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Introduction
In the last RAN plenary (RAN#71), a study item on ‘New Radio Access Technology’ was approved [1] based on consensus that a new non-backward compatible radio access technology need to be developed in order to meet the challenges of next generation cellular communications. The SI will study and evaluate potential technologies targeted for meeting key 5G requirements under future 5G deployment scenarios and applications.
One of the key areas of specification design in any air interface is channel coding. It is what allows wireless communications to achieve capacity close to the theoretical limits of the Shannon bound. Due to its importance in wireless communications, significant research effort have been spent over the last couple of decades on this topic that lead to new developments in turbo, LDPC, polar codes, etc. Contrary to the ongoing researches and new developments in this area, channel coding in 3GPP is pretty much unchanged from its first introduction in Rel-99, UMTS. The same turbo code that was developed for W-CDMA which supports a peak UE data rate of 384 Kbps is currently still being used for LTE where a Cat 9 UE supports a peak data rate of 450 Mbps. Considering the fact that 5G new radio will be a non-backward compatible air interface that needs to meet significantly higher requirements compared to LTE, we think that it is a good opportunity to consider adoption of a new channel coding scheme.
As part of the 3GPP work on 5G new air interface, RAN plenary undertook a study on the deployment scenarios and requirements of the new air interface. The result of the RAN study item is summarized in technical report 3GPP TR38.913 [2] which provides guidance for future technical in RAN working groups. This contribution takes into account the work done by RAN plenary and summarizes Samsung’s view on how to determine the most adequate channel coding scheme(s) for 5G new air interface. Specifically, this contribution will address the relevant technical and procedural aspects with emphasis on technical criteria and evaluation methodology.
Requirements for channel coding scheme of new RAT
1 
2 
In determining the most adequate channel coding scheme for 5G new air interface, the relevant requirements need to be identified. In order to do so, we need to understand the different scenarios and applications in which the new channel coding scheme will operate. Furthermore, we have to consider how each requirement will impact future implementation of UEs and eNBs. It is a well-known fact that two different channel coding schemes may have similar performance but significantly different implementation. Given that the channel decoder in a UE accounts for significant percentage of its implementation complexity, it is essential that complexity be considered alongside performance as one of the key factors in determining the channel coding scheme for 5G new air interface.
In this section, we present KPIs defined in TR38.913 [2] and additional requirements that need to be considered for successful commercialization 5G new air interface.
Key performance indicators 
In Table 1, we provide a summary of KPIs in TR38.913 [2] related to channel coding and how they might impact its performance or implementation complexity. For those interested, a full description of the KPIs for 5G new air interface can be found in Section 7 of TR38.913 [2].
[bookmark: _Ref446750236]Table 1. Summary of KPIs in 3GPP TR38.913 and its impact to channel coding.
	
	KPI
	Requirement as described in [2]
	Impact to channel coding

	1
	Peak data rate
	· 20 Gbps for downlink
· 10 Gbps for uplink
	· UE complexity for 20 Gbps decoder

	2
	Reliability
	· The success probability of transmitting should be 1 – 10-5 within 1 ms
· User experience data rate in the order of 300 Mbps for eHealth surgical robots operating mainly in very deep indoor environment
	· Coding performance to achieve transport block error rate at least equal to10-5 or lower

	3
	Coverage
	· [X bps] at max coupling loss [164 dB]
· For extreme coverage: up to [2 Mbps] for stationary and up to [384 Kbps] for moving, assuming [100 km]
	· Coding performance at low signal-to-noise ratio (SNR)

	4
	UE battery life
	· The target for the UE battery should be [15 years] for mMTC
	· Decoding with low power consumption

	5
	Latency
	· Control plane latency: 10 ms
· User plane latency: 4 ms for eMBB UL/DL, 
0.5 ms for URLLC UL/DL
	· Encoding/Decoding with low latency


