intervals therefrom.

After the frame/timing synchronization unit 360 it follows a

coarse frequency synchronization unit 362 which estimates a

30 coarse frequency offset based on the amplitude-modulated se-

quence of the reference symbol of the MCM signal. In the
coarse frequency synchronization unit 362, a frequency off-

set of the carrier frequency with respect to the oscillator

frequency in the MCM receiver is determined in oder to per-

35 form a frequency offset correction in a block 364. This fre-

quency offset correction in block 364 is performed by a com-
plex multiplication.
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The output of the frequency offset correction block 364 jis

applied to the MCM demodulator 366 formed by the Fast Fou-

rier Transformator 140 and the carrier-bit mapper 142 shown

in Figure 1.

In order to perform the coarse frequency synchronization de-

scribed herein, an amplitude-demodulation has to be per-

formed on a preprocessed MCM signal. The preprocessing may

be, for example, the down-conversion and the analog/digital

10 conversion of the MCM signal. The result of the amplitude-

demodulation of the preprocessed MCM signal is an envelope

representing the amplitude of the MCM signal.

For the amplitude demodulation a simple alpha,,,, beta,.,.

15 method can be used. This method is described for example in

Palacherla A.: DSP-yP Routine Computes Magnitude, EDN, Octo-

ber 26, 1989; and Adams, W. T., and Bradley, J.: Magnitude

Approximations for Microprocessor Implementation, IEEE Mi-

cro, Vol. 3, No. 5, October 1983.

20

It is clear that amplitude determining methods different

from the described alpha,,,, beta,;,. method can be used. For

simplification, it is possible to reduce the amplitude cal-
culation to a detection as to whether the current amplitude

25 is above or below the average amplitude. The output signal

then consists of a -1/+1 sequence which can be used to de-

termine a coarse frequency offset by performing a correla-

tion. This correlation can easily be performed using a sim-

ple integrated circuit (Ic).

 
30

In addition, an oversampling of the signal received at the

RF front end can be performed. For example, the received

signal can be expressed with two times oversampling.

35 In accordance with a first embodiment, a carrier frequency

offset of the MCM signal from an oscillator frequency in the
MCM receiver is determined by correlating the envelope ob-

tained by performing the amplitude-demodulation as described

above with a predetermined reference pattern.
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In case there is no frequency offset, the received reference

symbol r(Ck) will be:

5 rc(k) = SyCk) + nCk) (Eq.7)

wherein n(k) designates “additive Gaussian noise" and S,, de-

notes the AM sequence which has been sent. In order to sim-

plify the calculation the additive Gaussian noise can be ne-

10 glected. It follows:

r(k) = Syy(k) CEq. 8)

In case a constant frequency offset Af is present, the re-

15 ceived signal will be:

F(k) = Sy(k)-e?wor (Eq.9)

Information regarding the frequency offset is derived from

20 the correlation of the received signal 7(k) with the AM se-

quence S,, which is known in the receiver:
 

£2

Fk) Shay) = |SareeH (Eq. 10)
k=1

Mein
=~ Wi a

25

Thus, the frequency offset is:

1Af =5Dat8 SH)Siy(k)|-oat South (Eq.11)
30 Since the argument of |{S,,(k)|* is zero the frequency offset

is:
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z£

Af = arg SF(k) Sy CEq.12)

In accordance with a second embodiment of the coarse fre-

quency synchronization algorithm, a reference symbol com-

5 prising at least two identical sequences 370 as shown in

Figure 10 is used. Figure 10 shows the reference symbol of a

MCM signal having two identical sequences 370 of a length of

L/2 each. L designates the number of values of the two se-

quences 370 of the reference symbol.
10

As shown in Figure 10, within the amplitude-modulated se-

quence, there are at least two identical sections devoted to

the coarse frequency synchronization. Two such sections,

each containing L/2 samples, are shown at the end of the am-

15 plitude-modulated sequence in Figure 10. The amplitude-

rs modulated sequence contains a large number of samples. For a
= non-ambiguous observation of the phase, only enough samples
- to contain a phase rotation of 2x should be used. This num-

ber is defined as L/2 in Figure 10.

 
 

 20

= Following, a mathematical derivation of the determination of

a carrier frequency deviation is presented. In accordance

with Figure 10, the following equation applies for the two

identical sequences 370:

25

fo<k<4)af4 ces] CEq.13)

If no frequency offset is present, the following equation 14

will be met by the received signal:
30

(e+4} eri) O<ks (Eq.14)
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r(k) designates the values of the identical sequences. k is

an index from one to L/2 for the respective samples.

If there is a frequency offset of, for example, Af, the re-

ceived signal is:

F(k) = r(k)- e?uae (Eq.15)

, L
jaga4) Tyerk+S=rth)-e (Eq .16)

rC(k) designates sample values of the received portion which
are based on the identical sequences. Information regarding

the frequency offset is derived from the correlation of the

received signal *(k +21/2) with the received signal #(k).

This correlation is given by the following equation:

Mis
L

2 _roearle(+2)r@=- Tholeal (Eq.17)k=l>
u_

wk

= designates the complex conjugate of the sample values of
the portion mentioned above.

Thus, the frequency offset is

Af

L i
1 2. L a 1 oy ye, \2=arg y i{« + 5) /r (k) ST arg Qu \A(k)= 2

2m 3 Tce kat 2a 3 Pvscn
CEq.18)

2

Since the argument of [zk] equals zero, the frequency offset
becomes
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> Bh
ll age arg x if + 4 - E(k) (CEq.19)

2n — T kel
2 MCM

Thus, it is clear that in both embodiments, described above,

the frequency position of the maximum of the resulting out-
5 put of the correlation determines the estimated value of the

offset carrier. Furthermore, as it is also shown in Figure

9, the correction is performed in a feed forward structure.

In case of a channel with strong reflections, for example

10 due to a high building density, the correlations described

above might be insufficient for obtaining a suitable coarse
frequency synchronization. Therefore, in accordance with a
third embodiment of the present invention, corresponding

values of the two portions which are correlated in accor-

15 dance with a second embodiment, can be weighting with corre-

7 sponding values of stored predetermined reference patterns

corresponding to said two identical sequences of the refer-
ence symbol. This weighting can maximize the probability of
correctly determining the frequency offset. The mathematical

20 description of this weighting is as follows:

=) . #(0)| . sacst( + 2)|
CEq.20)

 
 

Af
tl

w BK Q MPs reteoNPaw +

25 Ss designates the amplitude-modulated sequence which is

known in the receiver, and s*, designates the complex conju-

gate thereof.

If the above correlations are calculated in the frequency

30 domain, the amount of

Mer Ee + =) (| [Sav O08 [x + 2)] (Eq. 21)2xk 1
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is used rather than the argument. This amount is maximized
as a function of a frequency correction. The position of the

maximum determines the estimation of the frequency devia-

§ tion. As mentioned above, the correction is performed in a
feed forward structure.

Preferred embodiments for performing an echo phase offset

correction when using a differential mapping in the fre-

10 quency axis will be described hereinafter referring to Fig-
ures 12 to 15.

Systematic phase shifts stemming from echoes in multipath

environments may occur between subcarriers in the same MCM

15 symbol. This phase offsets can cause bit errors when demodu-

lating the MCM symbol at the receiver. Thus, it is preferred

to make use of an algorithm to correct the systematic phase

shifts stemming from echoes in multipath environments.

 
20 In Figure 12, scatter diagrams at the output of a differen-

tial demapper of a MCM receiver are shown. As can be seen

from the left part of Figure 12, systematic phase shifts be-

tween subcarriers in the same MCM symbol cause a rotation of

the demodulated phase shifts with respect to the axis of the

25 complex coordinate system. In the right part of Figure 12,
the demodulated phase shifts after having performed an echo

phase offset correction are depicted. Now, the positions of

the signal points are substantially on the axis of the com-

plex coordinate system. These positions correspond to the

30 modulated phase shifts of 0°, 90°, 180° and 270°, respec-
tively.

 

An echo phase offset correction algorithm (EPOC algorithm)
must calculate the echo induced phase offset from the signal

35 space constellation following the differential demodulation

and subsequently correct this phase offset.

For illustration purposes, one may think of the simplest al-
gorithm possible which eliminates the symbol phase before
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computing the mean of all phases of the subcarriers. To il-

lustrate the effect of such an EPOC algorithm, reference is

made to the two scatter diagrams of subcarriers symbols con-

tained in one MCM symbol in Figure 12. This scatter diagrams
5 have been obtained as result of an MCM simulation. For the

simulation a channel has been used which might typically
show up in single frequency networks. The echoes of this

channel stretched to the limits of the MCM guard interval.

The guard interval was chosen to be 25% of the MCM symbol
10 duration in this case.

Figure 13 represents a block diagram for illustrating the

position and the functionality of an echo phase offset cor-

15 rection device in a MCM receiver. The signal of a MCM trans-

mitter is transmitted through the channel 122 (Figures 1 and
13) and received at the receiver frontend 132 of the MCM re-

ceiver. The signal processing between the receiver frontend
and the fast Fourier transformator 140 has been omitted in

20 Figure 13. The output of the fast Fourier transformator is

applied to the de-mapper, which performs a differential de-

mapping along the frequency axis. The output of the de-

mapper are the respective phase shifts for the subcarriers.

The phase offsets of this phase shifts which are caused by

25 echoes in multipath environments are visualized by a block

400 in Figure 13 which shows an example of a scatter diagram

of the subcarrier symbols without an echo phase offset cor-
rection,

 
30 The output of the de-mapper 142 is applied to the input of

an echo phase offset correction device 402. The echo phase

offset correction device 402 uses an EPOC algorithm in order
to eliminate echo phase offsets in the output of the de-

mapper 142. The result is shown in block 404 of Figure 13,

35 i.e. only the encoded phase shifts, 0°, 90°, 180° or 270°
are present at the output of the correction device 402. The

output of the correction device 402 forms the signal for the
metric calculation which is performed in order to recover

the bitstream representing the transmitted information.
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A first embodiment of an EPOC algorithm and a device for

performing same is now described referring to Figure 14.

5 The first embodiment of an EPOC algorithm starts from the
assumption that every received differentially decoded com-

plex symbol is rotated by an angle due to echoes in the mul-

tipath channel. For the subcarriers equal spacing in fre-
quency is assumed since this represents a preferred embodi-

10 ment. If the subcarriers were not equally spaced in fre-

quency, a correction factor would have to be introduced into

the EPOc algorithm.

Figure 14 shows the correction device 402 (Figure 13) for

15 performing the first embodiment of an EPOC algorithm.

From the output of the de-mapper 142 which contains an echo

phase offset as shown for example in the left part of Figure
12, the phase shifts related to transmitted information must

20 first be discarded. To this end, the output of the de-mapper

142 is applied to a discarding unit 500. In case of a DQPSK

mapping, the discarding unit can perform a "(.)*" operation.
The unit 500 projects all received symbols into the first

quadrant. Therefore, the phase shifts related to transmitted

25 information is eliminated from the phase shifts representing
the subcarrier symbols. The same effect could be reached

with a modulo-4 operation.

 
Having eliminated the information related symbol phases in

30 unit 500, the first approach to obtain an estimation would

be to simply compute the mean value over all symbol phases

of one MCM symbol. However, it is preferred to perform a
threshold decision before determining the mean value over

all symbol phases of one MCM symbol. Due to Rayleigh fading
35 some of the received symbols may contribute unreliable in-

formation to the determination of the echo phase offset.
Therefore, depending on the absolute value of a symbol, a
threshold decision is performed in order to determine
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whether the symbol should contribute to the estimate of the

phase offset or not.

Thus, in the embodiment shown in Figure 14, a threshold de-

5 cision unit 510 is included. Following the unit 500 the ab-

solute value and the argument of a differentially decoded

symbol is computed in respective computing units 512 and
514. Depending on the absolute value of a respective symbol,

a control signal is derived. This control signal is compared
10 with a threshold value in a decision circuit 516. If the ab-

solute value, i.e. the control signal thereof, is smaller

than a certain threshold, the decision circuit 516 replaces
the angle value going into the averaging operation by a

value equal to zero. To this end, a switch is provided in

15 order to disconnect the output of the argument computing

unit 514 from the input of the further processing stage and

connects the input of the further processing stage with a
unit 518 providing a constant output of "zero".

 
20 An averaging unit 520 is provided in order to calculate a

mean value based on the phase offsets g, determined for the

individual subcarrier symbols of a MCM symbol as follows: 
K

P =1/K>@, (Eq. 22)
isl

25

In the averaging unit 520, summation over K summands is per-

formed. The output of the averaging unit 520 is provided to

a hold unit 522 which holds the output of the averaging unit
520 K times. The output of the hold unit 522 is connected

30 with a phase rotation unit 524 which performs the correction

of the phase offsets of the K complex signal points on the

basis of the mean value @.

The phase rotation unit 524 performs the correction of the

35. phase offsets by making use of the following equation:

Vv; =v, -e?? (Eq. 23)
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In this equation, v, designates the K phase corrected dif-

ferentially decoded symbols for input into the soft-metric

calculation, whereas v, designates the input symbols. As

5 long as a channel which is quasi stationary during the dura-

tion of one MCM symbols can be assumed, using the mean value

over all subcarriers of one MCM symbol will provide correct
results.

10 A buffer unit 527 may be provided in order to buffer the

complex signal points until the mean value of the phase off-

sets for one MCM symbol is determined. The output of the

phase rotation unit 524 is applied to the further processing

stage 526 for performing the soft-metric calculation.
15

with respect to the results of the above echo phase offset

correction, reference is made again to Figure 12. The two

plots stem from a simulation which included the first em-

bodiment of an echo phase offset correction algorithm de-

20 scribed above. At the instant of the scatter diagram snap-

shot shown in the left part of Figure 12, the channel obvi-

ously distorted the constellation in such a way, that a sim-

ple angle rotation is a valid assumption. As shown in the

right part of Figure 12, the signal constellation can be ro-

25 tated back to the axis by applying the determined mean value

for the rotation of the differentially detected symbols.

 
A second embodiment of an echo phase offset correction algo-
rithm is described hereinafter. This second embodiment can

30 be preferably used in connection with multipath channels

that have up to two strong path echoes. The algorithm of the
second embodiment is more complex than the algorithm of the
first embodiment.

35 what follows is a mathematical derivation of the second em-

bodiment of a method for echo phase offset correction. The

following assumptions can be made in order to ease the ex-

planation of the second embodiment of an EPOC algorithm.
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In this embodiment, the guard interval of the MCM signal is

assumed to be at least as long as the impulse response h{q],

q=0, 1, ..., Qh-1 of the multipath channel.

At the transmitter every MCM symbol is assembled using fre-

quency axis mapping explained above. The symbol of the ref-
erence subcarrier equals 1, i.e. O degree phase shift. The

optional phase shift PHI equals zero, i.e. the DQPSK signal
constellation is not rotated.

Using an equation this can be expressed as

a, = a,14,

CEq.24)

with

k : index k = 1,2,...,K of the active subcar-

rier;

aye = eo”; complex phase increment symbol; m=0,1,2,3
is the QPSK symbol number which is derived

from Gray encoding pairs of 2 Bits;

aO = 1 : symbol of the reference subcarrier.

At the DFT output of the receiver the decision variables

e, = aH, (Eq.25)

are obtained with

Qa 37% xs
H, = >, hli]-e* (Eq.26)

isd

being the DFT of the channel impulse response h[q] at posi-
tion k.
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with |ak|? = 1 the differential demodulation yields

V, = @& ° Cry = @°H,A (Eq .27)

5 For the receiver an additional phase term g, is introduced,

which shall be used to correct the systematic phase offset

caused by the channel. Therefore, the final decision vari-
able at the receiver is

10 vi =vk

CEq.28)

. IP, inc GPu .nce = a, e A, :-H

As can be seen from the Equation 28, the useful information

ai" is weighted with the product e” -H,-H;, Crotation and

15 effective transfer function of the channel). This product

must be real-valued for an error free detection. Considering

x this, it is best to choose the rotation angle to equal the

k 
*

negative argument of H, -H),. To derive the desired algo-

rithm for 2-path channels, the nature of H, - Hi, is investi-

20 gated in the next section. 
It is assumed that the 2-path channel exhibits two echoes

with energy content unequal zero, i.e. at least two dominant
echoes. This assumption yields the impulse response

25

alg] = ¢,6,[@] + ¢,6,la - a] CEq.29)

with

C1,C> : complex coefficients representing the path
30 echoes;

do : delay of the second path echo with respect
to the first path echo;

5, : Dirac pulse; 6,[k] = 1 for k = 0

d[k] = 0 else
35
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The channel transfer function is obtained by applying a DFT

to Equation 29:

2 _ 5 kayH, = He} =a tee CEq . 30)
5

with Equation 30 the effective transfer function for differ-
ential demodulation along the frequency axis is:

2m +571)H, +H, = (a + c,e ee) . [« + ce 1% |
10 =c, +c, cox2 q,(2k - 1) (Eq. 31)

Assuming a noise free 2-path channel, it can be observed
from Equation 31 that the symbols on the receiver side are
located on a straight line in case the symbol 1+j0 has been

15 send (see above assumption). This straight line can be char-
acterized by a point

 
 on

Cc, = le.’ + le,|’ -e Rk" (Eq. 32)

20 and the vector

c, = 2c,c)- eon” (Eq. 33)

which determines its direction.

25

with the above assumptions, the following geometric deriva-
tion can be performed. A more suitable notation for the geo-
metric derivation of the second embodiment of an EPOC algo-

rithm is obtained if the real part of the complex plane is
30 designated as x = Re{z}, the imaginary part as y = Im{z},

respectively, i.e. z = x+jy- With this new notation, the
straight line, on which the received symbols will lie in
case of a noise-free two-path channel, is
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f(x) =atb-x CEq.34)

with

5

Re{c }a = Im{c,} - a5. tm{c,} (Eq. 35)
Re{c,}

and

a infe,} - $24 « amfe,
10 b= -ink (Eq. 36)ne Rejc } _ EMess , Rej{c }

° Im{c, } »

Additional noise will spread the symbols around the straight

line given by Equations 34 to 36. In this case Equation 36

= is the regression curve for the cluster of symbols.
= 15
: For the geometric derivation of the second embodiment of an

EPOC algorithm, the angle g, from Equation 28 is chosen to

be a function of the square distance of the considered sym-

fed bol from the origin:

20

?, = £,(l2\’) (Eq. 37)

Equation 37 shows that the complete signal space is dis-
torted (torsion), however, with the distances from the ori-

25 gin being preserved.

For the derivation of the algorithm of the second embodi-

ment, f,() has to be determined such that all decision vari-

ables v, (Cassuming no noise) will come to lie on the real

30 axis:

Im({x + j£(x))- ertalet)} = 0 (Eq. 38)
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Further transformations of Equation 38 lead to a quadratic
equation which has to be solved to obtain the solution for

P, «

5 In case of a two-path channel, the echo phase offset correc-

tion for a given decision variable v, is

V, = Vv, ° e7?s (Eq. 39)

10 with

at pylv.t'@ +b?) ~ a 2 a’
~atan

 ?, = ~ ab + ylv,|'(. + bd’) - a? 1 + be

a tan(=| for |v,[ < 2b 1l+b

CEq.40)
 

a 15 From the two possible solutions of the quadratic equation
: mentioned above, Equation 40 is the one solution that cannot

cause an additional phase shift of 180 degrees. 
eS The two plots in Figure 15 show the projection of the EPOC

20 algorithm of the second embodiment for one quadrant of the

complex plane. Depicted here is the quadratic grid in the

sector larg(z) < 7/4 and the straight line

y = f(x) =a+b-x with a = -1.0 and b = 0.5 (dotted line).

In case of a noise-free channel, all received symbols will

25 lie on this straight line if 1+j0 was send. The circle shown

in the plots determines the boarder line for the two cases

of Equation 40. In the left part, Figure 15 shows the situa-

tion before the projection, in the right part, Figure 15
shows the situation after applying the projection algorithm.

30 By looking on the left part, one can see, that the straight
line now lies on the real axis with 2+j0 being the fix point
of the projection. Therefore, it can be concluded that the

echo phase offset correction algorithm according to the sec-
ond embodiment fulfills the design goal.
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Before the second embodiment of an EPOC algorithm can be ap-
plied, the approximation line through the received symbols
has to be determined, i.e. the parameters a and b must be

5 estimated. For this purpose, it is assumed that the received

symbols lie in sector |aro(z) < 2/4, if 1+j0 was sent. If

symbols other than 1+j0 have been sent, a modulo operation

can be applied to project all symbols into the desired sec-

tor. Proceeding like this prevents the necessity of deciding
10 on the symbols in an early stage and enables averaging over

all signal points of one MCM symbol Cinstead of averaging
over only % of all signal points).

For the following computation rule for the EPOc algorithm of

15 the second embodiment, x; is used to denote the real part of
the i-th signal point and y; for its imaginary part, respec-
tively (i = 1, 2,..., K). Altogether, K values are available

for the determination. By choosing the method of Teast
squares, the straight line which has to be determined can be

20 obtained by minimizing 
(a, b) = arg min x (y, - (3 +5. x,)) (Eq.41)i=l

The solution for Equation 41 can be found in the laid open
25 literature. It is

= dle YK KD (Eq. 42)
> - xy
i=l

with mean values

30

x=iyx, yetdy (Eq. 43)
N i=l * N t=1 °
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If necessary, an estimation method with higher robustness

can be applied. However, the trade-off will be a much higher

computational complexity.

5 To avoid problems with the range in which the projection is

applicable, the determination of the straight line should be

separated into two parts. First, the cluster's centers of

gravity are moved onto the axes, following, the signal space
is distorted. Assuming that a and b are the original parame-

10 ters of the straight line and a is the rotation angle, £f,(-)

has to be applied with the transformed parameters

pi = 21Sosta)~sinte)cos(a) ~ sin(a) , @ =a- (cos(a) — pb- sin(a))
cos(a) + b+ sin(a)

CEq. 44)

15

Besides the two EPOC algorithms explained above section,

different algorithms can be designed that will, however,

most likely exhibit a higher degree of computational com-

plexity. 
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ABSTRACT

A method and an apparatus relate to a fine frequency syn-

5 chronization compensating for a carrier frequency deviation

from an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential

phase decoding of multi-carrier modulated signals, the sig-

nals comprising a plurality of symbols, each symbol being

10 defined by phase differences between simultaneous carriers

having different frequencies. A phase difference between

phases of the same carrier in different symbols is deter-

mined. Thereafter, a frequency offset is determined by

eliminating phase shift uncertainties related to the trans-
15 mitted information from the phase difference making use of a

M-PSK decision device. Finally, a feedback correction of the
carrier frequency deviation is performed based on the deter-

mined frequency offset. Alternatively, an averaged frequency

offset can be determined by averaging determined frequency
20 offsets of a plurality of carriers. Then, the feedback cor-

rection of the frequency deviation is performed based on the

averaged frequency offset.
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As a below named inventor, | hereby declare that:

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

   

  

| believe | am the original,first and sole inventor (if only one name is listed below) or an original, first and joint inventor (if plural
namesarelisted below) of the subject matter which is claimed and for which a patent is sought on the invention entitled:

Method and Apparatus for Fine Frequency Synchronization in Multi-Carrier Dermodulation Systems

the specification of which (Title of the Invention)
is attached hereto
OR

wasfiled on (MM/DD/YYYY)| 04/14/98 as United States Application Numberor PCT International

Application Number|PCT/EP98/02184 and was amended on (MM/DD/YYYY}CCti‘“CSCSCSCSCSY (if applicable).
| hereby state that | have reviewed and understand the contents of the above identified specification, including the claims, as
amended by any amendment specifically referred to above.

  
 

 
 
 

1 acknowledge the duty to disclose information which is material to patentability as defined in 37 CFR 1.56.

 

 
| hereby claim foreign priority benefits under 35 U.S.C. 119{a)-(d) or 365(b) of any foreign application(s) for patent or inventor's
certificate, or 365(a) of any PCT international application which designated at least one country other than the United States of
America, listed below and havealso identified below, by checking the box, any foreign application for patent or inventor's certificate,
or of any PCT international application havingafiling date before that of the application on which priority is claimed.

Prior Foreign Application|county|Foreign Filing Date Certified Copy Attached?Number(s Country MM/DDIYYYY Not Claimed E No

oO CI
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| hereby claim the benefit under 35 U.S.C. 120 of any United States application(s), or 365(c) of any PCT international application designating the
United States of America, listed below and, insofar as the subject matter of each of the claims of this application is not disclosed tn the prior
United States or PCT International apptication in the mannerprovidedby the first paragraph of 35 U.S.C. 112, | acknowledgethe duty to disclose
information which ig material to patentability as defined in 37 CFR 1.56 which became available between thefiling date of the prior application
and the national or PCT internationalfiling date of this application.
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(ifapplicable)
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tioner(s) to prosecute this application and to transactall business in the Patent
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istered practitioner(s) name/registration numberlisted below aUbLiuele

Number Number
Stacey J. LonganeckerJosenh J Buezvnski
Wayne C. Jaeschke, Jr.
Tara Laster Hoffman
Jeffrey J. Howell
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Roylance, Abrams, Berdo & Goodman, L.L.P.
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[cy_|Washinaton state |D.c.
202)659-0076

| hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and belief are
believed to be true: and further that these statements were made with the knowledge that willful false statements and the like so made are
punishable by fine or imprisonment, or both, under 18 U.S.C, 1001 and that such willful false statements may jeopardize the validity of the
application or any patent issued thereon.

Nameof Sole or First Inventor: Oa petition has been filed for this unsigned inventor
Given Name (first and middle [it an|__camilyNameorSumamaSs

Inventor’s .
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oy a, 532 Rec'd PCTIPT:19apron,
ATTORNEY'S DOCKET NUMBER -

41001

DESIGNATED/ELECTED OFFICE (DO/EO/US) US. APPLICATION Ni : FR 1.5)

CONCERNINGA FILING UNDER 35 U.S.C. 371 09/6 73270
INTERNATIONAL APPLICATION NO. INTERNATIONAL FILING DATE PRIORITY DATE CLAIMED

PCT/EP98/02184 14 April 1998

TITLE OF INVENTION
Method and Apparatus for Fine Frequency Synchronization in Multi-Carrier Demodulation Systems

APPLICANT(S) FOR DO/EO/US
Ernst Eberlein, Sabah Badri, Stefan Lipp, Stephan Buchholz, Albert Heuberger, Heinz Gerhaeuser

Applicant herewith submits to the United States Designated/Elected Office (DO/EO/US) the following items and other information:
1. This is a FIRST submissionofitems concerningafiling under 35 U.S.C. 371.

2. CT] This is a SECOND or SUBSEQUENTsubmission ofitems concerningafiling under 35 U.S.C. 371.
3. Cl This express request to begin national examination procedures (35 U.S.C. 371(f)) at any time rather than delay

examination until the expiration of the applicable timelimit set in 35 U.S.C. 371(b) and PCTArticles 22 and 39(1).
A proper Demandfor International Preliminary Examination was made by the 19th month from theearliest claimed priority date.

A copy ofthe International Application as filed (35 U.S.C. 371(c)@))
a. is transmitted herewith (required only ifnot transmitted by the International Bureau).
b. has been transmitted by the International Bureau.
c. CI is not required, as the application wasfiled in the United States Receiving Office (RO/US).

C] A translation ofthe International Application into English (35 U.S.C. 371(c)(2)).
Amendmentsto the claims ofthe International Application under PCT Article 19 (35 U.S.C. 371(c)(3))

cn
FORMPTO-1390 US$ DEPARTMENT OF COMMERCE PATENT AND TRADEMARK OFFICE
(REV 10-01-00) -

TRANSMITTAL LETTER TO THE UNITED STATES  
  

4.

3. RIS

. Cc are transmitted herewith (required only ifnot transmitted by the International Bureau).
have been transmitted by the International Bureau.

