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(57) Abstract: Techniques are provided for transmitting and receiving a mother code in an incremental redundancy hybrid auto-
matic repeat request protocol. A set of information bits corresponding to a message may be encoded and interleaved to produce
the mother code. Each bit position of the mother code may be mapped to an output symbol, and each output symbol may be
mapped to an antenna for transmission. One or more transmissions of symbols contained in the output symbols may be performed,
where each transmission may include puncturing the mother code by selecting one or more symbols from the of output symbols,
and transmitting each symbol in the one or more symbols on an antenna corresponding to that symbol. The mother code may be
decoded, in part, by determining combinable bits contained within a set of received symbols, and computing one or more log like-
lihood ratio values corresponding to each symbol in the set of received symbols.
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SYMBOL VECTOR-LEVEL COMBINING WIRELESS COMMUNICATION
SYSTEM FOR INCREMENTAL REDUNDANCY HARQ WITH MIMO

5 Cross-Reference to Related Applications

[0001] This claims the benefit of U.S. Provisional
Application No. 61/051,941 filed May 9, 2008; U.S.
Application No. 12/463,025 filed May 8, 2009; U.S.
Application No. 12/463,017 filed May 8, 2009, which are

10 hereby incorporated by reference herein in its entirety.

Background of the Disclosure

[0002] The disclosed technology relates generally to
decreasing the bit- and/or symbol-error rate of

i5 multiple-input multiple-output (MIMO) communications
systems, and more particularly, to improving the decoding
performance of such systems using incremental redundancy
(IR) hybrid automatic repeat-request (HARQ) transmission

techniques with symbol vector-level decoding.
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[0003] Multiple-input multiple-output communication
systems (e.g., communications systems using multiple
transmit and/or receive antennas) have proven useful in
addressing a wide array of challenges in current and
next-generation wireless systems. For example, MIMO
systems have been shown to provide resiliency to
interference, rapid mobility, and/or deep fades in
channel quality. Additionally, MIMO technology is often
used with HARQ transmission, for example Chase combining
and IR techniques, to improve transmission throughput
while reducing the number of bits needed to decode each
received codeword. For example, MIMO IR HARQ techniques
have been adopted in a wide variety of standards,
including WiMAX, LTE, and HSDPA/HSUPA.

[0004] However, MIMO IR HARQ systems may use receiver
structures in which data is decoded sub-optimally,
thereby decreasing the decoding bit- and/or symbol-error
rate relative to an optimal receiver structure. Such
sub-optimal designs may reduce application quality and/or
increase system latency. Therefore, there exists a need
for optimal, or nearly-optimal, decoding strategies for
use in MIMO IR HARQ systems. In particular, there exists
a need for optimal or near-optimal symbol vector-level
combining techniques for use in MIMO IR HARQ wireless

systems.

Summary of the Disclosure

[0005] Communications systems, techniques, and
processes are disclosed for transmitting a mother code in
an IR HARQ protocol. In particular, systems, techniques,

and processes are disclosed for iteratively transmitting
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and receiving symbols according to symbol vector-level
combining in a MIMO IR HARQ protocol. The lowered error-
floor and/or increase information rate provided by such a
transmission architecture may lead to improved
application performance, fewer interruptions in service,
and/or larger data transmission rates at a reasonable
level of computational complexity.

[0006] One aspect of the invention relates to a
technique for transmitting a mother code in an
incremental IR HARQ protocol. A set of information bits
may be obtained, processed, and transmitted by a MIMO
transmitter. The information bits may be encoded and
interleaved to produce the mother code, and each bit
position of the mother code may be assigned to an output
symbol from among one or more output symbols. Each
output symbol may be mapped to antenna for transmission.
In an embodiment, one or more transmission may be
performed to communicate the message corresponding to the
information bits, and encoded in the mother code, to a
receiver. For example, each transmission may include
puncturing the mother code by selecting symbol vectors
from the one or more output symbols. Each symbol may
then be transmitted on a corresponding antenna.

[0007] In an embodiment, retransmissions may be
initiated in response to a time-out at the MIMO
transmitter and/or a retransmission request. In an
embodiment, the encoding and interleaving of the
information bits may be done by applying an error
detection code and/or a forward error correct code to the

information bits. In an embodiment, the repeated
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transmissions of symbols from the mother code may
iteratively lower the information rate of the received
codeword at the receiver to a rate no smaller than the
information rate of the mother code.

[0008] Another aspect of the invention relates to a
technique for receiving and decoding a mother code in an
incremental IR HARQ protocol. 1In an embodiment, decoding
may be performed on set of received symbols, where the
set of received symbols may include one or more
combinable symbols, and where the one or more combinable
symbols may include a set of original symbols. In an
embodiment, a set of bits contained within the set of
original symbols may be determined, and a bit from the
set of bits may be selected. A log-likelihood ratio
(LLR) value corresponding to each symbol in the set of
original symbols may be determined based, at least in
part, on the selected bit. Further, an overall LLR value
may be produced by summing the LLR values corresponding
to each symbol in the set of original symbols, and a
mother code may be decoded by, for example, evaluating
the overall LLR value corresponding to the selected bit.
[0009] Further features of the invention, its nature
and various advantages will be more apparent from the
accompanying drawings and the following detailed

description.

Brief Description of the Figures

[0010] The above and other aspects and advantages of
the invention will be apparent upon consideration of the

following detailed description, taken in conjunction with
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the accompanying drawings, in which like reference
characters refer to like parts throughout, and in which:
[0011] FIG. 1 shows a simplified diagram of a wireless
multiple-input multiple-output (MIMO) communications
system that includes a transmitter side and a receiver
side in accordance with an embodiment.

[0012] FIG. 2 shows a simplified diagram of a HARQ
transmitter architecture that may be used by, e.g., the
communications system of FIG. 1, in accordance with an
embodiment.

[0013] FIG. 3 shows a simplified transmitter and
encoding strategy that may be used by a IR HARQ
transmitter for symbol vector-level combining in
accordance with an embodiment.

[0014] FIG. 4 shows a simplified transmission
technique that may be used by a MIMO IR HARQ transmitter
for symbol vector-level combining in accordance with an
embodiment.

[0015] FIG. 5 depicts various embodiments of a symbol
vector-level combining receiver that may be used by a
communications system, such as the communications system
of FIG. 1, to decode symbols transmitted according to a
IR HARQ process.

[0016] FIG. 6 shows a simplified diagram of a IR HARQ
receiver that may be used to select between symbol
vector-level combining and bit-level combining in
accordance with an embodiment.

[0017] FIG. 7 shows a simplified diagram of a IR HARQ
receiver that may be used for layered symbol vector-level

combining in accordance with an embodiment.
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Detailed Description of the Disclosure

[0018] FIG. 1 shows a simplified diagram of a wireless
multiple-input multiple-output (MIMO) communications
system that includes a transmitter side and a receiver
side in accordance with an embodiment. Communications
system 100 may transmit information from a

transmitter 102 to a receiver 145 using an error
detection and/or correction technique such as a hybrid
automatic repeat request (HARQ) technique. For example,
communications system 100 may use a HARQ technique based
on incremental redundancy (IR) to reliably transmit
information from transmitter 102 to receiver 145.
Communications system 100 may be used to transmit data
according to well-known wireless communications protocols
including WiMAX, LTE, HSDPA/HSUPA, and/or Bluetooth.
[0019] To transmit information, communications

system 100 may receive or otherwise obtain information
bits 105. Information bits 105 may be obtained, e.g.,
from any suitable application or processor. Information
bits 105 may be produced by a computer or other data
application, or may be the output of a analog-to-digital
processor used, e.g., to digitize speech data in a
cellular application. Information bits 105 may be
encoded by an encoder such as encoder 110. Encoder 110
may encode information bits 105 by adding error-detection
(ED) bits to information bits 105 and/or by adding
forward error correction (FEC) bits to information

bits 105. In an embodiment, encoder 110 may add ED bits
to information bits 105 using a cyclic redundancy check

(CRC) algorithm, and may add FEC bits to the resulting
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bit sequence using a suitable block code, Reed-Solomon
code, or Turbo code. Encoder 110 may output encoded
bits 115.

