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1. Introduction
Many decoding algorithms and scheduling techniques have been used to achieve target performance considering complexity and so on. To efficiently implement the decoder, improved techniques (e.g. modified decoding algorithm, scheduling and etc.) are used to improve throughput and/or other complexity metrics in [1-7]. 
 Algorithmic complexity analysis based on the number of operation counts has been widely used for complexity analysis. However, the algorithmic complexity is insufficient for the complexity comparison of practical decoders because it is a small part of the total complexity of practical decoders. That is, practical implementation impacts (e.g. routing congestion) should be considered. 
To clarify the feasibility of implementation for peak data rate 20Gbps in NR we compare energy efficiency and area efficiency of existing Turbo and LDPC codes based on practical implementation survey.

Implementation survey
Several implementation results of Turbo and LDPC codes are summarized in Table 3 (in Appendix). For fair comparison, the area and energy efficiencies in Table 3 should be scaled because the decoders are implemented using different technologies. Table 4 (in Appendix) shows the throughput, area, and power consumption of each decoder, which are scaled to 65nm CMOS, 1.0 supply voltage, 6 iterations for the BCJR turbo decoder, 39 iterations for the fully parallel turbo decoder and 15 iterations for layered LDPC decoders. However, the throughput, code rate, and codeword size are not scaled. Figure 1 shows the area efficiency and energy efficiency of each decoder based on Table 4. 
Figure 1 shows that the 802.11ad LDPC decoder in [1] has the best performance. The area efficiency and energy efficiency of the 802.11ad LDPC decoder are respectively 8.17 times and 16.1 times better than those of the fully parallel turbo decoder in [7]. In this case, Turbo decoder covers from 0.33 to 0.93 code rate and from 48 bits to 6144 bits of information block size, respectively. On the other hand, 802.11ad LDPC [1] covers only 4 code rates (1/2, 5/8, 3/4, 13/16) and 4 information block sizes (336, 420, 504, 546). Thus, it is noted that the turbo code has higher order of flexibility than that of 802.11ad LDPC code.
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Figure 1. Area efficiency vs. energy efficiency based on Table 4 in Appendix without scaling of throughput, code rate, and codeword size.

Observation 1: The energy efficiency and area efficiency largely depends on the various parameters (code rate, information block size, throughput, flexibility order, and so on) 
Proposal 1: To fairly compare Turbo and LDPC complexity, we should compare based on the same parameters as well as implementation conditions (e.g. CMOS technology, supply voltage, the number of iterations). 
 
Scaled results of Turbo and fully extended LDPC codes 
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Figure 2. Linear scaled area efficiency vs. energy efficiency based on Table 5 in Appendix.
[bookmark: _GoBack]Figure 2 shows linearly scaled area efficiency and energy efficiency based on Table 5, which are calculated by scaling the values in Table 4 by code rate, information block size and 20Gbps. We assume 18432 codeword length, 1/3 code rate and 20Gbps. These LDPC codes are considered to be fully extended LDPC code. Linear scaling method is presented in detail in Appendix.
According to figure 2, turbo code outperforms in terms of the area and energy efficiency. By comparing figure 1 and figure 2, it can be seen that the best performance decoder is changed from the 802.11ad LDPC decoder to Turbo decoders after the codeword size, code rate, and the target throughput are set as the same values. 
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Figure 3. Non-linear scaled area efficiency vs. energy efficiency based on Table 6 in Appendix.

On the other hand, figure 3 shows the area and energy efficiencies when the area and power are scaled as  where n denotes the codeword size. The scaling exponent of 1.5 is obtained from the asymptotic lower bound of row-parallel decoders given in [9]. The scaling exponent is larger than 1 because of the routing congestion of wires connecting nodes (i.e., memories and parallel processors). The non-linear scaling method is presented in Appendix and the scaled area and energy efficiencies are given in Table 6. From figure 2 and figure 3, it can be seen that the performance gap between the best turbo decoder and the best LDPC decoder are increased by adopting the non-linear scaling method.
Observation 2: When LDPC codes are extended to give flexibility for the same parameter, Turbo codes outperform LDPC code in terms of area efficiency and energy efficiency. 
Observation 3: Non-linear scaled results present larger gap between Turbo and LDPC codes.

Scaling results of Turbo and partially extended LDPC codes 
In this section, we compare the decoding complexity of the LTE Turbo and LDPC codes under some different parameter, e.g. 1/3 code rate Turbo code and 1/2 code rate LDPC code, and target throughput 20Gbps. These LDPC codes are considered to be partially extended LDPC code. We consider LDPC codes in 802.11ad [1] and DVB-S2 [5]. 
In Table 1, we present scaled results of 802.11ad[1] LDPC in Table 4 only scaling by 20Gbps. 
 
