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CRC BITS FOR JOINT DECODING AND VERIFICATION OF CONTROL
INFORMATION USING POLAR COBES

PRIORITY CLAIM
{6001} This application claims priority to and the benefit of PCT Application No.

PCT/UNZ016/110088 filed in the Chinese Patent Office on December 15, 2016, the
entire content of which is incorporated herein by reference as if fully set forth below in

its entirety and for all applicable purposes.

TECHNICAL FIELD
16062} The technology discussed below relates generally to wireless communication
systems, and more particularty, to a control channel design using polar codes.
Embodiments can provide techniques for polar coding conirol information including
combined cyclic redundancy check {CRC) information, where the combined CRC
information includes a number of CRC bits selected to jointly decode and verify the

control information in order to reduce the CRC overhead.

INTRODUCTION

{6003} 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
imformation message or sequence is split up into blocks, and an encoder al the
transmitting device then mathematically adds redundancy to the information message.
Exploitation of this redundancy in the encoded information message 15 the key to the
reliability of the message, enabling correction for any bit errors that may occur due io
the noise. That is, a decoder at the receiving device can take advantage of the
redundancy to rehiably recover the information message even though bit errors may
occur, in part, due to the addition of noise to the channel.

[3004] Many examples of such error correcting block codes are known to those of
ordinary skill in the art, including Hanwoing codes, Bose-Chaudhuri-Hocquenghero
{(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 witlize turbo codes: and TEEE 802.11n Wi-Fi networks,
which utilize LDPC codes. However, for future networks, a new category of block

codes, called polar codes, presents a potential opportunity for reliable and efficient



WO 2018/107680 PCT/CN2017/088247

information transfer with improved performance relative to twrbo codes and LDPC
codes.

6005} While research into implementation of polar codes continues to rapidly advance
its capabilities and potential, additioval enbancements are desired, particularly for

potential deployment of future wireless communication networks beyond LTE.

BRIEF SUMMARY OF SOME EXAMPLES

(6006} The following presents a simplified summary of one or more aspects of the
present disclosure, in order to provide a basic understanding of such aspecis. This
summary is not an extensive overview of all contemplated features of the disclosure,
and is mtended neither to identify 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 one or more aspects of the disclosure in a simplified formas a
prefude to the more detailed description that is presented later,

(G087} Various aspects of the disclosure provide for polar coding control mformation
together with combined cyclic redundancy check (CRC) mformation in a wireless
transmission. The combined CRC information may include a number of CRC bits
selected to joinlly decode and verify the control information n order to reduce the CRC
overhead.

3008} In one aspect of the disclosure, a method of wirgless communication is provided.
The method includes generating an information block including control information for
a scheduled entitv, selecting a total number of combined cyclic redundancy check
{(CRC) bits based on at least a list size utilized in successive-canceliation list (SCL)
decoding at the scheduled entity, and generating CRC information for the mformation
block, where the CRC information includes the total number of the combined CRC bits.
The method further includes encoding the nformation block, including the CRC
information, utilizing polar coding to generate a polar code block, and transmitting the
polar code block to the scheduled entity over a wireless air interface.

(6009} Another aspect of the disclosure provides an apparatus configured for polar
coding. The apparatus includes a transceiver, a memory, and a processor
communicatively coupled to the transceiver and the memory. The processor is
configured to generate an information block including control information for a
scheduled entity, select a total number of combined cyclic redundancy check (CRC) bils

based on at least a list size utilized in successive-cancellation list (SCL) decoding at the
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scheduled entity, and generate CRC information for the information block, where the
CRC information includes the total number of the combined CRC bits. The processor is
further configured to encode the information block, meluding the CRC mmformation,
utilizing polar coding to generate a polar code block, and transmit the polar code block
to the scheduled entity over a wireless air interface via the transceiver.

16010} Examples of additional aspects of the disclosure follow. In some aspects of the
present disclosure, the total number of the combined CRC bits 15 selected 1o be equal to
a sum of a first number of integrity check bits and a second number of CRC-aided SCL
bits, where the second number of the CRC-aided SCL bits is selected based on the list
size. o some aspects of the disclosure, the second number of the CRC-aided SCL bits is
selected to be equal to a binary logarithm of the list size.

6011} In some exarmples, the second number of the CRC-aided SCL bits includes three
bits when the list size is equal to eight. In some examples, the second number of the
CRC-aided SCL bits includes five bits when the list size is equal to thirty-two. In some
examples, the first nurober of the mtegrity check bits ncludes sixteen bits.

6012} In some aspects of the disclosure, the information block includes a plurality of
original bit locations and the polar code block includes a plurality of coded bit locations,
where each of the plurahity of coded bit locations corresponds (o one of a plurality of
sub-channels. In some aspects of the present disclosure, a reliability metric for each of
the original bit locations may be determined to produce a plurality of reliability metrics.
The plurality of sub-channels may then be sorted based on the plurality of rehiability
metrics in order from highest rehability metrics to lowest reliability metrics, and a
portion of the plurality of sub-channels having the highest reliability metrics may be
allocated to the CRC information. In some aspects of the present disclosure, a portion of
the plurality of sub-chamnels distributed among the plurality of sub-channels may be
allocated to the CRC mformation.

(6013} In some aspects of the disclosure, an additional number of zero bits may be
added to the control information to produce a first polynomial, where the additional
nunber of the zero bits is equal to the total number of the combined CRC bits. The first
polynomial may then be divided by a generator polynomial fo produce a remainder
polynomial including the total number of the combined CRC bits, the combined CRC
bits may be scrambled with an identifier associated with the scheduled entity to produce
the CRC information, and the CRC information may be appended to the condrol

information n the information block.
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[0014] In another aspect of the disclosure, a method of wireless communication
operable at a scheduled entity is provided. The method includes receiving a polar code
block including control information for the scheduled entity and cyclic redundancy
check (CRC) information including a total number of combined CRC biis selected
based on at least a list size utilized in successive-cancellation list (SCL) decoding at the
scheduled entity. The method further includes decoding the polar code block utilizing
SCL decoding and the CRC mformation to produce an information block including the
control information and the CRC information, and verifying an integrity of the control
information utilizing the CRC information.

(6015} Another aspect of the disclosure provides an apparatus configured for polar
decoding. The apparatus ncludes a processor, a emory conununicatively coupled to
the processor, and a transcetver communicatively coupled to the processor. The
processor is configured to receive a polar code block including control information for
the scheduled entity and cyclic redundancy check (CRC) information including a total
number of combined CRC bits selected based on at least a list size utilized 1o
successive-cancellation list (SCL) decoding at the apparatus. The processor is further
configured io decode the polar code block wutilizing SCL decoding and the CRC
information to produce an information block comprising the control information and the
CRC information, and verify an integrity of the control information utilizing the CRC
information.

3816} Examples of additional aspects of the disclosure follow. In some aspects of the
present disclosure, the total number of the combined CRC bits 15 selected to be equal to
a sum of a first number of integrity check bits and a second number of CRC-aided SCL
bits, where the second number of the CRC-aided SCL bits is selected based on the fist
size. In some aspects of the disclosure, the second number of the CRC-aided SCL bits is
selected 1o be equal to a binary logarithm of the hist size.

(6017} In some examples, the second number of the CRC-aided SCL bits includes three
bits when the list size is equal to eight. Tn some examples, the second nomber of the
CRC-aided SCL bits includes five bits when the list size 15 equal to thirty-two. In some
examples, the first number of the integrity check bits includes sixteen bits.

6018} In some aspects of the disclosure, the information block includes a plurality of
original bit locations and the polar code block includes a plurality of coded bit locations,
where each of the plurality of coded bit locations corresponds to one of a plurahity of

sub-channels. In some aspecis of the present disclosure. the CRC information is
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recetved within a portion of the plurality of sub-channels having highest reliability
metrics.

6019} In some aspects of the disclosure, the CRC information may be descrambled
utilizing an identifier associated with the scheduled entity to produce the combined
CRC bits, the information block including the conirol mformation and the combined
CRC bits may then be divided by a generator polynomial to produce a remainder, and if
the remainder is equal to zero, the control information may be verified as correctly
recetved.

6026} In some aspects of the disclosure, the polar code block may be decoded to
produce a plurality of information block candidates, where a number of the plurality of
uformation block candidates 1s equal to the list size. The CRC information jvay then be
utilized to select one of the plurality of information block candidates as the mformation
block.

6021} These and other aspects of the invention will become more fully understood
upon a review of the detailed description, which follows. Other aspects, features, and
embodiments of the present invention 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 figures. While features of
the present invention may be discussed relative to certain embodiments and figures
below, all embodiments of the present invention can include 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
may also be used in accordance with the vartous embodiments of the invention
discussed herein. In similar fashion, while exemplary embodiments may be discussed
below as device, systern, or method embodiments it should be understood that such

exernplary embodiments can be implemented in various devices, systerns, and methods.

BRIEF DESCRIPTION OF THE DRAWINGS

6022} FIG. 1 is a conceptual diagram illustrating an exaraple of a radio access network,
(6823} FIG. 2 is a block diagram conceptually illustrating an example of a scheduling

entity comumumicating with one or more scheduled entities according to some
embodiments,
16024} FIG. 3 is a schematic illustration of the resource structure for a radio access

network showing time, frequency, and space dimensions



WO 2018/107680 PCT/CN2017/088247

6
(0025} FIG. 4 is a schematic iHustration of the generation of a conirol mformation
transmission according to the prior art.
(6625} FIG. 5 is a schematic illustration of an information block for polar coding.
16027} FIG. 6 is a schematic illustration of the generation of a control mformation
transmission utilizing polar coding.
16028] FIG. 7 is a schematic ilusiration of the generation of a control information

transmission utilizing polar coding and a reduced cyclic redundancy check (CRC)
according to some aspects of the disclosure.

6629} FIG. 8 is a block diagram illustrating an example of a hardware implementation
for a scheduling entity apparatus emploving a processing system,

16030} F1G. 9 15 a block diagram dlustrating an example of a hardware iroplementation
for a scheduled entity apparatus employing a processing system.

6031} FIG. 10 is a flow chart illustrating an exemplary process for polar encoding
control information with a combined CRC according to some aspects of the disclosure.

(6632} FIG. 11 1s a flow chart illustrating another exemplary process for polar encoding
control information with a combined CRC according fo some aspects of the disclosure.

[6833] FIG. 12 is a flow chart illustrating another exemplary process for polar encoding
control information with a combined CRC according to some aspects of the disclosure.

16034] FIG. 13 1s a flow chart illustrating another exemplary process for polar encoding
control information with a combined CRC according to some aspects of the disclosure.

[3035] FIG. 14 1s a flow chart ilustrating an exemplary process for receiving and polar
decoding a transmussion that includes control information and a combined CRC, m
accordance with some aspects of the disclosure.

{6036} FIG. 15 1s a flow chart iHustrating another exemplary process for receiving and
polar decoding a transmussion that includes control information and a combined CRC,
in accordance with some aspects of the disclosure.

