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(57) Abstract: Techniques for sending signaling information using hierarchical coding are described. With hierarchical coding,
& individual messages for users are encoded using multiple interconnected encoders such that (1) the message for each user is sent
& at a data rate suitable for that user and (2) a single multicast message is generated for the messages for all users. A base station
determines data rates supported by the users and the code rates to achieve these data rates. Each data rate is determined by one or
more code rates. Signaling information for the users is mapped to data blocks to be sent at different data rates. Each data block is
then encoded in accordance with the code rate(s) associated with the data rate for that data block. A final coded block is generated
for all users and transmitted. Each user performs the complementary decoding to recover the message sent to that user.
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HIERARCHICAL CODING FOR
MULTICAST MESSAGES

[0001] The present application claims priority to provisional U.S. Application Serial
No. 60/742,678, entitled “Hierarchical Coding for Multicast Control Messages,” filed
December 5, 2005 and U.S. Application Serial No. 60/774,789, entitled “Hierarchical
Coding For Multicast Messages,” filed February 17, 2006, and assigned to the assignee

hereof and incorporated herein by reference.

BACKGROUND
L. Field

[0002] The present disclosure relates generally to communication, and more

specifically to techniques for encoding and decoding data.

II.  Background

[0003] A multiple-access communication system can support communication for
multiple users by sharing the available system resources. The resources allocated to the
users are dependent on the multiple-access scheme implemented by the system. For
example, the system may allocate resources on the basis of time, frequency, code space,
and/or transmit power. A user may establish a link with the system by sending an
access request to the system and receiving an access grant with the allocated resources.
The user may then communicate with the system via the established link.

[0004] A multiple-access system typically reserves some resources for transmission
of signaling to the users. The signaling may be for various types of information needed
for proper system operation, such as access grants. The signaling is often sent on a
signaling channel, which may also be called an overhead channel, a control channel, or
a broadcast channel.

[0005] A signaling channel is typically sent as ecither a unicast channel or a
broadcast channel. For a unicast signaling channel, signaling messages for individual
users are encoded separately and then sent on the signaling channel specifically to these
users. Encoding each message separately results in poor coding efficiency. For a

broadcast signaling channel, messages for all users are encoded together and then sent
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on the signaling channel to all users. Encoding all messages together improves coding
efficiency. However, the broadcast signaling channel is typically operated in a manner
such that all users, including the user with the worst channel conditions, can reliably
decode this signaling channel. This may be achieved by using a low code rate and/or
high transmit power for the broadcast signaling channel. Operating the broadcast
signaling channel to satisfy the worst-case user often results in inefficient use of the
resources allocated for the signaling channel.

[0006] There is therefore a need in the art for techniques to more efficiently transmit

signaling messages in a multiple-access system.

SUMMARY

[0007] Techniques for efficiently sending signaling and/or other information using
hierarchical coding are described herein. With hierarchical coding, individual messages
for users may be encoded using multiple interconnected encoders such that (1) the
message for cach user may be sent at a data rate suitable for that user and (2) a single
multicast message may be generated for the messages for all users. Hierarchical coding
may be implemented with various coding architectures such as a parallel architecture, a
serial architecture, and a mixed architecture.

[0008] In an embodiment, a transmitter (e.g., a base station) determines data rates
supported by the users, e.g., based on channel state information for the users. The
transmitter also determines code rates to achieve the data rates for the users, e.g., based
on a parallel or serial hierarchical coding architecture. Each data rate is determined by
one or more code rates. Signaling information for the users is mapped to blocks of
input data. Each input data block is sent at a different data rate and is encoded in
accordance with the code rate(s) associated with that data rate. In an embodiment, first
input data (e.g., from one block) is encoded in accordance with a first code rate to
generate first coded data. Second input data (e.g., from another block) and the first
coded data are then jointly or separately encoded in accordance with a second code rate
to generate second coded data. The remaining input data is encoded, possibly with
coded data, in accordance with one or more code rates. Final coded data is generated
for all users and is further processed and transmitted. Each user performs the

complementary decoding to recover the message sent to that user.
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[0009] Various aspects and embodiments of the invention are described in further

detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The features and nature of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the
drawings in which like reference characters identify correspondingly throughout.

[0011] FIG. 1 shows a wireless multiple-access communication system.

[0012] FIG. 2 shows a block diagram of a base station and a terminal.

[0013] FIG. 3A shows a hierarchical encoder for the parallel architecture.

[0014] FIG. 3B shows a hicrarchical encoder for the serial architecture.

[0015] FIG. 3C shows a hicrarchical encoder for the mixed architecture.

[0016] FIG. 4 shows an encoder within a hierarchical encoder.

[0017] FIG. 5 shows a sequential hierarchical decoder.

[0018] FIG. 6A shows a 2-stage hierarchical encoder.

[0019] FIG. 6B shows an iterative hierarchical decoder.

[0020] FIG. 7 shows a time-frequency diagram for a shared signaling channel.
[0021] FIG. 8 shows a process for performing hierarchical coding.

[0022] FIG. 9 shows an apparatus for performing hierarchical coding.

[0023] FIG. 10 shows a process for performing hierarchical decoding.

[0024] FIG. 11 shows an apparatus for performing hierarchical decoding.

DETAILED DESCRIPTION

[0025] The word “exemplary” is used herein to mean “serving as an example,

2

instance, or illustration.” Any embodiment or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other embodiments
or designs.

[0026] FIG. 1 shows a wireless multiple-access communication system 100 with
multiple base stations 110 and multiple terminals 120. A base station is a station that

communicates with the terminals. A base station may also be called, and may contain

some or all of the functionality of, an access point, a Node B, base transceiver
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subsystem (BTS) and/or some other network entity. Each base station 110 provides
communication coverage for a particular geographic area 102.

[0027] Terminals 120 are typically dispersed throughout the system, and each
terminal may be fixed or mobile. A terminal may also be called, and may contain some
or all of the functionality of, a mobile station, a user equipment, and/or some other
device. A terminal may be a wireless device, a cellular phone, a personal digital
assistant (PDA), a wireless modem card, and so on. In the following description, the
terms “terminal” and “user” are used interchangeably.

