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[bookmark: _Ref485481562]Introduction
[bookmark: _GoBack]In RAN1#88 meeting, an agreement was reached to adopt Polar codes for both UL and DL control channels in NR (except for very small block lengths where repetition/simplex/Reed-Mueller codes are used). 
It was shown in [7] that interleaving the encoded bits before the modulation improves the performance both when transmitting over fading channels. Moreover, it was shown in [9]  that the performance is as well improved by an interleaver when using higher order modulation schemes for transmission. 
This contribution compares the performance of different interleavers for transmission with QPSK modulation over fading channels and for 16QAM and 64QAM over AWGN channel given a fixed information sequence.

Interleaver Designs
The interleaver investigated in this contribution are applied to the encoded bits after rate matching right before being subject to the modulator. At the receiver end, after demodulation, the codeword is deinterleaved.
The following interleaver designs are considered:
1. Random interleaver:	 is randomly selected for each block with a uniform distribution over all
 	possible permutations of .

2. Triangle interleaver [8]:	 generated by triangular interleaver defined in [8] and shown below:

The data is written in a triangle of side length  where  is the minimum value such that P*(P+1)/2 is not less than the block length. The output is x(1), x(p+1), x(2p),…x(2), x(p+2),….

                                  [image: ]

3. Row-column interleaver with bit-collection:   generated as defined in [R1-1709999].

4. Parallel rectangular interleaver with depths 5 and 11 as described below. 

[bookmark: _Hlk490656116][bookmark: _Hlk490655439][bookmark: _Hlk490655567][bookmark: _Hlk490655183][bookmark: _Hlk490654934][bookmark: _Hlk490654855][bookmark: _Hlk490654062][bookmark: _Hlk490653576][bookmark: _Hlk490653516]Interleaver design of a parallel rectangular interleaver:size 

Read-in row-wise top-down into rows of length “depth”
Append NULL if necessary  
Rectangular interleaver of depth = 5:
…..               
1, 2, 3, 4, …                    
1, 2, 3, 4, …                                                                       
Read-out column-wise from left to right
Rectangular interleaver of depth = 11:
size 

size 





Divide into 2 blocks of length and   































Output 2
Output 1



Fill final interleaver vector by alternating from the two outputs
Skip NULLs





Interleaver of size 





Discussion of the Interleavers
The random interleaver is not suitable for implementation but only for reference. The other three interleaver designs are all implementable, but with different levels of complexity and latency.
The parallel rectangular interleaver can easily be implemented, due to its regular structure. Moreover, due to the parallel processing of upper and lower half the parallel rectangular interleaver is suitable for parallel memory access. It therefore allows processing with very low latency. 
The interleaving process of the row-column interleaver is easy implementable but the bit-collection (which depends on the information set) adds some further complexity. 
The triangle interleaver is complex to implement, due to its irregular structure. Both reading in and reading out requires knowledge of the current position in the triangle. Moreover, data can only be processed once the entire bitstream is read in which makes parallel processing difficult and therefore results in a longer delay.
Scenarios 
Scenario Fading Channel
When transmitting over a fading channel, the transmitted signal can travel from transmitter to receiver over multiple reflective paths. This gives rise to multipath fading which causes fluctuations in amplitude, phase and angle of arrival of the received signal. If the number of paths is large, the central limit theorem can be applied to model the time-variant impulse response of the channel as a complex-valued Gaussian random process. Rayleigh fading assumes that the impulse response can be modelled as a zero mean complex-valued Gaussian process.
Scenario AWGN Channel with Higher Order Modulation
For higher modulation schemes such as 16QAM and 64QAM it is possible to protect some groups of bits better than others. This is achieved by using a suitable bit-labelling. It was shown in [9] that an interleaver can improve the performance when using higher order modulation schemes. 

[bookmark: _Ref477886382]Simulations 
In this section, we present numerical results to compare the performance of the different interleaver designs when transmitting over an AWGN channel using 16QAM or 64QAM. Moreover, we present numerical results to compare the performance of the different interleaver designs when transmitting over Rayleigh fading channels using QPSK. 
[bookmark: _Ref477885410]Settings 
[bookmark: _Ref462125875]Simulations were performed on the AWGN channel and a Rayleigh fading channel. The fading channel is modeled by a tapped delay line with the following ITU power-delay profiles:
· ITU Pedestrian A (PedA), ITU Vehicular B (VehB) and ITU Pedestrian B (PedB) as given below:

	Profile
	Relative delay (ns)
	Average power (dB)

	ITU Vehicular B
	0; 300; 8900; 12900; 17100; 20000
	-2.5; 0; -12.8; -10.0; -25.2; -16.0

