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1	Introduction
Polar codes were adopted as the NR coding scheme for both uplink and downlink control channels, when the information block length plus nFAR is larger than or equal to 12 bits [1]. Although it was agreed [2] that for single stage DCI, the modulation scheme for PDCCH is only QPSK, it is possible to apply high order modulation for UCI when it is multiplexed with data and transmitted in the PUSCH. It was agreed [1] that channel bit interleaving is either performed as part of the rate matching and/or after rate matching, and whether the channel bit interleaver is a function of the modulation is FFS.  
It was preliminarily investigated [3] that directly modulating polar encoded bits without interleaver will result in performance loss under high-order modulation, like 16QAM and 64QAM. Hence, an interleaver design for polar codes with high order modulation is desirable. Furthermore, a channel bit interleaver for polar codes could improve the BLER performance in a fading channel [4].
In this contribution, we propose a simple channel bit interleaver design for polar codes. The performance evaluation of this interleaver is provided.
2	Discussion
2.1 	Polar Codes Rate Matching Schemes
It was agreed in RAN1 meeting #89 [5] that repetition, shortening and puncturing are supported rate matching schemes for polar codes. The shortening schemes generally perform well for high code rates while the puncturing schemes generally perform well for low code rates. The code rate threshold to select between shortening schemes and puncturing schemes is to be determined, and a possible value on this threshold is proposed in [6]. 
Multiple puncturing and shortening schemes were proposed and their performance was evaluated [7], [8], [9]. Among the candidate puncturing and shortening schemes, the split-natural puncturing and the split-natural shortening show good performance for low code rates and for high code rates, respectively [7]. 
A unified rate matching design for natural repetition, split-natural shortening and split-natural puncturing was agreed [1] in order to simplify virtual circular buffer operations for all three types of rate matching schemes. One approach to achieve the unified rate matching design was proposed in [8]. In this rate matching design, the coded bits are equally partitioned into 4 groups and the middle two groups are interlaced before saving the coded bits to a circular buffer. This interlacing operation is also termed split-natural interleaver [4].
We first simulate the performance of the split-natural interleaver with simulation configurations contained in Table 1. Figure 1 shows the BLER performance of the split-natural interleaver and the random interleaver when the information block length is 48 bits and 16QAM modulation is used. It is seen from the figure that the split-natural interleaver has inferior performance, comparing with the random interleaver. The gap between these two intereleavers could be between 0.2 dB and 1 dB at the BLER level of  or .  
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[bookmark: _Ref485218805]Figure 1: Performance comparison of the split-natural interleaver with random interleaver for 16QAM modulation
Hence, we have the following proposal.
Proposal 1: The channel bit interleaver is needed after polar code rate matching. 

2.2 Proposed Interleaver for Polar Codes
Because of the unified rate matching design for natural repetition, split-natural shortening and split-natural puncturing [8], the split-natural interleaver could be a part of the rate matching functionality and would be implemented before the virtual circular buffer. Taking this into consideration, we propose to introduce an additional block interleaver after rate matching. In other words, the block interleaver and the split-natural interleaver are effectively concatenated. Here, the depth of the block interleaver may depend on the modulation order. 

