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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 effective deployment topologies - from macro cells to small cells across licensed and unlicensed spectrum. Adopting appropriate and scalable numerologies across all use cases will be a key design challenge.

Our view is that the fundamental building block of 5G’s different service verticals is still OFDMA for DL, OFDMA + SC-FDMA for UL (depending on link-budget and PA max power constraint). Numerology considerations here cover both OFDMA/SC-FDMA waveforms, including subcarrier spacing of OFDMA/SC-FDMA waveform, symbol duration, CP overhead, number of symbols per TTI, TTI duration, resource block (RB) granularity, channel raster granularity, etc.
Evaluation of Numerologies
· Link/system level performance to evaluate the impact of numerology in the presence of different deployment scenarios with different delay spread/Doppler/phase noise. System overhead, performance robustness, spectrum efficiency, capacity, etc. metrics need to be evaluated.
· High-level evaluation of efficiency, forward compatibility and robustness
· Latency impact
· Complexity, power consumption
· Numerology multiplexing efficiency
2. 
Numerology Evaluation Assumptions and Key Metrics
Link level and system level performance evaluation for different numerologies are based on the following evaluation assumptions.
Key Evaluation Assumptions

· Antenna configurations (number of Tx and Rx antennas)

· Number of digital chains for mmWave and sub-6 massive MIMO scenarios
· MIMO channel model based on existing 3GPP LTE modelling before further modelling discussions:
· Delay spread: EPA, EVA, ETU with scaled PDP based on geometry [1] (the same was used also in 3GPP TSG RAN WG1 Meeting)
· Doppler: covering pedestrian low speed all the way up to high speed train scenarios

· Carrier frequency assumption: < 1GHz, 4GHz, > 6GHz
· Phase noise for mmWave

· Receiver assumptions: rML-type receiver for single user MIMO, MMSE or multi-layer joint processing rML receiver for MU-MIMO
· Realistic ChanEst and NtEst is to be assumed in numerology evaluation simulations (could start with perfect chanEst/NtEst before pilot design comes in place)
· MIMO beamforming/scheduling considerations: 
· No beamforming, sweep MCS and rank
· Wideband SU-MIMO with and without beamforming (with realistic CSI at eNb side)
· MU-MIMO with and without beamforming (with realistic CSI at eNb side)
To achieve a comprehensive performance comparison between different numerology proposals, some key performance metrics need be evaluated to strike tradeoff between robustness, spectrum efficiency, reliability, latency and complexity.
Key Performance Metrics
· Channel impairment metrics that drive numerology selections (note that these metrics will eventually lead to performance differences in end-to-end performance KPIs such as spectrum efficiency, reliability, latency, etc. The end-to-end KPIs are the final evaluation metrics. The channel impairment metrics are for performance analysis):

· ISI: interference from channel excessive delay beyond CP

· ICI floor due to Doppler spread
· Phase noise floor for mmWave

· Spectrum efficiency: 

· Link-level throughput performance based on different numerologies (overhead vs. robustness in different deployment scenarios).
· Information rate of the channel considering all the overhead and impairment with different numerology options

· System-level capacity: user throughput CDF (median, tail throughput and fairness comparison).
· Reliability: 
· 1st transmission BLER in HARQ process
· Residual BLER after max HARQ retransmission subject to latency constraint
· Latency: 

· HARQ RTT and end-to-end latency with different numerologies

· HARQ processing timeline (control/pilot/data/Ack) latency with different numerologies

· Note that latency metric is also highly related to TTI design, which should be considered jointly with TTI and frame structure. The evaluation metric here is ensure numerology does not pose fundamentally limitations on latency [2]
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· Power efficiency/computational complexity:
· DRX/Micro-sleep on-time duration for different numerologies

· FFT complexity based on different numerologies
· Channel raster: FSCAN/Search complexity
· Multiplexing efficiency:

· ISI/ICI impact of scaled/non-scaled numerology multiplexing in the same carrier

