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1. Introduction
At the 3GPP TSG RAN #71 meeting, the Study Item description on “Study on New Radio Access Technology " was approved [1]. This contribution focuses on the candidates of channel coding and modulation for new RAT. In this contribution, considerations of several channel coding and modulation schemes for 5G new RAT are presented.
2. 5G requirement for channel coding and modulation
3GPP has just finished a study item of “Scenarios and Requirements for Next Generation Access Technologies” [2]. In the technical report several channel coding related KPIs have been proposed, include:

· the target for peak data rate should be 20Gbps for downlink and 10Gbps for uplink
· the target for peak spectral efficiency should be 30bps/Hz for downlink and 15bps/Hz for uplink
· for URLLC the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL,
· the target for reliability should be 1-10-5 within 1ms,
· the target for UE battery life should be [15 years].
The KPIs are supposed to meet the various requirements of families of usage scenarios for IMT 2020 and beyond. The major scenarios are eMBB (enhanced Mobile Broadband), mMTC (massive Machine Type Communications) and URLLC (Ultra-Reliable and Low Latency Communications) respectively.
In mMTC，the core requirement is to provide massive service connectivity with low energy consumption and low cost. In URLLC, extreme requirements on availability and reliability of transmission are emphasized, which means low error probability and low outage rate are main targets in this usage scenario. While in eMBB, high system capacity, high data rate, and high spectrum efficiency are main targets. 
3. From 5G requirements to coding modulation schemes
For the three scenarios of 5G, the requirements of the coded modulation are given by Table1: 
Table 1 Requirements of coding and modulation in the three scenarios of 5G

	Requirements of the coded modulation
	eMBB
	mMTC
	URLLC

	performance
	Highest peak rate

Highest spectrum efficiency
	Short packet performance

Substantial increase
	Greatest diversity effect
No error floor

	complexity
	Lower
	Low
	Middle 

	latency
	Smaller
	Middle
	Small

	throughput
	High
	low
	low

	Power consumption
	Middle
	Low
	Middle 

	User number
	Middle 
	High
	Lower 


The three scenarios have completely different requirements, which in turn suggest different coding and modulation schemes for different scenarios. It may be desirable to reduce of the number of coding and modulation schemes to reduce the device cost. However, because of the dramatically requirement differences in different scenarios for new RAT, a single (or limited number of) coding and modulation scheme(s) may not provide the optimal performance or even not be able to meet all the requirements. For example, different coding and modulation schemes should be chosen corresponding to different channel characteristics of different scenarios. In addition, even for the same scenarios, the coding and modulation scheme of the control channel and the traffic channel may also be different. Given that coding and modulation module is relatively independent to other communication modules. Having multiple coding and modulation schemes will not have a big impact on the design of other parts of new RAT. 

Proposal 1: Different coding and modulation schemes should be considered for the different scenarios of New RAT.
Different scenarios have different requirements. The enhanced mobile broadband requires a coding and modulation scheme that has ultra high processing speed, lower cost and improved performance. The massive communication requires a coding and modulation scheme that has low cost, improved short packet performance and low power consumption. Low latency high reliable communication requires a coding and modulation scheme that supports high processing speed or online decoding (on-the-fly decoding), good diversity effect with no error floor. 
According to Table 1, the specific coding and modulation KPIs are mainly reflected in performance, complexity, latency, throughput, power consumption and so on. Performance is mainly measured by the BLER or normalized throughput. First of all, AWGN channel performance is analyzed, and then fading channel performance corresponding to different scenarios should be studied. Not only the first time transmission performance but also the retransmission performance needs to be evaluated. The complexity mainly includes the computational complexity, storage complexity and routing complexity. As to delay, both the reception delay and the processing delay have to be taken into consideration. In terms of throughput, the parallel processing capability and the processing pipeline capability of the decoder needs investigation. Power consumption generally means the power consumption of the decoder chip. It needs to be pointed out that although the coded modulation scheme choice needs to consider KPIs of different aspects, we believe the performance is the most important factor. For the choice of modulation scheme, we also need to consider the EVM and PAPR. 

Proposal 2: The coding and modulation scheme for new RAT should be chosen according to multiple KPIs such as the performance, complexity, latency, throughput, power consumption, PAPR and EVM, where the performance is the most important factor. 