[0020] Communications system 100 may pass encoded
bits 115 to modulator 120 for further processing.
Modulator 120 may assign groups or segments of encoded
bits 115 to symbols belonging to a suitable signal
constellation. For example, modulator 120 may transform
encoded bits 115 to symbols 125 using a signal
constellation such as Binary Phase Shift Keying (BPSK),
Quadrature Phase Shift Keying (QPSK), Quadrature
Amplitude Modulation (QAM), and/or any other suitable
signal constellation. The number of signal points in the
constellation used by modulator 120 may be determined
based on factors including the desired data transmission
rate of communications system 100, the number of transit
antennas 140, the number of receive antennas 150, and/or
the expected operational signal-to-noise ratio (SNR) at
receiver 145.

[0021] Communications system 100 may transmit symbols
on one or more transmit antennas 140 based on assignments
determined by symbol-to-antenna mapping module 130.
Symbol-to-antenna mapping module 130 may assign (or
"map") symbols produced by modulator 120 to transmit
antennas 140. For example, if transmit antennas 140
includes exactly four antennas, then symbol-to-antenna
mapping module 130 may alternatively assign symbols 125
to the four antennas in a round-robin fashion in which
the first, fifth, and ninth symbols are assigned to the

first antenna, the second, sixth, and tenth symbols are
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assigned to the second antenna, and so on. The symbols
transmitted using transmit antennas 140 during one symbol
period may be represented by symbol vector 135. For
example, if transmit antennas 140 contains exactly four
antennas, then symbol vector 135 may be a vector
containing four elements, where each element represents a
current symbol to be transmitted on a corresponding
antenna.

[0022] Information transmitted by transmit

antennas 140 may be received by receive antennas 150.

For example, receive antennas 150 may be aligned to
receive information using beam-steering or any other
another suitable reception technique. Receive

antennas 150 may include the same number of antennas as
transmit antennas 140, or may include a different number.
For example, transmit antennas 140 may include exactly
four antennas, while receive antennas 150 may include
exactly two antennas. Symbols received at receive
antennas 150 during one symbol interval may be grouped
into received symbol vector 155, and may be mapped into a
serial symbol stream by antenna-to-symbol mapping

module 160. For example, antenna-to-symbol mapping
module may produce received symbols 165 from consecutive
received symbol vectors obtained during consecutive
transmission slots of communications system 100.

[0023] Communications system 100 may demodulate
received symbols 165 to produce a sequence of received
bits 175, using, for example, demodulator 170. In an
embodiment, demodulator 170 may receive bits encoded by a

QAM constellation (where the encoding is performed by,
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for example, modulator 120), and may demodulate the QAM
symbols using nearest-neighbor decoding based on
Euclidean distance to produce a bit sequence, for example,
the bit sequence received bits 175. Communications
system 100 may use decoder 180 to decode (e.g., detect
and/or correct) errors present in received bits 175 to
produce decoded bits 185.

[0024] Communications system 100 may employ a HARQ
transmission protocol at transmitter 102. In this case,
decoder 180 may first decode received bits 175 by
decoding the FEC code used at modulator 120. For example,
if a turbo FEC code is used at modulator 120, then
decoder 180 may use turbo decoding to decode received
bits 175. Decoder 180 may use ED decoding to detect if
all errors present in received bits 175 have been
corrected. For example, if a cyclic redundancy check ED
technique is used to produce encoded bits 115 at
modulator 120, then decoder 180 may apply a suitable
detection process to determine if any non-correctable
errors are present in the decoded codeword. If

decoder 180 determines that no errors are present, or
that all errors that are present are correctable, then
decoder 180 may output decoded bits 185. Decoded bits
may be an exact replica of information bits 105.

[0025] If, however, decoder 180 determines that
non-correctable errors are present in received bits 175,
communication system 100 may employ HARQ to retransmit
data corresponding to information bits 105 until this
data can be successfully decoded by decoder 180. For

example, receiver 145 may request retransmission of data
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related to information bits 105, or transmitter 102 may
automatically retransmit information related to
information bits 105 based on, e.g., a timing mechanism
or time-out feature. The retransmitted information may
not be an exact replica of the originally transmitted
information, but rather, related to information that
provides additional redundancy to receiver 145. This
retransmission process may continue according to the HARQ
technique employed by communications system 100 until
either decoder 180 successfully decodes information

bits 105 or until a specified number of retransmissions
has been attempted.

[0026] FIG. 2 shows a simplified diagram of a HARQ
transmitter architecture that may be used by, e.qg.,
communications system 100 (FIG. 1). Transmitter 200 may
be a further embodiment of transmitter 102 (FIG. 1).
Transmitter 200 may use IR HARQ to transmit information
bits 210 to a receiver, such as receiver 145 (FIG. 1).
[0027] Transmitter 200 may first receive or obtain
information bits 210. Information bits 210 may be
similar to identical to information bits 105 (FIG. 1).
Encoder and interleaver 220 may generate a mother code
from information bits 210. For example, mother code 225
may be low-rate code generated from information bits 210
by adding ED and FEC using any suitable technique. In an
embodiment, communications encoder and interleaver 220
may use a cyclic redundancy check for ED and a Turbo code
or Reed Solomon code for FEC to produce mother code 225.
Encoder and interleaver 220 may add redundancy to a

relatively small number of information bits, such as
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information bits 410 (FIG. 4) to produce a larger mother
code, such as mother code 420 (FIG. 4).

[0028] Transmitter 200 may initially transmit selected
bits from mother code 225, followed by additional
selected bits from mother code 225 if there is a decoding
error or timeout at the receiver. In an embodiment,
transmitter 200 may initially select a group of bits from
mother code 225 (i.e., "puncture" mother code 225) using
puncture module 230. For example, in an embodiment,
mother code 225 may be represented by mother code 420
(FIG. 4), and transmitter 200 may puncture mother

code 420 (FIG. 4) using puncture module 230 to select
bits 432, 434, 436, and 438 (all of FIG. 3) for
transmission. Punctured bits 235 may be mapped to
antennas for transmission. Punctured bits 235 may be
transmitted to a receiver, such as receiver 145, and/or
may be coded using a suitable space time coding technique
at symbol mapper 240.

[0029] If, at the receiver, a decoding error occurs or
a timeout occurs, the receiver may request that
transmitter 200 retransmit information related to the
mother code 225. Transmitter 200 may, upon the second
transmission, choose a different set of punctured bits
from mother code 225 to transmit at puncture module 250.
In an embodiment, mother code 225 may be represented by
mother code 420 (FIG. 4), and transmitter 200 may select
to puncture bits 442, 444, 446, 448, and 449 (all of

FIG. 4) during second transmission 440. Transmitter 200
may select to puncture these bits at puncture module 250

and may map punctured bits 255 to transmit antennas at
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symbol mapper 260. Transmitter 200 may continue to
retransmit selected bits from mother code 225 in this
manner until either information bits 210 are correctly
decoded at the receiver, or until a specified maximum
number of retransmissions is attempted. For example,
transmitter 200 may attempt a total of N transmissions as
shown in FIG. 2.

