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1. Introduction
This document suggests the enhancement of the 3GPP turbo coding described in 3GPP TS 36.212 [1] for the uplink in NB-IOT. In general, repetition-based low-rate channel coding is employed for achieving an extended coverage, but long transmission with large transmit power must consume significant battery power of IoT devices. Therefore, performance improvement of low-rate channel coding can help to lengthen the battery life of IoT devices.  
The lowest code rate that turbo code described in [1] support by itself is 1/3. Therefore, a rate-1/3 turbo codeword should be transmitted repeatedly in order to support code rates lower than 1/3. Although the repetition leads to the diversity gain on fading channels, any coding gain cannot be obtained by repeated codewords. 

Thus, the performance of uplink channel coding can be improved by getting an additional coding gain at below rate-1/3. Additional parity bits generated from the rate-1/3 turbo codeword are transmitted instead of rate-1/3 codeword itself so that the additional coding gain can be achieved when the target code rate is lower than 1/3. We suggest encoding/decoding procedures of the 3GPP turbo coding to be slightly modified in order to generate additional parity bits and decode them. Modifications have been marked as dashed lines in the following figures.

In this document, details of the modifications in the encoding/decoding procedures are described and the performance gains obtained by the modifications are evaluated under the GSM simulation environment. Some details about the encoding/decoding procedure of 3GPP turbo coding are omitted. 
2. Discussions
2.1 Modification to the Encoding Procedure
Instead of repetitions, additional parity bits generated from the rate-1/3 turbo codeword are transmitted when the target code rate is lower than 1/3. Fig. 1 shows a simple modification to the encoding procedure of the 3GPP turbo coding for generating additional parity bits by using the single-parity check (SPC) codes. In this modification, there is no change in the 3GPP turbo encoder, and the simple SPC encoder is just added to the conventional encoder. Thus, the burden of the modification is very limited. The number of additional parity bits M is determined as follows:           
[image: image1.png]M= |K x (1/R —3)]




where K is the number of information bits and R is the target code rate (<1/3).

Additional parity bits are successively generated by XORing only 2 or 3 bits belonging to the rate-1/3 turbo codeword until M additional parity bits are obtained. The positions of the bits to be XOR-ed are determined according to the pre-determined pattern so that the suggested encoder can generate any number of parity bits without repetition.
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Fig. 1. Modification to the encoder procedure  
In order to efficiently support the encoding of an arbitrary number of information bits, a pre-determined pattern is represented with the number of information bits K. One such an example can be described that the i-th additional parity is obtained by XORing the 3 bits at the following three positions in the turbo codeword:
[image: image3.png]imodlL, (i +[0.15L]) mod L, (i 4+ [0.5L]) mod L




where L is determined as the number of information bits K or the number of coded bits of the turbo codeword 3K+12. The above representation can make possible to generate additional parity bits for an arbitrary number of information bits K. 
Fig. 2 shows the matrix representation of the pre-determined pattern determining the position of bits to be employed for generating the additional parity bits. The column of the matrix corresponds to the position of a bit belonging to the turbo codeword and the row of the matrix corresponds to the additional parity bit. The number of columns of the matrix L can be K or 3K+12.
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Fig. 2. Matrix representation of the pre-determined pattern for additional parity bits
If additional parity bits are generated by using only the information bits, then the encoding procedure in Fig. 1 is transformed as Fig. 3.
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Fig. 3. Modification to the encoder procedure (2)
2.2 Modification to the Decoding Procedure
In order to jointly decode the rate-1/3 turbo codeword and additional parity bits, the decoding procedure of the 3GPP turbo coding may be modified as shown as Fig. 4. Three modifications to the 3GPP turbo decoder are given as follows:
1) Addition of a SPC decoder to the pre-existing turbo decoder 
2) Calculation of the log-likelihood ratio (LLR) values of parity bits as well as the LLR values of information bits by the turbo decoder 
3) Connections between the SPC decoder and the turbo decoder 
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Fig. 4. Modification to the decoder procedure
Additional parity bits generated from the turbo codeword are decoded in the SPC decoder so that the SPC decoder requires not only the received channel LLR values of the additional parity bits but the decoded extrinsic LLR values of the bits belonging to the turbo codeword. It means that the LLRs values of parity bits in the turbo codeword should be calculated in the BCJR decoders but it adds marginal computations to the BCJR decoders. 
Since additional parity bits are generated by XORing only 2 or 3 bits, decoding procedure in the SPC decoder is the same as procedure at check nodes of degree-3 or 4 in low-density parity-check (LDPC) codes. Therefore, sum-product or min-sum algorithm can be employed for calculating the SPC decoder’s output that is used for the input of BCJR decoders.
There are three decoding iterations in the overall decoding procedure as follows:
1) Iteration between turbo decoding and SPC decoding 
2) Pre-existing turbo decoding iteration 
3) SPC decoding iteration 
Overall decoding procedure is composed of two decoding units (turbo decoding and SPC decoding) operated alternately. Furthermore, decoding scheduling between two decoding units should be adjusted in order to speed-up the decoding convergence.  Generally, the number of decoding iterations in the SPC decoder may be set to more than one at each turbo decoding iteration.
If additional parity bits are generated by employing the information bits not the parity bits of the turbo codeword as shown as Fig. 3., then the BCJR decoder does not need to generate the LLR values of parity bits in the turbo codeword.
3. Link-Level Performance 
3.1 Simulation Parameters
The link-level performance of the 3GPP turbo coding and that of the suggested channel coding are compared over GSM Typical Urban (TU) channel model. All simulation settings are set to be the same for the 3GPP turbo coding and the suggested channel coding. 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 channel coding. Other major simulation parameters follow [2], 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
	Turbo code with repetition