	ITU Pedestrian A
	0; 110; 190; 410
	0; -9.7; -19.2; -22.8

	ITU Pedestrian B
	0; 200; 800; 1200; 2300; 3700
	0; -0.9; -4.9; -8; -7.8; -23.9




The additive Gaussian noise is added with variances derived from the specified .  A standard Successive Cancellation List (SCL) decoder is used for all simulations based on the following parameters:
· CA-Polar with =16+3 bit CRC. 
· The decoder uses the 19 CRC bits to select the best code-word from the final list. 
· List sizes,  = 8.
· Rates R = 1/6, 1/3, ½, 2/3, where , where  is the number of data bits excluding CRC, and  is the number of coded bits transmitted over the channel.
· Decoder rate:  
· CRC polynomials is given by [4]:

.
OFDM transmission with:
· 15kHz subcarrier spacing
· 1200 subcarriers
· The frequency response of the channel is assumed to be constant over the duration of one OFDM symbol.
The modulation is set to QPSK for fading channel simulations and set to 16QAM or 64QAM for AWGN channel simulations.
The information sequence is given as the sequence submitted to the RAN reflector by Ericsson. 
For rate-matching the scheme described in [10] is used. For rates R < ½ puncturing is used and otherwise shortening. 
The random interleaver is labelled as ‘rand’, the triangle interleaver as ‘triangle’, the row-column interleaver as ‘row-col’, and the parallel rectangular interleaver as ‘rec-5-11p’.



0. Results for different interleaver designs when transmitting over the AWGN channel using higher order modulation schemes.
Simulation results per above settings are shown below in Figure 1 – Figure 4 for 16QAM and in Figure 5 – Figure 8 for 64QAM. 
In summary, based on the simulation results, we have the following observations and proposal:
Observation 1 For 16QAM the performance of the three tested interleavers is very close, and all three interleavers perform similar as the random interleaver.
Observation 2 For 64QAM the performance of the three tested interleavers is very close, and all three interleavers perform similar as the random interleaver.
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Figure 1. Performance of different interleavers with different depths for rates N = 64 
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 2. Performance of different interleavers with different depths for rates N = 128 
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 3. Performance of different interleavers with different depths for rates N = 256
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 4. Performance of different interleavers with different depths for rates N = 512
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 5. Performance of different interleavers with different depths for rates N = 1024
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 5. Performance of different interleavers with different depths for rates N = 64
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 6. Performance of different interleavers with different depths for rates N = 128
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 7. Performance of different interleavers with different depths for rates N = 256
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 8. Performance of different interleavers with different depths for rates N = 512
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 8. Performance of different interleavers with different depths for rates N = 1024
and R = 1/6, 1/3, 1/2, 2/3 over AWGN channel using 64QAM


0. Results for different interleaver designs when transmitting over fading channels
Simulation results per above settings are shown below in 9 – Figure 20 for the different fading channels. 
For the investigated fading channels the triangle interleaver and parallel rectangular interleaver perform very close to the random interleaver.
The row-column interleaver shows a performance close to the random interleaver. However, for some simulation cases its performance was significantly worse. E.g for PedB, N = 64 and N = 128, R = 2/3 its performance is about 1 dB worse. For PedB, N = 64, R = ½ its performance is about 0.5 dB worse. For VehA, N = 64 and N = 128, R = 2/3 its performance is about 1 dB worse.
In summary, based on the simulation results, we have the following observations and proposal:
Observation 3 [bookmark: _Hlk490695144]For the investigated fading channels the triangle interleaver and parallel rectangular interleaver perform very close to the random interleaver. 
Observation 4 The row-column interleaver does not have robust performance for all N and R. 
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Figure 9. Performance of different interleavers with different depths for rates N = 64 
and R = 1/6, 1/3, 1/2, 2/3 over PedA Rayleigh fading channel using QPSK
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Figure 10. Performance of different interleavers with different depths for rates N =128 
and R = 1/6, 1/3, 1/2, 2/3 over PedA Rayleigh fading channel using QPSK
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Figure 11. Performance of different interleavers with different depths for rates N = 256 
and R = 1/6, 1/3, 1/2, 2/3 over PedA Rayleigh fading channel using QPSK
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Figure 12. Performance of different interleavers with different depths for rates N = 512 
and R = 1/6, 1/3, 1/2, 2/3 over PedA Rayleigh fading channel using QPSK
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Figure 12. Performance of different interleavers with different depths for rates N = 1024
and R = 1/6, 1/3, 1/2, 2/3 over PedA Rayleigh fading channel using QPSK
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Figure 13. Performance of different interleavers for blocklength N = 64 and rates
 R = 1/6, 1/3, 1/2, 2/3 over VehA Rayleigh fading channel using QPSK
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Figure 14. Performance of different interleavers for blocklength N = 128 and rates
 R = 1/6, 1/3, 1/2, 2/3 over VehA Rayleigh fading channel using QPSK
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Figure 15. Performance of different interleavers for blocklength N = 256 and rates
 R = 1/6, 1/3, 1/2, 2/3 over VehA Rayleigh fading channel using QPSK
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Figure 16. Performance of different interleavers for blocklength N = 512 and rates
 R = 1/6, 1/3, 1/2, 2/3 over VehA Rayleigh fading channel using QPSK
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Figure 16. Performance of different interleavers for blocklength N = 1024 and rates
 R = 1/6, 1/3, 1/2, 2/3 over VehA Rayleigh fading channel using QPSK
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Figure 17. Performance of different interleavers for blocklength N = 64 and rates
 R = 1/6, 1/3, 1/2, 2/3 over PedB Rayleigh fading channel using QPSK
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Figure 18. Performance of different interleavers for blocklength N = 128 and rates
 R = 1/6, 1/3, 1/2, 2/3 over PedB Rayleigh fading channel using QPSK
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Figure 19. Performance of different interleavers for blocklength N = 256 and rates
 R = 1/6, 1/3, 1/2, 2/3 over PedB Rayleigh fading channel using QPSK
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Figure 20. Performance of different interleavers for blocklength N = 512 and rates
 R = 1/6, 1/3, 1/2, 2/3 over PedB Rayleigh fading channel using QPSK
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Figure 20. Performance of different interleavers for blocklength N = 1024 and rates
 R = 1/6, 1/3, 1/2, 2/3 over PedB Rayleigh fading channel using QPSK

