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Cross-Reference to Related Applications
[0001] This application claims priority to U.S. Patent Application Serial No.
15/983,244, filed on May 18, 2018, which is a Continuation-in-Part of U.S. Patent
Application Serial No. 15/973,721, filed on May 8, 2018, the contents of which are

incorporated herein in their entireties.

Technical Field
10002} The technology described in this document relates to devices and methods
for transmitting and processing frequency modulation (FM) in-band on-channel (IBOC)

radio signals, and more particularly to devices and methods for defining service modes

for FM IBOC radio signals.

Background
[0003] The Xperi HD Radio™ gystem is designed to permit a smooth evolution
from current analog amplitude modulation (AM) and frequency modulation (FM) radio
systems to an in-band on-channel (IBOC) system. An IBOC system can deliver digital
audio and data services to mobile, portable, and fixed recetvers from terrestrial
transmitters in the existing medium frequency (MF) and very high frequency (VHF) radio
bands.
10004} IBOC signals can be transmitted in a hybrid format that includes an analog
modulated carrier in combination with a plurality of digitally modulated subcarriers, or in
an all-digital format in which an analog modulated carrier is not used. Using the hybrid
format, broadcasters may continue to transmit analog AM and FM simultaneously with
higher-quality and more robust digital signals, allowing themselves and their listeners to
convert from analog to digital radio while maintaining their current frequency allocations.
IBOC hybrid and all-digital waveforms are described in U.S. Pat. No. 7,933,368, which s
incorporated by reference herein in its entirety.
[0005] Data can be processed in an IBOC system using a multi-layer logical
protocol stack. A service mode of an IBOC radio signal can determine a grade of service
of data provided by the IBOC signaling. It is desirable to improve the grade of service of

the IBOC signaling by improving robustness and capacity.
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Summary
0006} The technology presented in this document relates to service modes to
improve the capacity and robustness of FM IBOC radio broadcast signals.
10007} A radio transmitter example includes transmitting circuitry and processing
circuitry. The transmitting circuitry broadcasts a frequency modulation (FM) in-band on-
channel (IBOC) radio signal, wherein the FM IBOC radio signal includes multiple
subcarriers arranged into multiple frequency partitions. The processing circuitry is
configured to receive input bits for transmitting; encode the input bits using forward error
correction (FEC) encoding; distribute encoded input bits between a main encoded
component and a backup encoded component, wherein encoded bits of the backup
encoded component are delayed for a specified duration relative to encoded bits of the
main encoded component; allocate the encoded input bits of the main and backup
encoded components into frequency diverse sidebands of the FM IBOC radio signal; and
modulate the encoded input bits for transmitting using the frequency diverse sidebands of
the FM IBOC radio signal, wherein the modulation is a type of quadrature amplitude
modulation (QAM).
[00608] This section is intended to provide a brief overview of subject matter of
the present patent application. It is not intended to provide an exclusive or exhaustive
explanation of the invention. The detailed description is included to provide further
information about the present patent application such as a discussion of the dependent
clams and the interrelation of the dependent and independent claims in addition to the

statements made in this section.

Brief Description of the Drawings
10009} FIG. 1 1s a schematic representation of the spectrum of a hybrid frequency

modulation (FM) in-band on-channel (IBOC) waveform.

[0010] FIG. 2 is a schematic representation of an extended hybrid FM IBOC
waveform.
0011} FiG. 3 is a schematic representation of the spectrum of an all-digital FM

IBOC waveform.
[0012] FIG. 4 is a schematic representation of a type of Frequency-Partition

Ordering.

o
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[0013] FIG. 5 is a schematic representation of another type of Frequency-

Partition Ordering.

0014} FiG. 6 1s a schematic representation of lower sideband reference
subcarriers.

[00615] FIG. 7 is a schematic representation of upper sideband reference
subcarriers.

[0016] FIG. 815 a block diagram of portions of an example of a radio receiver.
10017} FIG. 9 1s a functional block diagram of an example of a radio transmitter.
[0018] FIGS. 10A and 10B are diagrams of an FM IBOC radio transmitter logical

protocol stack.

10019} FIG. 11 is a table showing an example of frequency-partition mapping for
the MP1X service mode with four-point quadrature amplitude modulation (4-QAM).
10020} FIG. 12 is a Table showing the FEC puncture pattern for the MP1X
service mode with 4-QAM.

[0021} Fig. 13 is a block diagram of an example of a portion of the circuit stages
used to prepare information bits for transmitting in the MP1X or MP3X service mode.
10022} FIG. 14 is a Table of transfer frame characteristics for the interleaver for

the primary extended (PX) sideband for the MP1X service mode (4-QAM).

[6023} FIG. 15 is a table showing an example of frequency-partition mapping for
the MP1X service mode with 16-QAM.
0024} FiG. 16 is a table showing the FEC puncture pattern for the MP1X service

mode with 16-QAM.

0025} FIG. 17 is a table showing an example of frequency-partition mapping for
the MP1X service mode with 64-QAM.

10026} FIG. 18 is a Table showing the FEC puncture pattern for the MP1X
service mode with 64-QAM.

0027} FIG. 19 is a Table showing an example of frequency-partition mapping for
the MP3X service mode with 4-QAM.

10028} FIG. 20 is a Table showing the FEC puncture pattern for the MP3X

service mode with 4-QAM.

10029} FIG. 21 1s a Table of transfer frame characteristics for the interleaver for
the PX sideband for the MP3X service mode (4-QAM).

10030} FIG. 22 is a table showing an example of frequency-partition mapping for

the MP3X service mode with 16-QAM.
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10031} FIG. 23 is a table showing the FEC puncture pattern for the MP3X service
mode with 16-QAM.

10032} FiG. 24 is a Table showing an example of frequency-partition mapping for
the MP3X service mode with 64-QAM.

[0033] FIG. 25 is a Table showing the FEC puncture pattern for the MP3X
service mode with 64-QAM.

10034} FIG. 26 1s a Table showing an example of frequency-partition mapping for
the DSB1 service mode with 4-QAM.

[0035] FIG. 27 1s a Table showing the FEC puncture pattern for the DSB1 service

mode with 4-QAM.

[0036] FIG. 28 1s a block diagram of an example of a portion of the circuit stages
used to prepare information bits of the P1 logical channel for transmitting in the DSB1
service mode with 4-QAM.

10037} FIG. 29 is a Table of transfer frame characteristics for the interleaver for
the PB sideband for the DSB1 service mode (4-QAM).

[0038] FIG. 30 15 a block diagram of an example of a portion of the circuit stages
used to prepare information bits of the primary IBOC data service (PIDS) logical channel

for transmitting in the DSB1 service mode with 4-QAM.

{6039} FIG. 31 is a Table showing an example of frequency-partition mapping for
the DSB1 service mode with 16-QAM.

0040} FiG. 32 is a Table showing the FEC puncture pattern for the DSB1 service
mode with 16-QAM.

[0041]} FIG. 33 is a Table showing an example of frequency-partition mapping for
the DSB1 service mode with 64-QAM.

[0042] FIG. 34 15 a Table showing the FEC puncture pattern for the DSB1 service
mode with 64-QAM.

[0043] FIG. 35 is a Table showing an example of frequency-partition mapping for
the SSB1 service mode with 4-QAM.

[0044] FIG. 36 1s a Table showing the FEC puncture pattern for the SSB1 service

mode with 4-QAM.

10045} FIG. 37 1s a Table of transfer frame characteristics for the interleaver for
the PB sideband for the SSB1 service mode (4-QAM).

[0046] FIG. 38 is a Table showing an example of frequency-partition mapping for
the SSB1 service mode with 16-QAM.
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10047} FIG. 39 is a Table showing the FEC puncture pattern for the SSB1 service
mode with 16-QAM.

0048} FiG. 40 is a Table showing an example of frequency-partition mapping for
the SSB1 service mode with 64-QAM.
[0049] FIG. 41 is a Table showing the FEC puncture pattern for the SSB1 service

mode with 64-QAM.
10050} FIG. 42 is a Table showing an example of frequency-partition mapping for

the MS5 secondary service mode with 4-GAM.

10051} FIG. 43 1s a Table showing the FEC puncture pattern for the MSS5S
secondary service mode with 4-QAM.
[0052] FIG. 44 1s a Table of transfer frame characteristics for the interleaver for
the SB sideband for the MSS secondary service mode (4-QAM).
[0053] FIG. 45 1s a diagram of a Layer 2 protocol data unit (PDU) for use with
Lower-Upper-Main-Backup (LUMB) service modes.
[0054] FIG. 46 1s the punctured Hadamard code Generator matrix.
[0055] FIG. 47 shows the content field of a Layer 2 PDU.

Description
{0056} The following description describes various embodiments of methods and

apparatus that provide improved service modes for FM IBOC radio signals.
Improvements include enhanced robustness through time and frequency diversity of data
transmitted using the radio signals, and increased capacity through quadrature amplitude

modulation.

IBOC signaling

10057} Digital data is carried through FM IBOC processing circuitry over one or
more logical channels, which are characterized by a throughput and robustness that is
defined by the service mode. The FM IBOC digital signal is modulated using orthogonal
frequency division multiplexing (OFDM). OFDM is a parallel modulation scheme in
which the data stream modulates a large number of orthogonal subcarriers, which are
transmitted simultaneously. OFDM 1s inherently flexible, readily allowing the mapping
of logical channels to different groups of subcarriers.

10058} FIG. 1 is a schematic representation of the spectrum of the hybrid FM

IBOC waveform 30 to which the methods described herein can be applied. The waveform
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includes an analog modulated signal 52 located in the center of a broadcast channel 54, a
first set of multiple evenly spaced OFDM subcarriers 56 in an upper sideband 58, and a
second set of multiple evenly spaced OFDM subcarriers 60 in a lower sideband 62. The
digitally modulated subcarriers are broadcast at a lower power level than the analog
modulated carrier to comply with required channel signal masks. The digitally
modulated subcarriers are arranged into frequency partitions and various subcarriers are
designated as reference subcarriers. A frequency partition is a group of 19 OFDM
subcarriers containing 18 data subcarriers and 1 reference subcarrier.

10059} The subcarriers are located at evenly spaced frequency locations. The
subcarrier locations are numbered from —546 to +546. In the waveform of FIG. 1, the
subcarriers are at locations+356 to +546 and —356 to —546. This waveform may be used
during an initial transitional phase preceding conversion to the all-digital waveform.
10060} Each primary main sideband is comprised of ten frequency partitions,
which are allocated among subcarriers 356 through 545, or =356 through —545.
Subcarriers 546 and —546, also included in the primary main sidebands, are additional
reference subcarriers. The amplitude of each subcarrier can be scaled by an amplitude
scale factor.

[0061] In the hybrid waveform, the digital signal 1s transmitted in Primary Main
(PM) sidebands on either side of the analog FM signal. The power level of each digital
sideband 1s appreciably below the total power in the analog FM signal. The analog signal
may be monophonic or stereo, and may include subsidiary communications authorization
(SCA) channels.

10062} FIG. 2 is a schematic representation of an extended hybrid FM IBOC
waveform 70. The extended hybrid waveform is created by adding primary extended
sidebands 72, 74 to the primary main sidebands present in the hybrid waveform. This
additional spectrum, allocated to the inner edge of each Primary Main sideband, is termed
the Primary Extended (PX) sideband. Depending on the service mode, one, two, or four
frequency partitions can be added to the inner edge of each primary main sideband.
[0063] The extended hybrid wavetorm includes the analog FM signal plus
digitally modulated primary main subcarriers (subcarriers+356 to +546 and —356 to
—546) and some or all primary extended subcarriers (subcarriers +280 to +355 and —280
to —355). This waveform can be used during an initial transitional phase preceding

conversion to the all-digital waveform.
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[0064] Each primary main sideband includes ten frequency partitions and an
additional reference subcarrier spanning subcarriers 356 through 546, or =356 through
—546. The upper primary extended sidebands include subcarriers 337 through 355 (one
frequency partition), 318 through 355 (two frequency partitions), or 280 through 355
(four frequency partitions). The lower primary extended sidebands include subcarriers
—337 through —355 (one frequency partition), =318 through —355 (two frequency
partitions), or —280 through —355 (four frequency partitions). The amplitude of each
subcarrier can be scaled by an amplitude scale factor.

{0065} FIG. 3 is a schematic representation of the spectrum of the all-digital FM
waveform 80 to which this invention can be applied. The all-digital waveform is
constructed by disabling the analog signal, fully expanding the bandwidth of the primary
digital sidebands 82, 84, and adding lower-power secondary sidebands 86, 88 in the
spectrum vacated by the analog signal. The all-digital waveform in the illustrated
embodiment includes digitally modulated subcarriers at subcarrier locations —546 to
+546, without an analog FM signal.

[0066] In addition to the ten main frequency partitions, all four extended
frequency partitions are present in each primary sideband of the all-digital waveform.
Each secondary sideband also has fourteen secondary broadband (SB) frequency
partitions. Each secondary sideband spans subcarriers 1 through 267 or —1 through —267.
Subcarriers 0, 268 through 279, and -268 through -279 are not populated. The total
frequency span of the entire all-digital spectrum is 396,803 Hz. The amplitude of each
subcarrier can be scaled by an amplitude scale factor. The secondary-sideband amplitude
scale factors can be user-selectable.

[0067] All three waveform types (hybrid, extended hybrid, and all digital)
conform to the currently allocated spectral emissions mask.

0068} The OFDM subcarriers are assembled into frequency partitions. FIG. 4 is
a schematic representation of a first type of Frequency-Partition Ordering. FIG. Sisa
schematic representation of a second type of Frequency-Partition Ordering. Each
frequency partition consists of eighteen data subcarriers and one reference subcarrier, as
shown in FIG. 4 (ordering A) and FIG. 5 (ordering B). The position of the reference
subcarrier (ordering A or B) varies with the location of the frequency partition within the
spectrum.

[0069] Besides the reference subcarriers resident within each frequency partition,

depending on the service mode, up to four additional reference subcarriers are inserted

~J
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into the spectrum at subcarrier numbers —546, —1, 1, and 546. The overall effectis a
regular distribution of reference subcarriers throughout the spectrum. For notational
convenience, each reference subcarrier is assigned a unique identification number
between 0 and 60. Note that reference subcarrier 30 (OFDM subcarrier 0) 1s not
populated. All lower sideband reference subcarriers are shown in FIG. 6. All upper
sideband reference subcarriers are shown in FIG. 7.

[0070] FIGS. 1-3 show the subcarrier number and center frequency of certain key
OFDM subcarriers. The center frequency of a subcarrier is calculated by multiplying the
subcarrier number by the OFDM subcarrier spacing Af. The center of subcarrier 0 is
located at 0 Hz. In this context, center frequency is relative to the Radio Frequency (RF)
allocated channel. For example, the upper Primary Main sideband is bounded by
subcarriers 356 and 546, whose center frequencies are located at 129,361 Hz and 198,402
Hz, respectively. The frequency span of the Primary Main sideband is 69,041 Hz
(198,402-129,361).

[0071} FIG. 8 is a block diagram of portions of an example of a receiver 100 that
can process IBOC radio signals in accordance with an embodiment of this invention. In
the example, an IBOC radio signal is received on antenna 102. A bandpass preselect
filter 104 passes the frequency band of interest, including the desired signal at frequency
fc, but rejects the image signal at (fc—2fie) (for a low sideband injection local oscillator).

Low noise amplifier 166 amplifies the signal. The amplified signal 1s mixed in mixer 108
with a local oscillator signal fi; supplied on line 110 by a tunable local oscillator 112.
This creates sum (fc+fio) and difference (fo—fio) signals on line 114, Intermediate
frequency filter 116 passes the intermediate frequency (IF) signal fir and attenuates
frequencies outside of the bandwidth of the modulated signal of interest. An analog-to-
digital converter 118 operates using a clock signal f; to produce digital samples on line
120 at a rate £;. Digital down converter 122 frequency shifts, filters and decimates the
signal to produce lower sample rate in-phase and quadrature signals on lines 124 and 126.
Processing circuitry, such as digital signal processor 128 or other type of processor, then
provides additional signal processing to produce an output signal on line 139 for output
device 132.

10072} FIG. 9 is a functional block diagram of a radio transmitter 12 that can be
used to broadcast an FM IBOC radio signal. The radio transmitter can include an exciter
56 and an analog exciter 60. Data for broadcasting is passed to the exciter 86, which

produces the FM IBOC waveform. The exciter includes processing circuitry 58, digital
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up-converter (not shown), and RF up-converter (not shown). The exciter accepts exciter
link data and modulates the digital portion of the IBOC radio waveform. The RF up-
converter of the exciter up-converts the analog signal to the proper in-band channel
frequency. The up-converted signal is then passed to the high-power amplifier 62 and
antenna 64 for broadcast. In some examples, the exciter adds MPS audio to a digital
waveform and the radio transmitter does not include the analog exciter 60.

0073} FIGS. 10A and 10B are diagrams of an IBOC logical protocol stack from
the transmitter perspective. The logical protocol stack can be implemented using the
processing circuitry 58 of the radio transmitter in FIG. 9 that can include one or more
processors. From the receiver perspective, the protocol stack is traversed in the opposite
direction. Most of the data being passed between the various entities within the protocol
stack are in the form of protocol data units (PDUs). A PDU is a structured data block
that is produced by a specific layer (or process within a layer) of the protocol stack. The
PDUs of a given protocol layer may encapsulate PDUs from the next higher layer of the
stack and/or include content data and protocol control information originating in the layer
{(or process) itself. The PDUs generated by each layer (or process) in the transmitter
protocol stack are inputs to a corresponding layer (or process) in the receiver protocol
stack.

10074} As shown in FIGS. 10A and 10B, there is a configuration administrator
336, which is a system function that supplies configuration and control information to the
various entities within the protocol stack. The configuration/control information can
include user-defined settings, as well as information generated from within the system
such as GPS time and position. The service interfaces 331 represent the interfaces for all
services except station information services (SIS). The service interface may be different
for each of the various types of services. For example, for main program service (MPS)
audio and supplemental program service (SPS) audio, the service interface may be an
audio card. For MPS data and SPS data, the interfaces may be in the form of different
application program interfaces (APIs). For all other data services, the interface is in the
form of a single APL

0075} An audio codec 332 encodes both MPS audio and SPS audio to produce a
core stream (Stream 0) and optional enhancement stream (Stream 1) of MPS and SPS
audio encoded packets, which are passed to audio transport 333. Audio codec 332 also
relays unused capacity status to other parts of the system, thus allowing the inclusion of

opportunistic data. MPS and SPS data is processed by program service data (PSD)
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transport 334 to produce MPS and SPS data PDUs, which are passed to audio transport
333. Audio transport 333 receives encoded audio packets and PSD PDUs and outputs bit
streams containing both compressed audio and program service data.

10076} The SIS transport 335 receives SIS data from the configuration
administrator and generates SIS PDUs. A SIS PDU can contain station identification and
location information, program type, as well as absolute time and position correlated to
GPS. The Advanced Application Service (AAS) data transport 336 receives AAS data
from the service interface, as well as opportunistic bandwidth data from the audio
transport, and generates AAS data PDUs, which can be based on quality of service
parameters.

