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TRANSMITTER, RECEIVER,
TRANSMITTING METHOD, AND
RECEIVING METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a U.S. continuation application
of PCT International Patent Application Number PCT/
EP2017/076397 filed on Oct. 17, 2017, claiming the benefit
of priority of European Patent Application Number
16195317.9 filed on Oct. 24, 2016 and European Patent
Application Number 17164111.1 filed on Mar. 31, 2017, the
entire contents of which are hereby incorporated by refer-
ence.

1. TECHNICAL FIELD

[0002] The present disclosure relates to a transmitter, a
receiver, a transmitting method, and a receiving method.

2. DESCRIPTION OF THE RELATED ART

[0003] Multiplexing multiple signals into a compound
signal is a common method in data communications to share
a single medium. Traditionally, data carrying different ser-
vices are multiplexed in time or frequency. These methods
are called Time-Division-Multiplex (TDM) and Frequency-
Division-Multiplex (FDM). Real-world applications for
TDM and FDM can be found in DVB-T2, in which multiple
so-called PLPs (Physical Layer Pipes), each characterized
by their own modulation and time interleaver, are sharing a
certain frequency band in dedicated time slots, and the
Japanese ISDB-T standard with the prominent One-Seg
system, in which data is carried in banded segments which
are strictly separated in frequency domain thus allowing for
power-saving partial reception of individual segments.
[0004] It has been long since known that FDM and TDM
are not the most efficient methods to share a medium. Their
benefit lays more with the ease of implementation. From
“Cooperative broadcasting” by P. P. Bergmans and T. M.
Cover, IEEE Trans. Inf. Theory, vol. 20, no. 3, pp. 317-324,
May 1974 (non-patent literature (NPL) 1), for instance, it is
known that the superposition of different services increases
the capacity over either TDM or FDM. Only recently, this
form of multiplexing has found its way into a current
standard, namely ATSC 3.0, where it is called Layered-
Division-Multiplexing (LDM); cf. “Low Complexity Lay-
ered Division for ATSC 3.0,” by S. 1. Park, et. al., IEEE
Transactions on Broadcasting, vol. 62, no. 1, pp. 233-243,
March 2016 (NPL 2).

[0005] Intuitively, the edge of LDM over TDM/FDM in
capacity is obtained due to the simultaneous transmission of
more than one service without pausing in either time domain
or frequency domain. In practice, however, LDM entails
higher receiver complexity as well as constraints in the
transmission system design.

SUMMARY

[0006] According to an aspect of the present disclosure, a
transmitter includes a mapping circuit and a framing circuit.
The mapping circuit is configured to combine and map a first
data sequence and a second data sequence onto orthogonal
frequency division multiplexing (OFDM) subcarriers which
include first subcarriers and second subcarriers. The framing
circuit is configured to generate an OFDM signal from the
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OFDM subcarriers. The mapping circuit is configured to:
map first data included in the first data sequence and second
data included in the second data sequence onto the first
subcarriers; and map the second data onto the second
subcarriers. The first data are not mapped on the second
subcarriers.

BRIEF DESCRIPTION OF DRAWINGS

[0007] These and other objects, advantages and features of
the disclosure will become apparent from the following
description thereof taken in conjunction with the accompa-
nying drawings that illustrate a specific embodiment of the
present disclosure.

[0008] FIG. 1 is a block diagram which illustrates a
conventional technique for constellation superposition for
two-layer LDM according to ATSC 3.0;

[0009] FIG. 2A is a spectrum diagram which illustrates
strictly orthogonal subcarriers as received over a static
channel;

[0010] FIG. 2B is a spectrum diagram which illustrates
intercarrier-interference among subcarriers received over a
rapidly time-varying channel;

[0011] FIG. 3 is a spectrum diagram which illustrates
reduced intercarrier-interferences in a situation where only
every other subcarrier is modulated;

[0012] FIG. 4A is a spectrum diagram which illustrates
subcarriers in a situation where LDM and OFDM are used
on a static channel;

[0013] FIG. 4B is a spectrum diagram which illustrates
subcarriers in a situation where LDM and OFDM are used
on a rapidly time varying channel;

[0014] FIG. 5 is a block diagram which illustrates a
technique for constellation superposition for two-layer LDM
according to Embodiment 1;

[0015] FIG. 6A is a spectrum diagram which illustrates
transmitted OFDM symbols with an LDM compound signal
according to Embodiment 1;

[0016] FIG. 6B is a spectrum diagram which illustrates
OFDM symbols with an LDM compound signal received
over a rapidly time-varying channel, according to Embodi-
ment 1;

[0017] FIG. 7 is a schematic block diagram of a transmit-
ter for two LDM layers according to Embodiment 1;
[0018] FIG. 8A is a schematic block diagram of a receiver
for the upper layer according to Embodiment 1;

[0019] FIG. 8B is a schematic block diagram of a SIC-
Receiver for the lower layer according to Embodiment 1;
[0020] FIG. 9 is a block diagram which illustrates a
technique for constellation superposition and interleaving
for two-layer LDM according to Embodiment 2;

[0021] FIG. 10A is a spectrum diagram which illustrates
transmitted OFDM symbols with an LDM compound signal
according to Embodiment 2;

[0022] FIG. 10B is a spectrum diagram which illustrates
OFDM symbols with an LDM compound signal received
over a rapidly time-varying channel, according to Embodi-
ment 2;

[0023] FIG. 11A is a schematic representation of a
sequence of LDM compound cells output by an LDM
combiner with upper-layer up-sampling and M=3;

[0024] FIG. 11B is a schematic representation of the
interleaving stage operating on the cell sequence of FIG.
11A;
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[0025] FIG. 12A is a schematic illustration of one core
PLP and one enhanced PLP from a single LDM-group;
[0026] FIG. 12B is a schematic illustration of one core
PLP and one enhanced PLP in a first LDM-group O, and a
single PLP in a second LDM-group 1;

[0027] FIG. 12C is a schematic illustration of three PLPs
on the core layer and a single PLP on the enhanced layer,
which yield three LDM-groups;

[0028] FIG. 12D is a schematic illustration of a single PLP
on the core layer and three PLPs on the enhanced layer,
which yield a single LDM-group;

[0029] FIG.12E is a schematic illustration of two PLPs on
core and enhanced layer, which yield two LDM-groups, with
the fourth PLP (plp_id_3) being shared by two LDM-
groups;

[0030] FIG. 13A is a schematic illustration of a time
interleaver layout for the upper layer.

[0031] FIG. 13B is a schematic illustration of a time
interleaver layout for the lower layer and a single PLP on the
lower layer;

[0032] FIG. 14A is a schematic illustration of one of two
enhanced PLPs which are passed through the lower layer
time-interleaver;

[0033] FIG. 14B is a schematic illustration of the other of
two enhanced PLPs which are passed through the lower
layer time-interleaver;

[0034] FIG. 14C is a schematic illustration of the lower
layer time-interleaver;

[0035] FIG. 15 is a schematic illustration of applying the
frequency interleaver in chunks of Ndata cells to the time-
interleaver output of in total K cells;

[0036] FIG. 16A is a schematic block diagram of a
receiver for the upper layer according to Embodiment 2;
[0037] FIG. 16B is a schematic block diagram of a SIC-
Receiver for the lower layer according to Embodiment 2;
[0038] FIG. 17 is a block diagram of a configuration of the
transmitter according to the respective embodiments;
[0039] FIG. 18 is a block diagram of a configuration of the
receiver according to the respective embodiments;

[0040] FIG. 19 is a flowchart illustrating the transmitting
method according to the respective embodiments; and
[0041] FIG. 20 is a flowchart illustrating the receiving
method according to the respective embodiments.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0042] A transmitter according to an aspect of the present
disclosure is a transmitter that transmits a first data sequence
and a second data sequence by orthogonal frequency divi-
sion multiplexing (OFDM), the transmitter including: a
mapper that obtains the first data sequence and the second
data sequence, and combines and maps the first data
sequence and the second data sequence obtained onto a
plurality of subcarriers which are OFDM subcarriers; and a
framer that generates an OFDM signal from the plurality of
subcarriers, wherein the mapper: (a) maps data included in
the first data sequence and data included in the second data
sequence onto a plurality of first subcarriers out of the
plurality of subcarriers; and (b) maps the data included in the
second data sequence, out of the data included in the first
data sequence and the data included in the second data
sequence, onto a plurality of second subcarriers different
from the plurality of first subcarriers, out of the plurality of
subcarriers.
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[0043] According to the above-described aspect, the trans-
mitter is capable of appropriately mapping and transmitting
a first data sequence and a second sequence on OFDM
subcarriers. Specifically, the first subcarriers include the data
included in the first data sequence and the data included in
the second data sequence, and second subcarriers include
only the data included in the second data sequence, out of the
data included in the first data sequence and the data included
in the second data sequence. Therefore, the data included in
the first data sequence are placed in the subcarriers at wider
intervals along the frequency axis than the data included in
the second data sequence. As such, there is the advantage
that, even if the frequency width of the subcarrier widens
due to the effects of a Doppler shift, etc., during communi-
cation, the data included in the first data sequence is more
resilient to the effects of such widening than the second data
sequence. Furthermore, the data included in the second data
sequence are placed in the subcarriers at narrower intervals
along the frequency axis than the data included in the first
data sequence. As such, there is the advantage that the data
included in the second data sequence is allowed to be data
of bigger volume than the data included in the first data
sequence. In this manner, the error-resilience of the data
included in the first data sequence can be improved and the
allowable data volume for the data included in the second
data sequence can be increased. In this manner, the trans-
mitter according to the present disclosure is capable of
improving digital data transmission performance.

[0044] For example, the mapper may map the data by
using the plurality of first subcarriers, the plurality of first
subcarriers being every n-th subcarrier along a frequency
axis, n being a predetermined integer.

[0045] According to the above-described aspect, the trans-
mitter maps both the data included in the first data sequence
and the data included in the second data sequence onto every
n-th subcarrier along a frequency axis, n being a predeter-
mined integer. Accordingly, since the subcarriers onto which
the data included in the first data sequence have uniform
intervals along the frequency axis, it is possible to further
improve resilience against the effects of a Doppler shift, etc.,
during communication.

[0046] For example, the mapper may: (a) map the data
included in the first data sequence onto the plurality of first
subcarriers, as a high power signal; and (b) map the data
included in the second data sequence onto the plurality of
first subcarriers and the plurality of second subcarriers, as a
low power signal having power lower than power of the high
power signal, and a ratio of the power of the high power
signal to the power of the low power signal may be bigger
when the predetermined integer is bigger.

[0047] According to the above-described aspect, the trans-
mitter can make the transmission power approximately
uniform by increasing the power of the signal of the data
included in the first data sequence according to the interval
along the frequency axis.

[0048] Forexample, the transmitter may further include an
interleaver that interleaves the data mapped onto the plural-
ity of subcarriers, wherein the framer may generate the
OFDM signal from the plurality of subcarriers after the
interleaving by the interleaver, and the interleaver may: (a)
switch the data mapped onto one first subcarrier with the
data mapped onto another first subcarrier, the one first
subcarrier and the other first subcarrier being included in the
plurality of first subcarriers; and (b) switch the data mapped
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onto one second subcarrier with the data mapped onto
another second subcarrier, the one second subcarrier and the
other second subcarrier being included in the plurality of
second subcarriers.

[0049] According to the above-described aspect, the trans-
mitter performs the interleaving of data mapped onto the
first subcarriers and the interleaving of data mapped onto the
second subcarriers. Accordingly, interleaving of transmis-
sion data (i.e., data to be transmitted) can be performed
while suppressing transmission power fluctuation.

