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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 spectrum, across sub6 and mmWave spectrum. Having scalable numerology design across all use cases will be a key design requirement.

2. 
Numerology Requirements for Deployment scenarios
In this paper, we will focus on the numerology requirements for both downlink (DL) and uplink (UL). It is important to note that the choice of numerology relies highly on service requirement. We focus on three types of services for 5G network with different service requirements
1. eMBB (Enhanced Mobile Broadband): Low latency, higher spectral efficiency/throughput
2. mMTC (massive Machine Type Communications): Improved link budget, low device complexity, long device battery life (low energy consumption), support high density device deployment

3. URLLC (Ultra Reliable Low Latency Communications): High reliability (low packet error rate), low latency
The paper will discuss numerology requirements of DL and UL for all these services, focusing on the following requirements which drive numerology selection:
· Spectrum efficiency, performance robustness across deployment scenarios:
· Doppler: numerology design should account for mobility scenarios and robust performance is expected in the presence of high Doppler (e.g. HST scenario with speed up to 500km/hr).
· Delay Spread: numerology design needs to account for typical and percentile delay spread requirement and ensure robust performance.
· Delay spread could result from one or more of the following:

· 1) multipath (ISI) from wideband wireless channel (depending on deployment scenario, DS could range from < 1us (indoor, small cells) to a few us (urban macro, suburban scenarios)
· 2) transmission/receiver waveform pulse-shaping (e.g., digital/analog filtering from Tx/Rx sides, WOLA)
· 3) reception from simultaneous multi-point transmission (Comp, SFN and/or repeater scenarios)
· 4) multi-layer/multi-user transmission and beamforming (MU-MIMO)
· Phase noise of mmWave device
· Available number of digital chains for mmWave: 

· determining MIMO order and the need for analog beam sweeping
· Duplexing efficiency in TDD and CCA efficiency in unlicensed/shared license spectrums:

· Moderate symbol duration for low guard period and UL/DL switch overhead
· symbol duration less than or comparable to CCA duration for efficient medium capture
· Flexible numerology and TTI Scaling:

· Scaling subcarrier spacing by 2^K:

· To scale down to a short TTI with optimized pilot/control placement to enable pipelined processing for low-latency HARQ turn-around.
· Enable scaled symbol design with scaled numerology to achieve finer pipeline processing of control/pilot for data in the DL and to enable UL pipelined waveform generation of feedback pilot and Ack channel.

· Moderate FFT complexity when scaled to large system bandwidth
· To allow sufficient number of time division multiplexed UEs in mmWave where frequency division multiplexing might not be feasible.

· Scaling subcarrier spacing by 2^K, where K is a negative integer
· To gain robustness over long delay spread (due to MBSFN, Comp, etc.)

· Scaling the number of symbols per TTI by 1/2^K:

· Support low latency without sacrificing robustness against delay spread.
· Numerology multiplexing between different carriers, different service verticals to serve different latency and efficiency requirements:
· To support mixed deployment of different service verticals (for example, eMBB w/ longer CP for spectrum efficiency and URLLC w/ normal CP for low latency) with different ways of TTI scaling and efficient multiplexing at both PHY/MAC.
· TTI Multiplexing:

· PHY layer multiplexing: scaled numerology symbol multiplexing by pulse-shaping, filtering and frequency guardband without excessive receiver side filtering requirement (the associated complexity and group delay).
· MAC layer multiplexing: enable common control (CMAC) along with scheduler for the same TTI duration that is agnostic of the physical layer characteristics (agnostic to how the TTI is achieved, either by scaling sub-carrier spacing or by scaling number of symbols)
· Dynamic UL/DL/SL with efficient interference management:

· Unified numerology and symmetric waveform across UL/DL/SL to support more efficient interference management in a dynamic UL/DL/SL environment.
· Modem complexity consideration:

· Enable modem HW re-use of key hardware components, such as XO over Multi-RATs (LTE and 5G).

· 5G tone spacing should be LTE tone spacing x N/D for small N and D (in example, suppose 5G subcarrier spacing is chosen to be 35kHz, 35 = 15*7/3, with N = 7, D = 3)
· Complexity of FFT size should be kept moderate as scaled to wide bandwidth