6037} FIG. 16 is a flow chart Hlustrating another exemplary process for receiving and
polar decoding a transmission that includes control mformation and a combined CRC,

in accordance with some aspects of the disclosure.

DETAILED DESCRIPTION
{6038} The detailed description set forth below in connection with the appended
drawings 1s intended as a description of various configurations and is not intended to

represent the only configurations in which the concepts described herein may be
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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 mav be practiced without these specific details. In
some instances, well-known structures and coroponents are shown in block diagram

form in order to avoid obscuring such concepts.

RADIO ACCESS NETWORK

(6039} The various concepts presented throughout this disclosure may be implemented
across a broad variety of telecommunication systems, network architecturss, and
communication standards. Referring now to FIG. 1, as an illustrative example without
limitation, a schematic illustration of a radio access network 100 is provided. The radio
access network 100 may be a next generation {e.g., fifth generation {5(3)) access
network or a legacy {e.g., 3G or 4G) access network. In addition, one or more nodes in
the radio access network 100 may be next generation nodes or legacy nodes.

(6040} As used herein, the term legacy access network refers to a network emploving a
third generation (3G} wireless communication technology based on a set of standards
that complies with the International Mobile Telecommunications-2000 (IMT-2000)
specifications or a fourth generation (4G) wireless conmmunication technology based on
a set of standards that comply with the International Mobile Telecommunications
Advanced (JTU-Advanced} specification. For example, some the standards promulgated
by the 3rd Generation Partnership Project (3GPP) and the 3rd Generation Partnership
Project 2 (3GPP2) may comply with IMT-2000 and/or ITU-Advanced. Examples of
such legacy standards defined by the 3rd Generation Partnership Project (3GPP)
include, but are not limited to, Long-Term Evolution (LTE), LTE-Advanced, Evolved
Packet System (EPS), and Universal Mobile Telecommumication System (UMTS).
Additional exarples of various radio access technologies based on one or more of the
above-listed 3GPP standards include, but are not limited to, Universal Terrestrial Radio
Access {UTRA), Evolved Universal Terrestrial Radio Access (eUUTRA), General Packet
Radic Service (GPRS) and Enhanced Data Rates for GSM Evolution (EDGE).
Examples of such legacy standards defined by the 3rd Generation Partnership Project 2
(3GPP2) include, but are not himited to, CDMAZ000 and Ulira Mobile Broadband
(UMB). Other examples of standards emploving 3G/M4G wireless communication

technology include the TEEE 802.16 {WiMAX) standard and other suttable standards.
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0041} As further used herein, the term next generation access network generally refers
to a network emploving continued evolved wireless communication technologies. This
may include, for example, a fifth generation (5G) wireless communication technology
based ou a set of standards. The standards may comply with the guidelines set forth in
the 5G White Paper published by the Next Generation Mobile Networks (NGMN)
Alliance on February 17, 2015, For example, standards that may be defined by the
3GPP following LTE-Advanced or by the 3GPP2 following CDMAZ000 mayv comply
with the NGMN Alliance 5G White Paper. Standards may also include pre-3GPP efforts
specified by Verizon Technical Forum (www.vsigf} and Korea Telecom SIG
{(www.kt52. org).

(60421 The geographuc region covered by the radio access network 100 may be divided
into a number of cellular regions (cells) that can be uniquely identified by a user
equipment {UE) based on an identification broadcasted over a geographical from one
access point or base station. FIG. | illustrates macrocells 102, 104, and 106, and a small
cell 108, each of which may include one or more sectors. A sector is a sub-area of a cell.
Al sectors within one cell are served by the same base station. A radio link within a
sector can be identified by a single logical identification belonging to that secior. In a
cell that 1s divided into sectors, the multiple sectors within a cell can be formed by
groups of antennas with each antenna responsible for communication with UEs in a
portion of the cell.

(3043} In general, a base station (BS) serves each cell. Broadly, a base siation is a
network element m a radio access network responsible for radio transmission and
reception in one or more cells to or from a UE. A BS may also be referred to by those
skilled in the art as a base transceiver station {BTS), a radio base station, a radio
transceiver, a transcetver function, a basic service set (BSS), an extended service set
{ESS), an access point (AP). a Node B (NB), an eNode B {(eNB), a GNodeB or some
other suitable terminology.

(3344} In FIG. 1, two high-power base stations 110 and 112 are shown in cells 102 and
104; and a thurd high-power base station 114 is shown controlling a remote radio head
(RRH) 116 in cell 106, That is, a base station can have an integrated antenna or can be
connected to an antenna or RRH by feeder cables. In the illustrated example, the cells
102, 104, and 106 may be referred to as macrocells, as the lugh-power base stations 110,
112, and 114 support cells having a large size. Further, a low-power base station 118 is

shown in the small cell 108 {e.g.. a microcell, picocell, femtocell, home base station,
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home Node B, home eNode B, etc.) which mayv overlap with one or more macrocells. In
this example, the cell 108 may be referred to as a small cell, as the fow-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 radio access network 100 may include any number of wireless base stations and
cells. Further, a relay node may be deploved to extend the size or coverage area of a
aiven cell. The base stations 110, 112, 114, 118 provide wireless access points 10 a core
network for any number of mobile apparatuses.

{6045} 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
maobile base station such as the quadcopter 120.

13046} In general, base stations may include a backhaul interface for communication
with a backhaul portion of the network., The backhaul may provide a link between a
base station and a core network, and in some examples, the backhaul may provide
interconnection between the respective base stations. The core network is a part of a
wireless communication system that is generally independent of the radic access
technology used in the radio access network. Various tyvpes of backhaul interfaces may
be employed, such as a direct physical connection, a virtual network, or the like using
any suitable transport network. Some base stations may be configured as integrated
access and backhaul (JAB) nodes, where the wireless spectrum may be used both for
access links (1.e, wireless hinks with UEs), and for backbaul links. This scheme is
sometimes referred to as wireless self-backhauling. By using wireless self-backhauling,
rather than requiring each new base station deployment to be outfitted with s own
hard-wired backhaul connection, the wireless spectrum utilized for communication
between the base station and UE mav be leveraged for backhaul communication,
enabling fast and easy deplovment of highly dense small cell networks.

(3347} The radio access network 100 is illustrated supporting wireless communication
for multiple mobile apparatuses. A mobile apparatus 15 commonly referred to as user
equipment {UE) in standards and specifications promulgated by the 3rd Generation
Partnership Project (3GPP), but may also be referred to by those skilled in the art as a
mobile station (MS), a subscriber station, a mobile unit, a subscriber umi, a wireless
unit, a remote unit, a mobile device, a wireless device, a wireless comnumications

device, a remote device, a mobile subscriber station, an access terminal (AT), a mobile
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ternunal, a wireless terminal, a remote terminal, a handset, a terminal. a user agent, a
mobile client, a client, or some other suitable terminology. A UE mayv be an apparatus
that provides a user with access to network services.

16048} Within the present document, a “mobile” apparatus need not necessarily have a
capability to move, and may be stationary. The term mobile apparatus or mobile device
broadly refers to a diverse array of devices and technologies. For example, some non-
linuting exanples of a mobile apparatus include a mobile, a cellular (cell) phone, a
smart phone, a session initiation protocol (SIP} phone, a laptop. a personal computer
(PC), a notebook, a netbook, a smartbook, a tablet, a personal digital assistant (PDA),
and a broad array of embedded systems, e.g., corresponding to an “Tnternet of things”
(IoT). A mobile apparatus may additionally be an autornotive or other transportation
vehicle, a remote sensor or actuator, a robot or robotics device, a satellite radio, a global
positioning system (GPS} device, an object tracking device, a drone, a multi-copter, a
quad-copter, a remote control device, a consumer and/or wearable device, such as
evewear, a wearable carnera, a virtual reality device, a smart watch, a health or fithess
tracker, a digital audio player {e.g., MP3 plaver), a camera, a game console, etc. A
mobile apparatus may additionally be a digital home or smart home device such as a
home audio, video, and/or multimedia device, an appliance, a vending machine,
intelligent lighting, a home security system, a smart meter, etc. A mobile apparatus may
additionally be a smart energy device, a security device, a solar panel or solar array, a
municipal infrastructure device controlling electric power {e.g., a smart gnid), lighting,
water, etc.; an industnal automation and enterprise device; a logistics controller;
agricultural equipment; nulitary defense equipment, vehicles, arcraft, ships, and
weaponry, etc. Still further, a mobile apparatus may provide for connected medicine or
telemedicine support, 1.e, health care at a distance. Telehealth devices may include
telehealth momtoring  devices and  telehealth  adounistration  devices, whose
communication may be given preferential treatment or prioritized access over other
types of mformation, e.g., in terms of prioritized access for transport of critical service
user data traffic, and/or relevant Qo8 for transport of critical service user data traffic.

6049} Within the radio access network 100, the cells may include UEs that mayv be in
communication with one or more sectors of each cell. For example, UEs 122 and 124
may be i commuuication with base station 110; UEs 126 and 128 may be in
communication with base station 112; UEs 130 and 132 may be in commurnication with

base station 114 by way of RRH 116; UE 134 may be in communication with low-
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power base station 118; and UE 136 may be in comumunication with mobile base station
120. Here, each base station 110, 112, 114, 11&, and 120 may be configured to provide
an access point to a core network (not shown) for all the UEs in the respective cells,

160530 In another example, a mobile network node {(e.g., quadcopter 120) may be
configured to function as a UE. For example, the quadcopter 120 may operate within
cell 102 by communicating with base station 110. In some aspects of the disclosure, two
or more UE (e.g., UEs 126 and 128} may conmununicate with each other using peer to
peer (P2P) or sidelink signals 127 without relaying that communication through a base
station {g.g., base station 112},

6051} Unicast or broadcast transmissions of control information and/or user data traffic
from a base station {(e.g., base station 110) to one or more UEs {e.g., UHs 122 and 124)
may be referred to as downlink (DL} transmission, while transmissions of control
information and/or user data traffic originating at a UE {e.g., UE 122) may be referred
to as uwphnk (UL) transmussions. In addition, the uplink and/or downlink control
information and/or traffic mformation may be time-divided uito frames, subframes,
stots, mini-slots and/or symbols. As used herein, a symbol may refer to a unit of time
that, in an orthogonal frequency division multiplexed {(OFDM) waveform, carries one
resource element (RE) per sub-carrier. A slot may carry 7 or 14 OFDM symbols. A
mini-slot may carry less than 7 OFDM symbols or less than 14 OFDM symbols. A
subframe may refer to a duration of Ims. Multiple subframes or slots may be grouped
together to form a single frame or radio frame. Of course, these definitions are not
required, and any suitable scheme for organizing waveforms may be utilized, and
various fime divisions of the waveform may have any suitable duration.

