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1 [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
In RAN #71, the Study Item on "Next Generation New Radio Access Technology" has been approved [1]. One of the scenarios for the new radio access technology (RAT) is eMBB (enhanced Mobile BroadBand). The candidate channel coding for eMBB scenario is supposed to support various data rates from tens of bps up to tens of Gbps, coding rates from 1/5 to 8/9, and code lengths from 100-bit information block up to 64K-bit information block. The diversity of NR application slices requires the coding schemes to show flexibility and attractive performance in a wide range of date rates and/or block length. 
In this contribution, we show simulation results for polar codes in a wide range of eMBB scenarios. Polar codes, equipped with cyclic redundancy checks (CRCs) under list successive cancellation (CA-SCL) decoding [3], yield good performance at small/medium/large block length with low/medium/high code rate. This flexibility of Polar codes makes them particularly suitable for eMBB scenarios.
2 Polar encoder and decoder schemes 
To obtain arbitrary code lengths (number of transmitted bits allocated), rate matching schemes, such as setting frozen bits and puncturing, are adopted. The rate matching scheme used for evaluation is the quasi-uniform puncturing (QUP) scheme. Its detailed description can be found in [4-5].	
For the polar decoder, we briefly describe the two approaches below.
· Successive cancellation (SC)
This decoder processes the received bits sequentially, from the first bit to the last one. Every bit is decoded with both the log-likelihoods for the code bits (based on the channel observations) and the hard-decisions of the previously decoded bits;
· CRC-Aided SCL (CA-SCL)
It is a generalization of the classic SC decoder. A SCL decoder preserves a number of decoding paths at each decoding stage or level. At the final stage, the most reliable path that passes the CRC check is the output.


Fig.1 Block diagram of polar encoder and decoder
(k =info. block length, m = crc bits length, K = k+m, N = encoded block length after rate-matching)
Polar codes can be adaptive to various scenarios with different requirements. For instance, CA-SCL decoder with large or medium list size can be applied to the scenarios with small or medium block length, when their design goal is to have better BLER performance; whereas, a simple SC decoder or SCL decoder with small list size (e.g., L≤2) can be applied to the scenarios with very long block length, when the focus is mainly on high decoding throughput and low implementation cost. Some computational complexity and latency analysis of polar codes can be found in [6].
3 Evaluation of Polar codes in eMBB scenarios
A rich set of combinations of block lengths and code rates are simulated in accordance with the simulation assumptions in Table 1 (in Appendix). And for a given rate-matching of these combinations, the construction SNR points required by QUP [5] can be found in Table 2 and Table 3 in the Appendix. A CA-SCL with list size 32 is used for most cases and some additional options of list size are included depending on the block length.  To be consistent with LTE, redundancy 24-bit CRC is used for the medium information block length from 1K to 8K. And for small information block length 100 and 400, redundancy 8-bit CRC has been used for the balance between the performance and redundancy CRC bits.
The following notations are used: 
· k = info. block length, 
· m = crc bits length, 
· K = k+m, 
· N = encoded block length after rate-matching
Note that the CRC bits are treated as the redundancy bits as agreed on the simulation assumption and not included into the Eb/N0 calculation as follows: 

M is the modulation order (log2[4,16,64], for [QPSK,16QAM,64QAM]) and R is the code rate k/N. 
We provide performance results for polar codes for the following settings:
· Performance as function of block length
· Performance as function of code rate
· Performance as function of modulation order
· Performance as function of list size
3.1 Performance as function of block length
· Simulation results for Info. block length = {100, 400}, List size = 32
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Fig. 2 BLER performance with Info. block length=100 with various code rates
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Fig. 3 BLER performance with Info. block length=400 with various code rates

· Simulation results for Info. block length = {1000, 4000, 8000}, List size = 32
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Fig. 4 BLER performance with Info. block length=1000 with various code rates
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Fig. 5 BLER performance with Info. block length=4000 with various code rates
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Fig. 6  BLER performance with Info. block length=8000 with various code rates
The simulation results with various combinations of small block length with low modulation order and medium block length with high modulation order are listed. For Fig. 2 and Fig. 3, 8-bit CRC is used for CA-SCL decoder. For Fig. 4 to Fig. 6, 24-bit CRC is used for CA-SCL decoder.
At BLER=10-2, from Fig.2 to Fig. 6, for coding rates ranging from 1/5 to 8/9, the SNR region spans about 4.0 dB for QPSK and 8 dB for 64QAM. More performance comparison results with other coding schemes can be found in [7].
Observation 1: For small/medium block lengths, a stable coding gain is observed when the coding rate spans from 8/9 to 1/5 for both QPSK and 64QAM.
Observation 2: Polar Codes can support very high code rate like the rightmost curve in Figure-2 with k=100 and N=120. Even with such a high code rate, stable performance is observed.

· Simulation results for Info. Bits length = {32k}, List Size  = 2

[image: ]
 Fig. 8 BLER performance with Info. block length=32k with various code rates
Some NR scenarios require very high throughput for a large payload. In this case, the complexity and implementation cost of a decoder is crucial so that we evaluated performance with a lower-complexity decoder. The computational complexity is analyzed in [6].
Observation 3: For very large block lengths, it is unnecessary to adopt large-list SCL decoder. A small-list (L=2) SCL decoder can easily outperform Turbo Code. It is noted that the computational complexity of L=2 SCL decoder is less than 5% of an 8-iteration Turbo decoder. 
3.2 Performance as function of code rate
· [bookmark: _GoBack]Simulation results for coding rate = {1/5,1/2,2/3,8/9}, List Size = 32
[image: ]  Fig.8  BLER performance with Rate = 1/5 with various code lengths