Feasibility of Implementation 
In order to determine the adoption of a certain technology in the standards, one needs to carefully consider whether this technology is mature enough in terms of implementation feasibility. For example, new technologies are constantly developed in the academia but only a few of them ever make it to standards. In many cases, these technologies are simply not feasible from implementation point of view.
Implementation of turbo codes have been around for quite a while and one might claim that such long history of implementation makes it suitable for 5G new air interface. However, it should be noted that there is not a single commercial implementation of turbo decoder that supports peak data rate in excess of 5Gbps. LTE specification does support peak data rate above 5Gbps but a commercialized product is far behind. Compared to turbo codes, LDPC code is adopted in many standards that supports multi-Gbps and widely commercialized as well. Some examples are IEEE 802.11ac/ad and 10GBASE-T Ethernet. Furthermore, there are many researches from academia and industry which confirm that turbo code is not adequate for multi-Gbps compared to LDPC code when implementation feasibility is considered. At least in terms of implementation feasibility to support multi-Gbps data rate, evidence suggests that LDPC code is more mature than turbo code.
To determine a channel coding scheme for new air interface, we should identify the implementation feasibility. For this, we propose to discuss hardware complexity and other important channel coding characteristics including encoding/decoding latency and low error floor. Note that these characteristics are part of the 5G KPIs. Then by process of elimination, we can down select candidate channel coding schemes if a certain proposal is not feasible in terms of implementation or does not meet one of the criterions.
2.1.1 Hardware Complexity
Current LTE channel coding scheme which was initially developed for UMTS may not be an adequate channel coding scheme for 5G new air interface. The following summarizes this aspect:
· Need to support extremely high data rate: Turbo code was initially developed for a peak data rate of 384 Kbps. Channel coding for 5G new air interface will have to support a peak data rate of 20 Gbps (× 50,000).
· Need to achieve extremely low error rate: It is well known that turbo code starts to show error floor in BLER of 10-4. In order to efficiently support URLLC, the new channel coding should be able to achieve BLER of 10-5 effectively.
· Need to support low latency encoding/decoding: Low latency communication is an important requirement taking into account applications such as industrial control and extreme real-time communications for both URLLC and eMBB systems.
· Need to operate with low power consumption: Considering new verticals such as mMTC, being able to achieve target performance with minimal UE power consumption will be essential.
Hardware complexity will be especially important for eMBB where the design has to account for a peak data rate of 20 Gbps. Given UE’s decoder complexity will be proportional to the peak data rate, it is important that UE hardware complexity be considered as one of the key factors in determining channel coding. At this point RAN1 does not have formal agreement on how to compare hardware complexity (computational complexity, gate count, area efficiency of chipset, maximum power consumption, etc.). As such, this topic should be one of the initial discussion points for channel coding schemes for 5G new air interface. A possible way forward could be for each company to provide qualitative and/or quantitative information on hardware complexity, e.g., measured in decoding power [pJ/bit]. References can be found from many of the published work on decoder hardware implementation should one need further information in accessing hardware complexity.
2.1.2 Encoding and Decoding Latency
Channel coding for 5G new air interface should be able to support encoder and decoder processing time that is small enough for low latency services. Although encoder and decoder processing time might not account for the entire latency experienced by a UE, it is still beneficial to minimize this duration as much as possible.
One way to mitigate decoder processing time is to design a decoder with parallel processors so that multiple processors participate in the decoding operation simultaneously. Some LTE decoders are implemented this way since turbo code can support parallelization corresponding to any divisor in a length of QPP (quadratic permutation polynomial) interleaver. However, the channel decoder implemented according to the LTE specification has a substantial limitation on how much parallelization can be done since there is a trade-off between the parallelization and coding performance, more precisely, a large parallelism induces a drastic degradation of coding performance. Compared to turbo codes, LDPC codes do not have a limit on how much parallelization can be done in the sense that we can implement a processor for each bit and each parity-check equation in the parity-check matrix of LDPC codes. Consequently, LDPC code is capable of achieving lower latency than turbo code at high throughputs.
In most cases the hardware complexity of encoder does not matter from the point of view of overall system. However, for URLLC, the encoding latency () may not be negligible since it depends on the number of clock cycles () required for encoding and system clock frequency () as follows: 

For example, when , , the encoding latency  becomes 10 us which is not negligible in comparison with maximum user plane latency 500 us required for URLLC UL/DL, defined in TR38.913 [2]. The larger  is, the longer encoding latency becomes. Consequently, a fast encodable channel coding scheme is preferable for low latency service.
2.1.3 Extremely Low Error Rate
For URLLC, the success probability (of transmitting is determined by transport block size () transmitted within 1 ms, maximum code block size () and code block error rate (), as follows: 

