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1. Introduction
Incremental redundancy HARQ (IR-HARQ) should be properly supported by NR channel coding. It is well proven in the literature including [1] that rate-compatible LDPC (RC-LDPC) codes are suitable to support IR-HARQ and show good performance. For polar codes, some design schemes have been proposed for IR-HARQ [2-4], but they do not seem to be as efficient as IR-HARQ using RC-LDPC codes.  
In this contribution, IR-HARQ schemes for LDPC codes and polar codes are summarized and some results of performance evaluation on AWGN channels and tapped-delay-line (TDL) channels are given. Note that we just consider general CRC-aided polar codes in this contribution and parity-check polar (PC-polar) codes are not taken into account, since details about generating parity-check bits for PC-polar codes were not opened until RAN1 #86-bis meeting.

2. Hybrid-ARQ Schemes for LDPC and Polar Codes
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK1]In this section, IR-HARQ schemes for LDPC codes and Polar codes are introduced. We use following definitions:
- : the number of information bits
- : the number of CRC bits
- : code rates for the first transmission
- : maximum number of retransmission (4 is assumed in this contribution)
- : the number of codeword bits in the first transmission ()
- : list size of CRC-aided successive-cancellation list (CA-SCL) decoder 
  
2.1 LDPC-IR 
The rate-compatible quasi-cyclic LDPC codes are introduced in many contributions including [1]. The rate-compatible structures enable efficient adaptive encoding and decoding of codewords with variable code rates. In the first transmission, a codeword can be generated from the low-rate mother code, and some parity bits are punctured for rate matching. If decoding fails, parity bits punctured in the previous frame are transmitted. Once decoder gets the additional parity bits, it concatenated all bits received and try to decode them together. This rate-matching method is a conventional way to support IR-HARQ.
2.2 Polar-IR with Incremental Freezing 
[bookmark: OLE_LINK18]Due to the nature of polar codes, the conventional IR-HARQ method using a low-rate mother code and puncturing is not suitable for polar codes. To design efficient IR-HARQ for polar codes, several schemes have been introduced [2-4]. In [3] and [4], an incremental freezing (IF) method is proposed to design rateless polar codes for IR-HARQ. Fig. 1 describes an example of IR-HARQ of polar codes using IF. We assume that RB allocation size for each transmission stay the same for simplicity. 
In each transmission, polar encoder generates new codewords of length N by selecting suitable code rates. We follow the rate selection rule in [3] and [4]. Let  denote the initial code rate in the first transmission, and then, code rate in the t-th transmission is determined as . Thus, for the t-th (re)transmission, polar encoder generates a codeword of length  from the partial information bits of length , which are transmitted through bad polarized channels in the previous transmissions. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]In t-th transmission, decoder gets a codeword of length  and runs decoding t times successively. According to the incremental freezing depicted in Fig. 1, the code rate of each codeword is reduced to . As a result of the incremental freezing, receiver tries to decode t chunks of length . 

Figure 1. Incremental freezing IR-HARQ schemes for polar codes
Even though the IR-HARQ scheme with IF is theoretically proven in [2] and [3], it is inefficient to implement this scheme to practical communication systems in terms of computational complexity and latency. If adaptive-HARQ is applied, the IF schemes becomes more complicated, and it is not guaranteed to achieve good performance. In addition, there are several critical problems of polar-IR that result in the performance degradation.
1) [bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Segmentation
In the t-th transmission of polar-IR/IF, a polar decoder successively decodes t codewords of length , while LDPC decoders only handle a single codeword of length . First, because of the smaller block length, the performance of polar-IR/IF is degraded compared to that of LDPC-IR with longer codes. Once even a single block among t codewords is not successfully decoded, then decoder fails to obtain original information bits. The probability of errors increases compared to decoding a single longer code. For example, the probability of decoding errors in the t-th transmission is  under the assumption of i.i.d. channel characteristics, where  denotes the probability of errors in each segmented codeword.
Observation 1: In polar-IR scheme with incremental freezing, it can be seen that whole codeword is segmented into t smaller chunks at the t-th (re)transmission. This segmentation results in considerable performance loss in IR-HARQ.
2) [bookmark: OLE_LINK19]Incremental CRC attachment for each transmission
In polar-IR/ IF, a codeword transmitted in each transmission is independently decoded. Thus, separate CRC bits must be attached to the messages for each transmission. Since the CRC bits are treated as information at the polar en/decoders, the overall code rate in the t-th transmission is then , while that of LDPC-IR is . This rate loss leads to the performance degradation, and especially, the code rate loss becomes severe when  is small. Fig. 2 shows the effective code rates of LDPC-IR and polar IF-HARQ in each transmission. It is assumed that  and  in the first transmission. When initial code rate , the effective code rate of polar codes in the 4th transmission is 0.15, but that of LDPC-IR is less than 0.1. Different between code rates is considerable, and it results significant performance loss.

Figure 2. Effective code rates of LDPC-IR and polar-IR with incremental freezing
Observation 2: Polar-IR scheme with incremental freezing suffers from rate loss due to incremental CRC bits. The rate-loss is especially severe when code block size is small. 


