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Introduction
In RAN1#88 meeting, it was agreed that when designing polar codes, the following issues should be considered [1].
	Conclusion:
· Until RAN1#88bis, work together on a coding scheme that achieves the benefits of both Alts 1&2
· With J’ bits for the purpose of assisting the polar decoding, where  0<=J’<=Jmax , aiming for Jmax , e.g. in the region of 8 (other values are not precluded)
· This does not preclude the use of the J bits for assisting decoding
· Note that any PC-frozen bits would be considered to be among the J’ bits
· The following are examples:
J bits CRC + J’ bits CRC + basic polar;
J bits CRC + J’ bits distributed CRC + basic polar;
J bits CRC + J’ PC bits + basic polar; (i.e. PC-Polar)
J bits CRC + J’ Hash sequence + basic polar;
(J + J’) bits CRC + basic polar


The structure of Polar codes is shown in Fig. 1. In this contribution, we analyze the features of CRC related design of Polar codes.


Fig. 1 The structure of Polar codes for NR
The following notations are used in this contribution.
K:		information block size
M:		codelength

N:		mother codelength, 
K1:		number of input bits of the basic encoder
ui:		input bits of the basic encoder
xi:		coded bits of the basic encoder
J:		number of CRC bits
J’:		number of additional bits for reducing the FAR
G:		generator matrix
CA-Polar
The structure of the scheme of CA-Polar is shown in Fig. 2


Fig. 2 The scheme of CA-Polar
When encoding this codes, the K information bits are first appended by CRC to form a sequence with K+J+J’ bits, where the CRC sequence is generated based on the entire K information bits and used for checking the integrity of the K information bits. Then the K1 = K+J+J’ bits are used as the information input corresponding to the K1 “best” indices of the basic polar codes. If the codeword length is M after rate matching, then the effective code rate is R = K/M. When decoding, the CRC bits are used for both error detection and error correction.
Encoding of CA-Polar
The encoding of CA-Polar consists of two parts. One is the CRC attachment and the other one is basic polar encoding. As the basic polar encoding parts is similar between CA-Polar and some of the other schemes, e.g., distributed CRC, we will focus on the CRC attachment parts.
The CRC attachment part of CA-Polar is similar to that of LTE. It can be implemented by shift register. The difference is that in CA-Polar, a longer CRC should be used to reduce the FAR caused by the list decoding of Polar codes.
Observation 1: The CRC attachment of CA-Polar is similar to that of LTE. However, a longer CRC is needed.
Decoding of CA-Polar
The list decoder of Polar codes outputs L list paths, during the decoding of CA-Polar codes, each list path will be checked by CRC. The decoding structure is shown in Fig. 3.
[image: ]
Fig. 3 The decoding structure of CA-Polar
As the CRC bits are generated based on all K information bits, the CRC checking can only be performed after the decoding of all the information bits. It means that if all the list paths fail the CRC check, the decoder can only terminate during the last J+J’ bits.
PC-Polar
Encoding of PC-Polar
The structure of the scheme of PC-Polar is shown in Fig. 4


Fig. 4 The scheme of PC-Polar
When encoding this codes, the K information bits are first appended by an J bits CRC to form a sequence with K+J bits which is similar to that of LTE. Then the K+J bits are encoded by PC-Polar codes. When decoding, the CRC bits are used only for error detection, such that the same length CRC can be used without FAR performance loss.
Observation 2: The CRC attachment of PC-Polar is similar to that of LTE.
When encoding the parity check parts, the number, position and value of the parity check bit should be decided according to the sequence of the mother codes and the row weight of the generator matrix. The codes with different coding rate and code length may have different number of parity check bits and the positions and values may be also different. It means that the number, position and value of parity check bits should be calculated online or be stored for each coding rate and codelength. It may increase the complexity and latency when encoding or decoding the codes.
Observation 3: The calculation or storage of the number, position and value of parity check bits of PC-Polar codes may increase the complexity and latency.
Decoding of PC-Polar
The decoding structure of PC-Polar codes is shown in Fig. 5. When decoding the codes, the expanded 2L paths will be checked by the PC bits, only the paths which passes the check will survive.
Only one path will be output after the PC-Polar decoder. The CRC check unit only need to check once per decoding, so there is no FAR performance loss even if use the same length CRC as LTE.


Fig. 5 The decoding structure of PC-Polar
Distributed CRC Polar
Encoding of distributed CRC
The distributed CRC bits can be used to check the list paths during the decoding using the previous decoded bits. In order to do it, the generator matrices of distributed CRC should be upper triangle matrices. It means that the conventional CRC attachment process must be changed and additional permutation operations are required.
For example, if K = 8, and 8 bits CRC is used, the generator matrix of the CRC parts can be represent as


[bookmark: OLE_LINK7]In order to check paths during the decoding, row and column permutation should be performed. One of the example of the generator matrix after permutation can be represented as follows, where a first CRC check can be performed after decoding the first 5 bits.


