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GENERATION OF POLAR CODES WITH A VARIABLE BLOCK LENGTH
UTILIZING PUNCTURING

PRIORITY CLAIM
{6001} The present Application for Patent claims prionty to PCT Application No.
PCT/CN2016/071959 entitled “Generation of Polar Codes with a Vanable Block
Length Utilizing Puncturing” filed January 25, 2016, and assigned to the assignee

hereof and hereby expressly incorporated by reference herein.

TECHNICAL FIELD
16062} The technology discussed below relates generally to mformation conununication
systems, and more particularly, to channel coding utilizing polar codes

communication systems.

BACKGROUND
3603} Block codes, or error correcting codes are frequently used to provide reliable

transmission of digital messages over noisy channels. In a typical block code, an
mformation message or sequence is split up mto blocks, and an encoder at the
transmitting device then mathematically adds redundancy to the information message.
Exploitation of this redundancy in the encoded information message is the key to
reliability of the message, enabling correction for any bit errors that may occur due to
the notse. That is, a decoder at the receiving device can take advantage of the
redundancy to rehably recover the information message even though bit errors may
oceur, in part, due to the addition of noise to the channel.

[6604] Many examples of such error correcting block codes are known to those of
ordinary skill i the art, including Hamming codes, Bose-Chaudhari-Hocquenghem
{(BCH} codes, turbo codes, and low-density parity check {(LDPC) codes, among others.
Many existing wireless communication networks utilize such block codes, such as
3GPP LTE networks, which utilize turbo codes: and IEEE 802 11n Wi-Fi networks,
which otilize LDPC codes. However, for future networks, a new category of block
codes, called polar codes, presenis a potential opportunity for reliable and efficient
mformation transfer with improved performance relative to turbo codes and LDPC

codes.
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6605} While research into implementation of polar codes continues to rapidly advance
its capabilitics and potential, additional enhancements are desired, particularly for

potential deployment of future wirgless commuumnication networks beyond LTE.

SUMMARY

16606} The followmg presents a simplified summary of one or more aspects of the
present disclosure, in order to provide a basic understanding of such aspects. This
swmmary is not an extensive overview of all contemplated features of the disclosure,
and 1s intended neither to identity key or critical elements of all aspects of the disclosure
nor to delineate the scope of any or all aspects of the disclosure. Its sole purpose is to
present some concepts of onc or more aspects of the disclosure in a simplified form as a
preiude to the more detailed description that is presented later,

13607} Various aspects of the disclosure provide for the generation of polar codewords
with a variable block length utilizing puncturing. Some puncturing schemes consider
puncturcd bits as unknown bits, and set the log likelihood ratio (LLR) for those bits to
zero; while other punctering schemes consider punctured bits as known bits, and set the
LLR for those bits to infinity. Each of these puncturing schemes has been chserved to
provide benefits over the other under different circumstances, especially corresponding
to different coding rates or ditferent signal to noise ratios (SNRs). According to aspects
of the present disclosure, both punctering schemes are compared, and the puncturing
scheme resulting in the better performance is utilized for puncturing polar codewords.

[6608] In one aspect, the disclosure provides a method for polar coding. The method
meludes gencrating a puncturing patiern including a phurality of punctured bit locations
for puncturing corresponding coded bit locations in a polar codeword. The method
further includes calculating a first log likelihood ratio (LLR) sum for an unkonown-bit
puncturing scheme by considering the coded bit locations corresponding to the
punctured bit locations as unknown bits, calculating a second LLR sum for a known-bit
puncturing scheme by considering the coded bit locations corresponding to the
punctured bit locations as known bits, selecting between the unknown-bit punctuning
scheme and the known bit punctaring scheme according to a greater LER sum between
the first LLR sum and the second LLR sum, polar coding an information block to
produce the polar codeword, and puncturing the polar codeword using the puncturing
pattern and based on the selected puncturing scheme to produce a punctured codeword

having a codeword length other than a power of two.
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6609} Another aspect of the disclosure provides a method for polar decoding. The
method includes receiving a polar codeword, determuning whether punctured bits i the
polar codeword are considered known bits or unknown bits, setting an mitial log
likelihood ratic {LLR} of cach of the punctured bits as zero if the punctured bits are
considered unknown bits, or as infinity 1t the punctured bits are considered known bits,
and performing decoding of the received polar codeword.

[6610] Anocther aspect of the disclosure provides an apparatus configured for polar
coding. The apparatus includes a processor, a memory communicatively coupled to the
processor, and a transceiver communicatively coupled to the processor. The processor is
configured to generate a punctoring pattern mchuding a plurality of punctured bt
locations for puncturing corresponding coded bit locations in a polar codeword. The
processor 1s further configured to calculate a first log hikelihood ratio (LLR) sum for an
unknown-bit pancturing scheme by considering the coded bit locations corresponding to
the punctured bit locations as unknown bits, calculate a second LLR sum for a known-
bit puncturing scheme by considering the coded bit locations corresponding to the
punctured bit locations as known bits, select between the unknown-bit puncturing
scheme and the known bit puncturing scheme according to a greater LLR sum between
the first LLR sum and the sccond L.LR sum, polar code an information block to produce
the polar codeword, and puncture the polar codeword using the puncturing pattern and
based on the selected puncturing scheme to produce a punctured codeword having a
codeword length other than a power of two.

6611} Another aspect of the disclosure provides an apparatus configured for polar
decoding. The apparatus includes a processor, a memory communicatively coupled to
the processor, and a transceiver commumnicatively coupled to the processor. The
processor 18 configured to receive a polar codeword, determine whether punctured bits
in the polar codeword are considered known bits or unknown bits, set an initial log
likelhihood ratio (LLR) of each of the punctured bits as zero if the punctured bits are
considered unknown bits, or as infinity if the punctured bits are considered known bits,
and perform decoding of the received polar codeword.

[6612] Examples of additional aspects of the disclosure follow. In some aspects of the
disclosure, the method further mcludes performing bit-reversal permutation on the
puncturing pattern to produce a final puncturing pattern including final punctured bit
locations different than the punctured bit locations. In some aspects of the disclosure,

the final puncturing pattern is a uniform punctaring pattern.
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6613} In some aspects of the disclosure, the first LLR sum is calculated by setiing a
respective unknown-bit LLR for each coded bit location corresponding to one of the
punctured bit locations to zero and determiming a respective first coded bit LLR for
remaining ones of the coded bit locations. In some aspects of the disclosure, the
wnformation block includes a plurality of original bit locations, and the first LLR sum is
calculated by calculating respective first LLRs for cach original bit location of the
information block from the respective first coded bit LLRs and the respective unknown-
bit LLRs by performing density evolution or Gaussian approxunation, and calculating
the first LLR sum based on the first LLRs.

10614} In some aspects of the disclosure, sach of the coded bit locations corresponds to
a sub-channel and the polar codeword has an onginal codeword length of N, In some
aspects of the disclosure, the method for polar coding turther mcludes sorting the sub-
channels based on the first LLRg, selecting K best sub-channels in accordance with the
first LLRs, setting original bits of the information block corresponding to the X best
sub-chanoels as mformation bits, and sectting original bits of the information block
corresponding to N-K sub-channels as frozen bits.

[6615] In some aspects of the disclosure, the second LR sum 15 calculated by setting a
respective known-bit LLR for cach coded bit location corresponding to one of the
puncturcd bit locations to infinity and determining a respective second coded bit LLR
for remaining ones of the coded bit locations. In some aspects of the disclosure, the
second LLR sum is caleulated by calculating respective second LLRs for cach original
bit location of the information block from the respective second coded bit LLRs and the
respective known-bit LLRs by performing density evelation or Gagssian approximation,
and calculating the second LLR sum based on the second LLRs,

G816} In some aspects of the disclosure, cach of the coded bit locations corresponds o
a sub-channel, the polar codeword has an orniginal codeword length of &V, and the
punctured codeword has the codeword length of M. In some aspects of the disclosure,
the method for polar coding further includes sorting the sub-channels based on the
second LLRs, selecting K best sub-channels, excluding the sub-channels corresponding
to the punctured bit locations, 1 accordance with the sscond LLRs, setting original bits
of the information block corresponding to the K best sub-channels as information bits,
setting onginal bits of the information block corresponding to the sub-channcls
corresponding to the punctured bit locations as frozen bits, and setting original bits of

the mnformation block corresponding to a remaming number of sub-channels as frozen
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hits, wherein the remaining number of sub-channels is equal to a difference between N-
K and N-A sub-channels.

16617} In some aspects of the disclosure, the method of polar coding further includes
transmitting an oxplicit indication of the sclecied puncturing scheme, and transmitting
the punctured polar codeword. In some aspects of the disclosure, puncturing of the polar
codeword s performed during polar coding of the information block.

[6618] In some agpects of the disclosure, the puncturing pattem is generated with the
puncturcd bit locations at an end of the puncturing paticn. In some aspects of the
disclosure, the polar codeword mcludes an original codeword length of W, and the
punctured codeword includes the codeword length of A In some aspects of the
disclosure, the method for polar coding further includes setting a last N-A oniginal bits
ot the formation block to zero.