6052} The air iterface in the radio access network 100 may utilize one or more
multiplexing and multiple access algorithms to enable simultaneous commaunication of
the various devices. For example, multiple access for uphnk (UL} or reverse link
transmissions from UEs 122 and 124 to base station 110 may be provided utilizing time
division multiple access (TDMA), code division multiple access (CDMA), frequency
division roultiple access (FDMA), orthogonal frequency division multiple access
(OFDMA), sparse code multiple access (SCMA), single-carrier frequency division
multiple access {(SC-FDMA), resource spread multiple access {(RSMA), or other suitable
multiple access schemes. Further, multiplexing downlink (DL} or forward link
transmaissions from the base station 110 to UEs 122 and 124 may be provided utilizing

time division multiplexing (TDM), code division multiplexing (CDM), frequency
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division multiplexing (FDM), orthogonal frequency division multiplexing (OFDM),
sparse code multiplexing (SCM), single-carrier frequency division muktiplexing (8C-
FDM) or other suitable multiplexing schemes.

16053} Further, the air interface in the radio access network 100 may utilize one or more
duplexing algorithms. Duplex refers to a point-io-point commurucation link where both
endpoints can communicate with one another in both directions. Full duplex means both
endpoints can simultaneously conununicate with one another. Half duplex means only
one endpoint can send information to the other at a time. In a wireless link, a full duplex
channel generally relies on physical isolation of a transmitter and receiver, and suitable
interference cancellation technologies. Full duplex emulation is frequently implemented
for wireless links by utilizing frequency division duplex (FDD) or time division duplex
(TDD). In FDD, transnussions in different directions operate at different carrier
frequencies. In TDD, transnussions in different directions on a given channel are
separated from one another using time division muldtiplexing. That ts, at some times the
channel is dedicated for transroissions in one direction, while at other times the channel
is dedicated for transmissions in the other direction, where the direction may change
very rapidly, e.g., several times per subframe.

[6654] In the radio access network 100, the abihity for a UE to communicate while
moving, independent of their location, s referred to as mohility. The various physical
channels between the UE and the radio access network are generally set up, maintained,
and released under the control of a mobility management entity (MME). In various
aspects of the disclosure, a radio access network 100 may utilize DL-based mobility or
UL-based mobility to enable mobility and handovers (ie, the transfer of a UE’s
connection from one radio channel to another). In a network configured for DL-based
mobility, during a call with a scheduling entity, or at any other time, a UE mayv monttor
various parameters of the signal from its serving cell as well as various parameters of
neighboring cells. Drepending on the quality of these parameters, the UE may maintain
communication with one or more of the neighboring cells. During this time, if the UE
moves from one cell to another, or if signal quality 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 ifs serving cell 102 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
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amount of time, the UE 124 may transmit a reporting message to its serving base station
110 indicating this condition. In response, the UE 124 may receive a handover
command, and the UE may undergo a handover to the cell 106

(60655} In a network configured for UL-based mobility, UL reference signals from each
UE mayv be utilized by the network to select a serving cell for each UE. In some
examples, the base stations 110, 112, and 114/116 may broadcast unified
synchronization signals {(e.g., unified Primary Synchronization Signals (PSSs), unified
Secondary Synchronization Signals ($885s) and unified Physical Broadcast Channels
(PBCH)). The UEs 122, 124, 126, 128, 130, and 132 may receive the unified
svachronization signals, derive the carrier frequency and subframe timing from the
svonchronization signals, and iu response to deriving finung, fransnut an uphink pilot or
reference signal. The uplink pilot signal transmitted by a UE (e.g, UE 124) may be
concurrently received by two or more cells {e.g., base stations 110 and 114/116) within
the radio access network 100. Each of the cells may measure a strength of the pilot
signal, and the access network {e.g.. one or more of the base stations 110 and 114/116
and/or a central node within the core network) may determine a serving cell for the UE
124. As the UE 124 moves through the radio access network 100, the network may
continue to monitor the uphnk pilot signal transmitted by the UE 124. When the signal
strength or quality of the pilot signal measured by a neighboring cell exceeds that of the
signal strength or quality measured by the serving cell, the network 100 may handover
the UE 124 from the serving cell to the neighboring cell, with or without informing the
UE 124

{00356} Although the synchronization signal transmitted by the base stations 110, 112,
and 114/116 may be unified, the synchronization signal may not identify a particular
cell, but rather may identify a zone of multiple cells operating on the same frequency
and/or with the same timing. The use of zones in 3G networks or other next generation
communication networks enables the uplink-based mobility framework and improves
the efficiency of both the UE and the network, since the number of mobility messages
that need to be exchanged between the UE and the network may be reduced.

6057} In various implementations, the air interface in the radio access network 100
may utilize licensed spectrum, unlicensed spectrum, or shared spectrum. Licensed
spectrum provides for exclusive use of a portion of the spectrum, generally by virtue of
a mobile network operator purchasing a lcense from a government regulatory body.

Unlicensed spectrum provides for shared use of a portion of the spectrum without need
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for a government-granted license. While compliance with some technical rules is

generally, any operator or device

2 &

generally siill required to access unlicensed spectrum
may gain access. Shared spectram may fall between licensed and unlicensed spectrum,
wherein technical rules or limitations may be required to access the spectrum, but the
spectrum may still be shared by multiple operators and/or multiple RATs. For example,
the holder of a license for a portion of licensed spectrum may provide licensed shared
access (LSA) to share that spectrum with other parties, e.g., with suitable licensee~

determined conditions 10 gain access.

SIGNALING ENTITIES

16038} In some examples, access to the air interface may be scheduled, wherein a
scheduling entity (e.g, a base station) allocates resources {e.g., time-frequency
resources) for communication among some or all devices and equipment within it
service area or cell. Within the present disclosure, as discussed further below, the
scheduling entity mayv be responsible for scheduling, assigning, reconfiguring, and
releasing resources for one or more scheduled entities. That is, for scheduled
communication, UEs or scheduled entities utilize resources allocated by the scheduling
entity.

[6059] 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 scheduled entities (e.g., one or more other UEs). In other
examples, sidelink signals may be used between UEs without necessanly relving on
scheduling or control information from a base station. For example, UE 138 is
ithustrated communicating with UEs 140 and 142, In some examples, the UE 138 is
functioning as a scheduling entity or a primary sidelink device, and UEs 140 and 142
may function as a scheduled entity or a non-primary {e.g., secondary) sidelink device. In
still another example, a UE may function as a scheduling entity in a device-to-device
(D2D), peer-to-peer (P2P), or vehicle-io-vehicle (V2V} network, and/or in a mesh
network. In a mesh network example, UEs 140 and 142 may optionally communicate
directly with one another in addition to communicating with the scheduling entity 138.

16060} Thus, in a wireless communication network with scheduled access to time--
frequency resowrces and having a cellolar configuration, a P2ZP configuration, or a mesh
configuration, a scheduling entity and oune or more scheduled entities may coromunicate

utilizing the scheduled resources. Referring now to FIG. 2, a block diagram illustrates a
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scheduling entity 202 and a plurality of scheduled entities 204 {e.g., 204a and 204b).
Here, the scheduling entity 202 may correspond to a base station 110, 112, 114, and/or
118, In additional examples, the scheduding entity 202 may correspond to a UE 138, the
quadcopter 120, or any other suitable node in the radio access network 100, Similarly,
in various examples, the scheduled entity 204 may correspond to the UE 122, 124, 126,
128, 130, 132, 134, 136, 138, 140, and 142, or any other suitable node in the radio
access network 100.

(6061} As ilfustrated in FIG. 2, the scheduling entity 202 may broadcast user data traffic
206 to one or more scheduled entities 204 (the user data traffic may be referred o as
downlink user data traffic). In accordance with certain aspects of the present disclosure,
the term dowolink may refer to a pomt-to-multipoint transroission originating at the
scheduling entity 202. Broadly, the scheduling entity 202 is a node or device
responsible for scheduling user data traffic in a wireless commumication network,
including the downlink transmissions and, in some examples, uplink user data traffic
210 from one or more scheduled entities to the scheduling entity 202, Another way to
describe the system may be to use the term broadcast channel multiplexing. In
accordance with aspects of the present disclosure, the term uplink mayv refer to a point-
to-point transmission originating at a scheduled entity 204, Broadly, the scheduled
entity 204 is a node or device that receives scheduling control information, including
but not limited to scheduling grants, synchronization or timing information, or other
contro] information from another entity in the wireless commumnication network such as
the scheduling entity 202

6662} The scheduling entity 202 may broadcast control information 208 including one
or more control channels, such as a PBCH; a PSS; a 888, a physical control format
indicator channel (PCFICH); a physical hybrid auviomatic repeat request (HARQ)
indicator channel (PHICH), and/or a physical downlink control chanvel (PDCCH), eic.,
to one or more scheduled entities 204, The PHICH carries HARQ feedback
transmissions such as an acknowledgment (ACK) or negative acknowledgrment
{(NACK). HARQ 15 a technique well known to those of ordinary skill in the art, wherein
packet transnmussions may be checked at the receiving side for accuracy, and if
confirmed, an ACK may be transmitted, whereas if not confirmed, a NACK may be
transmitted. In response to a NACK, the transmitting device may send a HARQ

retransmission, which may iroplement chase cornbining, incremental redundancy, ete.
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(0063} Uplink user data traffic 210 and/or downlink user data traffic 206 including one
or more traffic channels, such as a physical downlink shared channel (PDSCH) or a
physical uphnk shared channel (PUSCH) {and, in some examples, system mformation
blocks (S1Bs)), may additionally be fransmitied between the scheduling enfity 202 and
the scheduled entity 204. Transmissions of the control and user data traffic information
may be organized by subdividing a carrier, in time, inio suitable slots.

G064} Furthermore, the scheduled entities 204 may transnut uplink control information
212 including one or more uplink control channels to the scheduling entity 202. Uplink
control information may include a variety of packet types and categories, including
pilots, reference signals, and information configured to enable or assist in decoding
uplink traffic transnussions. In some examples, the coutrol inforration 212 yway nclude
a scheduling request (SR}, 1.e., request for the scheduling entity 202 to schedule uplink
transmissions. Here, in response to the SR transmiited on the control channel 212, the
scheduling entity 202 may transmit downlink control information 208 that may schedule
the slot for uplink packet transmissions.

[0065] Uplink and downlink transmissions may generally utilize a suitable error
correcting block code. In a typical block code, an information message or sequence is
split up mnto information blocks, and an encoder at the transmitting device then
mathematically adds redundancy to the information message. Exploitation of thisg
redundancy in the encoded information message can improve the reliability of the
message, enabling correction for any bit ervors that yay occur due o the noise. Some
examples of error correcting codes mclude Hanwning codes, Bose-Chaudhuri-
Hocquenghem (BCH) codes, turbo codes, low-density parity check (LDPC) codes,
Walsh codes, and polar codes. Various tmplementations of scheduling entities 202 and
scheduled entities 204 may include suttable hardware and capabilities {e.g., an encoder
and/or decoder} to utilize any one or more of these error correcting codes for wireless
commumication.