[0050] For example, the interleaver may include a fre-
quency interleaver, and the frequency interleaver may: (a)
switch the data mapped onto the one first subcarrier with the
data mapped onto the other first subcarrier, the other first
subcarrier being different in frequency from the one first
subcarrier; and (b) switch the data mapped onto the one
second subcarrier with the data mapped onto the other
second subcarrier, the other second subcarrier being differ-
ent in frequency from the one second subcarrier.

[0051] According to the above-described aspect, the trans-
mitter uses frequency interleaving for the interleaving. The
transmitter performs interleaving of transmission data based
on a specific configuration such as that described above.
[0052] For example, the interleaver may include a time
interleaver, and the time interleaver may: (a) switch the data
mapped onto the one first subcarrier with the data mapped
onto the other first subcarrier, the other first subcarrier being
different from the one first subcarrier in at least one of
frequency and time; and (b) switch the data mapped onto the
one second subcarrier with the data mapped onto the other
second subcarrier, the other second subcarrier being differ-
ent from the one second subcarrier in at least one of
frequency and time.

[0053] According to the above-described aspect, the trans-
mitter uses time interleaving for the interleaving. The trans-
mitter performs interleaving of transmission data based on a
specific configuration such as that described above.

[0054] A receiver according to an aspect of the present
disclosure is a receiver that receives a first data sequence and
a second data sequence by orthogonal frequency division
multiplexing (OFDM), the receiver including: a receiving
device that receives an OFDM signal; and a retriever that
retrieves the first data sequence and the second data
sequence from the OFDM signal received by the receiving
device, wherein the retriever: (a) retrieves data included in
the first data sequence and data included in the second data
sequence, from a plurality of first subcarriers out of a
plurality of subcarriers which are OFDM subcarriers; and
(b) retrieves the data included in the second data sequence
out of the data included in the first data sequence and the
data included in the second data sequence, from a plurality
of second subcarriers different from the first subcarriers, out
of the plurality of subcarriers.

[0055] According to the above-described aspect, the
receiver is capable of receiving the OFDM subcarriers onto
which the first data sequence and the second sequence have
been appropriately mapped. Specifically, the first subcarriers
include the data included in the first data sequence and the
data included in the second data sequence, and second
subcarriers include only the data included in the second data
sequence, out of the data included in the first data sequence
and the data included in the second data sequence. There-
fore, the data included in the first data sequence are placed
in the subcarriers at larger intervals in the frequency axis
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than the data included in the second data sequence. As such,
there is the advantage that, even if the frequency width of the
subcarrier widens due to the effect of a Doppler shift, etc.,
during communication, the data included in the first data
sequence is not as affected by the widening as the second
data sequence. Furthermore, the data included in the second
data sequence are placed in the subcarriers at narrower
intervals along the frequency axis than the data included in
the first data sequence. As such, there is the advantage that
the data included in the second data sequence can be data of
bigger volume than the data included in the first data
sequence. In this manner, the error-resilience of the data
included in the first data sequence can be improved and the
allowable data volume for the data included in the second
data sequence can be increased. In this manner, the receiver
according to the present disclosure is capable of improving
digital data receiving performance.

[0056] For example, the retriever may retrieve the data by
using the plurality of first subcarriers, the plurality of first
subcarriers being every n-th subcarrier along a frequency
axis, n being a predetermined integer.

[0057] According to the above-described aspect, the
receiver is able to receive both the data included in the first
data sequence and the data included in the second data
sequence that have been mapped onto every n-th subcarrier
along the frequency axis, n being a predetermined integer.
[0058] Accordingly, since the subcarriers onto which the
data included in the first data sequence have uniform inter-
vals along the frequency axis, it is possible to further
improve resilience against the effects of a Doppler shift, etc.,
during communication.

[0059] Forexample, the retriever may: (a) retrieve the data
included in the first data sequence from the plurality of first
subcarriers, as a high power signal; and (b) retrieve the data
included in the second data sequence from the plurality of
first subcarriers and the plurality of second subcarriers, as a
low power signal having power lower than power of the high
power signal, and a ratio of the power of the high power
signal to the power of the low power signal may be bigger
when the predetermined integer is bigger.

[0060] According to the above-described aspect, the
receiver can make the receiving power approximately uni-
form by increasing the power of the signal included in the
first data sequence according to the interval along the
frequency axis.

[0061] For example, the receiver may further include a
deinterleaver that deinterleaves the data mapped onto the
plurality of subcarriers by switching the data mapped onto
one first subcarrier with the data mapped onto another first
subcarrier and switching the data mapped onto one second
subcarrier with the data mapped onto another second sub-
carrier, in the OFDM signal received by the receiving
device, the one first subcarrier and the other first subcarrier
being included in the plurality of first subcarriers, the one
second subcarrier and the other second subcarrier being
included in the plurality of second subcarriers.

[0062] According to the above-described aspect, the
receiver performs the deinterleaving of data mapped onto
the first subcarriers and the deinterleaving of data mapped
onto the second subcarriers. Accordingly, deinterleaving of
received data can be performed while suppressing receiving
power fluctuation.

[0063] For example, the deinterleaver may include a fre-
quency deinterleaver, and the frequency deinterleaver may:
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(a) switch the data mapped onto the one first subcarrier with
the data mapped onto the other first subcarrier, the other first
subcarrier being different in frequency from the one first
subcarrier; and (b) switch the data mapped onto the one
second subcarrier with the data mapped onto the other
second subcarrier, the other second subcarrier being differ-
ent in frequency from the one second subcarrier.

[0064] According to the above-described aspect, the
receiver uses frequency deinterleaving for the deinterleav-
ing. The receiver performs deinterleaving of received data
based on a specific configuration such as that described
above.

[0065] For example, the deinterleaver may include a time
deinterleaver, and the time deinterleaver may: (a) switch the
data mapped onto the one first subcarrier with the data
mapped onto the other first subcarrier, the other first sub-
carrier being different from the one first subcarrier in at least
one of frequency and time; and (b) switch the data mapped
onto the one second subcarrier with the data mapped onto
the other second subcarrier, the other second subcarrier
being different from the one second subcarrier in at least one
of frequency and time.

[0066] According to the above-described aspect, the
receiver uses time deinterleaving for the deinterleaving. The
receiver performs deinterleaving of received data based on
a specific configuration such as that described above.
[0067] A transmitting method according to an aspect of the
present disclosure is a transmitting method of transmitting a
first data sequence and a second data sequence by orthogo-
nal frequency division multiplexing (OFDM), the transmit-
ting method including: obtaining the first data sequence and
the second data sequence, and combining and mapping the
first data sequence and the second data sequence obtained
onto a plurality of subcarriers which are OFDM subcarriers;
and generating an OFDM signal from the plurality of
subcarriers, wherein in the mapping: (a) data included in the
first data sequence and data included in the second data
sequence are mapped onto a plurality of first subcarriers out
of the plurality of subcarriers; and (b) the data included in
the second data sequence, out of the data included in the first
data sequence and the data included in the second data
sequence, are mapped onto a plurality of second subcarriers
different from the plurality of first subcarriers, out of the
plurality of subcarriers.

[0068] Accordingly, the same advantageous effects as with
the above-described transmitter are produced.

[0069] A receiving method according to an aspect of the
present disclosure is a receiving method of receiving a first
data sequence and a second data sequence by orthogonal
frequency division multiplexing (OFDM), the receiving
method including: receiving an OFDM signal; and retrieving
the first data sequence and the second data sequence from
the OFDM signal that was received, wherein in the retriev-
ing: (a) data included in the first data sequence and data
included in the second data sequence are retrieved from a
plurality of first subcarriers out of a plurality of subcarriers
which are OFDM carriers; and (b) the data included in the
second data sequence, out of the data included in the first
data sequence and the data included in the second data
sequence, are retrieved from a plurality of second subcarri-
ers different from the first subcarriers, out of a plurality of
subcarriers.

[0070] Accordingly, the same advantageous effects as with
the above-described receiver are produced.
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[0071] It should be noted that these general and specific
aspects may be implemented using a system, an apparatus,
an integrated circuit, a computer program, or a computer-
readable recording medium such as a CD-ROM, or any
combination of systems, apparatuses, integrated circuits,
computer programs, or recording media.

[0072] Hereinafter, embodiments will be specifically
described with reference to the Drawings.

[0073] Furthermore, each of the embodiments described
below shows a generic or specific example. The numerical
values, shapes, materials, structural components, the
arrangement and connection of the structural components,
steps, the processing order of the steps etc. shown in the
following embodiments are mere examples, and are there-
fore not intended to limit the present disclosure. Further-
more, among the structural components in the following
embodiments, structural components not recited in any one
of the independent claims defining the most generic con-
cepts are described as arbitrary structural components.

Embodiment 1

[0074] According to a first aspect of the present disclo-
sure, a method for transmitting digital data is provided. The
method comprises the steps of generating a first modulated
signal by modulating digital data of a first service; gener-
ating a second modulated signal by modulating digital data
of'a second service; generating a compound signal by adding
the first modulated signal and the second modulated signal;
and transmitting the compound signal. The method is char-
acterized by up-sampling the first modulated signal by a
factor of M, M being a positive integer greater than 1,
wherein the compound signal is generated by adding the
up-sampled signal and the second modulated signal.

[0075] The first modulated signal is, for example, up-
sampled by inserting (M-1) zeroes between every two
consecutive samples of the first modulated signal. Other
up-sampling methods are conceivable, but suppression of
inter-carrier interference is most effective if spectral energy
of sub-carriers not carrying the first service is reduced to
Zero.

[0076] In an exemplary embodiment, the up-sampled sig-
nal may be scaled by a factor of sqrt(M) in order to
compensate the reduction of power caused by the up-
sampling process. Different scaling factors that approximate
the theoretical value of sqrt(M) may also be used. Other
embodiments may dispense with the compensation of power
reduction.

[0077] In another exemplary embodiment, the second
modulated signal is scaled by a predefined positive factor
smaller than or equal to 1 in order to control the injection
level of the second layer data. This step can be dispensed
with if the modulation of the second layer data results in a
modulated signal with the appropriate amplitude. Addition-
ally or alternatively, a power level of the compound signal
may be normalized by another scaling operation. Other
means for controlling the injection level and the overall
power of the compound signal are conceivable, including
scaling both the first modulated signal and the second
modulated signal by appropriate weights prior to the adding
step.

[0078] An exemplary embodiment further comprises the
step of dividing the compound signal into frames of a



US 2019/0253299 Al

predefined length, wherein data of each frame is transmitted
simultaneously by means of orthogonal frequency division
multiplexing, OFDM.

[0079] OFDM is the preferred method for transmitting
digital data over a broadband communication channel and is
used in many digital broadcasting and communication stan-
dards, including DVB-T2 and ATSC 3.0.

[0080] For example, data of the first service is transmitted
on every M-th OFDM subcarrier only. This reduces ICI for
the first layer data on time-varying channels and allows at
the same time long OFDM symbols for the second layer
data. Mobile devices may thus receive the first service with
high reliability, whereas stationary devices may additionally
receive the second service at a high data rate.

[0081] According to a second aspect of the present dis-
closure, a method for receiving digital data is provided. Said
method comprises the steps of receiving a compound signal;
down-sampling the received compound signal by a factor of
M, M being a positive integer greater than 1; and retrieving
digital data of a first service by demodulating the down-
sampled signal.

[0082] In an exemplary embodiment, the method further
comprises the steps of generating a re-modulated signal by
modulating the retrieved digital data of the first service;
up-sampling the re-modulated signal by the factor of M;
generating a difference signal by subtracting the up-sampled
signal from the compound signal; and retrieving digital data
of a second service by demodulating the difference signal.
[0083] The receiving method may further comprise the
step of scaling the up-sampled and re-modulated signal by a
factor of sqrt(M), in order to compensate the power reduc-
tion caused by the up-sampling process.