3619} In some aspects of the disclosure, the method for decoding further mcludes
determining whether punctured bits are considered known bits or unknown bits by
recciving an cxplicit indication of a uiilized puncturing scheme sclected from an
unknown-bit puncturing scheme and a known bit puncturing scheme. In some aspects of
the disclosure, the method for polar decoding further mcludes determining whether the
punctured bits are considered known bits or unknown bits by receiving one or more
parameters corresponding to channel coding of the polar codeword, and deriving
whether the punctured bits are considered known bits or unknown bits in accordance
with the one or more parameters. In some exaraples, the one or more paramcters include
a coding rate, the punctured bits are considered known bits if the coding rate is greater
than a coding rate threshold, and the punctured bits are considercd snknown bits if the
coding rate 15 not greater than the coding rate threshold. In some examples, the coding
rate threshold 1s Y2,

3620} These and other aspects of the mvention will become more fullv understood
upon a review of the detailed description, which follows. Other aspects, features, and
embodiments of the present mvention will become apparent to those of ordinary skill in
the art, upon reviewing the following description of specific, exemplary embodiments of
the present invention in conjunction with the accompanying figares. While features of
the present invention may be discussed relative to certain embodiments and figures
below, all cmbodiments of the present invention can mclude one or more of the
advantageous features discussed herein. In other words, while one or more embodiments

may be discussed as having certain advantageous features, one or more of such features
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may also be used in accordance with the various embodiments of the invention
discussed herem. In similar fashion, while exemplary embodiments may be discussed
below as device, system, or method embodiments it should be understood that such

exemplary embodiments can be implemented in various devices, svstems, and methods.

BRIEF DESCRIPTION OF THE BRAWINGS

[6621] FIG. 1 is a diagram illostrating an example of an access network.

6622} FIG. 2 1s a schematic dlustration of wircless commumication utihizing block
codes.

{6623} FIG. 3 18 a block diagram Hustrating an example of a hardware implementation

for a wircless communication device employing a processing system according 1o some
embodiments.
16024} FIG. 4 is a diagram illustrating an example of polar coding and puncturing

according to some embodiments.

6625} FIG. 5 15 a diagram illustrating an example of puncturing according to some
embodiments.
16826} FiG. 6 s a flow chart iHustrating an ¢xemplary process for polar coding

according to some embodimenis.

6627} FIG. 7 1s a flow chart ilfustrating an exemplary process for calculating the first
LLR sum for an unknown-bit puncturing scheme according to some embodiments,
16028} FIG. 8 15 a flow chart illustrating an cxemplary process for determining the
locations of the information bits and frozen bits in the information block when using an

unknown-bit puncturing scheme according to some embodiments.

16629} FiG. 9 is a flow chart ilustrating an cxemplary process for calculating the first
LLR sum for a known-bit puncturing scheme according to some cmbodiments.

3030} FIG. 10 13 a flow chaxt illustrating an exemplary process for determining the
locations of the information bits and frozen bits in the information block when using a
known-bit puncturing scheme according to some embodiments.

(6031} FIG. 11 is a schematic diagram illusirating an example of determining the
locations of the information bits and frozen bits in the mformation block according to
some embodiments.

[G832] FIG. 12 15 a flow chart dllustrating an exemplary process for polar decoding

according to some embodiments.
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0033 FIG. 13 1s a flow chart dlustrating an cxemplary process for setting the mnitial
g piary g

LELRs of punctured bits of a received polar codeword according to some embodiments.

DETAILED DESCRIPTION

3034} The detailed description set forth below in connection with the appended
drawings is intended as a description of varicus configurations and is not intended to
represent the only configurations in which the concepts described herein may be
practiced. The detailed description includes specific details for the purpose of providing
a thorough understanding of various concepts. However, it will be apparent to those
skilled in the art that these concepts may be practiced without these specific details. In
some instances, well known structures and components are shown in block diagram
form in order to avoid obscuring such concepts.

[0035] The various concepts presented throughout this disclosure may be implemented
across a broad vanety of telecommunication systems, network architectures, and
commumnication standards. Referring now to Fi(. 1, as an illustrative example without
limitation, a simplified schematic iHustration of an access network 100 18 provided. The
access network 100 may be a next gencration {¢.g., fifih generation {5(G)) access
network or a legacy (3G or 4G} access network. o addition, one or more nodes in the
access network 100 may be next generation nodes or legacy nodes.

LHIXEY The geographic region covered by the access network 100 may be divided mto a
number of cellular regions (cells), including macrocells 102, 104, and 106, and a small

cell 108, each of which mayv include one or more sectors. Cells may be defined

geographically (e.g., by coverage arca) and/or may be defined in accordance with a

frequency, scrambling code, etc. In a cell that is divided into sectors, the multiple
sectors within a cell can be formed by groups of antennas with cach antenna responsible
for commumication with mobile devices in a portion of the cell.

0037} In gencral, a radio transceiver apparatus serves egach cell. A radio transceiver
apparatus is commonly referred to as a base station (BS) in many wircless
communication systems, but may also be referred to by those skilled m the art as a base
transceiver station {BTS), a radio base station, a radio tramsceiver, a transceiver
function, a basic service set {BSS), an extended service set {ESS), an access point (AP),
a Node B, an ¢cNode B, or some other suitable terminology.

[3038] In FIG. 1, two high-power base stations 110 and 112 are shown in cells 102 and

104; and a third high-power base station 114 is shown controlling a remote radis head
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(RRH) 116 m cell 106, In this example, the cells 102, 104, and 106 may be referred to
as macrocells, as the high-power base stations 110, 112, and 114 support cells having a
large size. Further, a low-power base station 1138 15 shown in the small ccll 108 (e.g., 2
microcell, picocell, femtocell, home base station, home Node B, home eNode B, otc.)
which may overlap with one or more macrocells. In this example, the cell 108 may be
referred to as a small cell, as the low-power base station 118 supports a cell having a
relatively small size. Cell sizing can be done according to system design as well as
component constraints. It is to be understood that the access network 100 may include
any number of wireless base stations and cells. The base stations 110, 112, 114, 118
provide wireless access points {0 a core network for any number of mobile apparatuses.

{0039 FIG. 1 further includes a quadcopter or drone 120, which may be configured to
function as a base station. That is, in some examples, a cell may not necessarily be
stationary, and the geographic area of the cell may move according to the location of a
mobile base station such as the quadcopter 120.

[0040] In some examples, the base stations may be interconnected to one another and/or
1o one or more other base stations or network nodes (not shown} i the access network
100 through various types of backhaul iterfaces such as a direct physical connection, a
virtual network, or the like using any suitable transport network.

[0041] The access network 100 is illustrated supporting wireless communication for
multiple mobile apparatuses. A mobile apparatus 15 commonly referred to as user
cquipment (UE} in standards and specifications promulgated by the 3rd Generation
Partnership Project (3GPP), but may also be referred to by those skilled inthe art as a
mobile station (MS), a subscnber station, a mobile unit, a subscriber unit, a wireless
unit, a remote unit, a mobile device, a wireless device, a wircless communications
device, a remote device, a mobile subscriber station, an access terminal (AT), a mobile
terminal, a wireless terminal, a remote terminal, a handset, a terminal, a user agent, a
mobile client, a chient, or some other suitable terminology.

0042} Within the present document, a “mobile” apparatus need not necessarily have a
capability to move, and may be stationary. Some non-limiting examples of a mobile
apparatus mclude a mobile, a cellular (cell) phone, a smart phong, a session titiation
protocot (51P) phone, a laptop, a personal computer {(PC). a notebook, a netbook, a
smartbook, a tablet, and a personal digital assistant (PDA). A mobile apparatus may
additionally be an “Internet of things” (IoT) device such as an automotive or other

transportation vehicle, a satellite radic, a global positioning system {GPS) device, a
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logistics controller, a drone, a multi~copter, a quad-copter, a smart energy or security
device, municipal hghting, water, or other mfrastructure; industrial automation and
enterprise devices; consumer and wearable devices, such as eyewear, a wearable
camera, a smart watch, a health or fitness tracker, a digital audio player {c.g., MP3
plaver), a camera, a game console, etc.; and digital home or smart home devices such as
a home audic, video, and multimedia device, an appliance, a sensor, a vending machine,
wntetligent ighting, a home security svstem, a smart meter, etc.

[0043] Within the access network 100, the cells may include UEs that may be
communication with one or more sectors of each cell. For example, UEs 122 and 124
may be i communication with base station 110; UEs 126 and 128 may be in
compunication with base station 112; UEs 130 and 132 may be in commumication with
base station 114 by way of RRH 116; UE 134 may be m communication with low-
power base station 118; and UE 136 may be m communication with mobile base station
120, Herg, each base station 110, 112, 114, 118, and 120 may be configured to provide
an access point to a core network (not shown) for all the UEs in the respective cells.

6044} In another example, the quadcopter 120 may be configured to function as a UE.
For example, the quadcopter 120 may operate within ccll 102 by communicating with
base station 110,

[3045] The air mterface in the access network 100 may utilize one or more multiplexing
and multiple access algorithms to enable simultaneous communication of the vartous
devices. For example, multiple access for uplink (UL} or reverse hink transmissions
from UEs 122 and 124 to base station 110 may be provided utithzing time division
multiple access (TDMA), code division multiple access (CBMA), frequency division
mulitiple access (FDMA). orthogonal frequency division multiple access (OFDMA), or
other suitable multiple access schemes. Further, multiplexing downlink (DL) or forward
tink transmissions from the base station 110 to UEs 122 and 124 mayv be provided
utilizing time division maultiplesang (TDM}, code division multiplexing {CDM]),
frequency division multiplexing (FDM), orthogonal frequeney division multiplexing
(OFDM). or other suitable multipiexing schemes.

0046} Within the access network 100, dunng a call with a scheduling entity, or at any
other time, a UE may monttor various parameters of the signal from its serving cell as
well as various parameters of neighboring celis. Further, depending on the quality of
these parameters, the UE may maintain communication with one or more of the

neighboring cells. Dunng this time, f the UE moves from one cell to ancther, or if
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signal guality from a neighboring cell exceeds that from the serving cell for a given
amount of time, the UE may undertake a handoff or handover from the serving cell to
the neighboring (target) cell. For example, UE 124 may move from the geographic area
corresponding to its serving ccHl 162 to the geographic area corresponding to a neighbor
cell 106, When the signal strength or quality from the neighbor cell 106 exceeds that of
its serving cell 102 for a given amount of time, the UE 124 may transmit a reporting
message to its serving base station 10 indicating this condition. In response, the UE
124 may receive a handover conunand, and the UE may undergo a handover to the cell
106.