· Channel raster numerology
· Band dependent raster design for high efficiency frequency scan/search
· Numerology impact on SYNC channel, init-acq, etc.
· Unification of numerology on SYNC channel.
Based on the above numerology requirements, it is proposed to have the following numerology family for NR:
a) subcarrier spacing Δfk = Δf0*2k, 
b) CPk = CP0/2k,
c) 16*2k symbols per ms, 
where one example is: Δf0 = 17.5 kHz, CP0 = 5.36us, 16 symbols per ms and k is an integer.
3. 
Numerology Requirements for 5G Verticals 
3.1 DL/UL eMBB

eMBB DL/UL requirements are mostly covered in the general numerology requirements in the previous section. In particular, symmetric waveform/numerology selection is desired to ensure dynamic link switch and interference management.
3.2 UL/DL mMTC
5G mMTC DL design is expected to be harmonized with nominal eMBB DL to simplify design. 
5G mMTC UL design will be highly optimized in link-budget for coverage extension. Single carrier waveform with pulse shaping and non-orthogonal overlay with mMTC and eMBB traffic is expected. mMTC numerology is expected to support small bandwidth (e.g., 200kHz, 1MHz or 5MHz, etc.) to enable massive MTC devices.
3.3 UL/DL URLLC
UL/DL URLLC requires short TTI support to achieve low latency. To serve different deployment and use case scenarios, flexible TTI scaling based on number of symbols and subcarrier spacing scaling both need be supported.

Numerology and TTI multiplexing is the key to enable URLLC multiplexing with other service verticals.
URLLC to support symmetric waveform and numerology is useful in a TDD environment to support dynamic link switch and to achieve low latency with high reliability.

UL URLLC also desires symmetric OFDMA waveform to achieve simultaneous SR and data transmission and single-carrier waveform in link-budget limited scenario. The corresponding numerology is desired to be scaled from eMBB numerology for efficient multiplexing.
4. 
Conclusion

To summarize, based on different scenarios, there would be different requirements on the corresponding numerology determination.
We highlight the following proposals:
Proposal 1: Numerology design should be determined based on the general requirements in Section 2 for the specific deployment scenario.
Proposal 2: It is proposed to have scaled subcarrier spacing = Δf0*2k in order to achieve high multiplexing efficiency between different numerologies.
Proposal 3: It is proposed to have 2^M symbols per TTI to ensure flexible TTI downscaling for URLLC from 2^M symbols to 1. 
Proposal 4: It is proposed to have 2^M symbols per TTI and scaled subcarrier scaling = Δf0*2k at the same time to ensure flexible numerology scaling up and down in the same TTI. Scalable short symbols are to support low latency and scalable long symbols are to ensure robustness in MBSFN/COMP type of features.
Proposal 5: it is proposed to have NR numerology family as:
a) subcarrier spacing Δfk = Δf0*2k, 
b) CPk = CP0/2k,
c) 16*2k symbols per ms,
where one example is: Δf0 = 17.5 kHz, CP0 = 5.36us, 16 symbols per ms and k is an integer.
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5.1 Numerology Requirements for Deployment scenarios
In this paper, we will focus on the numerology requirements for both downlink (DL) and uplink (UL). It is important to note that the choice of numerology relies highly on service requirement. We focus on three types of services for 5G network with different service requirements
4. eMBB (Enhanced Mobile Broadband): Low latency, higher spectral efficiency/throughput

5. mMTC (massive Machine Type Communications): Improved link budget, low device complexity, long device battery life (low energy consumption), support high density device deployment

6. URLLC (Ultra Reliable Low Latency Communications): High reliability (low packet error rate), low latency
The paper will discuss numerology requirements of DL and UL for all these services, focusing on the following requirements which drive numerology selection:
· Spectrum efficiency, performance robustness across deployment scenarios:

· Doppler: numerology design should account for mobility scenarios and robust performance is expected in the presence of high Doppler (e.g. HST scenario with speed up to 500km/hr).
· Delay Spread: numerology design needs to account for typical and percentile delay spread requirement and ensure robust performance.

· Delay spread could result from one or more of the following:

· 1) multipath (ISI) from wideband wireless channel (depending on deployment scenario, DS could range from < 1us (indoor, small cells) to a few us (urban macro, suburban scenarios)

· 2) transmission/receiver waveform pulse-shaping (e.g., digital/analog filtering from Tx/Rx sides, WOLA)

· 3) reception from simultaneous multi-point transmission (Comp, SFN and/or repeater scenarios)

· 4) multi-layer/multi-user transmission and beamforming (MU-MIMO)
· Phase noise of mmWave device

· Available number of digital chains for mmWave: 

· determining MIMO order and the need for analog beam sweeping
· Duplexing efficiency in TDD and CCA efficiency in unlicensed/shared license spectrums:

· Moderate symbol duration for low guard period and UL/DL switch overhead
· symbol duration comparable to CCA duration for efficient medium capture
· Flexible numerology and TTI Scaling:

· Scaling subcarrier spacing by 2^K:

· To scale down to a short TTI with optimized pilot/control placement to enable pipelined processing for low-latency HARQ turn-around.

· Enable scaled symbol design with scaled numerology to achieve finer pipeline processing of control/pilot for data in the DL and to enable UL pipelined waveform generation of feedback pilot and Ack channel.