(3066} In some examples, scheduled entities such as a first scheduled entity 204a and a
second scheduled entity 204b may utilize sidelink signals for direct D2ZD
communication. Sidelink signals may include sidelink data 214 and sidelink control
216. Sidelink control mformation 216 may include a source transmit signal (STS), a
direction selection signal (DSS8), a destination receive signal (DRS), and a physical
sidelink HARQ indicator channel (PSHICH). The DSS/8TS may provide for a

scheduled entity 204 to request a duration of time to keep a sidelink channel available
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for a sidelink signal; and the DRS may provide for the scheduled entity 204 to indicate
availability of the sidelink channel, e.g.. for a requested duration of time. An exchange
of DSS/STS and DRS signals {e.g., handshake) may enable different scheduled entities
perforroing sidelink conwnunications to negotiate the availability of the sidelink chanuel
prior to commmunication of the sidelink data information (irafficy 214, The PSHICH may
include HARQ acknowledgment information and/or a HARQ indicator from a
destination device, so that the destination may acknowledge data received from a source
device.

6067} The channels or carriers illustrated in FIG. 2 are not necessarily all of the
channels or carriers that may be utilized between a scheduling entity 202 and scheduled
entities 204, and those of ordivary skil in the art will recognize that other chanoels or
carriers may be utilized in addition to those illustrated, such as other traffic, control, and

feedback channels.

RESQURCE STRUCTURE

{0068} FIG. 3 is a schematic illustration of the resource structure 300 for a radio access
network, such as the RAN 100 illustrated in FIG. 1. In some examples, this iHlustration
may represent downlink or uplink wireless resources as they may be allocated in an
OFDM system that utilizes multiple-input-nultiple-output (MIMO). In some examples,
in a 5G NR radio access network, it is anticipated that OFDM may be utilized for DL
transmissions, UL transmissions (OFDMA), and/or sidelink transmissions. Furthermore,
in a 3G NR radio access network, a waveform other than OFDM may be utiized for UL
and/or sidelink transnussions, such as SC-FDMA or DFT-s-OFDMA. It should be
further understood that various aspects of the present disclosure may be applied to an
SC-FDMA or DFT-s-OFDMA waveform in substantially the same way as described
herein below.

60691 MIMO is a multi-antenna technology that exploits multipath signal propagation
so that the information-cartying capacity of a wireless link can be multiplied by using
multiple antennas at the transmoitter and receiver to send multiple stimultaneous streams.
At the multi-antenna transmitter, a suitable precoding algorithm (scaling the respective
streams” amplitude and phase) is applied {in some examples, based on known channel
state information). At the multi-antenna receiver, the different spatial signatures of the
respective streams {and, in some examples, known channel state information) can

enable the separation of these streams from one another.
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6070} Massive MIMO is a MIMO system with a very large number of antennas (e.g.,
greater than an 8x8 array). Further, in a multi-user MIMO (MU-MIMO) system, a base
station, in communication with a large number of UEs, can exploit multipath signal
propagation to increase overall network capacily bv increasing throughput and speciral
efficiency, and reducing the required fransmission energy.

6071} Referring again to FIG. 3, the resources in a wireless channel may be
characterized according to three dimensions: frequency, space, and time. The frequency
and time dimensions of an OFDM system may be represented by a two-dimensional
grid 302 of resource elements {REs} 304. The REs 304 are defined by the separation of
frequency resources into closely spaced narrowband frequency tones or sub-carriers and
the separation of time resources into a sequence of OFDM symbols having a given
duration. In the example shown in FIG. 3, each RE 304 is represented by a rectangle
having the dimensions of one sub-carrier {e.g., 15 kHz bandwidth) by one OFDM
symbol. Thus, each RE 304 represents a sub-carrier modulated for the OFDM symbol
period by one OFDM data symbol and contains a single complex value representing
data from a physical channel or signal. Depending on the modulation utilized in a
particular implementation, each RE may represent one or more bits of information. Each
OFDM symbol mayv be modulated using, for example, quadrature phase shift keyving
(QPSK), 16 quadrature amplitude modulation (QAM) or 64 QAM. Further, by utilizing
spatial multiplexing (e.g., with MIMO), a plurality of OFDM streams are represented by
separate OFDM resource grids 302 spanning in the space dimension of FIG. 3.

(6672} The REs 304 may further be grouped into resource blocks (RB). Each RB may
contain any suitable number of consecutive subcarriers in the frequency domain and, in
some examples depending on the length of a cvclic prefix (CP} used in each OFDM
svmbol, any suitable number of consecutive OFDM symbols in the time domain. An RB
may be the smallest unit of resources that can be allocated to a UE. Thus, the more RBs
scheduled for a UE, and the higher the modulation scheme chosen for the air interface,
the higher the data rate for the UE. For example, in LTE networks, an RB inchades 12
counsecutive sub-carriers in the frequency domain and, for a norroal cyclic prefix in each
OFDM symbol, 7 consecutive OFDM symbols in the time domain, or 84 resource
elements. However, it should be understood that any suitable number of REs 304 may
be grouped into a resource block.

16073} In addition, any number of resource blocks {e.g.. groups of sub-carriers and

OFDM symbolsy may be utilized within a slot or mini-slot. In the illustrated example
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shown in FIG. 3, the resource structure 300 represents a portion of a slot 306, which
may be, for example, a downlink-centric slot or an uphink-centric slot. A DL-centric slot
is referred to as a DL-centric slot because a majority {or, i some examples, a
substantial portion) of the slot includes DL data. Ao UlL-centric slot is referred to as a
UL-centric slot because a majority {or, in some examples, a substantial portion) of the
stot includes UL data.

(G074} In a given DL-centric or UL-centric slot 306, transmussion of one or more
downlink control channels may be followed by transmission of one or more downlink or
uplink traffic channels, in the time dimension. In general, the first N OFDM symbols in
a DL-centric or UL-~centric slot typically correspond to a downlimk control region {DL
burst) of the slot that carries downlink conirol reference signals (Control RSs), such as
the cell specific reference signal {C-RS) and channel state information reference signal
{CS1-RS), which aid in downlink channel estimation, and downlink control information
{Control Information), such as the Physical Control Format Indicator Channel
(PCFICH), which carries the Conirol Format Indicator (CFI), the Physical Hybnd
Automatic Repeat Request (HARQ) Indicator Channel (PHICH), and the Physical
Downlink Control Channel (PDCCH), which carries Downlink Control Information
(BCD.

[6075] In the non-liniting example illustrated in FIG. 3, the first two symbols include
downlink control reference signals and downlink control information, which may be the
same as the control information 208 and/or 216 described above. Accordingly, these
symbols may be referred to as the DL burst. Any suitable region of resources in the
time, frequency, and space dimensions may be utilized as a DL burst, not necessarily
limited to the first two symbols. Moreover, a DL bwst need not necessarily be
contiguous, and may be included in one, two, or any suitable number of separate
regions.

6076} Following the DL burst, the slot 306 may include a traffic region carrying
downlink or uplink traffic reference signals (Traffic RSs) and traffic (User Data
Traffic), which may be the same as the user data traffic 206, 210, and/or 214 described
above. Thus, within the traffic region, REs that carry reference signals (RS) may be
interleaved with REs that carry user data traffic. For example, within the traffic region
of an aplink-centric slot, one of the RSs may include a sounding reference signal (SRS).

The SRS is transmitted from the scheduled entitv to the scheduling entity to enable the
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scheduling entity io estimate the uplink channel quality. The SRS may further be
uttlized by the scheduling entity for uplink timing estimation.

16677} In addition, one or more of the RSs in the traffic region of an uplink-centric slot
or a downlink-centric slot may include a demodulation reference signal (DMRS), which
may be used to enable coherent signal demodulation at the receiver. In some examples,
the DMRS may be transmitted from a scheduled entity to a scheduling entity at the
beginning of the traffic region in an UL-centric slot to enable the scheduling entity to
demodulate the subsequently transmitted uplink user data traffic.

{6678} At the end of the traffic region, the slot 306 may include an uplink (UL) burst
that carries uplink control information. For example, the uplink burst may include a
physical uphnk control channel (PUCCH), physical random access channel (PRACH)
or other suitable uplink control information. In the non-limiting example itfustrated in
FIG. 3, the last symbol in the slot includes the uplink control information, which may be
the same as the control mformation 212 and/or 216 described above. While the above
description only refers to the front resource grid (i.e. not considering the space
dimension}, it is to be understood that control and traffic information for a plurality of

users may be multiplexed in space, frequency, and time.

CONTROL INFORMATION GENERATION

60791 FIG. 4 is a schematic ilfustration of the generation of a prior art transmission of
control information 400. The control information 400 may nclude common control
information 410 and/or dedicated control information 412. Here, common control
information 410 may include control information that may be shared among a group
(e.g., a plurality} of UEs, while dedicated control information 412 may include control
information intended for asingle UE (e.g, one of UE L, UE 2, ... UEN). As illustrated
here, both conumon control information 410 for a plurality of UEs and dedicated control
information 412 for a given UE may include various fields for different types of
information relating to control over user data traffic and traffic RS, For example, as
illustrated in FIG. 4, the common conirol information 410 or a given UE’s dedicated
control information 412 may include a modulation order and coding scheme (MCS)
402, resource allocation 404 (e.g., time-frequency resources), a transmission scheme
406, a RS configuration 4038, etc. Of course, this is onlv one example and any suitable
set of control informuation 400 may be included. In some examples, each of the common

control information 410 and dedicated control information 412 corresponds to
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respective downlink control information (DCIT) transmitied within a respective physical
downlink control channel (PDCCH).

(6080} Each of the common conirol information 410 and the dedicated control
uformation 412 for each UE is subjected to a cychic redundancy check (CRC)
calculation block 420 to produce respective CRCs (also referred to herein as CRC
information), which in some examples may be scrambled with a group identity (for
commion control information} or the destination UE’s identity (for dedicated control
information). For example, a UE may have a radio network temporary identifier (RNTI)
or other suitable UE-specific identifier that mav be known o the scheduling entity
generating the CRCs. The RNTI may be used by the receiving UE to determine whether
the control information is intended for that receiving UE or another UE.

(6081} The CRC is generated by {reating the information bits of the control information
400 as a polynomual in GF(2) (Galois field with two elements) and computing the
remainder by dividing the information bits by a generator polynomial in GF{(2). A
polynonual in GF(2) 15 a polynonual in a single vanable x whose coefficients are 0 or 1.
For example, the generator polynontal x'° + x' + x* + 1 is widely used to compute a
16-bit CRC. In general, to compute a CRC of M bits, M 07 bits are added to an N-bit
information message (e.g., N-bit control information) and the resulting polynomual of
degree N + M -1 is divided by a generator polynonual of degree M. This produces a
remainder polynomial of degree M-1, which has M coefficients (or M bits). These M
bits may then be scrambled with the UE’s RNTI (or group RNTI) and appended to the
N-bit control nformation bits. Typically, the CRC includes eight, sixteen, or thirty-two
bits.

