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1. Overview
In #86bis meeting, it is agreed to further compare Polar, LDPC and Turbo codes for short codeblock length up to 1024 bits in order to finalize eMBB data channel coding selection:
	Agreement:
· The channel coding scheme for eMBB data is LDPC, at least for information block size > X
· FFS until RAN1#87 one of Polar, LDPC, Turbo is supported for information block size of eMBB data <= X
· The selection will focus on all categories of observation, including overall implementation complexity, regardless of the number of coding schemes in the resulting solution (except if other factors are generally roughly equal)
· The value of X is FFS until RAN1#87, 128 <= X <= 1024 bits, taking complexity into account
· The channel coding scheme(s) for URLLC, mMTC and control channels are FFS




To assist the coding selection, this contribution is devoted to compare the coding candidates from the following perspectives:
· Performance with considerations on false-alarm reduction, power penalty and IR-HARQ
· Implementation complexity 
and finally we will wrap up with the coding combination for NR eMBB so as to achieve enhanced small data performance and minimized overall decoder area for an NR UE.
This contribution is organized as follows. In section 2, we start with discussing the CRC assumption for the performance comparison.  and come up with the suggested coding for short codeblock length from the comparison of practical decoding algorithms and the ultimate coding performance. In section 3, implementation complexity of the two major eMBB data channel coding proposals, i.e., LDPC-only and LDPC + Polar, will be analyzed. It will be shown that LDPC should focus on optimizing area efficiency and performance for higher data rate via adopting compact proto-matrix design, and area-efficient Polar decoder exploiting long allowable decoding latency should be utilized for small data performance enhancement. Also, to minimize UE decoder area, Polar code is suggested for eMBB DL control channels. Finally, summary is provided in Section 4.


2. Performance Comparison
Performance is one of the most objective and important metric for the NR coding selection. In particular, performance for short codeblock length is related to cell edge capacity [1]. Also regarding many common short-codeblock-length data services, including system information, paging, VoLTE-like telephoning, pop-texting etc., small data performance is therefore crucial for better user experience as well as system coverage and capacity.
CRC Length Requirement for LDPC and Polar
In [2], it is shown that LDPC parity checks can act effectively as a short CRC for reducing false alarm rate (FAR). Depending on the codeblock size, code rate, operating SNR/BLER, 4 - 6 bits of effective CRC bits may be achieved for info. block length of 100 bits. While such a characteristics is beneficial for LDPC to provide additional performance gain for small codeblocks, it is claimed that CRC-aided Polar code cannot reduce the list size and even requires additional log2(L) bits to reach the same FAR, where L is Polar list decoding size. For comparing Polar code of list-8 decoding, the above argument is to impose 5 + 3 = 8 bits of additional CRC on Polar code, thus shifting the performance comparison conclusion.
Fundamentally, we found the above argument is incorrect due to not well exploiting the unique feature of PC-Polar code as LDPC parity feature is utilized. In particular, there exists a useful metric available along PC-Polar code list decoding that can be used to at least provide 5 bits of effective CRC for FAR reduction. In the Appendix, there provides one simple feasible solution for PC-Polar code by utilizing a Yamamoto-like metric. Considering info. bit length of 100, Fig. 1 shows that FAR <= 1/32 is achievable without adding CRC bits, and the below observation and proposal follow consequently. 
Observation 1: PC-Polar code list decoding can generate a metric for FAR reduction. With one example design, 5 bits of effective CRC can be realized for info. block length of 100 bits.
Proposal 1: Polar code and LDPC code can provide comparable FAR reduction capability for small data. Therefore the same CRC sizes shall be assumed for fair performance comparison.  
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Fig. 1: FAR and BLER performance of PC-Polar code by utilizing Yamamoto-like metric from list decoding

For simplicity as well as aligning to previous LDPC simulation settings by most companies, we will assume no CRC added to information bits for all type of coding schemes in the following comparisons.

BLER performance comparison for small data
For the comparison of short codeblock length, the simulation settings are summarized in Table 1. In particular, we will consider Polar decoder of list-32 as a realizable decoder because the latency requirement for short codeblock length is much relaxed. Assuming LTE-like codeblock segmentation, there will be only one codeblock per transport block. Exploiting the long allowable processing time, larger decoding list size can be realized by iterative utilization of small basic units so as to minimize the logic complexity. Also, to further understand the performance limitation of LDPC and Polar codes, we will compare LDPC applying sum-product 200 iterations with Polar code of list-128. As the implementation technology keeps improved, this can reflect the future advantage of choosing the coding scheme of greater potential.
 