[0077} The transport and encoding functions are collectively referred to as Layer
4 of the protocol stack, and the corresponding transport PDUs are referred to as Layer 4
PDUs (or L4 PDUs). Layer 2 (L.2), which is the channel multiplex layer 337, receives
transport PDUs from the SIS transport, AAS data transport, and audio transport, and
formats them into Layer 2 PDUs. An L2 PDU may include protocol control information,
Reed Solomon parity bytes, and a payload, which can be audio, data, or a combination of
audio and data. L2 PDUs are routed through the correct logical channels to Layer 1 (L1)
or the physical layer. A logical channel is a signal path that conducts the L2 PDUs
through Layer 1 338 with a specified grade of service determined by a service mode of
the IBOC radio signal. The service mode is a specific configuration of operating
parameters specifying throughput, performance level, and selected logical channels.
10078} There can be multiple logical channels passed between Layer 2 and Layer
1, and the specific logical channels and their grade of service is determined by the service
mode. The number of active physical-layer logical channels and the characteristics
defining them vary among the different service modes. Status information is also passed
between Layer 2 and the physical layer. Layer 1 converts the PDUs from Layer 2 and
system control information into an FM IBOC radio signal for transmission. Layer 2 and

Layer 1 processing can include scrambling, channel encoding, interleaving, OFDM
subcarrier mapping, and OFDM signal generation. The output of OFDM signal
generation is a complex, baseband, time-domain pulse representing the digital portion of
an IBOC signal for a particular symbol. Discrete symbols are concatenated to form a
continuous time domain waveform, which is modulated to create an IBOC signal

waveform for transmission.
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100679} As with most data transfer systems, improved robustness and capacity of
the data 1s desired. In some cases, it is desirable that any improvements be backward
compatible with existing service modes. New non-backward compatible (NBC) service
modes may also be desirable for even higher capacity in new geographical regions or for
new radio signal applications, such as for control of autonomous vehicles, configuration
of connected cars, broadcast of global positioning system (GPS) correction data for
centimeter-scale positioning, etc. Improved service modes to meet the demands for

increased capacity and robustness are described below.

New Service Modes

10080} Currently, there are four primary service modes available in FM IBOC
systems: MP1, MP3, MP5, and MP6. New service modes have been designed, however,
to increase capacity using QAM and improve robustness using a two-dimensional
diversity scheme. Specifically, time diversity is atforded by simulcasting input data on a
main component and a delayed backup component, and frequency diversity is realized by
simulcasting input data on upper and lower digital sidebands. Because these new service
modes feature frequency diversity between upper and lower sidebands, as well as time
diversity between main and backup components, they can be collectively referred to as
Lower-Upper-Main-Backup (LUMB) service modes. This two-dimensional diversity of
frequency and time enhances signal robustness in the presence of selective fading,
interference, blockages, and other channel outages — especially those that may occur for a
mobile radio receiver, such as a radio receiver in a moving vehicle, for example.

0081} The new LUMB service modes defined herein are designated as MP1X,
MP3X, DSBI, SSB1, and MSS. MP1X and MP3X increase the capacity of the MP1 and
MP3 service modes, respectively, in a backward-compatible manner, and generate
extended hybrid FM IBOC radio signals. DSB1 and SSB1 are NBC service modes that
can further increase capacity and/or robustness. SSB1 is identical to DSB1, except it
transmits only one sideband. MSS5 is a secondary service mode used in all-digital
waveforms. MSS is identical to DSB1, except it configures the secondary (and not
primary) subcarriers and swaps the upper and lower sidebands.

10082} The Layer 1 processing circuitry receives input bits from the L2 PDU via
one or more logical channels. The input bits can include MPS audio, MPS data, SPS

audio, SPS data, SIS data, and AAS data. The processing circuitry for each LUMB

11
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service mode applies forward error correction (FEC) channel encoding, interleaving,
OFDM subcarrier mapping, and OFDM modulation to the input data bits.

0083} The FEC channel encoding adds error correction bits to the input data bits
prior to transmission. The error correction bits are used by the radio receiver to correct
bit errors and regenerate the bit stream. FEC encoding can include Complementary
Punctured Pair Convolutional (CPPC) coding. A CPPC code has complementary-like
properties in two dimensions. One dimension is in frequency (between Upper and Lower
Sidebands), and the other dimension is in time (between main and backup components).
CPPC encoding includes the ability to puncture the original FEC convolutional code in
various overlapping partitions, including Main, Backup, Lower Sideband and Upper
Sideband. While the four partitions are included in one error correction algorithm, each
of the four overlapping partitions can survive on its own as a good error correction code.
10084} For instance, the performance of the Lower and Upper Sidebands can be
optimized as a pair of symmetric complementary non-overlapping partitions that can each
survive independently. If one sideband were compromised by interference, the other
sideband could still successfully receive the data bits. Similarly, the Backup and Main
components can survive independently. If, for example, a vehicle drove under a bridge
and lost the main component, the time-diverse backup component could still be received
without degradation. Because of this frequency diversity and time diversity, CPPC
encoding can be considered to have LUMB properties.

[0085] Therefore, in each of the MP1X, MP3X, DSB1, SSB1, and MS5 service
modes, FEC-encoded bits from one or more of the logical channels in the L2 PDU are
distributed into a main component and a backup component. The data in the backup
component 13 delayed by a specified time relative to the main component. This delay
provides time diversity to the data transmitted using the broadcast FM IBOC radio signal.
Additionally, the processing circuitry assigns input bits to upper and lower sidebands,
which provides frequency diversity to the broadcast IBOC radio signal.

[0086] The IBOC radio signal is also interleaved in both time and frequency in a
two-dimensional interleaver matrix. The interleaver reorders the FEC-encoded bits to
disperse burst errors typical of a fading channel. The main FEC-encoded bits are
interleaved in a main interleaver, and the backup FEC-encoded bits are interleaved in a
separate backup interfeaver. The interleaver uses equations to direct encoded bits to
specific interleaver partitions within the interleaver matrix. An interleaver partition can

be viewed as a smaller independent interleaver.
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0087} After interleaving, the main and backup interleavers are combined into a
single composite interleaver that is structured in matrix format. Main interleaver
partitions are combined with corresponding backup interleaver partitions. For example,
main interleaver partition 0 is combined with backup interleaver partition 0, main
interleaver partition 1 is combined with backup interleaver partition 1, and so forth. The
combining itself consists of writing alternating bits from each row of the constituent main
and backup interleavers into the corresponding row of the composite interleaver. For
example, each row in a composite interleaver partition would consist of M1, B1, M2, B2,
M3, B3 etc., where M1 is the first bit within a particular row of the main interleaver, and
B1 is the first bit within the corresponding row of the backup interleaver. Thus, the width
of the composite interleaver matrix will be twice that of its main and backup constituents.
0088} After combining, each composite interleaver partition is mapped to a
physical frequency partition, and then each row in the interleaver matrix 1s mapped to an
OFDM symbol. One row of an interleaver matrix is processed every OFDM symbol time
to produce one output vector that is a frequency-domain representation of the OFDM
symbol. OFDM modulation is then performed to create a complex, baseband, time-
domain pulse representing the digital portion of the IBOC signal for that particular
symbol.

[0089] Each of the MP1X, MP3X, DSB1, and SSB1 service modes may employ
any one of three digital modulation formats for each OFDM subcarrier: QPSK, sixteen-
point quadrature amplitude modulation (16-QAM), or sixty-four-point quadrature
amplitude modulation (64-QAM). The MSS service mode uses QPSK modulation.
(QPSK can be considered a special case of quadrature amplitude modulation (four-point
quadrature amplitude modulation or 4-QAM) and uses two code bits per subcarrier per
symbol. 16-QAM uses four code bits per subcarrier per symbol, and 64-QAM uses six
code bits per subcarrier per symbol. Thus, 16-QAM has twice the throughput of 4-QAM,
and 64-QAM has three times the throughput of 4-QAM.

{0090} FEC encoding, interleaving, and OFDM symbol mapping may include a
set of parameters uniquely tatlored to the specified service mode and modulation type.

The specifics of each new LUMB service mode are described next.

MP1X Service Mode

{0091} In the MP1X service mode, Layer 1 generates an extended hybrid FM

IBOC radio signal that is backward compatible with existing service mode MP1, and
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includes multiple OFDM subcarriers in the upper primary main (PM) and primary
extended (PX) sidebands, and the lower PM and PX sidebands. The multiple subcarriers
in the upper and lower PM sidebands each form ten frequency partitions. To increase
capacity over the MP1 service mode, 76 additional subcarriers are added to each of the
upper and lower PX sidebands of the MP1X service mode. The 76 subcarriers are
arranged into four additional frequency partitions (19 subcarriers per partition) in each of
the upper and lower PX sidebands for a total of eight additional frequency partitions.
10092} The added PX sidebands are arranged closer to the analog host signal than
the PM sidebands. PX sidebands are not always transmitted because they could
potentially interfere with the analog host signal due to their spectral proximity. Newer
versions of radio receivers may include filtering circuitry that rejects this interference and
processes signals transmitted using the new PX sidebands. The IBOC radio transmitters
could transfer information to legacy receivers and assume that the legacy receivers do not
receive information included in the newly added sidebands.

[0093] There may be five primary logical channels in the FM IBOC radio system
that can be designated as P1, P2, P3, P4, and PIDS, as shown in the example of FIGS.
10A and 10B. In the MP1X service mode, the PM sidebands are mapped to the P1 and
PIDS logical channels, and the PX sidebands are mapped to the P4 logical channel. Only
logical channels P1 and PIDS are active in the legacy MP1 service mode. Since MP1X is
a backward-compatible service mode, new FM IBOC receivers tuned to a radio station
broadcasting new service mode MP1X would receive not only the original P1 and PIDS
logical channels, but also the additional capacity of the P4 logical channel. Legacy
recetvers tuned to a radio station broadcasting new service mode MP1X would continue
to receive the P1 and PIDS logical channels as if service mode MP1 were being
transmitted.

10094} FI1G. 13 is a block diagram of an example of a portion of the stages used to
prepare input P4 bits for transmitting service mode MP1X. The stages include an
assembly stage 1302 to assemble the input bits into groups, an FEC encoding stage 1304
to encode and puncture the assembled bit groups, an interleaving stage 1306, and an
OFDM subcarrier mapping stage 1308 that maps the interleaved bits to the OFDM
subcarriers. The output of the OFDM subcarrier mapping stage is provided to an OFDM
modulation stage (not shown). The stages are included in the Layer 1 protocol layer

implemented by the processing circuitry.
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[0095] The MP1X service mode uses FEC channel encoding. FIG. 12 is a Table
showing the FEC puncture pattern for the MP1X service mode when 4-QAM is used.

The rows of the Table are the outputs of the three generator polynomials of the
convolutional code G, e.g., G =[G1=55To, G2=6630c, G3=7110e]. Each column of the
Table corresponds to one information bit input to the convolutional encoder. Some of the
code bits are punctured. Punctured bits are not used and are labeled as N/A in the Table.
Puncturing increases the code rate of the service mode to fit the capacity afforded by the
number of available OFDM subcarriers.

{0096} As explained above, the FEC encoder uses a CPPC coding technique in
which the original composite FEC convolutional code is comprised of multiple
overlapping partitions, including Main, Backup, Lower Sideband and Upper

Sideband. Each of the four overlapping partitions can survive on its own as a good error
correction code. This provides signal robustness should one of the code partitions be
corrupted by the channel. However, if all four partitions survive the effects of the
channel, they can work together to form a single, stronger composite code. For instance,
in the MP1X service mode with 4-QAM modulation, each of the main and backup (or
upper and lower) code partitions generates four bits of encoded information for every
three input bits. Using all code partitions, the composite code generates eight FEC
encoded bits for every three information bits.

[0097] The puncture pattern in FIG. 12 assigns the non-punctured bits to either a
main (M) encoded component of the FEC encoder or a backup (B) encoded component.
The puncture pattern can be viewed as an ordered mapping of vectors vis (for the main
component of the channel-encoded bits) and vp (for the backup component). Vector v is
formed with the non-punctured code bits from the Table in FIG. 12 that have an M
designation. Starting with the first column and row, any code bits with the M designation
are extracted from the three rows. Next, the M code bits from the second column are
extracted, and so on until all columns of M code bits have been extracted (e.g., wr=1{2, 4,
3,5,7, 1,6, 0] in the Table. Vector vgis formed in the same manner using the B code
bits(e.g., v =17, 5, 1, 3, 6, 2, 4, 0] in the Table.

0098} After FEC encoding and puncturing, the encoded bits are provided to the
interleaver stage. Encoded bits from the P4 logical channel are interleaved in the PX
interleaver matrix, while the PIDS logical channel is interleaved with the P1 logical

channel in the PM interleaver matrix. The transfer frame characteristics for the
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interleaver for the PX sideband are summarized in the Table of FIG. 14 for the MP1X
service mode with 4-QAM.

0099} In the MP1X service mode, the P4 logical channel feeds two interleaver
components: the main (PXM) and the backup (PXB), which are eventually mapped to the
Inphase (I) and Quadrature () symbol constellation components, respectively. Main
encoded components are interleaved in main interleaver matrix PXM, and backup
encoded components — after the application of diversity delay — are interleaved in backup
interleaver matrix PXB.

100100] An interleaver matrix is divided into J interleaver partitions. The numbers
in the Table of FIG. 12 following either the M or B indicate an interleaver partition of the
interleaver stage. Vectors vir and v consist of the interleaver partition assignments for
each main and backup code bit, respectively. Each interleaver partition is divided into B
interleaver blocks. An interleaver block spans 32 rows and (=18 columns for each main
and backup component. Thus, the dimensions for each interleaver partition in a given
interleaver matrix is (B+32) x C.

[00101] The input to each interleaver is a vector of channel encoded bits indexed
fromi1=0, 1... N-1. The output of each interleaver is a (5+32) x (/«(') matrix of encoded
bits destined for OFDM subcarrier mapping. The mapping of each encoded bit to a
location in the interleaver matrix is calculated using a set of equations. The interleaver

parameters for the equations are summarized in Table 1 below.

Table 1. Interleaver Parameters

Interleaver
Parameter | Interleaver Parameter Definition
J The number of interleaver partitions per interleaver matrix.
B The number of interleaver blocks per interleaver partition.
C The number of columns per interleaver block.
Partition assignment vector used to control the relative
v ordering of interleaver partitions in the interleaver matrix.
1o Index offset value used in &; calculation
N The number of bits per interleaver input sequence.
100102} The interleaver equations are computed over Nbits (i =0, 1 ... N-1) of the

partition assignment vector v (which represents either visor vp described above). An

index into the vector is computed to retrieve an interleaver partition assignment, or
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PAartition; = v y10n4, lengthiv).
The interleaver block assignment within an interleaver partition can be determined as

block, = MOD[INT(%) +7 - partition, | B ,
\- |

/

The row and column assignments of an interleaver matrix can be determined as
row(k;) = MOD(11, k;, 32),
' » (k.
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where the index &; is defined as

(i,
k, = INT | o e
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[00103] In the MP1X service mode with 4-QAM, the main partition assignment

vector vys directs encoded bits into the main interleaver matrix (PXM) using the
parameters shown in Table 2 below. Using these parameters, the PXM interleaver matrix
is a 512-row by 144-column matrix. The input encoded bit sequence may be dispersed

over the full row and column span of the PXM interleaver matrix.

Table 2. PXM Interleaver Parameter Values for MP1X and 4-QAM

J B |C |Is N
8 |16118 10 73728
[00104] The backup partition assignment vector vg likewise directs encoded bits

into the PX backup (PXB) interleaver matrix using the parameters shown in Table 3
below. The PXB interleaver matrix is a 64-row by 144-column matrix. The input
encoded bit sequence may be dispersed over the full row and column span of the PXB

interleaver matrix.

Table 3. PXB Interleaver Parameter Values for MP1X and 4-QAM

J B IC | b N
8 |2 [1810 9216
[00105] Following interleaving, the main and backup PX interleavers can be

combined into a single composite interleaver matrix before mapping the interleaver
contents to OFDM subcarriers. The lower numbered interleaver partitions (starting at 0)
generally can be mapped to the lower sidebands, and the higher numbered partitions

generally can be mapped to the upper sidebands. FIG. 11 is a Table showing an example
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of mapping interleaver partitions to frequency partitions for the PX sidebands in service
mode MP1X with 4-QAM (or QPSK) modulation. In FIG. 11, the FROM refers to the
interleaver partition, and the TO refers to the frequency partition to which it is being
mapped.

1006106} After assigning interleaver partitions to frequency partitions, the bits of the
interleaver matrices from all active sidebands can be transferred in parallel to the OFDM
subcarrier mapping stage, which maps a row of bits from each interleaver matrix to the
OFDM subcarriers. The bits in the main and backup interleavers can be mapped
generally to the Inphase (I) and Quadrature (Q) constellation axes, respectively, of the
OFDM subcarriers. The output of the OFDM subcarrier mapping stage is a frequency-
domain representation of the OFDM symbol. OFDM modulation can then be performed
to create a complex, baseband, time-domain pulse representing the digital portion of the
IBOC signal for that particular symbol.

[00107] The MP1X service mode can transfer data at 36 kilobits per second (36
kbps) using 4-QAM. This throughput can be doubled (to 72 kbps) or nearly tripled (to 96
kbps) at the expense of robustness using modulation types 16-QAM or 64-QAM,
respectively.

[06108] FIG. 15 is a Table showing an example of interleaver-partition to
frequency-partition mapping for the MP1X service mode with 16-QAM. Compared to
the 4-QAM example, for 16 QAM there are twice as many interleaver partitions as
frequency partitions. The TO frequency partitions in FIG. 15 show a most significant bit
(MSB) interleaver partition and a least significant bit (LSB) interleaver partition assigned
to each frequency partition to permit mapping from twice as many interleaver

partitions. Thus, there are two I bits and two Q bits assigned to each OFDM subcarrier in
each OFDM symbol (instead of just one for 4-QAM), resulting in 16 constellation points.
100109} FIG. 16 is a Table showing the FEC puncture pattern for the MP1X
service mode when 16-QAM is used. As in the 4-QAM example, the rows of the Table
are the outputs of the three generator polynomials of the convolutional code G, but there
are twice as many columns as in the 4-QAM example because of the doubling of
interleaver partitions.

[006110] Vector vir 18 formed with the non-punctured code bits from the Table in

FiG. 16 that have an M designation. Starting with the first column and row, any code bits
with the M designation are extracted until all columns of M code bits have been extracted

(eg,vir=1[4,8,7,10,14,3,13,1,5,9,6, 11, 15, 2, 12, 0] in the Table}. Vector vpis
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formed in the same manner using the B code bits (e.g., vg =[14, 10, 3, 7, 13, 4, 8, 1, 15,
11,2,6,12,5,9, 0] in the Table). As with 4-QAM, each of the main and backup (or
upper and lower) code partitions generate four bits of encoded information for every
three input bits. The composite code generates eight FEC encoded bits for every three
input bits.

{00111} In the MP1X service mode with 16-QAM, the main partition assignment
vector vy directs encoded bits into the main interleaver matrix (PXM) using the
parameters shown in Table 4 below. Using these parameters, the PXM interleaver matrix
is a S12-row by 288-column matrix. The input encoded bit sequence may be dispersed

over the full row and column span of the PXM interleaver matrix.

Table 4. PXM Interleaver Parameter Values for MP1X and 16-QAM

BIC | L N
16 (16 |18 { O 147456
[00112] The backup partition assignment vector vz directs encoded bits into the

PXB interleaver matrix using the parameters shown in Table 5 below. Using these
parameters, the PXB interleaver matrix is a 64-row by 288-column matrix. The input
encoded bit sequence may be dispersed over the full row and column span of the PXB

interleaver matrix.

Table 8. PXB Interleaver Parameter Values for MP1X and 16-QAM

J 1B |C | N
16(2 (1810 18432
[00113] Modulation type 64-QAM can also be used in the MP1X service mode.

