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Introduction
In the RAN1#85 meeting, it was agreed that the implementation complexity of candidate channel codes for NR should be further studied [1]. Therefore, companies are encouraged to bring evaluations of the complexity of channel coding/HARQ schemes including at least 
1) Energy efficiency: energy per decoded information bit (nJ/bit) and
2) Area efficiency: information bit throughput per area unit (Gbps/mm2) 
For fair comparison, FEC complexity supporting the full range of information block lengths and code rates with reasonable (details FFS) granularity should be compared instead of single information block size with some code rate. Companies should provide details of the range of information block lengths and code rates for which their complexity evaluations are conducted.
In this contribution, we discuss energy and area efficiencies of LTE turbo code [2] and a QC LDPC code among the candidate channel coding schemes. For fair comparison, we compare LTE turbo code with a QC LDPC code supporting the same granularities for information block lengths and code rates as LTE turbo code. The proposed flexible QC LDPC code can support variable information block sizes from a few tens to a few thousands by the lifting and shortening techniques in [4]. Furthermore, it can also support variable code rates from 1/3 to 8/9 by puncturing of bits, as described in [5]. The parity-check matrix and the performance of the QC LDPC code are presented in [3-5]. 
Existing Results in Literature
In the case of turbo codes, since we use the same decoder regardless of how many bits haven been punctured, the decoder throughput is constant. However, the throughput of LDPC decoder can be changed according to code rates since the smaller parity-check matrix (PCM) is used for decoding LDPC code with the higher code rate. Furthermore, it induces varying energy and area efficiencies according to the code rates since energy and area efficiencies are commonly determined as the power consumption per unit throughput and the supportable throughput per unit core area, respectively. Therefore, to compare those efficiencies among FECs including LDPC code, we should independently study the implementation aspects of the FECs according to code rate. 
We conduct a survey on the energy and area efficiencies of LTE turbo and LDPC codes based on the papers related to the decoder implementation only with 65nm technologies since LTE turbo and LDPC decoders with 65nm technologies have been extensively researched and we want to exclude a scaling effect from the other nm-technologies to 65nm technologies. We believe that it suffices to analyse the trend of own implementation aspect for each FEC scheme. 
In this section, we focus on the results for half code rate and high code rate (> 0.8) since most of the papers deal with LDPC codes standardized in IEEE 802.16e/802.11ad/802.15.3c whose code rates are in range of from 1/2 to 7/8. Some results for code rates less than 1/2 will be provided in Section 3. We conduct the study for various code rates based on the above survey and a scaling technique with some assumptions defined in Section 3. 
In Table 1, we present the values of throughput, core area and power consumption for LTE turbo decoder, extracted from the references [6-12]. In Tables 2 and 3, we present those for LDPC decoder. In the case of LDPC decoders, since most of the references [13], [15-19] use coded throughput instead of information bit throughput except [14], we re-calculated the information bit throughputs from the coded throughput presented in [13], [15-19]. Based on the information bit throughputs, we can get energy and area efficiencies for LDPC decoder. The values in Tables 2 and 3 present energy and area efficiencies for half code rate and high code rates (> 0.8), respectively.
The values for power consumption in [13-16] are given for only a specific code rate. However, we can assume roughly that the power consumption is not varying with respect to code rates since the numbers of 1’s in PCMs are almost same, regardless of the code rates. Here, the assumption is that if the number of 1’s in the PCMs are almost same, the power consumption for each LDPC decoder is also almost same since its computational complexity per coded bit may be same. In fact, the PCMs of LDPC codes in each standard (i.e., IEEE 802.16e/802.11ad /802.15.3c) have a similar weight. 
Note that LDPC decoders in [13-16] are implemented for supporting variable code rates from half code rate to high code rates (> 0.8), however, LDPC decoder in [17] is implemented for supporting only half code rate and those in [18], [19] are implemented for supporting only code rate 0.833.
Table 1 LTE Turbo Codes
	LTE Turbo Codes
	[6]
	[7]
	[8]
	[9]
	[10]
	[11]
	[12]

	Core Area (mm2)
	2.10
	0.66
	8.3
	6.7
	1.392
	2.49
	109

	Power Consumption (mW)
	300
	90.9
	845
	296.2
	635
	966
	9618

	Throughput (Gbps)
	0.153
	0.108
	1.28
	0.075
	0.692
	1.013
	15.8

	Area efficiency (Gbps/mm2)
	0.073
	0.164
	0.154
	0.011
	0.497
	0.407
	0.145

	Energy efficiency (nJ/bit)
	1.961
	0.842
	0.660
	3.949
	0.918
	0.954
	0.609



Table 2 LDPC Codes of Half Code Rate
	LDPC Codes
	[13]
	[14]
	[15]
	[16]
	[17]4)