[0030] FIG. 3 shows a simplified transmitter and
encoding strategy that may be used by a IR HARQ
transmitter for symbol vector-level combining.
Transmitter 300 may be a further embodiment of
transmitter 102 (FIG. 1). Transmitter 300 may be
advantageous in decreasing the bit- or symbol-error rate
in a communications system at least because symbol
vector-level combining of repeated transmissions may be
more accurate than, for example, bit-level combining of
those repeated transmissions. [0031] Transmitter 300
may generate or otherwise obtain information bits 310,
and information bits 310 may be similar or identical to
information bits 105 (FIG. 1) or 210 (FIG. 2).
Transmitter 310 may then use encoder and interleaver 320
to generate mother code 325. For example, encoder and
interleaver 320 may operate similarly or identically to
encoder and interleaver 220.

[0032] Transmitter 300 may use symbol mapper

module 330 to assign (or map) selected bit positions in
mother code 325 to particular symbols. For example,
mother code 325 may correspond to mother code 420 of
FIG. 4. In this case, symbol mapper 330 may assign each
bit-position labeled 'l' in mother code 420 (FIG. 4) to a
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particular symbol in output symbols 335, and may assign
each bit-position labeled '2' in mother code 420 (FIG. 4)
to another particular symbol in output symbols 335. Each
bit position in mother code 325 may be assigned to a
single or to multiple symbols in this way. Assigning bit
positions of mother code 325 to symbols prior to
puncturing mother code 325 may advantageously allow
symbol vector-level combining at the receiver, as
described further in relation to FIG. 4. Such symbol
vector-level combining may typically lead to improved
bit- and symbol-error rate performance compared to a ARQ
communications system protocol that uses, for example,
only bit-level combining.

[0033] Transmitter 300 may pass output symbols 335 to
antenna mapper module 340. Antenna mapper module 340 may
assign each of the symbols contained in output

symbols 335 to a particular antenna. For example, if
transmitter 300 is connected to exactly four antennas,
then antenna mapper module 340 may assign exactly or
approximately one-fourth of all symbols in output

symbols 335 to each of the four antennas. The assignment
of symbols in output symbols 335 to antennas may be done
using round-robin allocation or any other suitable
technique, such as a round-robin or time—multiplexing
technique.

[0034] Transmitter 300 may provide the output symbols
of antenna mapper 340, referred to as antennas mapper
output symbols 345, to symbol vector selector 350. Using
symbol vector selector 350, transmitter 300 may select a

symbol for transmission on each transmit antenna during
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the current symbol slot. For example, symbol vector
selector 350 may select, for each transmit antenna of
transmit antennas 140 (FIG. 1), a single symbol from the
symbols assigned to that antenna by antenna mapper

module 340. Communications transmitter 300 may provide
symbol vector 355, output by symbol vector selector 350,
to linear precoding module 358. Linear precoding

module 358 may use a transform to convert symbol

vector 355 to any output vector suitable for transmission
on one or more transmit antennas. For example, linear
precoding module 358 may apply one or more matrix
multiplications to symbol vector 355 to produce an output
vector. In an embodiment, linear precoding module 358
may apply a matrix multiplication that assigns each
symbol of symbol vector 355 to a transmit antenna. For
example, linear precoding module 358 may apply a
cyclically-shifted identify matrix, of any suitable
dimension and/or suitable shift amount, to symbol

vector 355 to produce an output vector. The output
vector of linear precoding module 358 may, for example,
by applied to space-time block coding module 360 for
processing and additional coding prior to transmission on
one or more transmission antennas, for example,
transmission antennas 140 (FIG. 1). It is emphasized
that space-time block coding module 360 is optional, and
that transmitter 300 may function exactly or similarly as
described above even if space-time block coding

module 360 is omitted from transmitter 300.

[0035] Transmitter 300 may be advantageous in lowering

the bit- or symbol-error rate at a communications
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receiver at least because transmitter 300 maps bit
positions of mother code 325 to symbols prior to
puncturing mother code 325. For example, in

transmitter 300, symbol mapper module 330 occurs prior to
symbol vector selector 350. Mapping the bit positions of
mother code 325 to symbols prior to puncturing mother
code 325 may be useful at least because such a technique
may enable a communications receiver, such as
communications receiver 145 (FIG. 1), to aggregate and
combine duplicative symbols transmitted during multiple
iterations of a HARQ protocol, rather than only
duplicative bits. By combining received information on a
symbol vector-level rather than bit-level, a
communications receiver may provide a lower bit- or
symbol-error rate than would be possible otherwise.

[0036] Transmitter 300 depicts a simplified
transmission and encoding strategy that may be used by a
IR HARQ transmitter for symbol vector-level combining.
Various embodiments of a corresponding symbol vector-
level receiver and decoding structure that may
advantageously be used in combination with

transmitter 300 for lowering the bit- or symbol-error
rate of a communications system will be described in
relation to FIG. 5.

[0037] FIG. 4 shows a simplified transmission
technique that may be used by a MIMO IR HARQ transmitter
for symbol vector-level combining. The transmission
technique depicted in FIG. 4 may be used to select
portions of a mother code, for example, mother code 325

(FIG. 3), for incremental transmission by a MIMO
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transmitter such as MIMO transmitter 102 (FIG. 1) or MIMO
transmitter 300 (FIG. 3).

[0038] Symbol vector-level IR HARQ process 400 may be
used to transmit information bits 410 from a transmitter
to a receiver. Information bits 410 may correspond to,
for example, information bits 105 (FIG. 1) or 310

(FIG. 3). Symbol vector-level IR HARQ process 400 may
not transmit information bits 410 directly, but may
rather transmit a mother code such as mother code 420
that is generated based on information bits 410. Mother
code 420 may be generated, for example, by an encoder
and/or interleaver such as encoder 110 (FIG. 1) or
encoder and interleaver 320 (FIG. 3) based on a suitable
ED technique and/or FEC technique.

[0039] Symbol vector-level IR HARQ process 400 may
assign each bit position of mother code 420 to a symbol.
For example, each bit-position labeled 'l' in mother
code 420 may be assigned to a first symbol, each
bit-position labeled '2' in mother code 420 be assigned
to a second symbol, and this process may continue until
each bit-position of mother code 420 has been assigned to
at least one symbol. For example, mother code 420 may
use symbol mapper module 330 (FIG. 3) to map or assign
bits 432, 434, 436, and 438 to the same transmission
symbol. For example, if the transmitter employs
QPSK-modulation, then the values of the four bits 432,
434, 436, and 438 may determine one of the QPSK-symbols
transmitted during first transmission 430. 1In an
embodiment, one or more of the bit-positions of mother

code 420 may be assigned to more than one symbol. The
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assignment of bit-positions of mother code 420 to symbols
may be performed by, for example, modulator 120 (FIG. 1)
or 330 (FIG. 3).