2.3 Performance Evaluation for AWGN Channel
In this sub-section, we examine the performance of the proposed interleaver design, applied to polar encoded bits. The interleaved bits are then passed to the modulator. The receiver applies the same interleaver before polar decoding. 
Our simulation assumptions are summarized in Table 1. We evaluate the cases of 1). No interleaver (i.e., only split-natural interleaver in rate matching); 2). Random interleaver; 3). Triangle interleaver [11]; 4). Block interleaver with depth=3; 5). Block interleaver with depth=5; 6). Block interleaver with depth=7; 7). Block interleaver with depth=11. 
Note that all the above interleavers are based on the split-natural interleaver in rate matching. 
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[bookmark: _Ref490426384]Figure 2: Comparison over different interleavers at K=48 bits and 16QAM
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Figure 3: Comparison over different interleavers at K=64 bits and 16QAM
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Figure 4: Comparison over different interleavers at K=120 bits and 16QAM
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[bookmark: _Ref490426397]Figure 5: Comparison over different interleavers at K=200 bits and 16QAM
Figure 2 to Figure 5 show the simulation results for 16QAM modulation, with information block lengths of 48 bits, 64 bits, 120 bits, and 200 bits, respectively. It can be seen from these figures that in all these cases, the block interleaver largely improves the performance of no interleaver. At code rate ½, all the block interleavers perform similar as the random interleaver. At code rate 1/3, the block interleaver with depth 7 slightly outperforms the block interleaver with other depths, and has the similar performance as the random interleaver. At code rate 1/6, the block interleaver with depth 11 slightly outperforms the block interleaver with other depths, and has the similar performance as the random interleaver.  
Observation 1: For 16QAM modulation and AWGN channel, the block interleaver largely improves the performance of no interleaver. At code rate 1/2, the block interleaver with simulated depths all perform similar to the random interleaver. At code rates 1/3 and 1/6, the block interleaver with depth 7 or 11 achieves the similar performance as the random interleaver. 
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[bookmark: _Ref490497981]Figure 6: Comparison over different interleavers at K=48 bits and 64QAM
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Figure 7: Comparison over different interleavers at K=64 bits and 64QAM
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Figure 8: Comparison over different interleavers at K=120 bits and 64QAM
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[bookmark: _Ref490497990]Figure 9: Comparison over different interleavers at K=200 bits and 64QAM

Figure 6 to Figure 9 show the simulation results for 64QAM modulation, with information block lengths of 48 bits, 64 bits, 120 bits, and 200 bits, respectively. It can be seen from these figures that the block interleaver with depth 3 shows inferior performance. It is probably because each 64QAM modulation symbol is composed of 6 coded bits, which is exactly double the block interleaver depth. 
At code rate ½, the block interleaver with depth 5, 7 or 11 perform similar as the random interleaver. At code rates 1/3 or 1/6, the block interleaver with depth 5 or 11 slightly outperforms the block interleaver with depth 7. Overall, the block interleaver with depths 5 or 11 performs similar to the random interleaver. 
Observation 2: For 64QAM modulation and AWGN channel, the block interleaver with depth 3 does not perform well. The block interleaver with depths 5, 7 or 11 slightly improves the performance of no interleaver. The block interleaver with depths 5 or 11 slightly outperforms the block interleaver with depth 7, and achieves the similar performance as the random interleaver.
In the above simulations, we observe that the triangle interleaver in general has the similar performance as the block interleaver with proper depth. However, the implementation of a block interleaver is easy and well-known.

