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Introduction
In RAN #71, the technology study item for 5G new RAT (NR) has been approved [1]. For the New Radio Access Technology (NR), there is potential to improve the channel coding across performance and computational complexity while efficiently addressing both blocklength scaling and rate compatibility, including incremental redundancy (IR) HARQ.
We discuss polar based HARQ scheme and focus on analysing some fundamentals of incremental freezing (IF) based IR-HARQ scheme and shed some insights on its behavior over a wireless fading channel environment and compare its performance with LDPC based IR-HARQ scheme.
HARQ Schemes for Turbo, LDPC, and Polar
Turbo code IR-HARQ through puncturing
One approach to designing a HARQ coding scheme is through rate-compatible puncturing, as is used in turbo codes. The have been is shown to be reasonably robust in a cellular wireless channel environment, and allow for incremental redundancy through transmitting the punctured bits in subsequent retransmissions. One drawback of rate compatible punctured turbo code is the associated high decoding complexity for high rate in the first transmission. 
LDPC code IR-HARQ through extension
Rate compatible LDPC code design is achieved via extending a high-rate core graph (here high-rate need not necessarily mean high in absolute value) and an IR HARQ extension can be done naturally. This has been described as part of the design presented in [2]. This is depicted in the figure below. One benefit of LDPC based IR-HARQ is that for high coding rate, computational complexity is confined to the high rate core graph, hence lower computation complexity, while still using one graph to cover multiple HARQ transmissions to capture diversity.
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Figure 1. Rate compatible LDPC structure with support for IR-HARQ
Polar code incremental freezing (IF) IR-HARQ scheme
Straight-forward application of puncturing/extending may not be a good choice for Polar [6][7] due to its highly structured nature. An incremental freezing (IF) based Polar IR-HARQ scheme has been proposed in [3][6][7]. The structure of IF based IR-HARQ for polar is illustrated in Figure 2. The basic idea behind IF-HARQ is that, assuming channel stays constant, each retransmission could transmit part of the payload such that each individual retransmission could achieve the same rate (assuming all subsequent retransmissions are decoded correctly) and once that matches the channel capacity, the overall HARQ scheme is capacity achieving and rateless.
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[bookmark: _Ref465990233]Figure 2. IF based Polar IR-HARQ

The IF based polar IR-HARQ is theoretically designed for when the channel is invariant across HARQ transmissions. However, there are several drawbacks of IF IR-HARQ when it gets applied to practical cellular wireless channels. The main issue is that upon each retransmission, only part of the payload is encoded and transmitted over the channel separately. Multi-level encoding followed by successive cancellation decoding is not robust against varying channel conditions. Since each retransmission carriers a fractional of the total payload separately, IF IR-HARQ is not able to capture diversity across multiple HARQ transmissions. Finally, Polar IF IR-HARQ is hard to achieve adaptive HARQ, which is required for URLLC [5] while it can be done easily with high granularity for LDPC IR-HARQ.

Performance comparison of LDPC and Polar HARQ
Simulation configuration
The simulation configurations are given in the appendix.
Simulation results
Performance evaluation is first carrier out comparing LDPC-IR vs. IF based Polar-IR over a fading channel (TDL-A 100ns). Code length K = 400, N = 600 and QPSK modulation, spanning roughly 0.8MHz in frequency (detailed simulation assumptions can be found in Appendix A, URLLC simulation results where the issue was originally identified were shown in Appendix B).
In subsequent discussions, two scenarios are simulated, 1) without data frequency hopping in each transmission 2) with data frequency hopping in each transmission. Scenario 2) is a test of the proposed coding and HARQ scheme’s capability to effectively capture diversity across HARQ transmissions.
It can be seen from Figure 3 that, LDPC-IR outperforms IF based Polar-IR by 0.5dB to almost 2dB from the 2nd Tx to the 4th Tx in the case of w/o frequency hopping. More substantial performance difference in the case with frequency hopping in Figure 4. The slope of BLER curve of LDPC-IR is much steeper than that of IF based Polar-IR scheme, leading to a 5dB performance loss of IF based Polar-IR to LDPC-IR at BLER = 1%, which is a typical operation region of small packet data scenarios, such as VOIP. Note also that, the loss widens when it goes to even lower BLER (i.e., there is a 6dB loss @ BLER = 1e-3).
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[bookmark: _Ref465947348]Figure 3. IR-HARQ comparison between LDPC and Polar with 4Tx over fading channel without frequency hopping across HARQ transmissions
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[bookmark: _Ref465947359]Figure 4. IR-HARQ comparison between LDPC and Polar with 4Tx over fading channel with frequency hopping across HARQ transmissions