To achieve , the channel coding scheme has to support a CBLER that is at least equal to 10-5 or lower. For example, the target CBLER becomes  when . Since LTE turbo code starts to show error floor around CBLER of 10-4, it is not adequate in terms of performance to support URLLC. This point can be quickly checked by individual companies by generating turbo code performance for BLER = 10-5 and comparing that with other channel coding schemes such as LDPC codes.
Proposal 1: Companies are encouraged to provide qualitative and/or quantitative info on hardware complexity in order to support 20 Gbps decoding throughput (for both new channel coding scheme and LTE turbo code)
Proposal 2: HW complexity should be one of the key criterions for down selection of new channel coding schemes in RAN1. Details on how to do down selection should be discussed.
Proposal 3: In addition to HW complexity, other factors such as encoding/decoding latency and performance at extremely low error rate that relate to 5G KPIs should be considered.
Flexibility
5G new air interface is being developed for not only eMBB but new verticals such as URLLC and mMTC. Therefore, the new channel coding scheme for 5G new air interface needs to consider different requirements of 5G deployment scenarios and applications so that sufficient flexibility is inherently built into its design. For example, the new channel coding scheme should have a sufficient flexibility to efficiently support variable data sizes and rate compatibility so that different levels of robustness can be efficiently achieved.
Following aspects need to be considered in order to make a quantitative comparison among different channel coding schemes for 5G new air interface in relation to flexibility:
· Flexibility on data size
· Maximum/minimum code block size (CBS) in the connection with practical transport block size (TBS)
· Granularity of CBS to support different types of data streams and to minimize the performance impact from advanced coding techniques, e.g., bit shortening and puncturing
· Flexibility on code rate
· Range of code rate and targeted code rate for the practical usage scenarios
· Support for variable code rates in order to support HARQ and link adaptation
Proposal 4: Flexibility related to code block size and code rate are important aspects to be considered when determining the channel coding scheme for 5G new air interface. RAN1 should discuss how to capture this aspect in the study item phase.
Performance
State of the art channel coding schemes such as turbo, LDPC, and polar codes can provide good coding gain when observed from eMBB point of view. There are, however, fundamental differences between the coding schemes. One such aspect is how each coding scheme is different in terms of their water fall regions and error floors according to variable code block sizes and code-rates. Furthermore, 5G new air interface targets not only eMBB but other verticals as well. While different coding schemes might provide similar eMBB performance, the same cannot be guaranteed for new verticals such as URLLC where 5G new air interface will have to rely on channel coding to achieve extremely low error rates. For these reasons, the comparison of performance for all channel coding candidates is still important.
One thing to check before initiating an evaluation campaign on new channel coding schemes is the hardware complexity of the decoders. As mentioned in the previous sections, whether a certain channel coding scheme’s decoder can be implemented with reasonable complexity or not is going to be critical in determining a new channel coding scheme. Considering this aspect, we prefer to do a down selection where channel coding schemes which cannot be implemented with reasonable hardware complexity are removed before the evaluation campaign begins.
To compare the performance of different channel coding schemes with acceptable hardware complexity, details on evaluation parameters would need to be first agreed. A good starting point is to determine the target error probability, and range of code block sizes, and code rate depending on the target application. For eMBB application, the following can be a possible set of values for evaluation:
· Target transport BLER: [10-1]
· Range of code block size: [48 ~ 12288]
· Range of code rate: from [1/16] to [15/16]
Similar sets of values can be determined for URLLC and mMTC considering their individual requirements. A set of values is provided in Section 2.5.
With the necessary evaluation parameters determined, link simulations can be used to compare the required SNRs to achieve target BLER. However, since there are too many possible combinations of CBSs and code rates to conduct simulations, we prefer to reduce the number of test cases to a manageable level. Likewise, we prefer to focus on QPSK modulation and AWGN channel at least in the initial phase. In short, we prefer to focus on the performance of channel coding itself without considering implications with other functionalities such as channel interleaver and constellation mapper for higher order modulation. 
Figure 1 shows an example of performance comparison between different channel coding schemes. It is a plot of the required SNR to achieve target error probability as a function of CBS for a fixed code-rate. Evaluation results such as those summarized in Figure 1 can be used to check whether a certain channel coding scheme can be efficiently applied for data services consisted of variable length transport blocks. The less required SNR and fluctuation of performance, the more robust and stable system.
[image: ]
[bookmark: _Ref447193239]Figure 1. Example of performance comparison: Required SNR vs. Code Block Size 
Figure 2 shows another example of performance comparison between different channel coding schemes. It is a plot of the required SNR to achieve target error probability as a function of code rate for a fixed CBS. Evaluation results such as those summarized in Figure 1 can be used to check whether a certain channel coding scheme flexibly applied on arbitrary number of resource elements (REs) allowing efficient wireless resource utilization.
[image: ]
[bookmark: _Ref447193347]Figure 2. Example of performance comparison: Required SNR vs. Number of REs.
Proposal 5: Determine parameters for evaluation of new channel coding schemes for 5G new interface considering different requirements for eMBB, URLLC, and mMTC. Initial evaluations can be done using QPSK modulation in AWGN channel considering
Proposed Parameters for Evaluation 
In Table 2, we propose a tentative set of parameters for evaluation. It can be changed in the future according to frame structure, resource management, system requirements, etc. ([ ] means that further confirmation is needed.)
Table 2. A set of parameters for evaluation 
	
	
	eMBB
	URLLC
	mMTC

	Performance
	Target TBLER
	10-1
	10-5
	[10-1]

	
	Channel
	AWGN 

	Flexibility

	Code rates
	1/16, 2/16, … 15/161)
	1/16, 2/16, … 15/16
	1/48 
(with rep.)

