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1. 
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. 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, 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.
2. 
NR Modulation Requirements 
Modulation and MIMO order requirements for high peak data rate:

In order to support high peak data rate, high order MIMO and high order modulations are both required for both eMBB and mmWave.

Figure 1 shows some examples of peak data rate vs. BW scaling plots as a function of peak modulation order and number of MIMO streams (with ~40% overall PHY/MAC overhead assumed in peak data rate case of TDD eMBB scenario). It can be seen that, in order to achieve peak data rate of 5~10Gbps or even higher, high order modulation 256QAM~1024QAM and high order MIMO (4~8 streams) should be considered for 200MHz ~ 300MHz total bandwidth. More MIMO streams could be considered for future compatibility.
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Figure 1. Peak data rate as a function of BW for eMBB

Figure 2 shows similar plots of peak data rate vs. BW scaling plots for mmWave bands. mmWave band has more BW available. However, due to limited number of Tx/Rx chains available, MIMO order will be limited. On the other hand, due to phase noise floor, highest modulation order that could be supported is also capped. From Figure 2, we can see that to support very high data rate, 64QAM and up to 2-stream MIMO needs to be considered assuming BW of ~1GHz to reach 5~10GHz. 
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Figure 2. Peak data rate as a function of BW for mmWave

Similarly, to achieve high UL throughput, e.g. 1Gbps, 256QAM with 2-stream MIMO could be used to achieve high data rate. Hence, MIMO and 256QAM UL support needs to be studied.
Finally, for integrated access and backhaul (IAB) case, due to improved RF condition on Tx/Rx sides, even higher modulation could potentially be supported (up to 4096QAM for example) to achieve high data rate.
Spectrum efficiency and receiver complexity requirements:

Proposed modulation schemes should show compelling performance when compared with channel capacity bench mark. In addition, specific use case scenarios should be taken into account as well.
High order modulation proposals need to be evaluated in conjunction with MIMO, as high modulation and MIMO order being a primary use case for high data rate. Receiver complexity scalability to support peak data rate (which defines modem complexity envelope in order to support high order MIMO + high order modulation) needs to be considered in addition to spectrum efficiency. Total number of modulation formats to be supported and compatibility each these modulations need to be balanced in order to maintain moderate receiver complexity.
Demodulation receiver complexity needs to be taken into account in the evaluation of modulation proposals. Spectrum efficiency gain needs be evaluated with receiver implementation assumptions. Receiver could be based on classic sequential demod + decoding process. It could also be based on advanced joint/iterative demod+decode processing. It should be noted that, the proposed modulation should ensure robust performance with classic receiver structure as the first requirement. It should also optionally support/facilitate advanced Rx implementation. However, advanced receiver should not be a requirement for the modulation scheme to achieve good spectrum efficiency.
PAPR requirement:

For link-budget limited, low PAPR modulation (e.g. constant envelope modulation) is desirable.
EVM requirements for high order modulation:
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Figure 3. Constrained capacity as a function of SNR (dB)
In order to effectively support high order modulation format, stringent EVM requirement needs to be made in order not to cap data rate. Figure 3 shows constrained capacity as a function of SNR for different modulation formats. Constrained capacity curves serve as a guidance (with proper gap to capacity backoff) of required EVM for each modulation format. At high SNR, every doubling constellation size requires around 6dB additional SNR. EVM requirement could be set accordingly. For example, in order to ensure limited performance impact on performance, EVM = 1% (resulting SNR floor = 40dB) is required to support 256QAM to reach peakTput without significant performance degradation due to EVM.

Number Tx/Rx chains requirement for high order MIMO:

In mmWave spectrum, number of Tx/Rx chains may be limited, which limits the order of MIMO to support. This needs to be taken into account in the modulation and MIMO order specification.
3. 
Modulation Requirements for 5G Verticals 
3.1 DL/UL eMBB

eMBB DL/UL requirements are mostly covered in the general modulation requirements in the previous section. In particular, spectrum efficiency and low complexity scalable design is the key requirement.
3.2 UL/DL mMTC
5G mMTC DL/UL requires modulation formats that facilitates demod/decode at very low SNR region. In addition, 5G mMTC UL requires low PAPR
3.3 UL/DL URLLC
UL/DL URLLC requires short TTI support to achieve low latency. Spectrum efficiency and peak data rate is not of a concern, hence URLLC may not require very high order modulation. On the other hand, low PAPR modulation may be preferred for UL URLLC in link-budget limited scenario. 
4. 
Conclusion

In this subsection, we outline Modulation design requirements for 5G.
Proposal 1: modulation proposals should support high data peak rate for 5G in eMBB, mmWave and IAB use cases.

Proposal 2: modulation proposals should support low PAPR for link-budget limited scenarios in 5G such as mMTC and URLLC UL scenarios. 
Proposal 3: modulation proposals should evaluated based on spectrum efficiency as well as receiver complexity to ensure performance and scalability to high data rate 
Proposal 4: modulation proposals should support good performance with classic demod followed by decoding receiver and optionally also facilitate advanced receiver implementation for performance enhancements.
5. 
Reference

[1]. R1-162216 Candidate NR modulation schemes
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NR Modulation Requirements 

Modulation and MIMO order requirements for high peak data rate:

In order to support high peak data rate, high order MIMO and high order modulations are both required for both eMBB and mmWave.