(0082} A recetving UE may perform an integrity check or CRC caleulation taking its
own RNTI into account, so that the CRC would only be verified for control information
that includes a CRC scrambled with that UE’s RNTL Similarly, for commeon control
information 410, a group RNTI known to the group of UEs and the scheduling entity
may be used fo perform an integrity check or CRC calculation. For example, the
receiving UE can descramble the M CRC bits using the RNTI, divide all of the N + M
{descrambled) received bits by the generator polynomial and check that the M-bit
remainder 1s 0. If the remainder equals 0, the control information may be verifted as
received correcily. If the remainder does not equal 6, the UE may determine that the

control information was not received correctly.
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{0083} As further illustrated, the conirol nformation 400 {e.g., common control
information 410 and/or dedicated control information 412 for a plurality of UEsS) may be
multiplexed into a given transmussion of countrol information. That is, as described
above, a dowulink trassrussion from a scheduling entity mayv include conuwnon control
information 410 and/or dedicated control information 412 for a plurality of scheduled
entities. After adding the CRC io the control information 400, it 15 encoded by an
encoder 422, and then subjected to a modulation, scrambling, and mapping block 424 to
modulate, scramble and/or map the encoded control information 1o resources in the
wireless air interface {e.g., see FIG. 3). In some examples, the encoder 422 may be a
polar encoder for polar coding the control information block to produce a polar code
block that may then be modulated, scrarobled, and/or mapped to suitable resources over

the wireless air interface.

POLAR CODES

{0084} Polar codes are linear block error correcting codes invented in 2007 by Erdal
Arikan, and currently known to those skilled in the art. In general terms, channel
polarization is generated with a recursive algorithm that defines polar codes. Polar codes
are the first explicit codes that achieve the channel capacity of symmetric binary-input
discrete memorviess channels. That is, polar codes achieve the channel capacity (the
Shannon limit} or the theoretical upper bound on the amount of error-free information
that can be transmutted on a discrete memorviess channel of a given bandwidth in the
presence of noise.

[0085] Polar codes may be considered as block codes. In a typical block code, an
information message or sequence is split up into information blocks, each block having
a length of K biis. An encoder at the transmitting device {scheduling entity} then
mathematicallv adds redundancy to the information message, resulting in codewords
having a length of N, where N > K. Here, the code rate R is the ratio between the
message length and the block length: 1., R = K/ N, With polar codes, the codeword
fength N is typically a power of 2 (e.g, 2536, 5312, 1024, etc.) because the original

1 0
11

example, a generator matrix {e.g., a polarizing matrix) Gy for generating a polar code

construction of a polarizing matrix is based on the Kronecker product of [ j For

with a block length of N can be expressed as:

G‘,\] = BNF®n
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Here, By is the bit-reversal permutation matrix for successive cancellation (SC)
decoding (functioning in some ways similar to the interleaver function used by a turbo
coder in LTE networks), and F®" is the n™ Kronecker power of /. The basic matrix F'is

1 0
[1 1

Kronecker power. This matrix is a lower triangular matrix, in that all the entries above

]. The matrix F®" is generated by raising the basic 2x2 matrix F by the #"

the main diagonal are zero. Because the bit-reversal permutation just changes the index
of the rows, the matrix of F®" may be analyzed instead. The matrix of F®" can be

expressed as:

10 0 000 O
110 00 0 0
101 00 0 0
pen | s
1000 1000
1100 1100
10 1 1010
111 11 1 1

The polar encoder may then generate a polar code block as:

J v
¥ = ul Gy = uV By FO,

where xV¥ = (x,, x4, ..., xy) is the encoded bit sequence {e.g., bit sequence of the polar
code block), and u¥ = (uy,u,, ..., uy) is the encoding bit sequence {e.g., bit sequence
of the information block).

Thus, the information bit vector w may mclude a number (V) of original bits that
may be polar coded by the generating matrix Gy to produce a corresponding number (V)
of coded bits in the polar codeword x. In some examples, the nformation bit vector u
may include a number of information bits, denoted K, and a number of frozen bits,
denoted /. Frozen bits are bits that are set to a suitable predetermined value, such as 0
or 1. Thus, the value of the frozen bits may generally be known at both the transmitting
device and the receiving device. The polar encoder, such as the polar encoder 422
shown in FIG. 4, may determine the number of information bits and the number of
frozen bits based on the coding rate R. For example, the polar encoder 422 may select a
coding rate R from a set of one or more coding rates and select K = N x R bits in the
information block to transmit information. The remaining (N - K} bits in the information

block may then be fixed as frozen bits /.
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[GORY} In order to determine which information block bits to set as frozen bits, the polar
encoder 422 may further analyze the wireless channel over which the polar codeword
may be sent. For example, the wireless channel for fransnutiing the polar codeword may
be divided into a set of sub-chanuels, such that each encoded but in the polar codeword
is fransmuitted over one of the sub-channels. Thus, each sub-channel may correspond to a
particular coded bit focation in the polar codeword {e.g., sub-channel-1 may correspond
to coded bit location containing coded bit x;). The polar encoder 422 may identify the K
best sub-channels for ransmitting the information bits and determine the original bit
locations in the information block contributing to {or corresponding to} the X best sub-
chanuels. For example, based on the generating matrix, one or more of the original 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 422 may determine X original
bit locations in the mformation block corresponding to the X best sub-channels,
designate the X original bit locations for information bits and designate the remaining
original bit locations in the information block for frozen bits.

6090} In some examples, the polar encoder 422 may determine the X best sub-channels
by perfornung density evolution or Gaussian approximation. Deosity 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 in 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, July 2009. Gaussian approximation is a lower complexity version of density
evolution, and is also generally known to those skilled in the art. For example,
construction of polar codes based on Gaussian approxioation s described m V.
Milosiavskaya, SHORTENED POLAR CODES, IEEE Trans. on Information Theory, June
2015,

3091} The polar encoder 422 may perform density evolution or Gaussian
approximation to calculate a respective reliability metric, such as a bit error probability
(BEP) and/or log likelihood ratio (LLR}, for each of the original bit locations. For
example, the LLRs of the coded bit locations are known from the sub-channel
conditions {e.g., based on the respective SNRs of the sub-channels). Thus, since one or
maore of the original bits of the information block may contribute to sach 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 evolution or Gaussian
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approximation. Based on the calculated original bit location LLRs, the polar encoder
422 may sort the sub-channels and select the X best sub-channels {e.g., “good” sub-
channels) to transmit the mformation bits, The polar encoder 422 may then set the
original bitf locations of the information block corresponding 1o the K best sub-channels
as including information bits and the remaining original bit locations corresponding to
the N-K sub-channels {e.g., “bad” sub-channels) as including frozen bits.

{6032} The UE (scheduled entity) may receive a noisy version of x, and has to decode x
or, equivalently, u. Polar codes mav be decoded with a simple successive cancellation
(8C) decoder, which has a decoding complexity of O (& log N} and can achieve
Shannon capacity when N is very large. However, for short and moderate block lengths,
the error rate performance of polar codes significantly degrades. Therefore, SC-list
(SCL) decoding may be utilized to improve the polar coding error rate performance.
With SC-list decoding, instead of only keeping one decoding path (as in simple SC
decoders}, . decoding paths are maintained, where 2>1 and L represents the list size. At
each decoding stage, the decoder at the UE discards the least probable {worst) decoding
paths and keeps only the £ best decoding paths. For example, instead of selecting a
value w; at each decoding stage, two decoding paths corresponding to etther possible
value of i, are created and decoding is continued in two paratlel decoding threads (2%7).
To avoid the exponential growth of the number of decoding paths, at each decoding
stage, only the L most likely paths are retained. Af the end, the decoder at the UE will
have a list of L candidates for u}, out of which the most likely candidate is selected.
Thus, when the decoder completes the SC-list decoding algornithm, the decoder returns a
single codeword.

{6093} FIG. 5 1s a schematic illustration of an information block 300 to be polar coded
that includes a plurality of information bits 502 and a plurality of frozen bits 504. The
mformation block 500 further includes CRC information 506 {e.g., CRC bits) that may
be utilized by the scheduled entity (e.g, UE) to perform CRC-aided successive
cancellation list {CA-SCL) decoding. In CA-SCL, the CRC is utilized to select the
output codeword from the L candidates (also referred to herein as information block
candidates). For example, at the scheduling entity (fransmitting device), the polar
encoder (e g., the polar encoder 422 shown in FIG. 4) may compute the CRC biis 506,
as described above, and append the CRC bits 506 to the information bits 502, At the
scheduled entity (receiving device), a polar decoder may use the CRC mformation 506

to test each of the L mformation block candidates for errors. If more than one
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information block candidate passes (e.g., produces a remainder of 0), the polar decoder
may select the most probable candidate among those that pass as the information block.

[6094] In some examples, the polar encoder may place the CRC information 506 within
the best sub-channels (highest reliability sub-channels) to increase the likelithood that
the correct cutput codeword is selected at the receiver. For example, as indicated above.
the polar encoder may determine K original bit locations in the information block 500
corresponding 1o the K best sub-channels for both the CRC and the mformation bits.
The polar encoder may then determine the M best sub-channels from the K best sub-
channels, designate the M original bit locations for CRC bits 506, designate the K-M
original bit locations for information bits 502 and designate the remaining original bit
locations m the information block for frozen bits 504. In this example, instead of having
K imformation bits, the mformation block 500 may include only K-M mformation bits
502. To maintain the same number of information bits, K may be increased, thus
decreasing the number of frozen bits 504, which may decrease the error-correction
capability of the polar code.

[G095] In addition to the CRC information 506 utilized for polar decoding (list decoding
{R), the information bits 502 themselves may further include a CRC (e.g., an integrity
CRC, not shown) 1o verify the integrity of the information bits. In various aspects of the
disclosure, the information bits 302 may correspond to control information, and the
integrity CRC may be scrambled with an RNTI (group or UE-specific) to enable the
recetving UE to determine whether the control information is intended for that receiving

UE.

POLAR CODING CONTROL INFORMATION AND CRC INFORMATION

[6096] FIG. 6 is a schematic dlustration of the generation of a transmission for CA-SCL
decoding of polar codes that includes control mformation 400. As ndicated above, the
control information 400 may include common control information 410 and/or dedicated
control information 412, Many of the aspects and features of the example shown in FIG.
6 are the same as those described above i relation to FIG. 4. Those aspects that are the
same are not detailed below, for brevity.

{6097} Ag illustrated in FIG. 6, each of the common control information 410 and the
dedicated control mformation 412 for each UE (eg, UE 1, UE 2, ..., UE N} is
subjected to two cyclic redundancy check (CRC) calculation blocks. A first CRC

calculation block 602 (integrity CRC) computes integrity CRC bits, which in some
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examples may be scrambled with a group identity (for common control information
410) or the destination UE’s identity (for dedicated control information 412), as
described above. The ntegrity CRC bits may be used to verily the integrity of the
control information at the receiving UFE and to ascertain whether the control information
is intendad for thai receiving UE. A second CRC calculation block 604 (list decoding
CRC) computes list decoding CRUT bits, which may be utilized by the receiving UE in
CA-SCL decoding of polar codes.