[image: ]  Fig.9  BLER performance with Rate = 1/2 with various code lengths
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Fig.10  BLER performance with Rate = 2/3 with various code lengths
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Fig.11  BLER performance with Rate = 8/9 with various code lengths
Given a code rate, we re-plot the BLER curves in function of information block lengths. We observe a stable coding gain of polar code from small length blocks to large ones. More thorough performance comparison results with other coding schemes can be found in [7].
3.3 Performance as function of modulation
· Simulation results for Modulation = {QPSK,64QAM}
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Fig.12  Average required received Eb/N0 at BLER=10-2 by CA-SCL L=32
For both QPSK and 64 QAM, we plot the average received Eb/N0 at BLER of 10-2 in a function of both block length and code rate. The dash curves are for 64 QAM, and the solid ones are for QPSK.
Observation 4: The average required Eb/No for BLER=10-2 does not change dramatically over such a wide range of block lengths. It illustrates that polar code is not very sensitive to block length and code rate.
3.4 Performance as function of List size
[image: ]
Fig.13  BLER performance with list size = 32,64,128,256,512 and 1024 in BPSK
We also simulated the performance of a CA-SCL decoder with various list sizes from 32 to 1024 in BPSK to verify that performance improves along with the increase in list size. This non-saturated performance improvement of CA-SCL decoder is an good feature for some performance-hungry applications/scenarios when the implementation of larger list sizes becomes more and more affordable by the ever-developing ASIC technology. 
Observation 5: Increasing the list size from 32 to 1024, polar code can continue to provide the performance gain
4 Conclusion
For the NR eMBB scenario, which is required to support a much wider range of code rates, code lengths, and modulation orders than LTE, we have evaluated the performance of Polar codes as a function of various code rates, block lengths and modulations. The simulation results show that Polar code performs well for all these cases, thus exhibiting a good flexibility to satisfy the requirements for different applications. 
We have the following observations and proposals.
Observation 1: For small/medium block lengths, a stable coding gain is observed when the coding rate spans from 8/9 to 1/5 for both QPSK and 64QAM.
Observation 2: Polar Codes can support very high code rate like the rightmost curve in Figure-2 with k=100 and N=120. Even with such a high code rate, stable performance is observed.
Observation 3:  For very large block lengths, it is unnecessary to adopt large-list SCL decoder. A small-list (L=2) SCL decoder can easily outperform Turbo Code. It is noted that the computational complexity of L=2 SCL decoder is less than 5% of an 8-iteration Turbo decoder.
Observation 4: The average required Eb/No for BLER=10-2 does not change dramatically over such a wide range of block lengths. It illustrates that polar code is not very sensitive to block length and code rate.
Observation 5: Increasing the list size from 32 to 1024, polar code can continue to provide the performance gain
Proposal 1: Based on the evaluation, Polar code exhibits a great degree of flexibility by performing well in a wide range of eMBB scenarios requiring a large range of code lengths and code rates. Further studies on polar codes should be conducted. 
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Appendix
Table 1.  Simulation assumptions for eMBB usage scenario [2]
	Channel*
	AWGN

	Modulation
	QPSK,64QAM

	Coding scheme
	Turbo
	LDPC
	Polar

	Code rate
	1/5,1/3,2/5,1/2,2/3,3/4,5/6,8/9

	Decoding Algorithm**
	Max-log-map
scale = 0.75, iteration = 8
	Min-sum
	List-X
X=32,64,…

	Info. Block length***
(bits w/o CRC)
	100,400,1000,2000,4000,6000,8000
Optional (12K,16K,32K,64K)




Table 2. QPSK Construction SNR points (cSNR) for QUP 
	cSNR(dB)
	Information Block Length

	
	100
	400
	1000
	2000
	4000
	6000
	8000

	Code Rate
	1/5
	1.48
	1.13
	0.75
	0.75
	0.50
	0.50
	0.30

	
	1/3
	1.50
	0.63
	1.25
	1.00
	1.00
	0.60
	0.79

	
	2/5
	1.75
	1.23
	1.10
	0.85
	1.25
	0.80
	0.80

	
	1/2
	2.45
	1.13
	1.75
	1.55
	1.50
	1.38
	1.19

	
	2/3
	3.85
	2.73
	2.55
	2.30
	2.10
	2.12
	2.07

	
	3/4
	4.98
	3.03
	3.05
	2.65
	2.80
	2.40
	2.60

	
	5/6
	7.80
	4.18
	3.60
	3.35
	3.15
	3.49
	3.27

	
	8/9
	4.71
	4.56
	4.12
	4.08
	3.80
	3.79
	3.85




Table 3. 64QAM Construction SNR points(cSNR) for QUP
	cSNR(dB)
	Information Block Length

	
	100
	400
	1000
	2000
	4000
	6000
	8000

	Code Rate
	1/5
	1.28
	0.53
	0.55
	0.75
	0.50
	0.50
	0.40

	
	1/3
	1.70
	0.63
	1.05
	0.60
	0.80
	0.65
	0.79

	
	2/5
	2.15
	1.23
	1.10
	1.05
	0.85
	0.80
	0.80

	
	1/2
	2.65
	1.33
	1.15
	1.35
	0.90
	1.38
	0.79

	
	2/3
	3.38
	2.53
	2.35
	2.10
	1.90
	1.72
	1.87

	
	3/4
	4.65
	3.03
	3.05
	2.33
	2.40
	2.40
	2.40

	
	5/6
	7.20
	4.38
	3.60
	3.35
	3.15
	3.09
	3.07

	
	8/9
	4.51
	4.76
	4.12
	3.68
	3.80
	3.79
	3.65
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