In the past decades, the technology of channel coding has made great progress. It is suggested that convolution code, Turbo code, LDPC code, PHY Packet code and Polar code can be regarded as candidates of New-RAT channel coding. For the scenario of eMBB, the main feature is big bandwidth and high data transmission rate, due to their inherent parallel feature, LDPC codes are very suitable for local communication link of high throughput since LDPC encoder/decoder can work in the case of high processing rate and low cost. For example, LDPC code has been applied widely in many IEEE standards, especially in IEEE802.11ac/ad, wherein IEEE802.11ad is a wireless communication system on 60 GHz with high data rate. Thus it is preferred that LDPC codes are considered for eMBB. For the scenario of mMTC, the main feature is the transmission of small packet and low cost where convolution code is a suitable choice. For the scenario of URLLC, the main feature is the transmission of small packet as well as the transmission of ultra-reliability and low latency, due to much lower error floor and better diversity; it seems that non-binary LDPC code is a preferred choice for URLLC if the complexity of decoder can be solved. More details of coding schemes can be found in our companion contribution [3].
Proposal 3:  It is suggested that convolution codes, Turbo codes, LDPC codes, PHY Packet codes and Polar codes can be regarded as candidates of New-RAT channel coding.

Proposal 4:  It is suggested that LDPC codes, convolution codes and non-binary LDPC codes are the preferred channel coding choices for eMBB, mMTC and URLLC respectively. 
As to the modulation, the traditional BPSK, QPSK and QAM modulation are still the main candidates for the New RAT air interface. For the mMTC scenario, the entire system is in a high load state, where a terminal supports a relatively small data rate and also a relatively small TBS. So the supported modulation methods should include BPSK and QPSK (pi/2 BPSK and pi/4 QPSK) while 16QAM and 64QAM are FFS, and the coded modulation of the NB-IOT could be a baseline. For the URLLC scenarios, a terminal also supports relatively small data rate and small TBS, considering only low order modulation can provide high reliable transmission, the supported modulation methods should only include BPSK and QPSK. 

Proposal 5: Traditional BPSK, QPSK and QAM modulation are still the main candidate modulation solutions of the New RAT air interface, and other modulation methods are FFS. 

The extension of coded modulation is the link adaptation, which includes Adaptive Modulation and Coding (AMC) and HARQ. For different scenarios of New RAT, whether AMC or HARQ are needed is the first topic. For current HARQ, there are two problems. One of them is 1 bit ACK / NACK is produced after the data decoding, which results in the retransmission less adaptive because of the channel adaptive information obtained from data modulation being not fully used and the adaptive retransmission feedback being severely limited. Another problem is the 1 bit ACK / NACK is the ACK / NACK of transmission block. It means that even if only one code block error has occurred, the whole transmission block requires retransmitted, which seriously reduces the efficiency. For AMC, the same MCS resource range as well as the corresponding CQI feedback needs to be re determined. 

Proposal 6: As an extension of channel coding, AMC and HARQ need to be considered for the new scenarios and requirements. 

4. Joint coded modulation
In the current LTE standard, encoding and modulation are two completely independent modules, which lead to the obvious loss of spectra efficiency of channel coding and modulation. What is more, the traditional QAM modulation, such as 16QAM and 64QAM, complete mapping M (4 or 6) bits to 1 constellation point of the QAM constellation diagram, and the reliability of the M bits is not same, which has degraded more loss of spectra efficiency of high order modulation.  Thus an integrated scheme of encoding and modulation is needed.
4.1. Coded modulation

The convolutional code and turbo code are mainly used in LTE. These information bits / code words bits of the two codes are connected together like a "chain". These two codes hope that the reliability of the code word bit is same as more as possible. Therefore, as to high order modulation, some coded modulation technologies could be used to improve the link performance, such as: bit interleaved coded modulation (BICM) and multilevel coded modulation (MLC). For BICM and MLC, the advantage is performance improving, and the drawback is the processing delay and complexity increasing. Therefore, it is necessary to evaluate the necessary of the introduction of the joint coded modulation by comprehensively considering the performance, the delay and the complexity. 

BICM approach

By serially connecting the channel coding, the bit interleaver and the modulation, Bit Interleaved Coded Modulation (BICM) achieves better performance in the fading channel due to coding diversity. For BICM, the channel coding module and modulation module are separated by the bit interleaver so that coding and modulation can be individually designed and optimized. Turbo code and LDPC combing with BICM seem desirable schemes. BICM has been widely adopted in many communication standards such as IEEE 802.11 a/g. 
Channel coding in the existing BICM schemes can be covolutional codes, Turbo codes, LDPC codes where they can be replaced by polar code. Encoded bits from a single polar encoder are interleaved and divided into groups corresponding to different modulation bits with different protection levels. Then bits from each group are modulated into one complex point.
MLC approach

For Multiple Level Coding (MLC), bits are first grouped and fed into multiple encoders. Each encoder corresponds to one modulation bit with specific protection level. Bits from each encoder are then modulated into one symbol. The encoders are designed aiming to improve the reliabilities of each modulation bit. By combining polar code and MLC, diverse reliabilities of modulation bits are considered in the channel selection with coding and modulation are jointly optimized.
The bit-to-symbol mapping can be designed by set partition approach. For decoding, multiple decoders are designed corresponding to multiple encoders. The decoding is performed in sequence. The output of decoders should be used as the input of posterior decoders. For example, Polar code (CA-SCL) combing with MLC can outperform LTE Turbo code significantly especially in the case of high modulation order.