[0047] In some examples, access to the air interface may be scheduled, wherein a
scheduling entity {(¢.g., a basc station) allocates resources for communication among
some or all devices and equpment within 1ts service arca or cell. Witlun the present
disclosure, as discassed further below, the scheduling entity may be responsible for
scheduling, assigning. reconfiguring, and releasing resources for one or more
subordinate entitics. That s, for scheduled communication, subordinate entities utilize
resources allocated by the scheduling entity.

16048} Base stations are not the only entities that may function as a scheduling entity.
That is, in some examples, a UE may function as a scheduling entity, scheduling
resources for one or more subordinate entitics {e.g., one or more other UKs). For
example, UE 138 is illastrated communicating with UEs 140 and 142, In this example,
the UE 138 is functioning as a scheduling entity, and UEs 140 and 142 wtilize resources
scheduled by the UE 138 for wireless communication. A UE may function as a
scheduling entity in a peer-to-peer {P2P) network, and/or in a mesh network. In a mesh
network example, UEs 140 and 142 may optionally communicate directly with one
another 1o addition to communicating with the scheduling entity 138

3049} FIG. 2 is a schematic illustration of wircless communication between a first
wircless communication device 202 and a second wireless communication device 204.
Fach wircless communication device 202 and 204 may be a user equipment {(UE), a
base station, or any other suitable apparatus or means for wircless communication. In
the iltustrated example, a source 222 within the first wireless commumication device 202
transmits a digital message over a communication channel 206 (¢.2., a wireless channel}
to g sink 244 1 the second wirciess communication device 204, One issuc in such a
scheme that must be addressed fo provide for rehiable commumication of the digital

message, is to take into account the noise that affects the communication channel 206,
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6650} Block codes, or error correcting codes are frequently used 1o provide reliable
transmussion of digital messages over such noisy channels. fn a tvpical block code, an
mformation message or sequence 18 split up into blocks, each block having a length of K
bits. An encoder 224 at the first (transmitting) wireless communication device 202 then
mathematically adds redundancy to the information message, resulting m codewords
having a length of N, where N > K. Here, the coding rate R s the ratic between the
message length and the block length: 1¢, R = K/ N Exploitation of this redundaney in
the encoded information message is the key to reliability of the message, enabling
correction for any bit errors that may occur due to the noise. That is, a decoder 242 at
the second (receiving) wireless communication device 204 can take advantage of the
redundancy to rehiably recover the information message cven though bit errors may
occur, in part, due to the addition of noise o the channel.

3651} Many examples of such error correcting block codes are known to those of
ordinary skill m the ait, including Hamming codes, Bose-Chandhuri-Hocquenghem
(BCH) codes, turbo codes, and low-density panty check (LDPC) codes, among others.
Manyv existing wircless conumunication networks utiize such block codes, such as
3GPP LTE networks, which utilize turbo codes; and IEEE 802.11n Wi-Fi networks,
which utibize LDPC codes. However, for future networks, a new category of block
codes, called polar codes, presenis a potential opportunity for reliable and efficient
information transfer with improved performance relative to twbo codes and LDPC
codes.

16052} Polar codes are hinear block ervor correcting codes mvented in 2007 by Erdal
Arikan, and currently known to those skilled in the art. In general terms, chanmel
polarization is generated with a recarsive algorithm that defines polar codes. Polar codes
are the first explicit codes that achieve the channel capacity of symmetric binary-input
discrete memoryless channels. That is, polar codes achieve the channel capacity (the
Shannon hmit) or the theoretical upper bound on the amount of error-free information
that can be transmitted on a discrete memoryless channel of a given bandwidth in the
presence of noise.

{0053} Polar codes may be considered as block codes (V, K). While it would be flexible
for an encoder 124 to be able to select the number of coded bits N, with polar codes, the

codeword length N must be a power of 2 (e.g., 256, 512, 1024, ctc.) because the original

: . . T 0
construction of a polarizing matrix is based on the Kronecker product of [ 1 1].
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However, in a given commmunication system, i is generally not possible to guarantee
that a resource can afford alwavs to utilize this limited set of codeword lengths. To
support the varnable size of resources in a practical system, the block size of polar codes
must be flexible to the resource size.

3054} Puncturing 1s widely used to obtain length-compatible polar codes having a
codeword whose block length i1s not a power of 2. For example, to obtain a 1000-bit
code word lfength. 24 bits may be punctured from a 2'° = 1024-bit code word.
According to various aspects of the present disclosure, puncturing may be utilized to
obtain codewords of arbitrary length {e.g., lengths that are not necessarily a power of 2).

[0055] When performing codeword puncturing, the selection of which bits to puncture
(the punctunng pattern) is an important concern and can affect the efficiency of the
algorithm. Even if it is possible, it 15 not desirable to perform an exhaustive search of all
puncture patterns to find the optimal puncture pattern, due to the extensive computation
complexity that would be required.

6656} It has been known in the art to employ random puncturing patterns, among other
various puncture patterns. Among the known puncturing patterns, a uniform puncturing
pattern provides good performance. One example of a uniform puncturing patfern is
described in Kai Niw et ol , BEVYOND TURRG CODES: RATE-COMPATIBLE PUNCTURED
PoLar Copes, 2013 IEEE International Conference on Communications. Details of this
algorithm are known to those of ordinary skill in the art and are not described in detail
in the present disclosure.

16057} Another aspect of a punctunng algorithm or puncturing scheme is how the
decoder is to treat the punctured bits. In some examples of codeword poncturing, the
punctured bits may be considered to be unknown bits. That is, the decoder may s¢t the
log-likehihood ratio (LLR) for the punctured bits to zero, indicating that the punctured
bits are unknown. The LLR represents the probability of correctly decoding the bit and
generally ranges from zero to one, with increasing probability as the LLR approaches
one. One example of a puncturing scheme where the punctured bits arc considered
unknown bits 18 described m Dong-Min Shin et al., DESIGN OF LENGTH-COMPATIBLE
PoLar CODES BASED ON THE REDUCTION OF POLARIZING MATRICES, IEEE Transactions
on Communications, Vol 61, No. 7, July 2013, Details of this algonthm are known o
those of ordinary skill in the art and arc not described in detail m the present disclosure.

[B058] In other examples of codeword puncturing, the punctured bits may be considered

to be known bits. That is, the decoder may set the LLR for the punctured bits to be very
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high {c g., to mfinity} indicating that the punctured bits bave a known value of zero. The
construction of polar codes using a punctunng scheme where the punctured bits are
considered known bits was introduced by Ruwnxin Wong and Rongke Lin, A NOVEL
PUNCTURING SCHEME FOR POLAR Copis, IEEE Communications Letters, Vol. 18, No.
12, December 2014, Dietails of this algorthm are known to those of ordinary skill i the
art and are not described i detail in the present disclosure.

[6059] According to aspects of the present disclosure, it has been observed that, when
the punctured bits are considered unknown bits, a puncturing scheme generallv provides
better performance than known-bit puncturing when utilizing lower coding rates {¢.g.,
when the coding rate R is lgss than %2). On the other hand, considering the punctured
bits as known bits generally provides better performance than unknown-bit puncturing
when utilizing high coding rates {e.g., when the coding rate R is higher than 1%).
Furthermore, the performance of the encoder may additionally depend on other factors
or parameters, such as the cignal to noise ratio (SNR} experienced on the
communication channel.

[0064] According to an aspect of the present disclosure, an encoder may select between
such known-bit puncturing and unknown-bit puncturing in order to achieve the best
performance in anv conditions, independent of the coding rate or SNR bemg
experienced.

3061} FIG. 3 15 a block diagram illustrating an example of a hardware implementation
for a wireless communication device 300 cmploying a processing system 314, For
example, the wireless communication device 300 may be a user equipment (UE), a base
station, or any other suitable apparatus or means for wireless communication.

106862} In accordance with various aspects of the disclosure, an element, or any portion
of an clement, or any combination of clements may be implemented with a processing
system 314 that includes one or more processors 304, Examples of processors 304
include mucroprocessors, microcontrollers, digital signal processors {DSPs), ficld
programmable gate arravs (FPGAs), programmable logic devices (PLDs), state
machines, gated logic, discrete hardware circuits, and other suitable hardware
configured to perform the various functionality described throughout this disclosure.
That is, the processor 304, as atilized in a wireless communication device 300, may be
used to implement any one or more of the processes described below and itlustrated in

FiGs. 4-8.
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16063} In this example, the processing svsiem 314 may be implemented with a bus
architecture, represented generally by the bus 302, The bus 302 may mclude any
number of mterconnecting buses and bridges depending on the specific application of
the processing system 314 and the overall design constraints. The bus 302 links together
various circuits including onme or more processors (represented generally by the
processor 304}, a memory 305, and computer-readable media (represented generally by
the computer-readable mediim 3063, The bus 302 may also hink various other circuits
such as timing sources, peripherals, voltage regulators, and power management circuits,
which are well known in the art, and therefore, will not be described any further. A bus
mterface 308 provides an interface between the bus 202 and a transceiver 310. The
transceiver 310 provides a means for conumunicating with various other apparatus over
a transnussion medium. Depending upon the nature of the apparatus, a user mterface
312 (e.g., keypad, display, speaker, microphone, joystick} may also be provided.

[6064] The processor 304 ig responsible for managing the bus 302 and general
processing, including the exccution of software stored on the computer-readable
medium 306. The sofiware, when executed by the processor 304, causes the processing
system 314 to perform the varous functions described below for any particular
apparatus. The computer-readable medium 306 may also be used for storing data that is
manipulated by the processor 304 when execuuing software.