Table 1. Simulation settings for comparing eMBB small data coding candidates
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	  Turbo
(LTE Turbo for rate >=1/3 
and [3] for rate <1/3)
	LDPC [4]
	Polar [5]

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

	practical decoding algorithm
	Max-log-MAP
8 full iterations
	Offset min-sum 
Layered 25 iterations
	List-8
List-32

	Ultimate decoding algorithm
	N/A
	Sum-product
Flooding 200 iterations
	List-128

	Info. block length 
(bits w/o CRC)
	100, 400, 1000



For the performance comparison, we consider the required SNR at data channel operating point of BLER = 0.1. In Fig. 1, LDPC, Polar, and Turbo code performances are compared, where the curve legend denotes coding type, decoding algorithm and code rate, respectively. One can observe that Polar code of list-32 decoding can perform the best over all code rates and all info. block lengths. Polar code of list-8 decoding can also perform better than LDPC and Turbo for all info. block lengths in higher code rates and for info. block length <= 400 in lower code rates. Hence, the characteristics of Polar performance gain benefits larger TBS for higher code rate, well matching TBS and MCS mapping design and expecting its usefulness. On the other hand, Turbo code performance can achieve relatively smaller gain over LDPC for higher code rates, and the gain is also smaller to Polar code for smaller codeblocks in the case of lower code rates. More limited complementation benefit than Polar code to LDCP code is observed. Consequently, observation 1 can be provided:
 



Observation 2: Compared with LDPC performance for the info. block length <= 1000,
· Polar code of list-32 provides up to 0.8 dB gain for whole range of block length and all code rates
· Polar code of list-8 provides up to 0.5 dB gain for wider block length range with higher code rate
· Turbo code provides up to 0.1 dB gain for higher code rate and up to 0.25 dB for lower code rate
· Polar code can provide overall better performance gain for eMBB small data 
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Fig. 1. Performance comparison of practical decoding algorithms for LDPC, Polar and Turbo codes

In Fig. 2, we further check the ultimate performance gain that can be exploited along the evolved implementation technology by comparing Polar of list 128 and LDPC applying sum-product 200 iterations. It can be observed that 0.8 dB gain can still be realized even compared with the LDPC setting with optimal decoding algorithm and extreme computation power. Therefore, we have the following:


Observation 3: Polar code exhibits fundamental performance gain over for eMBB data channel of short codeblock length.
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Fig. 2: Ultimate performance gain with Polar of list-128 v.s. LDPC of sum-product 200 iterations

Recently quasi-ML decoding is proposed for LDPC code to achieve even better performance for small data [6], and, via conditionally running the scheme, it is claimed the average computation increment is not large. However, we highline that decoder clock rate and operating voltage shall consider the worst-case run time, and the conditional operation has limited reduction since clock/voltage adjustment requires time similar to NR scheduling period. Regarding the fact QC-LDPC can require even larger amount of cycles for small codeblocks with lower code rates, the following table illustrates 300% to 1200% decoding time may be required for the worst-case decoding with list size 16 and 64, respectively. Since chip power is proportionally to clock rate and square proportionally to the operating voltage, the power penalty can reach 390% and 2400% in order to gain 0.4 dB and 0.7 dB, relatively. Consequently

Observation 4: LDPC performance enhancement by excess iterations is subject significant power penalty

Table 2: Power penalty with repeated iteration scheme for LDPC for small data performance gain
	Configuration
	Dec. time per CB
	Effective CB number
	Clock rate 
	Performance gain [6]
	Power 
(Prop. to clock rate)
	Power with voltage raise

	8000 bits, rate-8/9
	1000
	16
	100 %
	-
	-
	-

	400 bits, rate 1/3, list-16 (SMS-4)
	3000
	1 x 16
	300 %
	0.4 dB
	300 %
	390 %

	400 bits, rate 1/3, list-32 (SMS-6)
	3000
	1 x 64
	1200 %
	0.7 dB
	1200 %
	2400 %




IR HARQ Capability
For eMBB application, HARQ capability is one important requirement. In [7], there proposed IR-HARQ scheme for Polar code, by assembling new data transmission and retransmissions into an effectively larger Polar code. Below is an examination to see how one new data transmission and one retransmission, both of N = 128, can be aggregated into an effective Polar code of N = 2 x 128 by comparing the performance with that of the optimal Polar code of N = 256. The following observation can therefore be made:

Observation 5: IR-HARQ can be effectively supported by Polar code
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Fig. 3: Effectiveness of IR-HARQ scheme by comparing the performance to a joint encode Polar code

Proposal 2: Polar code should be selected for eMBB data channel of short codeblock length because of the superior performance advantage and power efficiency as well as effective IR-HARQ capability.