FIG. 17 1s a Table showing an example of interleaver-partition to frequency-partition
mapping for the MP1X service mode with 64-QAM. Compared to the 4-QAM example,
for 64-QAM there are three times as many interleaver partitions as frequency partitions.
The TO frequency partitions in FIG. 17 show MSB, XSB, and L.SB interleaver partitions
assigned to each frequency partition to permit mapping from three times as many
interleaver partitions. Thus, there are three I bits and three Q bits assigned to each
OFDM subcarrier in each OFDM symbol (instead of just one for 4-QAM or two for 16-
QAM), resulting in 64 constellation points.
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[00114] FIG. 18 is a table showing the FEC puncture pattern for the MP1X service
mode when 64-QAM is used. As in the 4-QAM and 16-QAM examples, the rows of the
table are the outputs of the three generator polynomials of the convolutional code G, but
there are 16 columns in the table.

100115} Vector vis 18 formed with the non-punctured code bits from the Table in
FIG. 18 that have an M designation. Starting with the first column and row, any code bits
with the M designation are extracted until all columns of M code bits have been extracted
(e.g., vir=[12,3,7,13,9,23,16,2,5, 18,8,22,19,0,6, 17, 11, 21, 15, 1, 4, 14, 10, 20]
in the Table). Vector vz is formed in the same manner until all columns of B code bits
are extracted (e.g., va=1[0, 12, 23, 9,2, 13,7, 16, 22, 8, 3, 18, 5, 19, 21, 11, 6, 17, 1, 15,
20, 10, 4, 14] in the Table). Unlike the 4-QAM and 16-QAM examples, each of the main
and backup (or upper and lower) code partitions generate three bits of encoded
information for every two input bits. The composite code generates three FEC encoded
bits for every input bit.

[00116] In the MP1X service mode with 64-QAM, the main partition assignment
vector vy directs encoded bits into the main interleaver matrix (PXM) using the
parameters shown in Table 6 below. Using these parameters, the PXM interleaver matrix
is a 512-row by 432-column matrix. The sequence may be dispersed over the full row

and column span of the PXM interleaver matrix.

Table 6. PXM Interleaver Parameter Values for MP1X and 64QAM

J B |IC | N
2416118 1 0 221184
[00117] The backup partition assignment vector vp directs encoded bits into the

backup interleaver matrix (PXB) using the parameters shown in Table 7 below. Using
these parameters, the PXB interleaver matrix is a 64-row by 432-column matrix. The
sequence may be dispersed over the full row and column span of the PXB interleaver

matrix.

Table 7. PXB Interleaver Parameter Values for MP1X and 64QAM

J 1B IC L N
2412 (181G 27648

MP3X Service Mode
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100118} In the MP3X service mode, Layer 1 generates an extended hybrid FM
IBOC radio signal that 1s backward compatible with existing service mode MP3, and
includes multiple OFDM subcarriers in the upper primary main (PM) and primary
extended (PX) sidebands, and the lower PM and PX sidebands. The multiple subcarriers
in the upper and lower PM sidebands each form ten frequency partitions. To increase
capacity over the MP3 service mode, 38 additional subcarriers are added to each of the
upper and lower PX sidebands of the MP3X service mode. The 38 subcarriers are
arranged into two additional frequency partitions (19 subcarriers per partition) in each of
the upper and lower PX sidebands for a total of four additional frequency partitions.
100119} In the MP3X service mode, the PM sidebands are mapped to the P1 and
PIDS logical channels, and the PX sidebands are mapped to the P3 and P4 logical
channels. Only logical channels P1, P3, and PIDS are active in the legacy MP3 service
mode. Since MP3X is a backward-compatible service mode, new FM IBOC receivers
tuned to a radio station broadcasting new service mode MP3X would receive not only the
original P1, P3, and PIDS logical channels, but also the additional capacity of the P4
logical channel. Legacy receivers tuned to a radio station broadcasting new service mode
MP1X would continue to receive the P1, P3, and PIDS logical channels as if service
mode MP3 were being transmitted. FIG. 13 is a block diagram of an example of a
portion of the stages used to prepare input P4 bits for transmitting service mode MP3X.
100120} FIG. 20 is a table showing the FEC puncture pattern for the MP3X service
mode when 4-QAM is used. As with MP1X, in the MP3X service mode with 4-QAM
modulation, each of the main and backup (or upper and lower) code partitions generate
four bits of encoded information for every three input bits. Using all code partitions, the
composite code generates eight FEC encoded bits for every three information bits. The
puncture pattern in FIG. 20 assigns the non-punctured bits to either a main (M) encoded

component of the FEC encoder or a backup (B) encoded component. For MP3X with 4-

QAM, main vector vy = [0, 2, 1, 3, 3, 1, 2, 0], and backup vectorvg=1{3,2,0, 1,3, 1, 2,
0].
100121} After FEC encoding and puncturing, the encoded bits are provided to the

interleaver stage. Encoded bits from the P4 logical channel are interfeaved in the PX
interleaver matrix, while the PIDS logical channel is interleaved with the P1 logical
channel in the PM interleaver matrix, and the P3 logical channel is interleaved in the PX1

interleaver matrix. The transfer frame characteristics for the interleaver for the PX
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sideband are summarized in the Table of FIG. 21 for the MP3X service mode with 4-
QAM.

[00122] In the MP3X service mode, the P4 logical channel feeds two interleaver
components: the main (PXM) and the backup (PXB), which are eventually mapped to the
Inphase (I) and Quadrature () symbol constellation components, respectively. Main
encoded components are interleaved in main interleaver matrix PXM, and backup
encoded components — after the application of diversity delay — are interleaved in backup
interleaver matrix PXB.

[00123] The interleaver equations are identical to those used in service mode
MP1X. Inthe MP3X service mode with 4-QAM, the main partition assignment vector vis
directs encoded bits into the main interleaver matrix (PXM) using the parameters shown
in Table 8 below. Using these parameters, the PXM interleaver matrix is a 512-row by
72-column matrix. The input encoded bit sequence may be dispersed over the full row

and column span of the PXM interleaver matrix.

Table 8. PXM Interleaver Parameter Values for MP3X and 4-QAM

J B |C | N
4 |16]18 10 36864
[00124] The backup partition assignment vector vz likewise directs encoded bits

into the PX backup (PXB) interleaver matrix using the parameters shown in Table 9
below. The PXB interleaver matrix is a 64-row by 72-column matrix. The input encoded
bit sequence may be dispersed over the full row and column span of the PXB interleaver

matrix.

Table 9. PXB Interleaver Parameter Values for MP3X and 4-QAM

J B |IC I N
4 {2 1810 4608
[00125] Following interleaving, the main and backup PX interleavers can be

combined into a single composite interleaver matrix before mapping the interleaver
contents to OFDM subcarriers. The lower numbered interleaver partitions (starting at 0)
generally can be mapped to the lower sidebands, and the higher numbered partitions

generally can be mapped to the upper sidebands. FIG. 19 is a Table showing an example
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of mapping interleaver partitions to frequency partitions for the PX sidebands in service
mode MP3X with 4-QAM modulation.

[00126] After assigning interleaver partitions to frequency partitions, the bits of the
interleaver matrices from all active sidebands can be transferred in parallel to the OFDM
subcarrier mapping stage, which maps a row of bits from each interleaver matrix to the
OFDM subcarriers. The bits in the main and backup interleavers can be mapped
generally to the Inphase (I) and Quadrature (Q) constellation axes, respectively, of the
OFDM subcarriers. The output of the OFDM subcarrier mapping stage is a frequency-
domain representation of the OFDM symbol. OFDM modulation can then be performed
to create a complex, baseband, time domain pulse representing the digital portion of the
IBOC signal for that particular symbol.

100127} The MP3X service mode can transfer data at 18 kbps using 4-QAM. This
throughput can be doubled (to 36 kbps) or nearly tripled (to 48 kbps) at the expense of
robustness using modulation types 16-QAM or 64-QAM, respectively.

[00128] FIG. 22 1s a Table showing an example of interleaver-partition to
frequency-partition mapping for the MP3X service mode with 16-QAM. Compared to
the 4-QAM example, for 16 QAM there are twice as many interleaver partitions as
frequency partitions. The TO frequency partitions in FIG. 22 show an MSB interleaver
partition and an LSB interleaver partition assigned to each frequency partition to permit
mapping from twice as many interleaver partitions. Thus, there are two I bits and two Q
bits assigned to each OFDM subcarrier in each OFDM symbol (instead of just one for 4-
QAM), resulting in 16 constellation points.

100129} FIG. 23 is a Table showing the FEC puncture pattern for the MP3X
service mode when 16-QAM 1s used. The puncture pattern assigns the non-punctured
bits to either a main (M) encoded component of the FEC encoder or a backup (B)
encoded component. The number of columns is the same as in the 4-QAM example, but
there are twice as many interleaver partitions to which the bits are directed. For MP3X
with 16-QAM, main vector viy=12, 4, 3, 5, 7, 1, 6, 0] and backup vectorvg={7, 5, 1, 3,
6, 2, 4, 0]. Each of the main and backup (or upper and lower) code partitions generate
four bits of encoded information for every three input bits. Using all code partitions, the
composite code generates eight FEC encoded bits for every three input bits.

[60130] In the MP3X service mode with 16-QAM, the main partition assignment
vector vy directs encoded bits into the main interleaver matrix (PXM) using the

parameters shown in Table 10 below. Using these parameters, the PXM interleaver
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matrix is a 512-row by 144-column matrix. The input encoded bit sequence may be

dispersed over the full row and column span of the PXM interleaver matrix.

Table 10. PXM Interleaver Parameter Values for MP3X and 16-QAM

J B |IC I N
8 |16118 10 73728
[00131] The backup partition assignment vector vp directs encoded bits into the

PXB interleaver matrix using the parameters shown in Table 11 below. Using these
parameters, the PXB interleaver matrix is a 64-row by 144-column matrix. The input
encoded bit sequence may be dispersed over the full row and column span of the PXB

interleaver matrix.

Table 11. PXB Interleaver Parameter Values for MP3X and 16-QAM

J B |C | b N
g8 |2 (180 8218
100132} Modulation type 64-QAM can also be used in the MP3X service mode.

FiG. 24 is a Table showing an example of interleaver-partition to frequency-partition
mapping for the MP3X service mode with 64-QAM. The TO frequency partitions in
FIG. 24 show MSB, XSB, and LSB interleaver partitions assigned to each frequency
partition to permit mapping from three times as many interleaver partitions as the 4-QAM
case. Thus, there are three I bits and three Q bits assigned to each OFBM subcarrier in
each OFDM symbol (instead of just one for 4-QAM), resulting in 64 constellation points.
100133} FIG. 25 is a Table showing the FEC puncture pattern for the MP3X
service mode when 64-QAM is used. Note that there are eight columns for the 64-QAM
case, versus only six columns for the 4-QAM and 16-QAM examples. For MP3X with
64-QAM, main vector vir =6, 1,2, 7,5, 10,9, 0, 3, 8, 4, 11] and backup vector vg =1,
6,10,5,0,7,2,9, 11, 4, 3, 8]. Each of the main and backup (or upper and lower) code
partitions generate three bits of encoded information for every two input bits. Using all
code partitions, the composite code generates three FEC encoded bits for every one input
bit.

100134} In the MP3X service mode with 64-QAM, the main partition assignment
vector vys directs encoded bits into the main interleaver matrix (PXM) using the

parameters shown in Table 12 below. Using these parameters, the PXM interleaver
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matrix is a 512-row by 216-column matrix. The input encoded bit sequence may be

dispersed over the full row and column span of the PXM interleaver matrix.

Table 12. PXM Interleaver Parameter Values for MP3X and 64-QAM

J B |IC I N
12116118 { O 110582
[00135] The backup partition assignment vector vp directs encoded bits into the

PXB interleaver matrix using the parameters shown in Table 13 below. Using these
parameters, the PXB interleaver matrix is a 64-row by 216-column matrix. The input
encoded bit sequence may be dispersed over the full row and column span of the PXB

interleaver matrix.

Table 13. PXB Interleaver Parameter Values for MP3X and 64-QAM

J |1B|C | I N
1212 11810 13824
DSBI Service Mode
100136} In the DSB1 service mode, Layer 1 generates an extended hybrid or all

digital FM IBOC radio signal that is not backward compatible with existing service
modes. Thus, only new receivers tuned to a radio station broadcasting service mode
DSB1 would be able to decode the FM IBOC signal. It includes multiple OFDM
subcarriers in the upper and lower primary sidebands, forming fourteen frequency
partitions on each sideband. In the DSB1 service mode, the upper and lower primary
sidebands are mapped to the P1 and PIDS logical channels. FIG. 28 and FIG. 30 are
block diagrams of an example of a portion of the stages used to prepare input P1 and
PIDS bits, respectively, for transmitting service mode DSB1 with 4-QAM.

100137} FiG. 27 is a table showing the FEC puncture pattern for the DSB1 service
mode when 4-QAM is used. Each of the main and backup (or upper and lower) code
partitions generate seven bits of encoded information for every five input bits. Using all
code partitions, the composite code generates fourteen FEC-encoded bits for every five
input bits. The puncture pattern in FIG. 27 assigns the non-punctured bits to either a
main (M) encoded component of the FEC encoder or a backup (B) encoded component.

For DSB1 with 4-QAM, main vector vir = [11, 2, 25,9, 14, 20, S, 13, 1, 26, 19, 16, 22, 7,
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10,3, 24, 8, 15,21, 4, 12, 0, 27, 18, 17, 23, 6], and backup vector vz = [20, 16, 25, 22, 13,
2,7,19.14,26,9, 11, 1,5, 21, 17, 24,23, 12,3, 6, 18, 15, 27, 8, 10, 0, 4].

[00138] After FEC encoding and puncturing, the encoded bits are provided to the
interleaver stage. Encoded bits from the P1 and PIDS logical channels are interleaved in
the PB interleaver matrices. The transfer frame characteristics for the interleavers for the

PB sidebands are summarized in the Table of FIG. 29 for the DSB1 service mode with 4-
QAM.

[00139] In the DSB1 service mode, the P1 and PIDS logical channels feed two
interleaver components: the main (PB-M) and the backup (PB-BU), which are eventually
mapped to the Inphase (I) and Quadrature (QQ) symbol constellation components,
respectively. Main encoded components are interleaved in main interleaver matrix PB-
M, and backup encoded components — after the application of diversity delay for the P1
logical channel — are interleaved in backup interleaver matrix PB-BU. Vectors vir and vp
consist of the interleaver partition assignments for each main and backup code bit,
respectively.

[00140] The interleaver equations are identical to those used in service modes

MP1X and MP3X. Inthe DSB1 service mode with 4-QAM, the main partition
assignment vector vy directs encoded P1 bits into the main interleaver matrix (PB-M)
using the parameters shown in Table 14 below. Using these parameters, the PB-M
interleaver matrix is a 512-row by 504-column matrix. The input encoded bit sequence
may be dispersed over the full row and column span of the PB-M interleaver matrix,

leaving holes to be filled by PIDS data.

Table 14. PB-M Interleaver Parameter Values for DSB1 and 4-QAM

J B |C | D N
28(16118 |0 254464
[00141] The backup partition assignment vector v likewise directs encoded P1

bits into the PB backup (PB-BU) interleaver matrix using the parameters shown in Table
15 below. The PB-BU interleaver matrix is a 64-row by 504-column matrix. The input
encoded bit sequence may be dispersed over the full row and column span of the PB-BU

interleaver matrix, leaving holes to be filled by PIDS data.

Table 15. PB-BU Interleaver Parameter Values for DSB1 and 4-QAM
7y B [c |1 N |
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iogl2 [18]0 | 31808 |

100142} In the DSB1 service mode with 4-QAM, each PIDS transfer frame is
interleaved into PB-M and PB-BU using the parameters shown in Table 16. This
interleaving is performed twice — once for PB-M (I bits) and once for PB-BU (Q bits) —
for each interleaver block. The row span of each interleaved PIDS transfer frame is one
interleaver block (32 rows). The PIDS-1 and PIDS-Q components of the encoded PIDS
bits are placed in the appropriate interleaver using the vy, vector and the v vector for the

PB-M and PB-BU interleaver matrices, respectively.

Table 16. PB-M and PB-BU Interleaver Parameter Values for PIDS Logical Channel in
DSB1T with 4-QAM

g B |C | Is N
28 i1 | 18 | 15804 | 224

[00143] Following interleaving, the main and backup PB interleavers can be
combined into a single composite interleaver matrix before mapping the interleaver
contents to OFDM subcarriers. The lower numbered interleaver partitions (starting at 0)
generally can be mapped to the lower sidebands, and the higher numbered partitions
generally can be mapped to the upper sidebands. FIG. 26 is a Table showing an example
of mapping interleaver partitions to frequency partitions for the PB sidebands in service
mode DSB1 with 4-QAM.

[00144] After assigning interleaver partitions to frequency partitions, the bits of the
interleaver matrices from all active sidebands can be transferred in parallel to the OFDM
subcarrier mapping stage, which maps a row of bits from each interleaver matrix to the
OFDM subcarriers. The bits in the main and backup interleavers can be mapped
generally to the Inphase (I) and Quadrature (Q) constellation axes, respectively, of the
OFDM subcarriers. The output of the OFDM subcarrier mapping stage is a frequency-
domain representation of the OFDM symbol. OFDM modulation can then be performed
to create a complex, baseband, time domain pulse representing the digital portion of the
IBOC signal for that particular symbol.

[00145] The DSB1 service mode can transfer data at 120 kbps using 4-QAM. This
throughput can be doubled (to 240 kbps) or nearly tripled (to 336 kbps) at the expense of
robustness using modulation types 16-QAM or 64-QAM, respectively.

100146] FIG. 31 1s a Table showing an example of interleaver-partition to
frequency-partition mapping for the DSB1 service mode with 16-QAM. Compared to the
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4-QAM example, for 16 QAM there are twice as many interleaver partitions as frequency
partitions. The TO frequency partitions in FIG. 31 show MSB and LSB interleaver
partitions assigned to each frequency partition to permit mapping from twice as many
interleaver partitions. Thus, there are two I bits and two Q bits assigned to each OFDM
subcarrier in each OFDM symbol (instead of just one for 4-QAM), resulting in 16
constellation points.

[00147] FIG. 32 15 a Table showing the FEC puncture pattern for the DSB1 service
mode when 16-QAM is used. The puncture pattern assigns the non-punctured bits to
either a main (M) encoded component of the FEC encoder or a backup (B) encoded
component. The number of columns is double the number of columns in the 4-QAM
example. For DSB1 with 16-QAM, main vector viy = [22, 4, 49, 18, 28, 40, §, 26, 0, 53,
39,32, 45, 14,21, 7,50, 17,29, 42, 10, 25, 2, 52, 37, 34, 46, 12, 23,5, 51, 19, 31, 41, 11,
27,1, 54, 36, 33, 44, 13, 20, 6, 48, 16, 30, 43, 9, 24, 3, 55, 38, 35, 47, 15], and backup
vector vz = [40, 32, 49, 45, 26, 4, 14, 39, 28, 53, 18, 22, 0, 8, 42, 34, 50, 46, 25, 7, 12, 37,
29,52, 17,21, 2, 10, 41, 33, 51,44, 27, 5, 13,36, 31, 54, 19, 23, 1, 11, 43, 35, 48, 47, 24,
6, 15, 38, 30, 55, 16, 20, 3, 9]. Each of the main and backup (or upper and lower) code
partitions generate seven bits of encoded information for every five input bits. Using all
code partitions, the composite code generates fourteen FEC encoded bits for every five
input bits.