In order to understand the loss IF based Polar-HARQ, we further compare performance of the same coding/HARQ scheme with and without frequency hopping. For LDPC-HARQ, there is a substantial diversity gain as can be seen in Figure 5 due to the fact that LDPC-HARQ scheme is essentially based on extension of one graph that connects all the fading realizations across HARQ transmissions. In contrast, as shown in Figure 6, IF based Polar-HARQ scheme shows similar BLER performance with and without frequency hopping, which illustrates the fact that the Polar IF based HARQ scheme is not able to capture diversity from multiple HARQ transmissions.
Note that, similar behavior can be captured via simulation IR-HARQ over fast fading channel, where fading decorrelates significantly from transmission to transmission.
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[bookmark: _Ref465948250]Figure 5. LDPC-IR HARQ with 4Tx over fading channel 
w/ and w/o frequency hopping across HARQ transmissions
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[bookmark: _Ref465948419]Figure 6. Polar  IF based IR-HARQ with 4Tx comparison 
 w/ and w/o frequency hopping across HARQ transmissions

Observation 1: IF based Polar-IR is substantially less robust than Turbo and LDPC-IR HARQ due to its limited ability to capture diversity across HARQ retransmissions.
Fundamental limitations of IF
Assumptions of optimality
In [6], incremental freezing is shown to be “capacity-achieving”, i.e. its information rate is as good as the best code specifically designed for the unknown channel. We analyse the fundamental issues of IF based IR-HARQ for Polar code. The key here is to understand the assumption under which IF based IR-HARQ scheme is optimal. The proposed IF based polar IR-HARQ is guaranteed to be “capacity-achieving” for broad classes of channels as long as they are ordered via degradation.
Channels ordered via degradation and rateless coding
To give a few simple examples of channel can be ordered via degradation: we say two channels W1 and W2 are ordered via degradation W1 [image: ]W2, when W2 can be obtained via additional processing of W1. For example, two AWGN channels, W1 has SNR = 0dB is and W2 has SNR = 3dB, then W1 [image: ]W2. For parallel channels (such as channels observed over multiple HARQ transmissions), order by degradation is only possible when one channel can be obtained via additional processing (such as injecting additional noise) of W1. 
For example:
1) for a 2-dimensional parallel channel W1 {SNR_0 = 0dB, SNR_1 = 3dB}, W2 {SNR_0 = 10dB, SNR_1 = 5dB}, these two channels could still be ordered by degradation: W1 [image: ]W2. 
2) for a 2-dimensional parallel channel W1 {SNR_0 = 0dB, SNR_1 = 3dB}, W2 {SNR_0 = -3dB, SNR_1 = 5dB}, these two channels could no longer be ordered by degradation.

In such cases, the pre-requisite to ensure optimality of IF based IR-HARQ scheme breaks down. In fact, as illustrated in Figure 7, in each transmission, coding rate of each HARQ transmission (after perfect IF successive cancelation from subsequent retransmissions) is assumed to be the same, which is essentially based on the assumption that channels across HARQ transmissions stay invariant (IF IR-HARQ scheme is only optimal over the time invariant channel with unknown channel SNR (or more generally channel could be ordered by degradation)). However, when channel varies across HARQ transmissions (i.e., channels could not be ordered by degradation), the optimality of rate allocation across different IF retransmissions is lost and as can be seen from previous simulation results, IF based IR-HARQ scheme fails to capture diversity across HARQ transmissions and incurs significant performance loss compared with LDPC and Turbo codes. The payload highlighted by red circles in the retransmission of IF based IR-HARQ only observes the channel of the current HARQ transmission, hence not capturing full diversity over all HARQ transmissions.
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[bookmark: _Ref465984335]Figure 7. IF based Polar IR-HARQ and channel invariant assumption