[0028] For a centralized architecture, a system controller 130 couples to base
stations 110 and provides coordination and control for these base stations. System
controller 130 may be a single network entity or a collection of network entities. For a
distributed architecture, base stations 110 may communicate with one another as needed
without the uses of system controller 130.

[0029] The coding techniques described herein may be used for various multiple-
access communication systems such as Code Division Multiple Access (CDMA)
systems, Time Division Multiple Access (TDMA) systems, Frequency Division
Multiple Access (FDMA) systems, Orthogonal FDMA (OFDMA) systems, Single-
Carrier FDMA (SC-FDMA) systems, Spatial Division Multiple Access (SDMA)
systems, and so on. An OFDMA system utilizes Orthogonal Frequency Division
Multiplexing (OFDM). An SC-FDMA system utilizes Single-Carrier Frequency
Division Multiplexing (SC-FDM). OFDM and SC-FDM partition a frequency band
(e.g., the overall system bandwidth) into multiple (K) orthogonal subcarriers, which are
also called tones, bins, and so on. Each subcarrier may be modulated with data. In
general, modulation symbols are sent in the frequency domain with OFDM and in the
time domain with SC-FDM.

[0030] FIG. 2 shows a block diagram of an embodiment of a base station 110 and a
terminal 120 in FIG. 1. At base station 110, a transmit (TX) data and signaling
processor 210 receives traffic data for one or more terminals, processes (e.g., formats,
encodes, interleaves, and symbol maps) the traffic data for each terminal in accordance
with one or more packet formats selected for that terminal, and provides data symbols.
Processor 210 also receives signaling for the terminals, processes the signaling as

described below, and provides signaling symbols. Processor 210 also generates pilot
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symbols. As used herein, a data symbol is a symbol for traffic data, a signaling symbol
is a symbol for signaling, a pilot symbol is a symbol for pilot, which is data that is
known a priori by the base station and the terminals, and a symbol is generally a
complex value. A modulator (MOD) 212 performs modulation on the data, signaling
and pilot symbols and generates output chips. Modulator 212 may perform modulation
for OFDM, SC-FDM, CDMA, and so on. Hence, the output chips may be for OFDM
symbols, SC-FDM symbols, and/or spectrally spread data. A transmitter (TMTR) 214
conditions (e.g., converts to analog, filters, amplifies, and upconverts) the output chips
and generates a forward link signal, which is transmitted from an antenna 216.

[0031] At terminal 120, an antenna 252 receives the forward link signals from base
station 110 and possibly other base stations and provides a received signal to a receiver
(RCVR) 254. Receiver 254 processes (e.g., conditions and digitizes) the received signal
and provides input samples. A demodulator (DEMOD) 254 performs demodulation on
the input samples and provides symbol estimates, which are estimates of the data and
signaling symbols sent by base station 110 to terminal 120. A receiver (RX) data and
signaling processor 260 processes (e.g., symbol demaps, deinterleaves, and decodes) the
symbol estimates and provides decoded data and signaling for terminal 120.

[0032] On the reverse link, at terminal 120, traffic data and signaling to be sent to
base station 110 are processed by a TX data and signaling processor 262, modulated by
a modulator 264, conditioned by a transmitter 266, and transmitted from antenna 252.
At base station 110, the reverse link signals from terminal 120 and other terminals are
received by antenna 216, conditioned and digitized by a receiver 220, demodulated by a
demodulator 222, and processed by an RX data and signaling processor 224 to recover
the traffic data and signaling sent by the terminals.

[0033] Controllers/processors 230 and 270 direct the operation of wvarious
processing units at base station 110 and terminal 120, respectively. Memories 232 and
272 store program codes and data for base station 110 and terminal 120, respectively.
[0034] A base station may send signaling messages to terminals or users within its
coverage area. These signaling messages may be sent for various purposes such as
allocation and/or de-allocation of resources, acknowledgements (ACKs) and/or negative
acknowledgements (NAKSs) for data packets received from the users, power control

information, and so on.
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[0035] Each user may be located anywhere within the base station coverage area
and may achieve a particular received signal quality for a transmission from the base
station. The received signal quality may be quantified by a signal-to-noise ratio (SNR),
a signal-to-noise-and-interference ratio (SNIR), an energy-per-symbol-to-total-noise
ratio (Ec/lo), and so on. The base station may send messages to each user at a suitable
data rate to allow the user to reliably receive the messages. A data rate may also be
referred to as a packet format, a transmission rate, a rate, and so on.

[0036] The data rate for a message sent to a user may be expressed as:
Rz':Ci'Si'fsym > Eq(l)

where C;is a code rate used for the message sent to user i.
S; 1s the spectral efficiency of the modulation scheme used for user i,
Jsym 18 the symbol rate applicable for user i, and

R; is the data rate for user 7.

[0037] Code rate C; determines the number of code bits generated by an encoder for

a given number of information bits. For example, a code rate of C; =5/8 means that

cight code bits are generated by the encoder for every five information bits. A lower
code rate generates more redundancy, is more robust against adverse channel
conditions, but has lower efficiency due to more code bits being sent for a given number
of information bits. The converse is true for a higher code rate.

[0038] Spectral efficiency §; indicates the number of code bits sent in each
modulation symbol. §; is determined by the modulation scheme selected for use. For
example, S; is equal to 1.0 for BPSK, 2.0 for QPSK, 3.0 for 8-PSK, 4.0 for 16-QAM,
and so on. If the same modulation scheme and symbol rate are used for all users, then §;
and fq,, are fixed, and the data rate R; for each user may be obtained by selecting an
appropriate code rate C;.

[0039] The data rates for the users may be determined, ¢.g., based on channel state
information available for these users. Multiple users may have the same data rate, and
the messages for these users may be encoded in the same manner. The unique data rates

for all users may be identified and ordered in a decreasing order as follows:



WO 2007/120314 PCT/US2006/061628

R >R,>R,> ... >R, Eq (2)

where R) is the highest data rate and Ry is the lowest data rate. As noted above, a given
data rate may be applicable for multiple users.