[0084] Inanexemplary embodiment, the compound signal
is received by decoding a sequence of OFDM symbols.
Moreover, the down-sampling step may keep every M-th
OFDM subcarrier only, thereby achieving the advantages of
the present disclosure, i.e., a reduction of ICI on rapidly
time-varying channels.

[0085] According to a third aspect of the present disclo-
sure, a transmitter for transmitting digital data is provided.
The transmitter comprises a first modulator for generating a
first modulated signal by modulating digital data of a first
service; a second modulator for generating a second modu-
lated signal by modulating digital data of a second service;
a signal combiner for generating a compound signal by
adding the first modulated signal and the second modulated
signal; and an output stage for transmitting the compound
signal. The transmitter is characterized by an up-sampling
unit for up-sampling the first modulated signal by a factor of
M, M being a positive integer greater than 1, wherein the
compound signal is generated by adding the up-sampled
signal and the second modulated signal.

[0086] According to a fourth aspect of the present disclo-
sure, a receiver for receiving digital data is provided. The
receiver comprises an input stage for receiving a compound
signal, a down-sampling unit for down-sampling the
received compound signal by a factor of M, M being a
positive integer greater than 1; a first demodulator for
retrieving digital data of a first service by demodulating the
down-sampled signal.

[0087] In an exemplary embodiment, the receiver further
comprises a modulator for generating a re-modulated signal
by modulating the retrieved digital data of the first service;
an up-sampling unit for up-sampling the re-modulated signal
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by the factor of M; a signal subtractor for generating a
difference signal by subtracting the up-sampled signal from
the compound signal; and a second demodulator for retriev-
ing digital data of a second service by demodulating the
difference signal. In this manner the receiver is capable of
retrieving both the first layer data and the second layer data.

[0088] Hereinafter, Embodiment 1 will be described in
detail.
[0089] FIG. 1 illustrates the general concept of LDM for

two layers, which are called upper and lower layer. In
principle, of course, more than two layers are conceivable.
Both layers can carry one or more physical layer pipes
(PLPs). The upper layer carries a low-rate service x,, aimed
at mobile reception, while the lower layer carries a high-rate
service X, aimed at stationary reception. An injection level
controller provides a scaling factor a=1 which lowers the
power of the lower layer, followed by a superposition of the
two layers yielding the non-normalized signal x,+c x;. The
compound signal is subsequently normalized to unit power
via an appropriate scaling factor 3.

[0090] It should be noted that a data sequence carried by
the upper layer is also referred to as a first data sequence, and
the data sequence carried by the lower layer is also referred
to as a second data sequence.

[0091] ATSC 3.0, a new digital terrestrial television (DTT)
system and the first to implement LDM, is based on orthogo-
nal frequency division multiplexing (OFDM) and bit-inter-
leaved coded modulation (BICM). In FIG. 1, there is thus a
first BICM unit (10) for the digital data of the upper layer
and a second BICM unit (20) for the digital data of the lower
layer. Each BICM unit (10, 20) includes an encoder (not
shown) for encoding the input data with an error correcting
code, a bit interleaver (not shown) for increasing the resil-
ience to burst errors, and a symbol mapper (not shown) for
mapping the coded and interleaved bit sequence into a
base-band sequence of complex digital symbols or cells.
Here, the sequence of symbols is also referred to as a
modulated signal.

[0092] The modulated signal of the lower layer is fed
through the injection level controller (30), which applies a
scaling by factor a=l1. The scaled lower layer signal and the
(unscaled) upper layer signal are then combined by means of
a signal adder (40), which performs algebraic addition on a
cell-by-cell basis. The result of this operation may be scaled
once more in order to normalize the power of the compound
signal (power normalization unit 50). The process of con-
trolling the injection level and the process of normalizing the
power of the compound signal may also be combined into a
single step of computing a suitably weighted sum of the two
signals, or performed in any other suitable manner.

[0093] It is noted that in ATSC 3.0, the upper layer is
called core layer, and the lower layer enhanced layer. Other
than that layered division multiplexing was specified as
depicted in FIG. 1.

[0094] The corresponding receiver operation is under-
stood such that a mobile receiver, which is interested in the
upper layer only, also detects the upper layer only. A
stationary receiver interested in the lower layer is required to
perform successive interference cancellation, i.e., the upper
layer is detected first. Assuming that the upper layer is
detected successfully, it is then re-modulated and the re-
modulated cells are subtracted from the received cells in
order to detect eventually the lower layer.
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[0095] According to FIG. 1, each cell of the upper layer is
paired with a corresponding cell from the lower layer
resulting in a compound signal which is subsequently passed
on to the interleaving stages, the framing and finally OFDM
itself.

[0096] Here, the first compromise can be observed: time
interleaving and frequency interleaving are applied to the
compound signal, although different interleaving stages
might be desirable for mobile and stationary signals. It is
conceivable that both signals employ dedicated interleaving
stages; this leads, however, to increased receiver complexity
on account of additional interleaving operations during the
successive interference cancellation.

[0097] The second compromise follows from the carriage
of the compound signal on a single OFDM signal, i.e., both
layers implicitly use the same FFT length. Here, a clear
design conflict comes to light: the mobile upper layer would
benefit from a short FFT to be resilient against Doppler
spread, while the stationary lower layer would benefit from
a long FFT to minimize the loss in terms of the guard
interval. In practice, a middle ground is chosen in the form
of an 8 k or 16 k FFT rather than a 32 k FFT.

[0098] Orthogonal Frequency Division Multiplexing is an
established method to transmit data over a wide bandwidth.
Multipath effects are elegantly coped with by transmitting
data in orthogonal subcarriers, and by additionally expand-
ing the OFDM symbol duration beyond the maximum
expected delay spread of the channel using a cyclic prefix
which simplifies the equalization step at the receiver.
[0099] FIG. 2A is a spectrum diagram which illustrates
strictly orthogonal subcarriers as received over a static
channel. The subcarrier spectra exhibit their typical sinc-
type behavior and at integer multiples of the normalized
frequency f T only a single subcarrier is non-zero, while all
neighboring subcarriers are passing through zero. Here, f T
denotes the frequency f normalized to the subcarrier spacing
1/T with T denoting the OFDM symbol duration.

[0100] However, the prolonged symbol duration makes
OFDM vulnerable to time-varying changes of the channel.
In particular, the orthogonality of the subcarriers is lost if the
channel impulse response changes during an OFDM sym-
bol. This is a straightforward consequence of the Fourier
transformation and its correspondences between time and
frequency domain. As a consequence of the lost subcarrier
orthogonality in frequency domain after the FFT, intercar-
rier-interference (ICI) may occur, which diminishes the
carrier-to-interference-and-noise-power CINR and the more
so the faster the receiver is moving.

[0101] FIG. 2B is a spectrum diagram which illustrates
intercarrier-interference among subcarriers received over a
rapidly time-varying channel. As can be seen, the subcarrier
spectra are widened on account of a time-varying channel
and thus at any given subcarriers its neighboring subcarriers
are now non-zero (indicated by [1]) and interfere with each
other. This should be compared to the strictly orthogonal
conditions in FIG. 2A without ICI.

[0102] FIG. 3 is a spectrum diagram which illustrates
reduced intercarrier-interferences in a situation where only
every other subcarrier is modulated (solid lines, [1]). The
modulated subcarriers are boosted by a value of y=sqrt(2)
=~1.414 to yield unit power, and the unmodulated subcarriers
(dashed lines) are shown only for reference and are not
actually transmitted. It is easily observed that the largest
contributing interference ([2]) from the two neighboring
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subcarriers is suppressed, and the CINR at the actively
modulated subcarriers ([1]) is increased.

[0103] FIG. 4A shows the relationship of all subcarriers in
a situation where LDM is performed according to FIG. 1 and
the compound signal is modulated onto an OFDM symbol.
The upper layer is shown with solid lines, the lower layer
after lowering its power to its chosen injection level with
dash-dotted lines. FIG. 4B depicts the ICI situation in case
of rapidly time-varying conditions, i.e., ICI is caused by
both upper and lower layer.

[0104] Hence, in principle, LDM can serve different types
of receiver, e.g. mobile and stationary, simultaneously in an
information-theoretically optimal way. However, when
LDM is paired with OFDM to cope with multipath effects,
a single FFT length is implicitly assigned to both layers,
although the mobile layer would preferably employ a short
FFT for Doppler resilience and the stationary layer a long
FFT for high spectral efficiency.

[0105] The present disclosure resolves this conflict
between the preference for a long FFT and Doppler resil-
ience with the configuration depicted in FIG. 5.

[0106] FIG. 5 is a block diagram which illustrates a
technique for constellation superposition for two-layer LDM
according to an embodiment of the present disclosure. FIG.
5 is similar to the generic LDM combiner shown in FIG. 1,
wherein like elements are identified by like reference numer-
als, a detailed description thereof will be omitted.

[0107] The configuration of FIG. 5 differs from the con-
ventional configuration of FIG. 1 in that the LDM combiner
(100) further comprises an up-sampling unit (60) and a
power booster (70) in the upper layer branch. The up-
sampling unit (60) performs M-fold up-sampling on its input
signal. This may be achieved, for instance, by inserting
(M-1) zeros between every two consecutive samples (sym-
bols or cells) of x,, at its input, thus yielding the up-sampled
signal x,. The insertion of zeroes implies a reduction of
power. In order to compensate the power reduction, a power
booster (70) is provided which boosts the signal’s power by
a factor y which equals the square root of the up-sampling
factor M, i.e., y=sqrt(M). This power-boost causes the upper-
layer signal y x,/ to have unit-power.

[0108] The benefit of this approach is that the LDM
compound signal can be carried on a very long OFDM signal
with e.g. 32 k FFT, such that the lower layer can utilize every
subcarrier, thus being highly spectral efficient, whereas the
upper layer utilizes every M-th subcarrier only, thus being
highly robust against Doppler spread.

[0109] FIG. 6A is a spectrum diagram which illustrates a
transmitted OFDM symbol with an LDM compound signal
according to an embodiment of the present disclosure. FIG.
6A is similar to FIG. 4A, except that data of the upper layer
(solid lines) is modulated on even subcarriers only (M=2),
whereas data of the lower layer (dash-dotted lines) is modu-
lated on all subcarriers. The spectral energy of odd subcar-
riers of the conventional compound signal of FIG. 4A is
represented, for illustrative purposes only, by dashed lines.
This signal component is absent in the LDM compound
signal of the present disclosure.

[0110] FIG. 6B is a spectrum diagram which illustrates the
OFDM symbol of FIG. 6A as they are received over a
time-varying channel. FIG. 6B is similar to FIG. 4B, except
that data of the upper layer (solid lines) is modulated on even
subcarriers only (M=2), whereas data of the lower layer
(dash-dotted lines) is modulated on all subcarriers. As in



US 2019/0253299 Al

FIG. 6A, the spectral energy of odd subcarriers of the
conventional compound signal is represented, for illustrative
purposes only, by dashed lines. This signal component is
absent in the LDM compound signal of the present disclo-
sure. As can be seen from FIG. 6B, and in particular from a
comparison of FIGS. 6B and 4B, the inter-carrier interfer-
ence from neighboring subcarriers is significantly reduced
([1]), as compared to the conventional LDM compound
signal.

[0111] FIG. 7 is a schematic block diagram of a transmitter
for two LDM layers according to an embodiment of the
present disclosure. FIG. 7 is similar to the generic LDM
combiner shown in FIG. 1 and the LDM combiner according
to the embodiment of FIG. 5, wherein like elements are
identified by like reference numerals, a detailed description
thereof will be omitted.