. CO have not been made; however, the time limit for making such amendments has NOTexpired.
. have not been madeand will not be made.

. 8. Oo A translation of the amendmentsto the claims under PCTArticle 19 (35 U.S.C. 371(c)G)).
:1 9.) Anoath ordeclaration ofthe inventor(s) (35 U.S.C. 371()(4)).

 oo
Q

10. Cc A translation ofthe annexesto the Intemational Preliminary Examination Report under PCT Article 36
(35 U.S.C. 371(c)(5)). 

Items 11. to 16. below concern document(s) or information included:

11. CO An Information Disclosure Statement under 37 CFR 1.97 and 1.98.

12. TC] An assignment documentfor recording. A separate cover sheet in compliance with 37 CFR 3.28 and 3.31 is included.

ot 3. A FIRSTpreliminary amendment.
CO A SECOND or SUBSEQUENTpreliminary amendment.

4, A substitute specification.—

15. ‘- A change ofpowerofattorney and/or addressletter.

16. Otheritems or information:

(a) Copy of Internationa! Application as filed (14 April 1998).
(b) Copy of International Search Report (12 January 1999).
(c) Copy of Published Internationa! Application (21 October 1999).
(d) Copyof International Preliminary Examination Report (19 July 2000).
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17. The following fees are submitted: CALCULATIONS
BASIC NATIONAL FEE (37 CFR 1.492 (a) (1) - (5)):

Neither international preliminary examination fee (37 CFR 1.482)
nor international search fee (37 CFR 1.445(a)(2)) paid to USPTO
and International Search Report not prepared by the EPO or JPO**--°*- °° $1000.00
International preliminary examination fee (37 CFR 1.482)not paid to
USPTO but International Search Report prepared by the EPO or JPO-..---- $860.00
International preliminary examination fee (37 CFR 1.482) not paid to USPTO but
international search fee (37 CFR 1.445(a)(2)) paid to USPTO... ss ee $710.00

International preliminary examination fee paid to USPTO (37 CFR 1.482)
butall claims did not satisfy provisions ofPCT Article 33(1)-(4)....-...--- $690.00
International preliminary examination fee paid to USPTO (37 CFR 1.482)
and all claims satisfied provisions ofPCT Article 33(1)-(4) .........-....-.$100.00

ENTER APPROPRIATE BASIC FEE AMOUNT

Surcharge of $130.00 for furnishing the oath or declaration later than Cc] 20 pomonths from the earliest claimed priority date (37 CFR 1.492(e)).

 

 

[_cLAIMS|NUMBERFILED_[_sNUMBEREXTRA|RATE,SJ
16 -20=] oC818.00 o.oof

findependentcaims}43=|CX88000 |S go.0cof
MULTIPLE DEPENDENT CLAIM(S)(if applicable) $ 0.00, =—itsis*”

$___1,070.00f

-Reduction of1/2 for filing by small entity,ifapplicable. A Small Entity Statement $ (0.00)
“piustalso by filed (Note 37 CFR 1.9, 1.27, 1.28),

$__1,070.00f
Jrocessing fee of$130.00 for furnishing the English translation later than [J20 Cc] 30I§ 0.00

"jnonths from theearliest claimed priority date (37 CFR 1.492(4). +

E TOTALNATIONALFEE =| 3 1.070.007
Fee for recording the enclosed assignment (37 CFR 1.21(h)). The assignment must be $ 0.00

companied by an appropriate cover sheet (37 CFR 3.28, 3.31). $40.00 per property
en

|charged:[S$

a. 5a A check in the amount of $1,070.00 to cover the abovefees is enclosed. 
  
  
 
 

b. L Please charge my Deposit Account No. —________. in the amount of $________ to coverthe above fees.
A duplicate copy ofthis sheet is enclosed.

c. The Commissioneris hereby authorized to charge any additional fees which may be required,or credit any
overpayment to Deposit Account No. 182220. A duplicate copy ofthis sheet is enclosed. 

 

  
  
 

NOTE: Where an appropriate time limit under 37 CFR 1.494 or 1.495 has not been met, a petition to revive (37 CFR
1.137(a) or (b)) must be filed and granted to restore the application to pending status.

SEND ALL CORRESPONDENCETO: fleCL-£9tLor 
Roylance, Abrams, Berdo & Goodman, L.L.P. SIGNATURE:

1300 19th Street, N.W., Suite 600 John E. Holmes

Washington, DC 20036 NAME
29,392
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41001 PATENT

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Applicationof:

Ernst Eberlein etal. : Group Art Unit:

Serial No.: Not Assigned Examiner:

Filed: Herewith

For: Method and Apparatus for Fine Frequency
Synchronization in Multi-Carrier Demodulation
Systems

PRELIMINARY AMENDMENT

Assistant Commissioner for Patents

Washington, D.C. 20231

Sit:

This Preliminary Amendmentis being filed concurrently with the U.S. national

stage entry under 35 U.S.C. § 371 of International Application No. PCT/EP98/02184,
which has an International Filing Date of April 14, 1998. Prior to examination and

calculation of thefiling fees, please amendthenationalstage application as follows:

IN THE SPECIFICATION:

Please delete the current specification comprising pages 1-40 and 48 (as amended in

the International Preliminary Examination Report dated July 19, 2000) andreplace it with

the accompanying substitute specification.

IN THE CLAIMS:

Please cancel claims 1-18 annexed to the International Preliminary Examination

Report dated July 19, 2000, and substitute the following new claims 19-34:

19. A method of performing a fine frequency synchronization compensating for a

carrier frequency deviation from an oscillator frequency in a multi-carrier

demodulation system of the type capable of carrying out a differential phase
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decoding of multi-carrier modulated signals, said signals comprising a plurality of

symbols, each symbol being defined by phase differences between simultaneous
carriers having different frequencies, said method comprising the stepsof:

a) determining a phase difference between phases of the same carrier in

different symbols;

b) determining a frequency offset by eliminating phase shift uncertainties
related to the transmitted information from said phase difference making use

of a M-PSKdecision device; and

c) performing a feedback correction of said carrier frequency deviation based
on said determined frequencyoffset.

20. A method of performing a fine frequency synchronization compensating for a

carrier frequency deviation from an oscillator frequency in a multi-carrier

demodulation system of the type capable of carrying out a differential phase

decoding of multi-carrier modulated signals, said signals comprising a plurality of

symbols, each symbol being defined by phase differences between simultaneous
 

carriers having different frequencies, said method comprising the stepsof:

a) determining respective phase of the samecarrier in different symbols;

b) eliminating phase shift uncertainties related to the transmitted information

from said phases to determine respective phase deviations making use of a M-

PSK decision device;

c) determining a frequency offset by determining a phase difference between

said phase deviations; and

d) performing a feedback correction of said carrier frequency deviation based

on said determined frequency offset.
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21. The methodaccordingto claim 19, wherein

said steps a) and b) are performed fora plurality of carriers in said symbols,

an averaged frequency offset is determined by averaging said determined frequency

offsets of said plurality of carriers, and

said feedback correction of said frequency deviation is performed based on said

averaged frequency offset in said step c).

22. The method according to claim 20, wherein

said steps a), b) and c) are performedfor a plurality of carriers in said symbols,

an averaged frequencyoffset is determined by averaging said determined frequency

offsets of said plurality of carriers, and

said feedback correction of said frequency deviation is performed based on said
 

averaged frequencyoffset.

23. The method according to claim 19, wherein said step a) comprises the step of

determining a phase difference between phases of the samecarrier in symbols which

are adjacentin the time axis direction.

24. The method according to claim 19, wherein said step b) comprises the step of

eliminating phase shift uncertainties corresponding to M-ary phase shifts.

25. The method according to claim 20, wherein said step a) comprises the step of

determining respective phases of the same carrier in symbols which are adjacent in

the time axis direction.
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26. The method according to claim 20, wherein said step b) comprises the step of
eliminating M-ary phaseshifts.

27. An apparatus for performing a fine frequency synchronization compensating for a
carrier frequency deviation from an oscillator frequency, for a multi-carrier
demodulation system of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, said signals comprising a plurality of
symbols, each symbol being defined by phase differences between simultaneous
carriers having different frequencies, said apparatus comprising:

means for determining a phase difference between phases of the samecarrier in

different symbols;

M-PSK decision device for determining a frequency offset by eliminating phase shift
uncertainties related to the transmitted information from said phase difference; and 
means for performing a feedback correction of said frequency deviation based on
said determined frequency offset. 

28. An apparatus for performing a fine frequency synchronization compensating for a
carrier frequency deviation from an oscillator frequency, for a multi-carrier
demodulation system of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, said signals comprising a plurality of
symbols, each symbol being defined by phase differences between simultaneous
carriers having different frequencies, said apparatus comprising:

meansfor determining respective phases of the same carrier in different symbols;

M-PSK. decision device for eliminating phase shift uncertainties related to the

transmitted information from said phases to determine respective phase deviations;
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means for determining a frequency offset by determining a phase difference

between said phase deviations;

means for performing a feedback correction of said frequency deviation based on

said determined frequencyoffset.

29. The apparatus accordingto claim 27, further comprising:

means for determining an averaged frequency offset by averaging determined

frequency offsets of a plurality of carriers, wherein

said means for performing a feedback correction performssaid feedback correction

of said frequency deviation based on said averaged frequencyoffset.

30. The apparatus according to claim 28, further comprising:

means for determining an averaged frequency offset by averaging determined

frequency offsets of a plurality of carriers, wherein 
said meansfor performing a feedback correction performs said feedback correction

of said frequency deviation based onsaid averaged frequency offset.

31. The apparatus according to claim 27, wherein said means for determining a phase
difference comprises means for determining a phase difference between phases of

the samecarrier in symbols whichare adjacent in the time axis direction.

32. The apparatus accordingto claim 28, wherein said means for determining respective

phases comprises means for determining respective phases of the same carrier in

symbols which are adjacent in the timeaxis direction.
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33. The apparatus according to claim 27, wherein said meansfor performinga feedback
correction of said frequency deviation comprises a numerical controlled oscillator

and a complex multiplier.

34, The apparatus according to claim 33, wherein said means for performing a feedback
correction ofsaid frequency deviation further comprises a low pathfilter preceding
said numerical controlled oscillator.

REMARKS

By the present Preliminary Amendment,claims 1-18 annexedto the International
Preliminary Examination Report dated July 19, 2000 are being cancelled and replaced with
new claims 19-34. In the new claims, multiple dependencies and parenthetical reference

numerals have been eliminated.

A substitute specification is being submitted to facilitate processing of this application.

A marked-up copy of the substitute specification is also being provided to show the new

changes which are beyondthose previously made during the international stage. The
substitute specification contains no new matter.

Early and favorable action onthis application is respectfully requested. Should the
Examiner have any questions, the Examineris invited to contact the undersigned attorney at

the local telephone numberlisted below.

Respectfully submitted,

\|bEMabeoes
John E. Holmes
Attorney for Applicant
Reg. No. 29,392

Roylance, Abrams, Berdo & Goodman
1300 19Street, N.W., Suite 600
Washington, D.C. 20036-2680
(202) 659-9076

Dated: Ore. (~ 2000
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oO 09/673270
| 3PRO 509 Rec'd PCT/PTO 13 OCT 2000

METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN
aaanena

~ MULTI-CARRIER DEMODULATION SYSTEMS

FIELD OF THE INVENTION

The present invention relates to methods and apparatus for
performing a fine frequency synchronization in multi-carrier
demodulation systems, and in particular to methods and
apparatus for performing a fine frequency synchronization
compensating for a carrier frequency deviation from an
oscillator frequency in a multi-carrier demodulation system
of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, wherein the
signals comprise a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers
having different frequencies.

BACKGROUND OF THE INVENTION

In a multi carrier transmission system (MCM, OFDM), the
 

effect of a carrier frequency offset is substantially more
considerable than in a single carrier transmission system.

MCM is more sensitive to phase noise and frequency offset

which occurs as amplitude distortion and inter carrier
interference (ICI). The inter carrier interference has the
effect that the subcarriers are no longer orthogonal in
relation to each other. Frequency offsets occur after power

on or also later due to frequency deviation of the

oscillators used for downconversion into baseband. Typical

accuracies for the frequency of a free running oscillator

are about +50 ppm of the carrier frequency. With a carrier
frequency in the S-band of 2.34 Ghz, for example, there will
be a maximum local oscillator (LO) frequency deviation of

above 100 kHz (117.25 kHz). The above named effects result
in high requirements on the algorithm used for frequency
offset correction.
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DESCRIPTION OF PRIOR ART

Most prior art algorithms for frequency synchronization

divide frequency correction into two stages. In the first

stage, a coarse synchronization is performed. In the second

stage, a fine correction can be achieved. A frequently used

algorithm for coarse synchronization of the carrier frequen-

cy uses a synchronization symbol which has a special spec-
tral pattern in the frequency domain. Such a synchronization
symbol is, for example, a CAZAC sequence (CAZAC = Constant

Amplitude Zero Autocorrelation). Through comparison, i.e.

the correlation, of the power spectrum of the received

signal with that of the transmitted signal, the frequency

carrier offset can be coarsely estimated. These prior art

algorithms all work in the frequency domain. Reference is

made, for example, to Ferdinand ClaBen, Heinrich Meyr,

"Synchronization Algorithms for an OFDM System for Mobile

Communication", ITG-Fachtagung 130, Codierung ftir Quelle,

Kanal und Ubhertragung, pp. 105 - 113, Oct. 26-28, 1994; and

Timothy M. Schmidl, Donald Cc. Cox, "“Low-Overhead, Low-

 
Complexity [Burst] Synchronization for OFDM", in Proceedings

of the IEEE International Conference on Communication ICC

1996, pp. 1301-1306 (1996).

For the coarse synchronization of the carrier frequency,

Paul H. Moose, "A Technique for Orthogonal Frequency

Division Multiplexing Frequency Offset Correction", IEEE

Transaction On Communications, Vol. 42, No. 10, October

1994, suggest increasing the spacing between the subcarriers

such that the subcarrier distance is greater than the

maximum frequency difference between the received and trans-—

mitted carriers. The subcarrier distance is increased by

reducing the number of sample values which are transformed

by the Fast Fourier Transform. This corresponds to a

reduction of the number of sampling values which are trans-

formed by the Fast Fourier Transform.
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SUMMARY OF THE INVENTION

It is an object of the present invention to provide methods

and apparatus for performing a fine frequency synchroni-
zation which allow a fine frequency synchronization compen-—

sating for a carrier frequency deviation from an oscillator

frequency in a MCM transmission system which makes use of

MCM signals in which information is differential phase
encoded between simultaneous sub-carriers having different

frequencies.

In accordance with a first aspect, the present invention

provides a method of performing a fine frequency synchro-
nization compensating for a carrier frequency deviation from

an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential
phase decoding of multi-carrier modulated signals, the
signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers
having different frequencies, the method comprising the

 
steps of:

determining a phase difference between phases of the same

carrier in different symbols;

determining a frequency offset by eliminating phase shift
uncertainties corresponding to codeable phase shifts from

the phase difference; and

performing a feedback correction of the carrier frequency
deviation based on the determined frequency offset.

In accordance with a second aspect, the present invention

provides a method of performing a fine frequency synchro-
nization compensating for a carrier frequency deviation from

an oscillator frequency in a multi-carrier demodulation

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 161



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 162

system of the type capable of carrying out a differential

phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols, each symbol being

defined by phase differences between simultaneous carriers

having different frequencies, the method comprising the

steps of:

determining respective phases of the same carrier in

adifferent symbois;

eliminating phase shift uncertainties corresponding to

codeable phase shifts from the phases to determine

respective phase deviations;

determining a frequency offset by determining a phase

difference between the phase deviations; and

performing a feedback correction of said carrier frequency

deviation based on the determined frequency offset.

In accordance with a third aspect, the present invention

provides a method of performing a fine frequency synchro-

 
nization compensating for a carrier frequency deviation from

an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential

phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols, each symbol being

defined by phase differences between simultaneous carriers

having different frequencies, the method comprising the

steps of:

for a plurality of carriers in the symbols:

determining a phase difference between phases of the same

carrier in different symbols; and

determining a frequency offset by eliminating phase shift

uncertainties corresponding to codeable phase shifts from
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the phase difference;

determining and averaged frequency offset by averaging the

determined frequency offset of the plurality of carriers;
and

performing a feedback correction of the frequency deviation
based on the averaged frequency offset.

In accordance with a fourth aspect, the present invention

provides a method of performing a fine frequency synchro-
nization compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential
phase decoding of multi-carrier modulated signals, the
signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers
having different frequencies, the method comprising the

 
steps of:

for a plurality of carriers in the symbols: 
determining respective phases of the same carrier in
aifferent symbols;

eliminating phase shift uncertainties corresponding to
codeable phase shifts from said phases to determine
respective phase deviations; and

determining a frequency offset by determining a phase
difference between the phase deviations;

determining an averaged frequency offset by averaging the
determined frequency offsets of the plurality of carriers;
and

performing a feedback correction of the frequency deviation
based on the averaged frequency offset.
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In accordance with a fifth aspect, the present invention

provides an apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a

a@ifferential phase decoding of multi-carrier modulated

signals, the signals comprising a plurality of symbols, each

symbol being defined by phase differences between
simultaneous carriers having different frequencies, the

apparatus comprising:

means for determining a phase difference between phases of

the same carrier in different symbols;

means for determining a frequency offset by eliminating

phase shift uncertainties corresponding to codeable phase
shifts from the phase difference; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset. 
In accordance with a sixth aspect, the present invention

provides an apparatus for performing a fine frequency

synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols,
each symbol being defined by phase differences between
simultaneous carriers having different frequencies, the

apparatus comprising:

means for determining respective phases of the same carrier

in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from the phases to
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determine respective phase deviations;

means for determining a frequency offset by determining a

phase difference between the phase deviations; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset.

In accordance with a seventh aspect, the present invention

provides an apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a
a@ifferential phase decoding of multi-carrier modulated 
signals, the signals comprising a plurality of symbols, each
symbol being defined by phase differences between simulta-
neous carriers having different frequencies, the apparatus

comprising:

means for determining a phase difference between phases of
the same carrier in different symbols; 
means for determining a frequency offset by eliminating
phase shift uncertainties corresponding to codeable phase
shifts from the phase difference;

means for determining an averaged frequency offset by
averaging determined frequency offsets of a plurality of
carriers; and

means for performing a feedback correction of the frequency
deviation based on the averaged frequency offset.

In accordance with an eighth aspect, the present invention
provides an apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a multi-carrier

demodulation system of the type capable of carrying out a
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differential phase decoding of multi-carrier modulated

signals, the signals comprising a plurality of symbols, each

symbol being defined by phase differences between simulta-—

neous carriers having different frequencies, the apparatus

comprising:

means for determining respective phases of the same carrier

in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from the phases to

determine respective phase deviations;

means for determining a frequency offset by determining a

phase difference between the phase deviations;

means for determining an averaged frequency offset by

averaging determined frequency offsets of a plurality of

carriers; and

means for performing a feedback correction of the frequency

deviation based on the averaged frequency offset.

 
The present invention relates to methods and apparatus for

performing a fine frequency synchronization compensating for

a carrier frequency deviation from an oscillator frequency.

This fine frequency synchronization is preferably performed

after completion of a coarse frequency synchronization, such

that the frequency offsets after the coarse frequency

synchronization are smaller than half the sub-carrier
distance in the MCM signal. Since the frequency offsets

which are to be corrected by the inventive fine frequency

synchronization methods and apparatus, a correction of the

frequency offsets by using a phase rotation with
differential decoding and de-mapping in the time axis can be

used. The frequency offsets are detected by determining the

frequency differences between time contiguous sub-carrier

symbols along the time axis. The frequency error is
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calculated by measuring the rotation of the I-Q cartesian

coordinates of each sub-carrier and, in preferred embodi-

ments, averaging them over all n sub-carriers of a MCM

symbol.

Firstly, the phase ambiguity or uncertainty is eliminated by

using a M-PSK decision device and correlating the output of

the decision device with the input signal for a respective

sub-carrier symbol. Thus, the phase offset for a sub-carrier

symbol is determined and can be used for restructuring the
frequency error in form of a feed-backward structure.

Alternatively, the phase offsets of the sub-carrier symbols

of one MCM symbol can be averaged over all of the active

carriers of a MCM symbol, wherein the averaged phase offset

is used to restructure the frequency error.

In accordance with the present invention, the determination

of the frequency offset is performed in the frequency

domain. The feedback correction in accordance with the

inventive fine frequency synchronization is performed in the

time domain. To this end, a differential decoder in the time

domain is provided in order to detect frequency offsets of

sub-carriers on the basis of the phases of timely successive

 
sub-carrier symbols of different MCM symbols.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following, preferred embodiments of the present

invention will be explained in detail on the basis of the

drawings enclosed, in which:

Figure 1 shows a schematic overview of a MCM transmission

system to which the present application can be

applied;

Figures 2A and 2B show schematic views representing a scheme

for differential mapping in the time axis and a
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scheme for differential mapping in the frequency

axis;

Figure 3 shows a functional block diagram for performing a

differential mapping in the frequency axis;

Figure 4 shows a representation of time variation of all

sub-carriers in MCM symbols;

Figure 5 shows a QPSK-constellation for each sub-carrier

with a frequency offset;

Figure 6 shows a general block diagram illustrating the

position of the inventive fine frequency

synchronization device in a MCM receiver;

Figure 7 shows a block diagram of the fine frequency error

detector shown in Figure 6;

Figure 8 shows a block diagram of a MCM receiver

comprising a coarse frequency synchronization

unit and a fine frequency synchronization unit;

 
Figure 9 shows a block diagram of a unit for performing a

coarse frequency synchronization;

Figure 10 shows a schematic view of a reference symbol used

for performing a coarse frequency synchroniza-

tion;

Figure 11 shows a schematic view of a typical MCM signal

having a frame structure;

Figure 12 shows scatter diagrams of the output of an

differential de-mapper of a MCM receiver for

illustrating the effect of an echo phase offset

correction;
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Figure 13 shows a schematic block diagram for illustrating

the position and the functionality of an echo

phase offset correction unit;

Figure 14 shows a schematic block diagram of a preferred

form of an echo phase offset correction device;
and

Figure 15 shows schematic views for illustrating a

projection performed by another echo phase offset

correction algorithn.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Before discussing the present invention in detail, the mode

of operation of a MCM transmission system is described

referring to figure 1.

Referring to Figure 1, at 100 a MCM transmitter is shown

that substantially corresponds to a prior art MCM trans~

mitter. A description of such a MCM transmitter can be

 
found, for example, in William Y. Zou, Yiyan Wu, "COFDM: AN

OVERVIEW", IEEE Transactions on Broadcasting, vol. 41, No.

1, March 1995.

A data source 102 provides a serial bitstream 104 to the MCM

transmitter. The incoming serial bitstream 104 is applied to

a bit-carrier mapper 106 which produces a sequence of

spectra 108 from the incoming serial bitstream 104. An

inverse fast Fourier transform (IFFT) 110 is performed on

the sequence of spectra 108 in order to produce a MCM time

domain signal 112. The MCM time domain signal forms the

useful MCM symbol of the MCM time signal. To avoid

intersymbol interference (ISI) caused by multipath

distortion, a unit 114 is provided for inserting a guard

interval of fixed length between adjacent MCM symbols in

time. In accordance with a preferred embodiment of the
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present invention, the last part of the useful MCM symbol is
used as the guard interval by placing same in front of the
useful symbol. The resulting MCM symbol is shown at 115 in
Figure 1 and corresponds to a MCM symbol 160 depicted in
Figure il.

Figure 11 shows the construction of a typical MCM signal
having a frame structure. One frame of the MCM time signal
is composed of a plurality of MCM symbols 160. Each MCM

symbol 160 is formed by an useful symbol 162 and a guard
interval 164 associated therewith. As shown in Figure 11,
each frame comprises one reference symbol 166. The present
invention can advantageously be used with such a MCM signal,

 however, such a signal structure being not necessary for

performing the present invention as long as the transmitted
signal comprises a useful portion and at least one reference

symbol.

In order to obtain the final frame structure shown in Figure

11, a unit 116 for adding a reference symbol for each pre-
determined number of MCM symbols is provided. 
In accordance with the present invention, the reference

symbol is an amplitude modulated bit sequence. Thus, an
amplitude modulation of a bit sequence is performed such
that the envelope of the amplitude modulated bit sequence
defines a reference pattern of the reference symbol. This
reference pattern defined by the envelope of the amplitude
modulated bit sequence has to be detected when receiving the
MCM signal at a MCM receiver. In a preferred embodiment of
the present invention, a pseudo random bit sequence having
good autocorrelation properties is used as the bit sequence
that is amplitude modulated.

The choice of length and repetition rate of the reference

symbol depends on the properties of the channel through
which the MCM signal is transmitted, e.g. the coherence time
of the channel. In addition, the repetition rate and the
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length of the reference symbol, in other words the number of
useful symbols in each frame, depends on the receiver

requirements concerning mean time for initial synchroniza-
tion and mean time for resynchronization after synchroniza-

tion loss due to a channel fade.

The resulting MCM signal having the structure shown at 118

in Figure 1 is applied to the transmitter front end 120.

Roughly speaking, at the transmitter front end 120, a

digital/analog conversion and an up-converting of the MCM
Signal is performed. Thereafter, the MCM ‘signal is
transmitted through a channel 122.

Following, the mode of operation of a MCM receiver 130 is

shortly described referring to Figure 1. The MCM signal is
received at the receiver front end 132. In the receiver

front end 132, the MCM signal is down-converted and, 
furthermore, an analog/digital conversion of the down-

converted signal is performed.

The down-converted MCM signal is provided to a symbol

frame/carrier frequency synchronization unit 134. 
A first object of the symbol frame/carrier frequency

synchronization unit 134 is to perform a frame synchroni-
zation on the basis of the amplitude-modulated reference

symbol. This frame synchronization is performed on the basis
of a correlation between the amplitude-demodulated reference

symbol an a predetermined reference pattern stored in the
MCM receiver.

A second object of the symbol frame/carrier frequency syn-

chronization unit is to perform a coarse frequency synchron-

ization of the MCM signal. To this end, the symbol

frame/carrier frequency synchronization unit 134 serves as a

coarse frequency synchronization unit for determining a
coarse frequency offset of the carrier frequence caused, for

example, by a difference of the frequencies between the
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local oscillator of the transmitter and the local oscillator

of the receiver. The determined frequency is used in order

to perform a coarse frequency correction. The mode of
operation of the coarse frequency synchronization unit is
described in detail referring to Figures 9 and 10 herein-
after.

As described above, the frame synchronization unit 134
determines the location of the reference symbol in the MCM

symbol. Based on the determination of the frame synchroniza-—
tion unit 134, a reference symbol extracting unit 136
extracts the framing information, i.e. the reference symbol,

from the MCM symbol coming from the receiver front end 132.
 After the extraction of the reference symbol, the MCM signal

is applied to a guard interval removal unit 138. The result
of the signal processing performed hereherto in the MCM
receiver are the useful MCM symbols.

The useful MCM symbols output from the guard interval
removal unit 138 are provided to a fast Fourier transform

unit 140 in order to provide a sequence of spectra from the

useful symbols. Thereafter, the sequence of spectra is
 

provided to a carrier-bit mapper 142 in which the serial
bitstream is recovered. This serial bitstream is provided to

a data sink 144.

Next, referring to Figures 2A and 2B, two modes for
differential mapping are described. In Figure 2A, a first
method of differential mapping along the time axis is shown.

As can be seen from Figure 2A, a MCM symbol consists of K
sub-carriers. The sub-carriers comprise different

frequencies and are, in a preferred embodiment, equally
spaced in the frequency axis Girection. When using
differential mapping along the time axis, one or more bits
are encoded into phase and/or amplitude shifts between two
sub-carriers of the same center frequency in adjacent MCM

symbols. The arrows depicted between the sub-carrier symbols
correspond to information encoded in amplitude and/or phase
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shifts between two sub-carrier symbols.