	Code Rate
	0.5
	0.5
	0.5
	0.5
	0.5

	Core Area (mm2)
	1.3
	1.56
	1.1
	0.575
	1.60

	Power Consumption (mW)
	841)
	3612)
	2103)
	272.93)
	782.9

	Throughput (Gbps)
	1.54
	3.31
	3.0
	4.625
	4.5

	Area efficiency (Gbps/mm2)
	1.185
	2.12
	2.727
	8.043
	2.813

	Energy efficiency (nJ/bit)
	0.055
	0.109
	0.070
	0.059
	0.174



Table 3 LDPC Codes of High Code Rate
	LDPC Codes
	[13]
	[14]
	[15]
	[16]
	[18]5)
	[19]5)

	Code Rate
	0.813
	0.875
	0.813
	0.813
	0.833
	0.833

	Core Area (mm2)
	1.3
	1.56
	1.1
	0.575
	1.54
	1.54

	Power Consumption (mW)
	841)
	3612)
	2103)
	272.93)
	576.8
	286.4

	Throughput (Gbps)
	2.503
	5.79
	4.875
	7.516
	6.568
	7.472

	Area efficiency (Gbps/mm2)
	1.925
	3.707
	4.432
	13.071
	4.265
	4.852

	Energy efficiency (nJ/bit)
	0.034
	0.062
	0.043
	0.036
	0.088
	0.038



1): measured for worst-case matrix,	2): measured for high-rate matrix	,	3): measured for half-rate matrix,
4): implemented for half-rate only, 	5): implemented for only code rate 0.833

The energy and area efficiencies for LTE turbo and LDPC codes in Tables 1, 2 and 3 are also shown in Figures 1 and 2. We can see that LDPC decoders have much better energy and area efficiencies than those of Turbo decoders. Especially, the higher code rate is, the better efficiencies are. However, LDPC codes in IEEE 802.16e/802.11ad /802.15.3c are suitable for several specific information lengths and code rates, i.e., those are much less flexible than LTE turbo code. Therefore, for fair comparison, we need to study on the implementation of a flexible LDPC code, comparable to LTE turbo code. 
[image: ]
Figure 1: Energy and Area Efficiencies of Turbo and LDPC Decoders at Half Code Rate

[image: ]
Figure 2: Energy and Area Efficiencies of Turbo and LDPC Decoders at High Code Rates

Observation 1: According to existing results in literature, LDPC decoders have much better energy and area efficiencies than those of Turbo decoders (up to 25 times). However, the researches in literature are based on IEEE 802.16e/802.11ad /802.15.3c LDPC codes which are much less flexible than LTE turbo code in terms of information block sizes and code rates. For fair comparison, we need to study on the implementation of a flexible LDPC code, comparable to LTE turbo code. 
 
Scaling to the Proposed Flexible LDPC codes 
Since most of LDPC codes in literature, i.e., IEEE 802.16e/802.11ad/802.15.3c LDPC codes, are much less flexible than LTE turbo code, they have explicit advantages of simple implementation. Therefore, we need to study on the implementation of a flexible LDPC code for fair comparison. 
Samsung proposed a flexible quasi-cyclic (QC) LDPC code obtained by concatenating a small QC LDPC code with high rate and many single parity-check codes [3-5]. The proposed QC LDPC code can support enough length and rate compatibilities comparable to LTE turbo code and it supports more stable performance than that of LTE turbo code, according to the change of information block sizes and code rate. Furthermore, the proposed QC LDPC code is suitable for supporting HARQ with IR since it can create additional parity bits as much as needed.
To estimate hardware complexity of the proposed QC LDPC code, we apply a scaling technique to the values of throughput, energy and area in [16]. We also apply a scaling technique to the throughput of LTE turbo code in [10]. Note that the results of [10] and [16] show the best hardware efficiencies among known results of LTE turbo and codes, respectively, as presented in Figures 1 and 2. 
1 
2 
3 
3. Scaling of Throughput 
It is well-known [13], [17] that the throughput  of LDPC code can be presented by the following proportional expression:

· : Number of information bits	
· : Iteration number
· : Number of Layers for layered decoding