· Interference impact of unified/non-unified numerology in dynamic UL/DL/SL multiplexing scenario
· OOB/ACLR as a function of pulse shaping overhead (as a fraction of CP duration) and guardband overhead.
· Transmitter and receiver processing complexity for interference mitigation

3. 
DL/UL eMBB
Design goal of eMBB is to improve spectral efficiency and reduce latency and processing complexity. Our view is that fundamental building block of eMBB is still OFDMA at DL, OFDMA + SC-FDMA at UL depending on link-budget and PA max power constraint. Numerology evaluation methods proposed above should be considered for both DL and UL eMBB use cases. In particular, spectrum efficiency, latency and power efficiency/complexity need be evaluated.
4. 
DL/UL mMTC
Design goal of mMTC is to improve link budget, reduce device complexity, reduce device power consumption and complexity. Numerology evaluation methods proposed above should be considered for both DL and UL mMTC use cases. In particular, power efficiency/complexity, multiplexing efficiency (with other services) need be evaluated.
5. 
DL/UL URLLC

Design goal of URLLC is to achieve high reliability with low latency. Numerology evaluation methods proposed above should be considered for both DL and UL URLLC use cases. In particular, reliability and latency need be evaluated. In addition, multiplexing efficiency with other services is also a key metric to consider.
6. 
Conclusion

In this paper, we discuss the evaluation proposals for different numerology choices, both based on link-level/system-level numerical evaluation and based on high level analysis of other key performance metrics. These performance metrics will be used to cover three types of services for 5G network, namely eMBB, mMTC and URLLC. For each service, agreement has to be made regarding the evaluation assumption that is listed in corresponding sections above, then different scheme can be compared focusing on the key performance matric list above.
Proposal 1: numerologies proposals should be evaluated at the link-level (and/or at the system-level) for a few typical deployment scenarios with different evaluation assumptions listed in Section 2.
Proposal 2: numerologies proposals should be evaluated at the link-level (and/or at the system-level) regarding some of the key performance metrics as in Section 2.

Proposal 3: numerologies proposals should be analysed regarding some of the key performance metrics (such as latency, complexity and multiplexing efficiency) as in Section 2

Proposal 4: numerologies proposals for eMBB UL/DL should focus on evaluation of key metrics: spectrum efficiency, latency and power efficiency/complexity. In addition, service multiplexing efficiency between eMBB and other services (e.g. URLLC and/or mMTC).
Proposal 5: numerologies proposals for mMTC UL/DL should focus on evaluation of key metrics: device power efficiency/computational complexity, mMTC and other service multiplexing efficiency. 
Proposal 6: numerologies proposals for mmWave should include evaluation of spectrum efficiency at the link-level in the presence of phase noise under an acceptable phase noise mask.
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Numerology Evaluation Assumptions and Key Metrics
Link level and system level performance evaluation for different numerologies are based on the following evaluation assumptions.
Key Evaluation Assumptions

· Antenna configurations (number of Tx and Rx antennas)

· Number of digital chains for mmWave and sub-6 massive MIMO scenarios
· MIMO channel model based on existing 3GPP LTE modelling before further modelling discussions:

· Delay spread: EPA, EVA, ETU with scaled PDP based on geometry [1] (the same was used also in 3GPP TSG RAN WG1 Meeting)
· Doppler: covering pedestrian low speed all the way up to high speed train scenarios

· Carrier frequency assumption: < 1GHz, 4GHz, > 6GHz

· Phase noise for mmWave

· Receiver assumptions: rML-type receiver for single user MIMO, MMSE or multi-layer joint processing rML receiver for MU-MIMO
· Realistic ChanEst and NtEst is to be assumed in numerology evaluation simulations (could start with perfect chanEst/NtEst before pilot design comes in place)
· MIMO beamforming/scheduling considerations: 
· No beamforming, sweep MCS and rank

· Wideband SU-MIMO with and without beamforming (with realistic CSI at eNb side)