A second method of differential mapping is shown in Figure

2B. The present invention is adapted for MCM transmission

system using the mapping scheme shown in Figure 2B. This

mapping scheme is based on a differential mapping inside one

MCM symbol along the frequency axis. A number of MCM symbols

200 is shown in Figure 2B. Each MCM symbol 200 comprises a

number of sub-carrier symbols 202. The arrows 204 in Figure

2B illustrate information encoded between two sub-carrier
symbols 202. As can be seen from the arrows 204, this
mapping scheme is based on a differential mapping within one

MCM symbol along the frequency axis direction.

In the embodiment shown in Figure 2B, the first sub-carrier

(k=0) in an MCM symbol 200 is used as a reference sub-

carrier 206 (shaded) such that information is encoded

between the reference sub-carrier and the first active

carrier 208. The other information of a MCM symbol 200 is

encoded between active carriers, respectively.

Thus, for every MCM symbol an absolute phase reference

exists. In accordance with Figure 2B, this absolute phase

reference is supplied by a reference symbol inserted into

 
every MCM symbol (k=0). The reference symbol can either have

a constant phase for all MCM symbols or a phase that varies

from MCM symbol to MCM symbol. A varying phase can be

obtained by replicating the phase from the last subcarrier

of the MCM symbol preceding in time.

In Figure 3 a preferred embodiment of a device for

performing a differential mapping along the frequency axis

is shown. Referring to Figure 3, assembly of MCM symbols in

the frequency domain using differential mapping along the

frequency axis according to the present invention is

aescribed.

Figure 3 shows the assembly of one MCM symbol with the
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following parameters:

Nppr designates the number of complex coefficients of the
Giscrete Fourier transform, number of subcarriers

respectively.

K designates the number of active carriers. The reference

carrier is not included in the count for K.

According to Figure 3, a quadrature phase shift keying
(QPSK) is used for mapping the bitstream onto the complex

symbols. However, other M-ary mapping schemes (MPSK) like

2-PSK, 8-PSK, 16-QAM, 16-APSK, 64-APSK etc. are possible.

Furthermore, for ease of filtering and minimization of

aliasing effects some subcarriers are not used for encoding
information in the device shown in Figure 3. These sub-

carriers, which are set to zero, constitute the so-called

guard bands on the upper and lower edges of the MCM signal

spectrum.

At the input of the mapping device shown in Figure 3,

complex signal pairs bO[{k], bi[k] of an input bitstream are

 
received. K complex signal pairs are assembled in order to

form one MCM symbol. The signal pairs are encoded into the K

differential phase shifts phi{k] needed for assembly of one

MCM symbol. In this embodiment, mapping from Bits to the 0,

90, 180 and 270 degrees phase shifts is performed using Gray

Mapping in a quadrature phase shift keying device 220.

Gray mapping is used to prevent that differential detection

phase errors smaller than 135 degrees cause double bit
errors at the receiver.

Differential phase encoding of the K phases is performed in

a differential phase encoder 222. At this stage of pro-

cessing, the K phases phi[{k] generated by the QPSK Gray

mapper are differentially encoded. In principal, a feedback
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loop 224 calculates a cumulative sum over all K phases. As

starting point for the first computation (kK = 0) the phase

of the reference carrier 226 is used. A switch 228 is

provided in order to provide either the absolute phase of

the reference subcarrier 226 or the phase information

encoded onto the preceding (i.e. 271, where z-1 denotes the
unit delay operator) subcarrier to a summing point 230. At

the output of the differential phase encoder 222, the phase

information theta[k] with which the respective subcarriers

are to be encoded is provided. In preferred embodiments of

the present invention, the subcarriers of a MCM symbol are
equally spaced in the frequency axis direction.

The output of the differential phase encoder 222 is

connected to a unit 232 for generating complex subcarrier

symbols using the phase information theta[k]. To this end,

the K differentially encoded phases are converted to complex

symbols by multiplication with

factor * ej*(2*pi*(theta[k] + PHI) ] (Eq. 1)

wherein factor designates a scale factor and PHI designates
 

an additional angle. The scale factor and the additional

angle PHI are optional. By choosing PHI = 45° a rotated

DOPSK signal constellation can be obtained.

Finally, assembly of a MCM symbol is effected in an

assembling unit 234. One MCM symbol comprising Nppp sub-

carriers is assembled from Nppp-K-1 guard band symbols which
are "zero", one reference subcarrier symbol and K DQPSK

subcarrier symbols. Thus, the assembled MCM symbol 200 is

composed of K complex values containing the encoded

information, two guard bands at both sides of the Nppop

complex values and a reference subcarrier symbol.

The MCM symbol has been assembled in the frequency domain.
For transformation into the time domain an inverse discrete

Fourier transform (IDFT) of the output of the assembling
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unit 234 is performed by a transformator 236. In preferred
embodiments of the present invention, the transformator 236

is adapted to perform a fast Fourier transform (FFT).

Further processing of the MCM signal in the transmitter as
well as in the receiver is as described above referring to

Figure 1.

At the receiver a de-mapping device 142 (Figure 1) is needed

to reverse the operations of the mapping device described
above referring to Figure 3. The implementation of the
demapping device is straightforward and, therefore, need not
be described herein in detail.

The differential mapping along the frequency axis direction
is suitable for multi-carrier (OFCM) digital broadcasting

over rapidly changing multi path channels. In accordance
with this mapping scheme, there is no need for a channel

 
stationarity exceeding one multi-carrier symbol. However,
differential mapping into frequency axis direction may

create a new problem. In multi path environments, path
echoes succeeding or preceding the main path can lead to 
systematic phase offsets between sub-carriers in the same
MCM symbol. Thus, it will be preferred to provide a
correction unit in order to eliminate such phase offsets.

Because the channel induced phase offsets between

differential demodulated symbols are systematic errors, they

can be corrected by an algorithm. In principle, such an

algorithm must calculate the echo induced phase offset from
the signal space constellation following the differential
demodulation and subsequently correct this phase offset.

Examples for such echo phase correction algorithms are
described at the end of this specification referring to

Figures 12 to 15.

Next, the fine frequency synchronization in accordance with

the present invention will be described referring to Figures
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4 to 8. As mentioned above, the fine frequency synchroniza-

tion in accordance with the present invention is performed

after completion of the coarse frequency synchronization.

Preferred embodiments of the coarse frequency synchroni-

zation which can be performed by the symbol frame/carrier

frequency synchronization unit 134 are described hereinafter

referring to Figures 9 and 10 after having described the

fine frequency synchronization in accordance with the

present invention.

With the fine frequency synchronization in accordance with
the present invention frequency offsets which are smaller

than half the sub-carrier distance can be corrected. Since

the frequency offsets are low and equal for all sub-carriers

the problem of fine frequency synchronization is reduced to

sub-carrier level. Figure 4 is a schematical view of MCM

symbols 200 in the time-frequency plane. Each MCM symbol 200

consists of 432 sub-carrier symbols C, to C,,,. The MCM

symbols are arranged along the time axis, the first MCM

symbol 200 shown in Figure 4 having associated therewith a

time T,, the next MCM symbol having associated therewith a

time T, and so on. In accordance with a preferred embodiment

 
of the present invention, the fine frequency synchronization

is based on a phase rotation which is derived from the same

sub-carrier of two MCM symbols which are adjacent in the

time axis direction, for example C,/T, and C,/T,.

In the following, the present invention is described

referring to QPSK mapping (QPSK = Quadrature Phase Shift

Keying). However, it is obvious that the present invention

can be applied to any MPSK mapping, wherein M designates the

number of phase states used for encoding, for example 2, 4,

8, 16 ....

Figure 5 represents a complex coordinate system showing a

QPSK constellation for each sub-carrier with frequency

offset. The four possible phase positions of a first MCM

symbol, MCM-symbol-1 are shown at 300. Changing from the
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sub-carrier (sub-carrier n) of this MCM symbol to the same

sub-carrier of the next MCM symbol, MCM-symbol-2, the

position in the QPSK constellation will be unchanged in case

there is no frequency offset. If a frequency offset is

present, which is smaller than half the distance between

sub-carriers, as mentioned above, this frequency offset

causes a phase rotation of the QPSK constellation of

MCM-symbol-2 compared with MCM-symbol-1. The new QPSK

constellation, that is the four possible phase positions for

the subject sub-carrier of MCM-symbol-2 are shown at 302 in

Figure 5. This phase rotation © can he derived from the
following equation:

CATurear) = 02"C, (Ck = 1) Tusexs)

@ = 27fssc Euicm (Eq. 2)

Cc, designates the QPSK constellation of a sub-carrier n ina
MCM symbol. n is an index running from 1 to the number of

active sub-carriers in the MCM symbol. Information regarding

the frequency offset is contained in the term=¢/”/m7™mu of
equation 2. This frequency offset is identical for all
sub-carriers. Therefore, the phase rotation @ is identical

for all sub-carriers as well. Thus, averaging overall

 
sub-carrier of a MCM symbol can be performed.

Figure 6 shows a block diagram of a MCM receiver in which
the present invention is implemented. An analog/digital
converter 310 is provided in order to perform an

analog/digital conversion of a down-converted signal
received at the receiver front end 132 (Figure 1). The

output of the analog/digital converter 310 is applied to a

low path filter and decimator unit 312. The low path filter
is an impulse forming filter which is identical to an

impulse forming filter in the MCM transmitter. In the

decimator, the signal is sampled at the MCM symbol

frequency. As described above referring to Figure 1, guard

intervals in the MCM signal are removed by a guard interval
removal unit 132. Guard intervals are inserted between two
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MCM symbols in the MCM transmitter in order to avoid inter-

symbol interference caused by channel memory.

The output of the guard interval removal unit 132 is applied
to a MCM demodulator 314 which corresponds to the fast

Fourier transformator 140 shown in Figure 1. Following the

MCM demodulator 314 a differential decoding unit 316 and a

demapping unit 318 are provided. In the differential

decoding unit 316, phase information is recovered using

differential decoding. In the demapping unit 318, demapping

along the frequency axis direction is performed in order to
reconstruct a binary signal from the complex signal input

into the demapping unit 318.

The output of the MCM demodulator 314 is also applied to

fine frequency error detector 320. The fine frequency error

detector 320 produces an frequency error signal from the

output of the MCM demodulator. In the depicted embodiment,

the output of the fine frequency error detector 320 is

applied to a numerical controlled oscillator 322 via a loop
filter 324. The loop filter 324 is a low path filter for

filtering superimposed interference portions of a higher
 

frequency from the slowly varying error signal. The
numerical controlled oscillator 322 produces a carrier

signal on the basis of the filtered error signal. The

carrier signal produced by the numerical controlled

oscillator 322 is used for a frequency correction which is

performed by making use of a complex multiplier 326. The

inputs to the complex multiplier 326 are the output of the

low path filter and decimator unit 312 and the output of the

numerical controlled oscillator 322.

A description of a preferred embodiment of the fine

frequency error detector 320 is given hereinafter referring

to Figure 7.

The fine frequency error detector 320 comprises a

differential detector in the time axis 330. The output of
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the MCM demodulator 314, i.e. the FFT output (FFT = Fast

Fourier Transform) is applied to the input of the

differential detector 330 which performs a differential

detection in the time axis in order to derive information on

a frequency offset from the same sub-carrier of two

subsequently arriving MCM symbols. In the embodiment shown

in Figure 7, the number of active sub-carriers is 432. Thus,

the differential detector 330 performs a correlation between

the first and the 433rd sample. The first sample is

associated with MCM-symbol-1 (Figure 5), whereas the 433rd

sample is associated with MCM-symbol-2 (Figure 5). However,
both these samples are associated with the same sub-carrier.

To this end, the input signal Y, is applied to a z'~block
332 and thereafter to a unit 334 in order to form the

complex conjugate of the output of the z'-block 332. A

complex multiplier 336 is provided in order to multiply the

output of the unit 334 by the input signal Y,. The output of

the multiplier 336 is a signal 2,.

The function of the differential detector 330 can be

expressed as follows:

 
Zu = Yc Mh (Eq. 3)

y=[¥.%...%...| (Eq. 4)

(Eq.5)
¥ =[C,/T,,C,/T;,.-.,Can (TC, /T...|

Y, designates the output of the MCM modulator 314, i.e. the

input to the differential detector 330, at a time k. 2,

designates the output of the differential detector 330. K

designates the number of active carriers.

The output Z, of the differential detector 330 contains a

M-fold uncertainty corresponding to codeable phase shifts.

In case of the QPSK this M-fold uncertainty is a 4-fold

uncertainty, i.e. 0°, 90°, 180° and 270°. This phase shift
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uncertainty is eliminated from 2Z making use of a M-PSK
decision device 340. Such decision devices are known in the

art and, therefore, have not to be described here in detail.

The output of the decision device 340 (4,) * represents the
complex conjugate of the codeable phase shift decided by the

aecision device 340. This output of the decision device 340

is correlated with the output of the differential detector

330 by performing a complex multiplication using a

multiplier 342.

The output the multiplier 342 represents the phase offset
for the respective sub-carriers. This phase offsets for the

respective sub-carriers are averaged over one MCM symbol in

an averaging unit 344 in accordance with a preferred

embodiment of the present invention. The output of the

averaging units 344 represent the output of the fine

frequency error detector 320.

The mathematical description for this procedure is as

follows: 
1 Kk cyStet = ARF, §z.(aOt 20KTyess nl ” (Eq. 6)

In accordance with preferred embodiments of the present

invention, the frequency control loop has a_ backward

structure. In the embodiment shown in Figure 6, the feedback

loop is connected between the output of the MCM demodulator

314 and the input of the guard interval removal unit 132.

In Figure 8, a block diagram of a MCM receiver comprising a

coarse frequency correction unit 350 and a fine frequency
correction unit as described above is shown. As shown in

Figure 8, a common complex multiplier 326 can be used in

order to perform the coarse frequency correction and the

fine frequency correction. As shown in Figure 8, the

multiplier 326 can be provided preceding the low path filter

and decimator unit 312. Depending on the position of the
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multiplier 326, a hold unit has to be provided in the fine

frequency synchronization feedback loop. In an alternative
embodiment, it is possible to use two separate multipliers

for the coarse frequency correction and for the fine

frequency correction. In such a case, the multiplier for the
coarse frequency correction will be arranged preceding the

low path filter and decimator unit, whereas the multiplier

for the fine frequency correction will be arranged following

the low path filter and decimator unit.

Following, preferred embodiments for implementing a coarse

frequency synchronization will be described referring to

Figures 9 and 10.

As it is shown in Figure 9, the output of the receiver front

end 132 is connected to an analog/digital converter 310. The

down-converted MCM signal is sampled at the output of the

analog/digital converter 310 and is applied to a frame/ti-
ming synchronization unit 360. In a preferred embodiment, a

fast running automatic gain control (AGC) (not shown) is

provided preceding the frame/timing synchronization unit in
order to eliminate fast channel fluctuations. The fast AGC

is used in addition to the normally slow AGC in the signal

path, in the case of transmission over a multipath channel

 
with long channel impulse response and frequency selective

fading. The fast AGC adjusts the average amplitude range of
the signal to the known average amplitude of the reference

symbol.

As described above, the frame/timing synchronization unit

uses the amplitude-modulated sequence in the received signal

in order to extract the framing information from the MCM

signal and further to remove the guard intervals therefrom.

After the frame/timing synchronization unit 360 it follows a

coarse frequency synchronization unit 362 which estimates a

coarse frequency offset based on the amplitude-modulated

sequence of the reference symbol of the MCM signal. In the

coarse frequency synchronization unit 362, a frequency
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offset of the carrier frequency with respect to the

oscillator frequency in the MCM receiver is determined in

oder to perform a frequency offset correction in a block

364. This frequency offset correction in block 364 is per-

formed by a complex multiplication.

The output of the frequency offset correction block 364 is

applied to the MCM demodulator 366 formed by the Fast

Fourier Transformator 140 and the carrier-bit mapper 142

shown in Figure 1.

In order to perform the coarse frequency synchronization

described herein, an amplitude-demodulation has to he

performed on a preprocessed MCM signal. The preprocessing

may be, for example, the down-conversion and the

analog/digital conversion of the MCM signal. The result of

the amplitude-demodulation of the preprocessed MCM signal is

an envelope representing the amplitude of the MCM signal.

For the amplitude demodulation a simple alphapsy4 betapin-
method can be used. This method is described for example in

Palachels A.: DSP-mP Routine Computes Magnitude, EDN,

October 26, 1989: and Adams, W. T., and Bradley, J.:

Magnitude Approximations for Microprocessor Implementation,

IEEE Micro, Vol. 3, No. 5, October 1983.

 
It is clear that amplitude determining methods different

from the described alpha,s,4 betapjyp- method can be used.
For simplification, it is possible to reduce the amplitude

calculation to a detection as to whether the current

amplitude is above or below the average amplitude. The

output signal then consists of a -1/+1 sequence which can be

used to determine a coarse frequency offset by performing a

correlation. This correlation can easily be performed using

a simple integrated circuit (IC).

In addition, an oversampling of the signal received at the

RF front end can be performed. For example, the received
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signal can be expressed with two times oversampling.

In accordance with a first embodiment, a carrier frequency

offset of the MCM signal from an oscillator frequency in the

MCM receiver is determined by correlating the envelope

obtained by performing the amplitude-demodulation as
described above with a predetermined reference pattern.

In case there is no frequency offset, the received reference

symbol r(k) will be:

r(kK) = Sgy(kK) + nk) (Eq.7)

wherein n(k) designates "additive Gaussian noise" and S,y

denotes the AM sequence which has been sent. In order to

simplify the calculation the additive Gaussian noise can be
neglected. It follows:

H(A) ESalk) (Eq.8)

In case a constant frequency offset Sf is present, the

received signal will be:
 

F(k) = Sy, (kh) @7c (Eq.9)

Information regarding the frequency offset is derived from
the correlation of the received signal T(k) with the AM

sequence S,, which is known in the receiver:

£L
2 2

27k)Sah) = DSaue(t)fee" (Eq. 10)
Thus, the frequency offset is:

$
Af =ate Dry,Siy(k)|-sarae >Isa(AlMCM (Eq.11)

Since the argument of | Say (K) | 2 is zero the frequency offset
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is:

>IaDF): Siu (Eq.12)MCM

In accordance with a second embodiment of the coarse fre-

quency synchronization algorithm, a reference symbol

comprising at least two identical sequences 370 as shown in

Figure 10 is used. Figure 10 shows the reference symbol of a

MCM signal having two identical sequences 370 of a length of
L/2 each. L designates the number of values of the two

sequences 370 of the reference symbol.

As shown in Figure 10, within the amplitude-modulated

sequence, there are at least two identical sections devoted

to the coarse frequency synchronization. Two such sections,

each containing L/2 samples, are shown at the end of the

amplitude-modulated sequence in Figure 10. The amplitude-

modulated sequence contains a large number of samples. For a

non-ambiguous observation of the phase, only enough samples

to contain a phase rotation of 2m should be used. This num-

ber is defined as L/2 in Figure 10.

 
Following, a mathematical derivation of the determination of

a carrier frequency deviation is presented. In accordance

with Figure 10, the following equation applies for the two

identical sequences 370:

f{o<k< 2). {Eck <1] (Eq.13)
If no frequency offset is present, the following equation 14

will be met by the received signal:

(Eq.14)L L(i+) ere) O<ks

r(k) designates the values of the identical sequences. k is

an index from one to L/2 for the respective samples.
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If there is a frequency offset of, for example, St, the

received signal is:

F(k) = r(k)-een (Eq. 15)

L amyl keeFk +S)ar(k)-e nay ae (Eq.16)
T(k) designates sample values of the received portion which
are based on the identical sequences. Information regarding

the frequency offset is derived from the correlation of the

received signal T(k+L/2) with the received signal T(k). This
correlation is given by the following equation:

win jm

~~ a k _ 2 . k 2 ~)228S STcuF kt F( )= Dar¢ re (Eq.17)k=

week
T* designates the complex conjugate of the sample values of

the portion mentioned above.

Thus, the frequency offset is

 
£

I 2 LAf = —>-—arg Yaar4) rw -——are
205 Tuc ‘el 2H

Mere Foy
(Eq.18)> tl

Qo McM

Since the argument of [f(k)|2 equals zero, the frequency
offset becomes

Mee aC +4) P(e)1

Af =—arg
“x (Eq.19)~j

7

Thus, it is clear that in both embodiments, described above,

the frequency position of the maximum of the resulting out-

put of the correlation determines the estimated value of the

offset carrier. Furthermore, as it is also shown in Figure

9, the correction is performed in a feed forward structure.
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In case of a channel with strong reflections, for example

due to a high building density, the correlations described

above might be insufficient for obtaining a suitable coarse

frequency synchronization. Therefore, in accordance with a

third embodiment of the present invention, corresponding

values of the two portions which are correlated in

accordance with a second embodiment, can be weighting with

corresponding values of stored predetermined reference

patterns corresponding to said two identical sequences of

the reference symbol. This weighting can maximize the

probability of correctly determining the frequency offset.
The mathematical description of this weighting is as

follows:

£

Af = —;—arg >|r(« +4} FU} |SaaS& +5)|
27> Tacs kal (Eq.20)

Sm designates the amplitude-modulated sequence which is

known in the receiver, and S*ny designates the complex
conjugate thereof.

If the above correlations are calculated in the frequency

 
domain, the amount of

L

2 L . . . L[ree See] [sutosia(e+ 4)| (nq. 21)k=l

is used rather than the argument. This amount is maximized

as a function of a frequency correction. The position of the

maximum determines the estimation of the frequency devia-

tion. As mentioned above, the correction is performed in a

feed forward structure.

Preferred embodiments for performing an echo phase offset

correction when using a differential mapping in the

frequency axis will be described hereinafter referring to

Figures 12 to 15.

Systematic phase shifts stemming from echoes in multipath
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environments may occur between subcarriers in the same MCM

symbol. This phase offsets can cause bit errors when

demodulating the MCM symbol at the receiver. Thus, it is

preferred to make use of an algorithm to correct the

systematic phase shifts stemming from echoes in multipath

environments.

In Figure 12, scatter diagrams at the output of a diffe-

rential demapper of a MCM receiver are shown. As can be seen

from the left part of Figure 12, systematic phase shifts

between subcarriers in the same MCM symbol cause a rotation

of the demodulated phase shifts with respect to the axis of

the complex coordinate system. In the right part of Figure

12, the demodulated phase shifts after having performed an

echo phase offset correction are depicted. Now, the

positions of the signal points are substantially on the axis

of the complex coordinate system. These positions correspond

to the modulated phase shifts of 0°, 90°, 180° and 270°,

respectively.

An echo phase offset correction algorithm (EPOC algorithm)

must calculate the echo induced phase offset from the signal

space constellation following the differential demodulation

 
and subsequently correct this phase offset.

For illustration purposes, one may think of the simplest

algorithm possible which eliminates the symbol phase before

computing the mean of all phases of the subcarriers. To

illustrate the effect of such an EPOC algorithm, reference

is made to the two scatter diagrams of subcarriers symbols

contained in one MCM symbol in Figure 12. This scatter

diagrams have been obtained as result of an MCM simulation.

For the simulation a channel has been used which might

typically show up in single frequency networks. The echoes

of this channel stretched to the limits of the MCM guard

interval. The guard interval was chosen to be 25% of the MCM

symbol duration in this case.
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Figure 13 represents a block diagram for illustrating the

position and the functionality of an echo phase offset

correction device in a MCM receiver. The signal of a MCM

transmitter is transmitted through the channel 122 (Figures

1 and 13) and received at the receiver frontend 132 of the

MCM receiver. The signal processing between the receiver

frontend and the fast Fourier transformator 140 has been

omitted in Figure 13. The output of the fast Fourier

transformator is applied to the de-mapper, which performs a

aifferential de-mapping along the frequency axis. The output

of the de-mapper are the respective phase shifts for the
subcarriers. The phase offsets of this phase shifts which

are caused by echoes in multipath environments are

visualized by a block 400 in Figure 13 which shows an

example of a scatter diagram of the subcarrier symbols

without an echo phase offset correction.

The output of the de-mapper 142 is applied to the input of

an echo phase offset correction device 402. The echo phase

offset correction device 402 uses an EPOC algorithm in order

to eliminate echo phase offsets in the output of the de-

mapper 142. The result is shown in block 404 of Figure 13,

i.e. only the encoded phase shifts, 0°, 90°, 180° or 270°

are present at the output of the correction device 402. The

output of the correction device 402 forms the signal for the

 
metric calculation which is performed in order to recover

the bitstream representing the transmitted information.

A first embodiment of an EPOC algorithm and a device for

performing same is now described referring to Figure 14.

The first embodiment of an EPOC algorithm starts from the

assumption that every received differentially decoded

complex symbol is rotated by an angle due to echoes in the
multipath channel. For the subcarriers equal spacing in

frequency is assumed since this represents a preferred

embodiment. If the subcarriers were not equally spaced in

frequency, a correction factor would have to be introduced
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into the EPOC algorithm.

Figure 14 shows the correction device 402 (Figure 13) for

performing the first embodiment of an EPOC algorithm.

From the output of the de-mapper 142 which contains an echo

phase offset as shown for example in the left part of Figure

12, the phase shifts related to transmitted information must

first be discarded. To this end, the output of the de-mapper

142 is applied to a discarding unit 500. In case of a DQPSK

mapping, the discarding unit can perform a "(.)4" operation.
The unit 500 projects all received symbols into the first

quadrant. Therefore, the phase shifts related to transmitted

information is eliminated from the phase shifts representing

the subcarrier symbols. The same effect could be reached

with a modulo~4 operation.

Having eliminated the information related symbol phases in

unit 500, the first approach to obtain an estimation would

be to simply compute the mean value over all symbol phases

of one MCM symbol. However, it is preferred to perform a

threshold decision before determining the mean value over

all symbol phases of one MCM symbol. Due to Rayleigh fading

some of the received symbols may contribute unreliable

 
information to the determination of the echo phase offset.

Therefore, depending on the absolute value of a symbol, a

threshold decision is performed in order to determine

whether the symbol should contribute to the estimate of the

phase offset or not.

Thus, in the embodiment shown in Figure 14, a threshold

decision unit 510 is included. Following the unit 500 the

absolute value and the argument of a differentially decoded

symbol is computed in respective computing units 512 and

514. Depending on the absolute value of a respective symbol,

a control signal is derived. This control signal is compared

with a threshold value in a decision circuit 516. If the

absolute value, i.e. the control signal thereof, is smaller
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than a certain threshold, the decision circuit 516 replaces

the angle value going into the averaging operation by a
value equal to zero. To this end, a switch is provided in
order to disconnect the output of the argument computing

unit 514 from the input of the further processing stage and

connects the input of the further processing stage with a

unit 518 providing a constant output of "zero".

An averaging unit 520 is provided in order to calculate a

mean value based on the phase offsets ¥% determined for the
individual subcarrier symbols of a MCM symbol as follows:

Ys (Eq. 22)

In the averaging unit 520, summation over K summands is 
performed. The output of the averaging unit 520 is provided
to a hold unit 522 which holds the output of the averaging

unit 520 K times. The output of the hold unit 522 is

connected with a phase rotation unit 524 which performs the

correction of the phase offsets of the K complex signal 
points on the basis of the mean value .

The phase rotation unit 524 performs the correction of the
phase offsets by making use of the following equation:

VE’ = VR e-If (Eq.23)

In this equation, v;’ designates the K phase corrected
differentially decoded symbols for input into the soft-

metric calculation, whereas v, designates the input symbols.

As long as a channel which is quasi stationary during the
duration of one MCM symbols can be assumed, using the mean
value over all subcarriers of one MCM symbol will provide

correct results.