2.4 Performance Evaluation for Fading Channel
In this sub-section, we examine the performance of channel bit interleaver in fading channels. 
Our simulation assumptions are summarized in Table 2. We evaluate the cases of 1). No interleaver (i.e., only split-natural interleaver in rate matching); 2). Random interleaver; 3). Triangle interleaver [11]; 4). Block interleaver with depth=3; 5). Block interleaver with depth=5; 6). Block interleaver with depth=7; 7). Block interleaver with depth=11. 
Code Rate =1/3
Figure 10 to Figure 12 show the simulation results of different interleavers for QPSK/16QAM/64QAM modulations and code rate 1/3, under TDL-A, TDL-B and TDL-C channel models, respectively. The delay spread is set as 100 ns. It is observed from these figures that the block interleaver with depth 3 or 7 has inferior performance for 64QAM modulation, whereas the block interleaver with depth 5 or 11 has the similar performance as the random interleaver. For 16QAM modulation, the block interleaver with depth 7 slightly outperforms other block interleavers, and has the similar performance as the random interleaver. For QPSK modulation, all the block interleavers have the similar performance as the random interleaver, with the gap generally less than 0.2 dB. 
Figure 13 to Figure 15 show the simulation results of different interleavers for QPSK/16QAM/64QAM modulations and code rate 1/3, under TDL-A, TDL-B and TDL-C channel models, respectively. The delay spread is set as 300 ns. The same observations as for the delay spread of 100 ns are obtained. 
Observation 3: At code rate 1/3 and for TDL-A/B/C channel models, the block interleaver with depth 3 or 7 does not perform well for 64QAM modulation, whereas the block interleaver with depth 5 or 11 achieves the similar performance as the random interleaver. The block interleaver with depth 7 slightly outperforms other block interleavers, and achieves the similar performance as the random interleaver for 16QAM modulation. All the block interleavers have the similar performance as the random interleaver for QPSK modulation, with the gap less than 0.2 dB. 
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[bookmark: _Ref490494337]Figure 10: Comparison over different interleavers at TDL A model with delay spread 100 ns for code rate 1/3
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Figure 11: Comparison over different interleavers at TDL B model with delay spread 100 ns for code rate 1/3
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[bookmark: _Ref490494344]Figure 12: Comparison over different interleavers at TDL C model with delay spread 100 ns for code rate 1/3
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[bookmark: _Ref490494360]Figure 13: Comparison over different interleavers at TDL A model with delay spread 300 ns for code rate 1/3

[image: ]
Figure 14: Comparison over different interleavers at TDL B model with delay spread 300 ns for code rate 1/3
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[bookmark: _Ref490494370]Figure 15: Comparison over different interleavers at TDL C model with delay spread 300 ns for code rate 1/3

Code Rate =1/2
Figure 16 to Figure 18 show the simulation results of different interleavers for QPSK/16QAM/64QAM modulations and code rate 1/2, under TDL-A, TDL-B and TDL-C channel models, respectively. The delay spread is set as 100 ns. It is observed from these figures that the block interleaver with depth 7 has the inferior performance for 64QAM modulation, whereas the block interleaver with depth 5 or 11 has the similar performance as the random interleaver. For 16QAM and QPSK modulations, the block interleaver with depth 7 or 11 slightly outperforms other block interleavers. The gap between the block interleaver with depth 11 and the random interleaver is generally less than 0.2 dB. 
Figure 19 to Figure 21 show the simulation results of different interleavers for QPSK/16QAM/64QAM modulations and code rate 1/2, under TDL-A, TDL-B and TDL-C channel models, respectively. The delay spread is set as 300 ns. The same observations as for the delay spread of 100 ns are obtained. 
Observation 4: At code rate 1/2 and for TDL-A/B/C channel models, the block interleaver with depth 7 does not perform well for 64QAM modulation, whereas the block interleaver with depth 5 or 11 achieves the similar performance as the random interleaver. The block interleaver with depth 7 or 11 slightly outperforms other block interleavers for QPSK and 16QAM modulations. The gap between the block interleaver with depth 11 and the random interleaver is generally less than 0.2 dB. 
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[bookmark: _Ref490489431]Figure 16: Comparison over different interleavers at TDL A model with delay spread 100 ns for code rate 1/2
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Figure 17: Comparison over different interleavers at TDL B model with delay spread 100 ns for code rate 1/2
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[bookmark: _Ref490489440]Figure 18: Comparison over different interleavers at TDL C model with delay spread 100 ns for code rate 1/2
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[bookmark: _Ref490490564]Figure 19: Comparison over different interleavers at TDL A model with delay spread 300 ns for code rate 1/2
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Figure 20: Comparison over different interleavers at TDL B model with delay spread 300 ns for code rate 1/2
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[bookmark: _Ref490490566]Figure 21: Comparison over different interleavers at TDL C model with delay spread 300 ns for code rate 1/2