[0040] The messages for the users may be encoded using multiple interconnected
encoders such that (1) the message for each user is encoded at a suitable overall code
rate that achieves the data rate for that user and (2) a single coded message is generated
for the messages for all users. The encoding may be performed using various coding
architectures such as a parallel architecture, a serial or cascaded architecture, and a
mixed architecture. A coding architecture may also be referred to as a coding structure,
a coding scheme, and so on.

[0041] FIG. 3A shows an embodiment of a hierarchical encoder 310 for the parallel
architecture. In this embodiment, messages to be sent at the highest data rate of R, are
provided to an encoder 320a, messages to be sent at the second highest data rate of R,
are provided to an encoder 320b, messages to be sent at the third highest data rate of R;
are provided to an encoder 320c, and so on, and messages to be sent at the lowest data
rate of Ry are provided to an encoder 320n. Encoders 320b through 320n are coupled in
parallel and provide their outputs to encoder 320a. A channel interleaver 370 receives
the code bits from encoder 320a and interleaves or reorders these code bits in
accordance with an interleaving scheme to provide time and/or frequency diversity. A
symbol mapper 380 maps the interleaved bits to modulation symbols in accordance with
a modulation scheme selected for use.

[0042] Each encoder 320 multiplexes its input messages, encodes the multiplexed
messages in accordance with a code rate selected for that encoder, and provides one or
more coded messages. A coded message may also be called a coded block, a codeword,
a coded packet, a code bit sequence, and so on. A message may be of any size. Each
encoder 320 essentially maps a set of input bits to a set of output bits based on a specific
mapping designed to provide good performance. Each encoder 320 may (a) jointly
encode all input messages and provide one coded message, (b) separately encode each
input message and provide a corresponding coded message, or (¢) jointly encode some

input messages and separately encode other input message(s).



WO 2007/120314 PCT/US2006/061628

[0043] Encoder 320a encodes its input messages with a code rate of Cy, which is
selected to achieve the highest data rate of R; with the modulation scheme used by

symbol mapper 380. The code rate for encoder 320a may be expressed as:
G=0R, Eq (3)

where Q=1/(S-f,

wm) - 10 cquation (3), Q is a constant that is determined by the
symbol rate f;,,, and the spectral efficiency S of the modulation scheme used by symbol
mapper 380. Encoder 320b encodes its input messages with a code rate of C, =R, /R,,

which is selected such that the combination of code rates C; and C; achieves the second
highest data rate of R;, or C,-C, =Q"R,.

[0044] In general, for the parallel architecture, encoder 320 for messages to be sent
at a data rate of R; encodes its input messages with a code rate of C;, which may be

determined as follows:
C,=R,/R,, for i=2,..,N. Eq (4)

The combination of code rates C; and C; achieves the data rate of R;, which may be

given as:
C -C=0QR , fori=2,..,N. Eq (5)

[0045] FIG. 3B shows an embodiment of a hierarchical encoder 330 for the serial
architecture. In this embodiment, messages to be sent at the highest data rate of R, are
provided to an encoder 340a, messages to be sent at the second highest data rate of R;
are provided to an encoder 340b, messages to be sent at the third highest data rate of R;
are provided to an encoder 340c, and so on, and messages to be sent at the lowest data
rate of Ry are provided to an encoder 340n. Encoders 340a through 340n are coupled in
series. Each encoder 340, except for the first encoder 340a, provides its output to a
subsequent encoder. Each encoder 340, except for the last encoder 340n, also receives
the output of a prior encoder. Channel interleaver 370 interleaves the code bits from
encoder 340a. Symbol mapper 380 maps the interleaved bits to modulation symbols in

accordance with the selected modulation scheme.
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[0046] Each encoder 340 multiplexes its input messages, encodes the multiplexed
messages in accordance with a code rate selected for that encoder, and provides one or
more coded messages. Each encoder 340 may jointly encode all input messages and
provide one coded message, separately encode each input message and provide a
corresponding coded message, or jointly encode some input messages and separately

encode other input message(s). Encoder 340a encodes its input messages with a code

rate of C|, which may be determined as C/ =Q-R,. Encoder 340b encodes its input
messages with a code rate of C;, =R, /R,, which is selected such that the combination
of code rates C| and C, achieves the second highest data rate of Ry, or C/-C; =Q R, .

Encoders 340a and 3400 in FIG. 3B are coupled in the same manner as encoders 320a

and 320b in FIG. 3A. Hence, C/=C, and C, =C,. Encoder 340c encodes its input
messages with a code rate of C; =R, /R,, which is selected such that the combination
of code rates C;, C, and C; achieves the third highest data rate of Ri, or
C-C,-C;=0"R,.

[0047] In general, for the serial architecture, encoder 340 for messages to be sent at
a data rate of R; encodes its input messages with a code rate of C/, which may be

determined as follows:

C'=R /R, , for i=2,..,N. Eq (6)

The combination of code rates C| through C; achieves the data rate of R;, which may

be given as:
HC}:Q-RZ., fori=2,..,N, Eq (7)
;=

where “[]” denotes a product operation.

[0048] FIG. 3C shows an embodiment of a hierarchical encoder 350 for the mixed
architecture. In this embodiment, hierarchical encoder 350 includes P stages of
encoders 360, where in general P> 2. Each stage may also be referred to as a layer, a
round, and so on. Each stage, except for the first stage, may include one or more

encoders 360. Stage p, for p=1,...,P, includes K, encoders 360, where K, is the
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number of encoders in stage p and in general K, >1. In FIG. 3C, encoder (p,q)

denotes the g-th encoder in stage p, where p =1,..,P and ¢=1,...K .
[0049] In the embodiment shown in FIG. 3C, messages to be sent at the highest data
rate of R are provided to an encoder 360a in the first stage, messages to be sent at the
second highest data rate of R, are provided to the first encoder 360ba in the second
stage, and so on, and messages to be sent at the lowest data rate of Ry are provided to
the last encoder 360pk in the last stage P. In general, the messages for each data rate
may be provided to any encoder in any stage. Each encoder 360, except for encoder
360a in the first stage, provides its output to an encoder in a subsequent stage, which
may be one or multiple stages over. Each encoder 360, except for encoders 360pa
through 360pk in the last stage, also receives the output of at least one encoder in at
least one prior stage. Channel interleaver 370 interleaves the code bits from encoder
360a. Symbol mapper 380 maps the interleaved bits to modulation symbols.