3. Performance Evaluation
3.1 Simulation Parameters 
In this section, the performance of LDPC-IR and that of polar-IR/IF are compared. Two types of channels are considered: AWGN channels and TDL channels. Extended pedestrian A (EPA) and extended typical urban propagation channel models are take into account for TDL channels. Details about channels are given in Table 1, and channel coding parameters are described in Table 2. Because detailed code descriptions are not opened, parity-check polar codes (PC-polar) are not considered in these experiments. 
Table 1. Channel Parameters for Link-Level Performance Evaluation
	Parameter
	Value

	Antenna configuration
	1Tx – 1Rx

	[bookmark: _Hlk466041564]Propagation channel model
	AWGN channel
	Extended pedestrian A
	Extended typical urban

	Doppler spread
	-
	5 Hz 
	70 Hz 

	Channel estimation
	Perfect channel and noise statistic estimation

	Modulation
	QPSK



[bookmark: OLE_LINK16]Table 2. Channel Code Parameters for LDPC-IR and Polar-IR
	Parameter
	LDPC-IR
	Polar-IR/IF

	Code structure
	Rate-compatible LDPC codes [1]
	Polar codes [5]
with incremental freezing [3]

	Decoding algorithm
	Layered adjust min-sum decoding
	CRC-aided SC-list decoding

	Max iteration
	50
	-

	List size
	-
	32

	[bookmark: OLE_LINK4]Information bits 
	500

	[bookmark: OLE_LINK8]CRC bits 
	16

	Code rate @ 1st Tx.
	5/6



3.2 Experiment Results 
[bookmark: OLE_LINK20]Fig. 3 shows the performance comparison on AWGN channels. The performance of LDPC-IR and polar-IR in the first transmission are comparable, but polar-IR becomes inferior to LDPC-IR after the second transmission. The larger the number of retransmission is, the greater the performance gap between polar-IR and LDPC-IR is. In the fourth transmission, LDPC-IR achieve block error rate (BLER) 1% at , but polar-IR requires  to get the same BLER. In addition, phenomena like error-floor are observed at BLER=0.1% of polar-IR, and this drastic performance degradation seems to be caused by relatively high undetectable error rates of elementary polar codes. 
As addressed in the previous section, segmentation is a crucial factor that makes polar-IR worse. In Fig. 4, the effect of segmentation is investigated. Since channel statistics do not change in AWGNC simulations, the probability of block errors is calculated as  in the t-th transmission, where  is BLER of corresponding segmented codewords. The performance loss due to the segmentation cannot be avoided in incremental freezing scheme.
[bookmark: OLE_LINK7][bookmark: OLE_LINK17][bookmark: _GoBack]
Figure 3. BLER of LDPC-IR and Polar-IR with IF over AWGN channels


Figure 4. BLER of segmented codewords and estimated BLER of polar-IR 
Fig. 3 and Fig. 4 shows performance comparison over TDL channels. The performance gap is much larger than AWGN channels. Even in the first transmission over the ETU channels, the performance of polar codes is worse than that of LDPC codes. In fast fading channels, some symbols are fall into a deep fade like puncturing, and it is well-known that the performance of polar codes are sensitive to these unexpected puncturing. In addition, the base assumption of polar coding theory, discrete memoryless channels, does not hold for fast fading channels.

Figure 5. BLER of LDPC-IR and polar-IR with IF over EPA-5Hz channels

[bookmark: OLE_LINK9]Figure 6. BLER of LDPC-IR and polar-IR with IF over ETU-70Hz channels


Observation 3: On the AWGN channels, the performance of polar-IR is worse than that of LDPC-IR by 0.6dB, 1dB, 1.3dB at BLER = 1% in the second, the third, and the fourth retransmission, respectively. 
Observation 4: On the EPA channels with Doppler spread 5Hz (relatively slow and flat fading), the performance of polar-IR is worse than that of LDPC-IR by 2.8dB, 7dB, 9dB at BLER = 1% in the second, the third, and the fourth retransmission, respectively.
Observation 5: On the ETU channels with Doppler spread 70Hz (relatively fast and selective fading), the performance of polar-IR is worse than that of LDPC-IR by 4dB, 6.6dB, 7.5dB in BLER = 1% in the second, the third, and the fourth retransmission, respectively.

4. Conclusions
In this contribution, an IR-HARQ scheme of polar codes is analysed. The key observation is given follow: 
Observation 1: In polar-IR scheme with incremental freezing, it can be seen that whole codeword is segmented into t smaller chunks at the t-th (re)transmission. This segmentation results in considerable performance loss in IR-HARQ.
Observation 2: Polar-IR scheme with incremental freezing suffers from rate loss due to incremental CRC bits. The rate-loss is especially severe when code block size is small. 
Observation 3: On the AWGN channels, the performance of polar-IR is worse than that of LDPC-IR by 0.6dB, 1dB, 1.3dB at BLER = 1% in the second, the third, and the fourth retransmission, respectively. 
Observation 4: On the EPA channels with Doppler spread 5Hz (relatively slow and flat fading), the performance of polar-IR is worse than that of LDPC-IR by 2.8dB, 7dB, 9dB at BLER = 1% in the second, the third, and the fourth retransmission, respectively.
Observation 5: On the ETU channels with Doppler spread 70Hz (relatively fast and selective fading), the performance of polar-IR is worse than that of LDPC-IR by 4dB, 6.6dB, 7.5dB in BLER = 1% in the second, the third, and the fourth retransmission, respectively.
Proposal 1: Adopt LDPC code for eMBB data channel for whole range of information block size because of superior characteristics in terms of IR-HARQ compared to polar codes.
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