[0040] Symbol vector-level IR HARQ process 400 may
then perform first transmission 430 of symbols to a
receiver such as receiver 145 (FIG. 1). For example,
symbol vector-level IR HARQ process 400 may transmit the
symbols contained symbol vector 135 (FIG. 1) using
transmit antennas 140 (FIG. 1) during first

transmission 430. In an embodiment, symbols transmitted
during first transmission 430 on multiple antennas may
correspond to the bit-positions of mother code labeled
with '1.' Thus, as shown in FIG. 4, the bits labeled
with a '1l,' bits 432, 434, 436, and 438, may be
transmitted during first transmission 430. At the
receiver, for example, receiver 145 (FIG. 1), a decoding
error may be determined by, for example, decoder 180
(FIG. 1). Alternatively, a decoding timeout may occur at
receiver 145 and/or decoder 180 (both of FIG. 1). 1In any
of these cases, receiver 145 may send a request for
retransmission to the transmitter, for example,
transmitter 102 (FIG. 1), or the transmitter may
automatically retransmit. In either case, symbol vector-
level IR HARQ process 400 may perform second

transmission 440, in which the bits corresponding to the
same or different symbols as first transmission 430 are
transmitted to the receiver. For example, as depicted in
FIG. 4, all the bit-positions labeled '2' in mother

code 420, bits 442, 444, 446, 448, and 449, may be

transmitted in second transmission 440. Advantageously,
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each of these bit-positions may be assigned to one or
more symbols prior to selection for transmission. For
example, all symbols labeled 'l' may be assigned to a
symbols and all bit positions labeled '2' may be assigned
to another symbol prior to transmission by symbol

mapper 330 (FIG. 3).

[0041] Symbol vector-level IR HARQ process 400 may
continue to transmit symbols corresponding to
predetermined bit-positions of mother code 420 in
successive rounds of the transmission protocol until, for
example, either information bits 410 are correctly
decoded at the receiver, or until a specified number of
transmissions or retransmissions has occurred. For
example, symbol vector-level IR HARQ process 400 may
continue through third transmission 450, fourth
transmission 460, and fifth transmission 470.
Advantageously, each retransmission of data as shown in
FIG. 4 is done on the symbol-level. That is, in each
transmission the same bit-positions of mother code 420
are assigned to the same symbols, for example, by symbol
mapper module 330.

[0042] As symbol vector-level IR HARQ process 400 may
perform multiple rounds of transmissions, received
symbols may be stored across transmissions at the
receiver, for example, receiver 145 (FIG. 1). Therefore,
the effective code rate of the received codeword may
decrease at the receiver after each transmission, as
redundant information may be received. For example,
mother code 420 may have a information rate of R,(measured

in, for example, bits per channel use). During first
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transmission 430, a code of rate R; may be transmitted,
where R; > 0. During second transmission 440, a second
code may be transmitted. At the receiver, symbols
received during first transmission 430 and second
transmission 440 may be stored and used to jointly decode
information bits 410, for example, at decoder 180

(FIG. 1). Therefore, the effective code rate after
second transmission 440 may be at a rate R, £ R;. In
general after the k-th transmission (where k is a
positive integer), the received symbols at the receiver
will form a code having effective code rate Ry £ Rg.;

£. . .£ R;. If symbol vector-level IR HARQ process 400
transmits symbols corresponding to the entire mother
code 420, then the receiver will have an effective code
rate equal to code rate of mother code 420, i.e., a code
rate of Ro. For example, in FIG. 4, the transmitter may
have transmitted all the bits of mother code 420 to the
receiver after fifth transmission 470, and so the
effective code rate at the receiver after fifth
transmission 470 may be Rs = Rg.

[0043] If symbol vector-level IR HARQ process 400 uses
multiple transmissions to communication information bits,
for example information bits 410, from a transmitter to
receiver, symbol vector-level IR HARQ process 400 may
transmit redundant symbols. For example, as depicted in
FIG. 4, bits 472 and 474 are repeated, as they are
transmitted during third transmission 450 and fifth
transmission 470. Thus, if bits 472 and 474 together
constitute a single symbol, then this symbol is repeated

during third transmission 450 and fifth transmission 470.
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Thus, the receiver, e.g., receiver 145 (FIG. 1) may
perform symbol vector-level combining on the symbol
containing bits 472 and 474. To perform symbol vector-
level combining, the receiver may compute one or more LLR
values of the received symbol based on the multiple
copies of the received symbol. The first received copy
of a given symbol may be referred to as an original
symbol, and subsequently received copies of that symbol
may be referred to as repeated symbols.

[0044] Encoding and decoding redundant or duplicative
bits on a symbol vector-level as shown in FIGS. 3-4 may
be advantageous in decreasing the symbol- or bit-error
rate of a communications system, such as communications
system 100 (FIG. 1). For example, symbol vector-level
decoding may effectively increase the operational SNR per
bit at the decoder, for example, decoder 180 (FIG. 1).
[0045] FIG. 5 depicts various embodiments of a symbol
vector-level combining receiver that may be used by a
communications system, such as communications system 100
(FIG. 1) to decode symbols received by symbol vector-
level IR HARQ process 400. Symbol vector-level
receivers 510, 540, and 570 may be used in combination
with, for example, transmitter 100 (FIG. 1) or
transmitter 300 (FIG. 3) to provide symbol vector-level
combining of received bits in an IR HARQ MIMO system.
[0046] Symbol vector-level combining receiver 510 may
be used to decode received signals 512 that may be
received according to symbol vector-level IR HARQ
process 400. For example, received signals 512 may be

obtained by combining received bits that are transmitted
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according to symbol vector-level IR HARQ process 400.
Next, receiver 510 may pre-process received signals 512
using pre-processor for space-time block codes module 514.
For example, pre-processor for space-time block codes
module 514 may invert or inverse the operations performed
at a corresponding transmitter module, such as space-time
block coding module 360 (FIG. 3). Pre-processor for
space-time block codes module 514 may alternatively or
additionally separate the information contained in
multiple received streams (e.g., received via receive
antennas 150 (FIG. 1)) to separate estimates of the bits
or symbols contained in the received streams. For
example, pre-processor for space-time block codes

module 514 may use linear decoding to produce a set of
estimated symbol values corresponding to a number of
unknown received symbol values in a set of linear
equations. Additionally, pre-processor for space-time
block codes module 514 may perform phase and/or
frequency synchronization operations, or search for
optimal values of these parameters to ensure accurate
decoding of received information.

[0047] At symbol vector-level combining module 516,
receiver 510 may perform symbol vector-level combining of
the symbols obtained at the output of pre-processor for
space-time block codes module 514 using symbol vector-
level combining module 516. For example, receiver 510
may combine redundant or duplicative symbols received
from multiple symbol transmissions according to symbol
vector-level IR HARQ process 400 (FIG. 4). Symbol

vector-level combining may be performed in any suitable,
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way, for example, in any way that preserves the
sufficient statistics of the symbols needed for maximum
likelihood decoding. In an embodiment, symbol vector-
level combining may be performed by adding duplicative
symbols (e.g., a symbol containing bits 472 and 474 of
FIG. 4, as these symbols are transmitted both in third
transmission 450 and fifth transmission 470 (both of

FIG. 4)). Alternatively or additionally, symbol vector-
level combining module 516 may linearly weigh or
otherwise combine duplicative symbols received as
received signals 512.