[0050] Each encoder 360 multiplexes its input messages, encodes the multiplexed
messages in accordance with a code rate selected for that encoder, and provides one or
more coded messages. Each encoder 360 may jointly encode all input messages and
provide one coded message, separately encode each input message and provide a
corresponding coded message, or jointly encode some input messages and separately

encode other input message(s). Encoder 360a encodes its input messages with a code

rate of C}, which may be determined as C;, =Q-R,. Encoder 360ba encodes its input
messages with a code rate of C, =R, /R,, which is selected such that the combination
of code rates C, and C; achieves the second highest data rate of R, or C,-C, =0 ‘R, .

[0051] The messages to be sent at the third highest data rate of R3 may be encoded
in one of several manners. In one embodiment, these messages are provided to a second

encoder in the second stage (e.g., encoder 360bk in FIG. 3C, assuming that K, =2),
which encodes its input messages with a code rate of C;=R,/R,. In another

embodiment, these messages are provided to an encoder in the third stage (not shown in
FIG. 3C), which encodes its input messages with a code rate of C; =R,/R, and
provides its output to encoder 360ba in the second stage. The messages for each
remaining data rate of R;, for i =4,..., N, may likewise be encoded in one of several

manners. The messages to be sent at data rate R; may be provided to another encoder in
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the same stage as the encoder used for messages sent at data rate of R;;. Alternatively,
these messages may be provided to an encoder in the next stage.

[0052] In general, the messages for each data rate may be provided to any encoder
in any stage. The messages for each data rate may be encoded by one or more encoders
in one or more stages.

[0053] Hierarchical encoder 350 may implement hierarchical encoder 310 in FIG.

3A or hierarchical encoder 330 in FIG. 3B. If P=2 and K, = N -1, then hierarchical

encoder 350 includes two stages, with the second stage including N-1 encoders.
Hierarchical encoder 350 is then equivalent to hierarchical encoder 310 in FIG. 3A. If

P =N and K, =... =K, =1, then hierarchical encoder 350 includes N stages, with each

stage including one encoder. Hierarchical encoder 350 is then equivalent to hierarchical
encoder 330 in FIG. 3B. A mixed architecture with more than two stages and multiple
encoders in at least one stage may offer more flexibility in choosing the code rates for
the different encoders.

[0054] Encoders 320a, 340a and 360a in FIGS. 3A, 3B and 3C, respectively, have
the same code rate of C; and may be implemented with the same or similar designs.
[0055] Hierarchical encoders 310, 330 and 350 form different nested or hierarchical
coding architectures. In general, a hierarchical coding architecture is characterized by at
least two encoders coupled in a manner to support at least two data rates. The simplest
hierarchical encoder may include two encoders for two stages, as shown in FIG. 6A,
with the encoder in the second stage providing its output to the encoder in the first
stage. Different data rates may be achieved with different encoder sets, with each set
including at least one encoder.

[0056] Equations (1) through (7) describe data rates and code rates for the
hierarchical encoders in FIGS. 3A, 3B and 3C when input messages to each encoder are
encoded separately. Different equations may be applicable for the hierarchical encoders
when the input messages to each encoder are jointly encoded. The equations for joint
encoding may have additional parameters, e.g., for the relative sizes of different input
messages being jointly encoded.

[0057] FIG. 4 shows a block diagram of an embodiment of an encoder 400, which
may be used for each of encoders 320, 340 and 360 in FIGS. 3A, 3B and 3C,

respectively. Encoder 400 receives messages to be sent at data rate R;,. Encoder 400
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may also receive the output from one or more other encoders in one or more prior stages
for messages to be sent at data rates lower than R;.

[0058] Within encoder 400, a scrambler 410 receives the messages to be sent at data
rate R; and scrambles the message for each user with a scrambling code for that user.
User-specific scrambling may be applied to isolate the contents of different users that
are encoded together at the base station and subsequently decoded together at each
recipient user. The scrambling may be omitted if isolation of user messages is not
needed. A multiplexer 412 multiplexes the output of scrambler 410 and the coded
messages from other encoder(s) and provides an input bit sequence for encoding.

[0059] In the embodiment shown in FIG. 4, the input bits are encoded with a fixed
base code, and the resultant code bits are punctured with an appropriate puncturing
pattern to achieve the desired code rate. A base encoder 420 encodes the input bits with
the fixed base code, which may be a convolutional code, a serial-concatentated Turbo
code, a parallel-concatentated Turbo code, and so on. The base code may have a fixed
code rate (e.g., a code rate of 1/2 or 1/3) and may generate a predetermined number of
code bits for a given input bit sequence length. A puncturing unit 422 receives the code
bits from base encoder 420, punctures or deletes selected ones of the code bits, and
provides punctured or undeleted code bits. The puncturing is performed in accordance
with a puncturing pattern that is selected based on the code rate for encoder 400. An
interleaver 430 receives the punctured code bits, interleaves these bits in accordance
with an interleaving scheme, and provides the interleaved bits as the code bits for either
the next stage or the output of the hierarchical encoder. Interleaver 430 may also be
omitted, and the interleaving may be performed by channel interleaver 370 in FIGS. 3A
through 3C.

[0060] FIG. 4 shows an embodiment of an encoder that may be used in a
hierarchical encoder. Encoders of other designs may also be used in a hierarchical
encoder. In another embodiment, base encoder 420 may be a block encoder that maps a
block of input bits into a block of output bits based on a block code such as a Reed-
Solomon code, a low density parity check (LDPC) code, and so on. In other
embodiments, scrambler 410 may be omitted, interleaver 430 may be omitted, other

processing blocks may be included, and so on.
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[0061] The base station performs hierarchical coding on the individual messages for
different users, generates a single multicast message for these users, and transmits the
multicast message to the user. A multicast message is a message sent to multiple users
and may also be referred to as a broadcast message. The users receive the multicast
message and perform the complementary decoding to recover their individual messages.
For a message sent at the highest data rate of R, and encoded by a single encoder 320a,
340a or 360a, this message may be recovered by performing decoding for this single
encoder and extracting the message of interest. For a message sent at a data rate lower
than R, and encoded by multiple encoders, this hierarchical coded message may be
recovered by performing decoding for each of the encoders used for that message and
extracting the message of interest. The decoding of a hierarchical coded message may
be performed in various manners.