In retrospect, the limitation of IF based IR-HARQ for polar code may not be surprising. Fundamentally, incremental freezing is based on multi-level coding (MLC) across multiple HARQ transmissions in conjunction with successive cancellation decoding. MLC based rateless transmission over AWGN channel was first proposed by Erez, etc. [8] and later shown by Jiang and Narayanan to be applicable to binary symmetric channel in [9]. One key assumption to guarantee the optimality of these layering + MLC scheme is that [10]: the channel (despite its unknown capacity) stays invariant over the duration of rateless transmission. Unfortunately, over a wireless cellular channel, this assumption is no longer guaranteed to be valid due to highly dynamic channel (time/frequency) and interference variation. As a result, IF based IR-HARQ highly optimized for a time invariant channel suffers substantial performance loss when channel varies from transmission to transmission in the HARQ process even though the overall channel capacity stays the same. This is because the rate allocation for each layer may not match the channel at each HARQ transmission any more. On one hand, one transmission experiences good channel condition would have limited gain since only part of the payload is transmitted over this channel (the best case is to be able to decode this part of the payload successfully); on the other hand, one transmission experiences deep fade could not easily be recovered by subsequent retransmissions since only a fraction of the payload will be retransmitted.
In such scenarios, the best way to exploit diversity across multiple HARQ transmissions and achieve robust performance regardless of the actual channel variation is to use one single code to cover all HARQ transmissions, like rate compatible turbo and LDPC IR-HARQ schemes extensively studied in the literature. For polar code, unfortunately, it is not obvious how to design a rateless scheme in a rate compatible fashion that is robust while still maintaining a good performance.
Observation 2: IF based Polar IR-HARQ scheme is not suited for time varying wireless channels.
Observation 3: On the other hand, it is not obvious how to design a rateless scheme in a rate compatible fashion:
· Due to the highly structured nature of polar codes, it is unclear how to puncture a ”mother” polar code with a low coding rate and maintain this punctured code as a “good” code. 
· Nor is it clear how to incrementally add coding bits to a polar code with a very high coding rate and maintain the final low-rate code as a “good” polar code.

This leads us to the following conclusion.
Proposal 1: eMBB data channel should not support Polar code for small packet size in NR phase 1 due to lack of robust HARQ support.

Conclusions
Observation 1: IF based Polar-IR is substantially worse than Turbo and LDPC-IR HARQ at re-transmission due to its limitation to capture diversity across HARQ retransmissions despite its optimality over a time invariant channel.
Observation 2: IF based Polar IR-HARQ scheme is not suited for time varying wireless channel. 
Observation 3: On the other hand, it is not obvious how to design a rateless scheme in a rate compatible fashion:
· Due to the highly structured nature of polar codes, it is unclear how to puncture a ”mother” polar code with a low coding rate and maintain this punctured code as a “good” code. 
· Nor is it clear how to incrementally add coding bits to a polar code with a very high coding rate and maintain the final low-rate code as a “good” polar code.