For fair comparison with LTE turbo code, we select  as the maximum value of . Of course, the LDPC decoder can support arbitrary  less than 6144 with small complexity overhead, based on the lifting and shortening in [3-5]. Then, the throughput of the proposed QC LDPC code will be increased 18 (≈ 6144/336) times more than the result in [16] since the throughput  increases proportionally to the number of information bits for given  and .(We will show in Section 3.3 that the cost for increasing throughput is reduction of area efficiency.) 
Since the number of iterations affects the decoding performance, we should carefully select a proper number for fair comparison. In this contribution, we choose 12 and 6 as the numbers of iteration for LDPC and LTE turbo codes, respectively. As depicted in Figure 3, these numbers are chosen for comparable decoding performance. 
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Figure 3: Performance of LDPC (Iter. = 12) and LTE Turbo Codes (Iter. = 6) (K=6144, QPSK)
The results for throughputs in [10] and [16] are obtained by 5.5 iterations for LTE turbo decoding and 7 iterations for LDPC decoding. Therefore, the throughput of LTE turbo code is reduced to 90% (≈ 5.5/6) and that of the proposed LDPC code is reduced to 60% (≈ 7/12).
The parity-check matrices of IEEE 802.11ad LDPC codes in [16] consist of at most 4 layers regardless of code rates. However, the flexible QC LDPC code proposed in [3-5] has different number of layers according to code rates since the parity-check matrix for higher code rate becomes smaller. In the parity-check matrix in [3-5], for example, there are 6, 12, 16 layers for code rates 8/9, 1/2 and 1/3, respectively. Since the increase of layers induces a reduction of throughput, the throughputs can be reduced to 67% (≈ 4/6), 33% (≈ 4/12) and 25% (≈ 4/16), as compared with 4-layer 802.11ad LDPC code. 
3. Scaling of Energy 
In general, the energy required for decoding a coded block of LDPC codes increases proportionally to computational complexity. Furthermore, the computational complexity of LDPC codes per iteration is proportional to the number of nonzero elements of the parity-check matrix participating decoding process. Since the number of nonzero elements of the PCM in [16] is 2184 and those of the PCMs for the proposed QC LDPC code are 21696, 67200 and 84480, respectively, the energy required for decoding a coded block is increased by 9.9 (≈ 21696/2184), 30.8 (≈ 67200/2184) and 38.7 (≈ 84480/2184) times for code rates 8/9, 1/2 and 1/3, respectively, as compared with 802.11ad LDPC codes. Then, the energy required for decoding one information bit, i.e. the normalized energy based on information block size 6144 and iteration number 12, is reduced to 93%  for code rate 8/9. On the other hand, those for code rates 1/2 and 1/3 are increased by 2.9  and 3.6  times, respectively.
3. Scaling of Area 
In the high-level implementation architecture, LDPC decoder consists of 4 main H/W components: 1) VN units (VNUs) and 2) CN units (CNUs) to compute the update equations, 3) an interconnect network representing the nonzero elements of the PCM and 4) storage devices for the channel LLR values and messages. Comparing the flexible LDPC structure to 802.11ad structure, the required area of each decoder component will be increased as follows:
1) VNUs: 7296 (= 38∙192) VNUs are required for the flexible LDPC code comparing to 672 VNUs for 802.11ad codes since the required number of VNUs is the same with the number of columns with degree ≥2 in PCM. (10.9 times)
2) CNUs: 192 CNUs are required for the flexible LDPC code comparing to 42 CNUs for 802.11ad codes since the required number of CNUs is the same with the number of merged rows for each effective layer [20]. It is commonly the same with that of rows in a row block of the PCM. (4.6 times)
3) Interconnect Network: There are 84480 nonzero elements in the PCM for the flexible LDPC code comparing to 2184 nonzero elements of the PCM for 802.11ad LDPC codes. (38.7 times)
4) Storage Devices
a. 802.11ad LDPC codes require memory for storing 672 channel LLRs. However, The flexible LDPC code requires memory for storing 18816 (= 98∙192) channel LLRs. (28 times)
b. 802.11ad LDPC codes require memory for storing decoding message corresponding to 2184 nonzero elements in the PCM. However, the flexible LDPC code requires memory for storing decoding message corresponding to 84480 nonzero elements in the PCM. (38.7 times)

For our convenience, we assume that the flexible LDPC code (with mother code rate 1/3) has 38.7 times larger area than 802.11ad LDPC codes. Note that the case for 38.7 times larger area is the worst case for the flexible LDPC code.