[0112] The transmitter comprises two BICM units (10, 20)
for each of the upper layer data and the lower layer data,
respectively. Each BICM unit (10, 20) includes an encoder
(not shown) for encoding the input data with an error
correcting code, a bit interleaver (not shown) for increasing
the resilience to burst errors, and a cell mapper (not shown)
for mapping the coded and interleaved bit sequence into a
base-band sequence of complex digital symbols. The modu-
lated signal of the upper layer and the modulated signal of
the lower layer are then combined in LDM combiner (100)
into a compound signal, as explained above in conjunction
with FIG. 5.

[0113] The compound signal generated by the LDM com-
biner (100) is then fed through various other processing
units in order to generate the desired transmit signal. These
processing units may include time interleaver (72), fre-
quency interleaver (74), OFDM framer (80), pilot insertion
(not shown), inverse Fourier transformation (not shown),
digital/analog conversion (not shown), power amplification
(not shown), etc. The result of these processing steps may
then be transmitted by broadcast antennas.

[0114] It should be understood that the transmitted signal
is provided for two types of receivers: (i) a mobile receiver,
which experiences high Doppler spread and thus benefits
from the virtually increased subcarrier spacing on the upper
layer, and (ii) a stationary receiver, which does not suffer
from high Doppler spread and hence benefits from a long
FFT length.

[0115] FIG. 8A is a schematic block diagram for a
receiver, e.g., a mobile receiver, that is configured for
receiving the upper layer only. The receiver comprises an
OFDM demodulator (110) and a frequency deinterleaver
(120) followed by a time deinterleaver (125) for receiving a
compound signal. The received compound signal is down-
sampled by a factor M in down-sampling unit (130) to
isolate the subcarriers that carry the upper layer data. The
down-sampled signal is then demodulated in demodulator
(140) in order to retrieve the digital data of the upper layer.

[0116] FIG. 8B is a schematic block diagram for a
receiver, e.g., a stationary receiver, that is configured for
receiving both the upper layer and the lower layer. The
receiver of FIG. 8B comprises all components of the
receiver of FIG. 8A, including the OFDM demodulator
(110), the frequency deinterleaver (120), and the time inter-
leaver (125) for receiving a compound signal. The received
compound signal is down-sampled by a factor M in down-
sampling unit (130) to isolate the subcarriers that carry the
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upper layer data. The digital data of the upper layer is
retrieved by means of a first demodulator (140).

[0117] In order to retrieve also the lower layer data, a
modulator 150 is provided for re-modulating the upper layer
data, an up-sampling unit (160) for up-sampling the re-
modulated signal, and an amplifier (170) for adjusting the
power level of the up-sampled signal. The output signal of
the amplifier (170) is then subtracted by means of signal
subtractor 180 from the received compound signal, thus
providing the received compound signal free of the inter-
ference from the re-modulated upper layer signal, which is
then demodulated in a second demodulator (190).

[0118] The present disclosure has been described in terms
of specific embodiments that are not supposed to limit the
scope of the appended claims. Various modifications can be
made without departing from the scope of the appended
claims.

[0119] For instance, the above embodiments relate to
layered division multiplexing with two layers only. The
present disclosure, however, can also be applied to three or
more distinct layers. In this case, the up-sampling step may
be applied to one or more of the upper-most layers. The
upper-most layer may be up-sampled with an up-sampling
factor that is equal to or greater than the up-sampling factor
of the next lower layer.

[0120] Further, a reduction of the inter-carrier interference
has been described in conjunction with two-fold up-sam-
pling of the upper layer signal. However, other up-sampling
factors, such as M=3 or M=4, etc., may be employed,
depending on data rates, in order to further increase the
spectral distance of subcarriers carrying the upper layer data
and to further reduce inter-carrier interference.

[0121] Further, the present disclosure has been presented
in the context of digital data broadcasting based on bit-
interleaved coded modulation which includes specific for-
ward error correcting codes (FECs), specific bit-interleavers,
and specific symbol mappers. However, the present disclo-
sure can likewise be applied to any other form of modulation
that converts digital data into a modulated signal consisting
of a sequence of complex-valued or real-valued cells.

[0122] In addition, although description is carried out in
the present disclosure using the terms up-sampling and
down-sampling for the sake of description, up-sampling and
down-sampling need not necessarily be carried out. In such
a case, processes equivalent to those described using the
terms up-sampling and down-sampling in the present dis-
closure can be performed on the upper layer data and lower
layer data using other arithmetic processing or signal pro-
cessing, etc.

[0123] Finally, although the present disclosure has been
presented in the context of orthogonal frequency division
multiplexing, it may also be applied to other forms of
multi-carrier modulation.

[0124] Summarizing, the present disclosure relates a tech-
nique for broadcasting digital data, and in particular to
layered-division multiplexing in connection with orthogonal
frequency division multiplexing. In order to reduce inter-
carrier interferences for the data of the upper layer while
using very long OFDM symbols for the data of the lower
layer, it is the particular approach of the present disclosure
to up-sample the modulated upper layer by a factor of M=2
before combining same with the modulated lower layer
signal. In this manner, upper layer data is modulated only on
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every M-th OFDM subcarrier, thus providing a significant
reduction of ICI on time-varying channels.

Embodiment 2

[0125] As described in the Background Art section, intui-
tively, the edge of LDM over TDM/FDM in capacity is
obtained due to the simultaneous transmission of more than
one service without pausing in either time domain or fre-
quency domain. In practice, however, LDM entails higher
receiver complexity as well as constraints in the transmis-
sion system design.

[0126] A particular constraint of the legacy LDM-system
adopted by ATSC 3.0 is that the upper and lower layer
implicitly use the same FFT length. Hence, a compromise
must be found for the FFT length, if stationary and mobile
receivers are to be served simultaneously. This problem is
addressed by up-sampling (zero-padding) the upper layer—
which provides data to mobile receivers—to affect a larger
subcarrier-spacing and thereby increase the robustness
against Doppler spread.

[0127] Now the following caveat can be observed: After
the superposition of the upper and lower layer the compound
signal passes through a time interleaving stage and a fre-
quency interleaving stage, which have the undesired effect to
partially revoke the virtually increased subcarrier-spacing of
the upper layer. While in principle time interleavers, e.g.,
row-column block interleavers, exist for which constant
subcarrier spacing could be maintained even after interleav-
ing, this is no longer true for a frequency interleaver which
has the characteristic of a pseudo-random permutation.
[0128] On account of the interleaving the subcarrier spac-
ing of the upper-layer will no longer be constant, i.e., some
subcarriers will be closer to each other and others will be
farther away. As a net effect, what can be observed is a
sub-carrier spacing which is virtually enlarged on average.
This is to say that the robustness against Doppler becomes
higher with the up-sampling mechanism but applying a
conventional interleaving technique reduces this robustness
to some extent.

[0129] In view of the above problems, it is an aim of this
embodiment to provide an improved interleaving structure
that can achieve high robustness against Doppler, in par-
ticular in conjunction with an LDM-combiner that employs
upper layer up-sampling.

[0130] Inthe context of layered division multiplexing with
upper-layer up-sampling, it is the particular approach of the
present disclosure to provide separate interleaving stages for
LDM compound cells carrying cells of more than one layer
and for LDM compound cells carrying cells of only one
layer. In this manner, time-and frequency interleaving can be
performed on an LDM compound signal while maintaining
subcarrier spacing for compound cells carrying cells of more
than one layer.

[0131] In the following, LDM compound cells carrying
cells from more than one layer will be referred to as
superimposed cells whereas LDM compound cells carrying
cells from only one layer will be referred to as non-
superimposed cells.

[0132] According to a first aspect of the present disclo-
sure, a method for transmitting digital data is provided. The
method comprises the steps of generating a first modulated
signal by modulating digital data of a first service; gener-
ating a second modulated signal by modulating digital data
of a second service; up-sampling the first modulated signal
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by inserting (M-1) zeroes between every two consecutive
samples of the first modulated signal, M being a positive
integer greater than 1; generating a compound signal by
adding the up-sampled signal and the second modulated
signal; interleaving the compound signal by applying a
permutation to a block of consecutive samples of the com-
pound signal, said permutation being adapted such that a
subset consisting of every M-th sample of the block is
mapped onto itself, said subset of every M-th sample con-
sisting of samples of the compound signal that are the sum
of'a sample of the first modulated signal and a sample of the
second modulated signal; and transmitting the interleaved
compound signal.

[0133] Hence, the interleaving is performed such that the
set of superimposed cells, i.e., the subset of samples of the
compound signal that are the sum of a sample of the first
modulated signal (prior to up-sampling) and a sample of the
second modulated signal, is invariant under the permutation
applied. This implies that the complementary set, i.e., the set
of non-superimposed cells, is also invariant under the per-
mutation applied. In other words, superimposed cells are
only mapped onto superimposed cells, and non-superim-
posed cells are only mapped onto non-superimposed cells,
or in still other words, superimposed cells and non-super-
imposed cells are interleaved independently. In this manner,
the subcarrier spacing (i.e., the spectral distance) between
superimposed cells is not altered by the interleaving stage.

[0134] In an exemplary embodiment, the interleaving step
further comprises demultiplexing the compound signal into
a first sequence of samples consisting of every M-th sample
of the compound signal and into a second sequence of
samples consisting of the samples of the compound signal
that are not part of the first sequence of samples, the first
sequence of samples consisting of the samples that are the
sum of a sample of the first modulated signal and a sample
of the second modulated signal; applying a first interleaving
process to the first sequence of samples; applying a second
interleaving process to the second sequence of samples; and
re-multiplexing the interleaved first sequence of samples and
the interleaved second sequence of samples to obtain the
interleaved compound signal. In this manner, a permutation
with the desired property of mapping superimposed cells
only onto superimposed cells can be implemented in a
straightforward manner.

[0135] For example, the first and/or the second interleav-
ing process comprise a row-column interleaving process.
Alternatively or additionally, the first and/or the second
interleaving process comprise a pseudo-random interleaving
process. Pseudo-random and row-column interleaving may
relate to frequency and time interleaving, respectively.

[0136] In an exemplary embodiment, parameters of the
first and/or the second interleaving process are signaled
within an [.1-signaling part of a respective data frame. In
this manner, interleaving parameters may be freely selected
to suit a particular propagation scenario.

[0137] An exemplary embodiment further comprises the
step of dividing the compound signal into frames of a
predefined length, wherein data of each frame is transmitted
simultaneously by means of orthogonal frequency division
multiplexing, OFDM. OFDM is the preferred method for
transmitting digital data over a broadband communication
channel and is used in many digital broadcasting and com-
munication standards, including DVB-T2 and ATSC 3.0.
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[0138] For example, data of the first service is transmitted
on every M-th OFDM subcarrier only. This reduces ICI for
the first layer data on time-varying channels and allows at
the same time long OFDM symbols for the second layer
data. Mobile devices may thus receive the first service with
high reliability, whereas stationary devices may additionally
receive the second service at a high data rate.

[0139] According to a second aspect of the present dis-
closure, a method for receiving digital data is provided. Said
method comprises the steps of receiving a compound signal;
demultiplexing a first sequence of samples from the received
compound signal, said first sequence of samples consisting
of every M-th sample of the compound signal, M being a
positive integer greater than 1; applying a first de-interleav-
ing process to the first sequence of samples; and retrieving
digital data of a first service by demodulating the de-
interleaved first sequence of samples.

[0140] In an exemplary embodiment, the method further
comprises the steps of demultiplexing a second sequence of
samples from the received compound signal, said second
sequence of samples consisting of samples of the compound
signal that are not part of the first sequence of samples;
applying a second de-interleaving process to the second
sequence of samples; re-multiplexing the de-interleaved first
sequence of samples and the de-interleaved second sequence
of samples to obtain a de-interleaved compound signal;
generating a re-modulated signal by modulating the
retrieved digital data of the first service; up-sampling the
re-modulated signal by the factor of M; generating a differ-
ence signal by subtracting the up-sampled signal from the
deinterleaved compound signal; and retrieving digital data
of a second service by demodulating the difference signal.
[0141] In an exemplary embodiment, the method further
comprises the step of obtaining interleaving parameter infor-
mation from an [.1-signaling field in a frame header, wherein
at least one of the first de-interleaving process and the
second de-interleaving process is applied to the respective
sequence of samples in accordance with the obtained inter-
leaving parameter information. In this manner, interleaving
parameters may be freely selected to suit a particular propa-
gation scenario.