0. Results for different interleaver designs when used together with rate-matching
As the triangle and parallel rectangular interleaver are identified as competitive candidates, simulation results per above settings are shown below in 21 – Figure 40 for AWGN and fading channels for the triangle and parallel rectangular interleaver when used together with rate-matching. Below we assume puncturing for R = 1/3 and shortening for R = ½ and R = 2/3 with a scheme according to [10]. 
For the investigated channels the triangle interleaver and parallel rectangular interleaver perform very close to the random interleaver.
In summary, based on the simulation results, we have the following observations and proposal:
Observation 5 For 16QAM and 64QAM the triangle and parallel rectangular interleaver have a performance that is very close to the random interleaver when used together with rate-matching. The differences are very small and neither the triangle nor the parallel rectangular interleaver have a consistently better performance than the other for all rates and information blocklengths.
Observation 6 For the investigated fading channels the triangle and parallel rectangular interleaver have a performance that is very close to the random interleaver when used together with rate-matching.
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Figure 21. Performance of different interleavers for information block length 48 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 22. Performance of different interleavers for information blocklength 64 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 23. Performance of different interleavers for information blocklength 80 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 24. Performance of different interleavers for information blocklength 120 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 25. Performance of different interleavers for information blocklength 200 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 16QAM
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Figure 26. Performance of different interleavers for information block length 48 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 27. Performance of different interleavers for information blocklength 64 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 28. Performance of different interleavers for information blocklength 80 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 29. Performance of different interleavers for information blocklength 120 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 30. Performance of different interleavers for information blocklength 200 and rates
 R = 1/3, 1/2, 2/3 over AWGN channel using 64QAM
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Figure 31. Performance of different interleavers for information blocklength 48 and rates
 R = 1/3, 1/2, 2/3 over VehA channel using QPSK
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Figure 32. Performance of different interleavers for information blocklength 64 and rates
 R = 1/3, 1/2, 2/3 over VehA channel using QPSK
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Figure 33. Performance of different interleavers for information blocklength 80 and rates
 R = 1/3, 1/2, 2/3 over VehA channel using QPSK
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Figure 34. Performance of different interleavers for information blocklength 120 and rates
 R = 1/3, 1/2, 2/3 over VehA channel using QPSK
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Figure 35. Performance of different interleavers for information blocklength 200 and rates
 R = 1/3, 1/2, 2/3 over VehA channel using QPSK

[image: ]
Figure 36. Performance of different interleavers for information blocklength 48 and rates
 R = 1/3, 1/2, 2/3 over PedA channel using QPSK
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Figure 37. Performance of different interleavers for information blocklength 64 and rates
 R = 1/3, 1/2, 2/3 over PedA channel using QPSK
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Figure 38. Performance of different interleavers for information blocklength 80 and rates
 R = 1/3, 1/2, 2/3 over PedA channel using QPSK
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Figure 39. Performance of different interleavers for information blocklength 120 and rates
 R = 1/3, 1/2, 2/3 over PedA channel using QPSK
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Figure 40. Performance of different interleavers for information blocklength 200 and rates
 R = 1/3, 1/2, 2/3 over PedA channel using QPSK



Conclusions
In this contribution, we investigated the performance of different interleavers. From these investigations, we made the following observations and proposals:
Observation 1 For 16QAM the performance of the three tested interleavers is very close, and all three interleavers perform similar as the random interleaver.
Observation 2 For 64QAM the performance of the three tested interleavers is very close, and all three interleavers perform similar as the random interleaver.
Observation 3 For the investigated fading channels the triangle interleaver and parallel rectangular interleaver perform very close to the random interleaver. 
Observation 4 The row-column interleaver does not have robust performance for all N and R.

 
Proposal 1	The row-column interleaver should not be adopted.
Proposal 2               Due to its good performance and its lower implementation complexity the parallel rectangular interleaver should be adopted.
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