[00148] In the DSB1 service mode with 16-QAM, the main partition assignment
vector vys directs encoded P1 bits into the main interleaver matrix (PB-M) using the
parameters shown in Table 17 below. Using these parameters, the PB-M interleaver
matrix is a 512-row by 1008-column matrix. The input encoded bit sequence may be
dispersed over the full row and column span of the PB-M interleaver matrix, leaving

holes to be filled by PIDS data.

Table 17. PB-M Interleaver Parameter Values for DSB1 and 16-QAM

1B |C |1 N
56116118 1 0 508928
100149} The backup partition assignment vector vg likewise directs encoded bits

into the PB-BU interleaver matrix using the parameters shown in Table 18 below. Using
these parameters, the PB-BU interleaver matrix is a 64-row by 1008-column matrix. The
input encoded bit sequence may be dispersed over the full row and column span of the

PB-BU interleaver matrix, leaving holes to be filled by PIDS data.
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Table 18. PB-BU Interleaver Parameter Values for DSB1 and 16-QAM

J B IC | b N
5612 [ 1810 63616
100150} In the DSB1 service mode with 16-QAM, each PIDS transfer frame is

interleaved into PB-M and PB-BU using the parameters shown in Table 19. This
interleaving is performed twice — once for PB-M (I bits) and once for PB-BU (Q bits) —
for each interleaver block. The PIDS-I and PIDS-Q components of the encoded PIDS
bits are placed in the appropriate interleaver using the vis vector and the v vector for the

PB-M and PB-BU interleaver matrices, respectively.

Table 19. PB-M and PB-BU Interleaver Parameter Values for PIDS Logical Channel in
DSB1 with 16-QAM

J B |C | N
56 {1 | 18 | 31808 | 448

[00151] FIG. 33 is a Table showing an example of interleaver-partition to
frequency-partition mapping for the DSB1 service mode with 64-QAM. Compared to the
4-QAM example, for 64 QAM there are three times as many interleaver partitions as
frequency partitions. The TO frequency partitions in FIG. 33 show MSB, XSB, and LSB
interleaver partitions assigned to each frequency partition to permit mapping from three
times as many interleaver partitions. Thus, there are three I bits and three Q bits assigned
to each OFDM subcarrier in each OFDM symbol (instead of just one for 4-QAM),
resulting in 64 constellation points.

[00152] FIG. 34 1s a Table showing the FEC puncture pattern for the DSBI1 service
mode when 64-QAM is used. The puncture pattern assigns the non-punctured bits to
either a main (M) encoded component of the FEC encoder or a backup (B) encoded
component. The number of columns (56) 1s nearly triple the number of columns (20) in
the 4-QAM example. For DSB1 with 64-QAM, main vector vy, = [42, 2, 22, 43, 34, 83,
46,13, 18, 58,33, 73, 67, 4, 27, 48, 40, 70,59, 9, 17, 61, 32, 80, 65, 12, 15, 68, 29, 81,
49,11, 25,51, 39, 77, 55, 3, 19, 60, 36, 72, 62, 8, 21, 63, 31, 74, 64, 7, 16, 66, 30, 75, 57,
6, 14, 56, 28, 79, 69, 5,26, 50, 41, 71, 52, 0, 24, 53, 38, 78, 54, 10, 20, 47, 37, 82, 45, 1,
23, 44, 35, 76], and backup vector vz = [16, 42, 83, 34, 22, 43, 6, 46, 73, 33, 19, 58, 1, 67,
70, 40, 14, 48, 17, 59, 80,32, 9, 61, 25, 65, 81, 29, 12, 68, 4, 49, 77. 39, 15, 51, 8, 55, 72,
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36, 18, 60, 20, 62, 74,31, 21, 63, 23, 64, 75, 30, 24, 66, 26, 57, 79, 28, 27, 56, 5, 69, 71,
41,13, 50, 11, 52, 78, 38, 10, 53, 0, 54, 82, 37, 3,47, 2, 45, 76, 35, 7, 44]. Each of the
main and backup (or upper and lower) code partitions generate three bits of encoded
information for every two input bits. Using all code partitions, the composite code
generates three FEC encoded bits for every one input bit.

[00153] In the DSBI1 service mode with 64-QAM, the main partition assignment
vector vy directs encoded P1 bits into the main interleaver matrix (PB-M) using the
parameters shown in Table 20 below. Using these parameters, the PB-M interleaver
matrix 1s a 512-row by 1512-column matrix. The input encoded bit sequence may be
dispersed over the full row and column span of the PB-M interleaver matrix, leaving

holes to be filled by PIDS data.

Table 20. PB-M Interleaver Parameter Values for DSB1 and 64-QAM

J B |IC I N
84116 118 1 0 763392
[00154] The backup partition assignment vector vz likewise directs encoded bits

into the PB-BU interleaver matrix using the parameters shown in Table 21 below. Using
these parameters, the PB-BU interleaver matrix is a 64-row by 1512-column matrix. The
input encoded bit sequence may be dispersed over the full row and column span of the

PB-BU interleaver matrix, leaving holes to be filled by PIDS data.

Table 21. PB-BU Interleaver Parameter Values for DSB1 and 64-QAM

J |1B|C | I N
8412 11810 95424
100155} In the DSB1 service mode with 64-QAM, each PIDS transfer frame is

interleaved into PB-M and PB-BU using the parameters shown in Table 22. This
interleaving is performed twice — once for PB-M (I bits) and once for PB-BU (Q bits) —
for each interleaver block. The PIDS-I and PIDS-Q components of the encoded PIDS
bits are placed in the appropriate interleaver using the vis vector and the vp vector for the

PB-M and PB-BU interleaver matrices, respectively.

Table 22. PB-M and PB-BU Interleaver Parameter Values for PIDS Logical Channel in
DSB1 with 64-QAM

J B IC |k N
84 {1 | 18 {47712 | 672
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SSB1 Service Mode
[00156] Like DSB1, the SSB1 service mode is an extended hybrid FM IBOC radio

signal that is not backward compatible with existing service modes. Thus, only new
receivers tuned to a radio station broadcasting service mode SSB1 would be able to
decode the FM IBOC signal. Service mode SSB1 is identical to service mode DSB1,
except it has only one primary sideband. As such, it includes multiple OFDM subcarriers
in either the upper or lower primary sideband, forming fourteen frequency partitions. In
the SSB1 service mode, the single primary sideband is mapped to the P1 and PIDS
logical channels.

[00157] FIG. 36 is a table showing the FEC puncture pattern for the SSB1 service
mode when 4-QAM is used. Even though SSB1 uses only a single primary digital
sideband, it still employs frequency diversity between upper and lower frequency
partitions within the sideband. Each of the main and backup (or upper and lower) code
partitions generate seven bits of encoded information for every five input bits. Using all
code partitions, the composite code generates fourteen FEC-encoded bits for every five
input bits. The puncture pattern in FIG. 36 assigns the non-punctured bits to either a
main (M) encoded component of the FEC encoder or a backup (B) encoded component.
For SSB1 with 4-QAM, main vector wir=[5, 1,12, 4,7, 10,2, 6,0, 13,9, 8, 11, 3], and
backup vector vs=[10, 8,12, 11,6, 1,3,9,7, 13,4, 5, 0, 2].

[00158] After FEC encoding and puncturing, the encoded bits are provided to the
interleaver stage. Encoded bits from the P1 and PIDS logical channels are interleaved in
the PB interleaver matrices. The transfer frame characteristics for the interleavers for the
PB sideband are summarized in the Table of FIG. 37 for the SSB1 service mode with 4-
QAM.

[00159] In the SSB1 service mode, the P1 and PIDS logical channels feed two
interleaver components: the main (PB-M) and the backup (PB-BU), which are eventually
mapped to the Inphase (I) and Quadrature (Q) symbol constellation components,
respectively. Main encoded components are interleaved in main interleaver matrix PB-
M, and backup encoded components — after the application of diversity delay for the P1
logical channel — are interleaved in backup interleaver matrix PB-BU. Vectors vis and vs
consist of the interleaver partition assignments for each main and backup code bit,

respectively.
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100160} The interleaver equations are identical to those used in service modes
MP1X, MP3X, and DSB1. In the SSB1 service mode with 4-QAM, the main partition
assignment vector vy directs encoded P1 bits into the main interleaver matrix (PB-M)
using the parameters shown in Table 23 below. Using these parameters, the PB-M
interleaver matrix is a 512-row by 252-column matrix. The input encoded bit sequence
may be dispersed over the full row and column span of the PB-M interleaver matrix,

leaving holes to be filled by PIDS data.

Table 23. PB-M Interleaver Parameter Values for SSB1 and 4-QGAM

B |C | N
14116118 { 0 127232
[00161] The backup partition assignment vector v likewise directs encoded P1

bits into the PB backup (PB-BU) interleaver matrix using the parameters shown in Table
24 below. The PB-BU interleaver matrix is a 64-row by 252-column matrix. The input
encoded bit sequence may be dispersed over the full row and column span of the PB-BU

interleaver matrix, leaving holes to be filled by PIDS data.

Table 24. PB-BU Interleaver Parameter Values for SSB1 and 4-QAM

J 1B 1C | b N
1412 |18 10 15904
[60162] In the SSB1 service mode with 4-QAM, each PIDS transfer frame is

interleaved into PB-M and PB-BU using the parameters shown in Table 25. This
interleaving is performed twice — once for PB-M (1 bits) and once for PB-BU (Q bits) —
for each interleaver block. The row span of each interleaved PIDS transfer frame is one
interleaver block (32 rows). The PIDS-I and PIDS-Q) components of the encoded PIDS
bits are placed in the appropriate interleaver using the vis vector and the vg vector for the

PB-M and PB-BU interleaver matrices, respectively.

Table 25. PB-M and PB-BU Interleaver Parameter Values for PIDS Logical Channel in
SSB1 with 4-QAM

J B |C |k N
14 |1 | 18 | 7952 112
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100163} Following interleaving, the main and backup PB interleavers can be
combined into a single composite interleaver matrix before mapping the interleaver
contents to OFDM subcarriers. FIG. 35 is a Table showing an example of mapping
interleaver partitions to frequency partitions for the PB sidebands in service mode SSB1
with 4-QAM modulation. Although the example in FIG. 35 shows the interleaver
partitions mapped to the lower primary sideband, this is not necessary; they could also be
mapped to the upper primary sideband.

100164} After assigning interleaver partitions to frequency partitions, the bits of the
interleaver matrices from all active sidebands can be transferred in parallel to the OFDM
subcarrier mapping stage, which maps a row of bits from each interleaver matrix to the
OFDM subcarriers. The bits in the main and backup interleavers can be mapped
generally to the Inphase (I) and Quadrature (Q) constellation axes, respectively, of the
OFDM subcarriers. The output of the OFDM subcarrier mapping stage is a frequency-
domain representation of the OFDM symbol. OFDM modulation can then be performed
to create a complex, baseband, time-domain pulse representing the digital portion of the
IBOC signal for that particular symbol.

[00165] The SSB1 service mode can transfer data at 60 kbps using 4-QAM. This
throughput can be doubled (to 120 kbps) or nearly tripled (to 168 kbps) at the expense of
robustness using modulation types 16-QAM or 64-QAM, respectively.

[00166] FIG. 38 is a Table showing an example of interleaver-partition to
frequency-partition mapping for the SSB1 service mode with 16-QAM. Compared to the
4-QAM example, for 16 QAM there are twice as many interleaver partitions as frequency
partitions. The TO frequency partitions in FIG. 38 show MSB and LSB interleaver
partitions assigned to each frequency partition to permit mapping from twice as many
interleaver partitions. Thus, there are two I bits and two Q bits assigned to each OFDM
subcarrier in each OFDM symbol (instead of just one for 4-QAM), resulting in 16
constellation points.

[00167] FIG. 39 is a Table showing the FEC puncture pattern for the SSB1 service
mode when 16-QAM is used. The puncture pattern assigns the non-punctured bits to
either a main (M) encoded component of the FEC encoder or a backup (B) encoded
component. The number of columns is double the number of columns in the 4-QAM
example. For SSB1 with 16-QAM, main vector viyr={11, 2, 25, 9, 14, 20, 5, 13, 1, 26,
19, 16,22, 7, 10, 3, 24, 8, 15, 21, 4, 12,0, 27, 18, 17, 23, 6], and backup vector vz = [20,
16,25,22,13,2,7,19, 14, 26,9, 11,1, 5, 21, 17,24, 23,12, 3, 6, 18, 15, 27, 8, 10, 0, 4],
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Each of the main and backup (or upper and lower) code partitions generate seven bits of
encoded information for every five input bits. Using all code partitions, the composite
code generates fourteen FEC encoded bits for every five input bits.

100168} In the SSB1 service mode with 16-QAM, the main partition assignment
vector v directs encoded P1 bits into the main interleaver matrix (PB-M) using the
parameters shown in Table 26 below. Using these parameters, the PB-M interleaver
matrix is a S12-row by 504-column matrix. The input encoded bit sequence may be
dispersed over the full row and column span of the PB-M interleaver matrix, leaving

holes to be filled by PIDS data.

Table 26. PB-M Interleaver Parameter Values for SSB1 and 16-QAM

J B IC | b N
28116118 1 0 254464
[00169] The backup partition assignment vector v likewise directs encoded bits

into the PB-BU interleaver matrix using the parameters shown in Table 27 below. Using
these parameters, the PB-BU interleaver matrix is a 64-row by 504-column matrix. The
input encoded bit sequence may be dispersed over the full row and column span of the

PB-BU interleaver matrix, leaving holes to be filled by PIDS data.

Table 27. PB-BU Interleaver Parameter Values for SSB1 and 16-QAM

B |C 1D N
2812 |18 10 31808
100170} In the SSB1 service mode with 16-QAM, each PIDS transfer frame is

interleaved into PB-M and PB-BU using the parameters shown in Table 28. This
interleaving 1s performed twice — once for PB-M (I bits) and once for PB-BU (Q bits) —
for each interleaver block. The PIDS-I and PIDS-Q components of the encoded PIDS
bits are placed in the appropriate interleaver using the vis vector and the v vector for the

PB-M and PB-BU interleaver matrices, respectively.

Table 28. PB-M and PB-BU Interleaver Parameter Values for PIDS Logical Channel in
SSB1 with 16-QAM

g B |C | Is N
28 {1 | 18 | 15804 | 224
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100171} FIG. 40 is a Table showing an example of interleaver-partition to
frequency-partition mapping for the SSB1 service mode with 64-QAM. Compared to the
4-QAM example, for 64 QAM there are three times as many interleaver partitions as
frequency partitions. The TO frequency partitions in FIG. 40 show MSB, XS8B, and LSB
interleaver partitions assigned to each frequency partition to permit mapping from three
times as many interleaver partitions. Thus, there are three I bits and three Q bits assigned
to each OFDM subcarrier in each OFDM symbol (instead of just one for 4-QAM),
resulting in 64 constellation points.

[00172] FIG. 41 1s a Table showing the FEC puncture pattern for the SSB1 service
mode when 64-QGAM is used. The puncture pattern assigns the non-punctured bits to
either a main (M) encoded component of the FEC encoder or a backup (B) encoded
component. The number of columns (28) is nearly triple the number of columns (10) in
the 4-QAM example. For SSB1 with 64-QAM, main vector vy = {21, 2, 11, 22, 17, 37,
24,4, 10,30, 16,41, 34, 1, 13, 25, 20, 40, 31, 6, 8, 32, 15, 38, 33,0, 7, 29, 14, 36, 26, 5,
12,27, 19, 35,28, 3, 9, 23, 18, 39], and backup vector vz = [2, 21, 37, 17, 7, 22, 4, 24, 41
16, 8, 30, 13, 34, 40, 20, 6, 25, 3, 31, 38, 15,9, 32, 11, 33, 36, 14, 12, 29, 1, 26, 35, 19, 5,

3

27,10, 28, 39, 18, 0, 23]. Each of the main and backup (or upper and lower) code
partitions generate three bits of encoded information for every two input bits. Using all
code partitions, the composite code generates three FEC encoded bits for every one input
bit.

100173} In the SSB1 service mode with 64-QAM, the main partition assignment
vector v directs encoded P1 bits into the main interleaver matrix (PB-M) using the
parameters shown in Table 29 below. Using these parameters, the PB-M interleaver
matrix 1s a S12-row by 756-column matrix. The input encoded bit sequence may be
dispersed over the full row and column span of the PB-M interleaver matrix, leaving

holes to be filled by PIDS data.

Table 29 PB-M Interleaver Parameter Values for SSB1 and 64-QAM

B |C 1D N
42116 118 {1 O 381696
[00174] The backup partition assignment vector vp likewise directs encoded bits

into the PB-BU interleaver matrix using the parameters shown in Table 30 below. Using

these parameters, the PB-BU interleaver matrix is a 64-row by 756-column matrix. The

(%)
N
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input encoded bit sequence may be dispersed over the full row and column span of the

PB-BU interleaver matrix, leaving holes to be filled by PIDS data.

Table 30. PB-BU Interleaver Parameter Values for SSB1 and 64-QAM

Jd 1B | C | N
4212 | 1810 47712
[00175] In the SSB1 service mode with 64-QAM, each PIDS transfer frame is

interleaved into PB-M and PB-BU using the parameters shown in Table 31. This
interleaving 1s performed twice — once for PB-M (I bits) and once for PB-BU (Q bits) -
for each interleaver block. The PIDS-I and PIDS-Q components of the encoded PIDS
bits are placed in the appropriate interleaver using the vis vector and the v vector for the

PB-M and PB-BU interleaver matrices, respectively.

Table 31. PB-M and PB-BU Interleaver Parameter Values for PIDS Logical Channel in
SSB1 with 64-QAM

J B C |k N
42 |1 |18 | 23856 | 336

MSS Secondary Service Mode
100176} As shown in FIGS. 10A and 10B, there can be six secondary logical
channels in the FM IBOC radio system that can be designated as S1, S2, §3, 84, S5, and

SIDS. Secondary service modes are only available in an all-digital FM IBOC radio
signal, and can be used to configure the secondary logical channels. A new LUMB
secondary service mode is designated as MS5.

[00177] As explained previously herein, the all-digital FM IBOC radio signal can
include lower-power secondary digital sidebands in the spectrum vacated by the analog
signal. Inthe MSS5 secondary service mode, each secondary sideband can include
fourteen upper secondary frequency partitions and fourteen lower secondary frequency
partitions. In the MSS service mode, the S4 and SIDS secondary logical channels are
mapped to the secondary sidebands.

[00178] The MS5 secondary service mode uses 4-QAM modulation and uses the
same FEC encoding, puncturing, and interleaving as primary service mode DSB1. One

difference between the DSB1 service mode and the MSS service mode is that the upper
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and lower secondary sideband mapping is swapped when compared to the upper and
lower primary sidebands in service mode DSB1. The MS35 processing circuitry places
two additional secondary reference subcarriers at OFDM subcarrier numbers -1 and +1
(reference subcarriers 29 and 31, respectively), near the center of the channel vacated by
the analog signal. Reference subcarrier 30 (OFDM subcarrier number 0) is unpopulated,
as are OFDM subcarriers -268 to -279 and 268-279.

{00179} F1G .43 1s a Table showing the FEC puncture pattern for the MSS
secondary service mode. The puncture pattern is identical to the DSB1 puncture pattern
for 4-QAM. The rows of the table are the outputs of the three generator polynomials of
the convolutional code G. Vector viris formed with 28 of the non-punctured code bits
from the Table that have an M designation in the Table (e.g., vir=[11, 2, 25,9, 14, 20, 5,
13, 1,26, 19, 16,22, 7, 10, 3, 24, 8, 15, 21, 4, 12, 0, 27, 18, 17, 23, 6]). Vector vz is
formed using the B code bits in the Table {(e.g., va =[20, 16, 25,22, 13,2, 7, 19, 14, 26,
9,11,1,5,21,17,24,23, 12,3, 6, 18, 15,27, 8 10, 0, 4]). In the MSS5 service mode with
4-QAM modulation, each of the main and backup components include seven bits of
encoded information for every five input bits. Together, the two components generate
fourteen FEC encoded bits for every five input bits.