[0062] FIG. 5 shows a block diagram of an embodiment of a hierarchical decoder
530 that performs sequential decoding for a hierarchical coded message M. A symbol
demapper 510 receives symbol estimates from demodulator 256 in FIG. 2, performs
symbol demapping of the symbol estimates, and provides demapped symbols, e.g., in
the form of log-likelihood ratios (LLRs). A channel deinterleaver 520 deinterleaves the
demapped symbols in a manner complementary to the interleaving performed by
channel interleaver 370. Channel deinterleaver 520 provides the deinterleaved symbols
as input symbols for hierarchical decoder 530.

[0063] In the embodiment shown in FIG. 5, hierarchical decoder 530 includes L
decoding stages for the L coding stages observed by message M, where L >2. Each
decoding stage includes a decoder 540 and a selector 542. In the first decoding stage,
decoder 540a decodes the input symbols in a manner complementary to the encoding
performed by the first encoder 320a, 340a or 360a and provides decoded symbols.
Selector 542a selects the decoded symbols corresponding to the output of the encoder
used for message M in the second stage and discards the other symbols. For example, if
message M is encoded by encoder 360ba in FIG. 3C, then selector 542a retains the

decoded symbols corresponding to the output of encoder 360ba. In each subsequent
decoding stage ¢, decoder 540 for that stage receives symbols from selector 542 in prior
stage ¢/—1 and decodes these symbols in a manner complementary to the encoding

performed by the encoder used for message M in stage (. Selector 542 for stage ¢ then
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selects the decoded symbols corresponding to the output of the encoder used for
message M in stage (+1. Selector 542 for the last stage L provides the decoded data for
message M.

[0064] In the embodiment shown in FIG. 5, the decoder in cach stage [ is

determined by the encoder used for message M in stage £. The selector in each stage ¢
extracts the desired symbols in a manner complementary to the multiplexing of input
messages performed by the encoder in stage /.

[0065] In another embodiment, hierarchical coded message M is recovered by
performing iterative decoding. With iterative decoding, the output of a decoder is fed
back and used by another decoder in order to improve the reliability of the decoded
symbols. In general, iterative decoding may be performed over all or a subset of the
decoders applicable for message M. For clarity, iterative decoding is described below
for a simple 2-stage hierarchical encoder.

[0066] FIG. 6A shows a 2-stage hierarchical encoder 610 composed of encoders
620a and 620b. Encoder 620b receives and encodes data block X in accordance with
code rate Cp and generates coded block Y. Encoder 620a receives coded block X and
data block W to be sent at a higher data rate. Encoder 620a encodes blocks # and Y in
accordance with code rate C, and generates coded block Z, which is further processed
and transmitted. Encoders 620a and 620b may implement a serial concatenated
convolutional code or some other code.

[0067] FIG. 6B shows a hicrarchical decoder 630 for hierarchical encoder 610 in
FIG. 6A. Hicrarchical decoder 630 receives input symbols Z, which are initial

estimates of the code bits Z from encoder 620a. The input symbols Z may be given in

LLRs or some the form.
[0068] For the first iteration, a decoder 640a decodes the input symbols Z in

accordance with code rate C, used by encoder 620a and provides decoded symbols ¥,

which are initial estimates of the code bits ¥ from encoder 620b. A decoder 640b
decodes symbols ¥ in accordance with code rate Cj, used by encoder 620b and provides
decoded symbols X, which are initial estimates of input bits X for encoder 620b.

Decoder 640b also derives symbols ¥, which are estimates of symbols ¥ from decoder
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640a. A unit 642 computes the difference between symbols ¥ and ¥ and provides the

difference as extrinsic information to decoder 640a.

[0069] For each subsequent iteration, decoder 640a decodes input symbols Z and
the extrinsic information from unit 642 in accordance with code rate C, and provides

improved estimates of code bits Y from encoder 620b. Decoder 640b decodes symbols
Y from decoder 640a in accordance with code rate C, and provides improved estimates
of input bits X as well as improved estimates of symbols ¥ from decoder 640a. Unit

642 computes the difference between symbols Y and ¥ and provides extrinsic
information to decoder 640a. Any number of iterations may be performed. After
completing the last iteration, decoder 640b provides a decoded block, which is a final
estimate of the transmitted data block X.

[0070] In another embodiment, hierarchical coded message M is recovered by
performing joint decoding. For a simple 2-stage hierarchical encoder, a first set of
symbols may be defined for all of the inputs to the encoder used for message M in the
second stage. A second set of symbols may be defined for all of the inputs to the
encoder in the first stage except for the output of encoder used for message M in the
second stage. For hierarchical encoder 610 shown in FIG. 6A, the first set of symbols
may correspond to X, and the second set of symbols may correspond to . Joint
decoding may then be performed on the first and second sets of symbols to obtain an
estimate of X. Joint decoding may also be performed for more than two encoders.
[0071] Joint decoding exploits the structure of all codes being jointly decoded, ¢.g.,
the codes used by encoders 620a and 620b in FIG. 6A. Joint decoding may be
performed in several manners. In one embodiment, joint decoding is performed with
maximal likelihood (ML) decoding. ML decoding examines all possible combinations
of bits that might have been transmitted and identifies the bit combination that is mostly
likely to have been transmitted based on all available information such as the input
symbols, channel estimates, and so on. ML decoding is computationally intensive and
may be prohibitive for many applications, especially for large data block sizes. In
another embodiment, joint decoding is performed by decoding iteratively, e.g., as shown
in FIG. 6B. It can be shown that optimal joint decoding, with an appropriate code

design, is capable of achieving spectral efficiencies that match the capacities of the
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wireless channels between the base station and the different users, e.g., when the total
available transmit power is distributed equally among these users.