(conventional)
	Turbo code with additional parity bits
(suggestion)

	Information Length (bits)
	1024

	Code Rate
	1/6, 1/9, 1/12 


3.2 Simulation Results: Required SINR
Fig. 5 shows the BLER curves of the 3GPP turbo coding and the suggested channel coding.
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Fig. 5. BLERs of the 3GPP turbo coding and the suggested channel coding 
For all code rates, the suggested channel coding performs better than the conventional one. The lower the code rates are, the bigger the performance gap becomes. Performance gain of the suggested channel coding at rate-1/5 is similar with that of at rate-1/6. 

Code rates lower than 1/5 are considered in this document because of the following reasons:

1) Transmit power of the IoT devices may be restricted in order to mitigate the interference between LTE and NB-IOT. Then, low-rate channel coding is necessary to maintain the coverage of NB-IOT as that of without transmit power restriction. 
2) In specific applications of NB-IOT services, highly reliable transmission can be required.  In such cases, low-rate channel coding can help to increase the reliability of the NB-IOT transmissions. 

4. Power Consumption
In this section, the computational complexity and the power consumption of IoT devices are evaluated. Table 2 shows the encoding complexity increase and the power gain caused by the modifications to the 3GPP turbo coding.  
Table 2: Encoding Computational Complexity and Tx Power Reduction  
	Code rate
	Computational Complexity
	Tx Power Reduction

	1/3
	8K XORs + interleaving  (Baseline)
	 

	1/6
	13K XORs + interleaving (< 163%)
	7.7% (0.35 dB)

	1/9
	16K XORs + interleaving (< 200%)
	11.9% (0.55 dB)

	1/12
	19K XORs + interleaving (< 238%) 
	14.9% (0.7 dB) 


The encoding procedure for generating additional parity bits increases the computational complexity. However, it does not make a significant effect on the battery life because the encoding complexity occupies a negligible part of power consumption of a whole transceiver. On the other hand, the transmit power consumption can be directly reduced by exploiting the suggested channel coding to obtain the same level of link-level performance as the 3GPP turbo coding achieves. Transmit power is the most dominant factor that affects the battery life of IoT devices, and we can save the power for low-rate transmission by about 8% ~ 15%. This transmit power reduction is expected to considerably increase the battery life of IoT devices.
5. Conclusions
In this document, we discussed the performance gain induced by the modifications to the 3GPP turbo coding in terms of required SINR and battery life. The key conclusions are as follow:
· The suggested channel coding performs better than the 3GPP turbo coding for low-rate region (1/6~1/12). Compared to the 3GPP turbo coding, the required SINR is decreased by 0.35 dB ~ 0.7 dB to achieve the same BLER.
· By employing the suggested channel coding, the transmit power consumption of IoT devices can be reduced by 8%~15% from the link-level performance gain. 
Proposal: It is proposed to employ the modified 3GPP turbo coding in the candidate IoT solutions.  
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