A buffer unit 527 may be provided in order to buffer the
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complex signal points until the mean value of the phase

offsets for one MCM symbol is determined. The output of the

phase rotation unit 524 is applied to the further processing

stage 526 for performing the soft-metric calculation.

With respect to the results of the above echo phase offset

correction, reference is made again to Figure 12. The two

plots stem from a simulation which included the first

embodiment of an echo phase offset correction algorithm

described above. At the instant of the scatter diagram
snapshot shown in the left part of Figure 12, the channel

obviously distorted the constellation in such a way, that a

simple angle rotation is a valid assumption. As shown in the

right part of Figure 12, the signal constellation can be

rotated back to the axis by applying the determined mean

value for the rotation of the differentially detected
symbols.

A second embodiment of an echo phase offset correction

algorithm is described hereinafter. This second embodiment

can be preferably used in connection with multipath channels

that have up to two strong path echoes. The algorithm of the

second embodiment is more complex than the algorithm of the

 
first embodiment.

What follows is a mathematical derivation of the second

embodiment of a method for echo phase offset correction. The

following assumptions can be made in order to ease the

explanation of the second embodiment of an EPOC algorithm.

In this embodiment, the guard interval of the MCM signal is

assumed to be at least as long as the impulse response h[q],

q= 0, 1, .--, Qh-1 of the multipath channel.

At the transmitter every MCM symbol is assembled using
frequency axis mapping explained above. The symbol of the

reference subcarrier equals 1, i.e. 0 degree phase shift.

The optional phase shift PHI equals zero, i.e. the DQPSK
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signal constellation is not rotated.

Using an equation this can be expressed as

a, =a,ja;* (Eq.24)

with

k : index k = 1,2,...,K of the active subcarrier;

izme m

a =e? : complex phase increment symbol; m=0,1,2,3 is
the QPSK symbol number which is derived from

Gray encoding pairs of 2 Bits;

ag = 1 : symbol of the reference subcarrier.

At the DFT output of the receiver the decision variables

eC, = aly (Eq. 25)

are obtained with

Qn-}

H, = Shfij-e7%” (Eq. 26)
1=0

being the DFT of the channel impulse response h{q] at

position k.

With |a,|2 = 1 the differential demodulation yields

vy, =e. e, =aHAL, (Eq.27)

For the receiver an additional phase term ‘fy, is introduced,
which shall be used to correct the systematic phase offset

caused by the channel. Therefore, the final decision

variable at the receiver is

. 2 * *

IPqK = ay .@IP?k . Hy * Hye] (Eq.28)
t

Vk = V_E 7 e&

As can be seen from the Equation 28, the useful information
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a, ine is weighted with the product ed¥k- Hy -H*yy (rotation
and effective transfer function of the channel). This

product must be real-valued for an error free detection.
Considering this, it is best to choose the rotation angle to
equal the negative argument of Hy‘H*,-j- To derive the
desired algorithm for 2-path channels, the nature of

Hy, H*4 is investigated in the next section.

It is assumed that the 2-path channel exhibits two echoes

with energy content unequal zero, i.e. at least two dominant
echoes. This assumption yields the impulse response

hfa] =c,5,[q]+¢,5,[a—-4o] (Eq.29)

with

C1,Cg + complex coefficients representing the path echoes;

do : delay of the second path echo with respect to the
first path echo;

1 for k = 0

Oo else

ll

85 : Dirac pulse; 6,{k]
69{K]

 
The channel transfer function is obtained by applying a DFT

to Equation 29:

2m, joka;a “FU S401, -H[e'®") =e, 405-6 K (Eq.30)

With Equation 30 the effective transfer function for
differential demodulation along the frequency axis is:

* ~1eka +j2(k-1)_ : * —(k-Hi, “HL, =lc¢, + ce K Le + cre IE |
™ 31=e, +4, 00{=q,(2k -0)] (Eq.31)

Assuming a noise free 2-path channel, it can be observed
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from Equation 31 that the symbols on the receiver side are

located on a straight line in case the symbol 1+j0 has been

send (see above assumption). This straight line can be

characterized by a point

c, =[o,[' +c,[-67 (Eq. 32))

and the vector

. 2
C, =2¢,c3-e K” . (Eq. 33)

which determines its direction.

With the above assumptions, the following geometric

derivation can be performed. A more suitable notation for

the geometric derivation of the second embodiment of an EPOC

algorithm is obtained if the real part of the complex plane

is designated as x = Re{z}, the imaginary part as y = Im{z},

respectively, i.e. z = x+jy. With this new notation, the

straight line, on which the received symbols will lie in

case of a noise-free two-path channel, is 
f(x) =a +t bx (Eq.34)

with

Ref, }
a=ImteSFoymes} (Eq.35)
and

eed Im{c, } - ee} Im{c, }
 

b = ———__wos

Rele,}-aRe{o, } (Eq. 36)
Additional noise will spread the symbols around the straight

line given by Equations 34 to 36. In this case Equation 36
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is the regression curve for the cluster of symbols.

For the geometric derivation of the second embodiment of an
EPOC algorithm, the angle f,. from Equation 28 is chosen to
be a function of the square distance of the considered

symbol from the origin:

,, = fx({2|7) (Eq. 37)

Equation 37 shows that the complete signal space is
distorted (torsion), however, with the distances from the

origin being preserved.

For the derivation of the algorithm of the second embodi-

ment, fy(°) has to be determined such that all decision
variables v’; (assuming no noise) will come to lie on the
real axis:

Im{(x + jA(x))-e%#"N (Eq. 38)

Further transformations of Equation 38 lead to a quadratic

equation which has to be solved to obtain the solution for

-..

 
In case of a two-path channel, the echo phase offset

correction for a given decision variable v;, is

   

 

Vk = Vk . etx (Eq.39)

with

a+b [vf 1+b?)~a? 2 a—atan for l»,[ = 3
b+ lv [" 1+b?)-a? itb—, = -ab+VM , (Eq. 40)

I 2 aaan4] for lv, < Tab?
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From the two possible solutions of the quadratic equation

mentioned above, Equation 40 is the one solution that cannot

cause an additional phase shift of 180 degrees.

The two plots in Figure 15 show the projection of the EPOC

algorithm of the second embodiment for one quadrant of the

complex plane. Depicted here is the quadratic grid in the

sector |[arg(z)| < 7/4 and the straight line y = f(x) = atb:x

with a = -1.0 and b = 0.5 (dotted line). In case of a

noise-free channel, all received symbols will lie on this

straight line if 1+j0 was send. The circle shown in the

plots determines the boarder line for the two cases of

Equation 40. In the left part, Figure 15 shows the situation

before the projection, in the right part, Figure 15 shows

the situation after applying the projection algorithm. By

looking on the left part, one can see, that the straight

line now lies on the real axis with 2+j0 being the fix point

of the projection. Therefore, it can be concluded that the

echo phase offset correction algorithm according to the

second embodiment fulfills the design goal.

Before the second embodiment of an EPOC algorithm can be

applied, the approximation line through the received symbols

has to be determined, i.e. the parameters a and b must be

 
estimated. For this purpose, it is assumed that the received

symbols lie in sector |arg(z)| < 7/4, if 1+j0 was sent. If

symbols other than 1+j0 have been sent, a modulo operation

can be applied to project all symbols into the desired

sector. Proceeding like this prevents the necessity of

deciding on the symbols in an early stage and enables

averaging over all signal points of one MCM symbol (instead

of averaging over only 4% of all signal points).g p

For the following computation rule for the EPOC algorithm of

the second embodiment, x; is used to denote the real part of

the i-th signal point and y,; for its imaginary part,
respectively (i = 1, 2,..., K). Altogether, K values are

available for the determination. By choosing the method of
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least squares, the straight line which has to be determined

can be obtained by minimizing

(8) = argminSy, -(a+5-x,)) (Eq. 41)ab

The solution for Equation 41 can be found in the laid open

literature. It is

b="ay&b | _ (Eq.42)

with mean values

K ] K

Reyes, Vay oyi i=listz|\-
(Eq. 43)

If necessary, an estimation method with higher robustness

can be applied. However, the trade-off will be a much higher

computational complexity.

To avoid problems with the range in which the projection is

applicable, the determination of the straight line should be

separated into two parts. First, the cluster’s centers of

gravity are moved onto the axes, following, the signal space

is distorted. Assuming that a and b are the original

parameters of the straight line and a is the rotation angle,

fx.) has to be applied with the transformed parameters

 
.  b-cos(ce) — sin(x) on~ cos(a) + b-sin(a)’ as a-(cos(a.) “b («)) (Eq. 44)

Besides the two EPOC algorithms explained above section,

different algorithms can be designed that will, however,

most likely exhibit a higher degree of computational

complexity.
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Claims

1. A method of performing a fine frequency synchronization

compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

determining a phase difference between phases of the

same carrier in different symbols;

determining a frequency offset by eliminating phase

shift uncertainties corresponding to codeable phase

shifts from said phase difference; and

performing a feedback correction of said carrier

frequency deviation based on said determined frequency

offset.

 
2. A method of performing a fine frequency synchronization

compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

determining respective phase of the same carrier in

different symbols;

eliminating phase shift uncertainties corresponding to

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 199



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 200

codeable phase shifts from said phases to determine

respective phase deviations;

determining a frequency offset by determining a phase

difference between said phase deviations;

performing a feedback correction of said carrier

frequency deviation based on said determined frequency
offset.

3. A method of performing a fine frequency synchronization

compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

 
for a plurality of carriers (202) in said symbols (200): 

determining a phase difference between phases of the

same carrier in different symbols; and

determining a frequency offset by eliminating phase

shift uncertainties corresponding to codeable phase

shifts from said phase difference;

determining an averaged frequency offset (forse) bY
averaging said determined frequency offsets of said

plurality of carriers (202); and

performing a feedback correction of said frequency

deviation based on said averaged frequency offset

( foftset ) °

4. A method of performing a fine frequency synchronization
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compensating for a carrier frequency deviation from an

oscillator frequency in a multi-carrier demodulation

system (130) of the type capable of carrying out a

differential phase decoding of multi-carrier modulated

signals, said signals comprising a plurality of symbols

(200), each symbol being defined by phase differences

between simultaneous carriers (202) having different

frequencies, said method comprising the steps of:

for a plurality of carriers (202) in said symbols (200):

determining respective phases of the same carrier in

aifferent symbols;

eliminating phase shift uncertainties corresponding to

codeable phase shifts from said phases to determine

respective phase deviations; and

determining a frequency offset by determining a phase

difference between said phase deviations;

determining an averaged frequency offset by averaging

 
said determined frequency offsets of said plurality of

carriers; and

performing a feedback correction of said frequency
deviation based on said averaged frequency offset.

5. The method according to claims 1 or 3, wherein said step

of determining a phase difference comprises the step of

determining a phase difference between phases of the

same carrier (202) in symbols (200) which are adjacent

in the time axis direction.

6. The method according to claims 1 or 3, wherein said step

of determining a frequency offset comprises the step of

eliminating phase shift uncertainties corresponding to

M-ary phase shifts.
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The method according to claims 2 or 4, wherein said step

of determining respective phases comprises the step of

determining respective phases of the same carrier (202)

in symbols (200) which are adjacent in the time axis
Girection.

The method according to claims 2 or 4, wherein said step

of eliminating phase shift uncertainties comprises the

step of eliminating M-ary phase shifts.

An apparatus for performing a fine frequency
synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of
multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol being defined
by phase differences between simultaneous carriers (202)
having different frequencies, said apparatus comprising:

means (330) for determining a phase difference between

phases of the same carrier (202) in different symbols
(200);

means (340, 342) for determining a frequency offset by
eliminating phase shift uncertainties corresponding to

codeable phase shifts from said phase difference; and

means for performing a feedback correction ‘of said
frequency deviation based on said determined frequency
offset.

An apparatus for performing a fine frequency

synchronization compensating for a carrier frequency
deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of
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multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol being defined

by phase differences between simultaneous carriers (202)

having different frequencies, said apparatus comprising:

means for determining respective phases of the same

carrier in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from said phases

to determine respective phase deviations;

means for determining a frequency offset by determining

a phase difference between said phase deviations;

means for performing a feedback correction of said

frequency deviation based on said determined frequency
offset.

11. An apparatus for performing a fine frequency

synchronization compensating for a carrier frequency

deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of

multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol being defined

by phase differences between simultaneous carriers (202)

 
having different frequencies, said apparatus comprising:

means (330) for determining a phase difference between

phases of the same carrier (202) in different symbols;

means (340, 342) for determining a frequency offset by

eliminating phase shift uncertainties corresponding to

codeable phase shifts from said phase difference;

means (344) for determining an averaged frequency offset

(fostset) by averaging determined frequency offsets of a
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plurality of carriers; and

means for performing a feedback correction of said

frequency deviation based on said averaged frequency
offset.

12. An apparatus for performing a fine frequency

synchronization compensating for a carrier frequency

deviation from an oscillator frequency, for a

multi-carrier demodulation system (130) of the type

capable of carrying out a differential phase decoding of

multi-carrier modulated signals, said signals comprising

a plurality of symbols (200), each symbol (200) being

defined by phase differences between simultaneous

carriers (202) having different frequencies, said

apparatus comprising:

means for determining respective phases of the same

carrier in different symbols;

means for eliminating phase shift uncertainties

corresponding to codeable phase shifts from said phases

 
to determine respective phase deviations;

means for determining a frequency offset by determining

a phase difference between said phase deviations;

means for determining an averaged frequency offset by

averaging determined frequency offsets of a plurality of

carriers; and

means for performing a feedback correction of said

frequency deviation based on said averaged frequency

offset.

13. The apparatus according to claims 9 or 11, wherein said

means (330) for determining a phase difference comprises

means for determining a phase difference between phases
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of the same carrier in symbols which are adjacent in the

time axis direction.

14. The apparatus according to claims 10 or 12, wherein said

means for determining respective phases comprises means

for determining respective phases of the same carrier in

symbols which are adjacent in the time axis direction.

15. The apparatus according to claims 9 or 11, wherein said

means (340, 342) for determining a frequency offset

comprises a M-ary phase shift keying decision device

(340) and a complex multiplier (342).

16. The apparatus according to claims 10 or 12, wherein said

means for eliminating phase shift uncertainties

comprises a M-ary phase shift keying decision device and

a complex multiplier.

17. The apparatus according to one of claims 9 to 16,

wherein said means for performing a feedback correction

of said frequency deviation comprises a numerical

controlled oscillator (322) and a complex multiplier

(326).

 
18. The apparatus according to claim 17, wherein said means

for performing a feedback correction of said frequency

deviation further comprises a low path filter (324)

preceding said numerical controlled oscillator (322).
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METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

MULTI-CARRIER DEMODULATION SYSTEMS

ABSTRACT

A method and an apparatus relate to a fine frequency

synchronization compensating for a carrier frequency

deviation from an oscillator frequency in a multi-carrier
demodulation system 130 of the type capable of carrying out

a differential phase decoding of multi-carrier modulated

signals, the signals comprising a plurality of symbols 200,

each symbol being defined by phase differences between

simultaneous carriers 202 having different frequencies. A

phase difference between phases of the same carrier 202 in

different symbols 200 is determined. Thereafter, a frequency

offset is determined by eliminating phase shift

uncertainties corresponding to codeable phase shifts from

the phase difference. Finally, a feedback correction of the

carrier frequency deviation is performed based on the

determined frequency offset. Alternatively, an averaged

frequency offset can be determined by averaging determined

 
frequency offsets of a plurality of carriers 202. Then, the

feedback correction of the frequency deviation is performed

based on the averaged frequency offset.
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METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

5 MULTI-CARRIER DEMODULATION SYSTEMS

FIELD OF THE INVENTION

10 The present invention relates to methods and apparatus for
performing a fine frequency synchronization in multi-carrier
demodulation systems, and in particular to methods and appa-
ratus for performing a fine frequency synchronization com-
pensating for a carrier frequency deviation from an oscilla-

15 tor frequency in a multi-carrier demodulation system of the
type capable of carrying out a differential phase decoding
of multi-carrier modulated signals, wherein the signals com-

prise a plurality of symbols, each symbol being defined by
phase differences between simultaneous carriers having dif-

20 ferent frequencies. 
BACKGROUND OF THE INVENTION

 
25. In a multi carrier transmission system (MCM, OFDM), the ef-

fect of a carrier frequency offset is substantially more

considerable than in a single carrier transmission system.
MCM is more sensitive to phase noise and frequency offset
which occurs aS amplitude distortion and inter carrier in-

30 terference (ICI). The inter carrier interference has the ef-
fect that the subcarriers are no longer orthogonal in rela-

tion to each other. Frequency offsets occur after power on
or also later due to frequency deviation of the oscillators
used for downconversion into baseband. Typical accuracies

35 for the frequency of a free running oscillator are about +50

ppm of the carrier frequency. with a carrier frequency in
the S-band of 2.34 Ghz, for example, there will be a maximum

local oscillator (LO) frequency deviation of above 100 kHz
(117.25 kHz). The above named effects result in high re-
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quirements on the algorithm used for frequency offset cor-
rection.

5 DESCRIPTION OF PRIOR ART

Most prior art algorithms for frequency synchronization di-

vide frequency correction into two stages. In the first

stage, a coarse synchronization is performed. In the second

10 stage, a fine correction can be achieved. A frequently used

algorithm for coarse synchronization of the carrier fre-
quency uses a synchronization symbol which has a special

spectral pattern in the frequency domain. Such a synchroni-

zation symbol is, for example, a CAZAC sequence (CAZAC =

15 Constant Amplitude Zero Autocorrelation). Through compari-
son, i.e. the correlation, of the power spectrum of the re-

ceived signal with that of the transmitted signal, the fre-

quency carrier offset can be coarsely estimated. These prior

art algorithms all work in the frequency domain. Reference
20 is made, for example, to Ferdinand Clafen, Heinrich Meyr,

"Synchronization Algorithms for an OFDM System for Mobile
Communication", ITG-Fachtagung 130, cCodierung ftir Quelle,

Kanal und Ubertragung, pp. 105 - 113, Oct. 26-28, 1994; and

Timothy M. Schmidl, Donald Cc. Cox, "Low-Overhead, Low-

25 complexity [Burst] Synchronization for OFDM", in Proceedings
of the IEEE International Conference on Communication ICC

1996, pp. 1301-1306 (1996).

 
 

For the coarse synchronization of the carrier frequency,

30 Paul H. Moose, “A Technique for Orthogonal Frequency Divi-

sion Multiplexing Frequency Offset Correction", IEEE Trans-

action On Communications, Vol. 42, No. 10, October 1994,

Suggest increasing the spacing between the subcarriers such

that the subcarrier distance is greater than the maximum
35 frequency difference between the received and transmitted

carriers. The subcarrier distance is increased by reducing

the number of sample values which are transformed by the

Fast Fourier Transform. This corresponds to a reduction of
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the number of sampling values which are transformed by the
Fast Fourier Transform.

wo 9205646 A relates to methods for the reception of or-

thogonal frequency division multiplexed signals comprising
data which are preferably differentially coded in the direc-
tion of the time axis. Phase drift of the demodulated sam-

ples from one block to the next is used to indicate the de-
gree of local oscillator frequency error. Phase drift is as-
sessed by multiplying complex values by the complex conju-
gate of an earlier sample demodulated from the same OFDM
carrier and using the resulting measure to steer the local
oscillator frequency via a frequency locked loop.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide methods
and apparatus for performing a fine frequency synchroniza-
tion which allow a fine frequency synchronization compensat-

ing for a carrier frequency deviation from an oscillator
frequency in a MCM transmission system which makes use of
MCM signals in which information is differential phase en-
coded between simultaneous sub-carriers having different

frequencies.

In accordance with a first aspect, the present invention

provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation sys-
tem of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, the signals
comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having
different frequencies, the method comprising the steps of:

determining a phase difference between phases of the same
carrier in different symbols;
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determining a frequency offset by eliminating phase shift

uncertainties [going back to phase shifts due to the defini-

tion of symbols] related to the transmitted information from
the phase difference making use of a M-PSK decision device;

5 and

performing a feedback correction of the carrier frequency
deviation based on the determined frequency offset.

10 In accordance with a second aspect, the present invention

provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation sys-

tem of the type capable of carrying out a differential phase

15 decoding of multi-carrier modulated signals, the signals
comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having
different frequencies, the method comprising the steps of:

20 determining respective phases of the same carrier in differ-
ent symbols; 
eliminating phase shift uncertainties related to the trans-
mitted information from the phases to determine respective

25 phase deviations making use of a M-PSK decision device;

determining a frequency offset by determining a phase dif-
ference between the phase deviations; and

30 performing a feedback correction of said carrier frequency
deviation based on the determined frequency offset.

In accordance with a third aspect, the present invention

provides an apparatus for performing a fine frequency syn-

35 chronization compensating for a carrier frequency deviation

from an oscillator frequency, for a multi-carrier demodula-

tion system of the type capable of carrying out a differen-
tial phase decoding of multi-carrier modulated signals, the
signals comprising a plurality of symbols, each symbol being
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defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:

means for determining a phase difference between phases of
5 the same carrier in different symbols;

{means] M-PSK decision device for determining a frequency

offset by eliminating phase shift uncertainties [going back

to phase shifts due to the definition of symbols] related to

10 the transmitted information from the phase difference [mak-

ing use of a M-PSK decision device]; and

means for performing a feedback correction of the frequency

deviation based on the determined frequency offset.
15

In accordance with a fourth aspect, the present invention

provides an apparatus for performing a fine frequency syn-

chronization compensating for a carrier frequency deviation

from an oscillator frequency, for a multi-carrier demodula-

20 tion system of the type capable of carrying out a differen-

tial phase decoding of multi-carrier modulated signals, said

Signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:

 
25

means for determining respective phases of the same carrier

in different symbols;

M-PSK decision device for eliminating phase shift uncertain-

30 ties [going back to phase shifts due to the definition of

symbols] related to the transmitted information from the

phases to determine respective phase deviations;

means for determining a frequency offset by determining a
35 phase difference between the phase deviations; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 211



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 212

-6-

The present invention relates to methods and apparatus for

performing a fine frequency synchronization compensating for

a carrier frequency deviation from an oscillator frequency.

This fine frequency synchronization is preferably performed

5 after completion of a coarse frequency synchronization, such

that the frequency offsets after the coarse frequency syn-
chronization are smaller than half the sub-carrier distance

in the MCM signal. Since the frequency offsets which are to

be corrected by the inventive fine frequency synchronization

10 methods and apparatus, a correction of the frequency offsets

by using a phase rotation with differential decoding and de-

mapping in the time axis can be used. The frequency offsets

are detected by determining the frequency differences be-

tween time contiguous sub-carrier symbols along the time

15 axis. The frequency error is calculated by measuring the ro-
tation of the I-Q cartesian coordinates of each sub-carrier

and, in preferred embodiments, averaging them over all n
sub-carriers of a MCM symbol.

20 Firstly, the phase ambiguity or uncertainty is eliminated by

using a M-PSK decision device and correlating the output of

the decision device with the input signal for a respective

sub-carrier symbol. Thus, the phase offset for a sub-carrier

symbol is determined and can be used for restructuring the
25 frequency error in form of a feed-backward structure. Alter-

natively, the phase offsets of the sub-carrier symbols of

one MCM symbol can be averaged over all of the active carri-

ers of a MCM symbol, wherein the averaged phase offset is
used to restructure the frequency error.

 
30

In accordance with the present invention, the determination

of the frequency offset is performed in the frequency do-
main. The feedback correction in accordance with the inven-

tive fine frequency synchronization is performed in the time
35 domain. To this end, a differential decoder in the time do-

main is provided in order to detect frequency offsets of

sub-carriers on the basis of the phases of timely successive
sub-carrier symbols of different MCM symbols.
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BRIEF DESCRIPTION OF THE DRAWINGS

In the following, preferred embodiments of the present in-

5 vention will be explained in detail on the basis of the

drawings enclosed, in which:

Figure 1 shows a schematic overview of a MCM transmis-

sion system to which the present application

10 can be applied;

Figures 2A and 2B show schematic views representing a

scheme for differential mapping in the time

axis and a scheme for differential mapping in

15 the frequency axis;

Figure 3 shows a functional block diagram for performing

a differential mapping in the frequency axis;
 

20 Figure 4 shows a representation of time variation of all

sub-carriers in MCM symbols; 
Figure 5 shows a QPSK-constellation for each sub-carrier

with a frequency offset;
25

Figure 6 shows a general block diagram illustrating the
position of the inventive fine frequency syn-

chronization device in a MCM receiver;

30 Figure 7 shows a block diagram of the fine frequency er-

ror detector shown in Figure 6;

Figure 8 shows a block diagram of a MCM receiver com-

prising a coarse frequency synchronization unit

35 and a fine frequency synchronization unit;

Figure 9 shows a block diagram of a unit for performing
a coarse frequency synchronization;
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Figure 10 shows a schematic view of a reference symbol
used for performing a coarse frequency synchro-

nization;

5 Figure 11 shows a schematic view of a typical MCM signal
having a frame structure;

Figure 12 shows scatter diagrams of the output of an dif-
ferential de-mapper of a MCM receiver for il-

10 lustrating the effect of an echo phase offset
correction;

Figure 13 shows a schematic block diagram for illustrat-
ing the position and the functionality of an

15 echo phase offset correction unit;

Figure 14 shows a schematic block diagram of a preferred
form of an echo phase offset correction device; and

20

Figure 15 shows schematic views for illustrating a pro-

jection performed by another echo phase offset
correction algorithm.

25

DETAILED DESCRIPTION OF THE EMBODIMENTS

Before discussing the present invention in detail, the mode
of operation of a MCM transmission system is described re-

30 ferring to figure 1.

Referring to Figure 1, at 100 a MCM transmitter is shown
that substantially corresponds to a prior art MCM transmit-

ter. A description of such a MCM transmitter can be found,

35 for example, in william Y. Zou, Yiyan Wu, “COFDM: AN

OVERVIEW", IEEE Transactions on Broadcasting, vol. 41, No.
1, March 1995.
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A data source 102 provides a serial bitstream 104 to the MCM

transmitter. The incoming serial bitstream 104 is applied to

a bit-carrier mapper 106 which produces a sequence of spec-

tra 108 from the incoming serial bitstream 104. An inverse

5 fast Fourier transform CIFFT) 110 is performed on the se-

quence of spectra 108 in order to produce a MCM time domain

Signal 112. The MCM time domain signal forms the useful MCM

symbol of the MCM time signal. To avoid intersymbol inter-

ference (ISI) caused by multipath distortion, a unit 114 is

10 provided for inserting a guard interval of fixed length be-

tween adjacent MCM symbols in time. In accordance with a

preferred embodiment of the present invention, the last part

of the useful MCM symbol is used as the guard interval by

placing same in front of the useful symbol. The resulting

15  mcM symbol is shown at 115 in Figure 1 and corresponds to a

MCM symbol 160 depicted in Figure 11. 
Figure 11 shows the construction of a typical MCM signal

having a frame structure. One frame of the MCM time signal

20 is composed of a plurality of MCM symbols 160. Each MCM sym-

bol 160 is formed by an useful symbol 162 and a guard inter-

val 164 associated therewith. As shown in Figure 11, each
frame comprises one reference symbol 166. The present inven-

tion can advantageously be used with such a MCM signal, how-

25 ever, such a signal structure being not necessary for per-

forming the present invention as long as the transmitted

Signal comprises a useful portion and at least one reference

symbol.

 
30 In order to obtain the final frame structure shown in Figure

11, a unit 116 for adding a reference symbol for each prede-
termined number of MCM symbols is provided.