3. Summary 
Based on analyses in Sections 3.1, 3.2 and 3.3, summarized results are present in Table 4. As we can see that the area and energy efficiencies of the flexible LDPC code has 1.2 ~ 3.2 times and 4.7 ~ 18.2 times better than those of LTE turbo code. In the case of high code rates, the efficiencies of the flexible LDPC codes are much better than those of LTE turbo code. 
The analysis on core area is based on the flexible LDPC code with the lowest code rate 1/3. Therefore, the core area is constant in Table 4, regardless of code rates. On the other hand, the power consumption becomes better as the code rate increases since the power consumption is proportion to the number of nonzero elements of the PCM. Note that the flexible QC LDPC code is constructed by concatenating a small QC LDPC and many single parity-check codes. Furthermore, the high rate LDPC code can be obtained by puncturing of single parity-check bits and can be decoded using a part of the PCM without the submatrix corresponding to the single parity-check bits. Therefore, the higher rate LDPC code is, the smaller parity-check matrix is used for decoding. 

Table 4 Scaling Results for LDPC and Turbo Codes
	
	LDPC Codes
	Turbo Codes

	
	[16]
	Scaled flexible LDPC
	[10]
	Scaled Turbo

	Code Rate
	0.5
	0.333
	0.5
	0.889
	all
	all

	Core Area (mm2)
	0.575
	22.24
	22.24
	22.24
	1.392
	1.392

	Information length
	336
	6144
	6144
	6144
	6144
	6144

	Max Iteration
	7
	12
	12
	12
	5.5
	6

	Number of Layers
	4
	16
	12
	6
	-
	-

	Num. ones in H matrix
	2184
	84480
	67200
	21696
	-
	-

	Throughput (Gbps)
	4.625
	12.33
	16.44
	32.89
	0.692
	0.634

	Power Consumption (mW)
	272.9
	2639
	2799
	1807
	635
	635

	Area efficiency (Gbps/mm2)
	8.043
	0.555
	0.739
	1.479
	0.497
	0.456

	Energy efficiency (nJ/bit)
	0.059
	0.214
	0.170
	0.055
	0.918
	1.001



Observation 2: The flexible LDPC code, which supports length and rate compatibilities comparable to LTE turbo code, can be implemented with at least 5 times better energy efficiency than LTE turbo code. The higher code rate is, the much better energy efficiency can be obtained. 
Observation 3: The flexible LDPC code is constructed by concatenating a small QC LDPC with high rate and many single parity-check codes. Furthermore, a high rate LDPC code can be obtained by puncturing of single parity-check bits and can be decoded using a part of the parity-check matrix without the submatrix corresponding to the single parity-check bits. Therefore, the higher rate LDPC code is, the smaller parity-check matrix is used for decoding.
Observation 4: The flexible LDPC code can be implemented with slightly better area efficiency than LTE turbo code (1.2 ~ 3.2 times). 

Proposal 1: The QC LDPC codes constructed by concatenating a small QC LDPC code and single parity-check codes are recommended for implementing efficiently and supporting length and rate compatibilities. 
Observations and Proposals 
In this contribution, we present the following observations and proposal for efficient implementable QC LDPC codes. 

Observation 1: According to existing results in literature, LDPC decoders have much better energy and area efficiencies than those of Turbo decoders (up to 25 times). However, the researches in literature are based on IEEE 802.16e/802.11ad /802.15.3c LDPC codes which are much less flexible than LTE turbo code in terms of information block sizes and code rates. For fair comparison, we need to study on the implementation of a flexible LDPC code, comparable to LTE turbo code. 
Observation 2: The flexible LDPC code, which supports length and rate compatibilities comparable to LTE turbo code, can be implemented with at least 5 times better energy efficiency than LTE turbo code. The higher code rate is, the much better energy efficiency can be obtained. 
[bookmark: _GoBack]Observation 3: The flexible LDPC code is constructed by concatenating a small QC LDPC with high rate and many single parity-check codes. Furthermore, a high rate LDPC code can be obtained by puncturing of single parity-check bits and can be decoded using a part of the parity-check matrix without the submatrix corresponding to the single parity-check bits. Therefore, the higher rate LDPC code is, the smaller parity-check matrix is used for decoding.
Observation 4: The flexible LDPC code can be implemented with slightly better area efficiency than LTE turbo code (1.2 ~ 3.2 times). 

Proposal 1: The QC LDPC codes constructed by concatenating a small QC LDPC code and single parity-check codes are recommended for implementing efficiently and supporting length and rate compatibilities. 
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