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1. Overview
In #86 meeting, there agreed simulation assumption for comparing eMBB control coding candidates:
	Agreement:
· Simulation Assumptions for eMBB control channel coding 
· Evaluate the block error rate (BLER) performance versus SNR 
· Evaluate the false alarm rate versus SNR

	Channel
	AWGN

	Modulation 
	QPSK

	Coding Scheme
	Repetition
	Simplex
	TBCC
	Turbo
	LDPC
	Reed-Muller
	Polar 

	Code rate (for evaluation purposes)
	1/24*, 1/12, 1/6, 1/3, 1/2, 2/3 

	Decoding algorithm
	ML
	ML
	List-Viterbi
	Scaled max log MAP
	Adjusted
min-sum 
	FHT
	SC list 

	Info. block length (bits w/o CRC) (for evaluation purposes)  
	1, 2, 4, 8, 16, 32, 48, 64, 80, 120, 200






In this contribution, we focus on comparing two non-iterative coding schemes, i.e., TBCC and Polar, for DL control channels regarding the stringent latency requirement for the reception. For coding schemes requiring iterative decoding, since the control channel blind decoding are mostly false candidates, an iterative decoder will frequently reach its worst case iteration number. Therefore, LDPC and Turbo are not regarded as proper candidates from latency and power perspectives. For comparing TBCC and Polar, we will consider the following two factors:
· Performance
· Decoder latency and complexity comparison
so as to identify the best coding scheme that can achieve enhanced performance subject to the comparable latency and area requirements.
This contribution is organized as follows. In section 2, we start with performance comparison on enhanced TBCC [1] and Polar code [2]. In section 3, we further compare the decoder latency and complexity. In particular, it will be shown that area compact Polar decoder proposed for eMBB small data can be used to fulfill control channel requirement. Finally, summary is provided in Section 4.



2. Performance Comparison
Detection performance of control channel is important as an inferior control coding design will limit UE link performance as well as system capacity. In this section, the following settings will be assumed regarding similar decoder latency and area that can be realized. Section 3 will show more details. 
Table 1: Non-iterative control channel coding schemes to be compared
	Channel
	AWGN

	Modulation 
	QPSK

	Coding Scheme
	64-state E-TBCC [1]
	Polar code [2]

	Code rate
	1/12, 1/6, 1/3, 1/2, 2/3

	Decoding algorithm
	Viterbi decoder
	SCL decoder of list-8

	Info. block length (bits w/o CRC) 
	8, 16, 32, 48, 64, 80, 120, 200

	CRC length
	16



	In Fig. 1, the required SNRs for E-TBCC, abbreviated as TBCC in the curve legend, and Polar code of list-8 to achieve BLER of 0.01 are compared. The following observations can also be obtained:
Observation 1: Polar code of list-8 can generally outperform 64-state E-TBCC by up to near 2 dB gain for info block length >= 40 bits. 
[image: ]
Fig.1 Performance comparison between 64-state E-TBCC and Polar code of list-8; 16-bit CRC included
Note that recent new NR DCI discussions also reveal the demand of larger DCI sizes [3]. In particular, DCI aggregation is one example to aggregate multiple user’s DCI with one group ID. This can reduce RNTI overhead and exploit the coding gain, while the aggregated size can reach more than 56 bits [3] and is out of the strength region of TBCC coding. Therefore, we can further have:
Observation 2: Polar coding gain can help new NR DCI designs of larger DCI sizes.
Proposal 1: Polar code shall be selected for eMBB control channels for the generally better performance than 64-state E-TBCC and the potential to benefit future NR DCI designs of larger DCI sizes.

3. Decoder Latency and Complexity Comparison
In this section, we will compare the latency and complexity of the TBCC decoder and the Polar decoder of list-8. In particular, it will be clarified how the compact list-8 Polar decoder suggested in [4] can realize decoding latency as a low-latency Viterbi decoder when perform LTE-like blind decoding.
The Polar decoding can be performed by repeatedly calling a sequence of submodule operations, and Fig.2 below illustrates the sequential processing over 3 major combo-operations. While the sequential processing is simple to realize, there exhibits quite a few idle time slots in such design. In control channel setting of larger amount of blind decoding, how to improve HW utilization and reduce decoding latency becomes critical. 
In Fig. 3, there shows a simple way to improve HW utilization by multiplexing the decoding of three parallel codeblocks. Since DL control channel requiring blind decoding naturally sees multiple codeblocks, such a scheme can be utilized for improve HW efficiency and reduce the average latency per codeblock. Consequently, we can have the following observation.
Observation 3: Parallel decoding of multiple codeblocks can be utilized to reduce per codeblock decoding latency in control channel requiring multiple decoding attempts.