[0142] Inanexemplary embodiment, the compound signal
is received by decoding a sequence of OFDM symbols.
Moreover, the down-sampling step may keep every M-th
OFDM subcarrier only, thereby achieving a reduction of ICI
on rapidly time-varying channels.

[0143] According to a third aspect of the present disclo-
sure, a transmitter for transmitting digital data is provided.
The transmitter comprises a first modulator for generating a
first modulated signal by modulating digital data of a first
service; a second modulator for generating a second modu-
lated signal by modulating digital data of a second service;
an up-sampling unit for up-sampling the first modulated
signal by inserting (M-1) zeroes between every two con-
secutive samples of the first modulated signal, M being a
positive integer greater than 1; a signal combiner for gen-
erating a compound signal by adding the up-sampled signal
and the second modulated signal; an interleaver for inter-
leaving the compound signal by applying a permutation to a
block of consecutive samples of the compound signal, said
permutation being adapted such that a subset consisting of
every M-th sample of the block is mapped onto itself, said
subset of every M-th sample consisting of samples of the
compound signal that are the sum of a sample of the first
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modulated signal and a sample of the second modulated
signal; and an output stage for transmitting the compound
signal.

[0144] According to a fourth aspect of the present disclo-
sure, a receiver for receiving digital data is provided. The
receiver comprises an input stage for receiving a compound
signal; a demultiplexer for demultiplexing a first sequence of
samples from the received compound signal, said first
sequence of samples consisting of every M-th sample of the
compound signal, M being a positive integer greater than 1;
a first de-interleaver for applying a first de-interleaving
process to the first sequence of samples; and a first demodu-
lator for retrieving digital data of a first service by demodu-
lating the de-interleaved first sequence of samples.

[0145] In an exemplary embodiment, the demultiplexer is
further adapted for demultiplexing a second sequence of
samples from the received compound signal, said second
sequence of samples consisting of samples of the compound
signal that are not part of the first sequence of samples.
Moreover, the receiver further comprises a second inter-
leaver for applying a second de-interleaving process to the
second sequence of samples; a multiplexer for re-multiplex-
ing the de-interleaved first sequence of samples and the
de-interleaved second sequence of samples to obtain a
de-interleaved compound signal; a modulator for generating
a re-modulated signal by modulating the retrieved digital
data of the first service; an up-sampling unit for up-sampling
the re-modulated signal by the factor of M; a signal sub-
tractor for generating a difference signal by subtracting the
up-sampled signal from the de-interleaved compound sig-
nal; and a second demodulator for retrieving digital data of
a second service by demodulating the difference signal.
[0146] As described in Embodiment 1, in principle, LDM
can serve different types of receiver, e.g. mobile and sta-
tionary, simultaneously in an information-theoretically opti-
mal way. However, when LDM is paired with OFDM to
cope with multipath effects, a single FFT length is implicitly
assigned to both layers, although the mobile layer would
preferably employ a short FFT for Doppler resilience and the
stationary layer a long FFT for high spectral efficiency.
[0147] Up-sampling the upper layer to increase its sub-
carrier spacing is proposed. However, interleaving in time
and frequency is employed conventionally before OFDM
modulation, which partially revokes the increased subcarrier
spacing of the upper layer. In the following, an interleaving
stage will be disclosed that is specifically adapted to the
LDM combiner with upper-layer up-sampling in order to
maintain (a constantly increased) subcarrier spacing of
superimposed cells on the upper layer.

[0148] FIG. 9 is a block diagram which illustrates a
technique for constellation superposition and interleaving
for two-layer LDM according to an embodiment of the
present disclosure. The configuration of FIG. 9 resolves the
conflict between long FFT length and Doppler resilience and
provides interleaving in time and frequency, such that con-
stant subcarrier spacing is maintained. The solution consists
of two main components, the LDM combiner, which is a
modified version of the generic LDM combiner shown in
FIG. 1, and the interleaving stage. It should be noted that,
OFDM framer 300 is the same as OFDM 80 in Embodiment
1.

[0149] The configuration of FIG. 9 comprises two BICM
units (10, 11) for each of the upper layer data and the lower
layer data, respectively. Each BICM unit (10, 11) includes an
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encoder (not shown) for encoding the input data with an
error correcting code, a bit interleaver (not shown) for
increasing the resilience to burst errors, and a cell mapper
(not shown) for mapping the coded and interleaved bit
sequence into a base-band sequence of complex digital
symbols. The modulated signal of the upper layer and the
modulated signal of the lower layer are then combined in
LDM combiner (100) into a compound signal.

[0150] The LDM combiner (100) of FIG. 9 is similar to
the generic LDM combiner shown in FIG. 1, wherein like
elements are identified by like reference numerals, a detailed
description thereof will be omitted. The configuration of the
LDM combiner (100) of FIG. 9 differs from the generic
LDM combiner of FIG. 1 in that the LDM combiner (100)
further comprises an up-sampling unit (160) and a power
booster (170) in the upper layer branch. The up-sampling
unit (160) performs M-fold up-sampling on its input signal,
which is achieved by inserting (M-1) zeros between every
two consecutive samples X, at its input, thus yielding the
up-sampled signal x,”. The insertion of zeroes implies a
reduction of power. In order to compensate the power
reduction, a power booster (170) is provided which boosts
the signal’s power by a factor y which equals the square root
of the up-sampling factor M, i.e., y=sqrt(M). This power-
boost causes the upper-layer signal y x,* to have unit-
power.

[0151] The benefit of this approach is that the LDM
compound signal can be carried on a very long OFDM signal
with e.g. 32 k FFT, such that the lower layer can utilize every
subcarrier, thus being highly spectral efficient, whereas the
upper layer utilizes every M-th subcarrier only, thus being
highly robust against Doppler spread. It should be under-
stood that the transmitted signal is provided for two types of
receivers: 1) a stationary receiver, which does not suffer from
high Doppler spread and hence benefits from a long FFT
length, and ii) a mobile receiver, which experiences high
Doppler spread and thus benefits from the virtually
increased subcarrier spacing on the upper layer.

[0152] The LDM combiner (100) is followed by an inter-
leaver stage (200), which is specifically adapted for preserv-
ing the spectral distance between superimposed cells. To this
end, the interleaving stage (200) comprises two branches,
namely a first branch (the upper branch in FIG. 9) for
processing superimposed cells and a second branch (the
lower branch in FIG. 9) for processing non-superimposed
cells. A demultiplexer, which may be implemented as a
uniform M-fold down-sampling unit (210) and a non-uni-
form periodic M-fold down-sampling unit (211), extracts
every M-th cell from the output of the LDM combiner for
the first branch and every other cell for the second branch.
Each output branch of the demultiplexer (down-sampling
unit (210, 211)) has both a dedicated time interleaver (220,
221) and a dedicated frequency interleaver (230, 231) for
interleaving the respective sequence of superimposed and
non-superimposed cells independently of each other in time
and frequency direction.

[0153] The interleaving units (i.e., time interleaver (220,
221) and frequency interleaver (230, 231)) in FIG. 9 may be
implemented independently of each other and may operate
on different blocks (or “chunks™) of cells. Specifically, the
time interleaving units 220 and 221 may be configured for
applying a first kind of interleaving, such as row-column
interleaving, whereas the frequency interleaving units may
be configured for applying a different, second kind of
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interleaving, such as pseudo-random interleaving, or vice
versa. Further, each interleaving unit may operate on blocks
with block size different from the block size of another
interleaving unit. This difference may relate to time and
frequency interleaving, as well as to the upper and the lower
layer. The lower layer may, for instance, comprise a row-
column interleaver with more columns and/or rows than a
row-column interleaver of the upper layer, and vice versa.
On the other hand, the frequency interleaver of the upper
layer may operate on a block of cells that is smaller than the
block of cells on which the corresponding time interleaver is
operating, or vice versa. The same holds true for the time and
frequency interleaver of the lower layer. Additional details
of the time and frequency interleavers will be discussed
below.

[0154] Further, in the embodiment of FIG. 9 there are two
independent interleaving units in each of the upper and the
lower branch. However, depending on circumstances, more
(e.g. three or four or more independent interleaving units) or
less (e.g. only a single interleaving unit) may be imple-
mented in either the upper, the lower or in both branches.
[0155] Further, the configuration of the interleaving stages
in each of the upper branch and the lower branch may be
dynamically varied, e.g., depending on the propagation
scenario, the channel properties or the data to be transmitted,
including bit error rate, number of PLPs, number of LDM
layers, QoS requirements, modulation, data rate, etc. Spe-
cifically, characteristic parameters of the frequency and/or
time interleavers such as number of columns/rows of a
row-column interleaver and the length of pseudo-random
interleaver may be adapted. Parameters characterizing the
interleaving carried out may then be signaled to the receiver,
as will be discussed below.

[0156] Referring back to FIG. 9, both the upper and the
lower branches are merged again by means of a multiplexer,
generating the interleaved compound signal that forms the
output of the interleaving stage. The multiplexer may be
implemented as a uniform M-fold up-sampling unit (240)
and a non-uniform periodic M-fold up-sampling unit (241)
in combination with a signal adder (250) for adding the two
up-sampled signals with the appropriate phase relationship.
The operation of the uniform M-fold up-sampling unit (240)
may be basically identical to that of up-sampling unit (160)
of the LDM combiner. Other implementations for the
demultiplexer and the multiplexer are conceivable, includ-
ing clocked switches and buffers.

[0157] FIG. 10A is a spectrum diagram which illustrates a
transmitted OFDM symbol with an LDM compound signal
according to an embodiment of the present disclosure. FIG.
10A is similar to FIG. 4A, except that data of the upper layer
(solid lines) is modulated on even subcarriers only (M=2),
whereas data of the lower layer (dash-dotted lines) is modu-
lated on all subcarriers. The spectral energy of odd subcar-
riers of the conventional compound signal of FIG. 4A is
represented, for illustrative purposes only, by dashed lines.
This signal component is absent in the LDM compound
signal of the present disclosure.

[0158] FIG. 10B is a spectrum diagram which illustrates
the OFDM symbol of FIG. 10A as they are received over a
time-varying channel. FIG. 10B is similar to FIG. 4B, except
that data of the upper layer (solid lines) is modulated on even
subcarriers only (M=2), whereas data of the lower layer
(dash-dotted lines) is modulated on all subcarriers. As in
FIG. 10A, the spectral energy of odd subcarriers of the
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conventional compound signal is represented, for illustrative
purposes only, by dashed lines. This signal component is
absent in the LDM compound signal of the present disclo-
sure. As can be seen from FIG. 10B, and in particular from
a comparison of FIGS. 10B and 4B, the inter-carrier inter-
ference from neighboring subcarriers is significantly
reduced ([1]), as compared to the conventional LDM com-
pound signal.

[0159] The operation of the interleaving stage (200) of
FIG. 9 explained with reference to FIGS. 11A and 11B.
[0160] FIG. 11A is a schematic representation of a
sequence of LDM compound cells output by an LDM
combiner with upper-layer up-sampling. The up-sampling
factor M is 3, hence, every third subcarrier carries cells from
both upper and lower layer (superimposed cells marked by
an “A”) and all remaining subcarriers carry cells from only
the lower layer (non-superimposed cells marked by “B” and
“C”.