3. Implementation Complexity Comparison
In this section, we conduct the decoder area comparison for different coding proposals for eMBB data channel. In particular, it will be show that
· LDPC-only proposal can be subject to 25% area penalty with a complex proto-matrix design while only little performance improvement can be achieved.
· Area overhead of extra list-8 (32) Polar decoder are 7.5% (10%) of a compact LDPC decoder
· If the list-8 Polar decoder is used to cover control channel, as shown in [8], overall UE decoder area overhead is only 1%.
Based on the observations, the best area efficient proposal to achieve enhanced small data performance can be readily identified. In the following subsections, LDPC-only proposal and LDPC + Polar proposal will be investigated subsequently.

1 
2 
3 
LDPC-Only Proposal
LDPC-only proposal is regarded as a more area efficient solution for eMBB data channel. However, cautions should be taken on how effective a single LDPC design can realize enhanced small data performance and the corresponding penalty in decoder area. 
For LDPC, the proto-matrix and the lifting exponent designs are most critical for determining the coding gain as well as the area efficiency. Conceptually, a larger sized proto-matrix has the more degree of freedom in optimizing the performance while the increased edge number implies longer decoding latency and thus reduced area efficiency [9]. The trade-off is not trivial while some companies prefer complex proto-matrix designs for performance optimization reason. To examine the achieved performance advantage by trading the area efficiency with LDPC only design, we check the best performance design identified from the moderator summary in #86bis meeting [10].
In [9], the proto-matrix of the best performance design is included and compared. We copy the key results from Table 1 in [9] to Table 3 below, where the column of compact proto-matrix design corresponds to [4], and the other column corresponds to the best performance design with a complex proto-matrix. By evaluating the complex design over the same decoder architecture, it shows in [9] that only 80% area efficiency can be realized due larger proto-matrix size and larger edge number in the high-rate realization.

Table 3: Area efficiency comparison of LDPC decoders with different proto-matrix designs
	Proto-matrix Design
	Compact [3]
	Complex

	Punctured Column
	1
	4

	Number of Row
	3
	7

	Number of Column
	19
	31

	Number of Information Column
	16
	24

	Edge number
	61
	92

	Lifting Factor Z
	384
	256

	Latency (us/CB)
	100%
	163% 

	Area efficiency Gbps/ mm^2
	100%
	80%



With 25% area penalty, we further examine the performance gain w.r.t. the compact design in [4]. In Fig. 3, also a copy of Fig. 4 in [4], the solid curves correspond to the performance of LDPC with a compact proto-matrix design, and the dash ones correspond to the performance with a complex proto-matrix design. It can be observed that the performance curves are virtually overlapping, thus motivating the following observation and proposal:


Observation 6: For LDPC-only proposal, larger design freedom with complex proto-matrix does not necessarily imply better performance. Therefore, LDPC-only proposal exploiting the proto-matrix design freedom is not an evident solution to enhance the performance of eMBB data channel of short codeblock length.

Proposal 3: Apply Polar code for eMBB data channel of short codeblock length for more effective performance enhancement. Also LDPC should focus on compact proto-matrix design so as to optimize the overall area efficiency.
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Fig. 4: Performance of compact proto-matrix LDPC (solid curves) v.s. complex proto-matrix LDPC (dash)

LDPC + Polar Proposal
In this subsection, the area overhead with Polar code used for short block length will be investigated. One key idea to minimize the area overhead is to exploit the much relaxed decoding latency requirement on small data Polar decoder. Assuming LTE-like codeblock segmentation and small data up to 1024 bits, there will be only 1 small data codeblock per transport block. To elaborate further, more assumptions are to be discussed below:
· Reference 5Gbps LDPC decoder:
The decoder is based on the compact proto-matrix design in [4] with lifting size selected to be 512, corresponding to info. block length up to 8192 bits as well as delivering 5Gbps T-put at code rate 8/9 and a practical operating clock between 800 MHz – 1 GHz. While the logic complexity is determined by the highest rate setting, the memory complexity will be dominated by the lowest code rate to be supported. We assume code rate 1/3 is supported so that maximal of 8192 x 3 code bits will be buffered.  
· Compact Polar list-8 decoder:
Although the peak clock rate assumed can reach 800 MHz – 1 GHz, we consider only 250 MHz clock and a time budget of 0.125 ms for the Polar decoder to finish at least 2 small data codeblocks with codeword size N up to 4096, allowing code rate down to 1/4. Accordingly, the latency requirement will be 3.8 N, which is sufficiently relaxed that a simple sequential decoding design with compact parallelism can be utilized. Note that, to reduce the memory complexity, the subcode-wise encoding and decoding scheme [11] is employed to realize 2 segments and each subcode being PCC Polar code of N = 2048.
· Compact Polar list-32 decoder:
To keep the minimal logic increment and minimal control change, the following changes can be made based on the list-8 design:
· Allowing 4x processing time for each processing stage regarding 4x list size
· Utilize a 64-input-32-output sort module [12]
· Applying smaller subcode size of N = 512 so as to keep similar memory requirement as the list-8 design. Note that more segments are required to cover N up to 4096.
With the above modification, list-32 decoder is realizable with minimized cost increment at the expense of up to 4x processing time.
With the above specification, we can arrive at Table 4, summarizing the extra area requirement for the inclusion of small Polar decoder of list-8 and list-32. The following observations can be made accordingly.
[bookmark: _GoBack]Observation 7: Regarding the tolerable long decoding latency and considering a compact Polar decoder realization, the area overhead due to adding Polar decoder of list-8 and list-32 can be confined <= 10%.
Observation 8: By reusing the list-8 Polar decoder to cover control channel reception as detailed in [8], the overall overhead in UE decoder area can be reduced to 1% while realizing performance gain to both small data and control channels.