[G098] After adding the integrity CRC bits and the list decoding CRC bits to the control
information 400, each control information 400 (together with the integrity CRC bits and
list decoding CRC biis) 1s separately polar encoded by a respective polar encoder 606 (o
produce respective polar code blocks, which may then be subjected to a modulation,
scrambling, and mapping block 60% to modulate, scramble, and/or map the polar code
blocks to resources in the wireless air interface. In some examples, each integrity CRC
may include sixieen bits, and each list CRC may also include sixieen bits, which may
increase the overhead of the control information and decrease the error-correction
capability of the polar code {e.g., if the number of frozen bits is reduced to
accommodate additional information bits in the information block).

[6099] Various aspects of the present disclosure provide for a transmuiting device {e.g.,
scheduling entity) to generate a single combined CRC for polar coded control
information t© be wuiilized for both CA-SCL decoding of the polar coded control
information and verification of the control information. In this way, the total number of
CRC bits may be reduced, thus reducing the CRC overhead In addition, the
performance {e.g., Block Error Rate} may be tmproved (increased) by increasing the
number of information biis and frozen bits in the polar coded control information block.
Furthermore, the encoding process may be simplified by requiring only a CRC
calculation over the control information.

[3100] FIG. 7 is a schematic illustration of the generation of a fransmission of control
information 400 for CA-SCL decoding of polar codes according o some aspects of the
disclosure. As illustrated in FIG. 7, each of the common control information 410 and the
dedicated control information 412 for each UE (e.g., UE 1, UE 2, ... UE N) is subjected
to only a single combined cvclic redundancy check {CRC} calculation block 702
{Combined CRC block). The Combined CRC block 702 compuies a nurnber of CRC
bits selected to jointly decode and verify the integrity of the countrol information 400 at

the receiver (scheduled entitv). For example, the scheduled entity may utilize the entire
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number of CRC bits to perform CA-SCL decoding and may then utilize the same entire
number of CRC bits to perform an integrity check on the decoded control information.

6101} In vartous aspects of the disclosure, the number of CRC bits may be selected
based ou at least the list size L utilized by the receiving UE (scheduled entity) for CA-
SCL decoding of the polar coded control information. In some examples, the number of
CRC bits may be equal to the sum of a number of integrity check CRC bits (M) and a
number of CA-SCL CRC bits (), where the number of CA-SCL CRC bits (J) is selected
based on the list size. For example, the number of CA-SCL CRC biis may be equal to
the binary logarithm of the list size {e.g., J = logyl). Thus, the number of CA-SCL CRC
bits may be reduced from the normal 16 CA-S8CL CRC bits to 3 CRC bits for 7=8 and
to 5 CRC bits for 2=32. Thus, if the nurober of mtegrity check CRC bits remains 16, the
total number of CRC bits may be reduced from 32 CRC bits to 19 CRC bits for L= and
10 21 CRC bits for L=32.

(3102} By selecting the number of CA-SCL CRC bits as the binary logarithm of the list
size, the false positive rate roay remain the samme. Here, the false positive rate refers fo
the ratio of the number of incorrect CRC check passes {e.g.. CRC checks that pass in
error) to the total number of CRC checks. For example, the false positive rate (P for an
M-bit CRC added to a control information block when list decoding is not used at the
receiver may be expressed as: Fr= 2™ For a random list decoder, where Z randomly
chosen codewords are checked against the M-bit CRC, the false positive rate mav be
expressed as:

Py = 1= (1= B) ~ 1x2M,

The effective number of CRC bits left for pruning (e.g., for performing CA-SCL) then
becomes:

—log, Pr(l) = M — log,L

Thus, to keep the same false positive rate when utilizing the CRC bits for CA-SCL, an
additional {og, . CA-SCL CRC bits should be added to the integrity check CRC bits.
{3103} Based on the number of selected CRC bits {e.g., M+]) for a particular N-bit
control information message, the Combined CRC block 702 may compute a CRC of
M+] bits by adding M+J “07 bits to the N-bit control information message, and the

resulting polynomial of degree N + (M+]) -1 may be divided by a generator polvnomial
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of degree M+J. This produces a remainder polynomial of degree (M+J}-1, which has
M+J coefficients {or M+J bits). These M+]J bits (e.g., combined CRC bits) may then be
scrambled with the UE’s RNTI (or group RNTD and appended to the N-bit control
information biis,

{3104} After adding the combined CRC bits to the conirol information, each cortrol
information 400 {together with the combined CRC bits} is separately polar encoded by
the respective polar encoder 606, and then modulated, scrambled, and/or mapped to
resources in the wireless air interface by the modulation, scrambling, and mapping
block 608. In some examples, the combined CRC information may be placed within the
best sub-channels for the information block, as described above. For example, as
ndicated above, the polar encoder 606 may deternune a reliability metric (e.g, LLR)
for each of the original bit locations and allocate the sub-charmels having the highest
reliability metrics to the combined CRC information. For example, the polar encoder
may 1dentify the K original bit locations in the information block corresponding to the K
best sub-~channels for both the CRC bits and the inforration buts. The polar encoder 606
may then determine the M+J best sub-channels from the K best sub-channels, designate
the M+J original bit locations for CRC bits, designate the K-(M+1]} original bit focations
for information bits and designate the remaining original bit locations in the mformation
block for frozen bits.

3105} In other examples, the combined CRC information may be distributed among the
sub-channels to support early termination. For example, the polar encoder 606 may
allocate the CRC information to a portion of the sub-channels, where the portion of sub-~

channels are distributed throughout the N sub-channels or the K best sub-channels.

SCHEDULING ENTITY

[3106] FIG. 8 s a block diagram illustrating an example of a hardware iroplementation
for a scheduling entity 800 emploving a processing system 814, For example, the
scheduling entity 800 may be a user equipment (UE) as Hustrated in any one or more of
F1Gs. 1 and/or 2. fn another example, the scheduling entity 800 may be a base station as
ithustrated in any one or more of FiGs. 1 and/or 2.

{6107} The scheduling entity 800 may be implemented with a processing system 814
that includes one or more processors 804, Examples of processors 804 wnclude
mhcroprocessors, microcontrollers, digital signal processors (DSPs), field programmable

gate arravs (FPGAS), programumable logic devices (PLDs), state machines, gated logic.
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discrete hardware circuits, and other suitable hardware configured to perform the
various functionality described throughout this disclosure. In various examples, the
scheduling entity 800 may be configured to perform any one or more of the fonctions
described herein. That is, the processor 804, as utilized in a scheduling entity 800, roay
be used to implement any one or more of the processes and procedures described below.

3108} In this example, the processing system 814 may be implemented with a bus
architecture, represented generally by the bus 802, The bus 802 may wmnclude any
number of interconnecting buses and bridges depending on the specific application of
the processing system 814 and the overall design constraints. The bus 802
comrnunicatively couples together vartous circuits including one or more processors
{(represented generally by the processor 804), a memory 8035, and computer-readable
media {represented generally by the computer-readable medium 806). The bus 802 may
also link 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 interface 808 provides an interface between the bus 802
and a transceiver 810, The transceiver 810 provides a communication interface or means
for communicating with various other apparatus over a transmission medium
Depending upon the nature of the apparatus, a user interface 812 (e.g., keypad, display,
speaker, microphone, jovstick) may also be provided.

3109} The processor 804 is responsible for managing the bus 802 and general
processing, including the execution of sofiware siored on the compuier-readable
medium 836, The software, when executed by the processor 804, causes the processing
system 814 to perform the various functions described below for any particular
apparatus. The computer-readable medium 806 and the memory 805 may also be used
for storing data that is manipulated by the processor 804 when executing software.

16110 One or more processors 804 in the processing system may execute software.
Software shall be construed broadly to mean instructions, instruction sets, code, code
segrments, program code, programs, subprograms, software wmodules, applications,
software applications, software packages, routines, subroutines, objects, executables,
threads of execution, procedures, functions, etc, whether referred to as software,
firmware, middleware, microcode, hardware description language, or otherwise.

6111} The software may reside on a compuier-readable medium 806. The computer-
readable mediwn 806 may be a non-transitory computer-readable medium. A non-

transitory computer-readable medium includes, by way of example, a magnetic storage
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device {e.g.. hard disk, floppy disk, magnetic strip), an optical disk {e.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 erasable PROM (EPROM), an electrically
erasable PROM (EEPROM), a register, a removable disk, and any other suitable
medium for storing software and/or instructions that may be accessed and read by a
computer. The 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 instructions that may be accessed and read by a computer. The
computer-readable medium 806 may reside in the processing system 814, external to the
processing system 814, or distributed across multiple entities including the processing
system 814, The computer-readable medium 806 may be embodied in a computer
program product. By way of example, a computer program product may include a
computer-readable medium in packaging materials. Those skilled in 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 system.

6112} In some aspects of the disclosure, the processor 804 may wnclude circuitry
configured for various functions. For example, the processor 804 may include control
information generation circuitry 840 configured for various functions, mcluding, for
example, generating an information block containing control information {e.g., common
or dedicated downlink control information (DCT)) for a scheduled entitv. For example,
the control information generation circuitry 840 may be configured to implement one or
more of the functions described in relation to FIGs. 4-7 and/or 10. The control
information generation circuitry 840 may operate in coordination with control
nformation generation software 860.

(6113} The processor 804 may further include CRC generation circuitry 842 configured
for various functions, including, for example, selecting a mumber of CRC bits to jointly
decode and verify the integrity of the control information at the scheduled entitv. In
some examples, the number of CRC bits is selected based on at least a list size £ utilized
in successive-cancellation list (S8CL) decoding at the scheduled entity. The CRC
generation circuitry 842 may further be confligured to generate combined CRC
information, including the selected number of CRC bits, for the information block. For

example, the CRC generation circuitty 842 may be configured to implement one or
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more of the functions described in relation to FiGs. 4-7 and/or 10. The CRC generation
circuitry 842 may operate in coordination with control information generation software
§62.

0114} The processor 804 may further include polar encoder circuitry 844 configured
for various functions, including, for example, polar encoding an information block
containing the control information and combined CRC information for a wireless
transmission. For example, the polar encoder circuttry 844 may be configured to
implement one or more of the functions described below in relation to FIGs. 4-7 and/or
1¢. The polar encoder circuitry 844 may operate in coordination with polar encoder

software 864,

SCHEDULED ENTITY

3115} FIG. 9 is a conceptual diagram illustrating an example of a hardware
implementation for an exemplary scheduled entity 900 employing a processing system
914. In accordance with various aspects of the disclosure, an element, or any portion of
an element, or any combination of elements may be implemented with a processing
svstem 914 that includes one or more processors 904. For example, the scheduled entity
900 may be a user equipment {UE) as llustrated in any one or more of FIGs. 1 and/or 2.