	Time
	f-function
	metric & sort
	g-function & partial sum

	t
	Bit group m
	
	

	t+1
	
	Bit group m
	

	t+2
	
	
	Bit group m

	t+3
	Bit group (m+1)
	
	

	t+4
	
	Bit group (m+1)
	

	t+5
	
	
	Bit group (m+1)


Fig. 2: Illustration on how Polar decoding can be sequentially performed
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Fig. 3: Illustration on how to improve Polar decoder HW utilization

Note that, with the above parallel decoding design, a Polar list-8 decoder can be factored into up to 3 parallel list-8 sub-decoders. Assume the same memory resource as the small data decoder proposed in [4], the following two configurations are found useful: Three list-8 sub-decoders with the maximal codeword size of 512, and two list-8 sub-decoders with the maximal codeword size of 1024. In addition to the decoder partition of list-8 sub-decoders, each list-8 sub-decoder can be further partitioned to 4 list-1 sub-decoders. The usefulness of the list-1 sub-decoders lies in filtering out invalid payload settings with a small latency and thus reducing the blind decoding complexity for list-8 decoding. Table 2 summarizes the parallel sub-decoder decoding capability with a list-8 Polar decoder of N = 2048 as in [4]:
Table 2: Parallel sub-decoder decoding types with a list-8 Polar decoder of N = 2048
	
	List-8 decoding
	List-1 decoding

	Parallelism Type A
	3 CB parallel decoding, N <= 512
	12 CB parallel decoding, N <= 512

	Parallelism Type B
	2 CB parallel decoding, N <= 1024
	8 CB parallel decoding, N <= 1024 

	Latency
	<= 2N for code rate <= 1/8;
<= 2.5N for code rate <= 1/4;
<= 3N for code rate <= 1/2;
<= 3.5 N otherwise
	<= N



	With the above parallelism capability, Table 3 further illustrates how LTE-PDCCH-like control channel can be efficiently decoded. In particular, a two-stage processing is utilized where stage-1 applies list-1 parallel decoding to filter out invalid UESS and CSS specific patterns on frozen bits and invalid payload settings as suggested in [5], and stage-2 applies list-8 parallel decoding for the remaining candidates kept according to the allowed candidate numbers per CCE level and search space. 

Table 3: Utilizing parallel sub-decoder decoding for LTE-PDCCH-like control channel design.
	Search
space
	CCE level
	Code bit length
	Polar code N
	Candidate number
	Stage-1: 
List-1 sub-decoder proc.
	Candidate number after Stage-1
	Stage-2:
List-8 sub-decoder proc.

	

UESS
	
1
	
72 
	
128
	
6 x 2
	1 x Type-A, list-1, N=128
 128
	
6
	2 x Type A, 
list-8, N=128
 896

	
	
2
	
144
	
256
	
6 x 2
	1 x Type-A, list-1, N=256
 256 
	
6

	2 x Type A, 
list-8, N=256
 1536

	CSS
	
4
	
288
	
512
	4 x 2
	1 x Type-A, list-1, N=512
 512
	4
	2 x Type A, 
list-8, N=512
 2560

	UESS
	
	
	
	2 x 2
	
	2
	

	CSS
	
8
	
576 
	
1024
	2 x 2
	1 x Type B, list-1, N=1024
 1024
	2
	2 x Type B,
 list-8, N=1024
 2048

	UESS
	
	
	
	2 x 2
	
	2
	

	Total cycles (Stage 1 + Stage 2)
	8960 cycles



[bookmark: _GoBack]In Table 4, there quotes the decoder area comparison from [4] and adds one extra row of control channel decoding latency comparison. One can check that the small data decoder can be reused for control channel with competitive decoder complexity and latency to LTE TBCC Viterbi decoder.



Table 4: Comparison between Polar decoder of list-8 in [4] and LTE TBCC Viterbi decoder
	Decoder type
	5Gbps LDPC
	Polar list-8
	TBCC

	Characteristics
	I <= 8192
Lifting <= 512
Code rate >= 1/3
	N <= 4096
>= 2 codeblocks in 0.125 ms @ 250MHz
	LTE TBCC Viterbi decoder

	Total area
	100%
	7.3%
	6.5%

	Control decoding latency (cycles)
	N/A
	<= 100%
	100%



Consequently, the following are used to wrap up the above analysis:

Observation 4: There exists an area compact Polar decoder design that can cover eMBB small data and control channel with competitive cost and decoding latency to E-TBCC Viterbi decoder.
Proposal 2: Polar code is adopted for NR eMBB DL control channel and data channel of short codeblock length so as to provide performance advantage to both control and small data with virtually no area penalty to an NR UE.



4. Summary
In this contribution, we started with comparing the two most competitive non-iterative control channel coding schemes, i.e., Polar code and 64-state E-TBCC, from the performance and decoder requirement perspectives. In particular, the following are provided:

Observation 1: Polar code of list-8 can generally outperform 64-state E-TBCC by up to near 2 dB gain for info block length >= 40 bits. 

Observation 2: Polar coding gain can help new NR DCI design of larger DCI sizes.

Proposal 1: Polar code shall be selected for eMBB control channels for the generally better performance than 64-state E-TBCC and the potential to benefit future NR DCI designs of larger DCI sizes.

Observation 3: Parallel decoding of multiple codeblocks can be utilized to reduce per codeblock decoding latency in control channel requiring multiple blind decoding.

Observation 4: There exists an area compact Polar decoder design that can cover eMBB small data and control channel with competitive cost and decoding latency to E-TBCC Viterbi decoder.

Proposal 2: Polar code is adopted for NR eMBB DL control channel and data channel of short codeblock length so as to provide performance advantage to both control and small data with virtually no area penalty to an NR UE.
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