100180} After FEC encoding and puncturing, the encoded bits are provided to the
interleaver stage. Encoded bits from the S4 and SIDS logical channels are interleaved in
the SB interleaver matrices. The transfer frame characteristics for the interleavers for the
SB sidebands are summarized in the Table of FIG. 44 for the MS5 service mode with 4-
QAM.

[00181] In the MS5 service mode, the 84 and SIDS logical channels feed two
interleaver components: the main (SB-M) and the backup (SB-BU), which are eventually
mapped to the Inphase (I) and Quadrature (Q) symbol constellation components,
respectively. Main encoded components are interleaved in main interleaver matrix SB-
M, and backup encoded components — after application of diversity delay for the S4
logical channel — are interleaved in backup interleaver matrix SB-BU. Vectors vys and vp
consist of the interleaver partition assignments for each main and backup code bit,
respectively.

[00182] In the MSS5 service mode with 4-QAM, the main partition assignment
vector vy directs encoded S4 bits into the main interleaver matrix (SB-M) using the
parameters shown in Table 32 below. Using these parameters, the SB-M interleaver

matrix is a 512-row by 504-column matrix. The input encoded bit sequence may be
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dispersed over the full row and column span of the SB-M interleaver matrix, leaving

holes to be filled by SIDS data.

Table 32. SB-M Interleaver Parameter Values for 84 Logical Channel in MS5

J B IC | b N
28{16 |18 10 254464
[00183] The backup partition assignment vector vp likewise directs encoded S4

bits into the SB backup (SB-BU) interleaver matrix using the parameters shown in Table
33 below. The SB-BU interleaver matrix is a 64-row by 504-column matrix. The input
encoded bit sequence may be dispersed over the full row and column span of the SB-BU

interleaver matrix, leaving holes to be filled by SIDS data.

Table 33. SB-BU Interleaver Parameter Values for 84 Logical Channel in MS5

JIBIC | I N
2812 |18 10 31808
[001384] In the MS5 secondary service mode, the SIDS logical channel is

interleaved in the same manner that the PIDS logic channel is interfeaved in the DSB1
primary service mode. Each SIDS transfer frame is interleaved into SB-M and SB-BU
using the parameters shown in Table 34. This interleaving is performed twice — once for
SB-M (I bits) and once for SB-BU (Q bits) — for each Interleaver Block. The row span of
each interleaved SIDS transfer frame is one interleaver block (32 rows). The SIDS-I and
SIDS-Q components of the encoded SIDS bits are placed in the appropriate interleaver

using the vir vector and the vz vector for SIDS-I and SIDS-(, respectively.

Table 34. SB-M and SB-BU Interleaver Parameter Values for SIDS Logical Channel in
M85

J B |C | N
28 |1 |18 | 15804 | 224

[00185] Following interleaving, the main and backup SB interleavers can be
combined into a single composite interleaver matrix before mapping the interleaver
contents to OFDM subcarriers. FIG. 42 is a Table showing an example of mapping

interleaver partitions to frequency partitions for the SB sidebands in service mode MSS.
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For service Mode MSS — unlike primary service mode DSB1 and other LUMB service
modes — lower numbered interleaver partitions are mapped to the upper sidebands, and
higher numbered interleaver partitions are mapped to the lower sidebands.

[00186] After assigning interleaver partitions to frequency partitions, the bits of the
interleaver matrices from all active sidebands (primary and secondary) can be transferred
in parallel to the OFDM subcarrier mapping stage, which maps a row of bits from each
interleaver matrix to the OFDM subcarriers. The bits in the main and backup interleavers
can be mapped generally to the Inphase (I) and Quadrature (Q) constellation axes,
respectively, of the OFDM subcarriers. The output of the OFDM subcarrier mapping
stage is a frequency-domain representation of the OFDM symbol. OFDM modulation
can then be performed to create a complex, baseband, time domain pulse representing the
digital portion of the IBOC signal for that particular symbol. The MSS5 service mode can

transfer data at 120 kbps.

Laver 2 PDU Modifications
[00187] The new MP1X, MP3X, DSB1, SSB1 and MSS5 service modes use new

FEC encoding, puncture patterns, and interleavers. MP1X and MP3X are backward
compatible with existing MP1 and MP3 service modes, respectively. All of the service
modes provide multi-dimensional LUMB diversity for improved performance in fading
and channel outages. The new primary service modes use 4-QAM, 16-QAM, and 64-
QAM, which can offer increased throughput. Increased throughput may require a
tradeoff with signal robustness, providing flexibility to the radio broadcaster. Modifying
the protocol data unit (PDU) used to transfer the logical channels between Layer 2 and
Layer 1 can also improve system robustness.

[00188] FIG. 45 15 a diagram of an L2 PDU that can be used with new LUMB
service modes. The PDU can be used for the primary logical channels or the secondary
logical channels. The PDU includes an MPSA/MPSD/SPSA/SPSD field for main
program service audio (MPSA), main program service data (MPSD), supplemental
program service audio (SPSA), or supplemental program service data (SPSD). The PDU
also includes a field for opportunistic data, and a field for fixed data. The PDU may
include a data delimiter (DDL) between the MPSA/MPSD/SPSA/SPSD field and the
opportunistic data field. The example of FIG. 45 shows the PDU with possible content

options, but the PDU may include subsets of the fields shown.
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[00189] The PDU also includes a multi-byte (e.g., 4-byte) program control
information (PCI) field at the end of the PDU, and a Reed Solomon (RS) Parity field.

PCT/US2019/031046

The RS Parity Field immediately precedes the PCI field in the example and
accommodates the parity bytes of a concatenated systematic RS FEC code for additional
error correction capability. The concatenated code maintains the PDU payload while
accommodating additional FEC coding over the entire PDU for increased robustness.
[00190] The PCI field identifies the information content of the PDU. A 32-bit PCI
field can be generated using a punctured Hadamard (#=32, &=0) block code. This
Hadamard code uses six bits of PCI Identification information as in the PCI_ID vector

shown below.

PCIID =(bs by by by by by)
00191} The six-bit PCI 1D field creates 64 possible valid punctured Hadamard
codewords. In some examples, eight valid PDU content identifiers (e.g., PCI codewords
CW,y through CW5) can be generated by the three lower bits (b2, b1, bo) of the six PCI
Identification bits. The three upper bits (bs, b4, b3) can be used for future expansion of

PCI codewords. An example of eight PCI codewords is shown in Table 35 below.

Table 35. PCI Codewords.

PCI PCl Identification | MPSA/MPSD/ | Fixed Opportunistic
Codeword | Bits b2, b1, bo SPSA/SPSD Data Data
CWo 000 Yes No No
CW, 001 Yes No Yes
CW> 010 Yes Yes No
CW; 011 Yes Yes Yes
CWy 100 No Yes No
CWs 101 Reserved Reserved | Reserved
CWs 110 Reserved Reserved | Reserved
CWr 111 Reserved Reserved | Reserved
PCI Encoding
[00192] To encode the PCI Identification bits using a punctured Hadamard code,

the multi-byte PCI Field can be generated as the product of the 6-bit PCI Identification

Bits row vector PCI_ID and the generator matrix Gen PCI, or

PCI Field = PCI ID X Gen PCI.

[00193]

FIG. 46 shows the punctured Hadamard Generator matrix Gen PCI. As

an example, if a PDU including both MPSA and Fixed Data content is associated with the

PCI Identification row vector
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pcr =00 0 0 0 1 0)

)

then the PCI Field resulting from the product of (7 ID and Gen PClis
PCT Field = (OO110011001100110011001100110011)

RS Parity Field Encoding
[00194] FIG. 47 1s a diagram of a portion of the PDU. The RS Parity field consists

of the RS parity bytes generated by the systematic “content” portions of the RS
codewords that span the PDU content immediately preceding the RS Parity field, as
shown in FIG. 45. The number of bytes spanning the entire PDU (prior to FEC
convolutional encoding) s defined as the Backup Transfer Frame size associated with the
LUMB logical channel. This number of bytes, available for the PDU contents
(MPSA/MPSD/SPSA/SPSD, Opportunistic Data, and Fixed Data) plus the RS Parity and
PCI Fields, minus the 4 bytes to accommodate the PCI Field, 1s denoted as Nhyres.
100195} The RS Parity field, having 16 parity bytes per RS codeword, is generated
after first defining the LUMB service mode (e.g., the DSB1 service mode) to determine
the PDU size (N Backup Transfer Frame bits) and FEC convolutional code rate . The
following expressions can be used to define the RS encoding process.

100196} If the number of bits in the Backup Transfer Frame (including PCI bits)
after convolutional encoding (Rate R) is &, then the number of uncoded bytes per

Transfer Frame (excluding PCI, before convolutional coding), Nbyres, is

7

. N
A’bytes:§=2-R—4,

The number of RS codewords per Transfer Frame (Nrs) is

(N bytes
Nrs = ceil

\ 255 )

The total number of content bytes per transfer frame (Nconr) is
Ncont = Nbytes —16 - Nrs .

The number of bytes per RS codeword (RSbhytes) is

N\

RSbytes = ceil( ] )
\ Nrs J

Nbytes

The number of Prepend zero bytes (NPzero) is

NPzero = Nrs - RShytes — Nbytes .
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106197} As shown in FIG. 47, the content field of the PDU is prepended by
NPzero zero bytes to prepare the content field for interleaving prior to RS encoding. The
Prepend is not transmitted, but used only to facilitate RS interleaving and encoding. It
should be noted that this RS interleaving is different from the interleaving of the main
and backup components described previously. The resulting number of bytes in the
prepended content field Pconfent is an integer multiple of the number of RS codewords
(Nrs). This interleaving segments the prepended content into Nrs systematic components
of equal size (RSbytes-16).

[00198] The systematic (Pcontent) portion of the codewords is formatted using the
following interleaver expression:

RSsys | = Pcontent N ; n=0.RShytes —17, k' =0.. Nrs -1,
o,k n+k-Nrs

where RSsys is a matrix of the Pcontent (systematic) bytes of the codewords. There are
Nrs column vectors, one for each codeword. Each column vector of RSsys is input to a
Reed Solomon encoder RS(RShyres RShytes-16,GF(2%)) to generate a 16-byte parity
result RSP for each of the Nrs codewords.

RSpar = RSP s n=0..15 £k =0.Nrs -1,
P 160 nk & ’ e

where Rsp . is the nth byte (7=0.. . 15) of the kth (k=0.. Nrs-1) parity result RSP,
7,/

100199] The 16 parity bytes for each RS codeword are generated by dividing the
RS systematic component by the RS generator polynomial over GF(2%). The parity bytes
for the codeword comprise the remainder of the polynomial division. These RS
codewords are considered “shortened” since the number of bytes in each codeword is
generally less than 255 for Galois Field (2%), or GF(2%). Note that any prepended zero
bytes at the start of the RSsys codewords do not change the polynomial division parity
results (RSP) for the shortened codewords. The purpose of prepending is to facilitate
convenient interleaving of equal size codewords.

100200} The RS code is a standard code defined over GF(2®). This code is defined

by its primitive polynomial and generator polynomial. The primitive polynomial is

N 8 4 3 2 o ,
plx)=x"+x" +x" +x" +1, or 100011101 in binary notation,

where the LSB is on the right. The generator polynomial is

136 | 240 2082 1953 181 4 1538 5
+a”x ¥ +ax

2 ‘ 2006 1007 118
+a” X +a X +a ra X +a x

glﬁ(x):a + x +a

83 9 167 10 107 11 113 .12 110 13 106 14 121 15 16
+a x +a T x +a x 4+a TxT4a x T +a x 4+a X7 +x

where “a” is a root of the primitive polynomial.
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[00201] Table 36 below compares logical channel parameters for the primary
LUMB service modes. The concatenated systematic RS FEC code maintains intact PDU
payload while accommodating additional FEC encoding over the entire PDU for

increased robustness.

Table 36. LUMB Logical Channel Parameters (16 Parity Bytes per RS Codeword)

Service Mode Nbytes | R{convoluti | Nrs | Ncont | NPzero | RShytes | Throughput
onal) (kbps)
/Reff
DSB1 QPSK 2836 | 5/14/0333 | 12| 2644 8 237 114
DSB1 16QAM 5676 | 5/14/0334 | 23| 5308 5 247 229
DSB1 64QAM 7948 | 1/3/0312 | 32| 7436 20 249 320
SSB1 QPSK 1416 | 5/14/0.333 6| 1320 0 236 57
SSB1 _16QAM 2386 | 5/14/0333 | 12| 2644 8 237 114
SSB1 640Q0AM 39721 1/3/0312| 16| 3716 12 249 160
MP1X QPSK 860 | 3/8/0347 4 796 0 215 34
MP1X 16QAM 1724 | 3/8/0.351 71 1612 5 247 69
MPIX 64QAM | 2300 | 1/3/0310| 10| 2140 0 230 92
MP3X QPSK 428 | 3/8/0.347 2 396 0 214 17
MP3X 16QAM 860 | 3/8/0347 4 796 0 215 34
MP3X 640AM 1148 | 1/3/0310 S| 1068 2 230 46
100202} The systems, devices, and methods described provide new LUMB service

modes for FM IBOC radio transmissions. The service modes increase capacity through
the use of QAM and improve signal robustness via frequency diversity between upper
and lower sidebands and time diversity between main and backup components. The
LUMB service modes can provide support for emerging technologies not possible with

current service modes.

Additional Examples and Disclosure
[006203] Example 1 is a radio transmitter comprising: transmitting circuitry
configured to broadcast a frequency modulation (FM) in-band on-channel (IBOC) radio
signal, wherein the FM IBOC radio signal includes, multiple subcarriers grouped into
multiple frequency partitions; and processing circuitry configured to: receive input bits
for transmitting; encode the input bits using forward error correction (FEC) encoding;
distribute encoded input bits between a main encoded component and a backup encoded
component, wherein encoded bits of the backup encoded component are delayed for a
specified duration relative to encoded bits of the main encoded component; allocate the

encoded input bits of the main and backup encoded components into frequency diverse
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sidebands of the FM IBOC radio signal; and modulate the encoded input bits for
transmitting using the frequency diverse sidebands of the FM IBOC radio signal, wherein
the modulation is a type of quadrature amplitude modulation (QAM).

100204] In Example 2, the subject matter of Example 1 includes, wherein the
processing circuitry 18 configured to: allocate each encoded bit of the main encoded
component to a main interleaver partition of a main interleaver matrix according to an
FEC puncture pattern; interleave the encoded bits within each main interleaver partition
across both time and frequency according to one or more interleaver equations; allocate
each encoded bit of the backup encoded component to a backup interleaver partition of a
backup interleaver matrix according to the FEC puncture pattern; and interleave the
encoded bits within each backup interleaver partition across both time and frequency
according to one or more interleaver equations.

[00205] In Example 3, the subject matter of Example 2 includes, wherein the
processing circuitry is configured to: combine the main interleaved encoded bits and the
backup interleaved encoded bits into corresponding interleaver partitions of a composite
interleaver matrix; assign each composite interleaver partition to a frequency partition
according to a frequency partition map; and assign rows of the frequency partitions to
respective orthogonal frequency division multiplexed (OFDM) symbols.

1006206} In Example 4, the subject matter of Examples 1-3 includes, wherein the
frequency diverse sidebands include upper and lower sidebands and the FEC encoding
includes a Complementary Punctured Pair Convolutional (CPPC) code, the CPPC code
including an FEC convolutional code punctured into code partitions for the upper and
lower sidebands and the main and backup encoded components.

[00207] In Example 5, the subject matter of Example 4 includes, wherein the
processing circuitry 1s configured to: generate an FM IBOC waveform that is backward
compatible with existing service mode MP1, having ten upper primary main frequency
partitions, and ten lower primary main frequency partitions; partition new multiple
subcarriers into four upper primary extended frequency partitions, and four lower primary
extended frequency partitions, wherein all four of the upper primary extended frequency
partitions and all four of the lower primary extended frequency partitions distribute
encoded input bits between a main encoded component and a delayed backup encoded
component; generate OFDM symbols wherein all primary extended frequency partitions

are modulated using one of four point QAM (4-QAM) or sixteen point QAM (16-QAM);
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and generate eight encoded input bits for every three of the input bits mapped to the
primary extended frequency partitions.

[00208] In Example 6, the subject matter of Examples 4--5 includes, wherein the
processing circuitry 18 configured to: generate an FM IBOC waveform that is backward
compatible with existing service mode MP1, having ten upper primary main frequency
partitions, and ten lower primary main frequency partitions; partition new multiple
subcarriers into four upper primary extended frequency partitions, and four lower primary
extended frequency partitions, wherein all four of the upper primary extended frequency
partitions and all four of the lower primary extended frequency partitions distribute
encoded input bits between a main encoded component and a delayed backup encoded
component; generate OFDM symbols wherein all primary extended frequency partitions
are modulated using 64-point QAM (64-QAM); and generate three encoded input bits for
every one of the input bits mapped to the primary extended frequency partitions.

1006209} In Example 7, the subject matter of Examples 4-6 includes, wherein the
processing circuitry is configured to: generate an FM IBOC waveform that is backward
compatible with existing service mode MP3, having ten upper primary main frequency
partitions, two upper primary extended frequency partitions, ten lower primary main
frequency partitions, and two lower primary extended frequency partitions; partition new
multiple subcarriers into two additional upper primary extended frequency partitions, and
two additional lower primary extended frequency partitions, wherein both of the
additional upper primary extended frequency partitions and both of the additional lower
primary extended frequency partitions distribute encoded input bits between a main
encoded component and a delayed backup encoded component; generate OFDM symbols
wherein both of the additional upper primary extended frequency partitions and both of
the additional lower primary extended frequency partitions are modulated using one of
four point QAM (4-QAM) or sixteen point QAM (16-QAM); and generate eight encoded
input bits for every three of the input bits mapped to both of the additional upper primary
extended frequency partitions and both of the additional lower primary extended
frequency partitions.

100210} In Example 8, the subject matter of Examples 4--7 includes, wherein the
processing circuitry 18 configured to: generate an FM IBOC waveform that is backward
compatible with existing service mode MP3, having ten upper primary main frequency
partitions, two upper primary extended frequency partitions, ten lower primary main

frequency partitions, and two lower primary extended frequency partitions; partition new
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multiple subcarriers into two additional upper primary extended frequency partitions, and
two additional lower primary extended frequency partitions, wherein both of the
additional upper primary extended frequency partitions and both of the additional lower
primary extended frequency partitions distribute encoded input bits between a main
encoded component and a delayed backup encoded component; generate OFDM symbols
wherein both of the additional upper primary extended frequency partitions and both of
the additional lower primary extended frequency partitions are modulated using 64-point
QAM (64-QAM); and generate three encoded input bits for every one of the input bits
mapped to both of the additional upper primary extended frequency partitions and both of
the additional lower primary extended frequency partitions.

[00211] In Example 9, the subject matter of Examples 1-8 includes, wherein the
processing circuitry is configured to: partition the multiple subcarriers into fourteen upper
primary frequency partitions, and fourteen lower primary frequency partitions; generate
OFDM symbols modulated using one of 4-QAM or 16-QAM; and generate fourteen
encoded input bits for every five of the input bits.

[00212] In Example 10, the subject matter of Examples 1-9 includes, wherein the
processing circuitry is configured to: partition the multiple subcarriers into fourteen upper
primary frequency partitions, and fourteen lower primary frequency partitions; generate
OFDM symbols modulated using 64-QAM; and generate three encoded input bits for
every one of the input bits.

