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Introduction
At the 3GPP TSG RAN1 #90 meeting, the following agreement has been achieved [1]:
· A bit-level interleaver within a code block is included at the output of the rate matcher
Next steps for interleaver design:
Evaluate the following based on initial transmissions, until NR AH#3, and select one at NR AH#3:
· Block interleaver (e.g. as in LTE)
· Systematic bits priority order interleaver (e.g. as in HSPA)
Evaluation assumptions:
· Fading channel model – TDL-C
· All modulation orders
· Interference modelled 
In this contribution, we propose a bit-level interleaving scheme in a codeword to enhance LDPC performance.  
Bit level interleaving for LDPC
A channel interleaver is typically designed to solve two problems: burst errors caused by frequency selective or fast fading channel and unequal bit energy allocation due to high order modulation. The latter is due to the fact that the reliability of each bit is different according to its position in the bit mapping for higher-order modulation. When using Gray mapping, an M-ary QAM symbol comprises of different levels of reliability for mapped bits. For example, 256-QAM has 4 levels and 64-QAM has 3 levels of reliability. 
Due to unequal amplitude of demodulated LLRs for 16QAM / 64QAM / 256QAM, it is necessary to consider a bit interleaving scheme for high order modulation to enhance the performance for LDPC code. An example of interleaving scheme for 256QAM is introduced as following.  As shown in Figure 1, the 8 mapped bits of 256QAM can be divided into 4 groups, such that, group-1 with the 1st and the 2nd bit, group-2 with the 3rd and the 4th bit, group-3 with the 5th and the 6th bit, group-4 with the 7th and the 8th bit. The demodulated LLR for group-1 has largest amplitude with highest reliability, the second highest reliability for group-2, the third reliability for group-3 and the least reliability for group-4. As shown in Figure 1, the LDPC coded bits are divided into 4 groups. And, the bits in 1st group are mapped in group-1 for all 256QAM constellation symbols, and bits in 2nd group are mapped in group-2, 3rd group mapped in group-3 and 4th group mapped in group-4. Because the systematic bits are re-ordered in the high reliability LLRs modulation bits, it is known as systematic bits priority order interleaver or System Bit Priority Mapping (SBPM), which has been proposed in HSDPA firstly. 


Figure 1 SBPM for 256QAM


The bits interleaving scheme of SBPM can also be applied for 16QAM and 64QAM. The SBPM bits interleaving scheme is achieved by block (or rectangular) interleaver as shown in Figure 2 with size of  .The number of rows for block interleaver is determined by the modulation order, such as Rsubblock =4 for 16QAM, Rsubblock = 6 for 64QAM and Rsubblock = 8 for 256QAM. The number of columns is obtained by: , wherein N is the input bits length. The data is written into the interleaver row by row, and read out of the interleaver column by column starting from the first column, as illustrated in Figure 2. 


Figure 2 SBPM with Block Interleaver
Performance evaluations
[bookmark: _GoBack]In LTE [3], 3 CQI tables are defined where the first one and the second one are also shown in Table 1 and 2. It is observed that maximum code rate for 16QAM is less than 2/3, and the code rates larger than 2/3 are not applied. For 64QAM and 256QAM, the maximum code rate is larger than 8/9. The code rate may be extended to lower than 1/3 for HARQ. Therefore, we simulated the code rates of [1/3, 2/5, 1/2, 2/3] for 16QAM and QPSK and [1/3, 2/5, 1/2, 2/3, 3/4, 5/6, 8/9] for 64QAM and 256QAM. 
Table 1 4-bits CQI definition (Table 1) in LTE
	CQI index
	modulation
	code rate x 1024
	efficiency

	0
	out of range

	1
	QPSK
	78
	0.1523

	2
	QPSK
	120
	0.2344

	3
	QPSK
	193
	0.3770

	4
	QPSK
	308
	0.6016

	5
	QPSK
	449
	0.8770

	6
	QPSK
	602
	1.1758

	7
	16QAM
	378
	1.4766

	8
	16QAM
	490
	1.9141

	9
	16QAM
	616
	2.4063

	10
	64QAM
	466
	2.7305

	11
	64QAM
	567
	3.3223

	12
	64QAM
	666
	3.9023

	13
	64QAM
	772
	4.5234

	14
	64QAM
	873
	5.1152

	15
	64QAM
	948
	5.5547


Table 2 4-bits CQI definition (Table 2) in LTE
	CQI index
	modulation
	code rate x 1024
	efficiency