[0072] The coding techniques described herein may be used to send user-specific
messages to individual users, broadcast messages with different coverage areas, and so
on. The user-specific messages may be for various types of signaling such as allocation
and/or de-allocation of resources, ACKs and/or NAKs, power control information, and
so on. The coding techniques may also be used with various signaling channel
structures.

[0073] FIG. 7 shows a time-frequency diagram 700 of an embodiment of a shared
signaling channel (SSCH) that may be used to send multicast messages generated with
hierarchical coding. In this embodiment, the system has multiple subcarriers that may
be obtained with OFDM, SC-FDM, or some other modulation technique.

[0074] Time-frequency diagram 700 shows an exemplary mapping of the SSCH to
subcarriers for two successive frames 710 and 720. Frames 710 and 720 may represent
two successive frames in a frequency division duplexed (FDD) system. Frames 710 and
720 may also represent two successive frames for the forward link in a time division
duplexed (TDD) system. In this case, one or more intervening frames for the reverse
link may be located between frames 710 and 720 (not shown in FIG. 7). Frames 710
and 720 may each be of any duration.

[0075] The SSCH may be assigned subcarriers in various manners. In an
embodiment, the SSCH is assigned specific subcarriers for the entire duration of a
frame, and the subcarrier assignment may change at frame boundary. In the
embodiment shown in FIG. 7, the SSCH is assigned three sets of subcarriers 712a, 712b
and 712c¢ in frame 710 and three sets of subcarriers 722a, 722b and 722c¢ in frame 720.
In another embodiment, the SSCH is assigned subcarriers that may change during the
course of a frame. For all embodiments, the subcarriers assigned to the SSCH may be
static or may be dynamically selected based on a predetermined pattern or a pseudo-
random frequency-hopping pattern. Each pattern indicates the specific subcarriers to
use for the SSCH in each time interval, which may span one or multiple symbol periods.
[0076] The SSCH may be allocated subcarriers in various manners. In one
embodiment, the number of subcarriers allocated to the SSCH is predetermined and

fixed, e.g., a certain percentage of the total system bandwidth. In another embodiment,
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the number of subcarriers allocated to the SSCH is variable and may be conveyed by a
system control message. Typically, the number of subcarriers allocated to the SSCH
varies at a slow rate, if at all. For both embodiments, the number of subcarricrs to
allocate to the SSCH may be determined based on the expected or actual signaling load
on the SSCH.

[0077] The SSCH may carry multicast messages generated based on the coding
techniques described herein. The SSCH may be sent on all or a subset of the assigned
subcarriers.

[0078] FIG. 7 shows a specific signaling channel that may be used to send multicast
messages. These multicast messages may also be sent in other signaling channels
having other structures and/or implemented with other radio technologies, e¢.g., CDMA.
[0079] FIG. 8 shows an embodiment of a process 800 for performing hierarchical
coding at a transmitter. Data rates for users are determined, ¢.g., based on channel state
information for the users (block 812). Code rates to achieve the data rates for the users
are determined, e.g., as shown in equation (4) or (6) (block 814). Each data rate is
determined by one or more code rates. Signaling information for the users and/or other
information may be mapped to blocks of input data, with each input data block being
sent at a different data rate (block 816). The signaling information for each user may
also be scrambled with a scrambling code prior to being mapped to an input data block.
[0080] First input data (e.g., from one block) is encoded in accordance with a first
code rate to obtain first coded data (block 818). Second input data (e.g., from another
block) and the first coded data are encoded in accordance with a second code rate to
obtain second coded data (block 820). The second input data and the first coded data
may be (a) encoded jointly to obtain one block of second coded data or (b) encoded
separately to obtain two blocks of second coded data. The first input data may be sent
at a first data rate determined by the first and second code rates. The second input data
may be sent at a second data rate determined by the second code rate.

[0081] The remaining input data (if any) is encoded, possibly with coded data, in
accordance with one or more code rates (block 822). For the parallel architecture shown
in FIG. 3A, third input data (e.g., from yet another block) may be encoded in
accordance with a third code rate to obtain third coded data. The third coded data may

then be encoded jointly or separately along with the second input data and the first
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coded data to obtain the second coded data. For the serial architecture shown in FIG.
3B, third input data and the second coded data may be encoded in accordance with a
third code rate to obtain third coded data. In general, the data rate for each input data
block is determined by all code rate(s) observed by that input data block. Final coded
data is generated for all users and is further processed and transmitted (block 824).
[0082] FIG. 9 shows an embodiment of an apparatus 900 for performing
hierarchical coding. Apparatus 900 includes processor 912 for determining data rates
for users, e.g., based on channel state information for the users, processor 914 for
determining code rates to achieve the data rates for the users, processor 916 for mapping
signaling information for the users to blocks of input data to be sent at different data
rates, processor 918 for encoding first input data in accordance with a first code rate to
obtain first coded data, processor 920 for encoding second input data and the first coded
data in accordance with a second code rate to obtain second coded data, processor 922
for encoding remaining input data (if any) possibly with coded data in accordance with
one or more code rates, and processor 924 for processing and transmitting final coded
data generated for all users.

[0083] In FIG. 9, cach processor may comprise on¢ or more processors. The
functions described with respect to each processor may be combinations of those
described above with any of the FIGS. 1-8 above, with respect to encoding.

[0084] FIG. 10 shows an embodiment of a process 1000 for performing hierarchical
decoding at a receiver. Input data (e.g., for a multicast message) is decoded in
accordance with a first code rate to obtain first decoded data (block 1012). A portion of
the first decoded data, which corresponds to information sent at a data rate determined
by the first code rate, is discarded (block 1014). The remaining portion of the first
decoded data is decoded in accordance with a second code rate to obtain second
decoded data (block 1016). The discarding and decoding may be repeated for one or
more additional stages, if necessary (block 1018). A desired message is obtained from
final decoded data (block 1020). This message is sent at a data rate determined by all
code rates from the first decoded data to the final decoded data. For the parallel
architecture shown in FIG. 3A, a desired message sent at a data rate determined by the
first and second code rates may be obtained from the second decoded data. For the

serial architecture shown in FIG. 3B, a portion of the second decoded data may be
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decoded in accordance with a third code rate to obtain third decoded data, and a portion
of the third decoded data may be further decoded. Iterative decoding or joint decoding
may also be performed to recover the desired message.