Figure 1 shows the performance gains of Polar code (CA-SCL with L of 16) combining with MLC over LTE Turbo code under different MCSs (QPSK) in LTE standard 36.213. In the simulation, 5 RBs are scheduled and data are transmitted over AWGN channel.
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Figure 1 Performance gains of MLC combining with Polar over LTE Turbo code, AWGN channel.
Proposal 7: Coded modulation (modulation coded) is FFS, which is used to optimize link performance. 
4.2. Joint design of multi-domain coding and high order modulation
Multi-domain coding naturally can convert the binary bit to the mapping of the multiple codewords, but the mapping of multiple codewords to M-ary modulation symbol will become easier. Actually, multi-domain coding has certain diversity characteristics and non equal characteristics that could process codewords naturally. Therefore, the multi-domain coding can work together with higher order modulation to achieve a better link performance. For multi-domain coding, the advantage is performance improvement, and the drawback is increased processing delay and complexity. 

Higher transmission rate and larger bandwidth cases in 5G communication system has required a better performance of coding and modulation in physical layer. Binary codes whose code bit has only 2 states: “1” or “0”, such as turbo and LDPC codes, has become the bottleneck especially in high spectrum efficiency scenarios. Non-binary codes, also called GF(q) codes or q-ary codes,  where each element in GF(q) has q states  can be considered for the new RAT. 
q-ary gray mapping 
If the modulation order equals to the number of elements in Galois field，there is a one-to-one mapping between no-binary code bit and constellation point. A mapping rule gives the relationship between the q-ary code bits to the constellation points. Gray mapping is one of the most commonly used methods. Take 16 QAM as an example, each element in GF (16) can be mapped to one point in the 16-QAM constellation, as shown in Figure 2.
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Figure 2: q-ary gray mapping

I/Q mapping
In most cases, the modulation order does not equal to q. For example, when adaptive HARQ is employed, the modulation order might change in every retransmission. An obvious way to carry out is to transform the q-ary codeword into binary bits, and use the Gray mapping to get modulation symbols. Certainly, there are other ways outperform Gray mapping. One suggested method is to split one q-ary bit into multiple modulation symbols.  For example, one GF (256) code bit can be mapped into two 16 QAM symbols, we call it I/Q mapping, as shown in Figure 3.
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Figure 3: I/Q mapping

Cyclic shift interleaver mapping

Another proposed mapping rule takes the bit reliability of high order modulation into account. We adopt a cyclic shift interleaver to obtain both channel and constellation diversity gain. The interleaver distributes a q-ary bit into different symbols while average the bit reliability of these symbols, as shown in Figure 4.
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Figure 4: Cyclic shift interleaver mapping

In Figure 5, we compares the performance of GF (16) LDPC code with LTE turbo code, the information length is 360 binary bits, using q-ary mapping , no-binary LDPC has 0.5 dB gain over binary Turbo in BLER performance.
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Figure 5:  Performance comparison between Non-binary LDPC and Turbo code
Figure 6 gives the comparison of different mapping rules. For GF(64) LDPC code, in fading channel, I/Q mapping and cyclic shift interleaver mapping method outperforms 0.5dB over gray mapping in BLER Performance.
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Figure 6: Performance comparison between different mapping rules for non-binary LDPC 
Proposal 8: The joint design of multi domain coding and high order modulation is FFS, which is used to optimize the performance of coded modulation. 

5. Conclusion
In this contribution, more details and considerations of channel coding and modulation for New RAT are presented. In summary, we propose:
Proposal 1: Different coding modulation schemes should be considered in the different scenarios of New RAT.
Proposal 2: The 5G candidate coded modulation scheme should be chosen according to multiple KPIs such as the performance, complexity, latency, throughput, power consumption, PAPR and EVM, where the performance is the most important factor. 

Proposal 3:  It is suggested that convolutional codes, Turbo codes, LDPC codes, PHY Packet codes and Polar codes can be regarded as candidates of New-RAT channel coding.

Proposal 4:  It is suggested that LDPC codes, convolutional codes and non-binary LDPC codes are the priority channel coding choices for eMBB, mMTC and URLLC respectively. 

Proposal 5: Traditional BPSK, QPSK and QAM modulation are still the main candidate modulation solutions of the 5G New RAT air interface, and other modulation methods are FFS. 

Proposal 6: As an extension of channel coding, AMC and HARQ need to be considered for the new scenarios and requirements. 

Proposal 7: coded modulation (modulation coded) is FFS, which is used to optimize link performance. 

Proposal 8: The joint design of multi-domain coding and high order modulation is FFS, which is used to optimize the performance of coded modulation.
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