Code Rate =2/3
Figure 22 to Figure 24 show the simulation results of different interleavers for QPSK/16QAM/64QAM modulations and code rate 2/3, under TDL-A, TDL-B and TDL-C channel models, respectively. The delay spread is set as 100 ns. It is observed from these figures that the block interleaver with depth 7 has the inferior performance for 64QAM modulation, whereas the block interleaver with depth 5 or 11 has the similar performance as the random interleaver. For 16QAM and QPSK modulations, the block interleaver with depth 11 slightly outperforms other block interleavers. The gap between the block interleaver with depth 11 and the random interleaver is generally less than 0.2 dB. 
Figure 25 to Figure 27 show the simulation results of different interleavers for QPSK/16QAM/64QAM modulations and code rate 1/2, under TDL-A, TDL-B and TDL-C channel models, respectively. The delay spread is set as 300 ns. The same observations as for the delay spread of 100 ns are obtained. 
Observation 5: At code rate 2/3 and for TDL-A/B/C channel models, the block interleaver with depth 7 does not perform well for 64QAM modulation, whereas the block interleaver with depth 5 or 11 achieves the similar performance as the random interleaver. The block interleaver with depth 11 slightly outperforms other block interleavers for QPSK and 16QAM modulations. The gap between the block interleaver with depth 11 and the random interleaver is generally less than 0.2 dB. 
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[bookmark: _Ref490492459]Figure 22: Comparison over different interleavers at TDL A model with delay spread 100 ns for code rate 2/3
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Figure 23: Comparison over different interleavers at TDL B model with delay spread 100 ns for code rate 2/3
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[bookmark: _Ref490492471]Figure 24: Comparison over different interleavers at TDL C model with delay spread 100 ns for code rate 2/3
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[bookmark: _Ref490492693]Figure 25: Comparison over different interleavers at TDL A model with delay spread 300 ns for code rate 2/3
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Figure 26: Comparison over different interleavers at TDL B model with delay spread 300 ns for code rate 2/3
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[bookmark: _Ref490492699]Figure 27: Comparison over different interleavers at TDL C model with delay spread 300 ns for code rate 2/3

Based on the above observations, we have the following proposal.
Proposal 2: Adopt the block interleaver as the channel bit interleaver after rate matching. If a unified depth of block interleaver is applied for all the modulations, then consider to use depth 11. Otherwise, consider to use depth 5 or 11 for 64QAM modulation and depth 7 or 11 for 16QAM modulation. 

3	Conclusion
In this contribution, we discussed different interleaving schemes for polar codes, and compared their performance. Our simulation results show that: 
Observation 1: For 16QAM modulation and AWGN channel, the block interleaver largely improves the performance of no interleaver. At code rate 1/2, the block interleaver with simulated depths all perform similar to the random interleaver. At code rates 1/3 and 1/6, the block interleaver with depth 7 or 11 achieves the similar performance as the random interleaver. 
Observation 2: For 64QAM modulation and AWGN channel, the block interleaver with depth 3 does not perform well. The block interleaver with depths 5, 7 or 11 slightly improves the performance of no interleaver. The block interleaver with depths 5 or 11 slightly outperforms the block interleaver with depth 7, and achieves the similar performance as the random interleaver.
Observation 3: At code rate 1/3 and for TDL-A/B/C channel models, the block interleaver with depth 3 or 7 does not perform well for 64QAM modulation, whereas the block interleaver with depth 5 or 11 achieves the similar performance as the random interleaver. The block interleaver with depth 7 slightly outperforms other block interleavers, and achieves the similar performance as the random interleaver for 16QAM modulation. All the block interleavers have the similar performance as the random interleaver for QPSK modulation, with the gap less than 0.2 dB. 
Observation 4: At code rate 1/2 and for TDL-A/B/C channel models, the block interleaver with depth 7 does not perform well for 64QAM modulation, whereas the block interleaver with depth 5 or 11 achieves the similar performance as the random interleaver. The block interleaver with depth 7 or 11 slightly outperforms other block interleavers for QPSK and 16QAM modulations. The gap between the block interleaver with depth 11 and the random interleaver is generally less than 0.2 dB. 
Observation 5: At code rate 2/3 and for TDL-A/B/C channel models, the block interleaver with depth 7 does not perform well for 64QAM modulation, whereas the block interleaver with depth 5 or 11 achieves the similar performance as the random interleaver. The block interleaver with depth 11 slightly outperforms other block interleavers for QPSK and 16QAM modulations. The gap between the block interleaver with depth 11 and the random interleaver is generally less than 0.2 dB. 
We have the following proposals: 
Proposal 1: The channel bit interleaver is needed after polar code rate matching. 
Proposal 2: Adopt the block interleaver as the channel bit interleaver after rate matching. If a unified depth of block interleaver is applied for all the modulations, then consider to use depth 11. Otherwise, consider to use depth 5 or 11 for 64QAM modulation and depth 7 or 11 for 16QAM modulation. 
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Appendix: Evaluation Assumptions for Interleaver Simulations
[bookmark: _Ref485210308]Table 1: Simulation configuration to compare interleaver performance in AWGN channel
	Channel
	AWGN

