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Introduction
In RAN#71, a new study item, “Study on New Radio Access Technology,” has been approved. The initial work of the study item is expected to focus on fundamental physical layer signal structure for new RAT, of which channel coding schemes is listed as an area to investigate.
The study item description (SID) has the following target:
(1) Target a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 including
· Enhanced mobile broadband
· Massive machine-type-communications
· Ultra reliable and low latency communications 
Both turbo codes and LDPC codes are leading candidates for the new RAT. Both code families have been adopted into industry standards. Characteristics and performances of the two code families are therefore well represented by the standardized code designs.
In this paper, performance comparison of the two code families is provided using the following:
· Turbo codes
(a) as defined in 3GPP LTE specification TS 36.212. 
· LDPC codes
(a) IEEE 802.11n LDPC codes;
(b) IEEE 802.11ad LDPC codes;
Discussion

In 3GPP LTE, recursive convolutional code based turbo codes have been defined since Rel-8. The information block length k ranges from 40 bits to 6144 bits with fine granularity of 8 bit step size at the low k range, and granularity of 64 bits at the high k range. The mother code rate is R=1/3, with puncturing to achieve higher code rate up to 0.93 and fine granularity in between 1/3 and 0.93. 
In contrast, LDPC codes are linear block codes defined by sparse parity-check matrices H. IEEE 802.11n LDPC codes only support 4 coding rates R = (1/2,2/3,3/4,5/6) and 3 block lengths n= (648, 1296, 1944). As a result, only 12 different information block (or code block) sizes k, ranging from k = 324 to k = 1620 bits, can be supported without zero padding. On the other hand, 802.11ad LDPC codes only support a single block length of n = 672 bits and 4 code rates R = (1/2,5/8,3/4,13/16). Therefore, only 4 information block (or code block) sizes k = (336,420,504,546) can be supported.  There is no support for code rates lower than 0.5, typically needed for cell edge users in a cellular network, in any of the existing 802.11n or 802.11ad LDPC codes.
During Rel-8 LTE standardization process, the code properties, encoder/decoder implementation, code performances of the two code families were investigated. In the end, turbo codes were selected for LTE. For NR, the same process of evaluation can be used to compare the code families. The candidate better suited for the needs is then selected for the new RAT. 
Performance Comparison

LTE Turbo Codes vs IEEE 802.11n LDPC codes
In Figure 1, the spectral efficiencies of the LTE turbo codes and the 802.11n LDPC codes are compared. It can be observed that due to the finer granularity of code rates available in LTE, the overall performance of the LTE turbo codes is better than the 802.11n LDPC codes, especially at the low code rate regime. The low code rate regime is important for normal cell edge UEs. More importantly, machine-type UEs need low code rates, since they may be deployed with channel conditions worse than the normal cell edge, for example, in a basement. For example, for Rel-13 NB-IoT UEs, pi/2-BPSK is added to the uplink to lower the spectral efficiency beyond that of (QPSK, R=1/3).
In Figure 2, with (64-QAM, R=0.75), it is illustrated that turbo code with one retransmission of incremental redundancy (IR) is better than LDPC codes with 5 transmissions (4 retransmissions) via Chase combining.  IR-based HARQ is available to LTE turbo codes, and it has great advantage over 802.11n LDPC codes which is limited to Chase combining in HARQ. Being able to efficiently support HARQ retransmission is very important for the scenario of Ultra reliable and low latency communications.

Finer granularity in LTE turbo code rate provides system-wide performance advantage, especially for the low code rate regime.
Incremental-redundancy based HARQ available to LTE turbo codes has great performance advantage, compared to 802.11n LDPC codes with Chae combining only.
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[bookmark: _Ref395015271]Figure 1. Spectral efficiency comparison of 3GPP LTE turbo codes and IEEE 802.11n LDPC codes.
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[bookmark: _Ref447299192]Figure 2. Comparison of turbo code with incremental redundancy and LDPC code with Chase combining. 64-QAM and R=0.75.

LTE Turbo Codes vs IEEE 802.11ad LDPC codes
LTE turbo codes and IEEE 802.11ad LDPC code are simulated in Section 4.2 and Section 5.2, respectively. For fair comparison, the turbo codes are parameterized with (n, k, R) as close as possible to those of IEEE 802.11ad LDPC codes.
Based on the obtained results, we observe that for both QPSK and 256-QAM, the performance of the LTE Turbo and 802.11ad codes is comparable. In terms of # iterations, turbo codes requires 4-6 iterations to converge, whereas LDPC codes require 20-40 iterations to converge.
The next four tables show the comparison in terms of required Eb/No to achieve BLER (or frame error rate) of and for LTE turbo code vs 802.11ad LDPC code. The turbo code performance is obtained with 8 iterations, and the LDPC code performance is obtained with 100 iterations.