· Moderate FFT complexity when scaled to large system bandwidth
· To allow sufficient number of time division multiplexed UEs in mmWave where frequency division multiplexing might not be feasible.

· Scaling subcarrier spacing by 2^K, where K is a negative integer

· 
· To gain robustness over long delay spread (due to MBSFN, Comp, etc.)

· Scaling the number of symbols per TTI by 1/2^K:

· Support low latency without sacrificing robustness against delay spread.
· Numerology multiplexing between different carriers, different service verticals to serve different latency and efficiency requirements:

· To support mixed deployment of different service verticals (for example, eMBB w/ longer CP for spectrum efficiency and URLLC w/ normal CP for low latency) with different ways of TTI scaling and efficient multiplexing at both PHY/MAC.
· TTI Multiplexing:

· PHY layer multiplexing: scaled numerology symbol multiplexing by pulse-shaping, filtering and frequency guardband without excessive receiver side filtering requirement

· MAC layer multiplexing: enable common control (CMAC) along with scheduler for the same TTI duration that is agnostic of the physical layer characteristics (agnostic to how the TTI is achieved, either by scaling sub-carrier spacing or by scaling number of symbols)

· Dynamic UL/DL/SL with efficient interference management:

· Unified numerology and symmetric waveform across UL/DL/SL to support more efficient interference management in a dynamic UL/DL/SL environment.

· Modem complexity consideration:

· Enable modem HW re-use of key hardware components, such as LO over Multi-RATs (LTE and 5G).

· 5G tone spacing should be LTE tone spacing x N/D for small N and D (in example, suppose 5G subcarrier spacing is chosen to be 35kHz, 35 = 15*7/3, with N = 7, D = 3)
· Complexity of FFT size should be kept moderate as scaled to wide bandwidth

· Channel raster numerology

· Band dependent raster design for high efficiency frequency scan/search

· Numerology impact on SYNC channel, init-acq, etc.
· Unification of numerology on SYNC channel.

Based on the above numerology requirements, it is proposed to have the following numerology family for NR:
d) subcarrier spacing Δfk = Δf0*2k, 
e) CPk = CP0/2k,
f) 16*2k symbols per ms,
where one example is: Δf0 = 17.5 kHz, CP0 = 5.36us, 16 symbols per ms and k is an integer.
We highlight the following proposals:
Proposal 1: Numerology design should be determined based on the general requirements in Section 2 for the specific deployment scenario.

Proposal 2: It is proposed to have scaled subcarrier spacing = Δf0*2k in order to achieve high multiplexing efficiency between different numerologies.
Proposal 3: It is proposed to have 2^M symbols per TTI to ensure flexible TTI downscaling for URLLC from 2^M symbols to 1. 
Proposal 4: It is proposed to have 2^M symbols per TTI and scaled subcarrier scaling = Δf0*2k at the same time to ensure flexible numerology scaling up and down in the same TTI. Scalable short symbols are to support low latency and scalable long symbols are to ensure robustness in MBSFN/COMP type of features.
Proposal 5: it is proposed to have NR numerology family as:
a) subcarrier spacing Δfk = Δf0*2k, 
b) CPk = CP0/2k,
c) 16*2k symbols per ms,

where one example is: Δf0 = 17.5 kHz, CP0 = 5.36us, 16 symbols per ms and k is an integer.
5.2 
Numerology Requirements for 5G Verticals 

3.1 DL/UL eMBB

eMBB DL/UL requirements are mostly covered in the general numerology requirements in the previous section. In particular, symmetric waveform/numerology selection is desired to ensure dynamic link switch and interference management.
3.2 UL/DL mMTC

5G mMTC DL design is expected to be harmonized with nominal eMBB DL to simplify design. 

5G mMTC UL design will be highly optimized in link-budget for coverage extension. Single carrier waveform with pulse shaping and non-orthogonal overlay with mMTC and eMBB traffic is expected. mMTC numerology is expected to support small bandwidth (e.g., 200kHz, 1MHz or 5MHz, etc.) to enable massive MTC devices.

3.3 UL/DL URLLC

UL/DL URLLC requires short TTI support to achieve low latency. To serve different deployment and use case scenarios, flexible TTI scaling based on number of symbols and subcarrier spacing scaling both need be supported.

Numerology and TTI multiplexing is the key to enable URLLC multiplexing with other service verticals.

URLLC to support symmetric waveform and numerology is useful in a TDD environment to support dynamic link switch and to achieve low latency with high reliability.

UL URLLC also desires symmetric OFDMA waveform to achieve simultaneous SR and data transmission and single-carrier waveform in link-budget limited scenario. The corresponding numerology is desired to be scaled from eMBB numerology for efficient multiplexing.
== Text Proposal for RAN1 TR “General Description of Layer 1” End ==
[image: image1.png]



8