	0
	out of range

	1
	QPSK 
	78 
	0.1523 

	2
	QPSK 
	193 
	0.3770 

	3
	QPSK 
	449 
	0.8770 

	4
	16QAM 
	378 
	1.4766 

	5
	16QAM 
	490 
	1.9141 

	6
	16QAM 
	616 
	2.4063 

	7
	64QAM 
	466 
	2.7305 

	8
	64QAM 
	567 
	3.3223 

	9
	64QAM 
	666 
	3.9023 

	10
	64QAM 
	772 
	4.5234 

	11
	64QAM 
	873 
	5.1152 

	12
	256QAM 
	711 
	5.5547 

	13
	256QAM 
	797 
	6.2266

	14
	256QAM 
	885 
	6.9141

	15
	256QAM 
	948 
	7.4063 


The performance of no interleaving, SBPM and interleaving scheme (Column=64) in [2] are compared. Figure 3 shows some performance gain of the proposed SBPM interleaving for different code rates and block length of 8448 for 256QAM. Other simulation results are shown in Appendix where SBPM is observed to outperform BRO sub-block interleaving [2] for high order modulations while maintain similar performance for QPSK. The NR-LDPC code is used to evaluate the performance. The simulation assumptions are listed in Table 3. 
Table 3 Simulation assumptions
	Simulation parameter
	Value

	(SCS, FFT)
	(15 KHz, 2048)

	MIMO scheme
	1 Tx–2 Rx

	Demapper
	Ideal receiver

	Mapping Order for OFDM
	Frequency first then time, 1 LDPC CB mapped in 1 OFDM symbol of mini-slot

	Channels
	TDL-C

	Modulation
	QPSK, 16QAM, 64QAM, 256QAM

	Code rate
	1/3, 2/5, 1/2, 2/3, 3/4, 5/6, 8/9

	Information Length
	1024, 2048, 8448


[image: ]
Figure 3 The performance comparison for 256QAM, 1 Tx–2 Rx, TDL-C 200ns
Observation 1: Systematic bit priority mapping interleaver outperforms BRO sub-block interleaver in [2] for 16QAM, 64QAM and 256QAM. For QPSK, both interleavers have similar performance. 
Both BRO sub-block interleaver [2] and systematic bit priority mapping interleaver are row-in-and-column-out rectangle interleaver. However, BRO sub-block interleaver needs extra BRO column interleaving, and the column interleaving leads to more latency and complexity.
Observation 2: Both BRO sub-block interleaver and systematic bit priority mapping interleaver are row-in-and-column-out rectangle interleavers. However, BRO sub-block interleaver needs extra BRO column interleaving, which leads to more latency and complexity.
Consideration on bit interleaving for IR-HARQ
When the overlap-bits between the initial transmission and re-transmission are mapped to the same modulation constellation, they will have the same LLR amplitudes fluctuation for two transmission data. Thus, it cannot achieve the optimal performance because of imbalance of the combined HARQ LLRs, especially when the initial transmission and re-transmission having the same RV index. Therefore, it should be avoided by constellation rearrange schemes (CoRe) which adopt different interleaving schemes for the initial transmission and re-transmission, such as reversed mapping scheme [4], or some other interleaving schemes. 
Proposal 1: In order to improve IR-HARQ performance for high order modulation, bit reversed mapping in a constellation should be done for the first retransmission.
BRO sub-block interleaver will have difficulty to implement constellation rearrange schemes (CoRe) because the order of codeword bits of the initial transmission is disturbed. However, systematic bit priority mapping interleaver  can implement constellation rearrange schemes (CoRe) easily, for example, reading direction can be changed from down to up when retransmission.
Observation 4: It is difficult for BRO sub-block interleaver to support bit reversed mapping for IR-HARQ, but it is easy for systematic bit priority mapping interleaver to support bit reversed mapping for IR-HARQ.
Based on the above observations, it is obvious that systematic bit priority mapping interleaver should be supported.
Proposal 2: The proposed interleaving scheme of SBPM should be adopted for NR.
Conclusion
In this contribution, a bit interleaving scheme in a LDPC codeword is presented. In summary, we have the following proposals and observations:
Observation 1: Systematic bit priority mapping interleaver outperforms BRO sub-block interleaver in [2] for 16QAM, 64QAM and 256QAM. For QPSK, both interleavers have similar performance.
Observation 2: Both BRO sub-block interleaver and systematic bit priority mapping interleaver are row-in-and-column-out rectangle interleavers. However, BRO sub-block interleaver needs extra BRO column interleaving, which leads to more latency and complexity.
Observation 3: It is difficult for BRO sub-block interleaver to support bit reversed mapping for IR-HARQ, but it is easy for systematic bit priority mapping interleaver to support bit reversed mapping for IR-HARQ.
Proposal 1: In order to improve IR-HARQ performance, bit reversed mapping in a constellation should be done for the first retransmission.
Proposal 2: The proposed interleaving scheme of SBPM should be adopted for NR.
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