[0161] FIG. 11B is a schematic representation of the
interleaving stage operating on the cell sequence of FIG.
11A. The main purpose of the interleaving stage is to
partition superimposed cells (marked “A”) and non-super-
imposed (marked “B” and “C”) into two separate streams of
cells, to interleave these two cell streams independently, and
to merge the two interleaved streams into a single cell stream
which is then passed on to the framing and OFDM blocks.

[0162] In the following, the particular embodiment shown
in FIG. 11B is described which allows the realization of this
concept.

[0163] The interleaving stage in FIG. 11B is receiving the

cell sequence ABCABC etc. from the LDM combiner. The
cells in the upper branch are passed through a uniform
M-fold down-sampler (this is the dual operation to the
M-fold up sampler in the LDM combiner) which retains
every M-th cells and presents only superimposed cells
(marked “A”) at its output. Those cells are then time-
interleaved and frequency-interleaved; the time interleaver
7,/ and frequency interleaver 7 are specific to the upper
branch and not necessarily the same as their counterpart in
the lower branch. The interleaved cells are then again
up-sampled uniformly by a factor M.

[0164] The cells on the lower branch are passed through a
non-uniform, but periodic M-fold down sampler (shown as

the block UM) which suppresses every M-th cell and
presents the cell sequence “BCBC” etc. at its output. It
should be emphasized that the uniform down-sampler keeps
every M-th sample, while the non-uniform periodic down-
sampler suppresses every M-th sample. The data rate at the
output of the non-uniform periodic down-sampler is thus
reduced by a factor of M/(M-1).

[0165] Next the cells are time-interleaved and frequency-
interleaved; the time interleaver m,”” and frequency inter-
leaver 7,7 are specific to the lower branch and not neces-
sarily the same as their counterparts in the lower branch. The
interleaved cells in the lower branch are then again periodi-
cally and non-uniformly up-sampled by a factor M and an
offset of one sample to position non-zero cells over zeros
in-between the two branches. This is taken care of by the

block marked with the double up-arrow (ff M) which inserts
a zero between every (M-1) cells.

[0166] Examples for particular time interleavers and fre-
quency interleaver can be found in ETSI EN 302 755,
“Digital Video Broadcasting (DVB); Frame structure chan-
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nel coding and modulation for a second generation digital
terrestrial television broadcasting system (DVB-T2)”, v1.4.
1, February 2015, e.g., row-column block time interleavers
and even-odd frequency interleavers and variations thereof
for FFT-length up to 2'°=32K subcarriers.

[0167] As a final step of the interleaving stage, the two
branches are superimposed once again. Unlike the first
superposition in the LDM combiner, here every non-zero
cell from every layer meets with a zero from the respective
other layer.

[0168] The operation of the interleaving stage is thus
equivalent to applying a permutation to a block of com-
pound cells such that the subset of superimposed cells ‘A’ is
mapped onto itself. In other words, each superimposed cell
is mapped to a position of another superimposed cell.
Non-superimposed cells ‘B’ and ‘C” are mapped to arbitrary
positions in-between the superimposed cells. Interleaving in
this manner preserves the spectral distance between super-
imposed cells.

[0169] LDM has been discussed in terms of a single PLP
on the upper and the lower layer. In the following, the
general case of multiple PLPs on both layers in connection
with LDM will be considered in conjunction with FIGS.
12A-12E.

[0170] In ATSC 3.0, a concept called time interleaver
group (TI-group) was introduced to handle this general case.
A TI-group is represented by a core layer PLP and it consists
of a core layer PLP and all enhanced layer PLPs which are
layered-division multiplexed with the core layer PLP. A
TI-group identifier is implicitly given by the position of the
core layer PLP in the control signaling.

[0171] The L1-signaling in ATSC 3.0 provides a receiver
with a PLP’s start address, the number of cells allocated to
the PLP in a frame, and its location on either the core or the
enhanced layer. Hence, a receiver is required to derive itself
to which TI-group it belongs potentially by lining up the
points of time covered by a PLP and then relate itself which
enhanced PLP belongs to which core layer PLP in order to
perform SIC for detection.

[0172] Here, the target is to define a generic form of
L1-signaling to uniquely and explicitly inform the receiver
about the chosen LDM and interleaving-parameters. To this
end, the definition of an LDM-group is introduced as a group
of PLPs consisting of a single core layer PLP and one or
more enhanced PLPs, which are layered-division multi-
plexed with the core layer PLP. The idea is to associate a
PLP with a particular LDM-group identifier and then use the
LDM-group identifier to subsume all LDM-and interleaving
parameters in a single unique place within the control
signaling.

[0173] Before describing a particular solution for the
L-signaling it is instructive to understand that the presence
of multiple PLPs on both layers may lead to a variety of
different alignments of the FEC-blocks contained in an
LDM-group. Five FEC-blocks alignments are discussed
next to illustrate the concept from the most simple to the
most complex.

[0174] InFIG. 12A, the simplest configuration appears, in
which one core PLP and one enhanced PLP form a single
LDM-group. In addition, the PL.Ps are completely overlap-
ping. There are two underlying assumptions, here: 1) The
core layer (plp_id_0) and the enhanced layer carry a certain
number of FEC-blocks, which—depending on the modula-
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tion order—are not necessarily the same. 2) The core layer
is presented already in its state after M-fold up-sampling.
[0175] InFIG. 12B, an additional PLP (plp_id_2) joins the
pair. One core PLP (plp_id_0) and one enhanced PLP
(plp_id_1) form a first LDM-group (ldm_group_0) and a
single PLP (plp_id_2) on the core layer forms a second
LDM-group (1dm_group_1).

[0176] The following configurations differ from the for-
mer two by introducing PLPs which are overlapping while
residing on different LDM-layers. In FIG. 12C, three PLPs
are present on the core layer and a single PLP on the
enhanced layer. Following the rationale of ATSC 3.0, the
core layer determines the interleaving and the affected PLP
on the enhanced layer follows suit. Hence, the core layer
splits the enhanced layer into three LDM-groups (Idm_
group_0, ldm_group_1, ldm_group_2).

[0177] The reverse situation occurs in FIG. 12D, where a
single PLP (plp_id_0) is present on the core layer and
extends over three PLPs (plp_id_1, plp_id_2, and plp_id_3)
on the enhanced layer. In contrast to the previous case, but
again following the rationale of ATSC 3.0, a single LDM-
group (Idm_group_0) is formed.

[0178] The most complex case is depicted in FIG. 12E.
There are four PLPs in total, two on each the core and the
enhanced layer, however, the fourth PLP (plp_id_3) overlaps
with two core PLPs plp_id_0 and plp_id_1. It thus is split
between two LDM groups, 1dm_group_0 and 1dm_group_1.
The number of FEC-blocks falling into each core layer PLP
is signaled as plp_fec_blocks_in_ldm_groups, and the num-
ber of core layers to which an enhanced layer PLP belongs
is signaled as num_plp_in_ldm_groups.

[0179] An exemplary embodiment for the time interleav-
ing is row-column block interleaving as employed in DVB-
T2. Choice and design of the time-interleavers will be
discussed using the following nomenclature:

N_.zs* Number of cells per FEC-block for the upper layer
Nzge 77 Number of FEC-blocks per TI-Block on the upper
layer

N /() Number of cells per FEC-block for the lower layer
and the i-th PLP

NFECJ,Z(i) Number of FEC-blocks per TI-Block on the
lower layer and the i-th PLP

[0180] An essential constraint is the following:

M - Niys Nige 1y = Z Ny @) NEge (D) (0
;

meaning that within an LDM-group the number of cells on
the upper layer after up-sampling (on the left hand side)
must equal the number of cells on the lower layer (on the
right hand side). The sum takes into account those FEC-
block alignments in which a core layer PLP extends over
multiple enhanced layer PLPs (cf. FIGS. 12D and 12FE).

[0181] The number of cells entering the time-interleaver
n,/" on the upper branch is

u, u
Ncells NFEC?TI

which is an integer and a block-interleaver is easily realized.
No issue there. However, the number of cells for the
time-interleaver 7, on the lower branch is
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Neews Nige (M = 1) = (1 - L)Z Nl () Nige ()
cells 3 31 ) 24 Noets 3

with M being the up-sampling factor.

[0182] Conceptually, the down-sampling on the lower
branch is best thought of as a puncturing process, i.e., before
time-interleaving a FEC-block is actually shortened from a
FEC-block with N__,,/(i) cells to a FEC-block with

Nl (- (1 - %)

cells.

[0183] FIGS. 13A and 13B illustrate the layout for the
time interleavers ;7 and i, ™ (for a single PLP on the lower
layer), respectively, in accordance with the above consider-
ations.

[0184] The term

is potentially troublesome as it may yield a non-integer
number. Fortunately, for long FEC-codes with 64800 code
bits this is not the case since the puncturing yields an integer
number of samples for all QAM-constellations up to 4096-
QAM and up to down-sampling factors M=6. However, for
short FEC codes with 16200 code bits, cases exists, in which
a non-integer number of samples arises, i.e.,

[0185] 256QAM and M=2,
[0186] 16QAM and M=4,
[0187] 256QAM and M=4,
[0188] 256QAM and M=6.
[0189] Since the enhanced/lower layer usually carries

high-rate services with long LDPC codeword’s, these can be
considered corner cases. A possible solution, which also
covers these corner cases, is to combine a couple of FEC-
blocks to form a super-FEC-block before passing them
through the interleaver. Conceptually, this is achieved by
allowing the time-interleaver to have a variable number of
rows in addition to a variable number of columns.

[0190] The same approach of allowing a time-interleaver
layout with completely variable number of columns and
rows also facilitates the situation in which there are multiple
enhanced PLPs per core layer PLP present. The time-
interleaver layout in FIG. 13 reflects a one-on-one FEC-
block alignment as, e.g., in FIG. 12A. Here, the choice of
rows and columns for the T is straightforward. The situation
is different if there are multiple enhanced PLPs present as,
e.g., in FIGS. 12D and 12E. For simplicity, we assume two
PLPs on the enhanced layer. They are illustrated in FIGS.
14A and 14B.

[0191] The two PLPs are jointly passed into a time-
interleaver whose dimensions are generically signaled with
num_ti_rows_lower and num_ti_columns_lower, cf. FIG.
140).

[0192] An exemplary embodiment for the frequency inter-
leaving (FI) is the pseudo-random solution as employed in
DVB-T2. According to DVB-T2, the parameters of the FI
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(such as sequence length for the frequency interleaver and
the number data cells in an OFDM cell) are chosen implic-
itly based on the chosen FFT-length and pilot pattern. The FI
in DVB-T2 is conceptually a part of the OFDM-modulation
and applies to all subcarriers, not individual PLPs.

[0193] According to ETSI EN 302 755 v1.4.1, the permu-
tation function H(p) for DVB-T2 is determined by the
algorithm:

p=0;
for (i=0;i<Myp;i=i+1)

N2
{H(p) = (i mod 2% 4 3 R()D2%5HE (H(p) < Nawa)p = p + 1;}
=0

FFT Size M,
1K 1024
2K 2048
4K 4 096
8K 8192

16K 16 384
32K 32 768

[0194] A frequency interleaver can span up to
Nwra<M,,, .. cells. The time-interleaver will usually span
more than N, cells, say K cells, i.e.,, K>=N_ .. The
integer K can assume the value N_,, “ Ny ..  for the

upper interleaving branch and
1 . .
Negws Nige (M = 1) = (1 - M)Z Nlews () - Nige i ()

for the lower interleaving branch. An example is shown in
FIG. 15.

[0195] The frequency interleaver will generally be applied
to multiple blocks of cells at the time-interleaver output.
There are floor(K/N,,,,) blocks containing N, cells, fol-
lowed by zero blocks or one trailing block containing K %
N4z cells. It is understood that in the presence of a trailing
block, which contains K % N, cells, the if-clause in the
above algorithm, namely if (H(p)<N,,,,) is changed to if
(H(p)K % N,,,,).

