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1. Introduction
In this contribution, we study the LDPC codes and polar codes proposed for NR over fading channels. In RAN1 #86 meeting, it was agreed that channel coding for eMBB data channel is LDPC codes for large information block size, and we only take into account small information block size in this contribution. First, we compared the performance of candidate channel coding schemes over i.i.d. Rayleigh fading channels as an example of extremely fast fading channels. Then, we consider some practical multipath fading channel models, extended pedestrian A (EPA) and extended typical urban (ETU). A tapped-delay-line (TDL) model is used to generate these multipath fading channels.   

2. Simulation Settings
We use following notations for LDPC and polar codes:
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK1]- : the number of information bits
- : the number of CRC bits
- : code rates
- : the number of codeword bits ()
- : list size of successive-cancellation list (SCL) decoder 
We consider three channel models: i.i.d. Rayleigh fading channels, EPA with Doppler spread 5Hz, and ETU with Doppler spread 70Hz. In Table 1, details about channels we consider in this contribution are described. First, we evaluate the performance of each code over i.i.d. Rayleigh fading channels as a reference of fast-changing channels. In this channel, every symbol experiences i.i.d. complex channel gains with zero mean and unit variance. 
To implement practical multipath fading channels, we use the TDL model. Let  be the number of information bits, and  denote the desired code rate. Then, the number of codeword bits, , is given by  for QPSK transmission. We assume the LTE resource grid that 11 OFDM symbols are available for PDSCH. For simplicity, we assume perfect channel estimation and no reference signals. There are  resource elements in a resource block, and then, the number of RBs given for the codeword of length  equals . When  is larger, more RBs are allocated in frequency axis to transmit a single codeword. 
Table 1. Channel Parameters for Link-Level Performance Evaluation
	Parameter
	Value

	Antenna configuration
	1 transmit antenna – 1 receive antenna

	FFT Size
	2048

	# OFDM symbols in RB
	11

	Carrier frequency
	2 GHz

	Sub-carrier spacing
	15 KHz

	Propagation channel model
	i.i.d. Rayleigh fading
	Extended pedestrian A
(7 taps, max. delay = 410ns)
	Extended typical urban
(9 taps, max. delay = 5us)

	Doppler spread
(Mobile speed)
	-
	5 Hz (2.7Km/h)  
	70 Hz (37.8Km/h)

	Channel estimation
	Perfect channel and noise statistic estimation

	Modulation
	QPSK


Fig. 1 shows examples of realizations of EPA-5Hz and ETU-70Hz multipath fading channels, respectively. It is assumed that the resource grid in these instances consists of 11 OFDM symbols and 100 RBs.
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Figure 1. Examples of channel realization of EPA-5Hz and ETU-70Hz over 100 RBs in LTE resource grid
In Table 2, decoding algorithms for LDPC code, CA-polar code, and PC-polar code are described. In appendix II, we provide results of PC-polar codes over AWGN channels so that these results are well matched to those in [3]. 
For simplicity, we employ best-performing decoding algorithms for each code without consideration of their computational complexity. Actually, note that decoder settings described in Table 2 are advantageous to polar codes in terms of computational and implementational complexity. In addition, the list size of 32 for polar code SCL decoding is not suitable to be implemented due to huge implementational complexity as shown in [4]. 
We differently set CRC for LDPC codes and polar codes to achieve the similar level of error detection. Even though no CRC is used for LDPC codes, error detection capability of LDPC codes is comparable to or higher than that of CA-polar and PC-polar codes. LDPC codes inherently have error detection capability by using syndrome-check operations in belief-propagation decoding. For example, it was shown in [5] that the error detection capability of syndrome-check operation in a short LDPC code with  is similar to that of 5-bit CRC. Furthermore, longer and lower-rate LDPC codes have higher error detection capability than 5-bit CRC. However, polar decoders cannot detect errors by themselves without aid of CRC. In addition, if list decoding is applied, the error detection capability decreases as much as . For instance, the SCL decoder with  has error detection capability as much as only 3-bit CRC.
Table 2. Channel Code Parameters for LDPC, Polar, and PC-Polar Codes
	Parameter
	LDPC
	CA-Polar
	PC-Polar

	Code construction
	RC-LDPC codes
extended to rate 1/5 [1]
	Polar codes [2]
	PC-polar codes [3]