Proposal 1: eMBB data channel should not support Polar code for small packet size in NR phase 1 due to lack of robust HARQ support.
References
[1] [bookmark: _Ref430766234][bookmark: _Ref463025319]RP-160671, New SID Proposal: Study on New Radio Access Technology
[2] [bookmark: _Ref466081660]R1-1610137, “LDPC rate compatible design”, Qualcomm Incorporated, RAN1 #86bis, Lisbon, Portugal
[3] [bookmark: _Ref463025321]R1-167210, “HARQ scheme for polar codes”, Huawei, HiSilicon, Gothenburg, Sweden
[4] R1-166371, “Polar HARQ”, Qualcomm Incorporated, Gothenburg, Sweden
[5] [bookmark: _Ref465989847]R1-1612079, “HARQ design for URLLC”, , Qualcomm Incorporated
[6] [bookmark: _Ref465989596][bookmark: _Ref465969524]Li, B. and Tse, D. and Chen, K. and Shen, H., “Capacity-Achieving Rateless Polar Codes”, in proc ISIT, page 46 – 50, July 2016.
[7] [bookmark: _Ref465989607]Li, B. and Tse, D. and Chen, K. and Shen, H., “Capacity-Achieving Rateless Polar Codes”, arXiv:1508.03112, Aug. 2015.
[8] [bookmark: _Ref465972605]U. Erez, G. W. Wornell, and M. D. Trott, “Coding for faster-than-Nyquist signaling: The merits of a regime change,” in Proc. Allerton Conf. Commun., Contr., Computing, Monticello, IL, Sep. 2004.
[9] [bookmark: _Ref465972608]J. Jiang and K. R. Narayanan, “Multilevel coding for channels with non-uniform inputs and rateless transmission over the BSC,” in Proc. Int. Symp. Inf. Theory (ISIT), Seattle, WA, Jul. 2006, pp. 518–521.
[10] [bookmark: _Ref465972610]U. Erez, M. Trott and G.Wornell, “Rateless Coding for Gaussian Channels”, IEEE Transactions on Information Theory, Vol.. 58, No. 2, February 2012.
Appendix  
eMBB small packet size coding & HARQ simulation assumptions

[bookmark: _Ref463024041]Table 1 HARQ Scheme evaluation assumptions
	K: information bit length
	400

	Modulation and coding rate
(1st transmission)
	QPSK
R = 2/3



[bookmark: _Ref463024558]Table 2 Simulation parameters
	Parameter
	Value

	Sampling Frequency
	FFTLength * Tone spacing

	FFT length
	2048

	Numerology
	30 KHz NCP

	System Tones
	2048

	Fading Channel
	TDL-A with 100 nsec RMS delay spread

	Doppler Profile
	Jakes model with 55 Hz Doppler spread

	Number of BTS antennas
	1

	Number of UE antennas
	2

	Number of Layers
	1

	Number of Codewords
	One codeword

	Antenna correlation
	low

	Overhead
	No pilot/control overhead

	Coding
	LDPC (layered, 25 iterations, adj-MinSum)
Polar (16-bit CRC, List size 32)

	Interleaving  within a CB
	random permutation

	HARQ
	RV: 0,1,2,3

	Channel Estimation
	Genie Channel & Genie noise

	Demapper
	MMSE



URLLC channel coding simulation assumptions and results

Table 1 listed the evaluation plan as mentioned in URLLC LLS evaluation. We use both LDPC and Polar as the channel coding scheme to evaluate the URLLC performance, where the design details of the LDPC and Polar code used in this study can be found in [1] and [3], respectively. 

[bookmark: _GoBack]Table 3 URLLC evaluation plan
	K: information bit length
	256, 400, 1600

	Modulation and coding rate
(1st transmission)
	QPSK, 16QAM, 64QAM
1/12, 1/6, 1/3
Other MCS not precluded
Comparison should be made for the same spectrum efficiency



Table 4 Simulation parameters
	Parameter
	Value

	Sampling Frequency
	FFTLength * Tone spacing

	FFT length
	2048

	Numerology
	60 KHz NCP

	System Tones
	2048

	Fading Channel
	TDL-C with 300 nsec RMS delay spread

	Doppler Profile
	Jakes model with 55 Hz Doppler spread

	Number of BTS antennas
	2

	Number of UE antennas
	2

	Number of Layers
	1

	Number of Codewords
	One codeword

	Antenna correlation
	low

	Overhead
	No pilot/control overhead

	Coding
	LDPC (flooding,50 iterations, sum-product)
Polar (16-bit CRC, List size 32)

	Interleaving  within a CB
	random permutation

	HARQ
	RV: 0,1,2,3

	Channel Estimation
	Genie Channel & Genie noise

	Demapper
	MMSE




[image: ] 
Figure 8. LDPC-IR HARQ and Polar-IR HARQ with 4Tx. K=256, N=256*3 per transmission, QPSK
LDPC-IR-HARQ and Polar-IF-HARQ comparison
Here we provide results at larger blocklengths then in previous sections. The simulations assume K=1024 N=1536-per-tran at 64QAM.
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