[0048] At LLR calculation for MIMO module 518,
receiver 510 may determine one or more LLR values to
decode the symbols of a codeword corresponding to, e.g.,
information bits 105 (FIG. 1), 210 (FIG. 2), 310 (FIG. 3),
or 410 (FIG. 4). The LLR calculation may be implemented
using a processor and may be computed using
finite-precision and/or discrete numerical values. The
LLR calculation performed by LLR calculation for MIMO
module 518 may produce one or more estimated symbols,
and/or it may produce soft-information. For example, LLR
calculation for MIMO module 518 may produce a probability
that a given symbol corresponds to a particular value.
[0049] At deinterleaver and decoder 520, receiver 510
may first deinterleave and then output a decoded codeword
based on the output of LLR calculation for MIMO

module 518. For example, receiver 510 may be used to
decode a codeword transmitted by communications

system 100 (FIG. 1) employing a HARQ transmission

protocol. 1In this case, deinterleaver and decoder 520
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may first deinterleave bits or values output by LLR
calculation for MIMO module 518 to restore the received
bits to their original ordering prior to transmission,
e.g., using transmitter 102 (FIG. 1l). Deinterleaver and
decoder 520 may then decode the deinterleaved bits or
values to produce a decoded codeword. For example,
decoder and deinterleaver 520 may decode the output of
LLR calculation for MIMO module 518 according to a block
decoding, turbo decoding, or Reed-Solomon decoding
technique. Decoder and deinterleaver 520 may use ED
decoding to detect if all errors present in received
signals 512 have been corrected. For example, if a
cyclic redundancy check ED technique is used a the
transmitter, e.g., transmitter 102 (FIG. 1), then
decoder 180 may apply a suitable detection algorithm to
determine if any non-correctable errors are present in
the decoded codeword. If decoder and deinterleaver 520
determines that no errors are present, or that all errors
that are present are correctable, then decoder and
deinterleaver 520 may output decoded bits. Decoded bits
may be an exact replica of the original source bits, for
example, information bits 105 (FIG. 1). If decoder and
deinterleaver 520 determines that non-correctable errors
are present in received signals 512, then decoder and
deinterleaver 520 may request retransmission of the
current symbol packet or packets. For example,

receiver 510 may request retransmission of data related
to information bits 105 (FIG. 1), 210 (FIG. 2), 310
(FIG. 3) or 410 (FIG. 4). The retransmitted packet or

packets may not be an exact replica of the originally
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transmitted packet or packets, but may be related to
information that provides additional redundancy to
receiver 510 (as described previously in relation to
FIG. 4). This retransmission process may continue
according to the HARQ technique employed by the
communications system until either deinterleaver and
decoder 520 successfully decodes received signals 510, or
until a specified number of retransmissions has been
attempted.

[0050] Symbol vector-level combining receiver 540 is
another embodiment of a receiver that may be used to
decode signals that may be received according to symbol
vector-level IR HARQ process 400 (FIG. 4). For example,
received signals 542 may be similar or identical to
received signals 512, pre-processor for space-time block
codes 544 may be similar or identical to pre-processor
for space-time block codes 514, LLR calculation for MIMO
module 550 may operate similarly or identically to LLR
calculation for MIMO module 518, and deinterleaver and
decoder 552 may operate similarly or identically to
deinterleaver and decoder 520. Symbol vector-level
combining receiver 540 may combine received signals, for
example, received signals 542 on a symbol vector-level
using pre-equalization symbol vector-level combining
module 546. Pre-equalization symbol vector-level
combining module 546 may operate using techniques similar
or identical to techniques used by symbol vector-level
combining module 516.

[0051] In contrast to receiver 510, receiver 540 may

perform equalization of the received information, e.g.,
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to compensate for the effects of a degradative wireless
channel over which received signals 542 are received.
For example, MIMO-equalizer 548 may attempt to cancel or
exploit the frequency selectivity of the wireless channel.
In an embodiment, MIMO-equalizer 548 may be used jointly
with deinterleaver and decoder 552 to perform joint MIMO
equalization and decoding of received signals 542. MIMO
equalizer 548 may employ channel estimation techniques,
and/or may attempt to estimate underlying parameters of a
wireless communications channel, such as parameters
related to user mobility and position relative to receive
antennas, e.g., receive antennas 150 (FIG. 1).
MIMO-equalizer may be either an optimal equalizer, in
terms of e.g., minimizing an error rate or minimum
mean-square error (MMSE) metric, or it may be sub-optimal.
MIMO-equalizer may use non-adaptive equalization
strategies (e.g., based on long-term average channel and
transmission statistics) or it may use adaptive
strategies to adapt to the changing values of the channel
and received signals 542. MIMO-equalizer 548 may, for
example, use an adaptive least-squares algorithm to
equalize the values of received signals 542.

[0052] Symbol vector-level combining receiver 570 is
another embodiment of a receiver that may be used to
decode signals that may be received according to symbol
vector-level IR HARQ process 400 (FIG. 4). 1In contrast
to receiver 540, receiver 570 may perform
MIMO-equalization prior to symbol vector-level combining
using, for example, MIMO-equalizer 576. For example,

received signals 572 may be similar or identical to
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received signals 512, pre-processor for space-time block
codes 574 may be similar or identical to pre-processor
for space-time block codes module 514, LLR calculation
for MIMO module 580 may operate similarly or identically
to LLR calculation for MIMO module 518, and deinterleaver
and decoder 582 may operate similarly or identically to
deinterleaver and decoder 520. Symbol vector-level
combining receiver 570 may combine received signals, for
example, received signals 572 on a symbol vector-level
using post-equalization symbol vector-level combining
module 578. Post-equalization symbol vector-level
combining module 578 may operate using techniques similar
or identical to techniques used by pre-equalizer symbol
vector-level combining module 546. Further,
post-equalization symbol vector-level combining

module 578 may be used jointly with deinterleaver and
decoder 582 to jointly decode received signals 572. For
example, this joint decoding may be performed using any
suitable adaptive and/or iterative decoding technique.
[0053] FIG. 6 shows a simplified diagram of a IR HARQ
receiver that may be used to select between symbol
vector-level combining and bit-level combining based on
design parameters including the number of bits present in
a received symbol vector. Receiver 600 may be a further
embodiment of receiver 145 (FIG. 1), and/or may be used
to receive and decode signals transmitter by

transmitter 102 (FIG. 1) or 300 (FIG. 3).

[0054] Receiver 600 may receive or otherwise obtain
received signals 602. For example, received signals 602

may be obtained as the output from a set of receive
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antennas, e.g., receive antennas 150 (FIG. 1) and/or as
the output of a processing module such as
antenna-to-symbol mapping module 160 (FIG. 1). Received
signals 602 may be initially processed by pre-processor
for space-time block codes module 604. For example,
pre-processor for space-time block codes module 604 may
invert or reverse the operations performed at a
corresponding transmitter module, such as space-time
block coding module 360 (FIG. 3). Pre-processor for
space-time block codes module 604 may separate the
information contained in multiple receive streams (e.g.,
by receive antennas 150) to separate estimates of the
bits or symbols contained in the received streams. For
example, pre-processor for space-time block codes

module 604 may use linear decoding to produce a set of
estimated symbol values corresponding to the unknowns in
a set of linear equations describing the data received.
Additionally, pre-processor for space-time block codes
module 604 may perform phase and/or frequency
synchronization operations, and/or search for optimal
values of these parameters to ensure accurate decoding of
received information.

[0055] At step 606, receiver 600 may determine if
symbol vector-level combining of the information
contained in received signals 602 is possible, e.g.,
using a processor or multiple processors in hardware. To
determine if symbol vector-level combining is possible,
receiver 600 may determine if the mother code, e.g.
mother code 325 (FIG. 3) or 420 (FIG. 4), is of a length

that is a multiple of the number of bits conveyed a
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single transmission symbol vector, e.g. symbol vector 135
(FIG. 1) or 335 (FIG. 3). If the number of bits conveyed
in a single transmission vector is a multiple of the
mother code length, then receiver 600 may determine that
symbol vector-level combining is possible. Otherwise,
receiver 600 may determine that symbol vector-level
combining is not possible. For example, if there are
four transmit antennas and if 32-QAM modulation is used,
then each symbol vector may convey

4 x log;(32) = 4 x 5 = 20 bits of information. If the
mother code, e.g., mother code 325 (FIG. 3) or 420

(FIG. 4), is of a length that is a multiple of 20 bits
(e.g., 100, 500, or 1000 bits), then receiver 600 may
determine at step 606 that symbol vector-level combining
is possible. 1If, however, the mother code is of a length
that is not a multiple of 20 (e.g., 150 or 550 bits),
then receiver 600 may determine at step 606 that symbol
vector-level combining is not possible.