	
	Code block size
(bit)
	Kmin
	48
	48
	160 for DL
/1600 for UL2)

	
	
	Kmax
	12,2883)
	12,288 
	160 for DL
/8000 for UL4)

	
	Maximum 
transport block size (bit)
	[TBD]5)
	[TBD]5)
	120,0004)

	
	HARQ
	Support
	[No support]
	No support

	Complexity
	Maximum 
decoding throughput
	20 Gbps
	300 Mbps6)
	-

	
	Decoder power
efficiency (pJ/bit)7)
	Companies are encouraged 
to provide qualitative and/or quantitative information

	
	Decoder area (mm2)7)
	

	
	 Number of clock cycles for encoding one code block8) 
(clocks)
	-
	To be submitted 
by each proponent
	-

	
	Number of clock cycles for decoding one code block8)
(clocks)
	To be submitted 
by each proponent
	To be submitted 
by each proponent
	-



1) R(i): Basic code rates to be supported, M: the number of basic code rates to be supported
R(0): Minimum code-rate, R(M-1): Maximum code-rate,

M = 15, R(0)=1/16, R(14)=15/16  R(i) = i/16 for i=0, 1,…, 14
2) Information length will be derived based on the requirement of [200 bytes] UL per day followed by [20 bytes] DL as described in [3].
3) In [4], [5], maximum CBS for LTE turbo code is fixed as 6144 for supporting IP packet transmission efficiently (half size of IP packet). We propose the change of maximum CBS from 6144 to 12288 to support full size IP packet transmission without segmentation.
4) Information length will be derived based on the requirement of [15000 bytes] UL transfer and [200 bytes] DL transfer per [10 minutes] as described in [6]
5) TBSmax : Maximum transport block size,
Tnet : Maximum required net throughput, 
Tsub_frame : Subframe duration,
Ncc : Maximum number of component carriers,
Ns : Maximum number of streams,

6) User experienced data rate should be supported in the order of [300 Mbps] as descried in TR38.913 [2]
7) This parameter is depends on CMOS technology
8) The encoding latency (tE) and decoding latency (tD) can be derived from number of clock cycles for encoding/decoding, as follows: 

NE,cycle / ND,cycle : Number of clock cycles for encoding / decoding,
fc : Clock frequency

Proposal 6: Approve the set of parameters for evaluation in Table 2 as a starting point
Evaluation and Selection Procedure 
To evaluate a channel coding scheme, we propose the progress as the following steps:
Step 1) Reach a consensus on the necessity of clear evaluation criteria
Step 2) Decide the evaluation criteria based on each usage scenario (eMBB, URLLC, mMTC)
Step 3) Evaluate the feasibility of implementation for each proposed channel coding scheme
Step 4) Down-select candidate channel coding schemes if a certain proposal is not considered as feasible one.
Step 5) Decide clear definition for flexibility, as described in Section 2.3
Step 6) Decide parameters for evaluation and evaluate the performance based on the parameters, as described 
in Sections 2.4 and 2.5
Step 7) Select the most adequate channel coding scheme 

Proposal 7: Approve the evaluation and selection procedures: 
1) Evaluate the feasibility of implementation and down-select first
2) Decide clear definitions for flexibility and evaluation parameters
3) Evaluate the performance for down-selected proposals and select the most adequate scheme
Conclusions 
In this contribution, we present requirements for channel coding scheme of new RAT and evaluation and selection criteria. Based on the discussion, we have the following proposals:
HW feasibility 
Proposal 1: Companies are encouraged to provide qualitative and/or quantitative info on hardware complexity in order to support 20Gbps decoding throughput (for both new channel coding scheme and LTE turbo code)
Proposal 2: HW complexity should be one of the key criterions for down selection of new channel coding schemes in RAN1. Details on how to do down selection should be discussed.
Proposal 3: In addition to HW complexity, other factors such as encoding/decoding latency and performance at extremely low error rate that relate to 5G KPIs should be considered.

Flexibility 
Proposal 4: Flexibility related to code block size and code rate are important aspects to be considered when determining the channel coding scheme for 5G new air interface. RAN1 should discuss how to capture this aspect in the study item phase.

Performance 
Proposal 5: Determine parameters for evaluation of new channel coding schemes for 5G new interface considering different requirements for eMBB, URLLC, and mMTC. Initial evaluations can be done using QPSK modulation in AWGN channel considering
Proposal 6: Approve the set of parameters for evaluation in Table 2 as a starting point

Evaluation and selection 
Proposal 7: Approve the evaluation and selection procedures:
1) Evaluate the feasibility of implementation and down-select first
2) Decide clear definitions for flexibility and evaluation parameters
3) Evaluate the coding performance for down-selected proposals and select the most adequate
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