Table 4: Decoder area ratio w.r.t. 5Gbps LDPC decoder
	Decoder type
	5Gbps LDPC
	Small LDPC
	Polar list-8
	Polar list-32
	TBCC

	Characteristics
	I <= 8192
Lifting <= 512
Rate >= 1/3
	I <= 1024
Lifting <= 64
Rate >= 1/3
	N <= 4096
>= 2 codeblocks in 0.125 ms @ 250MHz
	N <= 4096
>= 1 codeblocks in 0.125 ms @ 500MHz
	LTE Viterbi Decoder

	Logic area 
	100%
	12.5%
	12%
	21.8%
	

	Memory area 
	100%
	12.5%
	5.3%
	5.4%
	

	Total area
	100%
	12.5%
	7.3%
	10%
	6.5%



Summarizing the analysis in subsections 3.1 and 3.2, we can conclude the best strategy for eMBB coding:
Proposal 4: For small data performance enhancement and minimal UE decoder area, it is suggested
· eMBB data channel LDPC optimizes the area-efficiency and performance for higher data rate setting by adopting a compact proto-matrix design
· Apply Polar code for eMBB data channel of info. block length up to 1024 for enhanced performance
· Also apply Polar code to eMBB DL control channels for minimal UE decoder area overhead and enhanced control channel performance

4. Summary
In this contribution, we investigate eMBB data channel coding combination from the perspectives of performance and implementation complexity. In particular, the following are provided:

Observation 1: PC-Polar code list decoding can generate a metric for FAR reduction. With one example design, 5 bits of effective CRC can be realized for info. block length of 100 bits.

Proposal 1: Polar code and LDPC code can provide comparable FAR reduction capability for small data. Therefore the same CRC sizes shall be assumed for fair performance comparison.  

Observation 2: Compared with LDPC performance for the info. block length <= 1000,
· Polar code of list-32 provides up to 0.8 dB gain for whole range of block length and all code rates
· Polar code of list-8 provides up to 0.5 dB gain for wider block length range with higher code rate
· Turbo code provides up to 0.1 dB gain for higher code rate and up to 0.25 dB for lower code rate
· Polar code can provide overall better performance gain for eMBB small data

Observation 3: Polar code exhibits fundamental performance gain over for eMBB data channel of short codeblock length.

Observation 4: LDPC performance enhancement by excess iterations is subject significant power penalty

Observation 5: IR-HARQ can be effectively supported by Polar code

Proposal 2: Polar code should be selected for eMBB data channel of short codeblock length because of the superior performance advantage.

Observation 6: For LDPC-only proposal, larger design freedom with complex proto-matrix does not necessarily imply better performance. Therefore, LDPC-only proposal exploiting the proto-matrix design freedom is not an evident solution to enhance the performance of eMBB data channel of short codeblock length.

Proposal 3: Apply Polar code for eMBB data channel of short codeblock length for more effective performance enhancement. Also LDPC should focus on compact proto-matrix design so as to optimize the overall area efficiency.

Observation 7: Regarding the tolerable long decoding latency and considering a compact Polar decoder realization, the area overhead due to adding Polar decoder of list-8 and list-32 can be confined <= 10%.

Observation 8: By reusing the list-8 Polar decoder to cover control channel reception as detailed in [8], the overall overhead in UE decoder area can be reduced to 1% while realizing performance gain to both small data and control channels.

Proposal 4: For small data performance enhancement and minimal UE decoder area, it is suggested
· eMBB data channel LDPC optimizes the area-efficiency and performance for higher data rate setting by adopting a compact proto-matrix design
· Apply Polar code for eMBB data channel of info. block length up to 1024 for enhanced performance
· Also apply Polar code to eMBB DL control channels for minimal UE decoder area overhead and enhanced control channel performance
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