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1. Introduction
This document provides the link-level performance of forward error correction (FEC) schemes – Turbo coding and low-density parity-check (LDPC) coding – for Cellular Internet of Things (CIoT). 
The lowest code rate that Turbo code described in 3GPP TS 36.212 [1] support by itself is 1/3. Repetition is used when lower-rate codes are required to achieve an extended coverage. Although the repetition leads to the diversity gain on fading channels, any coding gain cannot be obtained by repeated codewords. Thus, we may be able to improve the performance by designing a low-rate code without repetition.
An LDPC code is designed to support whole range of code block sizes (CBSs) and modulation/coding schemes (MCSs) with a single parity-check matrix. In this document, the link-level performance of the Turbo codes and that of the LDPC codes are compared under the GSM simulation environment.
2. FEC and Rate Matching with LDPC Codes
A protograph-based LDPC code is considered in this document. The practical parity check-matrix of the LDPC code is obtained by (copy)-and-(circular permute) procedure, so called lifting. This single parity check matrix support whole code rates from 2/3 to 1/48, which are considered in CIoT solutions.   
The rate-2/3 LDPC code is the mother code, and encoding can be implemented by a simple combination of repetition and accumulation. The encoding/decoding complexities of the rate-2/3 LDPC codes are similar to those of the Turbo code. The codes with lower-rate from rate-1/3 to rate-1/48 are generated by single parity-check extension from the mother code. Parity bits for lower code rate are simply calculated by single-parity check equations. Although the encoding is more complex than that of the repetitions, its complexity increase is negligible in terms of overall complexity in the transceiver. 
This type of parity check matrix easily supports rate matching (puncturing) and length-compatibility. Since the parity bits for lower rates than 2/3 are generated by single-parity check equations, only a certain sub-matrix in the parity check matrix is used according to the code rate. The length of the code block size can be controlled by adjusting the size of lifting and modulo-shifts. Details about encoding procedure are described in [2]-[4].
3. Link-Level Performance
3.1 Simulation Parameters 
The link-level performance of the conventional Turbo code and the LDPC code are compared over GSM Typical Urban (TU) channel model. All simulation settings are set to be the same for the Turbo code and the LDPC code. It is assumed that channel estimation is perfect and there is no timing error and frequency offset at the receiver. These assumptions make the same influence on both turbo code and LDPC code. Other major simulation parameters follow [5], and some details are given in Table 1. 
Table 1. Simulation Parameters for Link-Level Performance Evaluation
	Parameter
	Value

	Antenna Configuration
	1Tx – 2Rx (SIMO)

	Propagation Channel Model
	GSM-TU

	Doppler Spread
	1 Hz

	Timing Error
	0

	Symbol Rate
	3.75kSym/s

	Channel Bonding
	Off

	Spreading Factor
	1

	Modulation
	BPSK

	CRC
	24bits

	FEC
	Bit-interleaved LDPC code
	Turbo code with repetition

	Code Block Size (bits)
	70 Bytes, 105 Bytes, 220 Bytes

	Code Rate
	2/3, 1/3, 1/6, 1/9, 1/12, 1/24, 1/48


Although only BPSK modulation is considered in these simulations, GMSK modulation can be employed. The change in modulation schemes makes the same influence on the performance of the Turbo code and that of the LDPC code. 
  We consider three code block sizes: 70 bytes, 105 bytes, and 220 bytes. The code block size 70 bytes and 220 bytes are considered in [6] as the length of PUSCH short data and PUSCH long data, respectively. In addition, 105 bytes (85+15+5) are selected as the length of uplink report in [7] for maximum coupling loss (MCL) calculations. 
3.2 Simulation Results: Required SINR 
Fig. 1, 2, and 3 show the BLER curves of the Turbo code and the LDPC code with code block sizes 70 bytes, 105 bytes, and 220 bytes, respectively. These code block sizes are determined as assumptions of the length of uplink report. 
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Fig 1. BLERs of Turbo code and rate-compatible LDPC code with code block size 70-bytes
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Fig 2. BLERs of Turbo code and rate-compatible LDPC code with code block size 105-bytes
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Fig 3. BLERs of Turbo code and rate-compatible LDPC code with code block size 220-bytes

For all code block sizes and code rates, LDPC codes perform better than Turbo codes. Even for rate-1/3 where the Turbo codes are known to be optimized, the LDPC codes perform as well as Turbo codes. For lower code rates, the BLER performance of the LDPC codes is better than that of the Turbo codes with repetition. The lower the code rates are, the bigger the performance gap becomes.
Required SNRs to achieve BLER=10-1 are summarized in Table 2. Especially for code rate 1/24 and 1/48, it is possible to achieve SNR gain by over 1dB by employing the LDPC code instead of the turbo code with repetition. 

Table 2. Summary on required SNR (dB) of Turbo code and LDPC code to achieve BLER 10-1 (SNR@BLER=10-1)
	Rate
	CBS 70-Bytes (560 bits)
	CBS 105-Bytes (840 bits)
	CBS 105-Bytes (1760 bits)

	
	Turbo
	LDPC
	Gain
	Turbo
	LDPC
	Gain
	Turbo
	LDPC
	Gain

	2/3
	2.3
	2.3
	0
	2.09
	2.05
	0.04
	1.33
	1.40
	-0.07

	1/3
	-3.36
	-3.48
	0.12
	-3.65
	-3.78
	0.13
	-4.35
	-4.30
	-0.05

	1/6
	-7.29
	-7.67
	0.38
	-7.63
	-8.08
	0.45
	-8.42
	-9.03
	0.61

	1/9
	-9.42
	-10.14
	0.72
	-9.87
	-10.62
	0.75
	-10.95
	-11.68
	0.73

	1/12
	-10.91
	-11.72
	0.81
	-11.56
	-12.36
	0.8
	-12.57
	-13.53
	0.96

	1/24
	-14.88
	-15.83
	0.95
	-15.63
	-16.59
	0.96
	-15.92
	-16.89
	0.97

	1/48
	-18.85
	-19.9
	1.05
	-18.96
	-19.97
	1.01
	-19.12
	-20.26
	1.14


These results show that less energy is required for LDPC codes to achieve the same BLER performance. The energy consumption is one of the most important issues for CIoT solutions, and this received SNR gain obtained by change in a single FEC component is considerable. The CIoT devices may turn the transmit power down or encode their message with higher-rate codes to achieve the same level of coverage. Some additional evaluation results in terms of latency and energy consumption are given in [8]. 

4. Conclusions

In this document, the link-level performance of the Turbo code and that of the LDPC code are compared. It was shown that the well-designed LDPC code is a powerful option of FEC scheme to support low-rate transmission for CIoT solutions than the conventional Turbo code with repetition. The key conclusions are as follows:
· The LDPC code performs better than the Turbo code with repetition especially for low-rate region (1/6~1/48). Compared to the Turbo code, the required signal power can be decreased by 0.4dB~1.1dB to achieve the same BLER 10-1.
· For the same level of coverage in CIoT services, transmit energy consumption may be reduced by employing LDPC code instead of Turbo code. The power amplifier (PA) cost can also be reduced.  
· When the transmit power is fixed for the same level of coverage, PHY data rate can be improved due to coding gain of LDPC codes. This leads to the improvement on latency and energy consumption [8]. 

· When the data rate and transmit power are fixed, the coverage is improved due to better error correction capability.
Proposal: It is proposed to use the LDPC code as an FEC in the candidate CIoT solutions.
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