In accordance with the present invention, the reference sym-

35 bol is an amplitude modulated bit sequence. Thus, an ampli-
tude modulation of a bit sequence is performed such that the

envelope of the amplitude modulated bit sequence defines a

reference pattern of the reference symbol. This reference

pattern defined by the envelope of the amplitude modulated
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bit sequence has to be detected when receiving the MCM sig-
nal at a MCM receiver. In a preferred embodiment of the pre-

sent invention, a pseudo random bit sequence having good

autocorrelation properties is used as the bit sequence that
5 is amplitude modulated.

The choice of length and repetition rate of the reference
symbol depends on the properties of the channel through
which the MCM signal is transmitted, e.g. the coherence time

10 of the channel. In addition, the repetition rate and the

length of the reference symbol, in other words the number of
useful symbols in each frame, depends on the receiver re-
quirements concerning mean time for initial synchronization
and mean time for resynchronization after synchronization

15 loss due to a channel fade.

The resulting MCM signal having the structure shown at 118
in Figure 1 is applied to the transmitter front end 120.
Roughly speaking, at the transmitter front end 120, a digi-

20 tal/analog conversion and an up-converting of the MCM signal
is performed. Thereafter, the MCM signal is transmitted
through a channel 122.

 
 

Following, the mode of operation of a MCM receiver 130 is
25 shortly described referring to Figure 1. The MCM signal is

received at the receiver front end 132. In the receiver

front end 132, the MCM signal is down-converted and, fur-
thermore, an analog/digital conversion of the down-converted
signal is performed.

30

The down-converted mMCM signal is provided to a_ symbol

frame/carrier frequency synchronization unit 134.

A first object of the symbol frame/carrier frequency syn-
35 chronization unit 134 is to perform a frame synchronization

on the basis of the amplitude-modulated reference symbol.

This frame synchronization is performed on the basis of a
correlation between the amplitude-demodulated reference sym-
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bol [an] and a predetermined reference pattern stored in the
MCM receiver.

A second object of the symbol frame/carrier frequency syn-
5 chronization unit is to perform a coarse frequency synchro-

nization of the MCM signal. To this end, the symbol
frame/carrier frequency synchronization unit 134 serves as a
coarse frequency synchronization unit for determining a
coarse frequency offset of the carrier frequence caused, for

10 example, by a difference of the frequencies between the lo-
cal oscillator of the transmitter and the local oscillator
of the receiver. The determined frequency is used in order

to perform a coarse frequency correction. The mode of opera-
tion of the coarse frequency synchronization unit is de-

15 scribed in detail referring to Figures 9 and 10 hereinafter.

As described above, the frame synchronization unit 134 de-

= termines the location of the reference symbol in the MCM
symbol. Based on the determination of the frame synchroniza-

20 tion unit 134, a reference symbol extracting unit 136 ex-
tracts the framing information, i.e. the reference symbol,
from the MCM symbol coming from the receiver front end 132.
After the extraction of the reference symbol, the MCM signal

is applied to a guard interval removal unit 138. The result
25 of the signal processing performed hereherto in the MCM re-

ceiver are the useful MCM symbols.

 
 

The useful MCM symbols output from the guard interval re-
moval unit 138 are provided to a fast Fourier transform unit

30 140 in order to provide a sequence of spectra from the use-
ful symbols. Thereafter, the sequence of spectra is provided
to a carrier-bit mapper 142 in which the serial bitstream is
recovered. This serial bitstream is provided to a data sink
144.

35

Next, referring to Figures 2A and 2B, two modes for differ-
ential mapping are described. In Figure 2A, a first method
of differential mapping along the time axis is shown. As can
be seen from Figure 2A, a MCM symbol consists of K sub-
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carriers. The sub-carriers comprise different frequencies

and are, in a preferred embodiment, equally spaced in the
frequency axis direction. when using differential mapping
along the time axis, one or more bits are encoded into phase
and/or amplitude shifts between two sub-carriers of the same
center frequency in adjacent MCM symbols. The arrows de-
picted between the sub-carrier symbols correspond to infor-
mation encoded in amplitude and/or phase shifts between two

sub-carrier symbols.

A second method of differential mapping is shown in Figure

2B. The present invention is adapted for MCM transmission
system using the mapping scheme shown in Figure 2B. This
mapping scheme is based on a differential mapping inside one
MCM symbol along the frequency axis. A number of MCM symbols
200 is shown in Figure 2B. Each MCM symbol 200 comprises a
number of sub-carrier symbols 202. The arrows 204 in Figure
2B illustrate information encoded between two sub-carrier

symbols 202. As can be seen from the arrows 204, this map-
ping scheme is based on a differential mapping within one
MCM symbol along the frequency axis direction.

In the embodiment shown in Figure 2B, the first sub-carrier
(k=0) in an MCM symbol 200 is used as a reference sub-
carrier 206 (shaded) such that information is encoded be-
tween the reference sub-carrier and the first active carrier

208. The other information of a mcM symbol 200 is encoded

between active carriers, respectively.

Thus, for every MCM symbol an absolute phase reference ex-
ists. In accordance with Figure 2B, this absolute phase ref-
erence is supplied by a reference symbol inserted into every
McM symbol (k=0). The reference symbol can either have a
constant phase for all MCM symbols or a phase that varies
from MCM symbol to MCM symbol. A varying phase can be ob-
tained by replicating the phase from the last subcarrier of
the MCM symbol preceding in time.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 218



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 219

-~ 13 -

In Figure 3 a preferred embodiment of a device for perform-
ing a differential mapping along the frequency axis is
shown. Referring to Figure 3, assembly of MCM symbols in the

frequency domain using differential mapping along the fre-
5 quency axis according to the present invention is described.

Figure 3 shows the assembly of one MCM symbol with the fol-
lowing parameters:

10 NFFT designates the number of complex coefficients of the
discrete Fourier transform, number of subcarriers re-

spectively.

K designates the number of active carriers. The refer-
15 ence carrier is not included in the count for K. 

According to Figure 3, a quadrature phase shift keying
(QPSK) is used for mapping the bitstream onto the complex
symbols. However, other M-ary mapping schemes (MPSK) like 2-

20 PSK, 8-PSK, 16-QAM, 16-APSK, 64-APSK etc. are possible.

 

Furthermore, for ease of filtering and minimization of

aliasing effects some subcarriers are not used for encoding
information in the device shown in Figure 3. These subcarri-

25 ers, which are set to zero, constitute the so-called guard
bands on the upper and lower edges of the McM signal spec-
trum.

 

At the input of the mapping device shown in Figure 3, com-

30 plex signal pairs bO[k], b1[k] of an input bitstream are re-
ceived. K complex signal pairs are assembled in order to

form one MCM symbol. The signal pairs are encoded into the K

differential phase shifts phi[{k] needed for assembly of one
MCM symbol. In this embodiment, mapping from Bits to the 0,

35 90, 180 and 270 degrees phase shifts is performed using Gray

Mapping in a quadrature phase shift keying device 220.
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Gray mapping is used to prevent that differential detection

phase errors smaller than 135 degrees cause double bit er-
rors at the receiver.

5 Differential phase encoding of the K phases is performed in

a differential phase encoder 222. At this stage of process-

ing, the K phases phi[k] generated by the QPSK Gray mapper
are differentially encoded. In principal, a feedback loop
224 calculates a cumulative sum over all K phases. As start-

10 ing point for the first computation (k = 0) the phase of the
reference carrier 226 is used. A switch 228 is provided in

order to provide either the absolute phase of the reference
subcarrier 226 or the phase information encoded onto the

preceding (i.e. z’*, where z? denotes the unit delay opera-
15 tor) subcarrier to a summing point 230. At the output of the

differential phase encoder 222, the phase information

theta[k] with which the respective subcarriers are to be en-

coded is provided. In preferred embodiments of the present
invention, the subcarriers of a MCM symbol are equally

20 spaced in the frequency axis direction.

 

The output of the differential phase encoder 222 is con-

nected to a unit 232 for generating complex subcarrier sym-

bols using the phase information theta[k]. To this end, the
25 K differentially encoded phases are converted to complex

symbols by multiplication with

 
factor * eit[2*pi*(thetalk]+PHD)] (Eq.1)

30 wherein factor designates a scale factor and PHI designates

an additional angle. The scale factor and the additional an-

gle PHI are optional. By choosing PHI = 45° a rotated DQPSK

Signal constellation can be obtained.

35 Finally, assembly of a MCM symbol is effected in an assem-

bling unit 234. One MCM symbol comprising N,,, subcarriers is
assembled from N,,,-K-1 guard band symbols which are "zero",
one reference subcarrier symbol and K DQPSK subcarrier sym-

bols. Thus, the assembled MCM symbol 200 is composed of K
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complex values containing the encoded information, two guard
bands at both sides of the N,,, complex values and a refer-
ence subcarrier symbol.

5 The MCM symbol has been assembled in the frequency domain.
For transformation into the time domain an inverse discrete

Fourier transform CIDFT) of the output of the assembling

unit 234 is performed by a transformator 236. In preferred
embodiments of the present invention, the transformator 236

10 is adapted to perform a fast Fourier transform (FFT).

Further processing of the MCM signal in the transmitter as
well as in the receiver is as described above referring to

Figure 1.

15

At the receiver a de-mapping device 142 (Figure 1) is needed

to reverse the operations of the mapping device described
above referring to Figure 3. The implementation of the de-
mapping device is straightforward and, therefore, need not

20 be described herein in detail.

 
The differential mapping along the frequency axis direction
is suitable for multi-carrier (OFCM) digital broadcasting

over rapidly changing multi path channels. In accordance
25 with this mapping scheme, there is no need for a channel

stationarity exceeding one multi-carrier symbol. However,

differential mapping into frequency axis direction may cre-

ate a new problem. In multi path environments, path echoes

succeeding or preceding the main path can lead to systematic
30 phase offsets between sub-carriers in the same MCM symbol.

Thus, it will be preferred to provide a correction unit in

order to eliminate such phase offsets. Because the channel

induced phase offsets between differential demodulated sym-

bols are systematic errors, they can be corrected by an al-

35 gorithm. In principle, such an algorithm must calculate the
echo induced phase offset from the signal space constella-

tion following the differential demodulation and_ subse-
quently correct this phase offset.
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Examples for such echo phase correction algorithms are de-
scribed at the end of this specification referring to Fig-

ures 12 to 15.

5 Next, the fine frequency synchronization in accordance with
the present invention will be described referring to Figures
4 to 8. AS mentioned above, the fine frequency synchroniza-

tion in accordance with the present invention is performed
after completion of the coarse frequency synchronization.

10 preferred embodiments of the coarse frequency synchroniza-

tion which can be performed by the symbol frame/carrier fre-
quency synchronization unit 134 are described hereinafter
referring to Figures 9 and 10 after having described the
fine frequency synchronization in accordance with the pres-

15 ent invention.

with the fine frequency synchronization in accordance with
the present invention frequency offsets which are smaller
than half the sub-carrier distance can be corrected. Since

20 the frequency offsets are low and equal for all sub-carriers
the problem of fine frequency synchronization is reduced to
sub-carrier level. Figure 4 is a schematical view of MCM
symbols 200 in the time-frequency plane. Each MCM symbol 200
consists of 432 sub-carrier symbols C, to C,4;.. The MCM sym-

25 bols are arranged along the time axis, the first MCM symbol
200 shown in Figure 4 having associated therewith a time T,,
the next MCM symbol having associated therewith a time T,
and so on. In accordance with a preferred embodiment of the

present invention, the fine frequency synchronization is
30 based on a phase rotation which is derived from the same

sub-carrier of two MCM symbols which are adjacent in the

time axis direction, for example C,/T, and C,/T;.

 
In the following, the present invention is described refer-

35 ring to QPSK mapping (QPSK = Quadrature Phase Shift Keying).
However, it is obvious that the present invention can be ap-

plied to any MPSK mapping, wherein M designates the number
of phase states used for encoding, for example 2, 4, 8, 16
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Figure 5 represents a complex coordinate system showing a
QPSK constellation for each sub-carrier with frequency off-
set. The four possible phase positions of a first MCM sym-

5 bol, MCM-symbol-1 are shown at 300. Changing from the sub-
carrier (sub-carrier n) of this MCM symbol to the same sub-
carrier of the next MCM symbol, MCM-symbol-2, the position

in the QPSK constellation will be unchanged in case there is
no frequency offset. If a frequency offset is present, which

10 is smaller than half the distance between sub-carriers, as

mentioned above, this frequency offset causes a phase rota-

tion of the QPSK constellation of MCM-symbol-2 compared with
MCM-symbol-1. The new QPSK constellation, that is the four
possible phase positions for the subject sub-carrier of MCM-

15 symbol-2 are shown at 302 in Figure 5. This phase rotation 0
can be derived from the following equation:

C, (k Twen ) = efMorssettncn C, (x — LPvexe )

O = 22foper Tucm CEq.2)
20

c, designates the QPSK constellation of a sub-carrier n ina
MCM symbol. n iS an index running from 1 to the number of
active sub-carriers in the MCM symbol. Information regarding

 
the frequency offset is contained in the term eerste Of

25 equation 2. This frequency offset is identical for all sub-
carriers. Therefore, the phase rotation 9 is identical for

all. sub-carriers as well. Thus, averaging overall sub-

carrier of a MCM symbol can be performed.

30 Figure 6 shows a block diagram of a MCM receiver in which
the present invention is implemented. An analog/digital con-

verter 310 is provided in order to perform an analog/digital
conversion of a down-converted signal received at the re-

ceiver front end 132 (Figure 1). The output of the ana-

35 log/digital converter 310 is applied to a low path filter
and decimator unit 312. The low path filter is an impulse

forming filter which is identical to an impulse forming fil-
ter in the MCM transmitter. In the decimator, the signal is
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sampled at the MCM symbol frequency. As described above re-
ferring to Figure 1, guard intervals in the mcm signal are
removed by a guard interval removal unit 132. Guard inter-
vals are inserted between two MCM symbols in the MCM trans-

5 mitter in order to avoid intersymbol interference caused by

channel memory.

The output of the guard interval removal unit 132 is applied
to a MCM demodulator 314 which corresponds to the fast Fou-

10 rier transformator 140 shown in Figure 1. Following the MCM

demodulator 314 a differential decoding unit 316 and a de-

mapping unit 318 are provided. In the differential decoding
unit 316, phase information is recovered using differential
decoding. In the demapping unit 318, demapping along the

15 frequency axis direction is performed in order to recon-
struct a binary signal from the complex signal input into

the demapping unit 318.
 
 

2 The output of the mMcM demodulator 314 is also applied to
~ 20 fine frequency error detector 320. The fine frequency error

detector 320 produces an frequency error signal from the
output of the mMcCM demodulator. In the depicted embodiment,
the output of the fine frequency error detector 320 is ap-
plied to a numerical controlled oscillator 322 via a loop

25 filter 324. The loop filter 324 is a low pass filter for

filtering superimposed interference portions of a higher
frequency from the slowly varying error signal. The numeri-
cal controlled oscillator 322 produces a carrier signal on

the basis of the filtered error signal. The carrier signal

30 produced by the numerical controlled oscillator 322 is used
for a frequency correction which is performed by making use
of a complex multiplier 326. The inputs to the complex mul-
tiplier 326 are the output of the low pass filter and deci-
mator unit 312 and the output of the numerical controlled

35 oscillator 322.

 

A description of a preferred embodiment of the fine fre-

quency error detector 320 is given hereinafter referring to

Figure 7.
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The fine frequency error detector 320 comprises a differen-
tial detector in the time axis 330. The output of the McCM

demodulator 314, i.e. the FFT output (FFT = Fast Fourier
5 Transform) is applied to the input of the differential de-

tector 330 which performs a differential detection in the
time axis in order to derive information on a frequency off-

set from the same sub-carrier of two subsequently arriving

MCM symbols. In the embodiment shown in Figure 7, the number
10 of active sub-carriers is 432. Thus, the differential detec-

tor 330 performs a correlation between the first and the
433rd sample. The first sample is associated with MCM-
symbol-1 (Figure 5), whereas the 433rd sample is associated
with MCM-symbol-2 (Figure 5). However, both these samples

15 are associated with the same sub-carrier.

To this end, the input signal yY, is applied to a z™*-block
332 and thereafter to a unit 334 in order to form the com-

: plex conjugate of the output of the z‘*-block 332. A complex
= 20 multiplier 336 is provided in order to multiply the output

of the unit 334 by the input signal yY,. The output of the
multiplier 336 is a signal Z,.

 
 

The function of the differential detector 330 can be ex-

25 pressed as follows:

Z, =Yan (Eq. 3)

Y=[¥%...%.-| (Eq. 4)
30

¥ =[C,/T,,C,/Tyy--,Cagy (TC, / T...| (Eq.5)

Y, designates the output of the MCM modulator 314, i.e. the
input to the differential detector 330, at a time k. Z des-

35 ignates the output of the differential detector 330. K des-
ignates the number of active carriers.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 225



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 226

~ 20 -

The output Z, of the differential detector 330 contains a M-
fold uncertainty corresponding to codeable phase shifts. In
case of the QPSK this M-fold uncertainty is a 4-fold uncer-

tainty, i.e. 0°, 90°, 180° and 270°. This phase shift uncer-
5 tainty is eliminated from Z, making use of a M-PSK decision

device 340. Such decision devices are known in the art and,

therefore, have not to be described here in detail. The out-

put of the decision device 340 (4,)' represents the complex
conjugate of the codeable phase shift decided by the deci-

10 sion device 340. This output of the decision device 340 is
correlated with the output of the differential detector 330

by performing a complex multiplication using a multiplier
342.

15 The output the multiplier 342 represents the phase offset
for the respective sub-carriers. This phase offsets for the
respective sub-carriers are averaged over one MCM symbol in
an averaging unit 344 in accordance with a preferred embodi-
ment of the present invention. The output of the averaging

20 units 344 represent the output of the fine frequency error
detector 320. 
The mathematical description for this procedure is as fol-
lows:

25

by1 ~\
f. =O at x Z_: Eq. 6offset 2KTwer of n (2, | C q )

In accordance with preferred embodiments of the present in-
vention, the frequency control loop has a backward struc-

30 ture. In the embodiment shown in Figure 6, the feedback loop
is connected between the output of the McCM demodulator 314
and the input of the guard interval removal unit 132.

In Figure 8, a block diagram of a MCM receiver comprising a
35 coarse frequency correction unit 350 and a fine frequency

correction unit as described above is shown. As shown in

Figure 8, a common complex multiplier 326 can be used in or-
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der to perform the coarse frequency correction and the fine
frequency correction. As shown in Figure 8, the multiplier
326 can be provided preceding the low pass filter and deci-
mator unit 312. Depending on the position of the multiplier

5 326, a hold unit has to be provided in the fine frequency
synchronization feedback loop. In an alternative embodiment,
it is possible to use two separate multipliers for the
coarse frequency correction and for the fine frequency cor-
rection. In such a case, the multiplier for the coarse fre-

10 quency correction will be arranged preceding the low path
filter and decimator unit, whereas the multiplier for the

fine frequency correction will be arranged following the low
path filter and decimator unit.

15 Following, preferred embodiments for implementing a coarse
frequency synchronization will be described referring to
Figures 9 and 10. 
As it is shown in Figure 9, the output of the receiver front

20 end 132 is connected to an analog/digital converter 310. The
down-converted MCM signal is sampled at the output of the
analog/digital converter 310 and is applied to a
frame/timing synchronization unit 360. In a preferred em-
bodiment, a fast running automatic gain control (AGC) (not

25 shown) is provided preceding the frame/timing synchroniza-
tion unit in order to eliminate fast channel fluctuations.

The fast AGC is used in addition to the normally slow AGC in

the signal path, in the case of transmission over a mul-
tipath channel with long channel impulse response and fre-

30 quency selective fading. The fast AGC adjusts the average
amplitude range of the signal to the known average amplitude
of the reference symbol.

 

As described above, the frame/timing synchronization unit

35 uses the amplitude-modulated sequence in the received signal
in order to extract the framing information from the MCM

signal and further to remove the guard intervals therefrom.
After the frame/timing synchronization unit 360 it follows a
coarse frequency synchronization unit 362 which estimates a
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coarse frequency offset based on the amplitude-modulated se-
quence of the reference symbol of the MCM signal. In the
coarse frequency synchronization unit 362, a frequency off-
set of the carrier frequency with respect to the oscillator

5 frequency in the MCM receiver is determined in oder to per-
form a frequency offset correction in a block 364. This fre-
quency offset correction in block 364 is performed by a com-
plex multiplication.

10 The output of the frequency offset correction block 364 is
applied to the mcM demodulator 366 formed by the Fast Fou-
rier Transformator 140 and the carrier-bit mapper 142 shown

in Figure 1.

15 In order to perform the coarse frequency synchronization de-
scribed herein, an amplitude-demodulation has to be per-
formed on a preprocessed MCM signal. The preprocessing may
be, for example, the down-conversion and the analog/digital
conversion of the MCM signal. The result of the amplitude-

= 20 demodulation of the preprocessed MCM signal is an envelope
representing the amplitude of the mcm signal.

 
 

For the amplitude demodulation a simple alpha,,,, betayin-
method can be used. This method is described for example in

25 [Palachels] Palacherla A.: [DSP-mP] DSP-uP Routine Computes
Magnitude, EDN, October 26, 1989; and Adams, W. T., and
Bradley, J.: Magnitude Approximations for Microprocessor Im-
plementation, IEEE Micro, Vol. 3, No. 5, October 1983.

30 It is clear that amplitude determining methods different
from the described alpha,,,, beta; method can be used. For
simplification, it is possible to reduce the amplitude cal-
culation to a detection as to whether the current amplitude
is above or below the average amplitude. The output signal

35 then consists of a -1/+1 sequence which can be used to de-
termine a coarse frequency offset by performing a correla-
tion. This correlation can easily be performed using a sim-

ple integrated circuit (IC).
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In addition, an oversampling of the signal received at the
RF front end can be performed. For example, the received

signal can be expressed with two times oversampling.

In accordance with a first embodiment, a carrier frequency

offset of the MCM signal from an oscillator frequency in the
MCM receiver is determined by correlating the envelope ob-

tained by performing the amplitude-demodulation as described
above with a predetermined reference pattern.

In case there is no frequency offset, the received reference

symbol rCk) will be:

rck) = SwCk) + nck) (Eq.7)

wherein n(k) designates "additive Gaussian noise” and S,, de-
notes the AM sequence which has been sent. In order to sim-
plify the calculation the additive Gaussian noise can be ne-
glected. It follows:

r(k) = Sy(k) (Eq. 8)

In case a constant frequency offset Af is present, the re-

ceived signal will be:

F(k) = Syy (k)eon (Eq.9)

Information regarding the frequency offset is derived from
the correlation of the received signal 7(k) with the AM se-

quence S,, which is known in the receiver:

L

2

FE) Sia) = 21]Sas (b0fee" (Eq. 10)Meir
au ray

Thus, the frequency offset is:
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< L

1 2 1 2 5
A = k . * _ E iv 2aTcu “ 2" ) Saath) 2ATcu me DiSa(t ¢ q )
  

Since the argument of |S,,(k)|? is zero the frequency offset
5 is:

ft
 

2

Af = arg} >F(k)+ Say (Eq.12)
k=122Dcu

In accordance with a second embodiment of the coarse fre-

10 quency synchronization algorithm, a reference symbol com-
prising at least two identical sequences 370 as shown in
Figure 10 is used. Figure 10 shows the reference symbol of a
MCM signal having two identical sequences 370 of a length of
L/2 each. t designates the number of values of the two se-

15 quences 370 of the reference symbol.

 
As shown in Figure 10, within the amplitude-modulated se-
quence, there are at least two identical sections devoted to
the coarse frequency synchronization. Two such sections,

20 each containing L/2 samples, are shown at the end of the am-
plitude-modulated sequence in Figure 10. The amplitude-
modulated sequence contains a large number of samples. For a
non-ambiguous observation of the phase, only enough samples
to contain a phase rotation of 2x should be used. This num-

25 ber is defined as L/2 in Figure 10.

 

Following, a mathematical derivation of the determination of
a carrier frequency deviation is presented. In accordance
with Figure 10, the following equation applies for the two

30 identical sequences 370:

fo<ks)a{Fces] CEq.13)
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If no frequency offset is present, the following equation 14
will be met by the received signal:

(k+4) = rk) 0<ks5 (Eq. 14)

r(k) designates the values of the identical sequences. k is
an index from one to L/2 for the respective samples.

If there is a frequency offset of, for example, Af, the re-
ceived signal is:

F(k) = r(k)-eco (Eq.15)

L
j2nag+=) Tuc(Kk +S) =r(k)-e (Eq.16)

r(k) designates sample values of the received portion which
are based on the identical sequences. Information regarding

the frequency offset is derived from the correlation of the
received signal #(k+2/2) with the received signal 7(k).
This correlation is given by the following equation:

Mes
L

L 2 ~j2m £ MOMAG +<)}@=Dre" (Eq.17)k=1=~u 1

=* designates the complex conjugate of the sample values of
the portion mentioned above.

Thus, the frequency offset is

BL Z
1 24 L we 1 teAf = —= arg uu if + =) “7r (x) anarg mu lF(KY

2H—Ten kel 2m = Twice kel

(Eq. 18)
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Since the argument of |%xj|’ equals zero, the frequency offset
becomes

1 2. DV ove5 Af = —— arg > ik + =) - E(k) (Eq.19)

Thus, it is clear that in both embodiments, described above,
the frequency position of the maximum of the resulting out-
put of the correlation determines the estimated value of the

10 offset carrier. Furthermore, as it is also shown in Figure
9, the correction is performed in a feed forward structure.

In case of a channel with strong reflections, for example
due to a high building density, the correlations described

15 above might be insufficient for obtaining a suitable coarse
frequency synchronization. Therefore, in accordance with a
third embodiment of the present invention, corresponding
values of the two portions which are correlated in accor-
dance with a second embodiment, can be weighting with corre-

20 sponding values of stored predetermined reference patterns
corresponding to said two identical sequences of the refer-
ence symbol. This weighting can maximize the probability of
correctly determining the frequency offset. The mathematical
description of this weighting is as follows:

 
25

HIse ped Ede 8) v0) [store(s 9)
° (Eq. 20)

Ss designates the amplitude-modulated sequence which is
30 known in the receiver, and s%, designates the complex conju-

gate thereof.
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If the above correlations are calculated in the frequency
domain, the amount of

Mbi- EG + =) . 2()| [Sax CES (2 + +) (Eq.21)2 2=1

is used rather than the argument. This amount is maximized
as a function of a frequency correction. The position of the
maximum determines the estimation of the frequency devia-
tion. As mentioned above, the correction is performed in a

10 feed forward structure.

preferred embodiments for performing an echo phase offset
correction when using a differential mapping in the fre-
quency axis will be described hereinafter referring to Fig-

15 ures 12 to 15. 
Systematic phase shifts stemming from echoes in multipath
environments may occur between subcarriers in the same MCM
symbol. This phase offsets can cause bit errors when demodu-

20 lating the MCM symbol at the receiver. Thus, it is preferred
to make use of an algorithm to correct the systematic phase
shifts stemming from echoes in multipath environments.

 
In Figure 12, scatter diagrams at the output of a differen-

25 tial demapper of a MCM receiver are shown. As can be seen
from the left part of Figure 12, systematic phase shifts be-
tween subcarriers in the same MCM symbol cause a rotation of

the demodulated phase shifts with respect to the axis of the
complex coordinate system. In the right part of Figure 12,

30 the demodulated phase shifts after having performed an echo
phase offset correction are depicted. Now, the positions of
the signal points are substantially on the axis of the com-
plex coordinate system. These positions correspond to the
modulated phase shifts of 0°, 90°, 180° and 270°, respec-

35 tively.
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An echo phase offset correction algorithm (CEPOC algorithm)
must calculate the echo induced phase offset from the signal

Space constellation following the differential demodulation
and subsequently correct this phase offset.