· MU-MIMO with and without beamforming (with realistic CSI at eNb side)
To achieve a comprehensive performance comparison between different numerology proposals, some key performance metrics need be evaluated to strike tradeoff between robustness, spectrum efficiency, reliability, latency and complexity..
Key Performance Metrics
· Channel impairment metrics that drive numerology selections (note that these metrics will eventually lead to performance differences in end-to-end performance KPIs such as spectrum efficiency, reliability, latency, etc. The end-to-end KPIs are the final evaluation metrics. The channel impairment metrics are for performance analysis):

· ISI: interference from channel excessive delay beyond CP

· ICI floor due to Doppler spread

· Phase noise floor for mmWave

· Spectrum efficiency: 

· Link-level throughput performance based on different numerologies (overhead vs. robustness in different deployment scenarios).

· Information rate of the channel considering all the overhead and impairment with different numerology options

· System-level capacity: user throughput CDF (median, tail throughput and fairness comparison).
· Reliability: 
· 1st transmission BLER in HARQ process
· Residual BLER after max HARQ retransmission subject to latency constraint
· Latency: 

· HARQ RTT and end-to-end latency with different numerologies

· HARQ processing timeline (control/pilot/data/Ack) latency with different numerologies

· Note that latency metric is also highly related to TTI design, which should be considered jointly with TTI and frame structure. The evaluation metric here is ensure numerology does not pose fundamentally limitations on latency [2]
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· Power efficiency/computational complexity:

· DRX/Micro-sleep on-time duration for different numerologies

· FFT complexity based on different numerologies

· Channel raster: FSCAN/Search complexity
· Multiplexing efficiency:

· ISI/ICI impact of scaled/non-scaled numerology multiplexing in the same carrier

· Interference impact of unified/non-unified numerology in dynamic UL/DL/SL multiplexing scenario

· OOB/ACLR as a function of pulse shaping overhead (as a fraction of CP duration) and guardband overhead.

· Transmitter and receiver processing complexity for interference mitigation

To summarize, there are the following proposals:

Proposal 1: numerologies proposals should be evaluated at the link-level (and/or at the system-level) for a few typical deployment scenarios with different evaluation assumptions listed in Section 2.

Proposal 2: numerologies proposals should be evaluated at the link-level (and/or at the system-level) regarding some of the key performance metrics as in Section 2.

Proposal 3: numerologies proposals should be analysed regarding some of the key performance metrics (such as latency, complexity and multiplexing efficiency) as in Section 2

Proposal 4: numerologies proposals for eMBB UL/DL should focus on evaluation of key metrics: spectrum efficiency, latency and power efficiency/complexity. In addition, service multiplexing efficiency between eMBB and other services (e.g. URLLC and/or mMTC).
Proposal 5: numerologies proposals for mMTC UL/DL should focus on evaluation of key metrics: device power efficiency/computational complexity, mMTC and other service multiplexing efficiency. 
Proposal 6: numerologies proposals for mmWave should include evaluation of spectrum efficiency at the link-level in the presence of phase noise under an acceptable phase noise mask.

3. 
DL/UL eMBB
Design goal of eMBB is to improve spectral efficiency and reduce latency and processing complexity. Our view is that fundamental building block of eMBB is still OFDMA at DL, OFDMA + SC-FDMA at UL depending on link-budget and PA max power constraint. Numerology evaluation methods proposed above should be considered for both DL and UL eMBB use cases. In particular, spectrum efficiency, latency and power efficiency/complexity need be evaluated.

4. 
DL/UL mMTC

Design goal of mMTC is to improve link budget, reduce device complexity, reduce device power consumption and complexity. Numerology evaluation methods proposed above should be considered for both DL and UL mMTC use cases. In particular, power efficiency/complexity, multiplexing efficiency (with other services) need be evaluated.
5. 
DL/UL URLLC

Design goal of URLLC is to achieve high reliability with low latency. Numerology evaluation methods proposed above should be considered for both DL and UL URLLC use cases. In particular, reliability and latency need be evaluated. In addition, multiplexing efficiency with other services is also a key metric to consider.
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