[3665] One or more processors 304 in the processing system may execute software.
Software shall be construed broadly to mean instructions, mstruction sets, code, code
segments, program code, programs, subprograms, software modules, applications,
software applications, software packages, routines, subroutines, objects, executables,
threads of ¢xecution, procedures, functions, ctc., whether referred to as sofiware,
firmware, middleware, microcode, hardware description language, or otherwise. The
software may reside on a computer-readable medium 306, The computer-readable
medium 306 may be a non-transitory computer-readable medium. A non-transitory
computer-readable medium includes, by way of example, a magnetic storage device
{c.g., hard disk, floppy disk, magnetic strip), an optical disk {¢.g., a compact disc (CD)
or a digital versatile disc (DVD)), a smart card, a flash memory device {e.g., a card, a
stick, or a key drive), a random access memory {(RAM), a read only memory {ROM}, a
programmable ROM (PROM), an crasable PROM (EPROM). an clectrically erasable
PROM {(EEPROM]), a register, a removable disk, and any other suitable medium for

storing software and/or mstructions that may be accessed and read by a computer. The
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10067

[0068]
[0069]

computer-readable medium may also include, by way of example, a carrier wave, a
transmission line, and any other suitable medium for transmitting software and/or
mstructions that may be accessed and read by a computer. The computer-readable
medium 306 may reside in the processing system 314, external to the processing system
314, or distnbuted across multiple entities mcluding the processing system 314, The
computer-readable medium 306 may be embodied in a computer program product. By
way of example, a computer program product may include a computer-readable medium
i packaging materials. Those skilled m the art will recognize how best to implement
the described functionality presented throughout this disclosure depending on the
particular application and the overall design constraints imposed on the overall systent.
In some aspects of the disclosure, the processor 304 mav include circuitry
configured for various functions. For example, the processor 304 may include a polar
encoder 341, which may in some examples operate in coordination with polar encoding
software 341 stored in the computer-readable storage medium 306, The polar encoder
341 mayv be configured to polar code an information block to produce a polar codeword
having a codeword length of N. For example, the mformation block may be represented
as an information bit vector & = (U, U,, ..., Uy} The polar encoder 341 may polar code
the mformation bit vector to produce the polar codeword as an encoded bit vector ¢ =
{£q, €y, ..., Cy) using a generating matrix Gy = By F®?, where By is the bit-reversal
pernuitation matrix for successive canccllation (5€) decoding (functioning in some

ways similar to the interleaver function used by a turbo coder in LTE networks) and

@ - ' o . o 10
F® s the #" Kronecker power of #. The basic matrix & may be represented as [ 1 1JL

The matrix F®" is generated by raising the basic 2x2 matrix # by the n” Kronecker
power. This matrix is a lower triangular matrix, in that all the entrics above the main

diagonal are zero. For example, the matrix of F®" may be expressed as:

10 0 000 O
T 100 0 0 0 0
101 00 0 0

pon | :
100 100 0
£ 10 1100
101 101 0
111 111 1

The polar encoder 341 may then generate the polar codeword as:

C? = ué.\l GN == u?BNFQQ”
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6670} Thus, the information bit vector u may mclude a number (N} of oniginal bits that
may be polar coded by the generating matrix (y to produce a corresponding number (V)
of coded bits in the polar codeword ¢. In some examples, the information bit vector u
may include a number of information bits, denoted K, and a nmumber of frozen bits,
denoted /' Frozen bits are bits that are fixed as 0 or 1. Thus, the value of the frozen bits
may generally be known at both the transoutting device and the receiving device. The
polar encoder 341 may determine the number of mformation bits and the number of
frozen bits based on the coding rate . For example, the polar encoder 341 may select a
coding ratc R from a set of onc or more coding rates and select K = N x R bits in the
information block to transmit information. The remaining (V - K bits in the information
block may then be fixed as frozen bits

{6871} In order to determine which information block bits to set as frozen bits, the polar
encoder 341 may further analvze the wireless channel over which the polar codeword
mav be sent. For example, the wireless channel for transmitting the polar codeword may
be divided into a set of sub-channels, such that each encoded bit in the polar codeword
is transmitted over one of the sub-channels. Thus, cach sub-channel may correspond to a
particular coded bit location in the polar codeword (e.g., sub-channel-1 may correspond
to coded bit location containing coded bit ;). The polar encoder 341 may identify the &
best sub-channels for transmitting the information bits and determine the ornigmal bit
locations o the information block contributing to {or corresponding to) the K best sub-
channels. For example, based on the gencrating matrix, one or more of the onginal bits
of the information block may contribute to each of the coded bits of the polar codeword.
Thus, based on the generating matrix, the polar encoder 341 may determine X original
bit locations in the iformation block cormresponding to the X best sub-channels,
designate the K oniginal bit locations for information bits and designate the remaining
original bit locations in the mformation block for fixed bits.

16872} In some examples, the polar encoder 341 may determine the K best sub-channels
by performing density evolution or Gaussian approxumation. Density evolution is
generally known to those skilled in the art, and therefore the details thereof are not
described herein. For example, construction of polar codes based on density evolution is
described w R Mori and T Tanaka PERFORMANCE OF POLAR CODES WITH THE
CONSTRUCTION USING DENSITY EVOLUTION, IEEE Commun. Lett., vol. 13, no. 7, pp.
519-521, hily 2009, Gaussian approximation is a lower complexity version of density

cvolution, and 15 also generally known to those skilled in the art. For exampie,
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construction of polar codes based on (Gaussian approximation is described m V.
Miloslavskaya, SHORTENED POLAR CODES, [EEE Trans. on Information Theorv, June
2015.

16873} The polar encoder 341 may perform density eovolution or Gaussian
approximation to calculate a respective bit error probability (BEP) and/or log likelihood
ratio (LLR) for cach of the for cach of the original bt locations. For example, the LLRs
of the coded bit locations are known from the sub-channel conditions {¢.g., based on the
respective SNKs of the sub-channels). Thus, since one or more of the original bits of the
mformation block may contribute to each of the coded bits of the codeword, the LLRs
of each of the original bit locations may be derived from the known LLRs of the coded
bit locations by performing density cvolution or Gaussian approxumation. Based on the
calculated original bit location LLRs, the polar encoder 341 may sort the sub-channels
and select the K best sub-channels {(¢.g., “good” sub-channels) to transmit the
information bits. The polar encoder 341 may then set the original bit locations of the
mformation block corresponding to the X best sub-channels as including information
bits and the remaining onginal bit locations corresponding to the N-K sub-channels
{c.g., “bad” sub-channels) as inchuding frozen bits.

G874} The polar encoder 341 may further be configured to puncture the polar
codeword to produce a punctured codeword. Puncturing mayv be utilized to obtam
codewords of arbitrary length (e.g., lengths that are not necessarnily a power of 2}, In
some cxamples, puncturing may be performed using a puncturing pattern that identifies
which coded bits to puncture. The punciuring patiemn may be represented as a
puncturing vector P = (P, Py, ..., Py) including pattern bits P at locations 1-N. The
value of cach pattern bit location of the puncturing vector P determines whether a coded
bit at a corresponding coded bit location i the coded bit vector ¢ is punctured or kept.
For example, if the value at a patiern bit location in the puncturing pattern is zero, the
coded bit at the corresponding coded bit location 1 the polar codeword may be
punctured (removed), whereas if the value 15 1, the coded bit at that coded bit location
may be kept.

6675} In vanous aspects of the disclosure, a uniform or guasi-uniform puncturing
pattern may be unlized. However, those skilled m the art will recognize that non-
amiform {¢.g., random)} puncturing may be atithzed within the scope of the present
disclosure. In some examples, the polar encoder 341 may generate the unitform or quasi-

uniform puncturing pattern from an initial puncturing pattemn including one or more
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mitial punctured bit locations. An example of an nitial puncturing paticmn 15 one
which all of the clements have a value of 1 except tor the last V=M clements, which
have a value of 0. Here, NV is the codeword length, and N-A is the desired block length
after puncturing. As a result of the bit-reversal permutation By applied to the
information block, in order to maintain correspondence between the puncturing pattem
and the resulting polar codeword, bit-reversal permutation may also be performed on the

mitial puncturing pattern to produce a final puncturing pattem that is similar to a

uniform punctunng pattern. The punctured bit locations may be different i the final

puncturing pattern than in the intial puncturing paticrn based on the bit-reversal
permutation applied. The final puncturing pattern functions as a mask, puncturing N=4/
coded bits of the polar codeword to which it i applied.

{6076} The polar encoder 341 may further be configured to utilize either an unknown-
bit puncturing scheme or a known-bit puncturing scheme with the same puncturing
pattern. b an unknown-bit puncturing scheme, the values of the ponctured coded bits
are unknown at the decoder, and therefore, the decoder may initialize the corresponding
LLRs of the punctured bits to zero. In a known-bit puncturing scheme, the values of the
punctured coded bits are known, and therefore, the decoder may mitiabize the
corresponding LLRs of the punciured bits to infinity.