	Decoding algorithm
	Layered AMS
	CRC-aided SCL
	PC-&-CRC-aided SCL

	Max iteration
	50
	-
	-

	List size
	-
	32
	32

	Information bits 
	100, 200, 300, 400, 500

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

	CRC bits 
	0
	8

	Interleaver
	No interleaver




3. Performance Evaluation
In this section, the results of performance evaluation over fading channels introduced in Section 2 are given. All figures about the performance evaluation results are placed at the end of this contribution. 
3.1 i.i.d. Rayleigh Fading Channels 
As an extreme example of fast-changing channels, i.i.d Rayleigh fading channels are taken into account. Let  denote the i-th transmitted symbols, and let  be the i-th corresponding received symbol. Then, for given noise variance , , where  and . 
Fig. 2 to Fig. 6 show the performance comparison of LDPC codes, CA-polar codes, and PC-polar codes described in Table 2. For , polar codes slightly outperform LDPC codes at high code rate , but the performance of LDPC codes is better than that of polar codes in low code rate region . For , regardless of code rates, the performance of LDPC codes is superior to that of polar codes in most cases. 
Results over i.i.d. Rayleigh fading channels show that polar codes are more sensitive to changes in channel than LDPC codes. In density evolution construction for polar codes, it is assumed that every bit-level physical channel has the same statistics and capacity. A polar code construction using approximate weights in [2] may be also based on the same assumption. However, the assumption is not valid for fast-changing channels such as frequency-selective fading channels and fast fading channels, and i.i.d. Rayleigh fading channel is an extreme example.
3.2 ETU Channels 
ETU channels are taken into account as fast-changing channels. In this channel, there are 9 taps and maximum delay is 5000ns. Since it was verified that PC-polar codes are better than CA-polar codes in most combinations of K and R, we just compare LDPC codes and PC-polar codes. 
The performance of LDPC codes and PC-polar codes are compared in from Fig. 7 to Fig. 11. For , LDPC codes perform similar to polar codes, and for some low rate, the performance of LDPC codes is better than that of polar codes. For , LDPC codes outperform PC-polar codes regardless of code rates. The performance gain of LDPC codes over PC-polar codes is large when K is larger and R is small. 
Observation 1: Over ETU-70Hz channels, the performance of LDPC codes is comparable to that of polar codes for .
Observation 2: Over ETU-70Hz channels, the performance of LDPC codes is better than that of polar codes for ..

3.3 EPA Channels 
[bookmark: OLE_LINK18]EPA channels are considered as slowly-changing channels. In this channel, there are 7 multipath taps, and maximum delay is 410ns. From Fig. 12 to Fig. 16 provide the performance comparison of LDPC codes and PC-polar codes with different K and R. When N is small (small K and high R), the performance of LDPC codes and that of PC-polar codes are comparable to each other. The performance of polar codes become poor below BLER 1% when N is larger than about 600 even though changes in channel are not relatively significant.
Observation 3: Over EPA-5Hz channels, the performance of polar codes is degraded when the length of codeword is larger than about 600. The performance of LDPC and polar codes are similar to each other when N is less than 600.

[bookmark: OLE_LINK9]
4. Conclusions
In this contribution, the performance of LDPC and polar codes are compared over fading channels. As shown in Section 3, the performance of polar codes is degraded over multipath fading channels compared to LDPC codes, and the performance loss becomes significant when channel changes fast. The key observation is given follow: 
Observation 1: Over ETU-70Hz channels, the performance of LDPC codes is comparable to that of polar codes for .
Observation 2: Over ETU-70Hz channels, the performance of LDPC codes is better than that of polar codes for . 
Observation 3: Over EPA-5Hz channels, the performance of polar codes is degraded when the length of codeword is larger than about 600. The performance of LDPC and polar codes are similar to each other when N is less than 600.
In addition, we are now considering mm-wave transmission with higher carrier frequency and broader subcarrier spacing in NR, and channel changes much faster in this environment than legacy LTE. The performance of polar codes may be unstable in above 6GHz carrier frequency and polar codes may not be suitable to be used over these bands.
Proposal 1: Selection of the NR channel coding scheme for short block lengths should consider the performance on fading channels. 
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Appendix I. Evaluation Results
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Figure 2. Performance evaluation over i.i.d. Rayleigh fading channels (
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Figure 3. Performance evaluation over i.i.d. Rayleigh fading channels (
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Figure 4. Performance evaluation over i.i.d. Rayleigh fading channels (
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Figure 5. Performance evaluation over i.i.d. Rayleigh fading channels (
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Figure 6. Performance evaluation over i.i.d. Rayleigh fading channels (
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Figure 7. Performance evaluation over ETU-70Hz multipath fading channels (
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Figure 8. Performance evaluation over ETU-70Hz multipath fading channels (
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Figure 9. Performance evaluation over ETU-70Hz multipath fading channels (
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Figure 10. Performance evaluation over ETU-70Hz multipath fading channels (
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Figure 11. Performance evaluation over ETU-70Hz multipath fading channels (
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Figure 12. Performance evaluation over EPA-5Hz multipath fading channels (
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Figure 13. Performance evaluation over EPA-5Hz multipath fading channels (
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Figure 14. Performance evaluation over EPA-5Hz multipath fading channels (
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Figure 15. Performance evaluation over EPA-5Hz multipath fading channels (
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Figure 16. Performance evaluation over EPA-5Hz multipath fading channels (


Appendix II. Calibration Results
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Figure 17. Performance evaluation over AWGN channel (
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Figure 18. Performance evaluation over AWGN channel (
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Figure 19. Performance evaluation over AWGN channel (
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Figure 20. Performance evaluation over AWGN channel (
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Figure 21. Performance evaluation over AWGN channel (
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Figure 22. Performance evaluation over AWGN channel (
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