Table 1: Required Eb/No to achieve BLER of  in the case of QPSK.
	Rate
	Required Eb/No for Turbo
	Required Eb/No for LDPC

	1/2
	1.45
	1.65

	5/8
	2.4
	2.13

	3/4
	3.1
	2.77

	13/16
	3.3
	3.25



Table 2: Required Eb/No to achieve BLER of  in the case of QPSK.
	Rate
	Required Eb/No for Turbo
	Required Eb/No for LDPC

	1/2
	2.25
	2.48

	5/8
	3.05
	2.91

	3/4
	3.6
	3.57

	13/16
	3.8
	4.29



Table 3: Required Eb/No to achieve BLER of  in the case of 256 QAM.
	Rate
	Required Eb/No for Turbo
	Required Eb/No for LDPC

	1/2
	9.5
	9.76

	5/8
	11.3
	11.42

	3/4
	13.5
	13.34

	13/16
	14.3
	14.33



Table 4: Required Eb/No to achieve BLER of  in the case of 256 QAM.
	Rate
	Required Eb/No for Turbo
	Required Eb/No for LDPC

	1/2
	10.6
	10.8

	5/8
	12.4
	12.6

	3/4
	14.9
	14.46

	13/16
	15.6
	15.7




With the same set of (code rate, info block length), 3GPP LTE turbo code and 802.11ad LDPC codes achieve comparable performance.
With the same set of (code rate, info block length), 3GPP LTE turbo code requires much fewer iterations compared to the LDPC code defined for IEEE 802.11ad.

Turbo Code Performance

Turbo code performance with the full set of modulation and code rates
In Table 5, target code rate and spectral efficiency of LTE turbo codes is listed. Correspondingly, the overall spectral efficiency achievable is shown in Figure 3.  Here 256-QAM of LTE is not included, to focus the comparison on channel coding design.
Using k=6144 bits, the (modulation order, code rate) combinations shown in Table 5 are simulated. The BLER curves for each index in Table 5 are shown in Figure 4.

[bookmark: _Ref447301211]Table 5: Target code rate and spectral efficiency of LTE turbo codes.
	Index
	Modulation Order
	Code Rate
	Spectral Efficiency

	0
	2
	0.12
	0.24

	1
	2
	0.16
	0.32

	2
	2
	0.19
	0.38

	3
	2
	0.25
	0.50

	4
	2
	0.30
	0.60

	5
	2
	0.37
	0.74

	6
	2
	0.44
	0.88

	7
	2
	0.52
	1.04

	8
	2
	0.59
	1.18

	9
	2
	0..67
	1.34

	10
	4
	0.33
	1.32

	11
	4
	0.37
	1.48

	12
	4
	0.43
	1.72

	13
	4
	0.48
	1.92

	14
	4
	0.54
	2.16

	15
	4
	0.60
	2.40

	16
	4
	0.64
	2.56

	17
	6
	0.43
	2.58

	18
	6
	0.46
	2.76

	19
	6
	0.51
	3.06

	20
	6
	0.55
	3.30

	21
	6
	0.60
	3.60

	22
	6
	0.65
	3.90

	23
	6
	0.70
	2.73

	24
	6
	0.75
	4.50

	25
	6
	0.80
	4.80

	26
	6
	0.85
	5.10

	27
	6
	0.89
	5.34

	28
	6
	0.93
	5.58
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[bookmark: _Ref447299195]Figure 3. Dense spectral efficiency of LTE turbo codes due to dense code rates.
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[bookmark: _Ref447299194][bookmark: _Ref447302170]Figure 4. 3GPP LTE turbo code performance with k=6144 bits.


Turbo code performance with (k, R) of IEEE 802.11ad LDPC codes
[image: ]
Figure 5. LTE Turbo code performance for QPSK with four code rates.
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Figure 6. LTE Turbo code performance for 256-QAM with four code rates.