16877} With an unknown-bit puncturing scheme, the polar encoder 341 may select the
focations of the information bits and frozen bits based on the caleulated LLRs, as
described above. However, with a known punctaring scheme, the polar encoder 341
may further be configured to select the information bit locations and frozen bit locations
in the information block based on not only the LLRs {(or BEPs), but also on the
puncturing pattern, to ensure that the values of the punctured bits are “known” to the
receiver. For example, the polar encoder 341 may select the locations of the frozen bits
such that the punctured bits are gencrated from onlv the frozen bits, and therefore, their
values can be known to the receiver,

{3678} Using the above example of the initial punctaring pattern in which the last N-A/
clements have a value of 0, the polar encoder 341 may also designate the last V-3
clements of the information block as frozen bits, cach having a known value {¢.g., 0}.
The remaining frozen bit locations {e.g., the difference between N-K and N-M, where
{N-K} > {N-A)) may be selected based on the LLRs, as described above. Thus, after
polar coding and bit-reversal permautation, cach of the coded bits at the punctured bit

focations m the puncturing pattern may be obtained by using only the N-A frozen bits.
J J S ‘.‘?
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6679} This may be more casily understood using the lower triangular generating matax
F® shown above. For example, as can be seen above, in the last column, all the values
are zero, except for the last row, which includes a 1. Since the last original bit 1n the
information block is set to 0 (e.g., as a frozen bit), the last column may be removed as it
does not contnibute to the values of the coded bits. In addition, if the last column is
removed, then the last row may be removed as well. If the last cohumn and the last row
are removed, then the value of the corresponding punctured bit will also be zero. Upon
removal of the last column and row, the values in the remaiming last column are now are
zero, except for the last row. Therefore, the process may be repeated by removing the
remaining last column and last row. This applies to cach removed column: when
removed, the corresponding bottom row may also removed. This implics that the last V-
M columms and rows may be removed to effect puncturing of the coded bits that would
have been generated from the last ¥-Af frozen bits. Becaunse the puncture starts from the
last column of the matrix and continues to the left one by onc {¢.g, based on the number
of punciured bits), the value of the punctured bits will be known with values of zeros as
long as the last N-M onginal bits of the information block are set as frozen bits with
values of zeros.

6684} Although 1n various aspects of the disclosure, the punctured codeword may be
generated by modifving the generating matrix, as descnibed above, this type of
puncturing {¢.g., puncturing as part of the polar coding) is typically more complex than
performing punctuning after generation of the polar codeword. Therefore, the puncturing
schemes discussed below assume that puncturing is performed afier the generation of
the polar codeword.

{6681} In various aspects of the disclosure, the processor 304 may further include
puncturing scheme selection circuitry 342, which may in some examples operate in
coordination with puncturing scheme selection software 342 stored in the computer-
readable mednim 306, The puncturing scheme selection software 342 may be
configured to select between the unknown-bit puncturing scheme and the known-bit
punctering scheme and provide the selected punctaring scheme to the polar encoder 342
for us¢ 1n polar coding and ponctaring,

6682} In some examples, the punciuring scheme selection circuitry 342 may calculate a
respective LLR sum for cach of the unknown-bit punctaring scheme and the known bit
puncturing scheme and select the puncturing scheme with the greatest LLR sum. For

example, the poncturing scheme selection circuitry 342 may calculate the LLR sum for
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the unkvown-bit puncturing scheme by considering the coded bit locations
corresponding to the final punciured bit Jocations as mcluding unknown bits and setting
the unknown-bit LLRs of each of those unknown bit locations to 0. The LLR sum for
the unknown-bit puncturing scheme may then be computed by performing density
evolution or Gaussian approximation, as described above, to calculate the original bit
location ELRs and determining the sum of the calculated original bit location LLRs.

16083} Similarly, the puncturing scheme selection circuiiry 342 may calculate the LLR
sum for the known-bit puncturing schemc by counsidering the coded bit Jocations
corresponding to the tinal punctured bit locations as ncluding known bits and setting
the nitial LLRs of each of those known bit locations to infinity. The LLR sum for the
known-bit puncturing scheme may then be computed by performing density cvolution
or Gaussian approximation, as described above, to calculate the original bit location
LLRs and determining the sum of the calculated original bit location LLRs.

[6084] The puncturing scheme selection circuitry 342 may further be configured to
provide the selected puncturing scheme to the receiving wireless communication device
to enable the decoder at the recaiving wircless communication device to mitialize the
values of the LLRs of the puactured bits with either O or infinity. In some examples, the
puncturing scheme selection circuttry 342 may be contfigured to transmit an explicit
wndication of the selected puncturing scheme 1o the receiving wireless communication
device. For example, a puncturing scheme mdication may be transmitted, for example,
over a control channel.

6685} Further, the processor 304 may mclude a polar decoder 343, which may in some
examples operate in coordination with polar decoding software 333 stored m the
computer-readable medium 306, The polar decoder 343 may be configured to receive a
punctured polar codeword and decode the punciured polar codeword to produce the
original mformation block. In some examples, the polar decoder 343 may perform
successive cancellation {5C} polar decoding or 5C polar list decoding to decode the
punctured polar codeword.

6686} In various aspects of the disclosure, the polar decoder 343 may determining
whether the punciured bits in the punctured polar codeword are considered known bits
or unknown bits. If the punctured bits are considered unknown bits, the polar decoder
343 may set the LLR of cach of the punctured bits to zero. However, if the punctured
bits are considered known bits, the polar decoder 343 may set the LLR of cach of the

punctered bits to infinity.
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16087} In some examples, the polar decoder 343 may determine whether the punctured
bits are considered known bits or unknown bits based on an explicit indication of the
selected puncturing scheme from the transmitting wireless communication device. For
example, the puncturing scheme indication may be received, for example, over a control
channel.

{3688} In other examples, the polar decoder 343 may deternmine whether the punctured
bits arc considered known bits or unknown bits based on one or more parameters
corresponding to channel coding of the punctured polar codeword. The polar decoder
343 may then denve whether the punctured bits arc considered known bits or unknown
bits in accordance with the one or more parameters. For example, the polar decoder 343
may utilize the coding raic to determine whether the punctured bits arc considered
known bits or unknown bits. In an example, the polar decoder 343 may deternune that
the punctured bits are considered known bits if the coding rate is greater than a coding
rate threshold, and mayv determine that the punctured bits are considered voknown bits if
the coding rate is not greater than the coding rate threshold. For example, the coding
rate threshold may be V2.

{6059] FiG. 4 15 a diagram illustrating an example operation 400 of polar coding and
puncturing according to some embodiments. In FIG. 4, an information block 410 15
provided including N onginal bit locations 415, cach containing an original bit {uy, iy,
..., ). Each of the onginal bits corresponds to an mformation bit or a frozen bit. The
information block 410 is received by a polar encoder 420. The polar encoder 420 polar
encodes the mformation block to produce a polar codeword 430 including & coded bit
locations 433, cach containing a coded bit {cy, €5, ..., Cy ).

3690} The polar codeword 430 1s received by a puncture block 440, The puncihure
block 440 appliecs a puncturing pattemn to the polar codeword to puncture (N-M) coded
bits from the polar codeword to produce a polar codeword having a codeword length of
£, where L = (N-A). Thus, at the output of the puncture block 440 is a punctured
codeword 450 including 7. coded bit locations 433, cach mchiding one of the noun-
punctured coded bits {¢q, ¢, ..., ). It should be noted that the polar encoder 420 and
puncture block 440 mayv, in some examples, correspond to the polar cocoder 341 and
polar encoding software 351 shown and deseribed above i connection with FIG. 3.

{3691} An example operation of the puncture block 440 is shown i FIG. 5. In FIG. §
an initial puncturing pattermn 300 is generated including a plurality pattern bit locations

503. Each of the patiemn bit locations 505 corresponds to one of the coded bit locations
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435 of the polar codeword 430 generated by the polar encoder 420 shown in FIG. 4. The
value of cach pattern bit location 505 determunes whether a coded bit at a corresponding
coded bif location 435 in the polar codeword 430 1s punctured or kept. For example, if
the value at a pattern bit location in the puocturing pattern is zero, the coded bit at the
corresponding coded bit location mn the polar codeword may be punctured {removed),
whereas if the value is 1, the coded bit at that coded bit location may be kept. In the
example shown in FIG. 5, the value of the last NV-M patiern bit {ocations 505 is set to
ZRT0,

6692} Ags a result of the bit-reversal permutation apphied to the information block when
generating the polar codeword 400, in order to maintain correspondence between the
puncturing paticrn 500 and the resulting polar codeword 430, bit-reversal permutation
may also be performed on the wmitial puncturing pattern 300 to produce a final
punctering pattern 510 that is similar to a uniform punchuring pattern. The final
punctering pattern 510 wncludes the same number of pattern bit locations 515 as the
mitial puncture pattern 300, but as shown in FIG. 3, the punctured bit locations may be
different in the final punctunng pattern 510 than in the initial puncturing pattern 500
based on the bit-reversal permutation applied. The final puncturing patiern 510 may
then be applied to the polar codeword 430 and function as a mask, puncturing M-M
coded bits of the polar codeword 430 to produce the punctured polar codeword 450
having a codeword length of 7. In the example shown in FIG. §, coded bits ¢ and o4
are illustrated as being punctared, for simplicity.

16093} FIG. 6 is a flow chart tlustrating an exemplary process 600 for polar coding
according to some aspects of the present disclosure. In some exarples, the process 600
may be implemented by a wireless communication device as described above and
thhustrated in FIGs. 1-3. In some examples, the process 600 may be implemented by any
suitable means for carrying out the described functions.

3094} At block 602, the wireless communication device may generate a puncturing
pattern. In some examples, the wircless commanication device may generate an initial
punctaring pattern B, =(1 1 1 -~ 1 ¢ O - )y The puncture paitern P,
ig represented by a vector with all elements having a value of 1 except for the last VM
clements, which have a value of 0. Here, & is the codeword length, and (N-A) is the
desired block length after puncturing. As above, if a value in this vector is zero, then the
coded bit at the comesponding coded bit location of the polar codeword will be

punctured. It the value s |, then the coded bit at the corresponding coded bit location of
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the polar codeword will be kept. To account for bit-reversal permutation o the polar
encoder, the wireless commumication device may also perform bit-reversal permutation
on the nitial puncturing pattern to produce a final puncturing pattern P, For example,
the polar encoder 341 shown and descnbed above i connection with FIG. 3 and/or the
puncture block 440 shown and described above in connection with FIGs. 4 and 5 may
generate the puncturing patiern.