Figure 1 shows some examples of peak data rate vs. BW scaling plots as a function of peak modulation order and number of MIMO streams (with ~40% overall PHY/MAC overhead assumed in peak data rate case of TDD eMBB scenario). It can be seen that, in order to achieve peak data rate of 5~10Gbps or even higher, high order modulation 256QAM~1024QAM and high order MIMO (4~8 streams) should be considered for 200MHz ~ 300MHz total bandwidth. More MIMO streams could be considered for future compatibility.
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Figure 1. Peak data rate as a function of BW for eMBB

Figure 2 shows similar plots of peak data rate vs. BW scaling plots for mmWave bands. mmWave band has more BW available. However, due to limited number of Tx/Rx chains available, MIMO order will be limited. On the other hand, due to phase noise floor, highest modulation order that could be supported is also capped. From Figure 2, we can see that to support very high data rate, 64QAM and up to 2-stream MIMO needs to be considered assuming BW of ~1GHz to reach 5~10GHz. 
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Figure 2. Peak data rate as a function of BW for mmWave

Similarly, to achieve high UL throughput, e.g. 1Gbps, 256QAM with 2-stream MIMO could be used to achieve high data rate. Hence, MIMO and 256QAM UL support needs to be studied.

Finally, for integrated access and backhaul (IAB) case, due to improved RF condition on Tx/Rx sides, even higher modulation could potentially be supported (up to 4096QAM for example) to achieve high data rate.
Spectrum efficiency and receiver complexity requirements:

Proposed modulation schemes should show compelling performance when compared with channel capacity bench mark. In addition, specific use case scenarios should be taken into account as well.

High order modulation proposals need to be evaluated in conjunction with MIMO, as high modulation and MIMO order being a primary use case for high data rate. Receiver complexity scalability to support peak data rate (which defines modem complexity envelope in order to support high order MIMO + high order modulation) needs to be considered in addition to spectrum efficiency. Total number of modulation formats to be supported and compatibility each these modulations need to be balanced in order to maintain moderate receiver complexity.

Demodulation receiver complexity needs to be taken into account in the evaluation of modulation proposals. Spectrum efficiency gain needs be evaluated with receiver implementation assumptions. Receiver could be based on classic sequential demod + decoding process. It could also be based on advanced joint/iterative demod+decode processing. It should be noted that, the proposed modulation should ensure robust performance with classic receiver structure as the first requirement. It should also optionally support/facilitate advanced Rx implementation. However, advanced receiver should not be a requirement for the modulation scheme to achieve good spectrum efficiency.
PAPR requirement:

For link-budget limited, low PAPR modulation (e.g. constant envelope modulation) is desirable.
EVM requirements for high order modulation:
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Figure 3. Constrained capacity as a function of SNR (dB)
In order to effectively support high order modulation format, stringent EVM requirement needs to be made in order not to cap data rate. Figure 3 shows constrained capacity as a function of SNR for different modulation formats. Constrained capacity curves serve as a guidance (with proper gap to capacity backoff) of required EVM for each modulation format. At high SNR, every doubling constellation size requires around 6dB additional SNR. EVM requirement could be set accordingly. For example, in order to ensure limited performance impact on performance, EVM = 1% (resulting SNR floor = 40dB) is required to support 256QAM to reach peakTput without significant performance degradation due to EVM.

Number Tx/Rx chains requirement for high order MIMO:

In mmWave spectrum, number of Tx/Rx chains may be limited, which limits the order of MIMO to support. This needs to be taken into account in the modulation and MIMO order specification.

3. 
Modulation Requirements for 5G Verticals 

3.1 DL/UL eMBB

eMBB DL/UL requirements are mostly covered in the general modulation requirements in the previous section. In particular, spectrum efficiency and low complexity scalable design is the key requirement.
3.2 UL/DL mMTC

5G mMTC DL/UL requires modulation formats that facilitates demod/decode at very low SNR region. In addition, 5G mMTC UL requires low PAPR

3.3 UL/DL URLLC

UL/DL URLLC requires short TTI support to achieve low latency. Spectrum efficiency and peak data rate is not of a concern, hence URLLC may not require very high order modulation. On the other hand, low PAPR modulation may be preferred for UL URLLC in link-budget limited scenario. 

To summarize, we have the following proposals:

Proposal 1: modulation proposals should support high data peak rate for 5G in eMBB, mmWave and IAB use cases.

Proposal 2: modulation proposals should support low PAPR for link-budget limited scenarios in 5G such as mMTC and URLLC UL scenarios. 
Proposal 3: modulation proposals should evaluated based on spectrum efficiency as well as receiver complexity to ensure performance and scalability to high data rate 
Proposal 4: modulation proposals should support good performance with classic demod followed by decoding receiver and optionally also facilitate advanced receiver implementation for performance enhancements.
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