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1. Introduction
In RAN1 NR_AH2 meeting, the performance of Polar Codes with high order modulation was evaluated. And an agreement was reached regarding interleaving for Polar code:

Agreement: 

· Channel bit interleaving is applied 

· The interleaving is either performed as part of the rate matching and/or after rate matching 

· To be confirmed after the rate matching discussion whether the interleaving is a separate function

· FFS whether the interleaver is a function of the modulation

· The same sequence for each mother code size is used for all modulations

· The UL sequence for a given mother code size is also used for the DL

In this contribution, we present an interleaver for Polar codes and compare the performance of different interleavers for transmission with 16QAM and 64QAM modulation over AWGN channels. Note that in this contribution, only the puncturing rate matching scheme is taken into account when evaluate the performance.

2. Interleaver 

In this section, we proposed two schemes, one is related to the properties of Polar Codes and the order of modulation, and the other only depends on the order of modulation.

2.1 Scheme 1: rectangular interleaver
For Polar Codes, the bit channels are grouped into information bit channels and frozen bit channels with some method or based on certain principle. With such a procedure, each bit channel has its reliability, which can be used to order the code bits.

We separate the code bits into two groups, the code bits which are directly connected to information bits and the code bits which are directly connected to frozen bits. Then the grouped code bits are written into a rectangular interleaver row by row where the group of code bits which are directly connected to information bits is written in first followed by the second group of code bits which are directly connected to frozen bits. After that, permuting the column of the rectangular buffer. Finally the output of the rectangular interleaver is readout row by row.

Denote the code bits sequence after grouped are indexed as 
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,where M is the number of  code bits needed to be interleaved. The number of rows of the rectangular interleaver m is relative to the modulation schemes, for 16QAM, the number of rows is 4, and 6 for 64QAM. Then the number of columns of the rectangular interleaver is . The output bit sequence from the block interleaver is derived as follows:

1) The rows of the matrix are numbered 0, 1, 2, …, m-1 from top to bottom.

2)  Determine the number of columns of the matrix, by finding the minimum integer n such that
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.The columns of the matrix are numbered 0, 1, 2, …, n-1 from left to right.

3)  the bit sequence  SHAPE  \* MERGEFORMAT 


 is written into the m×n matrix row by row:
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4) Perform the inter-column permutation for the matrix based on the pattern 
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.The pattern I (j) is the permuted column from the original jth column. After permutation of the column of the 
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Note: I is calculated as follows, get the bit reversal of 0, 1, ..., N-1,
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.And remove the value that larger than n.
5) The output of the interleaver is the bit sequence read out row by row from the inter column permutated matrix. And the bits after interleaving is denoted by 
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An example is given in appendix to describe the details of this rectangular interleaving scheme.

2.2 Scheme 2: Constellation Random Interleaving (CRI)

As we all know, the global random interleaver can provide the optimal or ideal performance for polar codes with high order modulation. But the global random interleaver leads to high latency and high complexity. In LTE system, high order modulation leads to unequal protection of codeword bits as M codeword bits mapping to each QAM symbol are listed in the order of reliability from high to low, where M=4, 6, 8 for 16QAM, 64QAM and 256QAM respectively. 

Herein, a local interleaver instead of global interleaver is introduced to solve the issue of latency and complexity. In detail, each M codeword bits corresponding to each modulation symbol are interleaved in a random and independent order. For example, if polar codes with 16QAM is used, the rate matching sequence of L bits are divided into N groups equally with M=4 bits for each group. Then those 4 bits of each group are interleaved by pseudo random interleaver independently. Finally those 4 bits in a group are mapped to each 16QAM modulation symbol. Note: the random sequence can be generated as that in section 7.2 in [2]. It is essentially constellation rearrangement; the interleaving method can be called as Constellation Random Interleaving (CRI). 

Compared with global random interleaver and other interleavers, the benefit is that constellation random interleaver as a local interleaver can provide much lower latency and much lower complexity due to very small interleave depth. Another benefit is that the interleaver is independent to rate matching algorithms. 

Observation 1: Constellation Random Interleaver (CRI), can provide much lower latency and much lower complexity due to very small interleave depth.

3. Performance evaluation

The simulation assumption and parameters are listed in Table 1.