[6095] At block 604, the wireless commumnication device may calculate 3 first LLR sum
for an unkvown-bit puncturing scheme by considering the coded hit locations
corresponding to the punctured bit locations as melading unknown bits. In some
examples, the wireless communication device may set an initial LLR of each punctured
coded bit location to zero, such that the punctured bits are considered unknown. The
wirgless commumication device may then perform density evolution or Gaussian
approximation to calculate the LLRs of the original bit locations of the mformation
block based on the LLRs of the punctured bit locations and the known LLRs of the
other coded bit locations {c.g., non-punctured coded bit locations). The wircless
communication device may then calculate the first LLR sum for the unknown-bit
puncturing scheme as the sum of the onginal bit location LLRs. For example, the
puncturing scheme selection circuitrv 342 shown and described above in connection
with FIG. 3 may caleulate the first LLR sum.

3696} At block 606, the wireless communication device may caleulate a second LLR
sum for a known-bit puncturing scheme by considering the coded bit locations
corresponding to the punctured bit locations as including known bits. In some examples,
the wireless communication device may set an mmtial LLR of each punctured coded bit
location to mfinity, such that the punctured bits are considered known. The wireless
communication device may then perform density evolution or Gaussian approximation
to calculate the LLRs of the onginal bit locations of the information block based on the
LLRs of the punctured bit locations and the known LLRs of the other coded bit
locations {c.g., non-punciured coded bit locations}. The wircless communication device
may then calculate the second LLR sum for the known-bit puncturing scheme as the
saum of the original bit location LLRs. For example, the puncturing scheme selection
circuitry 342 shown and described above in connection with FIG. 3 may calculate the
first LLR sum.

{3097} At block 608, the wireless communication device may compare the first LLR

sum with the second LLR sum, and may select the punctuning scheme corresponding to
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the larger sum. For example, the puncturing scheme selection circuitry 342 shown and
described above in connection with FIG. 3 may select the puncturing scheme,

[0098] At block 610, the wireless communication device may polar code an information
block ncluding mformation bits and frozen bit to produce a polar codeword. For
example, the polar encoder 341 shown and described above in connection with FIG. 3
and/or the polar encoder 420 shown and deseribed above in connection with FIG. 4 may
polar code the mformation block. At block 612, the wircless communication device may
puncture the polar codeword utilizing the final puncture pattern P, treating the
punctured bits as known bits or unknown bits in accordance with which punctunng
scheme resulted m the larger LLR sum, as described above. For example, the polar
encoder 341 shown and described above i connection with FIG. 3 and/or the puncture
block 440 shown and described above in connection with FIGs. 4 and 5 may punciure
the polar codeword to produce a punctured polar codeword having a codeword length
other than a power of 2.

16099} FIG. 7 s a flow chart dlustrating an exemplary process 700 for calculating the
first LLR sum for an voknown-bit puncturing scheme according to some aspects of the
present disclosure. In some examples, the process 700 may be implemented by a
wireless communication device as described above and illustrated in FI1Gs. 1-3. In some
examples, the process 700 may be implemented by any suitable means for carrying out
the described fonctions.

{0100 At block 702, the wireless communication device may set the mitial LLRs of the
punctured coded bit locations to zero. In addition, at block 704, the wircless
communication device may determine the LLRs of the remaming coded bit locations
{c.g., based on sub-channel conditions). For example, the puncturing scheme selection
circuitry 342 shown and described above in connection with FIG. 3 may set the LLR s
ot the punctured coded bit locations to zero and determine the LLRs of the remaining bit
locations.

[0101] At block 706, the wircless communication device may calculate the LLRs of the
original bit locations of the information block by performing density evolution or
Gaussian approximation. At block 708, the wircless communication device may then
calculate the first LER sum for the unknown-bit puncturing scheme from the original bit
location LLRs. For example, the puncturing scheme selection circuitry 342 shown and
described above in connection with FIG. 3 may caleulate the ongmal bit location LLRs

and calculate the first LLR sum from the calculated original bit location LLRs.
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16102} In addition, after calculating the original bit location LLRs at block 706, the
process may proceed as indicated by node A to FIG. 8, which illustrates an exemplary
process 800 for determining the locations of the mformation bits and frozen bits in the
information block. In some examples, the process 800 may be implemented by a
wireless communication device as described above and llustrated in FIGs. 1-3. In some
examples, the process 700 may be implemented by any suttable means for carrying out
the described functions.

3103} At block 802, the wircless communication device may sort the original bt
location LLRs in ascending or descending order. In addition, at block 8§04, the wireless
communication device may select the K best sub-channels based on the sorted ongmal
bit location LLRs. In some examples, the K best sub-channels correspond to the K
highest original bit location LLRs. For example, the polar encoder 341 shown and
described above 1in connection with FIG. 3 and/or the polar encoder 420 shown and
described above in connection with FIG. 4 may sort the original bit location LLRs and
select the K best sub-channels therefrom.

[0104] At block 806, the wireless communication device may set the original bits of the
information block corresponding to the K best sub-channels (“good” sub-channels) as
information bits. In addition, at block 808, the wireless communication device mav sct
the original bits of the information block corresponding to the (V-K) sub-channels
(*bad” sub-chanunels) as frozen bits. In some examples, the wireless communication
device may fix the frozen bits to the same value {e.g., 1 or 0}. For example, the polar
encoder 341 shown and described above in connection with FIG. 3 and/or the polar
encoder 420 shown and described above in commection with FIG. 4 may set the ornginal
bits of the information block as information bits or frozen bits.

[G105] FiG. 9 is a flow chart illustrating an exemplary process 900 for calculating the
first LLR sum for a known-bit punciuring scheme according to some aspects of the
present disclosure. In some examples, the process 900 may be mmplemented by a
wireless conununication device as described above and dllustrated in FiGs. 1-3. In some
cxamples, the process 900 may be implemented by any suttable means for carrving out
the described functions.

[G106] At block 902, the wireless commumication device may set the initial LLRs of the
puncturcd coded bit locations to mfintty. In addition, at block 904, the wireless
communication device may determine the LLRs of the remaining coded bit locations

{¢.g., based on sub-channel conditions). For example, the puncturing scheme selection
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circuitry 342 shown and described above in connection with FIG. 3 may set the LLR s
of the punctured coded bit locations to mfinity and determine the LLRs of the remaining
bit locations.

[G107] At block 906, the wireless communication device may calculate the LLRs of the
original bit locations of the information block by performing density evolution or
Gaussian approximation, At block 908, the wirgless communication device may then
calcufate the first LLR sam for the unknown-bit puncturing scheme from the original bit
location LLKs. For example, the puncturing scheme sclection circuitry 342 shown and
described above 1n connection with FIG. 3 may calculate the original bit location LLRs
and calculate the first LLR sum from the calculated original bit location LLRs.

[G108] In addition, after calculating the original bit location LLRs at block 906, the
process may proceed as indicated by node B to FIG. 10, which illustrates an exemplary
process 1000 for determining the locations of the information bits and frozen bits in the
information block. In some examples, the process 1000 may be mmplemented by a
wireless conununication device as described above and illustrated in FiGs. 1-3. In some
examples, the process 1000 may be implemented by any suitable means for carrying out
the described functions.

G109} At block 1002, the wircless communication device may sort the original bit
location LLRs m ascending or descending order. In addition, at block 1004, the wircless
communication device may select the X best sub-channels, excluding the sub-channels
corresponding to the punctured bit locations, based on the sorted original bit location
LELRs. In some examples, the X best sub-channels correspond to the K highest onginal
bit location LLRs other than the sub-channels corresponding to the punctured bit
locations. For example, the polar encoder 341 shown and described above in connection
with FIG. 3 and/or the polar encoder 420 shown and described above in connection with
FIG. 4 may sort the onginal bit location LLRs and select the K best sub-channels
therefrom.

[0116] At block 1006, the wircless conmumunication device may set the original bits of
the information block corresponding to the K best sub-channels ("good” sub-channels)
as information bits. In addition, at block 1008, the wircless communication device may
set the original bits of the information block corresponding to the sub-channels that
correspond to the puncturcd bit locations as frozeun bits. Furthermore, at block 1010, the
wireless communication device may set the onginal bits of the mformation block

corrgsponding to the remaining “bad” sub-channels {¢ g, the remaining number of sub-
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channels equal to the difference between N-K and N-M sub-channels) as frozen bits. In
some examples, the wireless communication device may fix the frozen bits to the same
value (¢.g., 1 or 0). For example, the polar encoder 341 shown and described above in
connection with FIG. 3 and/or the polar encoder 420 shown and described above m
connection with FIG. 4 may sct the original bits of the imformation block as mformation
bits or frozen bits.