For illustration purposes, one may think of the simplest al-
gorithm possible which eliminates the symbol phase before
computing the mean of all phases of the subcarriers. To il-
justrate the effect of such an EPOC algorithm, reference is

10 made to the two scatter diagrams of subcarriers symbols con-
tained in one MCM symbol in Figure 12. This scatter diagrams
have been obtained as result of an MCM simulation. For the

simulation a channel has been used which might typically

show up in single frequency networks. The echoes of this
15 channel stretched to the limits of the MCM guard interval.

The guard interval was chosen to be 25% of the MCM symbol
duration in this case.

 
20 Figure 13 represents a block diagram for illustrating the

position and the functionality of an echo phase offset cor-
rection device in a MCM receiver. The signal of a MCM trans-

mitter is transmitted through the channel 122 (Figures 1 and
13) and received at the receiver frontend 132 of the MCM re-

25 ceiver. The signal processing between the receiver frontend
and the fast Fourier transformator 140 has been omitted in

Figure 13. The output of the fast Fourier transformator is
applied to the de-mapper, which performs a differential de-
mapping along the frequency axis. The output of the de-

30 mapper are the respective phase shifts for the subcarriers.
The phase offsets of this phase shifts which are caused by
echoes in multipath environments are visualized by a block
400 in Figure 13 which shows an example of a scatter diagram
of the subcarrier symbols without an echo phase offset cor-

35. rection.

 

The output of the de-mapper 142 is applied to the input of
an echo phase offset correction device 402. The echo phase
offset correction device 402 uses an EPOC algorithm in order
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to eliminate echo phase offsets in the output of the de-
mapper 142. The result is shown in block 404 of Figure 13,
i.e. only the encoded phase shifts, 0°, 90°, 180° or 270°
are present at the output of the correction device 402. The

5 output of the correction device 402 forms the signal for the
metric calculation which is performed in order to recover

the bitstream representing the transmitted information.

A first embodiment of an EPOC algorithm and a device for

10 performing same is now described referring to Figure 14.

The first embodiment of an EPOC algorithm starts from the

assumption that every received differentially decoded com-
plex symbol is rotated by an angle due to echoes in the mul-

15  tipath channel. For the subcarriers equal spacing in fre-
quency is assumed since this represents a preferred embodi-
ment. If the subcarriers were not equally spaced in fre-

quency, a correction factor would have to be introduced into
= the —EPOc algorithm.

ms 20

 
Figure 14 shows the correction device 402 (Figure 13) for
performing the first embodiment of an EPOC algorithm. 
From the output of the de-mapper 142 which contains an echo

25 phase offset as shown for example in the left part of Figure
12, the phase shifts related to transmitted information must
first be discarded. To this end, the output of the de-mapper

142 is applied to a discarding unit 500. In case of a DQPSK
mapping, the discarding unit can perform a "(.)*" operation.

30 The unit 500 projects all received symbols into the first
quadrant. Therefore, the phase shifts related to transmitted
information is eliminated from the phase shifts representing

the subcarrier symbols. The same effect could be reached
with a modulo-4 operation.

35

Having eliminated the information related symbol phases in
unit 500, the first approach to obtain an estimation would

be to simply compute the mean value over all symbol phases
of one MCM symbol. However, it is preferred to perform a
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threshold decision before determining the mean value over

all symbol phases of one MCM symbol. Due to Rayleigh fading
some of the received symbols may contribute unreliable in-
formation to the determination of the echo phase offset.

5 Therefore, depending on the absolute value of a symbol, a
threshold decision is performed in order to determine
whether the symbol should contribute to the estimate of the
phase offset or not.

10 Thus, in the embodiment shown in Figure 14, a threshold de-
cision unit 510 is included. Following the unit 500 the ab-
solute value and the argument of a differentially decoded

symbol is computed in respective computing units 512 and
514. Depending on the absolute value of a respective symbol,

15 a control signal is derived. This control signal is compared
with a threshold value in a decision circuit 516. If the ab-

solute value, i.e. the control signal thereof, is smaller
than a certain threshold, the decision circuit 516 replaces

the angle value going into the averaging operation by a
a 20 value equal to zero. To this end, a switch is provided in

order to disconnect the output of the argument computing

unit 514 from the input of the further processing stage and

connects the input of the further processing stage with a
unit 518 providing a constant output of "zero".

 
 

25

An averaging unit 520 is provided in order to calculate a

mean value based on the phase offsets g, determined for the

individual subcarrier symbols of a MCM symbol as follows:

30 @ =1/K>g, (Eq.22)i=l

In the averaging unit 520, summation over K summands is per-
formed. The output of the averaging unit 520 is provided to
a hold unit 522 which holds the output of the averaging unit

35 520 K times. The output of the hold unit 522 is connected —
with a phase rotation unit 524 which performs the correction
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of the phase offsets of the K complex signal points on the
basis of the mean value @.

The phase rotation unit 524 performs the correction of the
5 phase offsets by making use of the following equation:

Vv, =v,:e7 (Eq. 23)

In this equation, v, designates the K phase corrected dif-
10 ferentially decoded symbols for input into the soft-metric

calculation, whereas v, designates the input symbols. As

long as a channel which is quasi stationary during the dura-
tion of one MCM symbols can be assumed, using the mean value
over all subcarriers of one MCM symbol will provide correct

15 results.

A buffer unit 527 may be provided in order to buffer the
complex signal points until the mean value of the phase off-
sets for one MCM symbol is determined. The output of the

20 phase rotation unit 524 is applied to the further processing
stage 526 for performing the soft-metric calculation.

 
hi

 
with respect to the results of the above echo phase offset
correction, reference is made again to Figure 12. The two

25 plots stem from a simulation which included the first em-
bodiment of an echo phase offset correction algorithm de-
scribed above. At the instant of the scatter diagram snap-

shot shown in the left part of Figure 12, the channel obvi-

ously distorted the constellation in such a way, that a sim-
30 ple angle rotation is a valid assumption. As shown in the

right part of Figure 12, the signal constellation can be ro-
tated back to the axis by applying the determined mean value
for the rotation of the differentially detected symbols.

35. A second embodiment of an echo phase offset correction algo-
rithm is described hereinafter. This second embodiment can

be preferably used in connection with multipath channels
that have up to two strong path echoes. The algorithm of the
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second embodiment is more complex than the algorithm of the
first embodiment.

what follows is a mathematical derivation of the second em-

5 ©6©bodiment of a method for echo phase offset correction. The

following assumptions can be made in order to ease the ex-
planation of the second embodiment of an EPOC algorithm.

In this embodiment, the guard interval of the MCM signal is
10 assumed to be at least as long as the impulse response hf[q],

q=0, 1, ..., Qh-1 of the multipath channel.

At the transmitter every MCM symbol is assembled using fre-
quency axis mapping explained above. The symbol of the ref-

15 erence subcarrier equals 1, i.e. 0 degree phase shift. The

optional phase shift PHI equals zero, i.e. the DQPSK signal
constellation is not rotated.

 
 

 
Using an equation this can be expressed as

 
20

a, 7 a,_a;"°

CEq.24)

with

25 k : index k = 1,2,...,K of the active subcar-

rier;

are = ee: complex phase increment symbol; m=0,1,2,3
is the QPSK symbol number which is derived
from Gray encoding pairs of 2 Bits;

30

aQ = 1 : symbol of the reference subcarrier.

At the DFT output of the receiver the decision variables

35 ex = aH, (Eq.25)

are obtained with
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Qn —-1 (28,
H, = Safi]. e (Eq. 26)

i=0

being the DFT of the channel impulse response h[q] at posi-
tion k.

with |ak|? = 1 the differential demodulation yields

Vv, = 6 (eh, = aH,Ay, (Eq.27)

For the receiver an additional phase term 9, is introduced,

which shall be used to correct the systematic phase offset
caused by the channel. Therefore, the final decision vari-
able at the receiver is

‘= ~ ele me ite , IP, .Vv, =v,7¢€ = ay e H,+Ay 4

(Eq. 28)

As can be seen from the Equation 28, the useful information

a‘? is weighted with the product e” -H, -H;., Crotation and
effective transfer function of the channel). This product
must be real-valued for an error free detection. Considering
this, it is best to choose the rotation angle to equal the

*

negative argument of H, -H,_,. To derive the desired algo-

rithm for 2-path channels, the nature of H, - H,., is investi-

gated in the next section.

It is assumed that the 2-path channel exhibits two echoes

with energy content unequal zero, i.e. at least two dominant
echoes. This assumption yields the impulse response

Hq] = c,6.1] + c,501a — Fol (Eq.29)

with
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C15Cp : complex coefficients representing the path
echoes;

Ao : delay of the second path echo with respect
to the first path echo;

5, : Dirac pulse; 6,[k] = 1 for k=0
6,[k] = 0 else

The channel transfer function is obtained by applying a DFT

to Equation 29:

2a 2a

H, = fe P) nates K (Eq. 30)
with Equation 30 the effective transfer function for differ-
ential demodulation along the frequency axis is:

- joi 6 * j=(kaH, -H., = (« + c,e "K *) . [< + cle*
n

=c, +c, cos= q,{2k - 1) CEq.31)

Assuming a noise free 2-path channel, it can be observed
from Equation 31 that the symbols on the receiver side are
located on a straight line in case the symbol 1+j0 has been
send (see above assumption). This straight line can be char-
acterized by a point

wr4
-i+>4o

c, = |e, + lc,|? -e°* (Eq. 32)

and the vector

* ~j=q,
Cc, = 2c,c, -e * (Eq. 33)

which determines its direction.
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with the above assumptions, the following geometric deriva-
tion can be performed. A more suitable notation for the geo-
metric derivation of the second embodiment of an EPOC algo-

rithm is obtained if the real part of the complex plane is

5 designated as x = Re{z}, the imaginary part as y = Im{z},
respectively, i.e. z = x+jy. with this new notation, the
straight line, on which the received symbols will lie in
case of a noise-free two-path channel, is

10 f(x) =atb-x (Eq. 34)

with

5 Re{c,}
a = Im{c,} - 2 . Im{c,} CEq.35)

Re{c,}
15

and 
 Im{c,} - Rete) : Im{c,}

b=eSee(Eq. 36)
Relc,} — Tmfc,} - Re{c,} 

20 Additional noise will spread the symbols around the straight
line given by Equations 34 to 36. In this case Equation 36
is the regression curve for the cluster of symbols.

For the geometric derivation of the second embodiment of an

25 EPOC algorithm, the angle gy, from Equation 28 is chosen to

be a function of the square distance of the considered sym-

bol from the origin:

P, = £, (2) (Eq. 37)
30

Equation 37 shows that the complete signal space is dis-
torted (torsion), however, with the distances from the ori-

gin being preserved.
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For the derivation of the algorithm of the second embodi-

ment, £,() has to be determined such that all decision vari-

ables v, (assuming no noise) will come to lie on the real

 
  
 

axis:

5

imfx + 7£(x)) - etl") = 0 (Eq. 38)

Further transformations of Equation 38 lead to a quadratic
equation which has to be solved to obtain the solution for

10 @,.

In case of a two-path channel, the echo phase offset correc-
tion for a given decision variable v, is

15 v, = Vv, ° 2% CEq . 39)

is with

a+ ballv,/ (0 + b?) - 2’ 2~ atan2+bilG+bi)=atfor lv,[° 2 < 5
?, = - abt lv, [°G@ + b?) - a? 1+

Ee 2~ a tan{=) for |v,{ < 2 ,b 1+b

20 (Eq. 40)

From the two possible solutions of the quadratic equation
mentioned above, Equation 40 is the one solution that cannot
cause an additional phase shift of 180 degrees.

25

The two plots in Figure 15 show the projection of the EPOC
algorithm of the second embodiment for one quadrant of the
complex plane. Depicted here is the quadratic grid in the

sector larg(z] < 7/4 and the straight line
30 y = £(x) =a+b-x with a = -1.0 and b = 0.5 (dotted line).

In case of a noise-free channel, all received symbols will

lie on this straight line if 1+j0 was send. The circle shown
in the plots determines the boarder line for the two cases
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of Equation 40. In the left part, Figure 15 shows the situa-

tion before the projection, in the right part, Figure 15

shows the situation after applying the projection algorithm.

By looking on the left part, one can see, that the straight
5 Tine now lies on the real axis with 2+j0 being the fix point

of the projection. Therefore, it can be concluded that the

echo phase offset correction algorithm according to the sec-

ond embodiment fulfills the design goal.

10 Before the second embodiment of an EPOC algorithm can be ap-

plied, the approximation line through the received symbols
has to be determined, i.e. the parameters a and b must be

estimated. For this purpose, it is assumed that the received

symbols lie in sector |aro(z] < «7/4, if 1+jO was sent. If

15 symbols other than 1+j0 have been sent, a modulo operation
can be applied to project all symbols into the desired sec-
tor. Proceeding like this prevents the necessity of deciding

ms on the symbols in an early stage and enables averaging over

5 all signal points of one MCM symbol Cinstead of averaging
a 20 over only *% of all signal points).

 
For the following computation rule for the EPOC algorithm of
the second embodiment, x; is used to denote the real part of

the i-th signal point and y; for its imaginary part, respec-
25 tively (i = 1, 2,..., K). Altogether, K values are available

for the determination. By choosing the method of least

squares, the straight line which has to be determined can be

obtained by minimizing

 

30 (a, b) = arg min y (y, - 6 +b- x,)} CEq.41)

The solution for Equation 41 can be found in the laid open
literature. It is
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Y -X)-y,
b = 41,—_\———__, a=Y-X-b CEq.42)

& («, - x}

with mean values

1< 1<
5 — — Eq.43)= oy 2a = Uv CEq

If necessary, an estimation method with higher robustness

can be applied. However, the trade-off will be a much higher

~ computational complexity.
10

To avoid problems with the range in which the projection is
applicable, the determination of the straight line should be
separated into two parts. First, the cluster's centers of

= gravity are moved onto the axes, following, the signal space
= 15 is distorted. Assuming that a and b are the original parame-
= ters of the straight line and « is the rotation angle, £,(-)

has to be applied with the transformed parameters

 
 

20 (Eq. 44)

Besides the two EPOC algorithms explained above section,

different algorithms can be designed that will, however,
most likely exhibit a higher degree of computational com-

25 plexity.
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[METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

MULTI-CARRIER SYSTEMS]

5 ABSTRACT

A method and an apparatus relate to a fine frequency syn-

chronization compensating for a carrier frequency deviation

from an oscillator frequency in a multi-carrier demodulation

10 system [130] of the type capable of carrying out a differen-
tial phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols [200], each symbol
being defined by phase differences between simultaneous car-

riers [202] having different frequencies. A phase difference

15 between phases of the same carrier [202] in different sym-
bols [200] is determined. Thereafter, a frequency offset is

determined by eliminating phase shift uncertainties [corre-

sponding to codeable phase shifts] related to the transmit-
ted information from the phase difference making use of a M-

tae 20 PSK decision device. Finally, a feedback correction of the
: carrier frequency deviation is performed based on the deter-

mined frequency offset. Alternatively, an averaged frequency
offset can be determined by averaging determined frequency

offsets of a plurality of carriers [202]. Then, the feedback

25 correction of the frequency deviation is performed based on

the averaged frequency offset.
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METHOD AND APPARATUS FOR FINE FREQUENCY SYNCHRONIZATION IN

MULTI-CARRIER DEMODULATION SYSTEMS

FIELD OF THE INVENTION

The present invention relates to methods and apparatus for
10 performing a fine frequency synchronization in multi-carrier

demodulation systems, and in particular to methods and appa-

ratus for performing a fine frequency synchronization com-
ns pensating for a carrier frequency deviation from an oscilla-

tor frequency in a multi-carrier demodulation system of the
15 type capable of carrying out a differential phase decoding

of multi-carrier modulated signals, wherein the signals com-

prise a plurality of symbols, each symbol being defined by
phase differences between simultaneous carriers having dif-
ferent frequencies.

 
20

BACKGROUND OF THE INVENTION 
In a multi carrier transmission system (MCM, OFDM), the ef-

25 fect of a carrier frequency offset is substantially more

considerable than in a single carrier transmission system.
MCM is more sensitive to phase noise and frequency offset

which occurs as amplitude distortion and inter carrier in-
terference (ICI). The inter carrier interference has the ef-

30 fect that the subcarriers are no longer orthogonal in rela-

tion to each other. Frequency offsets occur after power on

or also later due to frequency deviation of the oscillators
used for downconversion into baseband. Typical accuracies

for the frequency of a free running oscillator are about +50

35 ppm of the carrier frequency. with a carrier frequency in
the S-band of 2.34 Ghz, for example, there will be a maximum

local oscillator (LO) frequency deviation of above 100 kHz

(117.25 kHz). The above named effects result in high re-
quirements on the algorithm used for frequency offset cor-

40 rection.

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 246



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 247

DESCRIPTION OF PRIOR ART

5 Most prior art algorithms for frequency synchronization di-
vide frequency correction into two stages. In the first

stage, a coarse synchronization is performed. In the second
stage, a fine correction can be achieved. A frequently used
algorithm for coarse synchronization of the carrier fre-

10 quency uses a synchronization symbol which has a special
spectral pattern in the frequency domain. Such a synchroni-
zation symbol is, for example, a CAZAC sequence (CAZAC =
Constant Amplitude Zero Autocorrelation). Through compari-
son, i.e. the correlation, of the power spectrum of the re-

15 ceived signal with that of the transmitted signal, the fre-
quency carrier offset can be coarsely estimated. These prior
art algorithms all work in the frequency domain. Reference
is made, for example, to Ferdinand Cla&en, Heinrich Meyr,
"Synchronization Algorithms for an OFDM System for Mobile

20 Communication", ITG-Fachtagung 130, Codierung fiir Quelle,
Kanal und Ubertragung, pp. 105 - 113, Oct. 26-28, 1994; and
Timothy M. Schmid], Donald Cc. Cox, "“Low-Overhead, Low-
Complexity [Burst] Synchronization for OFDM", in Proceedings
of the IEEE International Conference on Communication ICC

25 1996, pp. 1301-1306 (1996).

 
For the coarse synchronization of the carrier frequency,
Paul H. Moose, "A Technique for Orthogonal Frequency Divi-
sion Multiplexing Frequency Offset Correction", IEEE Trans-

30 action On Communications, Vol. 42, No. 10, October 1994,

suggest increasing the spacing between the subcarriers such
that the subcarrier distance is greater than the maximum

frequency difference between the received and transmitted
carriers. The subcarrier distance is increased by reducing

35 the number of sample values which are transformed by the
Fast Fourier Transform. This corresponds to a reduction of

the number of sampling values which are transformed by the
Fast Fourier Transform.
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wo 9205646 A relates to methods for the reception of or-

thogonal frequency division multiplexed signals comprising
data which are preferably differentially coded in the direc-
tion of the time axis. Phase drift of the demodulated sam-

5 ples from one block to the next is used to indicate the de-
gree of local oscillator frequency error. Phase drift is as-
sessed by multiplying complex values by the complex conju-
gate of an earlier sample demodulated from the same OFDM
carrier and using the resulting measure to steer the local

10 oscillator frequency via a frequency locked loop.

SUMMARY OF THE INVENTION

15 It is an object of the present invention to provide methods
and apparatus for performing a fine frequency synchroniza-
tion which allow a fine frequency synchronization compensat-—

ing for a carrier frequency deviation from an oscillator
frequency in a MCM transmission system which makes use of

20 MCM signals in which information is differential phase en-
coded between simultaneous sub-carriers having different

frequencies.

 
 

In accordance with a first aspect, the present invention

25 provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from
an oscillator frequency in a multi-carrier demodulation sys-
tem of the type capable of carrying out a differential phase
decoding of multi-carrier modulated signals, the signals

30 comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having
different frequencies, the method comprising the steps of:

determining a phase difference between phases of the same
35 carrier in different symbols;

determining a frequency offset by eliminating phase shift
uncertainties related to the transmitted information from
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the phase difference making use of a M-PSK decision device;
and

performing a feedback correction of the carrier frequency
5 deviation based on the determined frequency offset.

In accordance with a second aspect, the present invention

provides a method of performing a fine frequency synchroni-
zation compensating for a carrier frequency deviation from

10 an oscillator frequency in a multi-carrier demodulation sys-
tem of the type capable of carrying out a differential phase

decoding of multi-carrier modulated signals, the signals
comprising a plurality of symbols, each symbol being defined
by phase differences between simultaneous carriers having

15 different frequencies, the method comprising the steps of:

determining respective phases of the same carrier in differ-
ent symbols;

 
20 eliminating phase shift uncertainties related to the trans-

mitted information from the phases to determine respective

phase deviations making use of a M-PSK decision device; 
determining a frequency offset by determining a phase dif-

25 ference between the phase deviations; and

performing a feedback correction of said carrier frequency
deviation based on the determined frequency offset.

30 In accordance with a third aspect, the present invention

provides an apparatus for performing a fine frequency syn-
chronization compensating for a carrier frequency deviation
from an oscillator frequency, for a multi-carrier demodula-

tion system of the type capable of carrying out a differen-

35 tial phase decoding of multi-carrier modulated signals, the

signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:
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means for determining a phase difference between phases of

the same carrier in different symbols;

M-PSK decision device for determining a frequency offset by

5 eliminating phase shift uncertainties related to the trans-

mitted information from the phase difference; and

means for performing a feedback correction of the frequency
deviation based on the determined frequency offset.

10

In accordance with a fourth aspect, the present invention

provides an apparatus for performing a fine frequency syn-

chronization compensating for a carrier frequency deviation
from an oscillator frequency, for a multi-carrier demodula-

15 tion system of the type capable of carrying out a differen-

tial phase decoding of multi-carrier modulated signals, said

signals comprising a plurality of symbols, each symbol being
defined by phase differences between simultaneous carriers

having different frequencies, the apparatus comprising:

 
20

means for determining respective phases of the same carrier
in different symbols; 
M-PSK decision device for eliminating phase shift uncertain-

25. ties related to the transmitted information from the phases

to determine respective phase deviations;

means for determining a frequency offset by determining a

phase difference between the phase deviations; and
30

means for performing a feedback correction of the frequency

deviation based on the determined frequency offset.

The present invention relates to methods and apparatus for

35 performing a fine frequency synchronization compensating for

a carrier frequency deviation from an oscillator frequency.

This fine frequency synchronization is preferably performed

after completion of a coarse frequency synchronization, such

that the frequency offsets after the coarse frequency syn-
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chronization are smaller than half the sub-carrier distance

in the MCM signal. Since the frequency offsets which are to

be corrected by the inventive fine frequency synchronization

methods and apparatus, a correction of the frequency offsets

5 by using a phase rotation with differential decoding and de-

mapping in the time axis can be used. The frequency offsets

are detected by determining the frequency differences be-

tween time contiguous sub-carrier symbols along the time

axis. The frequency error is calculated by measuring the ro-

10 tation of the I-Q cartesian coordinates of each sub-carrier

and, in preferred embodiments, averaging them over all n

sub-carriers of a MCM symbol.

Firstly, the phase ambiguity or uncertainty is eliminated by

15 using a M-PSK decision device and correlating the output of

the decision device with the input signal for a respective

sub-carrier symbol. Thus, the phase offset for a sub-carrier

symbol is determined and can be used for restructuring the

frequency error in form of a feed-backward structure. Alter-
20 natively, the phase offsets of the sub-carrier symbols of

one MCM symbol can be averaged over all of the active carri-

ers of a MCM symbol, wherein the averaged phase offset is

used to restructure the frequency error.

 
 

25 In accordance with the present invention, the determination

of the frequency offset is performed in the frequency do-
main. The feedback correction in accordance with the inven-

tive fine frequency synchronization is performed in the time

domain. To this end, a differential decoder in the time do-

30 main is provided in order to detect frequency offsets of

sub-carriers on the basis of the phases of timely successive

sub-carrier symbols of different MCM symbols.

35 BRIEF DESCRIPTION OF THE DRAWINGS

In the following, preferred embodiments of the present in-
vention will be explained in detail on the basis of the

drawings enclosed, in which:
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Figure 1 shows a schematic overview of a MCM transmis-

sion system to which the present application

can be applied;

Figures 2A and 2B show schematic views representing a
scheme for differential mapping in the time

axis and a scheme for differential mapping in

the frequency axis;
10

Figure 3 shows a functional block diagram for performing
a differential mapping in the frequency axis;

Figure 4 shows a representation of time variation of all
15 sub-carriers in MCM symbols;

Figure 5 shows a QPSK-constellation for each sub-carrier
with a frequency offset;

 
20 Figure 6 shows a general block diagram illustrating the

position of the inventive fine frequency syn-
chronization device in a MCM receiver; 

Figure 7 shows a block diagram of the fine frequency er-
25 ror detector shown in Figure 6;

Figure 8 shows a block diagram of a MCM receiver com-
prising a coarse frequency synchronization unit
and a fine frequency synchronization unit;

30

Figure 9 shows a block diagram of a unit for performing
a coarse frequency synchronization;

Figure 10 shows a schematic view of a reference symbol
35 used for performing a coarse frequency synchro-

nization;

Figure 11 shows a schematic view of a typical MCM signal
having a frame structure;
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Figure 12 shows scatter diagrams of the output of an dif-

ferential de-mapper of a MCM receiver for il-

lustrating the effect of an echo phase offset

5 correction;

Figure 13 shows a schematic block diagram for illustrat-

ing the position and the functionality of an

echo phase offset correction unit;
10

Figure 14 shows a schematic block diagram of a preferred
form of an echo phase offset correction device;
and

15 Figure 15 shows schematic views for illustrating a pro-

jection performed by another echo phase offset

correction algorithm. 
20 DETAILED DESCRIPTION OF THE EMBODIMENTS

Before discussing the present invention in detail, the mode

of operation of a MCM transmission system is described re-

ferring to figure 1.

 
25

Referring to Figure 1, at 100 a MCM transmitter is shown

that substantially corresponds to a prior art MCM transmit-
ter. A description of such a MCM transmitter can be found,

for example, in William Y. Zou, Yiyan Wu, "COFDM: AN

30 OVERVIEW", IEEE Transactions on Broadcasting, vol. 41, No.

1, March 1995.

A data source 102 provides a serial bitstream 104 to the MCM

transmitter. The incoming serial bitstream 104 is applied to

35 a bit-carrier mapper 106 which produces a sequence of spec-

tra 108 from the incoming serial bitstream 104. An inverse

fast Fourier transform CIFFT) 110 is performed on the se-

quence of spectra 108 in order to produce a MCM time domain

signal 112. The mcm time domain signal forms the useful MCM
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symbol of the MCM time signal. To avoid intersymbol inter-
ference (ISI) caused by multipath distortion, a unit 114 is

provided for inserting a guard interval of fixed length be-

tween adjacent MCM symbols in time. In accordance with a
5 preferred embodiment of the present invention, the last part

of the useful MCM symbol is used as the guard interval by

placing same in front of the useful symbol. The resulting
MCM symbol is shown at 115 in Figure 1 and corresponds to a
MCM symbol 160 depicted in Figure 11.

10

Figure 11 shows the construction of a typical MCM signal
having a frame structure. One frame of the MCM time signal
is composed of a plurality of MCM symbols 160. Each MCM sym-

bol 160 is formed by an useful symbol 162 and a guard inter-

15 val 164 associated therewith. As shown in Figure 11, each

frame comprises one reference symbol 166. The present inven-

tion can advantageously be used with such a MCM signal, how-
ever, such a signal structure being not necessary for per-
forming the present invention as long as the transmitted

20 signal comprises a useful portion and at least one reference

symbol.

 
 

In order to obtain the final frame structure shown in Figure

11, a unit 116 for adding a reference symbol for each prede-
25 termined number of MCM symbols jis provided.