Table 1 Evaluate SNR @BLER = 0.01 vs. different information blocks
	Channel
	AWGN

	Modulation
	16QAM, 64QAM

	Coding
	CA-Polar with 19bits CRC

	Decoding Scheme
	SCL decoder with L=8

	Code rate
	 1/6, 1/5, 1/4, 1/3, 1/2, 2/3

	Info. block length
	32:8:256

	Interleaver
	Natural, random, Isosceles right triangle interleaver [1], rectangular interleaver


· Natural: encoder output bits are sequentially inserted into the modulator, i.e., no interleaving
· Random interleaver: encoder output bits are randomly interleaved before being inserted into the modulator.
· Isosceles right triangle interleaver: as described in [1].
· Rectangular interleaver: as described above.
In this contribution, the code length is not limited. And the interleaver followed by the circular buffer.

For scheme1, the simulation results are shown in Figure 1 and Figure 2 for 16QAM and 64QAM, respectively.
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Figure 1 Required SNR for 16QAM @BLER=0.01 
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Figure 2 Required SNR for 64QAM @BLER=0.01 
As is shown in Figure 1 and Figure 2, compared to no interleaving, both Rectangular interleaver and Isosceles right triangle interleaver provide performance gain. The lower the code rate, the more the performance gain can be obtained by interleaving.

For the Isosceles right triangle interleaver, the side length is changed as the number of transmission bits changes. So the length of triangle need to be calculated for each transmission, and the calculation is square root calculation, which is very complex. 
For our proposed scheme1, this is only a rectangular interleaver where the bit channel connected to information bits and frozen bits are known to transmitter and receiver. The number of rows of the rectangular is set to the order of modulation, only the number of columns need to be calculated and changed from time to time. Furthermore rectangular interleaver is a very mature technology, which is used in LTE and other communication systems.

Observation 2: Rectangular interleaver with row input and row output has almost comparable performance to global random interleaver.
For scheme2, the simulation results are shown in Figure 3 to Figure 4.
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Figure 3 Required SNR @BLER=0.01 for scheme 2 with 16QAM
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Figure 4 Required SNR @BLER=0.01 for scheme 2 with 64QAM
Based on Figure 3 and Figure 4, we can see that the performance of scheme 2 for high order modulation has almost the same performance as the random interleaver. The advantage of the proposed scheme2 is that it is independent of the properties of the Polar Codes such as reliability order, and requires no information of the information bit channel and frozen bit channel.
Observation 3: For polar codes with high order modulation, constellation random interleaver (CRI), has comparable performance to global random interleaver,

Proposal 1: Constellation random interleaver (CRI) is used for polar codes with high order modulation.

4. Conclusion

In this contribution, the performance of Polar code with high order modulation and two interleaving schemes is provided. The observations and proposal are following:

Observation 1: Constellation Random Interleaver (CRI), can provide much lower latency and much lower complexity due to very small interleave depth.

Observation 2: Rectangular interleaver with row input and row output has almost comparable performance to global random interleaver.
Observation 3: For polar codes with high order modulation, constellation random interleaver (CRI), has comparable performance to global random interleaver,

Proposal 1: Constellation random interleaver (CRI) is used for polar codes with high order modulation.
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Appendix
An example of rectangular interleaving
Suppose the information bit K (with 19 bits CRC)=32, the code rate is 1/2, the number of transmission bits is 64. The information bits channel are {16
24
27
28
29
30
31
32
39
40
42
43
44
45
46
47
48
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64}, 

which in code bits after rate matching is{16
24
27
28
29
30
31
32
39
40
42
43
44
45
46
47
48
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64}.

For 16QAM, the code bits are written into the rectangular interleaver as follows:

	16
	24
	27
	28
	29
	30
	31
	32
	39
	40
	42
	43
	44
	45
	46
	47

	48
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63
	64

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	17

	18
	19
	20
	21
	22
	23
	25
	26
	33
	34
	35
	36
	37
	38
	41
	49


The permutation of column is:

[1
9
5
13
3
11
7
15
2
10
6
14
4
12
8
16]

After permuting the column of the rectangular, the rectangular is:

	16
	39
	29
	44
	27
	42
	31
	46
	24
	40
	30
	45
	28
	43
	32
	47

	48
	57
	53
	61
	51
	59
	55
	63
	50
	58
	54
	62
	52
	60
	56
	64

	1
	9
	5
	13
	3
	11
	7
	15
	2
	10
	6
	14
	4
	12
	8
	17

	18
	33
	22
	37
	20
	35
	25
	41
	19
	34
	23
	38
	21
	36
	26
	49


The output of the interleaver is

[16
39
29
44
27
42
31
46
24
40
30
45
28
43
32
47

48
57
53
61
51
59
55
63
50
58
54
62
52
60
56
64

1
9
5
13
3
11
7
15
2
10
6
14
4
12
8
17

18
33
22
37
20
35
25
41
19
34
23
38
21
36
26
49]
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