{6111} Referring now to FIG. 11, the designation of onginal bits of an imformation
block as information bits or frozen bits is tllusirated. In the example shown in FIG. 11,
an mitial information block 1s an N-bit mformation block 410 mcluding & nifial bit
locations 415, cach containing a respective onginal bit (uy, ws, ..., Uy_y, Uy). A bit-
reversal permutation may then be applied to the information block 410 to produce a bit-
reversed mformation block 1120 including N original bit locations 1125 corresponding
to the & imitial bt locations 415 m the nitial information block 410. The bit-reversal
permutation effectively re-orders the original bits of the mformation block 410, For
example, the original bit ¥, may be in a second impal bit location 415 in the
information block 410 and in the last original bit location 1125 of the bit-reversed
information block 1120,

16112} The bit-reversed mformation block 1120 may then be provided to an LLR
caleulation block 1130 to calculate the individaal LLRs of cach of the original bit
locations 1123 and the LLR sums for cach of the puncturing schemes. The LLR
calculation block 1130 may be mmplemented, for example, 1o the polar encoder 341 or
410 shown and described above 1n connection with FIGs. 3 and 4 and/or the puncturing
scheme selection circuitry 342 shown and described above in connection with FIG. 3.
For example, to calculate the individual LLRs and LLR sum for cither puncturing
scheme, the LLR calculation block 1130 may perform density evolution or Gaussian
approximation to determine the mdividual LERs for each of the onginal it locations
1125 based on the LLR values of the corresponding coded bit locations {not shown).
For the uoknown-bit puncturing scheme, the LLRs of ecach of the coded bit locations
corresponding to the punctured bit locations are set to zero. For the known-bit
punctering scheme, the LLRs of cach of the coded bit locations corresponding to the
puncturcd bit locations are set to infinity. The LLR calculation block 1130 mayv then
calculate the LLR sums 1140 for cach of the puncturing schemes using the individual

calculated LLRs for cach of the original bit locations 1125.
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16113} In addition, the LLR caleulation block 1130 may provide the individual
calculated original bit location LLRs to the polar encoder 420 to set cach of the onginal
bits in the bit-reversed mformation block 1120 as an mformation bit or a frozen bit, as
described above. Using the above example of a lower triangular generating matrix F®7,
when utilizing known-bit puncturing, the last A=A origmal bits 1110 of the mtal
information block 410 corresponding to the punctured bit locations mayv be set as frozen
bits with values of zeros. Upon bit-reversal, the frozen bits may be in different oniginal
bit locations 1125, as shown in FIG. 11. The polar encoder 420 may then receive the
mndividual LLR calculations of the remaining unfrozen original bits from the LLR
calculation block 1130 and identify the information bits and other frozen bits from the
individual LLRs. For cxample, the polar encoder 420 may identify original bit u, as an
information bit and original bit ¥y as a frozen bit. Original bits uy_p ... Uy may also
remain identificd as frozen bits.

16114} Referrmg now to FIG. 12, a process 1200 1s illustrated for polar decoding
according to some aspects of the disclosure. In some examples, the process 1200 may be
implemented by a wircless communication device as described above and iHustrated m
Fizs. 1-3. In some examples, the process 1200 may be umplemented by any suttable
means for carrving out the described functions.

[3115] At block 1202, the wireless commmuumication deviee may receive a polar
codeword including one or more puncturcd bits. In some examples, the wircless
communication device may receive a punciured polar codeword, and with knowledge of
the punctoring pattern, identify the locations of the punctured bits in the polar
codeword. For example, the polar decoder 343 shown and described above m
connection with FIG. 3 may receive the polar codeword and determine the locations of
the punctured bits.

3116} At block 1204, the wireless commumication device may determine whether
punctured bits in the received polar codeword are to be treated as known bifs or
unknown bits. In various aspects of the disclosure, this determination may be explicit or
tmplicit. For example, an explicit transmission may be made from the transmitting
device to the receiving device, informing the decoder in the receiving device of which
puncturing method is vsed. Any suitable transmission may be utilized for the exphioit
indication, e.g., being as simple as a single bit, with one value mdicating that the
punctered bits are to be treated as known bits, an another value mdicating that the

punctured bits are to be treated as unknown bits,
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[06117] In ancther example, the treatment of the punctured bits may be deternuned
according to a predefined relationship with one or more other coding parameters. That
i3, in channel coding, wnformation such as the coding rate, the size of the information
message, and the size of the codewords may be transmitted to the receiver. According o
an aspect of the present disclosure, this mformation may provide means for the receiver
to deduce the puncturing used from the other parameters. As one particular example, the
punctering method may be determined according to the coding rate. That is, in this
exaraple, if the coding rate & is greater than a threshold (e.g., ¥2), then the decoder may
deduce that known bit puncturing s used; and if the coding rate & 1s not greater than the
threshold, then the decoder may deduce that wnknown bit puncturing is used. For
cxample, the polar decoder 343 shown and described above in connection with FIG. 3
may determune whether the punctared bits are known bits or unknown bits.

{3118} At block 1206, the wireless communication device may set the mitial LLR of the
punctured bits as mfinity or zero, according to which puncturing method is used, as
determined at block 1204, At block 1208, the wircless communication device may
perform polar decoding of the polar codeword. For example, the wireless
communication device may perform successive cancellation (SC) decoding, known to
those of ordinary skill in the art. Here, an SC decoder calculates the LLR of cach coded
bit m a recursive manner and obtains the onginal information block. For example, the
polar decoder 343 shown and described above in connection with FIG. 3 may set the
mitial LLR of the punctured bits and perform polar decoding of the polar codeword.

[6119] FIG. 13 13 a flow chart illustrating an exemplary process 1300 for setting the
matial LLRs of punctured bits of a received polar codeword according to some aspects
of the present disclosure. In some examples, the process 1200 may be implemented by a
wireless communication device as described above and illustrated in FI1Gs. 1-3. In some
examples, the process 1200 may be implemented by any suitable means for carrving out
the described fonctions.

[0126] At block 1302, the wircless commumnication device may receive a polar
codeword including one or more punctured bits. In some examples, the wireless
communication device may receive a punctured polar codeword, and with knowledge of
the puncturing pattem, identify the locations of the punctured bits in the polar
codeword. For example, the polar decoder 343 shown and described above n
connection with FIG. 3 may receive the polar codeword and determine the locations of

the punctured bits.
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{6121} At block 1304, the wircless comumunication device may determine whether an
explicit indication of the puncturing scheme utilized by the transnuiter was received. If
an exphceit indication was received (Y branch of 1304}, at block 1306, the wireless
communication device may set the initial LLRs of the punctured bits based on the
explicit indication. For example, the wireless communication device may set the initial
LLRs of the punctured bits to zero if the vnknown-bit puncturing scheme was used and
to wfinity if the kaown-bit puncturing scheme was used. For example, the polar decoder
343 shown and described above in connection with FIG. 3 may determune whether an
explicit mstruction was received, and if so, set the nitial LLRs of the punctured bits
accordingly.

[G122] If an explicit nstruction was not received (N branch of 1304}, at block 1308, the
wireless communication device may deteomne the coding rate used for the polar
codeword. At block 1310, the wireless communication device may determine whether
the coding rate exceeds a coding rate threshold. In some examples, the coding rate
threshold may be 2. For example, the polar decoder 343 shown and described above in
connection with FIG. 3 may determine the coding rate and compare the coding rate with
a coding rate threshold.

6123} If the coding rate docs exceed the coding rate threshold (Y branch of 1308), at
block 1310, the wireless communication device may set the imtial LLRs of the
punctured bits to infimity in accordance with the known-bit poncturing scheme.
However, if the coding rate does not exceed the coding rate threshold (N branch of
1308), at block 1312, the wireless communication device may set the initial LERs of the
punctured bits to zero in accordance with the unknown-bit puncturing scheme.

6124] Within the present disclosure, the word “exemplary” is used to mean “s¢rving as
an cxample, instance, or itlustration.” Any implementation or aspect descnbed herein as
“exernplary” 1s not necessarly 1o be construed as preferred or advantageous over other
aspects of the disclosure. Likewise, the term “aspects” does not require that all aspects
of the disclosure include the discussed feature, advantage or mode of operation. The
term “coupled” is used herem to refer to the direct or indirect coupling between two
objects. For example, if object A physically touches object B, and obhiect B touches
object C, then objects A and € may still be considered coupled to one another—egven if
thev do not directly physically touch each other. For instance, a first object may be
coupled to a sccond object even though the first object is never directly physically m

contact with the second object. The terms “circuit” and “circuitry” are used broadly, and
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mtended to include both hardware implementations of clectrical devices and conductors
that, when comnected and configured, enable the performance of the functions described
in the present disclosure, without limitation as to the tvpe of electronic circuits, as well
as software umplemeniations of information and instructions that, when executed by a
processor, enable the performance of the functions described 1n the present disclosure.

[3125] One or more of the components, steps, features and/or functions llustrated n
FIGs. 113 may be rearranged and/or combined into a single component, step, feature
or function or cmbodied in several components, sieps, or functions. Additional
clements, components, steps, and/or functions may also be added without departing
from novel featares disclosed herein. The apparatus, devices, and/or components
thustrated in FIGs. 1-3 may be configured to perform onc or more of the methods,
features, or steps described herein. The novel algorithms described herem may also be
efficiently implemented in software and/or embedded in hardware.

[3126] It is tc be understood that the specific order or hierarchy of steps in the methods
disclosed is an iflustration of exemplary processes. Based upon design preferences, it is
understood that the specific order or hierarchy of steps in the methods may be
rearranged. The accompanyving method claims present elements of the variocus steps in a
sample order, and are not meant to be hmited to the specific order or hicrarchy
presented unless specifically recited therein.

3127} The previous description s provided to enable any person skilled in the art to
practice the vanous aspects descnbed herein. Various modifications to these aspects
will be readily apparent to those skalled n the art, and the genenc principles defined
herein may be applied to other aspects. Thus, the claims are not intended to be limited to
the aspects shown herein, but are to be accorded the full scope consistent with the
language of the clamms, wherein reference to an element in the singular is not intended
to mean “one and only one” unless specifically so stated, but rather “one or more.”
Unless specifically stated otherwige, the term “some” refers {o one or more. A phrase
referring to “at least onc of” a list of ttoms refers to any combination of those items,

22

including single members. As an example, “at least one of a, b, or ¢” is intended to
cover: a; brcoaand by aand ¢ b and ¢; and a, b and ¢. All structural and functional
equivalents to the elements of the various aspects described throughout this disclosure
that are known or later come to be known to those of ordinary skill in the ant are
expressly mmcorporated herein by reference and are intended to be encompassed by the

claims. Moreover, nothing disclosed herein 1s intended to be dedicated to the public
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regardicss of whether such disclosure 1s explicitly recited in the claims. No claim
clement 1s to be construed under the provisions of 35 U.S.C. §112(f) unless the element
i3 expressly recited using the phrase “means for” or, in the case of a method claim, the

clement is recited using the phrase “step for”
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CLAIMS

1. A method of polar coding, comprising:

generating a puncturing pattern comprising a plurality of punctured bit locations for
puncturing corresponding coded bit locations in a polar codeword;

calculating a first log likelihood ratio (LLR) sum for an unknown-bit puncturing scheme
by considering the coded bit locations corresponding to the punctured bit locations as comprising
unknown bits;

calculating a second LLR sum for a known-bit puncturing scheme by considering the
coded bit locations corresponding to the punctured bit locations as comprising known bits;

selecting between the unknown-bit puncturing scheme and the known bit puncturing
scheme according to a greater LLR sum between the first LLR sum and the second LLR sum;

polar coding an information block to produce the polar codeword; and

puncturing the polar codeword using the puncturing pattern and based on the selected
puncturing scheme to produce a punctured codeword comprising a codeword length other than a

power of two.