However, this permutation is not unique, Other example of the permutation can be represented as follows where a first CRC check can be performed after decoding the first 3 bits.


On the other hand, for different information block sizes, the permutation is also not the same. It means that the permutation should be stored for each information block size K. It may introduce a large amount of memory cost. The encoding process of distributed CRC Polar codes can be represented in Fig. 6.


Fig. 6 The encoding structure of distributed CRC Polar
Based on the analysis, we have the following observations.
Observation 4: Permutation is needed for distributed CRC and the permutation is not unique.
Observation 5: The permutation of distributed CRC is irregular and may introduce a large amount of memory cost.
Decoding of distributed CRC
There can be at least two kinds of implementations for decoding distributed CRC Polar codes. One is to use the distributed CRC bits for list paths pruning [2] and the other one only uses the distributed CRC bits for early termination [3]. These two kinds of decoder cannot be used at the same time.
Distributed CRC for list paths pruning
The decoding structure of this kind of decoder is shown in Fig. 7. When decoding the codes, the expanded 2L paths will be checked by the CRC bits, only the paths which passes the check will survive.


Fig. 7 The decoding structure of distributed CRC for list paths pruning
It is shown in [2, 4], this kind of decoder may increase the BLER performance of Polar codes. However, during the decoding, only the paths passed CRC will be survived, such that all the L output lists will pass the CRC check. It means that the decoder cannot judge weather the decoded results are correct and the CRC will lose the effect. The FAR by this kind of decoder will be always 100%, which cannot fulfill the FAR requirement.
Observation 6: If the distributed CRC bits are used for list paths pruning, distributed CRC Polar codes cannot fulfill the FAR requirement.
Distributed CRC for early termination
The decoding structure of this kind of decoder is shown in Fig. 8. There is no BLER/FAR benefit by this kind of decoder. However, the decoding can be terminated earlier, compared to the CA-Polar and PC-Polar. When decoding the codes, at each distributed CRC checking point, all the survived list paths will be checked by distributed CRC bits. If all the paths fail the check, the decoding process will be terminated.


Fig. 8 The decoding structure of distributed CRC for early termination
For the decoding of control information, especially for DCI, bind detection is required. If the decoding can be early terminated before the whole decoding process, it may be beneficial for reducing the power consumption.
The probability of early termination of distributed CRC is shown in Fig. 9. For a fair comparison with CA-Polar, early termination is only counted when the decoding is terminated before the last 19 bits.
[image: ]
Fig. 9 The decoding structure of CA-Polar
It can be seen that about 10% decoding can be early terminated.
Observation 7: The decoding can be early terminated by distributed CRC.
However, as analyzed in Section 4.1, the distributed CRC may introduce a large amount of memory or calculation complexity. Based on the analysis, we have the following Proposal.
Proposal 1: A low complexity schemes should be supported for the purpose of early termination.
Summary
In this contribution, we described the CRC related design of polar codes including CA-Polar and distributed CRC Polar codes. Based on the analysis, we have the following Observations and Proposal.
Observation 1: The CRC attachment of CA-Polar is similar to that of LTE. However, a longer CRC is needed.
Observation 2: The CRC attachment of PC-Polar is similar to that of LTE.
Observation 3: The calculation or storage of the number, position and value of parity check bits of PC-Polar codes may increase the complexity and latency.
Observation 4: Permutation is needed for distributed CRC and the permutation is not unique.
Observation 5: The permutation of distributed CRC is irregular and may introduce a large amount of memory cost.
Observation 6: If the distributed CRC bits are used for list paths pruning, distributed CRC Polar codes cannot fulfill the FAR requirement.
Observation 7: The decoding can be early terminated by distributed CRC.
Proposal 1: A low complexity schemes should be supported for the purpose of early termination.
References
1. 3GPP, Chairman's Notes, RAN1 #88, Athens, Greece.
1. 3GPP, R1-1701033, “Polar codes design for UL control”, Nokia, Alcatel-Lucent Shanghai Bell, RAN1 NR-AH#1, Spokane, USA.
1. 3GPP, R1-1703497, “Details of CRC distribution of Polar design”, Nokia, Alcatel-Lucent Shanghai Bell, RAN1 #88, Athens, Greece.
1. 3GPP, R1-1701630, “Design of CRC-assisted Polar Code”, Ericsson, RAN1 #88, Athens, Greece.
- 6/6 -
image2.wmf
é

ù

M

N

2

log

2

=


oleObject2.bin

image3.emf
K bits N bits K+J+J'bits

CRC Basic Polar Rate matching

M bits


oleObject3.bin
K bits



Basic Polar


Rate matching


M bits



N bits



K+J+J' bits



CRC



image4.emf
Polar decoder List 1 output

List 2 output

List L output

…

CRC check

(J+J'bits)