In accordance with the present invention, the reference sym-

bol is an amplitude modulated bit sequence. Thus, an ampli-

tude modulation of a bit sequence is performed such that the

30 envelope of the amplitude modulated bit sequence defines a

reference pattern of the reference symbol. This reference

pattern defined by the envelope of the amplitude modulated

bit sequence has to be detected when receiving the MCM sig-

nal at a MCM receiver. In a preferred embodiment of the pre-

35 sent invention, a pseudo random bit sequence having good

autocorrelation properties is used as the bit sequence that

is amplitude modulated.
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The choice of length and repetition rate of the reference

symbol depends on the properties of the channel through

which the MCM signal is transmitted, e.g. the coherence time

of the channel. In addition, the repetition rate and the

5 length of the reference symbol, in other words the number of
useful symbols in each frame, depends on the receiver re-

quirements concerning mean time for initial synchronization

and mean time for resynchronization after synchronization
loss due to a channel fade.

10

The resulting MCM signal having the structure shown at 118

in Figure 1 is applied to the transmitter front end 120.
Roughly speaking, at the transmitter front end 120, a digi-

tal/analog conversion and an up-converting of the MCM signal
15 is performed. Thereafter, the MCM signal is transmitted

through a channel 122. 
Following, the mode of operation of a MCM receiver 130 is
shortly described referring to Figure 1. The MCM signal is

20 received at the receiver front end 132. In the receiver

front end 132, the mcm signal is down-converted and, fur-

thermore, an analog/digital conversion of the down-converted

= signal is performed.

“yeaThe

ye

 
gy 

25 The down-converted MCM signal is provided to a_ symbol

frame/carrier frequency synchronization unit 134.

A first object of the symbol frame/carrier frequency syn-
chronization unit 134 is to perform a frame synchronization

30 on the basis of the amplitude-modulated reference symbol.

This frame synchronization is performed on the basis of a

correlation between the amplitude-demodulated reference sym-

bol and a predetermined reference pattern stored in the MCM
receiver.

35

A second object of the symbol frame/carrier frequency syn-

chronization unit is to perform a coarse frequency synchro-

nization of the mcM signal. To this end, the symbol

frame/carrier frequency synchronization unit 134 serves as a

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 255



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 256

-1-

coarse frequency synchronization unit for determining a
coarse frequency offset of the carrier frequence caused, for

example, by a difference of the frequencies between the lo-
cal oscillator of the transmitter and the local oscillator

5S of the receiver. The determined frequency is used in order

to perform a coarse frequency correction. The mode of opera-
tion of the coarse frequency synchronization unit is de-

scribed in detail referring to Figures 9 and 10 hereinafter.

10 As described above, the frame synchronization unit 134 de-

termines the location of the reference symbol in the MCM

symbol. Based on the determination of the frame synchroniza-
tion unit 134, a reference symbol extracting unit 136 ex-

tracts the framing information, i.e. the reference symbol,
15 from the MCM symbol coming from the receiver front end 132.

After the extraction of the reference symbol, the MCM signal

is applied to a guard interval removal unit 138. The result

of the signal processing performed hereherto in the MCM re-
ceiver are the useful MCM symbols.

20

The useful MCM symbols output from the guard interval re-

moval unit 138 are provided to a fast Fourier transform unit

140 in order to provide a sequence of spectra from the use-

ful symbols. Thereafter, the sequence of spectra is provided
25 to a carrier-bit mapper 142 in which the serial bitstream is

recovered. This serial bitstream is provided to a data sink
144.

 
Next, referring to Figures 2A and 2B, two modes for differ-

30 ential mapping are described. In Figure 2A, a first method
of differential mapping along the time axis is shown. As can

be seen from Figure 2A, a MCM symbol consists of K_ sub-

carriers. The sub-carriers comprise different frequencies

and are, in a preferred embodiment, equally spaced in the

35 frequency axis direction. when using differential mapping

along the time axis, one or more bits are encoded into phase
and/or amplitude shifts between two sub-carriers of the same

center frequency in adjacent MCM symbols. The arrows de-

picted between the sub-carrier symbols correspond to infor-
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mation encoded in amplitude and/or phase shifts between two

sub-carrier symbols.

A second method of differential mapping is shown in Figure

5 2B. The present invention is adapted for MCM transmission

system using the mapping scheme shown in Figure 2B. This

mapping scheme is based on a differential mapping inside one

MCM symbol along the frequency axis. A number of MCM symbols

200 is shown in Figure 2B. Each MCM symbol 200 comprises a

10 number of sub-carrier symbols 202. The arrows 204 in Figure
2B illustrate information encoded between two sub-carrier

symbols 202. As can be seen from the arrows 204, this map-

ping scheme is based on a differential mapping within one

McM symbol along the frequency axis direction.
15

In the embodiment shown in Figure 2B, the first sub-carrier

(k=0) in an MCM symbol 200 is used as a reference sub-

carrier 206 (shaded) such that information is encoded be-

tween the reference sub-carrier and the first active carrier

20 208. The other information of a MCM symbol 200 is encoded

between active carriers, respectively.

 
 Thus, for every MCM symbol an absolute phase reference ex-

ists. In accordance with Figure 2B, this absolute phase ref-

25 erence is supplied by a reference symbol inserted into every

MCM symbol (k=0). The reference symbol can either have a

constant phase for all MCM symbols or a phase that varies

from MCM symbol to MCM symbol. A varying phase can be ob-

tained by replicating the phase from the last subcarrier of

30 the MCM symbol preceding in time.

In Figure 3 a preferred embodiment of a device for perform-

ing a differential mapping along the frequency axis is

shown. Referring to Figure 3, assembly of MCM symbols in the

35 frequency domain using differential mapping along the fre-

quency axis according to the present invention is described.

Figure 3 shows the assembly of one MCM symbol with the fol-

lowing parameters:
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NFFT designates the number of complex coefficients of the

discrete Fourier transform, number of subcarriers re-

spectively.

K designates the number of active carriers. The refer-
ence carrier is not included in the count for K.

According to Figure 3, a quadrature phase shift keying
10 (QPSK) is used for mapping the bitstream onto the complex

symbols. However, other M-ary mapping schemes (MPSK) like 2-

PSK, 8-PSK, 16-QAM, 16-APSK, 64-APSK etc. are possible.

Furthermore, for ease of filtering and minimization of

15 aliasing effects some subcarriers are not used for encoding

information in the device shown in Figure 3. These subcarri-

ers, which are set to zero, constitute the so-called guard

bands on the upper and lower edges of the MCM signal spec-
trum.

20

At the input of the mapping device shown in Figure 3, com-

plex signal pairs bO[k], b1[k] of an input bitstream are re-

ceived. K complex signal pairs are assembled in order to

form one MCM symbol. The signal pairs are encoded into the K

25 differential phase shifts phi[k] needed for assembly of one

McCM symbol. In this embodiment, mapping from Bits to the 0,

90, 180 and 270 degrees phase shifts is performed using Gray

Mapping in a quadrature phase shift keying device 220.

 
30 Gray mapping is used to prevent that differential detection

phase errors smaller than 135 degrees cause double bit er-
rors at the receiver.

Differential phase encoding of the K phases is performed in

35 a differential phase encoder 222. At this stage of process-
ing, the K phases phi[k] generated by the QPSK Gray mapper

are differentially encoded. In principal, a feedback loop

224 calculates a cumulative sum over all K phases. As start-

ing point for the first computation (k = 0) the phase of the
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reference carrier 226 is used. A switch 228 is provided in

order to provide either the absolute phase of the reference

subcarrier 226 or the phase information encoded onto the

preceding (i.e. z*, where z* denotes the unit delay opera-

5 tor) subcarrier to a summing point 230. At the output of the

differential phase encoder 222, the phase information

theta[k] with which the respective subcarriers are to be en-

coded is provided. In preferred embodiments of the present

invention, the subcarriers of a MCM symbol are equally

10 spaced in the frequency axis direction.

The output of the differential phase encoder 222 is con-

nected to a unit 232 for generating complex subcarrier sym-

bols using the phase information theta[k]. To this end, the

15 K differentially encoded phases are converted to complex

symbols by multiplication with

factor * qi*[2*pis(thetalk]+PHT)] (Eq.1)

20 wherein factor designates a scale factor and PHI designates

an additional angle. The scale factor and the additional an-

gle PHI are optional. By choosing PHI = 45° a rotated DQPSK

signal constellation can be obtained.

 
25 Finally, assembly of a MCM symbol is effected in an assem-

bling unit 234. One MCM symbol comprising N,,, subcarriers is
assembled from N,,,-K-1 guard band symbols which are "zero",

one reference subcarrier symbol and K DQPSK subcarrier sym-

bols. Thus, the assembled MCM symbol 200 is composed of K

30 complex values containing the encoded information, two guard

bands at both sides of the N,,, complex values and a refer-

ence subcarrier symbol.

The MCM symbol has been assembled in the frequency domain.
35 For transformation into the time domain an inverse discrete

Fourier transform (CIDFT) of the output of the assembling
unit 234 is performed by a transformator 236. In preferred

embodiments of the present invention, the transformator 236

is adapted to perform a fast Fourier transform (FFT).
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Further processing of the MCM signal in the transmitter as

well as in the receiver is as described above referring to

Figure 1.

At the receiver a de-mapping device 142 (Figure 1) is needed

to reverse the operations of the mapping device described

above referring to Figure 3. The implementation of the de-

mapping device is straightforward and, therefore, need not
10 be described herein in detail.

The differential mapping along the frequency axis direction

is suitable for multi-carrier (COFCM) digital broadcasting

over rapidly changing multi path channels. In accordance

15 with this mapping scheme, there is no need for a channel

stationarity exceeding one multi-carrier symbol. However,

differential mapping into frequency axis direction may cre-

ate a new problem. In multi path environments, path echoes

succeeding or preceding the main path can lead to systematic

20 phase offsets between sub-carriers in the same MCM symbol.

Thus, it will be preferred to provide a correction unit in

order to eliminate such phase offsets. Because the channel

induced phase offsets between differential demodulated sym-

bols are systematic errors, they can be corrected by an al-

25 gorithm. In principle, such an algorithm must calculate the

echo induced phase offset from the signal space constella-

tion following the differential demodulation and_subse-

quently correct this phase offset.

 
 

30 Examples for such echo phase correction algorithms are de-

scribed at the end of this specification referring to Fig-
ures 12 to 15.

Next, the fine frequency synchronization in accordance with

35 the present invention will be described referring to Figures
4 to 8. AS mentioned above, the fine frequency synchroniza-

tion in accordance with the present invention is performed

after completion of the coarse frequency synchronization.

Preferred embodiments of the coarse frequency synchroniza-
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tion which can be performed by the symbol frame/carrier fre-

quency synchronization unit 134 are described hereinafter

referring to Figures 9 and 10 after having described the

fine frequency synchronization in accordance with the pres-

5 ent invention.

with the fine frequency synchronization in accordance with

the present invention frequency offsets which are smaller
than half the sub-carrier distance can be corrected. Since

10 the frequency offsets are low and equal for all sub-carriers

the problem of fine frequency synchronization is reduced to

sub-carrier level. Figure 4 is a schematical view of MCM

symbols 200 in the time-frequency plane. Each MCM symbol 200

consists of 432 sub-carrier symbols C, to C,3;,. The MCM sym-

15 bols are arranged along the time axis, the first MCM symbol

200 shown in Figure 4 having associated therewith a time T,,

the next MCM symbol having associated therewith a time T,

and so on. In accordance with a preferred embodiment of the

present invention, the fine frequency synchronization is

20 based on a phase rotation which is derived from the same

sub-carrier of two MCM symbols which are adjacent in the

time axis direction, for example C,/T, and C,/T,.

 
 

In the following, the present invention is described refer-

25 ring to QPSK mapping (QPSK = Quadrature Phase Shift Keying).

However, it is obvious that the present invention can be ap-

plied to any MPSK mapping, wherein M designates the number

of phase states used for encoding, for example 2, 4, 8, 16

30

Figure 5 represents a complex coordinate system showing a

QPSK constellation for each sub-carrier with frequency off-

set. The four possible phase positions of a first MCM sym-

bol, MCM~symbol-1 are shown at 300. Changing from the sub-

35 carrier Csub-carrier n) of this MCM symbol to the same sub-

carrier of the next MCM symbol, MCM-symbol-2, the position

in the QPSK constellation will be unchanged in case there is

no frequency offset. If a frequency offset is present, which

is smaller than half the distance between sub-carriers, as
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mentioned above, this frequency offset causes a phase rota-

tion of the QPSK constellation of MCM-symbol-2 compared with

MCM-symbol-1. The new QPSK constellation, that is the four

possible phase positions for the subject sub-carrier of MCM-

5 symbol-2 are shown at 302 in Figure 5. This phase rotation 6

can be derived from the following equation:

Ca(KTyey) = eer((K — Wye)

O = 2mopeluc (Eq. 2)
10

c, designates the QPSK constellation of a sub-carrier nina

MCM symbol. n is an index running from 1 to the number of

active sub-carriers in the MCM symbol. Information regarding

the frequency offset is contained in the term eset of

15 equation 2. This frequency offset is identical for all sub-
carriers. Therefore, the phase rotation 9 is identical for

all sub-carriers as well. Thus, averaging overall sub-

carrier of a MCM symbol can be performed.

20 Figure 6 shows a block diagram of a MCM receiver in which
the present invention is implemented. An analog/digital con-

verter 310 is provided in order to perform an analog/digital

conversion of a down-converted signal received at the re-

ceiver front end 132 (Figure 1). The output of the ana-

25 log/digital converter 310 is applied to a low path filter
and decimator unit 312. The low path filter is an impulse

forming filter which is identical to an impulse forming fil-

ter in the MCM transmitter. In the decimator, the signal is

sampled at the MCM symbol frequency. As described above re-

30 ferring to Figure 1, guard intervals in the MCM signal are

removed by a guard interval removal unit 132. Guard inter-

vals are inserted between two MCM symbols in the MCM trans-

mitter in order to avoid intersymbol interference caused by

channel memory.

 

35

The output of the guard interval removal unit 132 is applied

to a MCM demodulator 314 which corresponds to the fast Fou-

rier transformator 140 shown in Figure 1. Following the MCM
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demodulator 314 a differential decoding unit 316 and a de-

mapping unit 318 are provided. In the differential decoding
unit 316, phase information is recovered using differential

decoding. In the demapping unit 318, demapping along the

5 frequency axis direction is performed in order to recon-

struct a binary signal from the complex signal input into

the demapping unit 318.

The output of the mMcM demodulator 314 is also applied to

10 fine frequency error detector 320. The fine frequency error

detector 320 produces an frequency error signal from the

output of the MCM demodulator. In the depicted embodiment,

the output of the fine frequency error detector 320 is ap-

plied to a numerical controlled oscillator 322 via a loop
15 filter 324. The loop filter 324 is a low pass filter for

filtering superimposed interference portions of a higher

frequency from the slowly varying error signal. The numeri-
cal controlled oscillator 322 produces a carrier signal on

the basis of the filtered error signal. The carrier signal

20 produced by the numerical controlled oscillator 322 is used
for a frequency correction which is performed by making use

of a complex multiplier 326. The inputs to the complex mul-

tiplier 326 are the output of the low pass filter and deci-
mator unit 312 and the output of the numerical controlled

25 oscillator 322.

 
 

A description of a preferred embodiment of the fine fre-
quency error detector 320 is given hereinafter referring to

Figure 7.

30

The fine frequency error detector 320 comprises a differen-

tial detector in the time axis 330. The output of the MCM

demodulator 314, i.e. the FFT output (FFT = Fast Fourier

Transform) is applied to the input of the differential de-

35 tector 330 which performs a differential detection in the

time axis in order to derive information on a frequency off-

set from the same sub-carrier of two subsequently arriving

MCM symbols. In the embodiment shown in Figure 7, the number

of active sub-carriers is 432. Thus, the differential detec-
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tor 330 performs a correlation between the first and the

433rd sample. The first sample is associated with MCM-

symbol-1 (Figure 5), whereas the 433rd sample is associated

with MCM-symbol-2 (Figure 5). However, both these samples
5 are associated with the same sub-carrier.

To this end, the input signal yY, is applied to a z?-block
332 and thereafter to a unit 334 in order to form the com-

plex conjugate of the output of the z‘-block 332. A complex
10 multiplier 336 is provided in order to multiply the output

of the unit 334 by the input signal y,. The output of the

multiplier 336 is a signal Z,.

The function of the differential detector 330 can be ex-

15 pressed as follows: LZ, = Yea Me (Eq. 3)

Y=[¥,%...¥,--.| (Eq. 4)
20

¥=[C,/7,,C, / Ty-sCygo /T,C, /T...| (Eq. 5) 
Y, designates the output of the MCM modulator 314, i.e. the
input to the differential detector 330, at a time k. Z, des-

25 ignates the output of the differential detector 330. K des-
ignates the number of active carriers.

The output Z, of the differential detector 330 contains a M-

fold uncertainty corresponding to codeable phase shifts. In

30 case of the QPSK this M-fold uncertainty is a 4-fold uncer-

tainty, i.e. 0°, 90°, 180° and 270°. This phase shift uncer-

tainty is eliminated from Z, making use of a M-PSK decision
device 340. Such decision devices are known in the art and,

therefore, have not to be described here in detail. The out-

35. put of the decision device 340 (@,)° represents the complex

conjugate of the codeable phase shift decided by the deci-
sion device 340. This output of the decision device 340 is
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correlated with the output of the differential detector 330

by performing a complex multiplication using a multiplier
342.

5 The output the multiplier 342 represents the phase offset

for the respective sub-carriers. This phase offsets for the

respective sub-carriers are averaged over one MCM symbol in

an averaging unit 344 in accordance with a preferred embodi-

ment of the present invention. The output of the averaging

10 units 344 represent the output of the fine frequency error

detector 320.

The mathematical description for this procedure is as fol-
lows:

15

1 ei -
f, = —arg, Z, - Eq.6offset 2KTyon {8 n (2, ( q )

In accordance with preferred embodiments of the present in-

vention, the frequency control loop has a backward struc-

20 ture. In the embodiment shown in Figure 6, the feedback loop

is connected between the output of the mMcM demodulator 314

and the input of the guard interval removal unit 132.

 
In Figure 8, a block diagram of a MCM receiver comprising a

25 coarse frequency correction unit 350 and a fine frequency
correction unit as described above is shown. As shown in

Figure 8, a common complex multiplier 326 can be used in or-

der to perform the coarse frequency correction and the fine

frequency correction. As shown in Figure 8, the multiplier

30 326 can be provided preceding the low pass filter and deci-
mator unit 312. Depending on the position of the multiplier

326, a hold unit has to be provided in the fine frequency

synchronization feedback loop. In an alternative embodiment,

it is possible to use two separate multipliers for the

35 coarse frequency correction and for the fine frequency cor-

rection. In such a case, the multiplier for the coarse fre-

quency correction will be arranged preceding the low path
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filter and decimator unit, whereas the multiplier for the

fine frequency correction will be arranged following the low
path filter and decimator unit.

5 Following, preferred embodiments for implementing a coarse
frequency synchronization will be described referring to
Figures 9 and 10.

As it is shown in Figure 9, the output of the receiver front

10 end 132 is connected to an analog/digital converter 310. The

down-converted MCM signal is sampled at the output of the

analog/digital converter 310 and is applied to a

frame/timing synchronization unit 360. In a preferred em-

bodiment, a fast running automatic gain control (AGC) (not

15 shown) is provided preceding the frame/timing synchroniza-
tion unit in order to eliminate fast channel fluctuations.

The fast AGC is used in addition to the normally slow AGC in

the signal path, in the case of transmission over a mul-

tipath channel with long channel impulse response and fre-

20 quency selective fading. The fast AGC adjusts the average

amplitude range of the signal to the known average amplitude

of the reference symbol.

 
 

As described above, the frame/timing synchronization unit

25 uses the amplitude-modulated sequence in the received signal

in order to extract the framing information from the MCM

signal and further to remove the guard intervals therefrom.

After the frame/timing synchronization unit 360 it follows a

coarse frequency synchronization unit 362 which estimates a

30 coarse frequency offset based on the amplitude-modulated se-

quence of the reference symbol of the MCM signal. In the
coarse frequency synchronization unit 362, a frequency off-

set of the carrier frequency with respect to the oscillator

frequency in the MCM receiver is determined in oder to per-

35 form a frequency offset correction in a block 364. This fre-

quency offset correction in block 364 is performed by a com-
plex multiplication.
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The output of the frequency offset correction block 364 jis

applied to the MCM demodulator 366 formed by the Fast Fou-

rier Transformator 140 and the carrier-bit mapper 142 shown

in Figure 1.

In order to perform the coarse frequency synchronization de-

scribed herein, an amplitude-demodulation has to be per-

formed on a preprocessed MCM signal. The preprocessing may

be, for example, the down-conversion and the analog/digital

10 conversion of the MCM signal. The result of the amplitude-

demodulation of the preprocessed MCM signal is an envelope

representing the amplitude of the MCM signal.

For the amplitude demodulation a simple alpha,,,, beta,.,.

15 method can be used. This method is described for example in

Palacherla A.: DSP-yP Routine Computes Magnitude, EDN, Octo-

ber 26, 1989; and Adams, W. T., and Bradley, J.: Magnitude

Approximations for Microprocessor Implementation, IEEE Mi-

cro, Vol. 3, No. 5, October 1983.

20

It is clear that amplitude determining methods different

from the described alpha,,,, beta,;,. method can be used. For

simplification, it is possible to reduce the amplitude cal-
culation to a detection as to whether the current amplitude

25 is above or below the average amplitude. The output signal

then consists of a -1/+1 sequence which can be used to de-

termine a coarse frequency offset by performing a correla-

tion. This correlation can easily be performed using a sim-

ple integrated circuit (Ic).

 
30

In addition, an oversampling of the signal received at the

RF front end can be performed. For example, the received

signal can be expressed with two times oversampling.

35 In accordance with a first embodiment, a carrier frequency

offset of the MCM signal from an oscillator frequency in the
MCM receiver is determined by correlating the envelope ob-

tained by performing the amplitude-demodulation as described

above with a predetermined reference pattern.
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In case there is no frequency offset, the received reference

symbol r(Ck) will be:

5 rc(k) = SyCk) + nCk) (Eq.7)

wherein n(k) designates “additive Gaussian noise" and S,, de-

notes the AM sequence which has been sent. In order to sim-

plify the calculation the additive Gaussian noise can be ne-

10 glected. It follows:

r(k) = Syy(k) CEq. 8)

In case a constant frequency offset Af is present, the re-

15 ceived signal will be:

F(k) = Sy(k)-e?wor (Eq.9)

Information regarding the frequency offset is derived from

20 the correlation of the received signal 7(k) with the AM se-

quence S,, which is known in the receiver:
 

£2

Fk) Shay) = |SareeH (Eq. 10)
k=1

Mein
=~ Wi a

25

Thus, the frequency offset is:

1Af =5Dat8 SH)Siy(k)|-oat South (Eq.11)
30 Since the argument of |{S,,(k)|* is zero the frequency offset

is:

Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 268



Petitioner Sirius XM Radio Inc. - Ex. 1005, p. 269

- 24 -

 
z£

Af = arg SF(k) Sy CEq.12)

In accordance with a second embodiment of the coarse fre-

quency synchronization algorithm, a reference symbol com-

5 prising at least two identical sequences 370 as shown in

Figure 10 is used. Figure 10 shows the reference symbol of a

MCM signal having two identical sequences 370 of a length of

L/2 each. L designates the number of values of the two se-

quences 370 of the reference symbol.
10

As shown in Figure 10, within the amplitude-modulated se-

quence, there are at least two identical sections devoted to

the coarse frequency synchronization. Two such sections,

each containing L/2 samples, are shown at the end of the am-

15 plitude-modulated sequence in Figure 10. The amplitude-

rs modulated sequence contains a large number of samples. For a
= non-ambiguous observation of the phase, only enough samples
- to contain a phase rotation of 2x should be used. This num-

ber is defined as L/2 in Figure 10.

 
 

 20

= Following, a mathematical derivation of the determination of

a carrier frequency deviation is presented. In accordance

with Figure 10, the following equation applies for the two

identical sequences 370:

25

fo<k<4)af4 ces] CEq.13)

If no frequency offset is present, the following equation 14

will be met by the received signal:
30

(e+4} eri) O<ks (Eq.14)
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r(k) designates the values of the identical sequences. k is

an index from one to L/2 for the respective samples.

If there is a frequency offset of, for example, Af, the re-

ceived signal is:

F(k) = r(k)- e?uae (Eq.15)

, L
jaga4) Tyerk+S=rth)-e (Eq .16)

rC(k) designates sample values of the received portion which
are based on the identical sequences. Information regarding

the frequency offset is derived from the correlation of the

received signal *(k +21/2) with the received signal #(k).

This correlation is given by the following equation:

Mis
L

2 _roearle(+2)r@=- Tholeal (Eq.17)k=l>
u_

wk

= designates the complex conjugate of the sample values of
the portion mentioned above.

Thus, the frequency offset is

Af

L i
1 2. L a 1 oy ye, \2=arg y i{« + 5) /r (k) ST arg Qu \A(k)= 2

2m 3 Tce kat 2a 3 Pvscn
CEq.18)

2

Since the argument of [zk] equals zero, the frequency offset
becomes
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> Bh
ll age arg x if + 4 - E(k) (CEq.19)

2n — T kel
2 MCM

Thus, it is clear that in both embodiments, described above,

the frequency position of the maximum of the resulting out-
5 put of the correlation determines the estimated value of the

offset carrier. Furthermore, as it is also shown in Figure

9, the correction is performed in a feed forward structure.

In case of a channel with strong reflections, for example

10 due to a high building density, the correlations described

above might be insufficient for obtaining a suitable coarse
frequency synchronization. Therefore, in accordance with a
third embodiment of the present invention, corresponding

values of the two portions which are correlated in accor-

15 dance with a second embodiment, can be weighting with corre-

7 sponding values of stored predetermined reference patterns

corresponding to said two identical sequences of the refer-
ence symbol. This weighting can maximize the probability of
correctly determining the frequency offset. The mathematical

20 description of this weighting is as follows:

=) . #(0)| . sacst( + 2)|
CEq.20)

 
 

Af
tl

w BK Q MPs reteoNPaw +

25 Ss designates the amplitude-modulated sequence which is

known in the receiver, and s*, designates the complex conju-

gate thereof.

If the above correlations are calculated in the frequency

30 domain, the amount of

Mer Ee + =) (| [Sav O08 [x + 2)] (Eq. 21)2xk 1
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is used rather than the argument. This amount is maximized
as a function of a frequency correction. The position of the

maximum determines the estimation of the frequency devia-

§ tion. As mentioned above, the correction is performed in a
feed forward structure.

Preferred embodiments for performing an echo phase offset

correction when using a differential mapping in the fre-

10 quency axis will be described hereinafter referring to Fig-
ures 12 to 15.

Systematic phase shifts stemming from echoes in multipath

environments may occur between subcarriers in the same MCM

15 symbol. This phase offsets can cause bit errors when demodu-

lating the MCM symbol at the receiver. Thus, it is preferred

to make use of an algorithm to correct the systematic phase

shifts stemming from echoes in multipath environments.

 
20 In Figure 12, scatter diagrams at the output of a differen-

tial demapper of a MCM receiver are shown. As can be seen

from the left part of Figure 12, systematic phase shifts be-

tween subcarriers in the same MCM symbol cause a rotation of

the demodulated phase shifts with respect to the axis of the

25 complex coordinate system. In the right part of Figure 12,
the demodulated phase shifts after having performed an echo

phase offset correction are depicted. Now, the positions of

the signal points are substantially on the axis of the com-

plex coordinate system. These positions correspond to the

30 modulated phase shifts of 0°, 90°, 180° and 270°, respec-
tively.

 

An echo phase offset correction algorithm (EPOC algorithm)
must calculate the echo induced phase offset from the signal

35 space constellation following the differential demodulation

and subsequently correct this phase offset.