[0085] FIG. 11 shows an embodiment of an apparatus 1100 for performing
hierarchical decoding. Apparatus 1100 includes processor 1112 for decoding input data
(e.g., for a multicast message) in accordance with a first code rate to obtain first
decoded data, processor 1114 for discarding a portion of the first decoded data
corresponding to information sent at a data rate determined by the first code rate,
processor 1116 for decoding the remaining portion of the first decoded data in
accordance with a second code rate to obtain a second decoded data, processor 1118 for
repeating the discarding and decoding for one or more additional stages, if necessary,
and processor 1120 for obtaining a desired message from final decoded data.

[0086] In FIG. 11, each processor may comprise one or more processors. The
functions described with respect to each processor may be combinations of those
described above with any of the FIGS. 1-8 above, with respect to decoding.

[0087] The coding techniques described herein may provide various benefits. The
techniques enable efficient packing of individual messages intended for different users
into a single multicast message with flexible resource allocation and rate adaptation.
The message for each user may be encoded to achieve the desired data rate for that user.
Higher coding gains may be achieved for the multicast message, especially when the
individual messages are short. System resources (e.g., bandwidth) allocated for the
transmission of the multicast message are shared by all of the users. This may improve
resource utilization due to statistical multiplexing gains and may further improve the
diversity observed by each user. Each user is allocated a portion of the resources used
for the multicast message based on the amount of data to send to that user. Resources
may thus be allocated to the users in finer granularity due to the aggregation of the
messages for all users. Interference among the users may also be reduced. Each user
may decode the multicast message and extract the message intended for that user.

[0088] The coding techniques described herein may be implemented by various
means. For example, these techniques may be implemented in hardware, firmware,
software, or a combination thercof. For a hardware implementation, the processing

units used to perform encoding at a transmitter (e.g., hierarchical encoder 310, 330 or
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350 in FIG. 3A, 3B or 3C) may be implemented within one or more application specific
integrated circuits (ASICs), digital signal processors (DSPs), digital signal processing
devices (DSPDs), programmable logic devices (PLDs), field programmable gate arrays
(FPGAs), processors, controllers, micro-controllers, microprocessors, electronic
devices, other electronic units designed to perform the functions described herein, or a
combination therecof. The processing units used to perform decoding at a receiver (e.g.,
hierarchical decoder 530 or 630 in FIG. 5 or 6B) may also be implemented within one
or more ASICs, DSPs, processors, and so on. The processing units (e.g., processors)
may be coupled to one or more memories, ¢.g., solid-state memories, which may store
data and/or program codes.

[0089] For a firmware and/or software implementation, the coding techniques may
be implemented with codes (e.g., procedures, functions, and so on) that cause one or
more processors to perform the functions described herein. The firmware and/or
software codes may be stored in a memory (e.g., memory 232 or 272 in FIG. 2) and
executed by a processor (e.g., processor 230 or 270). The memory may be implemented
within the processor or external to the processor.

[0090] Further, for software implementations, the functions may be stored on or
transmitted over as one or more instructions or code on a computer-readable medium.
Computer-readable media includes both computer storage media and communication
media including any medium that facilitates transfer of a computer program from one
place to another. A storage media may be any available media that can be accessed by
a general purpose or special purpose computer. By way of example, and not limitation,
such computer-readable media can comprise RAM, ROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other magnetic storage devices, or
any other medium that can be used to carry or store desired program code means in the
form of instructions or data structures and that can be accessed by a general-purpose or
special-purpose computer, or a general-purpose or special-purpose processor. Also, any
connection is properly termed a computer-readable medium. For example, if the
software is transmitted from a website, server, or other remote source using a coaxial
cable, fiber optic cable, twisted pair, digital subscriber line (DSL), or wircless
technologies such as infrared, radio, and microwave, then the coaxial cable, fiber optic

cable, twisted pair, DSL, or wireless technologies such as infrared, radio, and
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microwave are included in the definition of medium. Disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital versatile disc (DVD), floppy
disk and blu-ray disc where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the above should also be included
within the scope of computer-readable media.

[0091] The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments without
departing from the spirit or scope of the invention. Thus, the present invention is not
intended to be limited to the embodiments shown herein but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.

WHAT IS CLAIMED IS:
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CLAIMS

1. An apparatus comprising:

at least one processor configured

to encode first input data in accordance with a first code rate to obtain first
coded data, and

to encode second input data and the first coded data in accordance with a second
code rate to obtain second coded data; and

a memory coupled to the at least one processor.

2. The apparatus of claim 1, wherein the first input data is sent at a first data
rate determined by the first and second code rates, and wherein the second input data is

sent at a second data rate determined by the second code rate.

3. The apparatus of claim 1, wherein the at least one processor is
configured

to encode the first coded data in accordance with the second code rate to obtain a
first block of second coded data, and

to encode the second input data in accordance with the second code rate to

obtain a second block of second coded data.

4. The apparatus of claim 1, wherein the at least one processor is
configured
to jointly encode the second input data and the first coded data in accordance

with the second code rate to obtain one block of second coded data.

5. The apparatus of claim 1, wherein the at least one processor is
configured
to encode third input data and the second coded data in accordance with a third

code rate to obtain third coded data.
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6. The apparatus of claim 5, wherein the first input data is sent at a first data
rate determined by the first, second and third code rates, wherein the second input data
is sent at a second data rate determined by the second and third code rates, and wherein

the third input data is sent at a third data rate determined by the third code rate.

7. The apparatus of claim 1, wherein the at least one processor is
configured

to encode third input data in accordance with a third code rate to obtain third
coded data and

to encode the second input data and the first and third coded data in accordance

with the second code rate to obtain the second coded data.

8. The apparatus of claim 7, wherein the first input data is sent at a first data
rate determined by the first and second code rates, wherein the second input data is sent
at a second data rate determined by the second code rate, and wherein the third input

data is sent at a third data rate determined by the second and third code rates.