[0196] In contrast to DVB-T2, where the frequency inter-
leaver applies to all subcarriers, in the present disclosure, the
FIbecomes part of an LDM-group and is thus signaled in the
L1 configurable/I.1-basic part as num_mode_fi_upper and
num_fi_mode_lower, thereby representing M,, . for each
interleaving branch. Since N, can be chosen indepen-
dently from the FFT-length, it is also signaled as part of the
dynamic [.1-signalling as num_fi_data_upper and num_fi_
data_lower for the upper and lower interleaving branch,
respectively.

[0197] Data is usually transmitted in frames which are
partitioned into a preamble part and a payload part. The
preamble carries so-called L.1-signaling and consists of
parameters, which are required by receivers to be able to
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demodulate the data carried in the payload. Examples of
such parameters may be the employed FEC-code or modu-
lation for a PLP.

[0198] Usually L1-signalling is divided into those param-
eters which are constant for several frames and those which
are more dynamically changing, possibly between frames. In
DVB-T2, L1-signalling is divided into L.1-pre and L1-post,
whereby the latter is again divided into a configurable and a
dynamic part. And in ATSC 3.0, similarly, [.1-signalling is
carried in a basic and a dynamic part.

[0199] Potential configurable [.1-signalling for the present
disclosure is shown in Table 1. The number of PLPs is
denoted by num_plp. The type of layer (core/upper or
enhanced/lower) is denoted by plp_layer. An identifier
called 1dm_group_id is introduced to uniquely link PL.Ps on
the lower layer to the respective upper layer PLP.

[0200] As an aside on time-interleaving modes it is noted
that, in DVB-T2, there is the concept of intra-frame and
inter-frame time-interleaving. Intra-frame time-interleaving
allows to time-interleave multiple so-called TI-blocks (one
TI-block comprises multiple FEC-blocks and corresponds to
the one-time usage of the time-interleaver) within a single
T2-frame, whereas inter-frame time-interleaving corre-
sponds to the interleaving of a single TI-block over multiple
TI-frames. Furthermore, in DVB-T2, the type of time inter-
leaving (intra-frame or inter-frame interleaving) is signaled
by the flag time_il_type and the number of TI-blocks is
given by time_il_length.

[0201] In principle, the concept of intra/inter-frame inter-
leaving is also applicable to LDM, which means that a core
layer PLP determines the time-interleaving mode. This is
hence signaled by the flags time_il_type and time_il_length
in Table 1. One constraint must be adhered to in cases with
overlapping PLPs as in FIG. 12E. Here, all core layer PLPs
which carry parts of an enhanced layer PLP should employ
the same time-interleaving mode. These constraints are,
however, outside of the scope of this disclosure and must be
arranged by a respective specification.

[0202] In case that there are multiple core PLPs per
enhanced layer PLP, the number of core PLPs is signaled as
num_plp_ldm_groups, followed by a list of LDM-group
identifiers (1dm_group_id) signifying to which core layer
PLPs the enhanced PLP is connected.

[0203] The total number of LDM-groups is denoted as
num_ldm_groups. It is identical to the number of core layer
PLPs. For each LDM-group, the up-sampling factor is
signaled as plp_up_sampling_factor, the boost factor as
plp_boost_factor, the injection level as plp_injection_level,
and the maximum number of FEC-Blocks on the upper and
lower layer as num_ti_columns_upper_max and num_ti_
columns_lower_max, respectively.

TABLE 1

L1-signalling as part of L1-post configurable or L1-Basic Syntax

num__plp
fori=0. num_plp-1 {

plp__layer
if (plp__layer == 0) {

ldm__group__id
time_il_ type
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14
TABLE 1-continued TABLE 2-continued
L1-signalling as part of L1-post configurable or L1-Basic Syntax L1-signalling as part of L1-post dynamic or L1-Detail Syntax
time__il_ length fori=0. num_plp_in_Idm_ groups-1 {
plp__fec_blocks_in_ ldm_ group
}else {
num_ plp_in_ ldm_ groups }
for i=0 . num_plp_in_ldm_ groups-1 {
Idm__group__id }
} fori=0 .. num_ldm_ groups -1 {
ldm__group__id
} num__ti_ columns_ upper
num_ti_ rows_ upper
num__ldm_ groups num__ti_ columns_ lower
for ldm__group_id = 0 .. num__Idm_ groups -1 { num__ti_ rows__lower
plp__up_sampling factor num_ fi_ data_ upper
plp__boost_factor num_ fi data_ lower
plp_injection__level }
num_ ti_ columns_ upper__max
num__ti__columns__lower__max
mum_fi_mode_upper [0209] FIG. 16A is a schematic block diagram for a

num_ fi_mode_ lower

[0204] With reference to the constraint in Eq. (1), the
number of FEC-blocks, N, ;7 and N ,, are signaled
as part of the dynamic L1-signalling (see Table 2). Since it
is possible for an enhanced PLP to partake in multiple core
layer PLPs, the number of FEC-blocks overlapping with
each core layer PLP is signaled as plp_fec_blocks_in_ldm_
group.

[0205] Additionally, for each LDM-group the LDM-group
identifier ldm-group_id is signaled followed by the specific
layout of the time-interleavers, m,/”” and m,”, i.e., their
number of columns (num_ti_columns_upper, num_ti_col-
umns_lower) and number of rows (num_ti_rows_upper,
num_ti_rows_lower).

[0206] Finally, num_fi_mode_upper and num_fi_mode_
lower signal the frequency interleaver mode (M,,,,,) for the
upper and lower layer.

[0207] Hence, a set of parameters that identify the par-
ticular LDM configuration may be signaled together with a
set of parameters that identify the particular interleaver
configuration. Both parameter sets may be logically linked
by a common identifier, such as Idm_group_id. Other means
for logical grouping or linking may be employed.

[0208] Tables 1 and 2 show an example embodiment for
signaling both LDM-and interleaver-related parameters.
However, the present disclosure is not limited to this par-
ticular embodiment and a different syntax may be employed,
depending on circumstances. The syntax may, for instance,
include additional parameters, exclude some of these param-
eters, or provide these parameters in an alternative order or
logical grouping.

TABLE 2

L1-signalling as part of L1-post dynamic or L1-Detail Syntax

fori=0. num_plp-1{
plp_id
plp__start

if (plp_layer == 0) {
plp__num_ blocks

}else {

receiver, e.g., a mobile receiver that is configured for receiv-
ing the upper layer only. The receiver comprises an OFDM
demodulator (300") for receiving a compound signal. The
received compound signal is down-sampled by a factor M in
down-sampling unit (210) to isolate the subcarriers that
carry the upper layer data. The down-sampled signal is then
deinterleaved in frequency deinterleaver (220') and time
deinterleaver (230") and demodulated in demodulator (10")
in order to retrieve the digital data of the upper layer.
Frequency deinterleaver (220") and time deinterleaver (230")
perform the inverse operation of frequency interleaver (220)
and time interleaver (230), respectively, described in con-
junction with FIGS. 9 and 11, e.g., by applying a permuta-
tion that is the inverse of the permutation applied by the
respective interleaver. Information on parameters that char-
acterize the permutations to be applied may be taken from
signaling information such as the L[.1-signaling described
above.

[0210] FIG. 16B is a schematic block diagram for a
receiver, e.g., a stationary receiver that is configured for
receiving both the upper layer and the lower layer. The
receiver of FIG. 16B comprises all components of the
receiver of FIG. 16A, including the OFDM demodulator
(300", the down-sampling unit (210), the frequency and
time interleavers (220', 230" and the demodulator (10") for
retrieving the digital data of the upper layer.

[0211] The receiver of FIG. 16B is further provided with
a branch for deinterleaving non-superimposed cells. To this
end, cells of the received signal are effectively demulti-
plexed into superimposed cells and non-superimposed cells
by means of down-sampling units 210 and 211, respectively.
The superimposed cells are deinterleaved in the upper
branch of FIG. 12B as described in conjunction with FIG.
12A. The non-superimposed cells are deinterleaved by
means of frequency deinterleaver (221') and time deinter-
leaver (231'") which perform the inverse operation of fre-
quency interleaver (221) and time interleaver (231), respec-
tively, described in conjunction with FIGS. 9 and 11, e.g., by
applying a permutation that is the inverse of the permutation
applied by the respective interleaver. The deinterleaved cells
of both branches are then re-multiplexed by means of two
up-sampling units (240, 241) and a signal adder (250), as
described above. The output of the signal adder (250) is the
deinterleaved compound signal as it is received by the
receiver.
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[0212] In order to extract the lower layer data from the
deinterleaved compound signal, a modulator (10) is pro-
vided for re-modulating the upper layer data, an up-sam-
pling unit (160) for up-sampling the re-modulated signal,
and an amplifier (170) for adjusting the power level of the
up-sampled signal. The output signal of the amplifier (170)
is then subtracted by means of signal subtractor (140") from
the deinterleaved compound signal, thus providing the
received compound signal free of the interference from the
re-modulated upper layer signal, which is then demodulated
in a second demodulator (11").

[0213] The present disclosure has been described in terms
of specific embodiments that are not supposed to limit the
scope of the appended claims. Various modifications can be
made without departing from the scope of the appended
claims.

[0214] For instance, the above embodiments relate to
layered division multiplexing with two layers only. The
present disclosure, however, can also be applied to three or
more distinct layers. In this case, the up-sampling step may
be applied to one or more of the upper-most layers. Cells of
the respective layers may be subjected to dedicated inter-
leavers by demultiplexing and re-multiplexing the com-
pound signal accordingly. The upper-most layer may be
up-sampled with an up-sampling factor that is equal to or
greater than the up-sampling factor of the next lower layer.
[0215] Further, a reduction of the inter-carrier interference
has been described in conjunction with two-fold up-sam-
pling of the upper layer signal. The interleaving and deinter-
leaving stages have been described in conjunction with a
three-fold up-sampling of the upper layer signal. However,
any suitable up-sampling factor, such as M=2, M=3 or M=4,
etc., may be employed, depending on data rates, in order to
further increase the spectral distance of subcarriers carrying
the upper layer data and to further reduce inter-carrier
interference.

[0216] Further, the present disclosure has been presented
in the context of digital data broadcasting based on bit-
interleaved coded modulation which includes specific for-
ward error correcting codes (FECs), specific bit-interleavers,
and specific symbol mappers. However, the present disclo-
sure can likewise be applied to any other form of modulation
that converts digital data into a modulated signal consisting
of a sequence of complex-valued or real-valued cells.
[0217] Finally, although the present disclosure has been
presented in the context of orthogonal frequency division
multiplexing, it may also be applied to other forms of
multi-carrier modulation.

[0218] Summarizing, the present disclosure relates to a
technique for broadcasting digital data, and in particular to
layered-division multiplexing (LDM) in connection with
orthogonal frequency division multiplexing, wherein the
upper layer data is modulated only on every M-th OFDM
subcarrier in order to reduce inter-carrier interferences. The
disclosure provides separate interleaving stages for LDM
compound cells carrying cells of more than one layer and for
LDM compound cells carrying cells of only one layer. In this
manner, time-and frequency interleaving can be performed
on an LDM compound signal while maintaining subcarrier
spacing for compound cells carrying cells of more than one
layer.

[0219] It should be noted that the transmitters in each of
the foregoing embodiments can be also be represented as
indicated below.
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[0220] FIG. 17 is a block diagram illustrating a configu-
ration of transmitter 500.

[0221] As illustrated in FIG. 17, transmitter 500 includes
mapper 510 and framer 520.

[0222] Transmitter 500 transmits a first data sequence and
a second data sequence by orthogonal frequency division
multiplexing (OFDM).