3116} The processing system 914 may be substantially the same as the processing
system 814 ilfustrated in FIG. 8, including a bus interface 908, a bus 902, memory 905,
a processor 904, and a computer-readable medium 906, Furthermore, the scheduled
entity 900 may include a user interface 912 and a transceiver 210 substantially similar to
those described above in FIG. 8 That is, the processor 904, as wiilized in a scheduled
entity 900, may be used to implement any one or more of the processes described
below.

{31171 In some aspects of the disclosure, the processor 904 may include decoder
circuitry 940 configured for various functions, including, for example, polar decoding a
polar code block containing control information and combined CRC information for the
scheduled entity received over a wireless comnunication interface. In some examples,
the decoder circuitry 940 may utilize the combined CRC information to polar decode
the polar code block while implementing a CA-SCL decoding algorithm. For example,
the polar decoder circuitry 940 may be configured to implement one or more of the
functions described in relation to F1Gs. 5-7 and/or 11. The decoder circuitry 940 may

operate inn coordination with decoder software 960,
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6118} The processor 904 may further include control information verification circuitry
942 configured for various functions, including, for example, verifving the integnity of
the decoded control information utilizing the same combined CRC information as that
utitized during decoding. For example, the control information verification circuitry 942
may be configured to implement one or more of the functions described in relation to
FiIGs. 4-7 and/or 11. The control information verification circuitry 942 may operate in

coordination with control information verification software 962,

POLAR ERCODING WITH COMBINED CRC

[6119] FIG. 10 1¢ a flow chart illustrating an exemplary process 1000 for polar encoding
control information with a combined CRC according to some aspects of the disclosure.
As described below, some or all illustrated features may be onutted in a particular
implementation within the scope of the present disclosure, and some iHustrated features
may not be required for implementation of all embodiments. In some examples, the
process 1000 may be carried out by the scheduling entity 800 illustrated in F1G. 8. In
some examples, the process 1000 may be carried out by any suitable apparatus or means
for carrying out the functions or algorithm described below.

[6120] At block 1002, the scheduling entity may generate an information block
including control information for a scheduled entity (e.g., common or dedicated control
information). For example, the control information may correspond to the control
information described above and llustrated in FIGs. 4, 6, and/or 7. For example, the
control information generation circuitry 840 shown and described above in connection
with FIG. 8 may generate the control information.

6121} At block 1004, the scheduling entity may select a number of ¢yclic redundancy
check (CRC) bits for the information block based on at least a list size L utilized in
successive~-cancellation list (SCL) decoding at the scheduled entity. For example, the
number of CRC bits may be equal to the sum of a number of integrity check CRC bits
{M) and a number of CRC-aided SCL (CA-SCL) CRC bits (I}, where the number of
CA-SCL CRC bits (J) 1s selecied based on the list size. In some examples, the number
of CA-SCL CRC bits may be equal to the binary logarithm of the list size (eg, J =
logyl). At block 1006, the scheduling entity may generate CRC information containing
the selected number of CRC bits {e.g., combined CRC bits) for the information block
and append the combined CRC bits to the information block. Here, the CRC

information may be based on the control information, and further, based on a group or
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UE-specific identifier {e.g., an RNTI). For example, the CRC generation circuitry 842
shown and described above in connection with FIG. & may generate the combined CRC.

6122} At block 1008, the scheduling entity may polar encode the information block
ncluding the combined CRC bits. For example, the polar encoder circuitry 844 shown
and described above in connection with FIG. 8 may polar encode the information block
to produce a polar code block containing the control information and combined CRC
bits. At block 1010, the scheduling entity may transnut the polar code block over the air
interface. For example, the scheduling entity may utilize the transceiver 810 shown in
FIG. 8 to transmit the polar code block over the air interface.

(63123} FIG. 11 is a flow chart illustrating another exemplary process 1100 for polar
encoding control mformation with a combined CRC according to some aspects of the
disclosure. As described below, some or all Hlustrated features may be omitted in a
particular implementation within the scope of the present disclosure, and some
illustrated features may not be required for implementation of all embodiments. In some
examples, the process 1100 moay be carried out by the scheduling entity 800 ilustrated
in FIG. & In some examples, the process 1100 may be carried out by any suitable
apparatus or means for carrving out the functions or algorithm described below.

[6124] At block 1102, the scheduling entity may generate an information block
including control information for a scheduled entity (e.g., common or dedicated control
information). For example, the control information may correspond to the control
information described above and llustrated in FIGs. 4, 6, and/or 7. For example, the
control information generation circuitry 840 shown and described above in connection
with FIG. 8 may generate the control information.

G125} At block 1104, the scheduling entity may determine a list size utilized by the
scheduled entity for SCL polar decoding. In some examples, the scheduled entity may
provide the list size to the scheduling entity during connection establishment or in
response to a request by the scheduling entity. In other examples, the list size may be set
for the cell or network and may be transmitted from the scheduling entity to the
scheduled entity. For example, the CRC generation circuiiry 842 shown and described
above in connection with FIG. 8 may determine the list size.

{6126} At block 1106, the scheduling entity may select a first number of integrity check
bits for use by the scheduled entity in venfyving the infegrity of the received control
information. In some examples, the number of integnty check bits may include eighi,

sixteen, or thirty-two bits. At block 1108, the scheduling entity may select a second
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number of CRC-aided SCL bits based on the list size. In some examples, the second
number of CRC-aided SCL bits is equal to the binary logarithm of the list size. At block
1110, the scheduling entity may then calculate a total number of combined CRC bits as
a sum of the first number of integrity check bits and the second nursber of CRC-aidex
SCL bits. For example, the CRC generation circuitry 842 shown and described above in
connection with FIG. & may determine the first number of mtegrity check bits, the
second number of CRC-aided SCL bits, and the total number of combined CRC biis.

6127} At block 1112, the scheduling entity may generate CRC information containing
the total number of combined CRC bits for the information block and append the
combined CRC bits to the information block. Here, the CRC imformation may be based
on the control information, and further, based on a group or UE-specific identifier {e.g.,
an RNTI). For example, the CRC generation circuitry 842 shown and described above
in connection with FIG. 8 may generate the combined CRC.

(0128} At block 1114, the scheduling entity may polar encode the information block
including the corobined CRC bits. For example, the polar encoder circuitry 844 shown
and described above in connection with FIG. 8 may polar encode the information block
to produce a polar code block containing the control information and combined CRC
bits. At block 1116, the scheduling entity may transmit the polar code block over the air
interface. For example, the scheduling entity may utilize the transceiver 810 shown in
FIG. 8 to transmit the polar code block over the air interface.

(3129} FIG. 12 is a flow chart llustrating another exemplary process 1200 for polar
encoding control information with a combined CRC according to some aspects of the
disclosure. As described below, some or all illustrated features may be omitted in a
particalar implementation within the scope of the present disclosure, and some
iltustrated features may not be required for implementation of all embodiments. In some
examples, the process 1200 may be camried out by the scheduling entity 800 Hustrated
in FIG. 8. In some examples, the process 1200 may be camried out by any suitable
apparatus or means for carrving out the functions or algorithm described below,

(6130} At block 1202, the scheduling entity mav generate an information block
including control information for a scheduled entity {(e.g., common or dedicated control
information). For example, the control information may correspond to the control
nformation described above and illustrated i FIGs. 4, 6, and/or 7. For example, the
control information generation circuitty 840 shown and described above in connection

with FIG. 8 may generate the control information.
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6131} Ay block 1204, the scheduling entity may select a number of ¢yclic redundancy
check (CRC) bits for the information block based on at least a list size 7. wutilized in
successive~-cancellation list (SCL) decoding at the scheduled entity. For example, the
number of CRC bits may be equal to the sum of a nurober of integrity check CRC bits
(M) and a number of CRC-aided SCL (CA-SCL) CRC bits (J), where the number of
CA-SCL CRC bits (J} is selected based on the list size. In some examples, the number
of CA-SCL CRC bits may be equal to the binary logarithm of the list size {e.g, J =
fogrl). At block 1206, the scheduling entity may generate CRC information containing
the selected number of CRC bits {e.g., combined CRC bits) for the information block
and append the combined CRC bits to the information block. Here, the CRC
mformation may be based on the control information, and further, based on a group or
UE-specific identifier {e.g., an RNTI}. For example, the CRC generation circuitry 842
shown and described above in connection with FIG. 8 may generate the combined CRC.

3132} At block 1208, the scheduling entity may determine a respective reliability
metric, such as a bit error probability (BEP) and/or log likelihood ratio (LLR), for each
of the original bit locations of the information block For example, the LLRs of the
coded bit locations may be known from the sub-channel conditions {e.g., based on the
respective SNRs of the sub~channels). Thus, since one or more of the original bits of the
information 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 densily eveolution or Gaussian approximation. Based on the
calculated onginal bit location LLRs, at block 1210, the scheduling entity may sort the
sub-channels in order from highest reliability metrics to lowest reliability metrics. At
block 1212, the scheduling entity may allocate the sub-channels having the highest
reliability metrics to the CRC information and then set the original bit locations of the
information block corresponding to the highest reliability sub-channels as including the
CRC information. For example, the CRC generation circuitry 842 shown and described
above in connection with FIG. 8 may determine the reliability metrics, sort the sub-~
channels based on the reliability metrics, and allocated the sub-channels with the highest
reliability metrics to the CRC mformation.

{6133} At block 1214, the scheduling entity may polar encode the information block
including the combined CRC bits. For example, the polar encoder circuitry 844 shown
and described above in connection with FIG. 8 may polar encode the information block

to produce a polar code block containing the control information and combined CRC
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bits. At block 1216, the scheduling entity may transmit the polar code block over the air
interface. For example, the scheduling entity may utilize the transceiver 810 shown in
FIG. 8 to transmit the polar code block over the air interface.

(6134} F1G. 13 1s a flow chart illustrating another exemplary process 1300 for polar
encoding control information with a combined CRC according to some aspects of the
disclosure. As described below, some or all illustrated features may be omitted in a
particular tmplementation within the scope of the present disclosure, and some
ithustrated features may not be required for implementation of all embodiments. In some
examples, the process 1300 may be carried out by the scheduling entity 800 illustrated
in FIG. & In some examples, the process 1300 may be carried out by any suitable
apparatus or means for carrying out the functions or algorithm described below.

[(3135] At block 1302, the scheduling enfity may generate an information block
including control information for a scheduled entity {(e.g., common or dedicated control
information). For example, the control information may correspond to the control
information described above and illustrated in FiGs. 4, 6, and/or 7. For example, the
control information generation circuitry 840 shown and described above in connection
with FIG. 8 may generate the control information.