[00213] In Example 11, the subject matter of Examples 1-10 includes, wherein the
processing circuitry 18 configured to: partition the multiple subcarriers into fourteen upper
primary frequency partitions, or fourteen lower primary frequency partitions; generate
OFDM symbols modulated using one of 4-QAM or 16-QAM; and generate fourteen
encoded input bits for every five of the input bits.

100214} In Example 12, the subject matter of Examples 1-11 includes, wherein the
processing circuitry 18 configured to: partition the multiple subcarriers into fourteen upper
primary frequency partitions, or fourteen lower primary frequency partitions; generate
OFDM symbols modulated using 64-QAM; and generate three encoded input bits for
every one of the input bits.

100215} In Example 13, the subject matter of Examples 1-12 includes, wherein the
FM IBOC radio signal is an all-digital FM IBOC radio signal and the processing circuitry
is configured to partition the multiple subcarriers into upper and lower sidebands, and the

upper and lower sidebands include fourteen upper primary frequency partitions, fourteen
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upper secondary frequency partitions, fourteen lower primary frequency partitions, and
fourteen lower secondary frequency partitions.

00216} In Example 14, the subject matter of Example 13 includes, wherein the all-
digital FM IBOC radio signal replaces the spectral region of an analog FM radio signal
with additional secondary subcarriers, and the processing circuitry is configured to:
partition the additional secondary subcarriers into secondary frequency partitions,
including fourteen upper secondary frequency partitions and fourteen lower secondary
frequency partitions; generate OFDM symbols modulated using 4-QAM; and generate
fourteen encoded input bits for every five of the input bits.

1006217} In Example 15, the subject matter of Examples 1-14 includes, wherein the
processing circuitry is configured to: receive the input bits as information content bytes;
encode the information content bytes using a concatenated systematic Reed Solomon
(RS) FEC code to generate RS parity bytes; and place the information content bytes in a
content field of a protocol data unit (PDU) and place the RS parity bytes in an RS parity
field of the PDU.

[00218] In Example 16, the subject matter of Example 15 includes, wherein the
information content bytes of the RS codewords are comprised of interleaved bytes of the
input information content.

1006219} In Example 17, the subject matter of Examples 1516 includes, wherein
the processing circuitry is configured to place a program control information (PCI)
codeword in a PCI field of the PDU.

100220] In Example 18, the subject matter of Example 17 includes, wherein the
PCI field is encoded using a Punctured Hadamard Code.

100221} Example 19 is a method of controlling operation of a radio transmitter
system to broadcast a frequency modulation (FM) in-band on-channel (IBOC) radio
signal, the method comprising: receiving input bits for transmitting via the FM IBOC
radio signal, wherein the FM IBOC radio signal includes, subcarriers grouped into
multiple frequency partitions; encoding the input bits into encoded bits using forward
error correction (FEC) encoding; distributing the encoded bits between a main encoded
component and a backup encoded component, wherein encoded bits of the backup
encoded component are delayed for a specified duration relative to encoded bits of the
main encoded component; allocating the encoded bits into frequency diverse sidebands of
the FM IBOC radio signal; modulating the encoded bits using a type of quadrature

amplitude modulation (QAM); and transmitting modulated encoded bits as radio
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frequency (RF) data symbols via the frequency diverse sidebands of the FM IBOC radio
signal.

00222} In Example 20, the subject matter of Example 19 includes, allocating each
encoded bit of the main encoded component to a main interleaver partition of a main
interleaver matrix according to an FEC puncture pattern; interleaving the encoded bits
within each main interleaver partition across both time and frequency according to one or
more interleaver equations; allocating each encoded bit of the backup encoded
component to a backup interleaver partition of a backup interleaver matrix according to
the FEC puncture pattern; interleaving the encoded bits within each backup interleaver
partition across both time and frequency according to one or more interleaver equations.
100223} In Example 21, the subject matter of Example 20 includes, combining the
main interleaved encoded bits and the backup interleaved encoded bits into
corresponding multiple interleaver partitions of a composite interleaver matrix; assigning
each composite interleaver partition to a frequency partition according to a frequency
partition map; assigning each row of the frequency partitions to a corresponding
orthogonal frequency division multiplexed (OFDM) symbol.

100224} In Example 22, the subject matter of Examples 19-21 includes,
partitioning the multiple subcarriers into ten upper primary main frequency partitions,
four upper primary extended frequency partitions, ten lower primary main frequency
partitions, and four lower primary extended frequency partitions; and wherein modulating
the encoded bits includes generating OFDM symbols using one of four point QAM (4-
QAM), sixteen point QAM (16-QAM), or sixty-four point QAM (64-QAM).

100225} In Example 23, the subject matter of Examples 19-22 includes,
partitioning the multiple subcarriers into fourteen upper primary frequency partitions, and
fourteen lower primary frequency partitions; wherein modulating the encoded bits
includes generating OFDM symbols modulated using one of 4-QAM or 16-QAM; and
wherein encoding the input bits includes generating fourteen encoded input bits for every
five of the input bits.

100226} In Example 24, the subject matter of Examples 19-23 includes,
partitioning the multiple subcarriers into fourteen upper primary frequency partitions, and
fourteen lower primary frequency partitions; wherein modulating the encoded bits
includes generating OFDM symbols modulated using 64-QAM; and wherein encoding

the input bits includes generating three encoded input bits for every one of the input bits.
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1006227} In Example 25, the subject matter of Examples 19-24 includes,
partitioning the multiple subcarriers into fourteen upper primary frequency partitions, or
fourteen lower primary frequency partitions; wherein modulating the encoded bits
includes generating OFDM symbols modulated using one of 4-QAM or 16-QAM; and
wherein encoding the input bits includes generating fourteen encoded input bits for every
five of the input bits.

[00228] In Example 26, the subject matter of Examples 19-25 includes,
partitioning the multiple subcarriers into fourteen upper primary frequency partitions, or
fourteen lower primary frequency partitions; wherein modulating the encoded bits
includes generating OFDM symbols modulated using 64-QAM; and wherein encoding
the input bits includes generating three encoded input bits for every one of the input bits.
(00229} In Example 27, the subject matter of Examples 19-26 includes, wherein
the FM IBOC radio signal is an all-digital FM IBOC radio signal, and the method further
includes partitioning the multiple subcarriers into upper and lower sidebands, and the
upper and lower sidebands includes fourteen upper primary frequency partitions, fourteen
lower primary frequency partitions, fourteen upper secondary frequency partitions, and
fourteen lower secondary frequency partitions.

[00230] In Example 28, the subject matter of Example 27 includes, wherein the all-
digital FM IBOC radio signal replaces the spectral region of an analog FM radio signal
with additional secondary subcarriers, and the method further includes: partitioning the
additional secondary subcarriers into secondary frequency partitions, including fourteen
upper secondary frequency partitions and fourteen lower secondary frequency partitions;
generating OFDM symbols modulated using 4-QAM; and wherein encoding the input
bits includes generating fourteen encoded input bits for every five of the input bits.
[00231] In Example 29, the subject matter of Examples 19-28 includes, wherein
recetving input bits includes receiving the input bits as information content bytes; and
wherein encoding the input bits includes: interleaving the information content bytes;
encoding the interleaved information content bytes using a concatenated systematic Reed
Solomon (RS) FEC code to generate RS parity bytes; placing the information content
bytes in a content field of a protocol data unit (PDU); and placing the RS parity bytes in
an RS parity field of the PDU.

100232} In Example 30, the subject matter of Example 29 includes, encoding
program control information (PCI) into a PCI codeword using a punctured Hadamard

code, and placing the PCI codeword in the PCI field of the PDU.
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100233} These non-limiting examples can be combined in any permutation or
combination. The above detailed description includes references to the accompanying
drawings, which form a part of the detailed description. The drawings show, by way of
illustration, specific embodiments in which the invention can be practiced. These
embodiments are also referred to herein as “examples.” All publications, patents, and
patent documents referred to in this document are incorporated by reference herein in
their entirety, as though individually incorporated by reference. In the event of
inconsistent usages between this document and those documents so incorporated by
reference, the usage in the incorporated reference(s) should be considered supplementary
to that of this document; for irreconcilable inconsistencies, the usage in this document
controls.

100234} In this document, the terms “a” or “an” are used, as is common in patent
documents, to include one or more than one, independent of any other instances or usages
of “at least one” or “one or more.” In this document, the term “or” is used to referto a
nonexclusive or, such that “A or B” includes “A but not B,” “B but not A,” and “A and
B,” unless otherwise indicated. In this document, the terms “including” and “in which”
are used as the plain-English equivalents of the respective terms “comprising” and
“wherein.” Also, in the following claims, the terms “including” and “comprising” are
open-ended, that is, a system, device, article, composition, formulation, or process that
includes elements in addition to those listed after such a term in a claim are still deemed
to fall within the scope of that claim. Moreover, in the following claims, the terms
“first,” “second,” and “third,” etc. are used merely as labels, and are not intended to
impose numerical requirements on their objects.

00235} The above description is intended to be illustrative, and not restrictive.

For example, the above-described examples (or one or more aspects thereof) may be used
in combination with each other. Other embodiments can be used, such as by one of
ordinary skill in the art upon reviewing the above description. The Abstract is provided
to allow the reader to quickly ascertain the nature of the technical disclosure. It is
submitted with the understanding that it will not be used to interpret or limit the scope or
meaning of the claims. In the above Detailed Description, various features may be
grouped together to streamline the disclosure. This should not be interpreted as intending
that an unclaimed disclosed feature is essential to any claim. Rather, the subject matter
may lie in less than all features of a particular disclosed embodiment. Thus, the

following claims are hereby incorporated into the Detailed Description, with each claim
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standing on its own as a separate embodiment, and it is contemplated that such
embodiments can be combined with each other in various combinations or permutations.
The scope should be determined with reference to the appended claims, along with the

full scope of equivalents to which such claims are entitled.
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CLAIMS

What is claimed is:

1 A radio transmitter comprising;

transmitting circuitry configured to broadcast a frequency modulation (FM) in-
band on-channel (IBOC) radio signal, wherein the FM IBOC radio signal includes
multiple subcarriers grouped into multiple frequency partitions; and

processing circuitry configured to:

receive input bits for transmitting;

encode the input bits using forward error correction (FEC) encoding;

distribute encoded input bits between a main encoded component and a backup
encoded component, wherein encoded bits of the backup encoded component are delayed
for a specified duration relative to encoded bits of the main encoded component;

allocate the encoded input bits of the main and backup encoded components into
frequency diverse sidebands of the FM IBOC radio signal; and

modulate the encoded input bits for transmitting using the frequency diverse
sidebands of the FM IBOC radio signal, wherein the modulation is a type of quadrature

amplitude modulation (QAM).

2. The radio transmitter of claim 1, wherein the processing circuitry is configured to:

allocate each encoded bit of the main encoded component to a main interleaver
partition of a main interleaver matrix according to an FEC puncture pattern;

interleave the encoded bits within each main interleaver partition across both time
and frequency according to one or more interleaver equations;

allocate each encoded bit of the backup encoded component to a backup
interleaver partition of a backup interleaver matrix according to the FEC puncture
pattern; and
interleave the encoded bits within each backup interleaver partition across both

time and frequency according to one or more interleaver equations.
3. The radio transmitter of claim 2, wherein the processing circuitry is configured to:

combine the main interleaved encoded bits and the backup interleaved encoded

bits into corresponding interleaver partitions of a composite interleaver matrix;
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assign each composite interleaver partition to a frequency partition according to a
frequency partition map; and
assign rows of the frequency partitions to respective orthogonal frequency

division multiplexed (OFDM) symbols.

4. The radio transmitter of claim 1, wherein the frequency diverse sidebands include
upper and lower sidebands and the FEC encoding includes a Complementary Punctured
Pair Convolutional (CPPC) code, the CPPC code including an FEC convolutional code
punctured into code partitions for the upper and lower sidebands and the main and

backup encoded components.

5. The radio transmitter of claim 4, wherein the processing circuitry is configured to:

generate an FM IBOC waveform that is backward compatible with existing
service mode MP1, having ten upper primary main frequency partitions, and ten lower
primary main frequency partitions;

partition new multiple subcarriers into four upper primary extended frequency
partitions, and four lower primary extended frequency partitions, wherein all four of the
upper primary extended frequency partitions and all four of the lower primary extended
frequency partitions distribute encoded input bits between a main encoded component
and a delayed backup encoded component;

generate OFDM symbols wherein all primary extended frequency partitions are
modulated using one of four point QAM (4-QAM) or sixteen point QAM (16-QAM); and

generate eight encoded input bits for every three of the input bits mapped to the

primary extended frequency partitions.

6. The radio transmitter of claim 4, wherein the processing circuitry is configured to:

generate an FM IBOC waveform that is backward compatible with existing
service mode MP1, having ten upper primary main frequency partitions, and ten lower
primary main frequency partitions;

partition new multiple subcarriers into four upper primary extended frequency
partitions, and four lower primary extended frequency partitions, wherein all four of the
upper primary extended frequency partitions and all four of the lower primary extended
frequency partitions distribute encoded input bits between a main encoded component

and a delayed backup encoded component;
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generate OFDM symbols wherein all primary extended frequency partitions are
modulated using 64-point QAM (64-QAM); and
generate three encoded input bits for every one of the input bits mapped to the

primary extended frequency partitions.

7. The radio transmitter of claim 4, wherein the processing circuitry is configured to:

generate an FM IBOC waveform that is backward compatible with existing
service mode MP3, having ten upper primary main frequency partitions, two upper
primary extended frequency partitions, ten lower primary main frequency partitions, and
two lower primary extended frequency partitions;

partition new multiple subcarriers into two additional upper primary extended
frequency partitions, and two additional lower primary extended frequency partitions,
wherein both of the additional upper primary extended frequency partitions and both of
the additional lower primary extended frequency partitions distribute encoded input bits
between a main encoded component and a delayed backup encoded component;

generate OFDM symbols wherein both of the additional upper primary extended
frequency partitions and both of the additional lower primary extended frequency
partitions are modulated using one of four point QAM (4-QAM) or sixteen point QAM
(16-QAM); and

generate eight encoded input bits for every three of the input bits mapped to both
of the additional upper primary extended frequency partitions and both of the additional

lower primary extended frequency partitions.

8. The radio transmitter of claim 4, wherein the processing circuitry is configured to:

generate an FM IBOC waveform that is backward compatible with existing
service mode MP3, having ten upper primary main frequency partitions, two upper
primary extended frequency partitions, ten lower primary main frequency partitions, and
two lower primary extended frequency partitions;

partition new multiple subcarriers into two additional upper primary extended
frequency partitions, and two additional lower primary extended frequency partitions,
wherein both of the additional upper primary extended frequency partitions and both of
the additional lower primary extended frequency partitions distribute encoded input bits

between a main encoded component and a delayed backup encoded component;
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generate OFDM symbols wherein both of the additional upper primary extended
frequency partitions and both of the additional lower primary extended frequency
partitions are modulated using 64-point QAM (64-QAM); and
generate three encoded input bits for every one of the input bits mapped to both of
the additional upper primary extended frequency partitions and both of the additional

lower primary extended frequency partitions.

9. The radio transmitter of claim 1, wherein the processing circuitry is configured to:
partition the multiple subcarriers into fourteen upper primary frequency partitions,
and fourteen lower primary frequency partitions;
generate OFDM symbols modulated using one of 4-QAM or 16-QAM; and

generate fourteen encoded input bits for every five of the input bits.

10, The radio transmitter of claim 1, wherein the processing circuitry is configured to:
partition the multiple subcarriers into fourteen upper primary frequency partitions,
and fourteen lower primary frequency partitions;
generate OFDM symbols modulated using 64-QAM; and

generate three encoded input bits for every one of the input bits.

11 The radio transmitter of claim 1, wherein the processing circuitry is configured to:
partition the multiple subcarriers into fourteen upper primary frequency partitions,
or fourteen lower primary frequency partitions;
generate OFDM symbols modulated using one of 4-QAM or 16-QAM,; and

generate fourteen encoded input bits for every five of the input bits.

12. The radio transmitter of claim 1, wherein the processing circuitry is configured to:
partition the multiple subcarriers into fourteen upper primary frequency partitions,
or fourteen lower primary frequency partitions;
generate OFDM symbols modulated using 64-QAM; and

generate three encoded input bits for every one of the input bits.

13. The radio transmitter of claim 1, wherein the FM IBOC radio signal is an all-
digital FM IBOC radio signal and the processing circuitry is configured to partition the

multiple subcarriers into upper and lower sidebands, and the upper and lower sidebands
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include fourteen upper primary frequency partitions, fourteen upper secondary frequency
partitions, fourteen lower primary frequency partitions, and fourteen lower secondary

frequency partitions.

14. The radio transmitter of claim 13, wherein the all-digital FM IBOC radio signal
replaces the spectral region of an analog FM radio signal with additional secondary
subcarriers, and the processing circuitry is configured to:

partition the additional secondary subcarriers into secondary frequency partitions,
including fourteen upper secondary frequency partitions and fourteen lower secondary
frequency partitions;

generate OFDM symbols modulated using 4-QAM,; and

generate fourteen encoded input bits for every five of the input bits.

15. The radio transmitter of claim 1, wherein the processing circuitry is configured to:
receive the input bits as information content bytes;
encode the information content bytes using a concatenated systematic Reed
Solomon (RS) FEC code to generate RS parity bytes; and
place the information content bytes in a content field of a protocol data unit

{(PDU) and place the RS parity bytes in an RS parity field of the PDU.

16. The radio transmitter of claim 15, wherein the information content bytes of the RS

codewords are comprised of interleaved bytes of the input information content.

17. The radio transmitter of claim 15, wherein the processing circuitry is configured

to place a program control information (PCI) codeword in a PCI field of the PDU.

18. The radio transmitter of claim 17, wherein the PCI field is encoded using a

Punctured Hadamard Code.

19. A method of controlling operation of a radio transmitter system to broadcast a
frequency modulation (FM) in-band on-channel (IBOC) radio signal, the method
comprising:

recetving input bits for transmitting via the FM IBOC radio signal, wherein the

FM IBOC radio signal includes subcarriers grouped into multiple frequency partitions;
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encoding the input bits into encoded bits using forward error correction (FEC)
encoding;
distributing the encoded bits between a main encoded component and a backup
encoded component, wherein encoded bits of the backup encoded component are delayed

for a specified duration relative to encoded bits of the main encoded component;

allocating the encoded bits into frequency diverse sidebands of the FM IBOC
radio signal;

modulating the encoded bits using a type of quadrature amplitude modulation
{(QAM); and

transmitting modulated encoded bits as radio frequency (RF) data symbols via the

frequency diverse sidebands of the FM IBOC radio signal.

20. The method of claim 19, including:

allocating each encoded bit of the main encoded component to a main interleaver
partition of a main interleaver matrix according to an FEC puncture pattern;

interleaving the encoded bits within each main interleaver partition across both
time and frequency according to one or more interfeaver equations;

allocating each encoded bit of the backup encoded component to a backup
interleaver partition of a backup interleaver matrix according to the FEC puncture
pattern;

interleaving the encoded bits within each backup interleaver partition across both

time and frequency according to one or more interleaver equations.

21 The method of claim 20, including:

combining the main interleaved encoded bits and the backup interleaved encoded
bits into corresponding multiple interleaver partitions of a composite interleaver matrix;

assigning each composite interleaver partition to a frequency partition according
to a frequency partition map;

assigning each row of the frequency partitions to a corresponding orthogonal

frequency division multiplexed (OFDM) symbol.