[0056] The number of bits conveyed in a single
transmission vector, e.g., transmission vector 135

(FIG. 1) or 335 (FIG. 3), may depend on physical and
design parameters. For example, in communications

system 100, the number of bits conveyed in a single
transmission vector may depend on the modulation
technique used by modulator 120 (FIG. 1), the number of
transmit antennas 140 (FIG. 1), the number of receive
antennas 150 (FIG. 1), and/or the number of MIMO spatial
streams. Therefore, receiver 600 may, at step 606,
determine if symbol vector-level combining is possible by

considering some or all of these parameters, individually
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or in combination. For example, at step 606,

receiver 600 may consider the modulation technique and/or
the number of spatial MIMO streams to determine if symbol
vector-level combining is possible.

[0057] If receiver 600 determines that symbol vector-
level combining is possible at step 606, receiver 600 may
perform symbol vector-level decoding of received

signals 602. For example, receiver 600 may use the
decoding strategy of receiver 510, 540, or 570 (all of
FIG. 5) to perform symbol vector-level decoding of
received signals 602. In an embodiment, receiver 600 may
use symbol vector-level combining module 608 to combine
current symbols with symbols transmitted in previous
iterations of a IR HARQ transmission process. Further,
receiver 600 may use LLR calculation for MIMO module 610
to produce a set of LLR values based on the symbols
output by symbol vector-level combining module 608. For
example, LLR calculation for MIMO module 610 may output
one LLR value corresponding to each symbol received in
received signals 602 and/or each symbol output by symbol
vector-level combining module 608.

[0058] If receiver 600 determines that symbol vector-
level combining is not possible at step 606, receiver 600
may instead perform bit-level decoding of received
signals 602. For example, receiver 600 may use MIMO
equalizer 616 to equalize the effects of a wireless
channel separating transmitters and receiver. In an
embodiment, MIMO equalizer 616 may operate similarly or
identically to MIMO equalizer 548 or 576 (both of FIG. 5).

For example, MIMO equalizer may use channel estimation
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and other adaptive or non-adaptive filtering techniques
to equalize the data contained in received signals 602.
Receiver 600 may use then use LLR calculation for MIMO
module 618 to compute LLR values associated with the
received eqﬁalized symbols corresponding to received
signals 602. 1In an embodiment, LLR calculation for MIMO
module 618 may output estimated LLR values on a bit- or
symbol-level, and receiver 600 may perform bit-level
combining of the output. For example, receiver 600 may
perform bit-level combining of the output by combining
current bits with bits corresponding to the same position
in the mother code transmitted in previous iterations of
a IR HARQ transmission process, such as IR HARQ

process 400. Bit-level combining may be performed by
bit-level combining module 620.

[0059] Receiver 600 may pass LLR values 612, i.e., the
output of LLR calculation for MIMO module 610 (if symbol
vector-level combining is performed) or bit-level
combining module 620 (if bit-level combining is
performed), to deinterleaver and decoder 614.
Deinterleaver and decoder 614 may then decode received
signals 602 (e.g., using LLR values 612) to produce a
decoded codeword, for example, corresponding to an
information sequence such as information bits 105

(FIG. 1). Deinterleaver and decoder 614 may first
deinterleave bits or values output by LLR calculation for
MIMO module 610 or bit-level combining module 620 to
restore the received bits to their original ordering
prior to transmission, e.g., using transmitter 102

(FIG. 1). Deinterleaver and decoder 614 may then decode
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the deinterleaved bits or values to produce a decoded
codeword. For example, decoder and deinterleaver 614 may
perform decoding according to a block decoding, turbo
decoding, or Reed-Solomon decoding technique. Decoder
and deinterleaver 614 may use ED decoding to detect if
all errors present in received signals 602 have been
corrected. If decoder and deinterleaver 614 determines
that no errors are present, or that all errors that are
present are correctable, then decoder and

deinterleaver 614 may output the decoded bits. The
decoded bits may be an exact replica of the original
source bits, for example, information bits 105 (FIG. 1).
[0060] FIG. 7 shows a simplified diagram of a IR HARQ
receiver that may be used for layered symbol vector-level
combining in accordance with an embodiment. Receiver 700
is generally the optimal receiver for the IR HARQ
transmission process described in FIG. 4 and may be used
to perform joint bit- and symbol vector-level combining
on received symbols. Receiver 700 may be used to perform
optimal decoding even when the modulation type or MIMO
mode (e.g., the number of spatial MIMO streams) changes
over time.

[0061] Receiver 700 may generally perform symbol
vector-level combining on symbols that are symbol vector-
level combinable, and bit-level combining on bits
contained within symbols that are not symbol vector-level
combinable. A mother code, e.g., mother code 325

(FIG. 3) or 420 (FIG. 4) may consist of bits b,,

b,. . .,by. If a particular bit, by, is contained with a

symbol then all occurrences of that symbol may be
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combined and a LLR calculation may be performed on bit by.
More generally, if bit by is contained within m > 0
combinable symbols, S;,. . .,Sp, then receiver 700 may
perform symbol vector-level combining separately of all
received copies of each symbol. For example, symbol
vector-level combiner 730 may be used to combine all
received copies of symbol S;, which includes encoded
bit b; 720. Similarly, symbol vector-level combiner 735
may be used to combine all received copies of symbol Sy,
which also includes encoded bit b; 720. Next, the output
of the m symbol vector-level combiners may be passed to a
corresponding set of m LLR calculator modules, for
example, including LLR calculation for MIMO modules 740
(corresponding to symbol S;) and 745 (corresponding to
symbol S,). The LLR calculation modules may produce a
total of m intermediate LLR values, for example,
quantifying the probability that each of the m combined
symbols is of a particular value. These m intermediate
LLR values may then be combined through addition, for
example, using adder 750, resulting in the LLR value of
the k-th bit, and denoted by

LLR, = ) LLR(Symbol - level Combining of S,).

by €S,

A similar process may be performed for every bit of the
mother code, e.g., bi,. . .,by, where n is the bit-length
of the mother code, that is symbol vector-level
combinable. For example if bit b, is symbol vector-level
combinable, then bit b, may be decoded by a similar
process as shown for bit by in FIG. 6 to produce the value

LLR,.
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[0062] For bits that are not symbol vector-level
combinable, for example, because they are only included
in one transmission of_IR HARQ process 400 (FIG. 4),
bit-level combining may be used. If bit b; is only
bit-level (i.e., not symbol-level) combinable, then
receiver 600 may decoder bit b; by, for example, using
bit-level combining module 620 (FIG. 6) to produce the
LLR value LLR;.