2. The method of claim 1, further comprising:

performing bit-reversal permutation on the puncturing pattern to produce a final
puncturing pattern comprising final punctured bit locations different than the punctured bit
locations.

3. The method of claim 2, wherein the final puncturing pattern comprises a uniform
puncturing pattern.

4. The method of claim 1, wherein calculating the first LLR sum for the unknown-
bit puncturing scheme comprises:

setting a respective unknown-bit LLR for each coded bit location corresponding to one of
the punctured bit locations to zero; and

determining a respective first coded bit LLR for remaining ones of the coded bit
locations.

5. The method of claim 4, wherein the information block comprises a plurality of
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original bit locations, and wherein calculating the first LLR sum for the unknown-bit puncturing
scheme further comprises:

calculating respective first LLRs for each original bit location of the information block
from the respective first coded bit LLRs and the respective unknown-bit LLRs by performing
density evolution or Gaussian approximation; and

calculating the first LLR sum based on the first LLRs.

6. The method of claim 5, wherein each of the coded bit locations corresponds to a
sub-channel and the polar codeword comprises an original codeword length of N, and further
comprising:

sorting the sub-channels based on the first LLRS;

selecting K best sub-channels in accordance with the first LLRS;

setting original bits of the information block corresponding to the K best sub-channels as
information bits; and

setting original bits of the information block corresponding to N-K sub-channels as frozen
bits.

7. The method of claim 1, wherein calculating the second LLR sum over the coded
bit locations for the known-bit puncturing scheme comprises:

setting a respective known-bit LLR for each coded bit location corresponding to one of
the punctured bit locations to infinity; and

determining a respective second coded bit LLR for remaining ones of the coded bit

locations.

8. The method of claim 7, wherein the information block comprises a plurality of
original bit locations, and wherein calculating the second LLR sum for the known-bit puncturing
scheme further comprises:

calculating respective second LLRs for each original bit location of the information block
from the respective second coded bit LLRs and the respective known-bit LLRs by performing
density evolution or Gaussian approximation; and

calculating the second LLR sum based on the second LLRs.

9. The method of claim 8, wherein each of the coded bit locations corresponds to a
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sub-channel, the polar codeword comprises an original codeword length of N, and the punctured
codeword comprises the codeword length of M, and further comprising:

sorting the sub-channels based on the second LLRs;

selecting K best sub-channels, excluding the sub-channels corresponding to the punctured
bit locations, in accordance with the second LLRs;

setting original bits of the information block corresponding to the K best sub-channels as
information bits;

setting original bits of the information block corresponding to the sub-channels
corresponding to the punctured bit locations as frozen bits; and

setting original bits of the information block corresponding to a remaining number of
sub-channels as frozen bits, wherein the remaining number of sub-channels is equal to a

difference between N-K and N-M sub-channels.

10.  The method of claim 1, further comprising:
transmitting an explicit indication of the selected puncturing scheme; and

transmitting the punctured polar codeword.

11.  The method of claim 1, wherein puncturing the polar codeword is performed

during the polar coding the information block.

12.  The method of claim 1, wherein generating the puncturing pattern further
comprises:
generating the puncturing pattern with the plurality of punctured bit locations at an end of

the initial puncturing pattern.

13.  The method of claim 12, wherein the polar codeword comprises an original
codeword length of N, and the punctured codeword comprises the codeword length of M, and
further comprising:

setting a last N-M original bits of the information block to zero.

14. A method of polar decoding, comprising:
receiving a polar codeword;

determining whether punctured bits in the polar codeword are considered known bits or
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unknown bits;

setting an initial log likelihood ratio (LLR) of each of the punctured bits to a first value if
the punctured bits are considered unknown bits, or to a second value if the punctured bits are
considered known bits, the second value being larger than the first value; and

performing decoding of the received polar codeword.

15.  The method of claim 14, wherein determining whether the punctured bits are
considered known bits or unknown bits comprises:
receiving an explicit indication of a utilized puncturing scheme selected from an

unknown-bit puncturing scheme and a known bit puncturing scheme.

16.  The method of claim 14, wherein determining whether the punctured bits are
considered known bits or unknown bits comprises:

receiving one or more parameters corresponding to channel coding of the polar
codeword; and

deriving whether the punctured bits are considered known bits or unknown bits in

accordance with the one or more parameters.

17.  The method of claim 16, wherein the one or more parameters comprise a coding
rate, and wherein the deriving whether the punctured bits are considered known bits or unknown
bits comprises determining that the punctured bits are considered known bits if the coding rate is
greater than a coding rate threshold, and determining that the punctured bits are considered

unknown bits if the coding rate is not greater than the coding rate threshold.
18.  The method of claim 17, wherein the coding rate threshold is %%.

19.  The method of claim 14, wherein performing decoding of the polar codeword
further comprises:
using successive cancellation decoding to decode the polar codeword.

20.  An apparatus configured for polar coding, the apparatus comprising:
a processor;
a memory communicatively coupled to the processor; and

a transceiver communicatively coupled to the processor,



37

wherein the processor is configured to:

generate a puncturing pattern comprising a plurality of punctured bit locations for
puncturing corresponding coded bit locations in a polar codeword;

calculate a first log likelihood ratio (LLR) sum for an unknown-bit puncturing
scheme by considering the coded bit locations corresponding to the punctured bit
locations as comprising unknown bits;

calculate a second LLR sum for a known-bit puncturing scheme by considering
the coded bit locations corresponding to the punctured bit locations as comprising known
bits;

select between the unknown-bit puncturing scheme and the known bit puncturing
scheme according to a greater LLR sum between the first LLR sum and the second LLR
sum;

polar code an information block to produce the polar codeword; and

puncture the polar codeword using the puncturing pattern and based on the
selected puncturing scheme to produce a punctured codeword comprising a codeword

length other than a power of two.

21. The apparatus of claim 20, wherein the processor is further configured to perform
bit-reversal permutation on the puncturing pattern to produce a final puncturing pattern

comprising final punctured bit locations different than the punctured bit locations.

22.  The apparatus of claim 20, wherein the processor is further configured to
calculate the first LLR sum over the coded bit locations for the unknown-bit puncturing scheme
by:

setting a respective unknown-bit LLR for each coded bit location corresponding to one of
the punctured bit locations to zero; and

determining a respective first coded bit LLR for remaining ones of the coded bit

locations.

23.  The apparatus of claim 22, wherein the information block comprises a plurality of
original bit locations, and wherein the processor is further configured to calculate the first LLR

sum for the unknown-bit puncturing scheme by:
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calculating respective first LLRs for each original bit location of the information block
from the respective first coded bit LLRs and the respective unknown-bit LLRs by performing
density evolution or Gaussian approximation; and

calculating the first LLR sum based on the first LLRs.

24.  The apparatus of claim 20, wherein the processor is further configured to
calculate the second LLR sum over the coded bit locations for the known-bit puncturing scheme
by:

setting a respective known-bit LLR for each coded bit location corresponding to one of
the punctured bit locations to infinity; and

determining a respective second coded bit LLR for remaining ones of the coded bit

locations.

25.  The apparatus of claim 24, wherein the information block comprises a plurality of
original bit locations, and wherein the processor is further configured to calculate the first LLR
sum for the known-bit puncturing scheme by:

calculating respective second LLRs for each original bit location of the information block
from the respective second coded bit LLRs and the respective known-bit LLRs by performing
density evolution or Gaussian approximation; and

calculating the second LLR sum based on the second LLRs.

26.  The apparatus of claim 20, wherein the processor is further configured to:
transmit an explicit indication of the selected puncturing scheme via the transceiver; and

transmit the punctured polar codeword via the transceiver.

27.  An apparatus configured for polar decoding, comprising:
a processor;
a memory communicatively coupled to the processor; and
a transceiver communicatively coupled to the processor,
wherein the processor is configured to:
receive a polar codeword;
determine whether punctured bits in the polar codeword are considered known

bits or unknown bits;
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set an initial log likelihood ratio (LLR) of each of the punctured bits to a first
value if the punctured bits are considered unknown bits, or to a second value if the
punctured bits are considered known bits, the second value being larger than the first
value; and

perform decoding of the received polar codeword.

28.  The apparatus of claim 27, wherein the processor is further configured to
determine whether the punctured bits are considered known bits or unknown bits by receiving an
explicit indication of a utilized puncturing scheme selected from an unknown-bit puncturing

scheme and a known bit puncturing scheme.

29.  The apparatus of claim 27, wherein the processor is further configured to
determine whether the punctured bits are considered known bits or unknown bits by:

receiving one or more parameters corresponding to channel coding of the polar
codeword; and

deriving whether the punctured bits are considered known bits or unknown bits in

accordance with the one or more parameters.

30.  The apparatus of claim 29, wherein the one or more parameters comprise a coding
rate, and wherein the processor is further configured to derive whether the punctured bits are
considered known bits or unknown bits by determining that the punctured bits are considered
known bits if the coding rate is greater than a coding rate threshold, and determining that the
punctured bits are considered unknown bits if the coding rate is not greater than the coding rate
threshold.

31. The method of claim 14 wherein the first value is zero and the second value is

one.

32. The method of claim 14 wherein the first value is zero and the second value is

infinity.



