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Introduction
In RAN1 85 meeting, WF on further study of complexity for channel codes has been agreed in [1] as the guidance for the next step on study. In the WF, energy efficiency, area efficiency, numbers of memory access and memory size are selected as metrics to judge the complexity of NR decoder. For our view, the latency should be also analyzed, since different requirements on latency would result in different metrics.
In this document, we compare the LTE turbo decoder with the LDPC decoder of the proposed QC-LDPC. The LDPC decoder is based on layered decoding with parallelization degree equal to the lifting factor. The SNR thresholds of all code rates of the QC-LDPC code are optimized based on EXIT charts. The granularity and capability of HARQ-IR of the QC-LDPC code is competitive to those of LTE turbo code. Our results show that the all metrics of QC-LDPC code are better than that of Turbo code. For the detail of the proposed QC-LDPC code, please refer to [2].

Analysis Methodology
LTE turbo decoder is a well developed device in the industry. In this contribution, we collect the information from off-the-shelf integrated chips of LTE based on the 28hpm process node. The collected information will be scaled to the NR Turbo decoder fulfilling NR throughput requirement of 10Gbps based on the current architecture, number of iterations and clock rate. For the proposed QC-LDPC code, since off-the-shelf integrated chip is not available, the evaluation is based on the ready-made LDPC decoder for 802.11ac. Assuming the same architecture as that of 802.11ac is employed, we can also scale the information to the decoder for the proposed QC-LDPC code.
Scaling would consider the following aspects:
· Memory size: The memory size of the decoder is related to coded bit length, number of check nodes, and row weight of parity check matrix of the QC-LDPC code.
· Required cycle count: The required cycle count is related to the number of edges of the QC-LDPC code. Otherwise, idle cycle is also predicted based on the codebook.
· Logic area: The logic area is related to lifting factor Z for QC-LDPC code.
· Control overhead to support flexible CR and information block sizes.
It has been shown that the performance of LDPC code is better than that of the turbo code. Therefore, the number of iterations of LDPC decoder can be much smaller if we want to keep the same performance. However, since spectral efficiency in NR is what we want to gain from NR channel coding, we do not compensate this factor. Anyway, even with this unfair basis, LDPC code is still a more competitive candidate than turbo code.
In the hardware implementation, the area, power and latency can be traded off with each other. What will be really implemented will depend on metric weighting. Here we only show one possible implementation which is sufficient to show that LDPC is better than Turbo and is preferred to be used in NR UE commercial device.
All values shown bellow is normalized from 28hpm to 10FF with frequency scaling of 2 and area scaling of 1/3.
Area Comparison on LDPC decoder and LTE decoder
For the area, the computational complexities of LDPC decoder are different for different code rates (CRs). For a fair comparison, we need to align the ultimate effective CR for the peak throughput usage. Considering the soft buffer limitation for LTE category 6, the ultimate effective CR is 0.66. For category13, the ultimate effective CR is 0.86. So we will compare the area efficiency of LDPC decoder based CR=0.88 (slightly biased) and 0.66 with the Turbo decoder.
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	Turbo Decoder
	LDPC with CR=2/3
	LDPC with CR=0.88

	Area Efficiency
(Gbps/mm^2)
	3.66
	12.48
	27.72



As shown see in Table 1, for the LDPC decoder with the compatible CR of LTE category 12 UE, the area of the LDPC decoder is only 13% of that of the turbo decoder. If we want LDPC to have compatible CR of LTE category 6 UE, the area of LDPC is only 29% of that of the turbo decoder.
Observation 1: The area of the LDPC decoder is 13% to 29% of turbo decoder depending on UE category.


Latency Comparison on LDPC decoder and LTE decoder
For latency, the code block size and CR are the key factors affecting the analysis result. Here we consider the worst scenario and assume information block size as 6144 and the CR as 0.33 which is the same as LTE turbo decoder.
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	Turbo Decoder
	LDPC (CR=1/3)

	Latency (us/CB)
	12.4
	6.1



As shown in Table 2, the latency of the LDPC decoder is only 49% of that of the turbo decoder.
Observation 2: The latency of the LDPC decoder is 49% of turbo decoder.


Power Comparison on LDPC decoder and LTE decoder
For power consumption, it is a scenario dependent metric. We assume that the decoder operates under the largest code block size and code block number within one TTI. Based on this assumption, two scenarios are considered. The first scenario is to assume that the decoder operates under the perfect channel condition (high SNR), and the second one is to assume that the decoder operates under the worse channel condition (low SNR) for which the maximal number of iterations of the LDPC decoder is always reached.

Table 3
	Power (nJ/bit)
	Turbo Decoder
	LDPC (CR=2/3)
	LDPC (CR=0.88)

	Worse Channel
	0.056
	0.049 (82%)
	0.026 (46%)

	Better Channel
	0.019
	0.011 (58%)
	0.006 (32%)



As you can see, for worse channel condition when maximal iteration is reached, the power consumption of the LDPC decoder is 46% ~ 82% of turbo decoder depending on UE category. For better channel condition, the power consumption of the LDPC decoder is 32% ~ 58% of turbo decoder depending on UE category.

Observation 3: The power consumption of the LDPC decoder 32% ~ 82% of turbo decoder depending on UE category and channel condition.
Control overhead for flexible information block size and flexible code rate with HARQ-IR
The LDPC decoder control overhead to support flexible code rate and flexible information block size is not as trivial as that of turbo decoder and should also be considered. In the proposed LDPC code, flexibility is originated from zero-padding, puncturing and 38 different lifting factor. All shift-coefficient can be realized by a ROM or LUT and its area is very small. Based on our estimation, the storage cost of all shift-coefficient matrixes is only 1%~2% of a LDPC decoder. Other logic control area, such as FSM, is estimated as 8% of the LDPC decoder. Therefore the overall control overhead is less than 10% of a LDPC decoder. 
Table 4
	Item
	Area (percentage of a LDPC decoder)

	ROM or LUT for 38 matrices area
	Less than 2%

	Other logic control area
	Less than 8%

	Total control overhead
	Less than 10%



Observation 4: To support flexible information block size and flexible code rate, the control overhead on area is around 10% of the turbo decoder. This number is durable and reasonable.


Conclusions
The following summarizes the observations and proposals in this contribution.
Observation 1: The area of the LDPC decoder 13% to 29% of turbo decoder depending on UE category.
Observation 2: The latency of the LDPC decoder 49% of turbo decoder.
Observation 3: The power consumption of the LDPC decoder 32% to 82% of turbo decoder depending on UE category and channel condition.
Observation 4: For LDPC to support flexible information block size and flexible code rate with HARQ-IR, the control overhead on area is around 10%. This number is durable and reasonable.
Proposal 1: LDPC code is more suitable than Turbo code for NR eMBB usage.
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