	Modulation
	16QAM, 64QAM

	Coding scheme
	Polar code with PW sequence [10]

	Info. block length (bits with CRC)
	48, 64, 120, 200

	CRC length
	19 (0xA2B79)

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

	Decoding algorithm
	CRC-aided SCL list = 8

	Rate matching scheme
	Split-natural puncturing for code rates 1/6, 1/3
Split-natural shortening for code rate ½


	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	



[bookmark: _Ref490499510]Table 2: Simulation configuration to compare interleaver performance in fading channel
	Channel model
	TDL A, TDL B, TDL C 

	Delay spread (ns)
	100, 300

	Speed (km/h)
	3

	Number of used sub-carriers
	150

	FFT size 
	256

	Sub-carrier spacing (KHz)
		60	

	Channel estimation
	Ideal

	Receiver
	MMSE

	Number of Tx antenna 
	1

	Number of Rx antenna 
	1

	Modulation
	QPSK, 16QAM, 64QAM

	Coding scheme
	Polar code with PW sequence [10]

	CRC length
	19 (0xA2B79)

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

	Decoding algorithm
	CRC-aided SCL list = 8

	Rate matching scheme
	Split-natural puncturing for code rates 1/6, 1/3
Split-natural shortening for code rate ½
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Comparison over different interleavers at K=120 and 16QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3

No interleaver rate =1/6

Random interleaver: rate = 1/6

Triangle interleaver: rate = 1/6

Block interleaver (d=3) : rate = 1/6

Block interleaver (d=5) : rate = 1/6

Block interleaver (d=7) : rate = 1/6

Block interleaver (d=11) : rate = 1/6
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Comparison over different interleavers at K=200 and 16QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3
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Comparison over different interleavers at K=48 and 64QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3

No interleaver rate =1/6

Random interleaver: rate = 1/6

Triangle interleaver: rate = 1/6

Block interleaver (d=3) : rate = 1/6

Block interleaver (d=5) : rate = 1/6

Block interleaver (d=7) : rate = 1/6

Block interleaver (d=11) : rate = 1/6
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Comparison over different interleavers at K=64 and 64QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3

No interleaver rate =1/6

Random interleaver: rate = 1/6

Triangle interleaver: rate = 1/6

Block interleaver (d=3) : rate = 1/6

Block interleaver (d=5) : rate = 1/6

Block interleaver (d=7) : rate = 1/6

Block interleaver (d=11) : rate = 1/6
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Comparison over different interleavers at K=120 and 64QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3

No interleaver rate =1/6

Random interleaver: rate = 1/6

Triangle interleaver: rate = 1/6

Block interleaver (d=3) : rate = 1/6

Block interleaver (d=5) : rate = 1/6

Block interleaver (d=7) : rate = 1/6

Block interleaver (d=11) : rate = 1/6
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Comparison over different interleavers at K=200 and 64QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3
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Comparison over different interleavers at TDL A model with delay spread 100 ns for code rate 1/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL B model with delay spread 100 ns for code rate 1/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL C model with delay spread 100 ns for code rate 1/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL A model with delay spread 300 ns for code rate 1/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL B model with delay spread 300 ns for code rate 1/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL C model with delay spread 300 ns for code rate 1/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL A model with delay spread 100 ns for code rate 1/2