[0063] All encoded bits (i.e., bits that are only
bit-level combinable and bits that are symbol vector-
level combinable) may produce a set of LLRs values,
LLR;,. . .,LLR,, which are then passed to deinterleaver
and decoder 760. Deinterleaver and decoder 760 may first
deinterleave and then output a decoded codeword based on
the values LLR;,. . .,LLR,. Deinterleaver and decoder 760
may decode the deinterleaved bits or values to produce a
decoded codeword corresponding to, e.g., information
bits 105 (FIG. 1). Decoder and deinterleaver 760 may use
the values LLR;,. . .,LLR, to decode using a block
decoding, turbo decoding, or Reed-Solomon decoding
technique. Decoder and deinterleaver 760 may use ED
decoding to detect if all errors present in received
signals 512 have been corrected. If decoder and
deinterleaver 760 determines that no errors are present,
or that all errors that are present are correctable, then
decoder and deinterleaver 760 may output decoded bits.
Decoded bits may be an exact replica of the original
source bits, for example, information bits 105 (FIG. 1).
If decoder and deinterleaver 760 determines that

non-correctable errors are present in the decoded bits,
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then decoder and deinterleaver 760 may request
retransmission of the current symbol packet or packets.
For exampie, receiver 700 may request retransmission of
data related to information bits 105 (FIG. 1), 210

(FIG. 2), 310 (FIG. 3) or 410 (FIG. 4). The
retransmitted packet or packets may not be an exact
replica of the originally transmitted packet or packets,
but may be related to information that provides
additional redundancy to receiver 700. This
retransmission process may continue according to the IR
HARQ technique employed by the communications system
until either decoder and deinterleaver 760 successfully
decodes encoded bits b; , . . . , by, or until a specified
number of retransmissions has been attempted.

[0064] The foregoing describes systems, methods, and
techniques for performing symbol vector-level combining
in a MIMO IR HARQ communications system to improve
decoding performance. Those skilled in the art will
appreciate that the invention can be practiced by other
than the described embodiments, which are presented for

the purpose of illustration rather than of limitation.
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What is Claimed is:

1. A method for transmitting a mother code in
an incremental redundancy (IR) hybrid automatic
repeat-request (HARQ) protocol, the method comprising:

obtaining a set a information bits, the
set of information bits corresponding to a messages to be
transmitted by a multiple-input multiple-output (MIMO)
transmitter;

encoding and interleaving the set of
information bits to produce the mother code;

assigning each bit position of the mother
code to one output symbol in a plurality of output
symbols;

mapping each output symbol in the
plurality of output symbols to an antenna for
transmission; and

performing one or more transmissions of
symbols from the plurality of output symbols, each
transmission comprising:

puncturing the mother code by
selecting one or more symbols from the plurality of
output symbols; and
transmitting each symbol in the one

or more symbols on an antenna corresponding to that

symbol.

2. The method of claim 1, wherein a
transmission in the one or more transmissions is
performed in response to a time-out at the MIMO

transmitter.



WO 2009/137102 PCT/US2009/002881
36

3. The method of claim 1, wherein a
transmission in the one or more transmissions is

performed in response to a retransmission request.

4, The method of claim 1, wherein encoding
and interleaving the set of information bits comprises
applying an error detection (ED) code and a forward error

correction code (FEC) to the set of information bits.

5. The method of claim 1, wherein said
transmitting each symbol in the one or more symbols is
performed using a modulation selected from the group
consisting of Binary Phase Shift Keying, Quadrature Phase

Shift Keying, and Quadrature Amplitude Modulation.

6. The method of claim 1, wherein at least
one symbol in the plurality of output symbols is not
transmitted by the MIMO transmitter.

7. The method of claim 1, wherein a number of
MIMO spatial streams corresponding to the MIMO

transmitter varies with time.

8. The method of claim 1, wherein puncturing
the mother code is based, at least in part, on a target

code rate for the one or more transmissions.

9. The method of claim 4, wherein the FEC
code is selected from the group consisting of a block

code, a Turbo code, and a Reed-Solomon code.

10. The method of claim 4, wherein the ED code

is a cyclic redundancy check code.
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11. A system for transmitting a mother code in
an incremental redundancy (IR) hybrid automatic
repeat-request (HARQ) protocol, the system comprising:

obtaining a set a information bits, the
set of information bits corresponding to a messages to be
transmitted by a multiple-input multiple-output (MIMO)
transmitter;

encoding and interleaving the set of
information bits to produce the mother code;

assigning each bit position of the mother
code to one output symbol in a plurality of output
symbols;

mapping each output symbol in the
plurality of output symbols to an antenna for
transmission; and

performing one or more transmissions of
symbols from the plurality of output symbols, each
transmission comprising:

puncturing the mother code by
selecting one or more symbols from the plurality of
output symbols; and
transmitting each symbol in the one

or more symbols on an antenna corresponding to that

symbol.

12. The system of claim 11, wherein a
transmission in the one or more transmissions is
performed in response to a time-out at the MIMO

transmitter.
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13. The system of claim 11, wherein a
transmission in the one or more transmissions is

performed in response to a retransmission request.

14. The system of claim 11, wherein encoding
and interleaving the set of information bits comprises
applying an error detection (ED) code and a forward error

correction code (FEC) to the set of information bits.

15. The system of claim 11, wherein said
transmitting each symbol in the one or more symbols is
performed using a modulation selected from the group
consisting of Binary Phase Shift Keying, Quadrature Phase

Shift Keying, and Quadrature Amplitude Modulation.

16. The system of claim 11, wherein at least
one symbol in the plurality of output symbols is not
transmitted by the MIMO transmitter.

17. The system of claim 11, wherein a number
of MIMO spatial streams corresponding to the MIMO

transmitter varies with time.

18. The system of claim 11, wherein puncturing
the mother code is based, at least in part, on a target

code rate for the one or more transmissions.

19. The system of claim 14, wherein the FEC
code is selected from the group consisting of a block

code, a Turbo code, and a Reed-Solomon code.
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20. The system of claim 14, wherein the ED

code is a cyclic redundancy check code.

21. A method for decoding a mother code from a
set of received transmissions of an incremental
redundancy (IR) hybrid automatic repeat request (HARQ)
protocol, the method comprising:

decoding a plurality of symbols from the
set of received transmissions, the plurality of symbols
including one or more combinable symbols, the one or more
combinable symbols including a set of original symbols;

determining a plurality of bits contained
within the set of original symbols;

selecting a bit belonging to the plurality
of bits;

computing a log-likelihood ratio (LLR)
value corresponding to each symbol in the set of original
symbols based, at least in part, on the selected bit;

summing the computed LLR values to produce
an overall LLR value corresponding to the selected bit;
and

decoding the mother code based on, at
least in part, the overall LLR value corresponding to the

selected bit.

22. The method of claim 21, wherein computing
the LLR value corresponding to each symbol in the set of
original symbols further comprises:

selecting a symbol from the set of
original symbols;
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determining a set of repeated symbols in
the one or more combinable symbols corresponding to the
selected symbol;

combining the selected original symbol
with the set of repeated symbols using a symbol-level
combiner to produce an output; and

computing a LLR value corresponding to the
selected original symbol by performing a LLR calculation

on the output.

23. The method of claim 21, wherein the mother
code is generated from a set of information bits using an
error detection (ED) code and a forward error correction

code (FEC).

24. The method of claim 21, wherein the set of
received transmissions are received using a
multiple-input multiple-output (MIMO) communications

receiver.

25. The method of claim 21, further comprising
determining if symbol level combining is possible based,

at least in part, on a bit length of the mother code.

26. The method of claim 23, wherein the FEC
code is selected from the group consisting of a block

code, a Turbo code, and a Reed Solomon code.

27. The method of claim 23, wherein the ED

code is a cyclic redundancy check code.
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28. The method of claim 24, wherein a number
of MIMO spatial streams corresponding to the MIMO

communications receiver varies with time.

29. The method of claim 24, wherein the set of
received transmissions are equalized using a MIMO channel
equalizer prior to computing the LLR value corresponding

to each symbol in the set of original symbols.

