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1. Introduction 
This contribution discusses modulation schemes for New RAT (NR). Each of the service scenarios considered in NR, eMBB, mMTC, URLLC, have different deployment scenarios and performance requirements. eMBB scenario has some similarities to LTE and it seems worth first considering the modulation schemes and coding adopted in LTE. Likewise, modulation schemes investigated in NB IoT can be considered for mMTC like scenarios requiring large coverage and power efficient communications. In the following, we discuss and propose modulation schemes for the respective service scenarios. 
2. Modulation schemes
2.1. Coded modulation
In LTE, the modulation schemes follow Gray-encoded QPSK and QAM, while the channel coding and the modulation are scalably concatenated through Bit-Interleaved Coded Modulation (BICM) employing channel codded bit-level interleavers, with the interleaver length equal to the codeword. BICM can achieve robust performance under both fading and AWGN channel models. Also, the BICM allows for separate/independent designs for the channel coding and modulation, unlike TCM (Trellis Coded Modulation) like approaches deal with the modulation and coding as a single entity with employing a symbol-level interleaver. BICM with Gray-coding designs have been successful in delivering high spectral efficiency in both UTRA and EUTRA. It seems desirable and beneficial to follow similar principles in NR design.
Proposal 1 (Bit Interleaved Coded Modulation)
· Gray-encoded and bit-interleaved coded modulation as in LTE should be baseline in NR. FFS for other coded modulation schemes.
2.2. eMBB
For eMBB scenarios, traditional QPSK/16-QAM to 256-QAM can be baseline. These modulation schemes are well workable in both macro and small cell deployment scenarios. Also, they can be well combined with multi antenna transmission techniques as in LTE FD-MIMO. Flexibility to efficiently operate in both power limited and bandwidth limited scenarios can also be considered for these scenarios. 

Whether to adopt higher order modulations, e.g., 1024-QAM, can be studied in combination with the maximum number of supported MIMO streams and the system bandwidth, to satisfy the relevant KPIs such as the target peak data rate. For example, we note that

· 1024QAM can support ~5-8 Gbps data rate in 200-300 MHz bandwidth with rank 4 MIMO, and ~10-15 Gbps data rate in 200-300 MHz bandwidth with rank 8 MIMO.

· 256QAM can support ~4-6.5 Gbps data rate in 200-300 MHz bandwidth with rank 4 MIMO, and ~8-13 Gbps data rate in 200-300 MHz bandwidth with rank 8 MIMO.

Proposal 2 (eMBB)

· Traditional QPSK/16-QAM to 256-QAM should be baseline. Need for higher order modulations, e.g., 1024-QAM, is FFS and should be investigated jointly with the NR system bandwidth and number of supported MIMO streams.
2.3. mMTC and large coverage applications 
For mMTC like applications, low data rates and support of small payload size are required with support of large coverage. Hence, lower order modulations like BPSK and QPSK seem preferable. Also, for UL transmissions, achieving high PA efficiency is desired to enable low-cost implementations and enhanced UL coverage. to first consider the modulation schemes adopted for NB-IoT, /2-BPSK and /4-QPSK. In these modulations, the constellation of the Cartesian counterpart (i.e., regular BPSK/QPSK) is rotated /2 or /4 radians every symbol by multiplying [image: image2.png]


 for /2-BPSK case and [image: image4.png]gikm/4



 for /4-QPSK, respectively, where k is the symbol index mod 2, starting from 0.
As shown in Figure 1 and Table 1 [2], /2-BPSK with raised-cosine pulse shaping can significantly reduce PAPR and CM compared to QPSK and BPSK in an order of dB. Raised cosine pulse shaping with roll-off factor =0.5 was used used in the evaluations and the significant gain appears in other values of roll-off factor as well. For low complexity and low cost devices for mMTC, time domain single carrier processing is better suited to apply non-zero roll-off pulse shaping with /2-BPSK. Also, time domain single carrier processing enables to avoid using FFT/IFFT implementations. 
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Figure 1. PAPR for raised cosine pulse shaping (=0.5). 
	Modulation & filtering
	/2-BPSK,
w/o smoothing
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w/ smoothing
	BPSK
	QPSK
	/4-QPSK
	16-QAM
	GMSK

	CM (dB)
	-0.58612
	-0.69662
	1.0447
	0.27932
	0.27977
	1.404
	1.3274


Table 1. CM for raise cosine pulse shaping (=0.5).
Proposal 3 (mMTC and large coverage applications)

· For applications requiring large coverage and power efficient communications, lower order modulation schemes like pi/2-BPSK can be considered, along with time domain single carrier processing and non-zero roll-off pulse shaping.
2.4. URLLC
URLLC scenarios include the applications which may support relatively small data rate and small payload sizes. Lower order modulations, e.g., BPSK/QPSK, in combination of low channel coding rate can be beneficial for high reliability and robustness to noise. On the other hand, use cases with high data rates and large packet transmissions may be considered as part of URLLC as well, e.g., remote surgery, etc. For these cases, spectral efficiency and latency may be of high significance. For such cases, robustness may be achieved with more advanced transmitter and receiver processing, and thus, higher order modulation schemes may still be useful for some applications.
In cases with a very small number of OFDM symbols (e.g., two symbols) per TTI, DMRS overhead becomes more of an issue. Differential modulation and non-coherent modulation schemes seem worth considering for the cases as they do not require a constant overhead of DMRS. A potential issue is that they usually perform a few dB worse than conventional coherent modulations and applicable scenarios need further investigation with taking into account TTI, payload size, performance requirement, link budget, etc..
In summary, depending on the use cases, transmission conditions (mobility, Doppler, etc.), the desired latency and reliability, channel estimation capability, etc., performance might benefit from different modulation schemes. 
Proposal 4 (URLLC)

· RAN1 to further discuss the target use cases and requirements to determine the appropriate modulation schemes.
3. Conclusion 

In this contribution, we have discussed and presented our views on modulation schemes for the NR service scenarios. Based on the discussions and observations, we propose to consider the following modulation and coding schemes for NR.
· Proposal 1 (Bit Interleaved Coded Modulation)
· Gray-encoded and bit-interleaved coded modulation as in LTE should be baseline in NR. FFS for other coded modulation schemes.
Proposal 2 (eMBB)

· Traditional QPSK/16-QAM to 256-QAM should be baseline. Need for higher order modulations, e.g., 1024-QAM, is FFS and should be investigated jointly with the NR system bandwidth and number of supported MIMO streams.
Proposal 3 (mMTC and large coverage applications)

· For applications requiring large coverage and power efficient communications, lower order modulation schemes like pi/2-BPSK can be considered, along with time domain single carrier processing and non-zero roll-off pulse shaping.
Proposal 4 (URLLC)

· RAN1 to further discuss the target use cases and requirements to determine the appropriate modulation schemes.
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