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Introduction
The future 5G networks are envisioned to be extremely efficient and scalable across a range of services, new industry verticals, and cost-effective deployment topologies - from macro cells to small cells across licensed, unlicensed and mmWave spectrum. NR modulation design to cover all use cases is a key requirement.
In this paper, we will focus on the modulation requirements for both downlink (DL) and uplink. 
Candidate Modulation Schemes
It is important to note that the choice of modulation depends on service requirement, we focus on three types of services for 5G network with different service requirement
1. eMBB (Enhanced Mobile Broadband): higher data rate (e.g., 5-10 Gbps at the application layer including TCP), high spectral efficiency and low latency (e.g., wide-area ARQ/HARQ latencies of 1-2 ms)
2. mMTC (massive Machine Type Communications): Improved link budget for coverage extension, low device complexity, long device battery life.
3. URLLC (Ultra Reliable Low Latency Communications): High reliability (packet error rate ranging: 1e-5 and 1e-9) and low latency (scale down from a few ms to <1ms)
In addition, in 5G, mmWave and integrated access and backhaul (IAB) are also important use cases for different modulation support due to different of use case scenarios and requirements.
eMBB
For eMBB, the key design consideration are support of high spectral efficiency across wideband. It is desirable to achieve downlink peak data rate of 5~10Gbps or even higher with 200~300 Mhz bandwidth [1]. Considering the associated demodulation complexity at such high data rate, QAM modulation is the attractive modulation candidate. As shown in Figure 1, It is desirable to support 1024 QAM to achieve the downlink throughput target.
Other multi-dimensional modulation schemes can also be evaluated if there is a clear evidence of performance benefits with reasonable complexity.
Proposal 1: for eMBB, we should consider the following modulation schemes as candidates:
· QAM: up to 1024for DL and up to 256 for UL
· Other multi-dimensional modulations can also be considered if there is clear performance benefits with reasonable complexity
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mMTC
mMTC represents the category of applications with sporadic short data bursts (specifically in the uplink) and tight requirement on battery life. Also, in order to provide deployment flexibility for mMTC devices, the radio link should tolerate larger propagation and penetration losses. Due to the macro cell deployment and link budget considerations, high spectral efficiency is not the primary concern for this use case.
Based on these design requirements, it is desirable for WAN IoE uplink to use modulations allow better PAPR and PA efficiency, as well as simple waveform synthesis at transmitter. This can include:
· constant envelope modulations, including MSK, GMSK, etc
· low order QAM, such as QPSK, since high spectral efficiency is not required.
· other modulations with low PAPR and simple Tx/Rx structure.

For the WAN IoE downlink, transmit PAPR is no longer the most critical constraint, and synchronization among multiple users is also not a concern. Therefore, it becomes desirable to use a similar waveform and multi-access scheme as nominal traffic, which provides better handling for channel delay spread. 
Proposal 2: for mMTC, we should consider the following modulation schemes:
· Constant envelope waveforms, including MSK, GMSK
· QPSK
· Other modulations with very low PAPR and low Tx/Rx complexity.

uLLRC
The most critical requirements for uLLRC use cases are short processing delay and low error rate. Very high spectral efficiency is not the primary concern since the packet sizes are typically small (e.g. ~256 bits for a ping packets). 
On the other hand, uplink uLLRC may require low PAPR modulation/waveform when there is link budget limitation (e.g. at the edge of macro cell). Therefore, similar as eMBB, uLLRC can use QAM modulation but with lower modulation order.
Proposal 3: for uLLRC, we should consider the following modulation schemes:
· QAM: up to 64

Conclusion
In summary, we propose the following candidates for modulation schemes. 
Proposal 1: for eMBB, we should consider the following modulation schemes as candidates:
· QAM: up to 1024for DL and up to 256 for UL
· Other multi-dimensional modulations can also be considered if there is clear performance benefits with reasonable complexity

Proposal 2: for mMTC, we should consider the following modulation schemes:
· Constant envelope waveforms, including MSK, GMSK
· QPSK
· Other modulations with very low PAPR and low Tx/Rx complexity.

Proposal 3: for uLLRC, we should consider the following modulation schemes:
· QAM: up to 64
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Candidate Modulation Schemes
It is important to note that the choice of modulation depends on service requirement, we focus on three types of services for 5G network with different service requirement
4. eMBB (Enhanced Mobile Broadband): higher data rate (e.g., 5-10 Gbps at the application layer including TCP), high spectral efficiency and low latency (e.g., wide-area ARQ/HARQ latencies of 1-2 ms)
5. mMTC (massive Machine Type Communications): Improved link budget for coverage extension, low device complexity, long device battery life.
6. URLLC (Ultra Reliable Low Latency Communications): High reliability (packet error rate ranging: 1e-5 and 1e-9) and low latency (scale down from a few ms to <1ms)
In addition, in 5G, mmWave and integrated access and backhaul (IAB) are also important use cases for different modulation support due to different of use case scenarios and requirements.
eMBB
For eMBB, the key design consideration are support of high spectral efficiency across wideband. It is desirable to achieve downlink peak data rate of 5~10Gbps or even higher with 200~300 Mhz bandwidth [1]. Considering the associated demodulation complexity at such high data rate, QAM modulation is the attractive modulation candidate. As shown in Figure 1, It is desirable to support 1024 QAM to achieve the downlink throughput target.
Other multi-dimensional modulation schemes can also be evaluated if there is a clear evidence of performance benefits with reasonable complexity.
Proposal 1: for eMBB, we should consider the following modulation schemes as candidates:
· QAM: up to 1024for DL and up to 256 for UL
· Other multi-dimensional modulations can also be considered if there is clear performance benefits with reasonable complexity
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Figure 1 peak data rate as a function of bandwidth for eMBB
mMTC
mMTC represents the category of applications with sporadic short data bursts (specifically in the uplink) and tight requirement on battery life. Also, in order to provide deployment flexibility for mMTC devices, the radio link should tolerate larger propagation and penetration losses. Due to the macro cell deployment and link budget considerations, high spectral efficiency is not the primary concern for this use case.
Based on these design requirements, it is desirable for WAN IoE uplink to use modulations allow better PAPR and PA efficiency, as well as simple waveform synthesis at transmitter. This can include:
· constant envelope modulations, including MSK, GMSK, etc
· low order QAM, such as QPSK, since high spectral efficiency is not required.
· other modulations with low PAPR and simple Tx/Rx structure.

For the WAN IoE downlink, transmit PAPR is no longer the most critical constraint, and synchronization among multiple users is also not a concern. Therefore, it becomes desirable to use a similar waveform and multi-access scheme as nominal traffic, which provides better handling for channel delay spread. 
Proposal 2: for mMTC, we should consider the following modulation schemes:
· Constant envelope waveforms, including MSK, GMSK
· QPSK
· Other modulations with very low PAPR and low Tx/Rx complexity.

uLLRC
The most critical requirements for uLLRC use cases are short processing delay and low error rate. Very high spectral efficiency is not the primary concern since the packet sizes are typically small (e.g. ~256 bits for a ping packets). 
On the other hand, uplink uLLRC may require low PAPR modulation/waveform when there is link budget limitation (e.g. at the edge of macro cell). Therefore, similar as eMBB, uLLRC can use QAM modulation but with lower modulation order.
Proposal 3: for uLLRC, we should consider the following modulation schemes:
· QAM: up to 64
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