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[bookmark: _Ref473811712]Introduction
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). 
Design of Polar codes typically assumes that each bit of a coded block goes through an identically distributed underlying binary-input discrete memoryless channel (BI-DMC).  While this assumption is true for AWGN channel, it does not necessarily hold for dispersive fading channel when the allocated radio resource is widely spread in frequency.   Similarly, when modulation schemes of order higher than QPSK is employed, for example, in UCI transmissions through PUSCH, different code bits may experience BI-DMC of different qualities.   
This contribution compares the performance of polar codes designed for the AWGN channel when transmitting over a Rayleigh fading channel using different modulation schemes. Furthermore, different interleaver designs are investigated. 
Performance on Fading Channels 
Scenario
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.
By spreading the allocation of the modulated symbols on OFDM subcarriers that are further apart instead of allocating them on consecutive subcarriers, we can avoid that several modulated symbols experience the same deep fade and thus attains diversity gain.  However, the code bits from a Polar encoder may also experience drastically different channel conditions with such a distributed resource allocation.  The question to be addressed is whether an information set designed for AWGN channels can be applied to different fading channels with little or no performance loss.
Furthermore, we address the question whether an interleaver applied to the encoded bits can affect the performance.

Methods of Generating Information Set
Three methods of generating an information set of size  for a polar code of length  are considered:
1. PW Sequence [1]:  The info set is chosen according to the -expansion formula with .

2. Density Evolution (DE) (based on density evolution): Evaluation of the subchannel error probabilties  via density evolution assuming a symmetric AWGN channel. Given that  is the probability density function of LLR of the original channel  when 0 is transmitted, the rule of calculating the densities is 

Here  denotes the convolution in the variable domain and  denotes the convolution in the check node domain. After  is calculated the probability  is calculated via integration of  over the interval . For implementation efficiency the densities are quantized with quantization step size  on . The check node domain update is done using a table method as described in [2].  In this study, the parameters are:  = 40= 0.5.

3. BER-based (based on the error probability):  The info set is formed by the indices of  bit-channels with the smallest bit-error rates from a successive decoder (SC) when all previously decoded bits are assumed to be correct.  Each bit-error-rate is measured over all noise realizations and fading realizations for the given power delay profile.
In order to isolate the issue of puncturing pattern design, in this study, only Polar code sizes  are considered, hence requiring no puncturing after encoding.

Interleaver Design
The interleaver investigated in this contribution are applied to the encoded bits after rate matching right before being subject to the modulator. After demodulation the codeword is deinterleaved.
The following interleaver designs are considered:
1. Natural:                            	,   for all 
2. Bit-reversal:                    	                   where  .
3. Rectangular:                    	, where .
4. Split-Natural:                   	
The Split-Natural interleaver is simply a rectangular interleaving for the middle N/2 indices with a depth , and was derived from the corresponding complementary puncturing patterns [5][6].

[bookmark: _Ref477886382]Simulations
In this section, we present numerical results to compare the performance transmission over Rayleigh fading channels for different modulation schemes and different interleaver designs. 
[bookmark: _Ref477885410]Settings 
[bookmark: _Ref462125875]Simulations were performed on a Rayleigh fading channel modeled by a tapped delay line with the following ITU power-delay profiles:
· ITU Pedestrian A (PedA) and ITU Vehicular B (VehB) 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




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
· OFDM subcarrier allocation
· Evenly distributed over the entire bandwidth 
· The frequency response of the channel is assumed to be constant over the duration of one OFDM symbol.
In this study, DFT-S-OFDM is not yet considered.

Modulation with:
· QPSK, 16QAM, 64QAM

0. Results for information set design methods with natural interleaver
Simulation results per above settings are shown below in Figure 1 – Figure 6.  In this set of results, the natural interleaver (which is equivalent to no interleaving) is always used. Based on the simulation results, we have the following observations:

Observation 1 For higher rates there is virtually no difference between the three different information set designs.
Observation 2 For lower rates, depending on the modulation and on the fading channel, the BER-based information set design slightly outperforms the other two methods.  However, the difference is likely due to the unequal bit reliability in higher order modulations [3].
Observation 3 Both the PW Sequence method and the DE method are designed for transmission over the AWGN channel but work well for transmission over Rayleigh fading channels.

1. The information and frozen bit locations designed for the AWGN channel can also be used over Rayleigh fading channels.
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[bookmark: _Ref473808000]Figure 1. Performance of different information set designs for PedA Rayleigh fading channel with QPSK
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Figure 2. Performance of different information set designs for PedA Rayleigh fading channel with 16QAM

 [image: ]
Figure 3. Performance of different information set designs for PedA Rayleigh fading channel with 64QAM
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Figure 4. Performance of different information set designs for VehB Rayleigh fading channel with QPSK
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Figure 5. Performance of different information set designs for VehB Rayleigh fading channel with 16QAM
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Figure 6. Performance of different information set designs for VehB Rayleigh fading channel with 64QAM


0. Results for different interleaver design 
[bookmark: _GoBack]Simulation results per above settings are shown below in Figure 7 – Figure 8. In this set of results, the four channel interleaver choices are tested.  Based on the simulation results, we have the following observations:

Observation 4 For low rates using a natural, split natural or rectangular interleaver result in the same performance.
Observation 5 For the PedA channel for R = 2/3 using a split natural interleaver leads to ~0.8 dB improvement for QPSK and ~1 dB improvement for 16QAM.
Observation 6 The bit-reversal interleaver has the worst performance for all code rates.

1. Further study of the interleaver design is needed.
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Figure 7. Performance of different interleaver designs for PedA Rayleigh fading channel using QPSK
[image: ][image: ]
Figure 8. Performance of different interleaver designs for PedA Rayleigh fading channel using 16QAM


Conclusions
In this contribution, we investigated the impact of information bit ordering sequence of Polar codes when transmitting over a Rayleigh fading channel using different modulation schemes. We also investigated the impact of interleaver design on Polar code performance in fading channels.  From these investigations, we made the following observations and proposals:
Observation 1 For higher rates there is virtually no difference between the three different information set designs.
Observation 2 For lower rates, depending on the modulation and on the fading channel, the BER-based information set design slightly outperforms the other two methods.  However, the difference is likely due to the unequal bit reliability in higher order modulations [3].
Observation 3 Both the PW Sequence method and the DE method are designed for transmission over the AWGN channel but work well for transmission over Rayleigh fading channels.
Observation 4 For low rates using a natural, split natural or rectangular interleaver result in the same performance.
Observation 5 For the PedA channel for R = 2/3 using a split natural interleaver leads to ~0.8 dB improvement for QPSK and ~1 dB improvement for 16QAM.
Observation 6 The bit-reversal interleaver has the worst performance for all code rates.


1. The information and frozen bit locations designed for the AWGN channel can also be used over Rayleigh fading channels.
1. Further study of the interleaver design is needed.
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