[0223] Mapper 510 obtains the first data sequence and the
second data sequence, and combines and maps the first data
sequence and the second data sequence obtained onto a
plurality of subcarriers which are OFDM subcarriers. Fur-
thermore, the mapper 510: (a) maps data included in the first
data sequence and data included in the second data sequence
onto a plurality of first subcarriers out of the plurality of
subcarriers; and (b) maps the data included in the second
data sequence, out of the data included in the first data
sequence and the data included in the second data sequence,
onto a plurality of second subcarriers different from the
plurality of first subcarriers, out of the plurality of subcar-
riers.

[0224] Framer 520 generates an OFDM signal from the
plurality of subcarriers.

[0225] Accordingly, transmitter 500 is capable of improv-
ing digital data transmission performance.

[0226] FIG. 18 is a block diagram illustrating a configu-
ration of receiver 600.

[0227] As illustrated in FIG. 18, receiver 600 includes
receiving device 610 and retriever 620.

[0228] Receiver 600 receives a first data sequence and a
second data sequence by orthogonal frequency division
multiplexing (OFDM).

[0229] Receiving device 610 receives an OFDM signal.
[0230] Retriever 620 retrieves the first data sequence and
the second data sequence from the OFDM signal received by
receiving device 610. Furthermore, retriever 620: (a)
retrieves data included in the first data sequence and data
included in the second data sequence, from a plurality of first
subcarriers out of a plurality of subcarriers which are OFDM
subcarriers; and (b) retrieves the data included in the second
data sequence out of the data included in the first data
sequence and the data included in the second data sequence,
from a plurality of second subcarriers different from the first
subcarriers, out of the plurality of subcarriers.

[0231] Accordingly, receiver 600 is capable of improving
digital data receiving performance.

[0232] FIG. 19 is a flowchart illustrating the transmitting
method according to the respective embodiments. This
method is a method of transmitting a first data sequence and
a second data sequence by orthogonal frequency division
multiplexing (OFDM).

[0233] In step S510, the transmitter obtains the first data
sequence and the second data sequence, and combines and
maps the first data sequence and the second data sequence
obtained onto a plurality of subcarriers which are OFDM
subcarriers. In the mapping: (a) data included in the first data
sequence and data included in the second data sequence are
mapped onto a plurality of first subcarriers out of the
plurality of subcarriers; and (b) the data included in the
second data sequence, out of the data included in the first
data sequence and the data included in the second data
sequence, are mapped onto a plurality of second subcarriers
different from the plurality of first subcarriers, out of the
plurality of subcarriers.
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[0234] In step S520, an OFDM signal is generated from
the plurality of subcarriers.

[0235] Accordingly, digital transmission performance can
be improved.
[0236] FIG. 20 is a flowchart illustrating the receiving

method according to the respective embodiments. This
method is a method of receiving a first data sequence and a
second data sequence by orthogonal frequency division
multiplexing (OFDM).

[0237] In step S610, an OFDM signal is received.
[0238] In step S620, the first data sequence and the second
data sequence are retrieved from the OFDM signal received
by the receiving device. In the retrieving: (a) data included
in the first data sequence and data included in the second
data sequence are retrieved from a plurality of first subcar-
riers out of a plurality of subcarriers which are OFDM
carriers; and (b) the data included in the second data
sequence, out of the data included in the first data sequence
and the data included in the second data sequence, are
retrieved from a plurality of second subcarriers different
from the first subcarriers, out of a plurality of subcarriers.
[0239] Accordingly, receiver 600 is capable of improving
digital data receiving performance.

[0240] It should be noted that although in each of the
foregoing embodiments, the respective structural compo-
nents are configured using dedicated hardware, the respec-
tive structural components may be implemented by execut-
ing software programs suitable for the respective structural
components. The respective structural components may be
implemented by a program executor such as a CPU or a
processor reading and executing a software program
recorded on a recording medium such as a hard disk or a
semiconductor memory. Here, the software for realizing the
transmitter and receiver, etc. in each of the foregoing
embodiments is a program such as that described below.
[0241] Specifically, the program causes a computer to
execute a transmitting method of transmitting a first data
sequence and a second data sequence by orthogonal fre-
quency division multiplexing (OFDM), the transmitting
method including: obtaining the first data sequence and the
second data sequence, and combining and mapping the first
data sequence and the second data sequence obtained onto a
plurality of subcarriers which are OFDM subcarriers; and
generating an OFDM signal from the plurality of subcarri-
ers, wherein in the mapping: (a) data included in the first
data sequence and data included in the second data sequence
are mapped onto a plurality of first subcarriers out of the
plurality of subcarriers; and (b) the data included in the
second data sequence, out of the data included in the first
data sequence and the data included in the second data
sequence, are mapped onto a plurality of second subcarriers
different from the plurality of first subcarriers, out of the
plurality of subcarriers.

[0242] Furthermore, the program causes a computer to
execute a receiving method of receiving a first data sequence
and a second data sequence by orthogonal frequency divi-
sion multiplexing (OFDM), the receiving method including:
receiving an OFDM signal; and retrieving the first data
sequence and the second data sequence from the OFDM
signal that was received, wherein in the retrieving: (a) data
included in the first data sequence and data included in the
second data sequence are retrieved from a plurality of first
subcarriers out of a plurality of subcarriers which are OFDM
carriers; and (b) the data included in the second data
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sequence, out of the data included in the first data sequence
and the data included in the second data sequence, are
retrieved from a plurality of second subcarriers different
from the first subcarriers, out of a plurality of subcarriers.
[0243] Although transmitters, receivers, etc., according to
one or more aspects are described thus far based on the
foregoing embodiments, the present disclosure is not limited
to the foregoing embodiments. Furthermore, various modi-
fications to the embodiments that may be conceived by a
person of ordinary skill in the art or those forms obtained by
combining structural components in the different embodi-
ments, for as long as they do not depart from the essence of
the present disclosure, may be included in one or more
aspects.
What is claimed is:
1. A transmitter comprising:
a mapping circuit configured to combine and map a first
data sequence and a second data sequence onto
orthogonal frequency division multiplexing (OFDM)
subcarriers which include first subcarriers and second
subcarriers; and
a framing circuit configured to generate an OFDM signal
from the OFDM subcarriers, wherein
the mapping circuit is configured to:
map first data included in the first data sequence and
second data included in the second data sequence
onto the first subcarriers; and

map the second data onto the second subcarriers, the
first data being not mapped on the second subcarri-
ers.
2. The transmitter according to claim 1, wherein
the first subcarriers correspond to every n-th subcarrier
along a frequency axis, n being an integer larger than 1,
and
the mapping circuit:
maps the first data onto the first subcarriers as a high
power signal; and

maps the second data included onto the first subcarriers
and the second subcarriers as a low power signal
having power lower than power of the high power
signal.

3. The transmitter according to claim 2, wherein

a ratio of the power of the high power signal to the power
of the low power signal is bigger when n is bigger.

4. The transmitter according to claim 1, further compris-

ing:
an interleaving circuit configured to interleave data that
are to be mapped onto the OFDM subcarriers, wherein
the interleaving circuit:
switches data mapped onto one first subcarrier with
data mapped onto another first subcarrier, the one
first subcarrier and the other first subcarrier being
included in the first subcarriers; and

switches data mapped onto one second subcarrier with
data mapped onto another second subcarrier, the one
second subcarrier and the other second subcarrier
being included in the second subcarriers.

5. The transmitter according to claim 4, wherein

the interleaving circuit includes a frequency interleaving
circuit, and

the frequency interleaving circuit:
switches the data mapped onto the one first subcarrier

with the data mapped onto the other first subcarrier,
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the other first subcarrier being different in frequency
from the one first subcarrier; and
switches the data mapped onto the one second subcar-
rier with the data mapped onto the other second
subcarrier, the other second subcarrier being differ-
ent in frequency from the one second subcarrier.
6. The transmitter according to claim 4, wherein
the interleaving circuit includes a time interleaving cir-
cuit, and
the time interleaving circuit:
switches the data mapped onto the one first subcarrier
with the data mapped onto the other first subcarrier,
the other first subcarrier being different from the one
first subcarrier in at least one of frequency or time;
and
switches the data mapped onto the one second subcar-
rier with the data mapped onto the other second
subcarrier, the other second subcarrier being differ-
ent from the one second subcarrier in at least one of
frequency or time.
7. The transmitter according to claim 1, wherein
the mapping circuit comprises an up-sampling circuit
configured to perform up-sampling on the first data
sequence.
8. A receiver comprising:
an antenna through which an orthogonal frequency divi-
sion multiplexing (OFDM) signal is received; and
a retrieving circuit configured to retrieve at least one of a
first data sequence or a second data sequence from the
OFDM signal, wherein
the retrieving circuit is configured to:
retrieve first data included in the first data sequence and
second data included in the second data sequence
from first OFDM subcarriers; and/or
retrieve the second data from second OFDM subcarri-
ers different from the first OFDM subcarriers.
9. The receiver according to claim 8, wherein
the first subcarriers correspond to every n-th subcarrier
along a frequency axis, n being an integer larger than 1,
and
the retrieving circuit:
retrieves the first data from the first subcarriers as a
high power signal; and
retrieves the second data from the first subcarriers and
the second subcarriers as a low power signal having
power lower than power of the high power signal.
10. The receiver according to claim 9, wherein
a ratio of the power of the high power signal to the power
of the low power signal is bigger when n is bigger.
11. The receiver according to claim 8, further comprising:
a deinterleaving circuit configured to switch data mapped
onto one first subcarrier with data mapped onto another
first subcarrier and switch data mapped onto one sec-
ond subcarrier with data mapped onto another second
subcarrier, in the OFDM signal, the one first subcarrier
and the other first subcarrier being included in the first
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subcarriers, the one second subcarrier and the other
second subcarrier being included in the second subcar-
riers.

12. The receiver according to claim 11, wherein

the deinterleaving circuit includes a frequency deinter-

leaving circuit, and

the frequency deinterleaving circuit:

switches the data mapped onto the one first subcarrier
with the data mapped onto the other first subcarrier,
the other first subcarrier being different in frequency
from the one first subcarrier; and

switches the data mapped onto the one second subcar-
rier with the data mapped onto the other second
subcarrier, the other second subcarrier being differ-
ent in frequency from the one second subcarrier.

13. The receiver according to claim 11, wherein

the deinterleaving circuit includes a time deinterleaving

circuit, and
the time deinterleaving circuit:
switches the data mapped onto the one first subcarrier
with the data mapped onto the other first subcarrier,
the other first subcarrier being different from the one
first subcarrier in at least one of frequency or time;
and
switches the data mapped onto the one second subcar-
rier with the data mapped onto the other second
subcarrier, the other second subcarrier being differ-
ent from the one second subcarrier in at least one of
frequency or time.
14. The receiver according to claim 8, wherein the retriev-
ing circuit comprises a down-sampling circuit configured to
perform down-sampling on the OFDM signal.
15. A transmitting method comprising:
combining and mapping a first data sequence and a
second data sequence onto orthogonal frequency divi-
sion multiplexing (OFDM) subcarriers which include
first subcarriers and second subcarriers; and

generating an OFDM signal from the OFDM subcarriers,
wherein

first data included in the first data sequence and second

data included in the second data sequence are mapped
onto the first subcarriers; and

the second data are mapped onto the second subcarriers,

the first data being not mapped on the second subcar-
riers.

16. A receiving method comprising:

receiving an orthogonal frequency division multiplexing

(OFDM) signal; and

retrieving at least one of a first data sequence or a second

data sequence from the OFDM signal, wherein:

first data included in the first data sequence and second

data included in the second data sequence are retrieved
from first OFDM subcarriers; and/or

the second data are retrieved from second OFDM sub-

carriers, the first data being not mapped on the second
subcarriers.