22. The method of claim 19, including
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partitioning the multiple subcarriers into ten upper primary main frequency
partitions, four upper primary extended frequency partitions, ten lower primary main
frequency partitions, and four lower primary extended frequency partitions; and
wherein modulating the encoded bits includes generating OFDM symbols using
one of four point QAM (4-QAM), sixteen point QAM (16-QAM), or sixty-four point
QAM (64-QAM).

23. The method of claim 19, including:

partitioning the multiple subcarriers into fourteen upper primary frequency
partitions, and fourteen lower primary frequency partitions;

wherein modulating the encoded bits includes generating OFDM symbols
modulated using one of 4-QAM or 16-QAM; and

wherein encoding the input bits includes generating fourteen encoded input bits

for every five of the input bits.

24, The method of claim 19, including:

partitioning the multiple subcarriers into fourteen upper primary frequency
partitions, and fourteen lower primary frequency partitions;

wherein modulating the encoded bits includes generating OFDM symbols
modulated using 64-QAM; and

wherein encoding the input bits includes generating three encoded input bits for

every one of the input bits.

28. The method of claim 19, including:

partitioning the multiple subcarriers into fourteen upper primary frequency
partitions, or fourteen lower primary frequency partitions;

wherein modulating the encoded bits includes generating OFDM symbols
modulated using one of 4-QAM or 16-QAM; and

wherein encoding the input bits includes generating fourteen encoded input bits

for every five of the input bits.
26. The method of claim 19, including:

partitioning the multiple subcarriers into fourteen upper primary frequency

partitions, or fourteen lower primary frequency partitions,

58



WO 2019/217371 PCT/US2019/031046
wherein modulating the encoded bits includes generating OFDM symbols
modulated using 64-QAM; and
wherein encoding the input bits includes generating three encoded input bits for

every one of the input bits.

27. The method of claim 19, wherein the FM IBOC radio signal is an all-digital FM
IBOC radio signal, and the method further includes partitioning the multiple subcarriers
into upper and lower sidebands, and the upper and lower sidebands includes fourteen
upper primary frequency partitions, fourteen lower primary frequency partitions, fourteen

upper secondary frequency partitions, and fourteen lower secondary frequency partitions.

28. The method of claim 27, wherein the all-digital FM IBOC radio signal replaces
the spectral region of an analog FM radio signal with additional secondary subcarriers,
and the method further includes:

partitioning the additional secondary subcarriers into secondary frequency
partitions, including fourteen upper secondary frequency partitions and fourteen lower
secondary frequency partitions;

generating OFDM symbols modulated using 4-QAM; and

wherein encoding the input bits includes generating fourteen encoded input bits

for every five of the input bits.

29. The method of claim 19,
wherein receiving input bits includes recetving the input bits as information
content bytes; and
wherein encoding the input bits includes:
interleaving the information content bytes;
encoding the interleaved information content bytes using a concatenated
systematic Reed Solomon (RS) FEC code to generate RS parity bytes;
placing the information content bytes in a content field of a protocol data
unit (PDU); and
placing the RS parity bytes in an RS parity field of the PDU.
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30. The method of claim 29, including encoding program control information (PCI)
into a PCI codeword using a punctured Hadamard code, and placing the PCI codeword in

the PCl field of the PDU.

60



PCT/US2019/031046

WO 2019/217371

1/26

YHIVIENS
B EERAEY
TWNOHaaY

oG-

[ O
% "
YN n A
f . A ’ N
oS # 96¢ # 0 # 955 ¢ 945~ #
T TR TR v 10 9060~ 2 TOYEBl-
|
L WIS 13 SOTHW -
~—__ 4TS
T NIV — — NIV 7 TN
.......... AN — R HNOLIOOY
A0S NV
TR \ WO 0T



PCT/US2019/031046

WO 2019/217371

2/26

¢ Ol4

——
e 3
<o T

g
==

o
g

-

082~ 41 B R0
— {810~ §) ™ 055Gl

7,
’ \i.\fi.)
(087 4 W w00 -
(816 ) 1 £55'51 -
E RN rram
(9 QM
(995 #) H 190601 -
70V -
G-
LA i

EREREREY :
WNOLIOY L ]

QHYR30S
LG dddn

Q B oh7-

(965~ §) ,

- A {gye- f)
~IH 104861
09
~ ATIENS

v T N
L NV

(hva IS
WL 43N0



WO 2019/217371

3/26

e
o
i —t Lo RS
y =€ o b
by = B o i
\\:'k 0 bad x5 e e
| ==
&5 bt O g
SEE S5
* 2555 o S
(j}w
e,
o)
N2 ) L S,
o [T L
2n ey W ON
S il N
= = R
(;% st N\wj g
s S | ~
&3 Lt o 3
= =
= o B |
= o §
L2 L3
P!
o
& =
Fa
=05
=
=
i
o
e,
""4 IS
o e B mw
-
';;.....
=
e
&
£
= 3
L d
o
&5
- 1 5
e = i .-‘-“u.,i'
s E c'?s i
Lt e
= = o
oo R e g
= = X
e Sistee =
o N R~
H - [ ]
Tve) }
§
N
(. T
N
= s g &
L L0 o et
2 a5
*{Q:Zm

PCT/US2019/031046

FIG. 3



WO 2019/217371 PCT/US2019/031046

4/26

REFERENCE SUBCARRIER
(ﬁ 18 DATA SUBCARRIERS

D3y - CF O TTON D Y LD e O

ENCE

REFERE

FREQUENCY

FIG. 4

REFERENCE SUBCARRIER
18 DATA SUBCARRIERS g}




WO 2019/217371

LOWER PRIMARY SIDEBAND

PCT/US2019/031046

5/26

LOWER SECONDARY SIDEBAND

oo

$Rs0e boseif

Il

H

01

o

67891011
REFERENCE

31

Al

NUMBERS

;

1

N
o S )
=

UPPER SECONDARY SIDEBAND

UPPER PRIMARY SIDEGAND

il

B

HHHHATY

A

9%@442434—%4545474849505‘!5

REFERENCE SUBCARRIER NUMBERS
FREQUENCY

FIG. 7



PCT/US2019/031046

WO 2019/217371

6/26

mmw../y

(310348
~NOILYOlTddY)
HOLY INOOWAT

{3sve-dsa

get

S

F0iA40
INdino

& &

15 BN 745
0 |

(NVESYd

LEREIL I

HALHIANDD
NAMOG
DI

gct

ZzL—

51590010

ool

mwm,.},,

-9 =0

HOLYTISSO
W30 1EYNNL

By -2y =4y 31
ADNINDINS
2IVI0INEILN

911

Y3
13471453ud

oL —"
201



PCT/US2019/031046

WO 2019/217371

7/26

4

O
o]
[

................... N
o L |
y m ONA !
&~ “ o = ! ;
© 1 %E Smm ' t

I ] . ;
29| _Jse m
] AE OO\OR ] ]
“ Ol ol “
L e ] |
! “ !

i

FIG. 9



WO 2019/217371

|

8/26

PCT/US2019/031046

STATION !

INFORMATION MPS ;

SERVICE E

331 MPSD MPSA :

% P 4 _i

« CONTROL SERVICE INTERFACES \

MPSD MPSA 3

% ¥ °

CONTROL 334A47pgD AUDIO 332 i

> TRANSPORT || ENCODER |

SIS DATA S| T MPSAENCODED |

MPSD 2 IZ  PACKETS |

PDUs o LB :

& S |

o ! .
O H

= ! |

& ; :

e . .
2 v ¥

= 335 OPPORTUNISTIC |

% ¢

x SIS .

= - AUDIO TRANSPORT "

= 333 ‘

o A H i

_— H .

3 | CONTROL L | ¥

& ! |

S SIS MPSD PDUSs + MPSD PDUS .

PDUS (STREAM 0) (STREAM 1) E

v E .

¥ L

CONTROL 7/ LAYER 2 CHANNEL MULTIPLEX) :

12 PI1 P|2 PIS P|4 Psés %1 !

PDUS 338 -

CONTROL . ' ' ' ——oq

= LAYER 1 (WAVEFORM / TRANSMISSION) - (L1 PDUs) -

HD RADIO WAVEFORM| 1

FIG. 10A



WO 2019/217371 PCT/US2019/031046

9/26

A _
: DATA |
5 _____________________________ SERVICEM | SPSN
: | DATA |
E | SERVICE 1 | SPS 1
: SPSD| SPSA
B» §31 v ¥ v ¥ ¥V V
‘ SERVICE INTERFACES
[ as SPSD SPSA
5 DATA v SPSy y SPS\p-332
| SPS SPS,
§ psp RV apio R
; 334 TRANSPORT ENCODER
B MPSD S |S  3PsA
! 1/ SPSDN | |2 | = encopep
: PDUs | PDUS & | & PACKETS
E ¥ A B
; SPS
E ¥ OPPORTUNISTIC ¥ vy N
: AAS DATA
E 336

. 3 i S
I CONTROL | | g 333
E 5 E
: vl SPS PDUS + SPS PDUS
| AASDAIA B3I STREAMO| | STREAM 1
| OPPQDRA%JAE\#STK: % g
é_ 337 ¥ ¥ \d
LAYER 2 CHANNEL MULTIPLEX) /
] |

| | | |
: 2 3 4 5 SIDS
L2 A S M p

: LAYER 1 (WAVEFORM/ TRANSMISSION) - (L1 PDUs)
[

B

FIG. 10B



PCT/US2019/031046

WO 2019/217371

10/ 26

| | |
- H SIEARAN |
NIV | | NN
| WRIYOENS | | qaooNg [ FENESSY fe—
H HIVIRIALN e 034 e L
O)dn¥ove | |
o i <
g0¢ 4 Soe. PO
CW [ VN | VN [ VIN | €8 [ ¢ | 9
oW | JW | z8 [eW | 1868
08 | v8 | SW |98 [N | 28 [ 19
S v 1 ¢ e 1 [0 N®
Y3ONI Lig NOILYHO NI
N LLVd TANLONNC VO HLIM XL
[t 192 [ S | ve [ € [ ec [ e 0z 6L [ 8 [ 20 [ 9F [ 6 [y [ Ol
L 1 9 1 s | v |Woud
SNIddVIN NOLLILEVd AONIND 34 Y3AYIINILNI GNYE3AIS ¥3ddn
& 1o i lov 6 ] 8 2191 61 v ¢ ¢ v [0 |oL
2 A T NOY3
HNIddVIN NOILILEYd AONINO T ¥IAY I3 LNT GNVEAIS ¥IMOT

WYD¥ HLIM XLdW ¥0 4 ONiddvIN NOILI LVd AONINDIYA




PCT/US2019/031046

WO 2019/217371

11726

Gl old

7 19 [ 6 | #2 | € | ¢ | v ] 0z 1 6b 1 8 1 2V [ 8 [ GF | vr (95101
Sl | ¥ | &F | ¢& | WOud
IZ |9 | S | #¢ | € | 2 | V¢ | 0z | 6y | 8 | 21 | S | GF | vl |9SWOL
W1 0L | 6 | 8 | woud
SNIddVN NOLLILYYd AONINOTdd JIAVITIILN GNVEIAIS 43ddN
€ et T Jor 1 6 1 81 7T 91 61 v 1l el 1 1 1T 0 [8s10L
€ 1 ¢ [ 1 10 NOYS
€ [ 2k |t [0 1 6 | 8 [ 7 19 [ ¢ v 1 €& 7z 1 7 1 0 [aswolL
. 1 9 [ s v NOY
SNIddVIN NOILILYYd AONINO TS JIAVITIILN ANVEIAIS JIMOT
WYO-91 HLIM X1 dIN 804 DNIddVIN NOILLLEVd AONANOIH
vl Ol
gXd dy 9126 pd dNXOVE
NXd 4 82.¢. 7d NIVW
XISV ZH) (SLE) TINNVHD
YAAVITHILNG | 3Ly IAVES | 3ZIS JNVHA WIID0T
HIJISNVHL | M3HSNVAL

YD HLIM X1dN FAOW FOINEIS—SOILSIHFLOVHYHO FAV 4 YI34SNYL




PCT/US2019/031046

WO 2019/217371

12726

L Old

Ll 9¢ Ge |44 £¢ 4 14 0¢ 61 81 Li gl Gl vl | 857101
£¢ [44 74 0¢ | NOH4
Ll 9¢ G¢ ve £¢ ¢l 2 0¢ 6l 8l Ll 91 Gl vl | gSXOL
£ /4 L 0 6l 8l L} 91 | NOYS
Ll 9¢ &¢ e £¢ ¢l 24 0¢ 6l 8 L} 91 gl Pl 19SAOL
ai i £l ¢y | oY
ONIddVIA NOILILYYd AONIND 4 Y3IAVITIILN ANVEIAIS ¥3ddN
£l 4 Ll 0L 6 8 . 9 ¢ |4 £ ¢ b 0 1857101
£ /4 L 0 WO
£l 4 bl 0l 6 8 L 9 g b £ ¢ b 0 198X0l
L 9 g b NOYd
£l 4 by 0L 6 8 . 9 g 4 £ ¢ b 0 18SWOoL
22 0b 6 8 WOHd
ONddVN NOILILYVd AONINDIHH ¥IAVITIILINI ANVEIAIS ¥3IMOT
WYD-¥9 HLIM X1 dWW HO 4 ONIddYIN NOILLLIYd AONIND IS
9/ 94
OW (¢ | YN T VYN 198 | SW | LN T EW VYN VYN Z8 N €9
W ISI-N 1 68 | 9W p g g el NG vE | N | e 1081 2D
g 168 (LW ekg 6N jsi-g ) 18 184 [0L-NTElg 8N | vi-B1 1D
b 0L 6 8 . 9 g b g ¢ b 0__IN39

XJAN 118 NOLLYWHO NI

N3 LLYd FINLONND WYD-9L HLIM XL dN




PCT/US2019/031046

WO 2019/217371

13726

0¢ 9l4

OW | VW | WIN T WIN T 18 | 0N | €D
OW | eW 1 18 11N 0" L ¢8| 2D
08 28 [ EW 1 ed | N1 €8 | 1D
g |4 £ ¢ | 0 | N3D
XJANI 118 NOLLYWHOLNI
NY3L1Vd FHNLONNWYD HLIM XEJN
6/ Ol
Ll 9¢ G¢ e £¢ ¢¢ 24 0¢ 61 8l Ll 9 Gi vl | Ol
) ¢ {NOHd
ONIddVIA NOLLILYYd ADNINOIY S ¥IAVITIILN ANvE3dIS ¥3ddN
gL 4’ L 0} 6 8 L 9 g |4 £ ¢ L 0 Ol
b 0 WOH
ONIddYIA NOLLILYYd AONIND I 4 HIAVITIIINI ANVEIAIS HIMOT
WYO¥ HLIM XEdIN HO 4 ONIddYIA NOILL LEVd ADNIN0 YA
8L Ol
QcW i v8 (08 19 I 98 (|icd | &8 j¢cWi ed [d¢8) 2d | S| 28 (€2d] 0d | €9
pirgiol-gislgl N g g 6el-8 0N 1 8l-d ) 88 1918 N T El-d ] 6d 128 EWN 2D
QLW vL-W ] W TSN LN P ZEN ] 9N 60N 8N T8N SN (9N 6N TEL-NT AW T2 LD
gl 42 £l A b 04 6 8 9 § v £ ¢ L 0 _IN3D
XJANI 118 NOLLYINHO NI

N3 11Vd FYNLONNG WvD-#9 HLIM XL dN




PCT/US2019/031046

WO 2019/217371

14/ 26

¢¢ Ol4

il 9¢ 8¢ e £¢ 44 74 0¢ 6l 8l L} 9l gl 142 Ol
. 9 NOHS
Ll 9¢ 14 ve £¢ 44 4 0¢ 6l gl L} 9l gl vl (SN OL
g |4 WOH4
ONIddYIN NOILILEYd AONIND 34 dIAVITIILNI ANVEIAIS H3ddN
£l 4 by 04 6 8 L 9 G [ £ ¢ L 0 185101
b 0 NOHd
£l 4 22 01 6 8 L 9 g [ £ 4 b 0 189SWOL
€ ¢ WO

ONIddYIN NOILLILEYd AONINOIH L HIAVITIFLINI ONVE3AIS H3IMOT

WYD-91 HLIM XEJIN YO 4 ONIddYIN NOILI LYY d AONIND IS

axd Ay 809 pd dNXOVE
WXd by 7989¢ 7d NIV
XIa L7 ZH) (s1ia) TINNVHD
YIAVITHILNG | 3Lvd IAved | 3ZiS JNvY WOID0T
HIISNVAL NEES

YD HLIM XEdN FAOW FOINEIS—SOILSIHFLOVHYHO TNV Y34SNYL




PCT/US2019/031046

WO 2019/217371

15/ 26

y¢ Ol4

Ll 9¢ Ge |44 £¢ (44 14 0¢ 61 81 Li gl Gl vl 185701
b 0L | NOY4
Ll 9¢ G¢ ve £¢ 44 2 0¢ 6l 8l Ll 91 Gl L 1€9SX01
6 8 WO
Ll 9¢ &¢ e £¢ 44 24 0¢ 6l 8 L} 91 gl Pl 19SAOL
)i 9 NOYd
ONIddVIA NOILILYYd AONIND 4 Y3IAVITIILN ANVEIAIS ¥3ddN
£l 4 Ll 0L 6 8 . 9 ¢ |4 £ ¢ b 0 1857101
b 0 WO
£l 4 bl 0l 6 8 L 9 g b £ /4 b 0 198X0l
£ 4 NOYd
£l 4 by 0L 6 8 . 9 g 4 £ /4 b 0 18SWOoL
§ [ WOHd

ONIddVYIN NOILILYYd AONINDIHH HIAVITIILINI ANVEIAIS ¥IMOT

WYD-79 XEdIN YO DONIddYIN NOILLLAYd AONINOTHA

£¢ Ol
OW | LW [ WIN T VWINGTEE | SN ED
OW | AW 8 e bg | sd | 2o
0d [ v8 | SW | 98  yIN L Z2E 1D
g 4 £ ¢ b 0 __IN3D
XIANI LG NOLLYWHO AN

N3 11Vd FYNLONNG WYD-9L HLIM XEdN




PCT/US2019/031046

WO 2019/217371

16/ 26

L¢ Old

OW 1 v8 I8L-WJZCWNISLE yIN | 9d T 8W [N ZL-d) W S8 |60-WI9CW g SN 28 16N |SCIN9l-d] €9
ECWIZLWI0L-d | OW IZEWICWISEWNIZLE ] €W [OL-INTCCWIS-INTLEE T LW TEVINIOCIA PL-NELE T SN TN €9
YN 108 188 1/¢818-8| VN |£4 168 p28]1c8] VN 18689816l VN|ZdE 208152810089 19
6L 1 8L 1 ZL L 9L 1 Sb 1wl etk Lol 6 8 . g v £ 4 L RRES]
X3ANI L19 NOILLYWHOINI
WYO- HLIM NY3LLYd FUNLONNd 1880
9¢ 94
Ll 9¢ G¢ | 44 £¢ ¢l 14 0¢ 61 8l Ll 91 Gl 142 Ol
Le 9¢ T4 e £¢ 44 74 0¢ 61 81 Ll 91 gl yi NOYA
ONIddYN NOILILEVd AONINO IS HIAVITIILN ANVEFAIS ¥3ddN
gl 4’ Ll o) 6 8 A 9 g b £ ¢ b 0 Ol
£l 4 L oL 6 8 L 9 g b £ ¢ b 0 {NOYd
ONiddVIN NOILILYEYd AONIND 4 YIAYITIILNI ANVEIAIS ¥3IMOT