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL B model with delay spread 100 ns for code rate 1/2

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL C model with delay spread 100 ns for code rate 1/2

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL A model with delay spread 300 ns for code rate 1/2

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM
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Comparison over different interleavers at TDL B model with delay spread 300 ns for code rate 1/2

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM
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Comparison over different interleavers at TDL C model with delay spread 300 ns for code rate 1/2

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM
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Comparison over different interleavers at TDL A model with delay spread 100 ns for code rate 2/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM


image23.emf
0 5 10 15 20 25 30 35

SNR (dB)

10

-2

10

-1

10

0

B

l

o

c

k

 

E

r

r

o

r

 

R

a

t

e

Comparison over different interleavers at TDL B model with delay spread 100 ns for code rate 2/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL C model with delay spread 100 ns for code rate 2/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM

No interleaver: 64QAM

Random interleaver: 64QAM

Triangle interleaver: 64QAM

Block interleaver (d=3): 64QAM

Block interleaver (d=5): 64QAM

Block interleaver (d=7): 64QAM

Block interleaver (d=11): 64QAM
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Comparison over different interleavers at TDL A model with delay spread 300 ns for code rate 2/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM
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Comparison over different interleavers at TDL B model with delay spread 300 ns for code rate 2/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM
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Comparison over different interleavers at TDL C model with delay spread 300 ns for code rate 2/3

No interleaver: QPSK

Random interleaver: QPSK

Triangle interleaver: QPSK

Block interleaver (d=3): QPSK

Block interleaver (d=5): QPSK

Block interleaver (d=7): QPSK

Block interleaver (d=11): QPSK

No interleaver: 16QAM

Random interleaver: 16QAM

Triangle interleaver: 16QAM

Block interleaver (d=3): 16QAM

Block interleaver (d=5): 16QAM

Block interleaver (d=7): 16QAM

Block interleaver (d=11): 16QAM
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Performance evaluation of the split natural interleaver for 16QAM

Split natural interleaver: rate = 1/2

Random interleaver: rate = 1/2

Split natural interleaver: rate = 1/3

Random interleaver: rate = 1/3

Split natural interleaver: rate = 1/6

Random interleaver: rate = 1/6
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Comparison over different interleavers at K=48 and 16QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3

No interleaver rate =1/6

Random interleaver: rate = 1/6

Triangle interleaver: rate = 1/6

Block interleaver (d=3) : rate = 1/6

Block interleaver (d=5) : rate = 1/6

Block interleaver (d=7) : rate = 1/6

Block interleaver (d=11) : rate = 1/6
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Comparison over different interleavers at K=64 and 16QAM

No interleaver: rate =1/2

Random interleaver: rate = 1/2

Triangle interleaver: rate = 1/2

Block interleaver (d=3) : rate = 1/2

Block interleaver (d=5) : rate = 1/2

Block interleaver (d=7) : rate = 1/2

Block interleaver (d=11) : rate = 1/2

No interleaver: rate =1/3

Random interleaver: rate = 1/3

Triangle interleaver: rate = 1/3

Block interleaver (d=3) : rate = 1/3

Block interleaver (d=5) : rate = 1/3

Block interleaver (d=7) : rate = 1/3

Block interleaver (d=11) : rate = 1/3

No interleaver rate =1/6

Random interleaver: rate = 1/6

Triangle interleaver: rate = 1/6

Block interleaver (d=3) : rate = 1/6

Block interleaver (d=5) : rate = 1/6

Block interleaver (d=7) : rate = 1/6

Block interleaver (d=11) : rate = 1/6