Table 1. Scaled area and energy efficiencies of 802.11ad LDPC decoders [1] according to throughput (CMOS=65nm, Voltage=1 V)
	Information size
	Code rate
	Throughput [Gbps]
	Area efficiency [Gbps/mm2]
	Energy efficiency [pJ/bit]

	336
	1/2
	1.54
	1.185
	32.275

	336
	1/2
	20
	0.0912
	419.15



In Table 2, we present scaled results of DVB-S2 LDPC[5] with 58320 information block size scaling by 20Gbps and 6144 information block size. In [5], the LDPC decoder that supports 64800 and 16200 codeword sizes have the same power consumption and area. According the scaling method in Appendix, the decoder that supports 64800 block size and 9/10 code rate has 381.8 energy efficiency by linear scaling which are 73% of Turbo code.

Table 2. Scaled area and energy efficiencies of DVB-S2 [5] according to throughput and information size (CMOS=65nm, Voltage=1 V)
	Information size
	Code rate
	Throughput [Gbps]
	Area efficiency [Gbps/mm2]
	Energy efficiency [pJ/bit]

	58320
	9/10
	0.0378
	0.0117
	1342.2

	6144
	9/10
	20
	0.041
	381.8
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Figure 4. Additional results of partially extended LDPC codes with linear scaling.

It is noteworthy that the partially extended LDPC decoder can do better than the Turbo decoder in certain situations, for example in the case of DVB-S2 (58320 information size), LDPC decoder more efficient than 3GPP Turbo decoder in terms of energy efficiency when using large bandwidth (=large block size and high coding rate). 
Observation 4: If LDPC codes support for a certain range of code rates and codeword size and not for all range, LDPC decoders could outperform turbo decoder. 

Conclusion
In this contribution, we fairly compared the implemented Turbo and LDPC decoders in some literatures. Our observations and Proposals are as follows:
Observation 1: The energy efficiency and area efficiency largely depends on the various parameters (code rate, information block size, throughput, flexibility order, and so on)
Observation 2: When LDPC codes are extended to give flexibility for the same parameter, Turbo codes outperform LDPC code in terms of area efficiency and energy efficiency. 
Observation 3: Non-linear scaled results present larger gap between Turbo and LDPC codes.
Observation 4: If LDPC codes support for a certain range of code rates and codeword size and not for all range, LDPC decoders could outperform turbo decoder. 
Proposal 1: To fairly compare Turbo and LDPC complexity, we should compare based on the same parameters as well as implementation conditions (e.g. CMOS technology, supply voltage, the number of iterations). 
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Appendix
Table 3 shows the parameters and performance of various LDPC and turbo decoders. In Table 3, all LDPC decoders are flexible layered decoders, which can support various code rates and codeword lengths. Fully parallel LDPC decoders are excluded because they are not flexible. The values in Table 3 are presented result of hardware implementation for the worst case. 

Table 3. Decoder implementation results of various standards
	Channel code
	LDPC
	LTE Turbo code

	
	802.11ad [1]
	802.15.3c [2]
	802.11n [3]
	802.11n [3]
	10GBASE-T [4]
	DVB-S2 [5]
	DVB-S2 [5]
	TC
[6]
	TC
[7]

	Info block size [bit]
	336
	588
	1620
	972
	1720
	14400
	6480
	6144
	6144

	Code rate
	1/2
	7/8
	5/6
	1/2
	0.84
	8/9
	2/5
	1/3
	1/3

	CMOS Tech.[nm]
	65
	65
	45
	65
	90
	45
	65

	Supply voltage [V]
	1.3
	1
	N/A
	1.2
	1.1
	0.81
	1.08

	Clock freq. [MHz]
	150
	197
	815
	700
	100
	600
	100

	Throughput [Gbps]
	1.54 (3.08*)
	5.07 (5.79*)
	3
	1.1
	12.5
(14.9*, ***)
	0.08
(0.09*)
	0.036
(0.09*)
	1.67
	15.8

	Power [mW]
	84
	361
	N/A
	2800
	85
	870
	9618

	Area [mm2]
	1.3
	1.56
	0.81
	0.81
	5.35
	6.2
	2.43
	109

	Energy efficiency [pJ/bit]
	54.6 (27.3*)
	71.2 (62.3*)
	N/A
	N/A
	69.9 (58.7*)
	1063
	2361
	521.0
	608.7

	Area efficiency  [Gbps/mm2]
	1.18
	3.25
	3.7
	1.36
	2.34
	0.013
	0.006
	0.687
	0.145

	Iteration
	15
	5
	15
	8
	7
	5.5
	6

	Message bit-width [bit]
	5
	6
	6 (CN VN),     
7 (VNCN)
	4
	5**
	9
	6

	Scheduling
	Layered
	Partially Layered
	Layered
	
	Fully parallel


· * Throughput or energy efficiency based on coded throughput (ThroughputCW). For fair comparison with turbo codes, information based throughput and energy efficiency, Throughputinfo and Powerinfo are respectively obtained as Throughputinfo = ThroughputCWⅹcode_rate, Powerinfo = PowerCWⅹcode_rate.
· ** The paper does not state message bit width employed, but this parameter can be inferred as a function of other parameters and characteristics.
· *** Throughput was computed based on the maximum number of iteration.