9. The apparatus of claim 1, wherein the at least one processor is
configured

to encode the first input data with a base code and

to puncture an output of the base code with a puncture pattern for the first code

rate to obtain the first coded data.

10.  The apparatus of claim 9, wherein the base code comprises a

convolutional code, a Turbo code, or a block code.

11. The apparatus of claim 1, wherein the at least one processor is
configured

to map signaling information for a plurality of users to the first and second input
data, each of the first and second input data including signaling information for at least

one of the plurality of users.
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12. The apparatus of claim 11, wherein the signaling information indicates

allocation of resources to the plurality of users.

13. The apparatus of claim 11, wherein the at least one processor is
configured
to scramble the signaling information for each user with a scrambling code for

the user.

14. The apparatus of claim 1, wherein the at least one processor is
configured

to determine a plurality of data rates for a plurality of users, and

to determine a plurality of code rates to achieve the plurality of data rates, the

plurality of code rates including the first and second code rates.

15. The apparatus of claim 14, wherein the at least one processor is
configured

to determine the plurality of data rates based on channel state information for the
plurality of users, and

to map signaling information for each user to one of a plurality of input data
blocks based on a data rate for the user, the plurality of input data blocks comprising the

first and second input data.

16. A method comprising:

encoding first input data in accordance with a first code rate to obtain first coded
data; and

encoding second input data and the first coded data in accordance with a second

code rate to obtain second coded data.

17. The method of claim 16, wherein the encoding the first input data
comprises

encoding the first input data with a base code, and
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puncturing an output of the base code with a puncture pattern for the first code

rate to obtain the first coded data.

18. The method of claim 16, further comprising;:
determining a plurality of data rates for a plurality of users; and
determining a plurality of code rates to achieve the plurality of data rates, the

plurality of code rates including the first and second code rates.

19. The method of claim 16, further comprising;:
mapping signaling information for a plurality of users to the first and second
input data, each of the first and second input data including signaling information for at

least one of the plurality of users.

20.  An apparatus comprising:

means for encoding first input data in accordance with a first code rate to obtain
first coded data; and

means for encoding second input data and the first coded data in accordance

with a second code rate to obtain second coded data.

21. The apparatus of claim 20, wherein the means for encoding the first input
data comprises

means for encoding the first input data with a base code, and

means for puncturing output of the base code with a puncture pattern for the first

code rate to obtain the first coded data.

22. The apparatus of claim 20, further comprising:
means for determining a plurality of data rates for a plurality of users; and
means for determining a plurality of code rates to achieve the plurality of data

rates, the plurality of code rates including the first and second code rates.

23. The apparatus of claim 20, further comprising:
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means for mapping signaling information for a plurality of users to the first and
second input data, each of the first and second input data including signaling

information for at least one of the plurality of users.

24. A computer program product comprising:
a computer-readable medium including:
code for encoding first input data in accordance with a first code rate to obtain
first coded data; and
code for encoding second input data and the first coded data in accordance with

a second code rate to obtain second coded data.

25.  An apparatus comprising:

at least one processor configured

to decode input data in accordance with a first code rate to obtain first decoded
data, and

to decode a portion of the first decoded data in accordance with a second code
rate to obtain second decoded data; and

a memory coupled to the at least one processor.

26. The apparatus of claim 25, wherein the at least one processor is
configured

to discard a fraction of the first decoded data for information sent at a data rate
determined by the first code rate, and

to provide an undiscarded fraction of the first decoded data as the portion of the

first decoded data to be decoded.

27.  The apparatus of claim 25, wherein the first decoded data comprises
multiple decoded blocks, and wherein the at least one processor is configured
to decode one of the multiple decoded blocks in accordance with the second

code rate to obtain the second decoded data.
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28.  The apparatus of claim 25, wherein the first decoded data comprises one
decoded block, and wherein the at least one processor is configured

to decode a portion of the decoded block in accordance with the second code
rate to obtain the second decoded data.

29. The apparatus of claim 25, wherein the at least one processor is
configured

to obtain from the second decoded data a message sent at a data rate determined

by the first and second code rates.

30. The apparatus of claim 25, wherein the at least one processor is
configured

to decode a portion of the second decoded data in accordance with a third code
rate to obtain third decoded data, and

to obtain from the third decoded data a message sent at a data rate determined by

the first, second and third code rates.

31. The apparatus of claim 25, wherein the at least one processor is
configured
to decode the input data in accordance with a convolutional code, a Turbo code,

or a block code.

32. The apparatus of claim 25, wherein the at least one processor is
configured
to iteratively decode the input data for the first and second code rates for

multiple iterations.
33. The apparatus of claim 25, wherein the at least one processor is
configured

to jointly decode the input data for the first and second code rates.

34. A method comprising:
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decoding input data in accordance with a first code rate to obtain first decoded
data; and
decoding a portion of the first decoded data in accordance with a second code

rate to obtain second decoded data.

35.  The method of claim 34, further comprising:

discarding a fraction of the first decoded data for information sent at a data rate
determined by the first code rate; and

providing an undiscarded fraction of the first decoded data as the portion of the

first decoded data to be decoded.

36.  The method of claim 34, further comprising:
obtaining from the second decoded data a message sent at a data rate determined

by the first and second code rates.

37.  An apparatus comprising:

means for decoding input data in accordance with a first code rate to obtain first
decoded data; and

means for decoding a portion of the first decoded data in accordance with a

second code rate to obtain second decoded data.

38. The apparatus of claim 37, further comprising:

means for discarding a fraction of the first decoded data for information sent at a
data rate determined by the first code rate; and

means for providing an undiscarded fraction of the first decoded data as the

portion of the first decoded data to be decoded.
39. The apparatus of claim 37, further comprising:
means for obtaining from the second decoded data a message sent at a data rate

determined by the first and second code rates.

40. A computer program product comprising:
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a computer-readable medium including:
code for decoding input data in accordance with a first code rate to obtain first
decoded data; and
code for decoding a portion of the first decoded data in accordance with a

second code rate to obtain second decoded data.
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