WyO-¥ HLIM 18ST HO -4 ONIddYIN NOILILYd AON3ND3YA

G¢ Ol
VbW €eg 118 cd |0y 08 (01g] g E9
gd | vd 1 69 [ OW | /29 |6d 198 | N ]| D
pIN L8N L EWN BN SN LN IS LD
. 9 g b g ¢ b 0__IN39
X3AN L1 NOLLYWHO NI

N3 LLVd FHNLINNG WVO-19 HLIM XEJA




PCT/US2019/031046

WO 2019/217371

17/26

6¢ Ol4

O-6d 9y ¥z {O) sald
-dd Oy v () said
ng-gd dy 8081¢ Ld dNX0VE
W-9d by VATAATA Ld NIVIA
XI9IVA (ZH) (S1ig) TANNVHD
HAAYITHAING | 31w JAVES | 371S 3AveA WDI90T
HAASNYHL HAASNYHL

WO HLM 1850 300N F0INGIS—SIILSRHILOVHEYHO TNV 4 H34SNYHL

freomooooooe ” Hivd M0019 H3d
| Cosugversz |t vl S8 02.2¢ LNdNI
a 1 HIAYIATIALN [ SiNdLNo
SNOILYTTILSNOD H31uv0ans | \%ZM,% ! 1g-62
OL STCENAS WG 40 v ! SLNANI LIF-0) | wmmgowﬂw
INVEA TN L] suagosie | mmﬁ@a O | 3vanassy
O £ AY13a L AIAVERIEINE P L) 3000NT 034
| O)dmiove | Sosz
T ] S
N 082



PCT/US2019/031046

WO 2019/217371

18/ 26

LE Ol

Z 1l | Sl il lal il Il T oo 16 [ v (850l
66 1 v6 [ 66 26 16 105 1 sv | sv | v | ov | Sv | v | S | v | WOu4d
72 179 TS Tve T T2z T2 Toz 6y T ar T2 790 1761 | v [6SWOL
v o0y | 66 | 88 | Z6 | 96 | s¢ | ¢ 8 [ z¢ 1i¢ 105 | 62 | 82 | WOuAd
SNIddVIN NOILILAVd ADNIND 394 9IAVITIALN ONVEIAIS 93ddn
S T T 1o 161 81 21915 v ] ¢ | 2 L 1 0 |asiol
& T w0 16 1 9 1 219 16 1 v | ¢t | 2 LT 0 [ WOu4
S T T To T 6 1 ¢ 1 7 179 1 ¢ 1 v 1 ¢ 1 2 L0 [aSw ol
17 192 | Se [ vz [ f2 L2z 12 oz 160 8 12t o 16 | v | Woud
SNIddVIN NOILILUYd AONINO 344 YIAVI THILN ONVEIAIS 9IMOT
AVO9) HLIM 18ST 404 ONIddYW NOILILEVd AONIND3E
e m MO ¥aAd SLig
<! A L L SQid 09 LNdNI
I - e i rovn AN
SNOLLYTTILSNOD HaRYOaNS | “ - .
m " SLNGNI Lig-oL [ 10l e
~ OLSTOBWASAIO AN 4 i ] RANLONN O | 3vamassy
- T YIAVITIAIN [ S
0 | O)dmiova | | ") 3000N3 03 ¢08¢
o < —d
9082 P0§2




PCT/US2019/031046

WO 2019/217371

19/ 26

£¢ Ol4

Ll 9¢ 14 vl £¢ [44 4 0¢ 61 gl Ll 9l gl vl 185701

£8 8 18 08 64 8. Ll 9. el vl £l 4 V2 0/ | WOYHA

Ll 9¢ G¢ e £¢ [44 4 0¢ 61 8l Ll 9l G vl 19SX0L

69 89 L9 99 g9 9 £9 [4Y 19 09 65 86 A 9¢ | NOYH4

44 9¢ 14 ve |44 44 14 0¢ 61 8l Ll 9l gl vl (SN OL

gg v9 £g ¢s |G 0¢g 67 8y Ly 9 &y vy %4 ¢y | NOY4

ONIddYIN NOILILYYd ADNIND I HFAVITIILNI ANVEFAIS Y 3ddN

el 4 i 01 6 8 A 9 g v £ ¢ 5 0 185701

£l 4 b 04 6 8 L 9 G [ £ ¢ 3 0 WOHA

el 4 b 0L 6 8 A 9 g |4 £ ¢ 5 0 165701

Ll 9¢ 14 ve £¢ [44 4 0¢ 61 gl L} 9l gl vl | NOHd

£l 4 22 0} 6 8 L 9 § |4 € ¢ 3 0 18SNOL

24 0y 6¢ 1 LE 9¢ 1 4% £e [4) 23 0f 6¢ 8¢ | NOY4

ONIddVA NOILILYVd AONINOIY S HIAVITIILNI ANYE3AIS ¥3IMOT
WYO-79 HLIM 1 8S0 ¥04 ONIddvW NOILILYYd AONINOFHA
¢ Ol

LWL 7 [8E-WISS-WI0Ed | 6N [SL-EI9L-WIByINISE-E el-W LGNS IEH LN ELVEI6LNTISINGEEE] €9
Ly-WiSEW I 0cE | EW [VCWILCWI0EW ved | W [OCWIvy-WIEEWIECH | VN [ZCWIP-INTLE-WN | 2281 SN 1SN 29
VN 1 €8 1919186918 1ev-Wi 948G (/8 |8vdiChd| VN 18 161-9ivS-d1968 VN|SE | vp811581Ird] ID
b€ | 8¢ | Z€ | 9¢ | 6t | ¥E | €¢ | ¢ | V€ | QF | 6¢ | 8 | L¢ | 9 | GC | ve | € | ¢C | ¢ | O¢C
CLW 08 [ZEN 2SN 62 |0LINICL-EIZLINIOSINIvE-E [ pI-WN | 88 [6E-WNIESN|8CE ] 8W ivi-d|8L-WI6FNIZEd]| €9
QW IpEW I Le-g | ¢ (ST [y INIBCINISed ! LW VW ST CENIcc8] O 9N Oy N8N 9281 vIN [CeN 29D
VIN 128 |/21-81¢58 /ed | VINT /G 19vd (058 8] WIN |08 8- ]E6d|68-8] WN|vyE (Shai6r8i0rdg| 1O
6L (8L 1AV 1 9F 1 &) (v o€k fch | L0} 6 8 L 9 g b 3 ¢ b 0 _IN3D

XIAN 119 NOLLYIWHOANI

NY3LLYd FHNLONNG WVYDIL HLIM 1580




PCT/US2019/031046

WO 2019/217371

20/ 26

G¢ Ol
9

£l 4 22 01 6 8 L g [ £ /4 b 0 Ol
gl 4 by 0} 6 8 A 9 g |4 £ ¢ | 0 1INOYd
ONIddYW NOILLILYVd AONIND I 4 WIAVITIILINI ANVE3AIS FTONIS
WYO¥ HLM 1 8SS HO04 ONIddVYIN NOLLILYYd AONINOIFHA
yE€ Ol
9LW | 48 19481 ¢d (¢8| €8 (¢88] 08 |8-NWio-g |8, glilgii/NIEel-dg! €9
ppg 1968 1 Gyd | LN /8468 ve8 0N E5E 18681259 OW 105E | ivdE | 2D
SEW PP W ECIN Sy N TZE-W 1 27N | O E vo N | BE-IN | EG-W | ¥C-IN | ZS-IN I IN JOS-N| 1D
ag ¥S £g A LS 09 6y 8y Ly 9y S vy £y ey
281 68 |64WN | 4c8 1648199 1SN veG 628 1¢€08 vIW L8 v8 10081 €9
69d | SW 1990 |89 1451 9W 1999 1069 1998 LN 1698116812981 8N | €9
9¢-N | 69N | 8N | 99N [ WL | ZG-IN JOE-N L 99N [ 9L-IN T POIN T LEW T EO-W LTI {29 | 1D
24 0y 6¢ 8¢t L8 9t 13 Ve et 43 2 0¢ 6¢ 8¢
¢LW 82984 (AW G-8 48] b8 188121816989 ]168 108N 68 | €D
099 1964 195G | eW [ 15d 1669 |68 | LI-N|G9d 1628 1¢€l-G 10N L9E | 288 29
9C-W | 09N [ 6L-N | G5 [ 66N | LS-W | SN | 6N | 6¢ N 1 89-W | GL-N | GO T CE-N T IO 1D
L¢ 9¢ 14 144 £¢ 44 Le 0¢ 6l 81 Ll 9l gl 42
ogd |29 0/Njvl-gi0d ] 18 |ELN 618 1€8] 98 [€8IN|¢2-81€88 98] €9
668 | 6W [ 8vd | Ovd | 98 | ¥N 1858 | £ed | 9Fg ELVN I ErE I vedicrd | ¢ | €D
LW TOSW IO 18y IN TSN Z9N T EE-N TBSW I8N T 9N | vEe-W [ EVIN T ZCIW ISP N LD
£l 4 Ll 0l 6 8 L 9 g |4 £ ¢ b 0__| N39

X3AN 119 NOILYIWHOANI

N3 L1Vd FHNLONNG WYD-v9 HLIM 18Sd




PCT/US2019/031046

WO 2019/217371

21/ 26

L& Old

O-ad ay Zil {0) sald
-dd Ty AN () said
ng-ad dy 7065} Ld dNYOVY
n-ad Y 782121 Ld NIVIN
X191V (ZH) (S1ig) TINNYHD
HIAVITHIING | 3LV IAVES | 37IS FAVH4 WDI90T
HIASNYHL HAASNYHL

WYO-¥ HLIM 18SS 300N FONGFS—SDILSRIFLOVEYHO FAVH A ¥IISNVHL

9¢ Ol
EW | ¢d [ 6W |[El-W 28 1IN ed | 7N | c-N) 88 | €9
LN 8N ] S8 | OW L 9W TOoLN Y W] 9E LN SN 2D
YN 108 | v8 (18 64d { ¥WN | 1§ 1ii-d12-8gi0i8] 19
6 8 . 9 g [ £ ¢ b 0__| N3O

XFANE L1G NOLLYWHO NI

NYFLLVd FANLONNd WYO-v HLIM 1ESS




PCT/US2019/031046

WO 2019/217371

22/ 26

6€ Ol4

OW 1 v8 18I-NLCINSLET YN L 98 [ 8W IveW L8] LW S8 [6L-NI9CW i8] SN 29 6N SCNTIL-d] €D
ECWIZL-NI0L-E ) OW ICLWTICWISIWICL-E ] W T0LWICCWISLWNELL-E ] LN JELIWIOCN PN ELE T SN (LN 29
VN 108 186 108186 VN|edecqivigilcg| VN8 6898|608 VvN]|Z8|¢cg|scdiocd] 19
6L 1 8L | ZL 19l 1 GL {wb | EL 1ZL {110l 6 8 . 9 g 4 € ¢ L 0__IN3D
XJANL L8 NOLLYWHO NI
N3 LLVd FINLONND WVO-9) HLIM 18SS
8¢ Ol4

£l 4 22 0l 6 8 L 9 g v ¢ b 0185101

Ll 9¢ 14 e X4 44 24 9 g i ¢ L 0 NOY4

£l ¢l Ll 0l 6 8 L 9 g v ¢ L 0 J9SNOL

0¢ 6l 8l Ll gt Gl 142 el 4 22 0L 6 8 L NOHd

ONIddYN NOLLILHYd AONSN0TH S HEAVITAI NI ONVESAIS FTONIS

WYD-91 HLIM 1ESS HO -4 ONIddVIN NOILI LYVd ADNINDIYA




PCT/US2019/031046

WO 2019/217371

23/ 26

by Ol

6EW | 08 16691016 [SE-N| &8 16661 1§ |9E-WI2-g]9¢d 118 ]8-NW| 68| £D
ecd 1881881 EW 1/¢8 16181928 W |68 1vi-g¢€ed | 0N [¢ed61-81 79
BL-NTECW | 6N | 8CW 6N LN TSV T 9CW I PN BN 2 JEE-INJSL-A T ZE-W 1D
Le 9¢ 14 e £¢ 44 24 0¢ 61 8l Ll 91 Gl 42
ge-d | £8 [0 | 949 10pE 1 ELE PN 1918 1v8 ] 8 (6N 48 188 ¢8| €9
be-d 1 9W 16281028 €8 LN 10eg1¢eegivcd ] PN 12841811289 N 2D
8W [1EW (0 W IS TEL-IN T PEWN T OL-W T 0E-WTOLIW TSI LN T ZCW L LN LI LD
£l 4 Ll 0L 6 8 . 9 g [ 3 ¢ b 0 I N39
XJANI 118 NOLLYWHO NI
N3 L1Vd FINLONNd WYD-¥9 HLIM 18SS
0v Old
£l 4 Ll 0l 6 8 L 9 g v £ ¢ 4 0185701
£l 4 by 0l 6 8 L 9 § 14 £ ¢ L 0 NOHd
£l 4 22 0L 6 8 s 9 g 14 £ ¢ L 0 1d9SX0L
LC 9¢ Ge e £¢ (44 14 0¢ 61 8l LL gl Gl vL | WOYd
£l 4 22 0L 6 8 . 9 § 14 £ ¢ L 0 _|E8SNOoL
24 0y 6t 8t L€ 9¢ 1% ve £t 43 29 0¢ 6¢ 8¢ | NOY4
ONddYIA NOLLILYYd AONIND I 4 J3AVITISINI ANYEIAIS ¥3IMOT

WYO-79 HLIM 19SS HO04 ONiddVIAl NOILI LdVd AONINOFYA




PCT/US2019/031046

WO 2019/217371

24/ 26

&v Ol4

OW  vd |8 ZCNiSkg v 98 (8N [veN 2181 LW 68 [6LINJ9CINTpLg ! SN | 2d 6N [SCNj9l-d] €D
ECW LN 0L-G ] OW (VWIS IGE-NTCd ] EW (OL-WIZZINO-INTLEEG ] LW TELINTOCIN PL-NTELE] W TLLING 29
VN 10€ 184 1/¢818L-G| VN |4 €cd|pc8ilc8] VN 1E |66 94|68 VN]|ZH|2¢8158(0049] 19
6L 1 8L L 4L 1 9L 1 &8 Lyl el gk b0l 6 8 . 9 g |4 £ ¢ b 0 _|N3D
X3AAN 118 NOLLVYINGOANI
N LLVd FHNLONNDWYD-¥ HLIM GSN
¢y Ol
34 )4 6€ 8¢ JA% 9t 1 v €e ¢t 2 0€ 6¢ 8¢ | OL
Ll 9¢ G¢ e X4 ¢l Le 0¢ 6l 8l L} 91 Gl vl (NOYS
ONIddYIN NOILILEYd AONINO 3Y4 J3AVITIIIN ONVESAIS H3ddN
6§ |4 €8 14 LG 0g 14 8 iy 9F 414 vy £y ¢y | OL
€l ¢k 2% 0L 6 8 L 9 g v £ ¢ 4 0__JNOH4
ONddVAN NOLLILHYd AONINOIH L HIAVITHILNI ANVEIAIS HIMOT

WYO-¥ HLIM GSIN HO 4 ONIddYIN NOILLLYYd AONINDFS




PCT/US2019/031046

WO 2019/217371

25/ 26

Gy Old

INALNOD Nad
SU13I4 M3IN ZTONLLSIXE
A A
'l ™
(SLAGY) | ALKV | VLYD VLY(Q il asdsivsds
10d Sy Q3Xi4 | OUSINNLYOdO | g i /OSJWNSI
< T T - —
Y
SALAAN
0-gS qy VA (o) sais
-gS Ty ¥ (1 sais
ng-as dy 8081¢ S dNXMOVE
n-gs 3y AT 7S NIV
XIHLYIN (zH) {(sLig) TANNYHD
HIAAVITHILN | FIVH 3AVYS | 3ZIS JAve4 W90
HIASNYHL HIASNYHL

WYO-¥ HLIM GSIN 300N F0INY3S AYVYANOOIS—SOILS I LOVHVHO FNVY 4 YI4SNY L



PCT/US2019/031046

WO 2019/217371

26/ 26

Ly Old

(SALAE OHIZdN)
NI dI3Hd

o O

[ s B )

(STLASE INOON)
INILNOD NAd 21 ONILSIXT
'

S3LAS INOON + OHIZdN
0LOLOLOLOL O
L 00 L1001l L 0o
L L L0000 L
0000000 1L L L L

< O

[ane N e B

<O O

Lo R ]
<o O
OO
S O O
Lam B o BN

J

< O O O

={0d NI9



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2019/031046

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO4H20/30
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO4H

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal, WPI Data

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

paragraphs [0030],
figure 1

paragraph [0045]
paragraphs [0047] - [0052]

figure 7

X US 2014/281833 Al (KROEGER BRIAN W [US] ET
AL) 18 September 2014 (2014-09-18)
[0036] - [0038];

paragraphs [0041] - [0042]; figure 3

paragraphs [0056] - [0060]; figure 5

1-30

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

25 June 2019

Date of mailing of the international search report

10/07/2019

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Torcal Serrano, C

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2019/031046

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

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

Relevant to claim No.

A BRIAN CHEN ET AL: "Complementary
Punctured-Pair Convolutional Codes for
Digital Audio Broadcasting",

IEEE TRANSACTIONS ON COMMUNICATIONS, IEEE
SERVICE CENTER, PISCATAWAY, NJ. USA,

vol. 48, no. 11,

1 November 2000 (2000-11-01), XP011009788,
ISSN: 0090-6778

page 1829 - page 1830

A US 8 595 590 B1 (VOJCIC BRANIMIR R [US] ET
AL) 26 November 2013 (2013-11-26)

column 1, lines 5-12

column 3, line 26 - column 4, line 18
column 14, line 45 - column 16, Tine 21

A US 2004/063399 Al (MILBAR MAREK [US])

1 April 2004 (2004-04-01)

paragraphs [0059] - [0060]; figure 4

1,4,19,
22

1,19,22

13,14,
27,28

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2019/031046

Patent document
cited in search report

Publication
date

Patent family
member(s)

Publication
date

US 2014281833 Al

US 8595590 Bl

US 2004063399 Al

18-09-2014

26-11-2013

01-04-2004

BR 112015023717

CA
CN
EP
MX
RU
us
us
WO

CN
EP
JP
JP
KR
us
us
us
WO

AR
AU
BR
CA
CN
EP
JP
KR
MX
RU
TW
us
WO

2906536
105144616
2974102
346227
2015140124
2014281833
2015341049
2014151632

105122654
2926460
6096922

2016506647
20150122121
8595590
2014157092
2015207524
2014089100

041413
2003272752
0314652
2499098
1685618
1550224
2006501724
20050059208
PAO5003147
2330379
1320274
2004063399
2004030224

18-07-2017
25-09-2014
09-12-2015
20-01-2016
13-03-2017
19-04-2017
18-09-2014
26-11-2015
25-09-2014

02-12-2015
07-10-2015
15-03-2017
03-03-2016
30-10-2015
26-11-2013
05-06-2014
23-07-2015
12-06-2014

18-05-2005
19-04-2004
02-08-2005
08-04-2004
19-10-2005
06-07-2005
12-01-2006
17-06-2005
08-06-2005
27-07-2008
01-02-2010
01-04-2004
08-04-2004

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - claims
	Page 54 - claims
	Page 55 - claims
	Page 56 - claims
	Page 57 - claims
	Page 58 - claims
	Page 59 - claims
	Page 60 - claims
	Page 61 - claims
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - wo-search-report
	Page 89 - wo-search-report
	Page 90 - wo-search-report