For a fair comparison between various LDPC and turbo decoders, Table 4 is obtained by technology scaling. The throughput, area, power are scaled to 65nm CMOS, 1.0 supply voltage, 6 iterations for the BCJR turbo decoder, 39 iterations for the fully parallel turbo decoder in [7] and 15 iterations for layered LDPC decoders. The scaled throughput, area, and power are obtained as follows [8][13].
· 
· 
· 
Here,  is respectively set as  for the BCJR decoder, the fully parallel turbo decoder, and layered LDPC decoders to achieve similar BLER performance. 

Table 4. Scaled energy and area efficiency (CMOS=65nm, Voltage=1V)
	Channel code
	LDPC
	LTE Turbo

	
	802.11ad [1]
	802.15.3c [2]
	802.11n [3]
	802.11n [3]
	10GBASE-T [4]
	DVB-S2 [5]
	DVB-S2 [5]
	TC
[6]
	TC
[7]

	Throughput [Gbps]*
	1.54
	1.69
	3
	1.1
	6.67
	0.037
	0.0168
	1.5308
	15.8

	Power [mW]
	49.70
	361
	N/A
	1944
	50.73
	50.73
	1915.36
	8245.88

	Area [mm2]
	1.3
	1.56
	1.69
	5.35
	3.23
	5.07
	109

	Energy efficiency [pJ/bit]
	32.28
	213.61
	N/A
	291.67
	1358.96
	3019.92
	1251.18
	521.89

	Area efficiency  [Gbps/mm2]
	1.1846
	1.0833
	1.7751
	0.6509
	1.2461
	0.0115
	0.0052
	0.3019
	0.1450



Table 5 shows the energy and area efficiency for achieving 20Gbps. For a fair comparison with the LTE turbo code, LDPC codes are re-scaled as 18432 length codeword and 1/3 code rate. The re-scaled area and energy efficiencies,  and ,, are obtained from the area and power efficiencies in Table 4,  and , as follows.
· 
· 
Here,  denotes the area and power scaling due to the increase of codeword size and  denotes the throughput reduction due to the decrease of the code rate for a given codeword size. Note that, the energy efficiency is obtained under the assumption that it is proportional to the area efficiency [9]-[12].

Table 5. Re-scaled energy and area efficiency (throughput=20Gbps, codeword size=18342, code rate=1/3) with linear scaling
	Channel code
	LDPC
	LTE Turbo

	
	802.11ad [1]
	802.15.3c [2]
	802.11n [3]
	802.11n [3]
	10GBASE-T [4]
	DVB-S2 [5]
	DVB-S2 [5]
	TC
[6]
	TC
[7]

	Energy efficiency [pJ/bit]
	1328
	15380
	N/A
	6616
	4123
	4123
	1251
	522

	Area efficiency  [Gbps/mm2]
	0.0288
	0.0150
	0.0749
	0.0458
	0.0549
	0.0038
	0.0038
	0.3019
	0.14450



Table 6 shows the energy and area efficiency for achieving 20Gbps under the assumption that the area and energy are scaled at least as . The assumption is adopted from the asymptotic analysis in [9]. In [9], it was shown that the processing area and energy of row-parallel decoders are scaled at least as  as n increases for capacity-approaching LDPC codes. The scaling rules for the area and energy of decoder circuits are also investigated in [10][11][12]. In [10], it was shown that the area and energy scaling of fully parallel LDPC decoders are lower bounded by  and those of sequential LDPC decoders are scaled at least as  for multiple layer VLSI circuits. In Table 6, the re-scaled area and power are obtained as follows.
· 
· 
Here,  denotes the area or power scaling due to the increase of parallel processor to achieve 20Gbps and   denotes the area or power scaling induced by the codeword size increase, which are respectively given as


Also,  denotes the ratio of the area increase by parallel processing to the total area and  denotes the exponent of the area increase because of the routing congestion. The coefficients  and  respectively have values between 0 and 1 and  has values between 1 and 2. Table 6 is obtained under the assumption that  and , which means that  decoders are used to achieve 20Gbps.

Table 6. Re-scaled energy and area efficiency when the area scales at least as  (throughput=20Gbps, codeword size=18342, code rate=1/3) with non-linear scaling
	Channel code
	LDPC
	Turbo

	
	802.11ad [3]
	802.15.3c [4]
	802.11n [11]
	802.11n [11]
	10GBASE-T [6]
	DVB-S2 [8]
	DVB-S2 [8]
	TC
[5]
	TC
[2]

	Power [mW]
	69545
	805480
	N/A
	N/A
	198505
	31764
	31764
	18073
	5219

	Area [mm2]
	1818
	3480
	411
	672
	546
	2803
	2803
	33
	68

	Energy efficiency [pJ/bit]
	3477
	40273
	N/A
	N/A
	9925
	2199
	2199
	903
	260

	Area efficiency  [Gbps/mm2]
	0.0110
	0.0057
	0.0486
	0.0297
	0.0366
	0.0071
	0.0071
	0.6039
	0.2899
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