[6136] At block 1304, the scheduling entity may select a number of cyclic redundancy
check (CRC) bits for the information block based on at least a list size L utilized in
successive-cancellation list (SCL} decoding at the scheduled entity. For example, the
number of CRC bits may be equal o the sum of a number of integrity check CRC bits
(M) and a number of CRC-aided SCL (CA-SCL) CRC bits (J), where the number of
CA-SCL CRC bits () is selected based on the list size. In some examples, the number
of CA-SCL CRC bits may be equal to the binary logarithm of the list size (eg, § =
logol). For example, the CRC generation circuitry 842 shown and described above in
connection with FIG. 8 may select the number of combined CRC hits for the CRC
information.

3137} At block 1306, the scheduling entity may add an additional nuraber of zero (*07)
bits to the control information to produce a first polynonual. In various aspects of the
disclosure, the additional number of ‘0° bits may be equal to the total number of
combined CRC bits. At block 1308, the scheduling entity may divide the first
polynomial by a generator polynomial to produce a remainder polynomial that includes
the total number of combined CRC bits. At block 1310, the scheduling entity may

scramble the combined CRC bits with an identifier associated with the scheduled entity
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{e.g.. a group identifier or a UE-specific identifier} to produce CRC information. Then,
at block 1312, the scheduling entity may append the CRC information to the control
nformation in the information block. For example, the CRC generation curcuitry 842
shown and described above in comnection with FIG. 8 may generate the CRC
information.

3138} At block 1314, the scheduling entity may polar encode the information block
including the comabined CRC bits. For example, the polar encoder circuitry 844 shown
and described above in connection with FIG. 8 may polar encode the information block
to produce a polar code block containing the control information and combined CRC
bits. At block 1316, the scheduling entity may transmit the polar code block over the air
utterface. For exarople, the scheduling entity may utilize the transceiver 810 shown in

FIG. 8 to transmit the polar code block over the air interface.

POLAR BECODING WITH COMBINED CRC

{6139} FIG. 14 is a flow chart illustrating an exemplary process 1400 for receiving and
polar decoding a polar code block that includes control information and a combined
CRC, mn accordance with some aspects of the disclosure. As described below, some or
all illustraied features may be omitted in a particular implementation within the scope of
the present disclosure, and some illustrated features may not be required for
implementation of all embodiments. In some examples, the process 1400 mayv be carried
out by the scheduled entity 900 illustrated in FIG. 9. In some examples, the process
1400 may be carried out by any suitable apparatus or means for carrving out the
functions or algorithm described below.

{6140} At block 1402, the scheduled entity may receive a polar code block containing
control information for the scheduled entity along with combined CRC mformation. In
some examples, the combined CRC information includes a nurmber of CRC bits selected
based on a list size utilized in successive-cancellation list {(SCL} decoding at the
scheduled entity to jointly decode and venfy the control information. At block 1404, the
scheduled entity may polar decode the polar code block. In some examples, the
scheduled entity may utilize SCL decoding and the combined CRC mformation to
decode the polar code block. For example, the polar decoder circuitry 940 shown and
described above in connection with FIG. 9 may polar decode the polar code block.

3141} At block 1406, the scheduled entity may check or venfy the integrity of the

decoded control information. In some examples, the scheduled entity may verify the
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control nformation utilizing the combined CRC information. For example, the control
information verification circuitry 942 shown and described above in connection with
FIG. 9 may verify the integrity of the decoded control information.

0142} F1G. 15 is a flow chart dlustrating another exeroplary process 1500 for receiving
and polar decoding a polar code block that includes control information and a combined
CRC, m accordance with some aspects of the disclosure. As described below, some or
all tllustrated features mav be omutted in a particular implementation within the scope of
the present disclosure, and some ilustrated features may not be required for
implementation of all embodiments. In some examples, the process 1500 may be carried
oul by the scheduled entity 900 illustraied in FIG. 9. In some examples, the process
1500 may be carnied out by any suitable apparatus or means for carrying out the
functions or algorithm described below.

3143} At block 1502, the scheduled entity may receive a polar code block containing
control information for the scheduled entity along with combined CRC information. In
some examples, the combined CRC information includes a number of combined CRC
bits selected based on a list size utilized in successive-cancellation list {(SCL) decoding
at the scheduled entity to jointly decode and verify the control imformation. At block
1504, the scheduled entity may polar decode the polar code block. In some examples,
the scheduled entity may utilize SCL decoding and the combined CRC information to
decode the polar code block. For example, the polar decoder circuitry 940 shown and
described above in connection with FIG. 9 may polar decode the polar code block.

{3144} At block 1306, the scheduled entity may descramble the CRC mformation
utilizing an identifier associated with the scheduled entity (e.z., a group identifier or a
UE-specific identifier) to produce the combined CRC bits. At block 1508, the scheduled
entity may divide the information block including the control information and the
combined CRC bits by a generator polynomial to produce a remainder {(e.g., a remainder
polynomial}. At block 1510, the scheduled entity may determine whether the remainder
is equal to zero {e.g, whether all bits of the remainder polynomial are zero). If the
remainder 15 equal to zero (Y branch of block 1310}, at block 1512, the scheduled entity
may verify that the decoded control information was correctly received. However, if the
remainder is not equal 1o zero (N branch of block 1510), at block 1512, the scheduled
entity may determine that the decoded control information was not correctly received.
For example, the control information verification circuitry 942 shown and described

above i connection with FIG. 9 may descramble the CRC information, calculate the
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remainder, and verify the imtegrity of the decoded conirol information based on the
remainder value.

[6145] FIG. 16 15 a flow chart dlustrating another exemplary process 1600 for receiving
and polar decoding a polar code block that includes control information and a combined
CRC, m accordance with some aspects of the disclosure. As described below, some or
all ilustrated features may be omitted in a particular implementation within the scope of
the present disclosure, and some illustrated features may not be required for
implementation of all embodiments. In some examples, the process 1600 may be carried
out by the scheduled entity 900 illustraied in FIG. ©. In some examples, the process
1600 may be carried out by any suitable apparatus or means for carrying out the
functions or algorithm described below.

[(3146] At block 1602, the scheduled entity may receive a polar code block containing
control information for the scheduled entity along with combined CRC information. In
some examples, the combined CRC information includes a number of CRC bits selecied
based on a list size utiized 1o successive-cancellation list (SCL) decoding at the
scheduled entity to joimntly decode and verify the control information. For example, the
transceiver 910 shown and described above in connection with FIG. 9 may receive the
polar code block.

(3147} At block 1604, the scheduled entity may polar decode the polar code block
utilizing SCL decoding to produce a number of mformation block candidates equal to
the list size. At block 1606, the scheduled entity may then utilize the combined CRC
bits to select one of the inforrmation block candidates as the information block. In some
examples, the scheduled entity may use the combined CRC bits to test each of the
information block candidates for errors. If more than one information block candidate
passes {e.g., produces a remainder of 0), the scheduled entity may select the most
probable candidate among those that pass as the information block. For example, the
polar decoder circuitry 940 shown and described above in connection with FIG. 9 may
polar decode the polar code block

[(3148] At block 1608, the scheduled entity may check or venfy the integrity of the
decodad control information. In some examples, the scheduled entity may verify the
control mformation utilizing the combined CRC information. For example, the control
information verification circuitry 942 shown and described above in connection with

FIG. 9 may verify the integrity of the decoded control information.
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[6149] Several aspects of a wireless communication network have been presented with
reference to an exemplary implementation. As those skilled in the art will readily
appreciate, various aspects described throughout this disclosure may be extended to
other telecommunication systems, network architectures and communication standards.

{3150} By way of example, various aspects may be implemented within other sysiems
defined by 3GPP, such as Long-Term Evolution (LTE), the Evolved Packet System
{(EPS), the Universal Mobile Teleconmumunication System (UMTS)., and/or the Global
System for Mobile (GSM)}. Various aspects may also be extended to systems defined by
the 3rd Generation Partnership Project 2 (3GPP2), such as CDMA2000 and/or
Evolution-Data Optimized (EV-DO). Other examples may be implemented within
svstems emploving TEEE 80211 (Wi-Fi), IEEE 802.16 (WiMAX)), IEEE 802.20, Ultra-
Wideband (UWB), Bluetooth, and/or other suitable systems. The actual
telecommunication standard, network architecture, and/or communication standard
emploved will depend on the specific application and the overall design constraints
imposed on the system,

0151} Within the present disclosure, the word “exemplary”™ is used to mean “serving as
an example, instance, or illustration.” Any implementation or aspect described herein as
“exemplary™ is not necessarily to 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” i3 used herein o refer to the direct or indirect coupling between two
objects. For example, if object A physically touches object B, and object B touches
object C, then objects A and C may still be considered coupled to one another—even if
they do not directly phvsically touch each other. For instance, a first object may be
coupled to a second object even though the first object is never directly physically in
contact with the second object. The terms “circuit” and “circuitry™ are used broadly, and
intended to include both hardware implementations of electrical devices and conductors
that, when connected and configured, enable the performance of the functions described
in the present disclosure, without lumitation as to the type of electronic circuits, as well
as software implementations of information and instructions that, when executed by a
processor, enable the performance of the functions described in the present disclosure.

61521 One or more of the components, steps, features and/or functions illustrated in
FiGs. 1-16 may be rearranged and/or combined info a single component, step, feature

or function or embodied in several components, steps, or functions. Additional
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elements, components, steps, and/or functions may also be added without departing
from novel features disclosed herein. The apparatus, devices, and/or components
ilustrated in FIGs. 1-9 mav be configured to perform ovne or more of the methods,
features, or steps described herein. The novel algorithms described herein may also be
efficiently implemented in software and/or embedded in hardware.

3153} It is to be understood that the specific order or hierarchy of steps in the methods
disclosed 1s an illustration of exemplary processes. Based upon design preferences, if is
understood that the specific order or hierarchy of steps in the methods may be
rearranged. The accompanying method claims present elements of the various steps in a
sample order, and are not meant to be limiled to the specific order or hierarchy
presented unless specifically recited theremn.

[(3154] The previous description is provided to enable any person skilled in the art to
practice the various aspects described herein. Various moedifications to these aspects
will be readily apparent to those skilled in the art, and the generic principles defined
herein may be applied to other aspects. Thus, the clairus are not intended to be finuted to
the aspects shown herein, but are to be accorded the full scope consistent with the
language of the claims, 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 otherwise, the term “some” refers to one or more. A phrase
referring to “at least one of ™ a list of items refers to anv combination of those rems,
imchuding single members. As an example, “at least one ofl a, b, or ¢” is intended to
cover: a; b; ¢c;aand b 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 art are
expressly incorporated herein by reference and are intended to be encompassed by the
claims. Moreover, nothing disclosed herein 1s intended to be dedicated to the pubhic
regardless of whether such disclosure is explicitly recited in the claims. No claim
elerent i3 to be construed under the provisions of 35 U.S.C. §112(f) unless the element
is expressly recited using the plrase “means for” or, in the case of a method claim, the

element is recited using the phrase “step for.™