For illustration purposes, one may think of the simplest al-
gorithm possible which eliminates the symbol phase before
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computing the mean of all phases of the subcarriers. To il-

lustrate the effect of such an EPOC algorithm, reference is

made to the two scatter diagrams of subcarriers symbols con-

tained in one MCM symbol in Figure 12. This scatter diagrams
5 have been obtained as result of an MCM simulation. For the

simulation a channel has been used which might typically
show up in single frequency networks. The echoes of this

channel stretched to the limits of the MCM guard interval.

The guard interval was chosen to be 25% of the MCM symbol
10 duration in this case.

Figure 13 represents a block diagram for illustrating the

position and the functionality of an echo phase offset cor-

15 rection device in a MCM receiver. The signal of a MCM trans-

mitter is transmitted through the channel 122 (Figures 1 and
13) and received at the receiver frontend 132 of the MCM re-

ceiver. The signal processing between the receiver frontend
and the fast Fourier transformator 140 has been omitted in

20 Figure 13. The output of the fast Fourier transformator is

applied to the de-mapper, which performs a differential de-

mapping along the frequency axis. The output of the de-

mapper are the respective phase shifts for the subcarriers.

The phase offsets of this phase shifts which are caused by

25 echoes in multipath environments are visualized by a block

400 in Figure 13 which shows an example of a scatter diagram

of the subcarrier symbols without an echo phase offset cor-
rection,

 
30 The output of the de-mapper 142 is applied to the input of

an echo phase offset correction device 402. The echo phase

offset correction device 402 uses an EPOC algorithm in order
to eliminate echo phase offsets in the output of the de-

mapper 142. The result is shown in block 404 of Figure 13,

35 i.e. only the encoded phase shifts, 0°, 90°, 180° or 270°
are present at the output of the correction device 402. The

output of the correction device 402 forms the signal for the
metric calculation which is performed in order to recover

the bitstream representing the transmitted information.
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A first embodiment of an EPOC algorithm and a device for

performing same is now described referring to Figure 14.

5 The first embodiment of an EPOC algorithm starts from the
assumption that every received differentially decoded com-

plex symbol is rotated by an angle due to echoes in the mul-

tipath channel. For the subcarriers equal spacing in fre-
quency is assumed since this represents a preferred embodi-

10 ment. If the subcarriers were not equally spaced in fre-

quency, a correction factor would have to be introduced into

the EPOc algorithm.

Figure 14 shows the correction device 402 (Figure 13) for

15 performing the first embodiment of an EPOC algorithm.

From the output of the de-mapper 142 which contains an echo

phase offset as shown for example in the left part of Figure
12, the phase shifts related to transmitted information must

20 first be discarded. To this end, the output of the de-mapper

142 is applied to a discarding unit 500. In case of a DQPSK

mapping, the discarding unit can perform a "(.)*" operation.
The unit 500 projects all received symbols into the first

quadrant. Therefore, the phase shifts related to transmitted

25 information is eliminated from the phase shifts representing
the subcarrier symbols. The same effect could be reached

with a modulo-4 operation.

 
Having eliminated the information related symbol phases in

30 unit 500, the first approach to obtain an estimation would

be to simply compute the mean value over all symbol phases

of one MCM symbol. However, it is preferred to perform a
threshold decision before determining the mean value over

all symbol phases of one MCM symbol. Due to Rayleigh fading
35 some of the received symbols may contribute unreliable in-

formation to the determination of the echo phase offset.
Therefore, depending on the absolute value of a symbol, a
threshold decision is performed in order to determine
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whether the symbol should contribute to the estimate of the

phase offset or not.

Thus, in the embodiment shown in Figure 14, a threshold de-

5 cision unit 510 is included. Following the unit 500 the ab-

solute value and the argument of a differentially decoded

symbol is computed in respective computing units 512 and
514. Depending on the absolute value of a respective symbol,

a control signal is derived. This control signal is compared
10 with a threshold value in a decision circuit 516. If the ab-

solute value, i.e. the control signal thereof, is smaller

than a certain threshold, the decision circuit 516 replaces
the angle value going into the averaging operation by a

value equal to zero. To this end, a switch is provided in

15 order to disconnect the output of the argument computing

unit 514 from the input of the further processing stage and

connects the input of the further processing stage with a
unit 518 providing a constant output of "zero".

 
20 An averaging unit 520 is provided in order to calculate a

mean value based on the phase offsets g, determined for the

individual subcarrier symbols of a MCM symbol as follows: 
K

P =1/K>@, (Eq. 22)
isl

25

In the averaging unit 520, summation over K summands is per-

formed. The output of the averaging unit 520 is provided to

a hold unit 522 which holds the output of the averaging unit
520 K times. The output of the hold unit 522 is connected

30 with a phase rotation unit 524 which performs the correction

of the phase offsets of the K complex signal points on the

basis of the mean value @.

The phase rotation unit 524 performs the correction of the

35. phase offsets by making use of the following equation:

Vv; =v, -e?? (Eq. 23)
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In this equation, v, designates the K phase corrected dif-

ferentially decoded symbols for input into the soft-metric

calculation, whereas v, designates the input symbols. As

5 long as a channel which is quasi stationary during the dura-

tion of one MCM symbols can be assumed, using the mean value

over all subcarriers of one MCM symbol will provide correct
results.

10 A buffer unit 527 may be provided in order to buffer the

complex signal points until the mean value of the phase off-

sets for one MCM symbol is determined. The output of the

phase rotation unit 524 is applied to the further processing

stage 526 for performing the soft-metric calculation.
15

with respect to the results of the above echo phase offset

correction, reference is made again to Figure 12. The two

plots stem from a simulation which included the first em-

bodiment of an echo phase offset correction algorithm de-

20 scribed above. At the instant of the scatter diagram snap-

shot shown in the left part of Figure 12, the channel obvi-

ously distorted the constellation in such a way, that a sim-

ple angle rotation is a valid assumption. As shown in the

right part of Figure 12, the signal constellation can be ro-

25 tated back to the axis by applying the determined mean value

for the rotation of the differentially detected symbols.

 
A second embodiment of an echo phase offset correction algo-
rithm is described hereinafter. This second embodiment can

30 be preferably used in connection with multipath channels

that have up to two strong path echoes. The algorithm of the
second embodiment is more complex than the algorithm of the
first embodiment.

35 what follows is a mathematical derivation of the second em-

bodiment of a method for echo phase offset correction. The

following assumptions can be made in order to ease the ex-

planation of the second embodiment of an EPOC algorithm.
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In this embodiment, the guard interval of the MCM signal is

assumed to be at least as long as the impulse response h{q],

q=0, 1, ..., Qh-1 of the multipath channel.

At the transmitter every MCM symbol is assembled using fre-

quency axis mapping explained above. The symbol of the ref-
erence subcarrier equals 1, i.e. O degree phase shift. The

optional phase shift PHI equals zero, i.e. the DQPSK signal
constellation is not rotated.

Using an equation this can be expressed as

a, = a,14,

CEq.24)

with

k : index k = 1,2,...,K of the active subcar-

rier;

aye = eo”; complex phase increment symbol; m=0,1,2,3
is the QPSK symbol number which is derived

from Gray encoding pairs of 2 Bits;

aO = 1 : symbol of the reference subcarrier.

At the DFT output of the receiver the decision variables

e, = aH, (Eq.25)

are obtained with

Qa 37% xs
H, = >, hli]-e* (Eq.26)

isd

being the DFT of the channel impulse response h[q] at posi-
tion k.
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with |ak|? = 1 the differential demodulation yields

V, = @& ° Cry = @°H,A (Eq .27)

5 For the receiver an additional phase term g, is introduced,

which shall be used to correct the systematic phase offset

caused by the channel. Therefore, the final decision vari-
able at the receiver is

10 vi =vk

CEq.28)

. IP, inc GPu .nce = a, e A, :-H

As can be seen from the Equation 28, the useful information

ai" is weighted with the product e” -H,-H;, Crotation and

15 effective transfer function of the channel). This product

must be real-valued for an error free detection. Considering

x this, it is best to choose the rotation angle to equal the

k 
*

negative argument of H, -H),. To derive the desired algo-

rithm for 2-path channels, the nature of H, - Hi, is investi-

20 gated in the next section. 
It is assumed that the 2-path channel exhibits two echoes

with energy content unequal zero, i.e. at least two dominant
echoes. This assumption yields the impulse response

25

alg] = ¢,6,[@] + ¢,6,la - a] CEq.29)

with

C1,C> : complex coefficients representing the path
30 echoes;

do : delay of the second path echo with respect
to the first path echo;

5, : Dirac pulse; 6,[k] = 1 for k = 0

d[k] = 0 else
35
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The channel transfer function is obtained by applying a DFT

to Equation 29:

2 _ 5 kayH, = He} =a tee CEq . 30)
5

with Equation 30 the effective transfer function for differ-
ential demodulation along the frequency axis is:

2m +571)H, +H, = (a + c,e ee) . [« + ce 1% |
10 =c, +c, cox2 q,(2k - 1) (Eq. 31)

Assuming a noise free 2-path channel, it can be observed
from Equation 31 that the symbols on the receiver side are
located on a straight line in case the symbol 1+j0 has been

15 send (see above assumption). This straight line can be char-
acterized by a point

 
 on

Cc, = le.’ + le,|’ -e Rk" (Eq. 32)

20 and the vector

c, = 2c,c)- eon” (Eq. 33)

which determines its direction.

25

with the above assumptions, the following geometric deriva-
tion can be performed. A more suitable notation for the geo-
metric derivation of the second embodiment of an EPOC algo-

rithm is obtained if the real part of the complex plane is
30 designated as x = Re{z}, the imaginary part as y = Im{z},

respectively, i.e. z = x+jy- With this new notation, the
straight line, on which the received symbols will lie in
case of a noise-free two-path channel, is
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f(x) =atb-x CEq.34)

with

5

Re{c }a = Im{c,} - a5. tm{c,} (Eq. 35)
Re{c,}

and

a infe,} - $24 « amfe,
10 b= -ink (Eq. 36)ne Rejc } _ EMess , Rej{c }

° Im{c, } »

Additional noise will spread the symbols around the straight

line given by Equations 34 to 36. In this case Equation 36

= is the regression curve for the cluster of symbols.
= 15
: For the geometric derivation of the second embodiment of an

EPOC algorithm, the angle g, from Equation 28 is chosen to

be a function of the square distance of the considered sym-

fed bol from the origin:

20

?, = £,(l2\’) (Eq. 37)

Equation 37 shows that the complete signal space is dis-
torted (torsion), however, with the distances from the ori-

25 gin being preserved.

For the derivation of the algorithm of the second embodi-

ment, f,() has to be determined such that all decision vari-

ables v, (Cassuming no noise) will come to lie on the real

30 axis:

Im({x + j£(x))- ertalet)} = 0 (Eq. 38)
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Further transformations of Equation 38 lead to a quadratic
equation which has to be solved to obtain the solution for

P, «

5 In case of a two-path channel, the echo phase offset correc-

tion for a given decision variable v, is

V, = Vv, ° e7?s (Eq. 39)

10 with

at pylv.t'@ +b?) ~ a 2 a’
~atan

 ?, = ~ ab + ylv,|'(. + bd’) - a? 1 + be

a tan(=| for |v,[ < 2b 1l+b

CEq.40)
 

a 15 From the two possible solutions of the quadratic equation
: mentioned above, Equation 40 is the one solution that cannot

cause an additional phase shift of 180 degrees. 
eS The two plots in Figure 15 show the projection of the EPOC

20 algorithm of the second embodiment for one quadrant of the

complex plane. Depicted here is the quadratic grid in the

sector larg(z) < 7/4 and the straight line

y = f(x) =a+b-x with a = -1.0 and b = 0.5 (dotted line).

In case of a noise-free channel, all received symbols will

25 lie on this straight line if 1+j0 was send. The circle shown

in the plots determines the boarder line for the two cases

of Equation 40. In the left part, Figure 15 shows the situa-

tion before the projection, in the right part, Figure 15
shows the situation after applying the projection algorithm.

30 By looking on the left part, one can see, that the straight
line now lies on the real axis with 2+j0 being the fix point
of the projection. Therefore, it can be concluded that the

echo phase offset correction algorithm according to the sec-
ond embodiment fulfills the design goal.
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Before the second embodiment of an EPOC algorithm can be ap-
plied, the approximation line through the received symbols
has to be determined, i.e. the parameters a and b must be

5 estimated. For this purpose, it is assumed that the received

symbols lie in sector |aro(z) < 2/4, if 1+j0 was sent. If

symbols other than 1+j0 have been sent, a modulo operation

can be applied to project all symbols into the desired sec-

tor. Proceeding like this prevents the necessity of deciding
10 on the symbols in an early stage and enables averaging over

all signal points of one MCM symbol Cinstead of averaging
over only % of all signal points).

For the following computation rule for the EPOc algorithm of

15 the second embodiment, x; is used to denote the real part of
the i-th signal point and y; for its imaginary part, respec-
tively (i = 1, 2,..., K). Altogether, K values are available

for the determination. By choosing the method of Teast
squares, the straight line which has to be determined can be

20 obtained by minimizing 
(a, b) = arg min x (y, - (3 +5. x,)) (Eq.41)i=l

The solution for Equation 41 can be found in the laid open
25 literature. It is

= dle YK KD (Eq. 42)
> - xy
i=l

with mean values

30

x=iyx, yetdy (Eq. 43)
N i=l * N t=1 °
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If necessary, an estimation method with higher robustness

can be applied. However, the trade-off will be a much higher

computational complexity.

5 To avoid problems with the range in which the projection is

applicable, the determination of the straight line should be

separated into two parts. First, the cluster's centers of

gravity are moved onto the axes, following, the signal space
is distorted. Assuming that a and b are the original parame-

10 ters of the straight line and a is the rotation angle, £f,(-)

has to be applied with the transformed parameters

pi = 21Sosta)~sinte)cos(a) ~ sin(a) , @ =a- (cos(a) — pb- sin(a))
cos(a) + b+ sin(a)

CEq. 44)

15

Besides the two EPOC algorithms explained above section,

different algorithms can be designed that will, however,

most likely exhibit a higher degree of computational com-

plexity. 
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ABSTRACT

A method and an apparatus relate to a fine frequency syn-

5 chronization compensating for a carrier frequency deviation

from an oscillator frequency in a multi-carrier demodulation

system of the type capable of carrying out a differential

phase decoding of multi-carrier modulated signals, the sig-

nals comprising a plurality of symbols, each symbol being

10 defined by phase differences between simultaneous carriers

having different frequencies. A phase difference between

phases of the same carrier in different symbols is deter-

mined. Thereafter, a frequency offset is determined by

eliminating phase shift uncertainties related to the trans-
15 mitted information from the phase difference making use of a

M-PSK decision device. Finally, a feedback correction of the
carrier frequency deviation is performed based on the deter-

mined frequency offset. Alternatively, an averaged frequency

offset can be determined by averaging determined frequency
20 offsets of a plurality of carriers. Then, the feedback cor-

rection of the frequency deviation is performed based on the

averaged frequency offset.
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DESIGN First Named Inventor Ernst Eberlein
PATENT APPLICATION

(37 CFR 1.63)
Filing Date

 
 

Declaration
Submitted OR SubmittedafterInitial

 
  

with Initial Filing (surcharge

required

   
  
  

  

As a below named inventor, ! hereby declare that:

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

{ believe | am theoriginal, first and sole inventor(if only one name is listed below) or an original,first and joint inventor(if plural
namesare listed below) of the subject matter which is claimed and for which a patent is sought on the invention entitled:

Method and Apparatus for Fine Frequency Synchronization in Multi-Carrier Demodutation Systems

the specification of which (Title of the Invention)

  

  
  
 

 

 
 
 

  

is attached hereto
OR

was filed on (MM/DD/YYYY)|04/14/98 as United States Application Numberor PCTinternational

Application Number [PGT/EPO8/02164|and was amended on (MMIDDIYYYY) L____________ (if applicable).
| hereby state that | have reviewed and understand the contents of the above identified specification, including the claims, as
amended by any amendmentspecifically referred to above.

| acknowledge the duty to disclose information which is material to patentability as defined in 37 CFR 1.56.

 

 
1 hereby claim foreign priority benefits under 35 U.S.C. 119(a)-(d) or 365(b) of any foreign application(s) for patent or inventor's
certificate, or 365{a) of any PCT international application which designated at least one country other than the United States of
America, listed below and have also identified below, by checking the box, any foreign application for patent or inventor's certificate,
ar of any PCTinternationalapplication havingafiling date before that of the application on which priority is claimed.

Prior Foreign Application|country|Foreign Filing Date Priority Certified Copy Attached?Number(s MM/DDIYYYY Not Claimed E NO

oO | al

 
 

   

 

 
[2] Additional foreign application numbers arelisted on a supplemental

Lhereby claim the benefit under 35

tlon Number(s)Applica Filling Date (MM/DD/YYYY

{Page 1 of 2]
Burden Hour Statement: This form is estimated to take 0.4 hours to complete. Time will vary depending upon the needs of the
individual case. Any comments on the amount of fime you are required to complete this form should be sentto the Chief Information
Officer, Patent and Trademark Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS
ADDRESS. SEND TO: Assistant Commissioner for Patents, Washington, DC 20231.

 
  

  
  
 

[__] Additional provisional application
numbers are listed on a

supplementalpriority data sheet
PTO/SB/02B attached hereto.
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DECLARATION — Utility or Design Patent Application
| hereby claim the benefit under 35 U.S.C. 120 of any United States application(s), or 365(c) of any PCT international application designating the
United States of America, listed below and, insofar as the subject matter of each of the claims of this application is not disclosed in the prior
United States or PCT International application in the manner provided by thefirst paragraph of 35 U.S.C. 112, | acknowledge thé duty to disclose
information which is material to patentability as defined in 37 CFR 1.56 which became available between thefiling date of the prior application
and the national or PCT internationalfiling date of this application.

U.S. Parent Application or PCT Parent Parent Filing Date Parent Patent Number
Number MM/DD/YYYY ‘ffapplicable)

T Additional U.S. or PCT international application numbers are listed on a supplementalpriority data sheet PTO/SB/02B attached hereto.

As a namedinventor, | hereby appoint the following registered practitioner(s) to prosecute this application and to transact all business in the Patenand Trademark Office connected therewith: [~] Customer NumberCc|——_»> Place Customer
OR Number Bar Code

Ivl Registered practitioner(s) name/registration numberlisted below G0RC ULE
Registration

  
  

  
 
 

  
  
  

 

 
  
 

Stacey J. LonganeckerJoseoh J. Buczvnski
Wayne C. Jaeschke, Jr.
Tara Laster Hoffman
Jeffrey J. Howell
Marcus R. Mickne:
Chi

Direct all correspondence to: [.] Customer Number Icorrespondence address belowor Bar Code Label OR id P

  
  
  

  
 
 

 

 

John E. Holmes
arrett V. Davis
 
    

  
 

 

  
 

John E. Holmes
 

Roylance, Abrams, Berdo & Goodman,L.L.P.

1300 i9th Street, N.W., Suite 600Address

Washington [state|0c.|zp|20096
 
   

 
  

202)659-9076 (202)659-9344

{ hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and belief are
believed to be true; and further that these statements were made with the knowledge that willful false statements and the like so made are
punishable by fine or imprisonment, or both, under i8 U.S.C. 1001 and that suchwillful false statements may jeopardize the validity of the
application or any patent issued thereon.

     fenymenegio!nw|0-910 county|Germany
Oaaditional inventors are being named on the  ____supplemental Additional Inventor(s) sheet(s) PTO/SB/02A attached hereto
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Please type a plus sign (+) inside this box [+|Approved for use through 9/30/98. OMB 0651-0032Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unlessit contains a

. 7701PRaia OMB control number.  
   

 
  

  

f ADDITIONAL INVENTOR(S)A20a BECLARATION Sveagetaeee
eens‘e Y

Rare-of.pgditional Joint inventor,if any:

Given Name (first and middie [if any]) Family Name or Surname

Signature Date

Post Office Address

eweowlLe208
Nameof Additional Joint inventor,if any:

 
  
 

 

  
 

  

 Cl A petition has beenfiled for this unsigned inventor

  

 
 

   
  

 
(_1A petition has been filed for this unsigned inventor

 

  
  

 
 

 

 

 
Given Name (first and middle[if any]) Family Name or Surname

Stefan Lipp
 

Inventor’s
Signature Date

GermanResidence: Cit Erlangen ewe!__|counuy Germany crizenani|
Post Office Address|Steinweg 9 a

Post Office Address

rc
Nameof Additional Joint Inventor,if any: (JA petition has beenfiled for this unsigned inventor

Given Name (first and middle [if any}) Family Name or Surname

Stephan Buchholz

Inventor's y x rotGerba Kulleds pate_|21/20/00
maeanferret|awe|Leman][em[S°

 
 

  

  
  

  
  

  
Post Office Address|KerschiacherStrasse 8
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comments on the amount of time you are required to complete this form should be sent to the Chiet Information Officer, Patent and Trademark
Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS.SEND TO: Assistant Commissioner for
Patents, Washington, DC 20231.
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Ol A petition has been filed for this unsigned inventor 
  

  
   
 
 

  
  

 
 

Given Name(first and middie {if any])

Albert

Family Name or Sumame

me|Signature Date

sacsom[ELLLena*™=%|cnn[mo|

Post Office Address

fnome][Pre Jena
Nameof Additional Joint Inventor,if any: [_] A petition has beenfiled for this unsigned inventor

Given Name(first and middie [if any]) Family Name or Surname

Heinz Gerhaeuser

Inventor’s
Signature Date

Residence: Cit Waischenfeld ewe][county[or™=@rY_ P

 

   
  

Post Office Address|Saugendorf 17

Post Office Address

Ceee

Nameof Additional Joint Inventor,if any: eeaee_,ereeeerre>A petition has been filed for this unsigned inventorGiven Name(first and middie[if|GivenName(firstandmiddie[fany)|

 

 

 
|FamilyNameorSumameName or Surname

Inventor's

Signature Date

Residence: Citypsweccen|__|om|__leseal__Citizenship|
  

  
  

 

postorticeAddress|Office Address
Post Office Address

Burden Hour Statement: This form is estimated to take 0.4 hours to complete. Time will vary depending upon the needsof the individual case. Any

comments on the amount of timeOhi are required to complete this form should be sent to the Chief Information Officer, Patent and TrademarkOffice, Washington, DC 20231. NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO:Assistant Commissionerfor
Patents, Washington, OC 20231.
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Application Number

Filing Date

Groupatunt |

 
 

 
  

 

] Declaration
Submitted OR Submitted afterInitial

 

 
with Initial Filing (surcharge
Filing (37 CFR 1.16 (e)) Examiner Namerequired

 
 
 

As a below named inventor, | hereby declare that:

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

   

  

| believe | am the original,first and sole inventor (if only one name is listed below) or an original, first and joint inventor (if plural
namesarelisted below) of the subject matter which is claimed and for which a patent is sought on the invention entitled:

Method and Apparatus for Fine Frequency Synchronization in Multi-Carrier Dermodulation Systems

the specification of which (Title of the Invention)
is attached hereto
OR

wasfiled on (MM/DD/YYYY)| 04/14/98 as United States Application Numberor PCT International

Application Number|PCT/EP98/02184 and was amended on (MM/DD/YYYY}CCti‘“CSCSCSCSCSY (if applicable).
| hereby state that | have reviewed and understand the contents of the above identified specification, including the claims, as
amended by any amendment specifically referred to above.

  
 

 
 
 

1 acknowledge the duty to disclose information which is material to patentability as defined in 37 CFR 1.56.

 

 
| hereby claim foreign priority benefits under 35 U.S.C. 119{a)-(d) or 365(b) of any foreign application(s) for patent or inventor's
certificate, or 365(a) of any PCT international application which designated at least one country other than the United States of
America, listed below and havealso identified below, by checking the box, any foreign application for patent or inventor's certificate,
or of any PCT international application havingafiling date before that of the application on which priority is claimed.

Prior Foreign Application|county|Foreign Filing Date Certified Copy Attached?Number(s Country MM/DDIYYYY Not Claimed E No

oO CI

{Page 1 of 2}
Burden Hour Statement: This form is estimated to take 0.4 hours to complete. Time will vary depending upon the needs of the
individual case. Any comments on the amount of time you are required to complete this form should be sent to the Chief Information
Officer, Patent and Trademark Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS
ADDRESS. SEND TO: Assistant Commissionerfor Patents, Washington, DC 20231.

 
 
  
  

[_] Additional provisional application
numbers arelisted on a

supplementalpriority data sheet
PTO/SB/02B attached hereto.
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mataey[Ete WOK | see eannlSom|enn[Seren]

fer»ferarcensme]|zw 21086 cout
Name of Additional Joint Inventor,if any: ([] A petition has beenfiled for this unsigned inventor

Given Name(first and middle[if any]} Family Name or Surname

Signature ‘Et i se “lis—~

leyWaischenfeld State an|D-91344 Country
[_] A petition has beenfiled for this unsigned inventor
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Inventor's
Signature

Residence: City |gue|_| Citizenship ||
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Office, Washington, DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO:Assistant Commissioner for
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Cl A petition has beenfiled for this unsigned inventor  
  Given Name (first and middle {if any}) Family Name or Surname
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Inventor's Og . 11/22/00SBeck— ava
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Post Office Address|Scbaldusstrasse 8

Post Office Address

feReonea]Pa
Nameof Additional Joint Inventor, if any: LUA petition has been filed for this unsigned inventor

Given Name (first and middle [if any]) Family Name or Surname

Lijem
Inventor’s
Signature 1 UR 11/22/00

ONS Germannesane:oy[StangerCSNowe]cour[Serersana[SOP|3
\TPost Office Address|Steinweg 9 a

Post Office Address

Erlangen State an|D-91058 Country
Nameof Additional Joint Inventor,if any: (JA petition has been filed for this unsigned inventor
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| hereby claim the benefit under 35 U.S.C. 120 of any United States application(s), or 365(c) of any PCT international application designating the
United States of America, listed below and, insofar as the subject matter of each of the claims of this application is not disclosed tn the prior
United States or PCT International apptication in the mannerprovidedby the first paragraph of 35 U.S.C. 112, | acknowledgethe duty to disclose
information which ig material to patentability as defined in 37 CFR 1.56 which became available between thefiling date of the prior application
and the national or PCT internationalfiling date of this application.

U.S. Parent Application or PCT Parent Parent Filing Date Parent Patent Number
(ifapplicable)

 
 

  

 
 
 
 
 
 

   

 

  

 
As a named inventor, | hereby appoint the following registered practi
land Trademark Office connected therewith: Ol Customer Number

OR
[vl Rieg

  
tioner(s) to prosecute this application and to transactall business in the Patent

——_P> Place CustomerNumberBar Code

istered practitioner(s) name/registration numberlisted below aUbLiuele

Number Number
Stacey J. LonganeckerJosenh J Buezvnski
Wayne C. Jaeschke, Jr.
Tara Laster Hoffman
Jeffrey J. Howell
Marcus R. MickneyChristian GC. Miche!

Direct all correspondence to: {[] CooNepal[ OR Correspondence address below

Roylance, Abrams, Berdo & Goodman, L.L.P.

|nadress 1300 19th Street, N.W., Suite 600Address ests

[cy_|Washinaton state |D.c.
202)659-0076

| hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and belief are
believed to be true: and further that these statements were made with the knowledge that willful false statements and the like so made are
punishable by fine or imprisonment, or both, under 18 U.S.C, 1001 and that such willful false statements may jeopardize the validity of the
application or any patent issued thereon.

Nameof Sole or First Inventor: Oa petition has been filed for this unsigned inventor
Given Name (first and middle [it an|__camilyNameorSumamaSs

Inventor’s .

Signature / Date
Shy

PostOffice Address|Waldstrasse 28 b

Post Office AddressPC
feyemmaa|ome|com

OD additional inventors are being lemental Additional Inventor(s) sheet(s) PTO/SB/O2A attached hereto
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