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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). 
This contribution compares the performance of different rectangular interleavers for transmission with QPSK modulation over fading channels for a fixed information sequence.
Performance on Fading Channels 
In [5], Polar code performance in fading channel was studied, where both information sequence design and interleaver design are covered. The following observations are made in [5].
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.
Proposal 1	The information and frozen bit locations designed for the AWGN channel can also be used over Rayleigh fading channels.
In this contribution, we continue the study of Polar code performance in fading channel, where we focus on the effectiveness of various channel interleaver design.
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.
It was shown in [7] that interleaving the encoded bits before the modulation improves the performance. The rectangular interleaver has been widely used due to its a low implementation complexity. In this contribution we investigate the performance of the rectangular interleaver with different interleaver depths when transmitting over fading channels. 
Rectangular Interleaver 
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. Rectangular interleaver: 	, for all , where  is the depth,
2. Triangular interleaver [8]:	 generated by triangular interleaver defined in [8]
3. Split-Natural [7]:                
4. Random interleaver:	 is randomly selected for each block with a uniform distribution over all
 	possible permutations of .

The permutation pattern of a triangular interleaver [8] changes with block length  and needs to be computed or stored for each block length considered.  The permutation pattern of a rectangular interleaver does not have to be calculated for each block length and thus has very low implementation complexity.  The split-natural interleaver is a rectangular interleaving for the middle  indices with a depth , and is also relatively simple to implement even though the depth varies with block length .
[bookmark: _Ref477886382]Simulations
In this section, we present numerical results to compare the performance of transimitting over Rayleigh fading channels with 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.
Modulation is QPSK.

0. Results for different interleaver designs 
Simulation results per above settings are shown below in Figure 1 - Figure 5. In this set of results, the different depths of the rectangular interleaver are tested.  To avoid cluttering the plots, only a subset of results is shown. 
Figure 1 and Figure 2 shows the performance of rectangular interleaving with different interleaving depths at low coding rates and compares it with those of a random interleaver (rand), the triangular interleaver (triP), and the split-natural interleaver (spNa) [7].  As shown, at these low rates, all interleavers perform close to the random interleaver, except for rectangular interleavers with depths that are powers of 2, in which case, the performance is substantially worse.  In fact, no interleaving is needed to attain performance close to that of a random interleaver.
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[bookmark: _Ref485492955]Figure 1. Performance for N = 512 and R = 1/6 over PedA Rayleigh fading channel using QPSK
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[bookmark: _Ref485492976]Figure 2. Performance for N = 512 and R = 1/3 over PedA Rayleigh fading channel using QPSK
Figure 3 and Figure 4 shows the performance of rectangular interleaving with different interleaving depths at higher coding rates.  Again, the performance of rectangular interleaving with depths that are powers of 2 yield substantially worse performance.   The triangular interleaver yields the best performance and attains the same performance as the random interleaver.  The performance of rectangular interleaver with prime depths (5 or 11 in particular) is about 0.8 dB from that of an ideal random interleaver over fading channels.  
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[bookmark: _Ref485493671]Figure 3. Performance for N = 512 and R = 1/2 for PedA Rayleigh fading channel using QPSK
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[bookmark: _Ref485504941]Figure 4. Performance for N =512 and R = 2/3 for PedA Rayleigh fading channel using QPSK

Figure 5 shows the performance of rectangular interleavers with all the different depths tested above with a short block length over a more dispersive PedB fading channel.  In this case, all rectangular interleavers perform very similarly with each other (within 0.2 dB) and attain performance close to the random interleaver.
Figure 6 shows the performance of different interleavers with a longer block length over the same dispersive PedB fading channel.  There is little difference in performance among different interleavers.  In this case, the rectangular interleavers with depth 5 achieves within 0.5 dB from the random interleaver.
[image: cid:image001.png@01D2D3E1.F3DB3EE0]
[bookmark: _Ref485505872]Figure 5. Performance of rectangular interleavers with different depths for rates N = 64 
and R = 1/6, 1/3, 1/2, 2/3 over VehB Rayleigh fading channel using QPSK
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[bookmark: _Ref485492979]Figure 6. Performance for rates N = 512 and R = 1/6, 1/3, 1/2, 2/3 over VehB Rayleigh fading channel 
using QPSK

In summary, based on the simulation results, we have the following observations and proposal:
Observation 1 For low code rates, there is virtually no difference between the different prime depths of the rectangular interleaver. 
Observation 2 For low code rates, rectangular interleavers with prime depths yield similar performance as the random interleaver and the triangular interleaver. 
Observation 3 For moderate-to-high code rates, the performance of rectangular interleaver with depths 5 or 11 is within 1 dB from that of an ideal random interleaver over fading channels.
Observation 4 Rectangular interleaver with depths equal to powers of 2 show very bad performance.

1. Rectangular interleaver with prime depth is further investigated for fading channels due to its low implementation complexity and effective performance. 


[bookmark: _GoBack]Conclusions
In this contribution, we investigated the performance of rectangular interleaver with different depths. From these investigations, we made the following observations and proposals:
Observation 1 For low code rates, there is virtually no difference between the different prime depths of the rectangular interleaver. 
Observation 2 For low code rates, rectangular interleavers with prime depths yield similar performance as the random interleaver and the triangular interleaver. 
Observation 3 For moderate-to-high code rates, the performance of rectangular interleaver with depths 5 or 11 is within 1 dB from that of an ideal random interleaver over fading channels.
Observation 4 Rectangular interleavers with depths equal to powers of 2 show very bad performance.

Proposal 1 Rectangular interleaver with prime depth is further investigated for fading channels due to its low implementation complexity and effective performance. 
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