LDPC Code Performance

IEEE 802.11n LDPC codes
The set of IEEE 802.11n LDPC codes are simulated. That is, n= (648, 1296, 1944), R=(1/2,2/3,3/4,5/6), with {QPSK, 16-QAM, 64QAM}. The overall spectral efficiency achievable is shown in Figure 7.  
The LDPC code BLER curves are shown in Figure 8. From left to right, the first 4 curves are for QPSK, the middle 4 curves are for 16-QAM, the right-most 3 curves are for 64-QAM. Note that there are only 11 curves in the above figure since the performance of 802.11n LDPC with 64 QAM and coding rate 1/2 is worse than that with 16QAM and coding rate 5/6, and thus the worse curve is omitted.
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[bookmark: _Ref447302577]Figure 7. Sparse spectral efficiency of 802.11n LDPC codes due to dense code rates.
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[bookmark: _Ref447302573]Figure 8. IEEE 802.11n LDPC code performance.

IEEE 802.11ad LDPC codes
The set of IEEE 802.11ad LDPC codes are simulated. As discussed, the design has one n = 672 bits and 4 code rates R = (1/2,5/8,3/4,13/16).
For QPSK, the performance is shown in Figure 9. For 256-QAM, the performance is shown in Figure 10. For easy look-up of the simulation results, the performance curves are also represented in table format in Table 6 to Table 9.
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[bookmark: _Ref447302579]Figure 9. IEEE 802.11ad LDPC code performance with QPSK.
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[bookmark: _Ref447302581]Figure 10. IEEE 802.11ad LDPC code performance with 256-QAM.

[bookmark: _Ref447312277]Table 6: Eb/N0 at FER = 10-1 for QPSK modulation 802.11ad LDPC code
	rate
	10 iterations
	20 iterations
	30 iterations
	40 iterations
	50 iterations
	100 iterations

	0.5
	2.4032    
	1.9128    
	1.7964    
	1.7450    
	1.7088    
	1.6524

	0.625
	2.6429    
	2.3068    
	2.2192    
	2.1857    
	2.1730    
	2.1366

	0.75
	3.1371    
	2.9472    
	2.8783    
	2.8444    
	2.8268    
	2.7967

	0.8125
	3.5653    
	3.3529    
	3.2955    
	3.2876    
	3.2806    
	3.2555



Table 7: Eb/N0 at FER = 10-3 for QPSK modulation 802.11ad LDPC code
	rate
	10 iterations
	20 iterations
	30 iterations
	40 iterations
	50 iterations
	100 iterations

	0.5
	
	2.7948        
	2.6813
	2.6206    
	2.5793    
	2.4822

	0.625
	
	3.1794    
	3.0805    
	3.0293    
	2.9907    
	2.9197

	0.75
	
	3.7915    
	3.7033    
	3.6669    
	3.6392    
	3.5725

	0.8125
	4.6189    
	4.4372    
	4.3750    
	4.3562    
	4.3406    
	4.2926



Table 8: Eb/N0 at FER = 10-1for 256QAM modulation 802.11ad LDPC code
	rate
	10 iterations
	20 iterations
	30 iterations
	40 iterations
	50 iterations
	100 iterations

	0.5
	10.9869
	9.9861
	9.8777
	9.8190
	9.8004
	9.7682

	0.625
	12.3017
	11.6430
	11.4882
	11.4667
	11.4479
	11.4274

	0.75
	13.8460
	13.4601
	13.4091
	13.3854
	13.3704
	13.3462

	0.8125
	14.7564
	14.4427
	14.3980
	14.3701
	14.3537
	14.3328



[bookmark: _Ref447312323]Table 9: Eb/N0 at FER = 10-3 for 256QAM modulation 802.11ad LDPC code
	rate
	10 iterations
	20 iterations
	30 iterations
	40 iterations
	50 iterations
	100 iterations

	0.5
	12.4883
	11.3946
	11.1304
	10.9899
	10.9614
	10.9049

	0.625
	13.8325
	13.1325
	12.9421
	12.8773
	12.8048
	12.6059

	0.75
	
	14.8589
	14.6791
	14.5566
	14.4921
	14.4654



Conclusion
In this contribution, performance of existing turbo codes and LDPC codes are simulated and compared. Based on the simulation results, we have the following observations.

1. Finer granularity in LTE turbo code rate provides system-wide performance advantage, especially for the low code rate regime.
Incremental-redundancy based HARQ available to LTE turbo codes has great performance advantage, compared to 802.11n LDPC codes with Chae combining only.
With the same set of (code rate, info block length), 3GPP LTE turbo code and 802.11ad LDPC codes achieve comparable performance.
With the same set of (code rate, info block length), 3GPP LTE turbo code requires much fewer iterations compared to the LDPC code defined for IEEE 802.11ad.
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