CRC check

(J+J'bits)

CRC check

(J+J'bits)


image5.emf
K bits

Parity check

K+J+J'bits CRC

(J bits)

K+J bits N bits

Basic Polar Rate matching

M bits

Parity check polar codes


oleObject4.bin
K bits



Parity check


K+J+J' bits



CRC
(J bits)


K+J bits



N bits



Basic Polar


Rate matching


M bits



Parity check polar codes



image6.emf
List 1 output

List 2 output

List L output

…

List 1

…

List 2

List L

…

Polar decoder

List 1-0

List 1-1

List 2-0

List 2-1

List L-0

List L-1

Parity check

List 1

List 2

List L

List output with 

the maximum 

reliability

cmp

cmp

cmp

CRC check

(J bits)


oleObject5.bin
List 1 output


List 2 output


List L output


…


List 1


…


List 2


List L


…


Polar decoder


List 1-0


List 1-1


List 2-0


List 2-1


List L-0


List L-1


Parity check


List 1


List 2


List L


List output with the maximum reliability


cmp


cmp


cmp


CRC check
(J bits)



image7.wmf
00001011

11001000

01100100

00110010

00011001

1100000

10000000

01000000

00100000

00010000

00001000

00000100

0000

1

10101101

100110

0010

00000001

11

G

æö

ç÷

ç÷

ç÷

ç÷

ç÷

=

ç÷

ç÷

ç÷

ç÷

ç÷

ç÷

èø


oleObject6.bin

image8.wmf
11001000

11000001

10101101

10011011

01100100

0011001

10000000

01000000

00100000

00010000

00001000

00000100

0000

0

00011001

000010

0010

00000001

11

G

æö

ç÷

ç÷

ç÷

ç÷

ç÷

=

ç÷

ç÷

ç÷

ç÷

ç÷

ç÷

èø


oleObject7.bin

image9.wmf
10000000

01000000

00100000

00010000

00001000

00000100

0

11100000

11010101

01001010

00110100

00110001

00011111

00001101

000001

0000010

000000

1

01

1

G

æö

ç÷

ç÷

ç÷

ç÷

ç÷

=

ç÷

ç÷

ç÷

ç÷

ç÷

ç÷

èø


oleObject8.bin

image10.emf
K bits N bits K+J+J'bits CRC

(J+J'bits)

Basic Polar Rate matching

M bits

Permutation 2

K+J+J'bits

Permutation 1

K bits


oleObject9.bin
K bits



N bits



K+J+J' bits



CRC
(J+J' bits)


Basic Polar


Rate matching


M bits



Permutation 2


K+J+J' bits



Permutation 1


K bits




image11.emf
List 1 output

List 2 output

List L output

…

List 1

…

List 2

List L

…

Polar decoder

List 1-0

List 1-1

List 2-0

List 2-1

List L-0

List L-1

CRC check

List 1

List 2

List L

List output with 

the maximum 

reliability

cmp

cmp

cmp


oleObject10.bin
List 1 output


List 2 output


List L output


…


List 1


…


List output with the maximum reliability


List 2


List L


cmp


cmp


…


Polar decoder


List 1-0


List 1-1


List 2-0


List 2-1


List L-0


List L-1


CRC check


List 1


List 2


List L


cmp



image12.emf
List 1 output

List 2 output

List L output

…

CRC check

(all J+J'bits)

CRC check

(all J+J'bits)

CRC check

(all J+J'bits)

List 1

…

CRC check

(1

st

bit)

List 2

CRC check

(1

st

bit)

List L

CRC check

(1

st

bit)

List 1

…

CRC check

(2

nd

bit)

List 2

CRC check

(2

nd

bit)

List L

CRC check

(2

nd

bit)

…

Polar decoder


oleObject11.bin
Polar decoder


List 1 output


List 2 output


List L output


List 1


…


CRC check
(all J+J' bits)


CRC check
(all J+J' bits)


CRC check
(all J+J' bits)


List 2


…


CRC check (1st bit)


CRC check
(1st bit)


List L


CRC check
(1st bit)


List 1


…


CRC check
(2nd bit)


List 2


CRC check
(2nd bit)


List L


CRC check
(2nd bit)


…



image13.emf
-6 -4 -2 0 2 4

Es/N0 (dB)

10

-2

10

-1

10

0

P

r

o

b

a

b

i

l

i

t

y

 

o

f

 

e

a

r

l

y

 

t

e

r

m

i

n

a

t

i

o

n

dCRC,19, K=85, R=1/6, L8

dCRC,19, K=42, R=1/3, L8


image1.emf
K bits N bits K

1

bits CRC/Outer 

codes

Basic Polar Rate matching

M bits

Sequence


oleObject1.bin
K bits



N bits



K1 bits



CRC/Outer codes


Basic Polar


Rate matching


M bits



Sequence