30. The method of claim 29, wherein the MIMO
channel equalizer estimates the state of the MIMO

channel.

31. A system for decoding a mother code from a
set of received transmissions of an incremental
redundancy (IR) hybrid automatic repeat request (HARQ)
protocol, the system comprising:

decoding a plurality of symbols from the
set of received transmissions, the plurality of symbols
including one or more combinable symbols, the one or more
combinable symbols including a set of original symbols;

determining a plurality of bits contained
within the set of original symbols;

selecting a bit belonging to the plurality
of bits;

computing a log-likelihood ratio (LLR)
value corresponding to each symbol in the set of original
symbols based, at least in part, on the selected bit;

summing the computed LLR values to produce
an overall LLR value corresponding to the selected bit;

and
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decoding the mother code based on, at
least in part, the overall LLR value corresponding to the

selected bit.

32. The system of claim 31, wherein computing
the LLR value corresponding to each symbol in the set of
original symbols further comprises:

selecting a symbol from the set of
original symbols;

determining a set of repeated symbols in
the one or more combinable symbols corresponding to the
selected symbol;

combining the selected original symbol
with the set of repeated symbols using a symbol-level
combiner to produce an output; and

computing a LLR value corresponding to the
selected original symbol by performing a LLR calculation

on the output.

33. The system of claim 31, wherein the mother
code is generated from a set of information bits using an
error detection (ED) code and a forward error correction

code (FEC).

34. The system of claim 31, wherein the set of
received transmissions are received using a multiple

input multiple output (MIMO) communications receiver.

35. The system of claim 31, further comprising
determining if symbol level combining is possible based,

at least in part, on a bit length of the mother code.
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36. The system of claim 33, wherein the FEC
code is selected from the group consisting of a block

code, a Turbo code, and a Reed Solomon code.

37. The system of claim 33, wherein the ED

code is a cyclic redundancy check code.

38. The system of claim 34, wherein a number
of MIMO spatial streams corresponding to the MIMO

communications receiver varies with time.

39. The system of claim 34, wherein the set of
received transmissions are equalized using a MIMO channel
equalizer prior to computing the LLR value corresponding

to each symbol in the set of original symbols.

40. The system of claim 39, wherein the MIMO
channel equalizer estimates the state of the MIMO

channel.



PCT/US2009/002881

WO 2009/137102

1/7

1’014
Xy
e )
081 ~0LL 091 y. m
puiddey ! Do
- 18pooaq |e jojejnpowsa( |« OQWAS | m !
s)g siug SIOQWAS | _oj-euusyuy | 40109A | A
pepods(Q PeAISd8Y PaAIS0aY |loquiAg v !
\-g81 |5/l \gg| poneosy | . )
.55 J,/om_‘
L
i \
m. | O} 0zl 0L
o | Buiddepy
" _ BUUS)U - J0JBINPOIN |« 18poousg
LA  10103A -ou-_onEMw sjoquiAg Sig sig
| | 1 joquiAg N papoou] uoljewIo|
.\ " - N
sel Sel SLL 501
~0vL
oot

LSl

%201



PCT/US2009/002881

WO 2009/137102

2/7

Buipod swi-a0edg

JJaddepy joquiAs

082

Buipoo awi-aoeds

/iaddey joqwAis

092

x._luw—‘ -—

Buipoo swi-aoeds

/laddep joqwiAs

\-ore

oy

siig
uonew.Io|

oLz

¢’ 9Old
slig
papoous
5 ainjund P
sig :
painjund -
.2 . o
: sig
papoou3 ) Joneallaju|
) : - “8po)D pue
o ainound - JoYloN | Japooug
painjound 062 szz-’
\.g5z
< alnjung -
s)g slig
painjound Cogz  pepoouy 022
\.cez |
00¢



PCT/US2009/002881

WO 2009/137102

3/7

€ 'Old

5 (I yoea 10y)
) ulpod %o0ig |, Buipooal 100918 |
awi] -aoedg | L.Mmc_._n_ IEEIN Jopepn [
. loquAg | 10awfs
\ \ GGe \
09¢ 8G¢ 0G¢
Jaddep - Jaddep 5 Lm>ﬂw_m&c_
sloquAg nding | BUUSIUY | spoquiAg inding | 109WAS  fapog seyiony|  sepooug
Jaddep euusjuy \ \
\ Gee Gce

Gve

/

ove

O
™

0ce

l——
slig
uojjewlioju|

/

/

0ce

OLE



PCT/US2009/002881

WO 2009/137102

4/7

%

S0y=S N i g
">0u=5Y N Y N Lo
! | RV AN N/@\ L
O N NN |  §F N S
sty 0 Y N (N N Y . NN XL W~
B A R IR aLlE
WL N PN N LN Mgy
N L SRR 2 N
YRR\ A AT \ (T T SR N\ IO\ N\ R AN
4R 2 T R I I Sl 4 24 L
by w w m m m % m w m 7/” m % m m m //z m X1 u~mv/0mv
10 oieey”/ o teerd weys/ o izerS
CEANZA NI A I A A N N A
T OPOD JBUION~ oy, e v

slig uonewioju]

oLy

O
O
v



PCT/US2009/002881

WO 2009/137102

57

R E|

A

sjeubig pandday

¢lS \

<
<

sjeubis panigoay

cys J

3

6
19p029(Q pue | OWINIA - _m\”_m_m_m%m%> sozijenb3 le| . S8POO V_Mo_m
1anealRIR(Q UOREINOIED loquiks OWIN w%m_._m.%oww S
d1 Jazijenb3-jsod d-2id
285 085 816~ 9,6 16~/
Jjepodag pue| | OWIWIO | g pnpal Mﬁmw%@ - mm:m__ow%uumo_m_o
saneapsuisg [t | "HEIREO M oW [T ks 1) g oi
dM Jazjjenb3-aiyg d-8id
255~ 055~ 8¥G -/ ors -/ pps -
Japooag pue OWIN 10} Buiuiquon mmnmo yool|g
TETCEE U gl uonejnoen|™ |9A9T-10}0aN [ mwcm_%mwwwmw .h_m_v,
ey loquiAs
025~ 815/ 916~/ y16-/

s|eubig paniaoay

N_‘m\

F 0.8

> O¥S

vovm




PCT/US2009/002881

WO 2009/137102

6/7

12poda pue
JaAealisjuie(

sanjea
B d11

9 "Old

<

{51}

/

/.
pl9

4%

Buluiquiod OWIW Jo} P
[one7-ug [ uonenoje) :
o7 OWIN
0¢9 8l9 919
OWIW 10} Buiuiqwod
uone|nsen [9AST-10)08A [
d11 joquiAg
019 809
009

ON

SOA

¢,91qIssod
Buiuiqwon
[9A3|-joquIAS

/

909

sepo)
#o0|g swil
-90edg Jo}
lossaoold
-ald

e e
sjeubis
OETNELEN

/

c09

/

09



PCT/US2009/002881

WO 2009/137102

717

Japadad pue

\
- Ja
JanespRIRQ [y omm&

09.-

L9l
. e & o © ZQ H_m
* papoou]
OWIIN 104 (lg)¥s joquiks .
uone|noje) = Jo} Jsuiquio) |,
; |9A87-10309
San poitpd
\ L
4 [ mVN\ mmm. :
N . .
7\1 * . xn ug
N papooug
(Ma) *s joquiAs 0z.-
JoneIo ioy uiquios |, :
HEIMOIE |oAST-10}08 X
AT OqWAS .
oeL-
ovL~
® o o o FQ #_m
papooug
00Z oL



	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 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings

