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Introduction
In RAN#71, the technology study item for 5G new RAT (NR) has been approved. For the New Radio Access Technology (NR), there is potential to improve the waveform design to efficiently multiplex different services while optimize for the specific requirements of each service, respectively.
5G should be designed to provide a diverse range of services all under the same network, leveraging the same spectrum and ideally unified under the same standard with shared physical blocks and scalable numerologies. Moreover, 5G is expected to offer current consumer electronics significantly lower latencies (e.g., wide-area ARQ/HARQ latencies of 1-2 ms) and high throughputs (e.g., 5-10 Gbps at the application layer including TCP), while at the same time expanding to more machine-type communications in both dimensions of very low power and very low latency (which can scale down to 100 us at shorter ranges) and/or high reliability (packet failure rates between 1e-5 and 1e-9). The overview of applications shown in Figure 1. 
[image: ]
[bookmark: _Ref446266927][bookmark: _Ref426144886][bookmark: _Toc426146511][bookmark: _Toc426398617][bookmark: _Toc426466086][bookmark: _Toc426479639][bookmark: _Toc426482624][bookmark: _Toc426491412][bookmark: _Toc426525819][bookmark: _Toc426528745][bookmark: _Toc426539008][bookmark: _Toc426539731][bookmark: _Toc426621689][bookmark: _Toc426644432][bookmark: _Toc426739387][bookmark: _Toc426920298][bookmark: _Toc427064862][bookmark: _Toc427065029][bookmark: _Toc427076242][bookmark: _Toc427116220][bookmark: _Toc427150353][bookmark: _Toc428452747]Figure 1 Key applications of 5G

In this contribution, we discuss waveform design considerations for various service/deployment scenarios for the new RAT. 


Use Cases and Waveform Requirements
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Enhanced mobile broadband (eMBB) is envisioned to be the low latency and high throughput anchor technology on to which various 5G services are derived, either through scalable numerology in the waveform itself or in the subframe definition. This design philosophy enables a common MAC design across technologies which can benefit integration (e.g., carrier aggregation between mmW and cellular). Enhanced Mobile Broadband includes aspect such as the uplink and downlink for large cells in licensed spectrum and small cells in licensed or unlicensed spectrum. This includes cellular frequencies below 6 GHz and bands above 6GHz such as mmW. The critical requirement for eMBB is to ensure high spectral efficiency and lower latency across potentially larger licensed bandwidths which may become available between 4-6 GHz, such as the 4.4-4.9GHz being considered for 5G in Japan.  Enhanced Mobile Broadband additionally provisions for device-to-device communication co-channel with cellular uplink and downlink services, as well as integrated access and backhaul (IAB) communication between infrastructure nodes such as basestations. This places further constraints on waveform design.
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For eMBB downlink, the key design consideration are: 
· support of high spectral efficiency across wide band.
· fully leverage spatial multiplexing. 
For eMBB cellular downlink service, users can be assumed in connected RRC states, i.e. synchronization is already achieved and dedicated control/data channels have been established.
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For uplink enhanced mobile broadband services, there are two important deployments to consider. 
First are large cell or macro cell deployments, where users are power limited and may not be able to achieve a very high spectral efficiency depending on their location. In these cases, it becomes more important for waveforms to achieve low PAPR such as with single carrier or even constant envelope.
For small cell or unlicensed deployments where the transmit power is smaller due to power requirements of small cell device or government regulations on unlicensed spectrum, respectively, the distance from the user to the basestation is significantly decreased but not necessarily the maximum transmit power of the user, particularly in more isolated small cells and unlicensed deployments like suburban indoor residential. Therefore, it becomes more important to allow for very high spectral efficiency within a set of subcarriers allocated to each user, including the maximum use of MIMO transmission, and then OFDMA becomes a more appropriate technology for enhanced mobile broadband. 
An illustration of large cell (1732m inter-site distance for 1km cell radius) uplink SNR and SINR distribution without power control is provided below, were users are allowed to transmit 23dBm across the entire band. Note the path loss is so large in these cases that users are typically in the low spectral efficiency regime, and it becomes more advantageous to support lower PAPR waveforms with SC-FDMA instead of MIMO spatial multiplexing with OFDM. On the other hand, if the radius were to decrease by a factor of 8 (giving 125m cell radius), that would the shift the curves by 30dB under which case enabling MIMO on the uplink can be more generally useful.
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Waveform tradeoffs in millimeter wave bands is determined by multiple factors such as PA efficiency, max PA power, channel properties (such as delay spread) and beamforming architecture (such as analog, digital or hybrid). 
· It is likely that the mmw PAs may have lower efficiency and lower peak power. In such scenarios, it is important to have waveforms that have very low PAPR thus improving the link budget in a highly challenging mmw environment.
· The beamforming may also reduce the delay spread in the observed channel contributing towards a different tradeoff point between single carrier and OFDM approaches. 
· Using larger subcarrier spacing in mmw bands may help with reducing the FFT size complexity in the presence of large bandwidths.
· In analog or hybrid beamformed systems, the number of digital chains is small compared to the number of antennas and part of the beamforming is realized through RF beamforming. In such architectures, multiplexing a large number of users in FDM is not possible unless multiple users fall within the same beam. To provide better granularity in scheduling and size of the transport blocks, it may be better to have short TTIs. This may also apply to waveforms for both control and data. 

Proposal 1: for eMBB use cases (including mmW), waveform design should allow:
· Downlink: high spectral efficiency and easy integration with MIMO
· Uplink: 
· high spectral efficiency and easy integration with MIMO for small cell deployment
· support of low PAPR waveform for link budget limited users in macro cell deployment
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As mentioned in previous sections, one of the applications envisioned for 5G is the support of massive number of devices with wireless connection to the wide-area cellular networks. Other than focusing on extreme bandwidth and high spectral efficiency as in the 5G nominal use cases, WAN IoE has its unique design requirements and traffic profiles. Specifically, WAN IoE represents the category of applications with sporadic short data bursts and tight requirement on battery life. Also, in order to provide deployment flexibility for WAN IoE 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 single carrier waveforms or even constant envelope waveforms to allow better PAPR and PA efficiency, as well as simple waveform synthesis at transmitter, 
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Proposal 2: for mMTC use cases, waveform design should allow:
· Uplink: high PA efficiency, reduced signalling/access overhead optimized for small data burst. High spectral efficiency is not critical.
· Downlink: similar as eMBB but scaled to appropriate bandwidth

Mission Critical Applications (uLLRC)
For very low latency mission critical applications, the numerology for subframe and HARQ timeline may need to be condensed to provide very high reliability in a shorter time span. One the downlink, since a single source is controlling the transmission to all users this can be less of a design issue and OFDMA is suitable solution where synchronization among users is already given. This is also important since the basestation does not have to support two different waveforms for each service. 
However, in the uplink there are now tradeoffs to be considered. One approach to reduce latency in general for lower spectral efficiency or short bursty transmissions is to enable non-orthogonal transmission and multi-user detection on the same time frequency resources, and another is to partition separate sub-bands for asynchronous transmission. 

Proposal 3: for uLLRC use cases, waveform design should allow:
· Uplink: low processing latency, with support of low PAPR waveform for link budget limited users.
· Downlink: low processing latency.
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Enhanced mobile broadband applications also are envisioned to enable device-to-device communication. Due to the symmetric nature of link, it is desirable to have the same waveform in either direction. It can be further studied whether OFDM or SC-FDM should be used. 
Since the ranges for device-to-device are shorter, higher PAPR may be less of an issue and higher spectral efficiency may need to be supported. Therefore, it might become advantageous for device-to-device communications to leverage waveforms more suited to the downlink, which means adopting an OFDM waveform for this link. 

Proposal 4: for D2D (sidelink) use cases, waveform design should allow:
· Symmetric waveform.
· High spectral efficiency support.

Integrated Access and Backhaul (IAB)
Enhanced mobile broadband applications also are envisioned to enable basestation-to-basestation communication. It should be noted however, that there is less of a requirement for communication among large cells, since it is unlikely to deploy such large equipment without additional investment in wireline backhaul. However, in the case of small cells, it is more likely that they will need to establish mesh among other small cells or direct links to large cells which have wireline backhaul. Therefore, backhaul link can adopt OFDMA waveform, with additional support for SC-FDMA on the transmit side (small cell basestation) only. This allows no change to the demodulation path of the base station, but may incur slight increase in complexity to the transmitter since a DFT must be introduced. 

Proposal 5: for IAB use cases, waveform design should have similar requirement as eMBB uplink.


Conclusions
As summary, waveform design for 5G new RAT should consider the different requirements from the various use cases, respectively:
Proposal 1: for eMBB use cases (including mmW), waveform design should allow:
· Downlink: high spectral efficiency and easy integration with MIMO
· Uplink: 
· high spectral efficiency and easy integration with MIMO for small cell deployment
· support of low PAPR waveform for link budget limited users in macro cell deployment

Proposal 2: for mMTC use cases, waveform design should allow:
· Uplink: high PA efficiency, reduced signalling/access overhead optimized for small data burst. High spectral efficiency is not critical.
· Downlink: similar as eMBB but scaled to appropriate bandwidth

Proposal 3: for uLLRC use cases, waveform design should allow:
· Uplink: low processing latency, with support of low PAPR waveform for link budget limited users.
· Downlink: low processing latency.

Proposal 4: for D2D (sidelink) use cases, waveform design should allow:
· Symmetric waveform.
· High spectral efficiency support.

Proposal 5: for IAB use cases, waveform design should allow:
· Similar requirement as eMBB uplink.
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Use Cases and Waveform Requirements

Enhanced Mobile Broadband (eMBB) Waveform
Enhanced mobile broadband (eMBB) is envisioned to be the low latency and high throughput anchor technology on to which various 5G services are derived, either through scalable numerology in the waveform itself or in the subframe definition. This design philosophy enables a common MAC design across technologies which can benefit integration (e.g., carrier aggregation between mmW and cellular). Enhanced Mobile Broadband includes aspect such as the uplink and downlink for large cells in licensed spectrum and small cells in licensed or unlicensed spectrum. This includes cellular frequencies below 6 GHz and bands above 6GHz such as mmW. The critical requirement for eMBB is to ensure high spectral efficiency and lower latency across potentially larger licensed bandwidths which may become available between 4-6 GHz, such as the 4.4-4.9GHz being considered for 5G in Japan.  Enhanced Mobile Broadband additionally provisions for device-to-device communication co-channel with cellular uplink and downlink services, as well as integrated access and backhaul (IAB) communication between infrastructure nodes such as basestations. This places further constraints on waveform design.
eMBB Cellular Downlink
For eMBB downlink, the key design consideration are: 
· support of high spectral efficiency across wide band.
· fully leverage spatial multiplexing. 
For eMBB cellular downlink service, users can be assumed in connected RRC states, i.e. synchronization is already achieved and dedicated control/data channels have been established.
 
eMBB Cellular Uplink
For uplink enhanced mobile broadband services, there are two important deployments to consider. 
First are large cell or macro cell deployments, where users are power limited and may not be able to achieve a very high spectral efficiency depending on their location. In these cases, it becomes more important for waveforms to achieve low PAPR such as with single carrier or even constant envelope.
For small cell or unlicensed deployments where the transmit power is smaller due to power requirements of small cell device or government regulations on unlicensed spectrum, respectively, the distance from the user to the basestation is significantly decreased but not necessarily the maximum transmit power of the user, particularly in more isolated small cells and unlicensed deployments like suburban indoor residential. Therefore, it becomes more important to allow for very high spectral efficiency within a set of subcarriers allocated to each user, including the maximum use of MIMO transmission, and then OFDMA becomes a more appropriate technology for enhanced mobile broadband. 
An illustration of large cell (1732m inter-site distance for 1km cell radius) uplink SNR and SINR distribution without power control is provided below, were users are allowed to transmit 23dBm across the entire band. Note the path loss is so large in these cases that users are typically in the low spectral efficiency regime, and it becomes more advantageous to support lower PAPR waveforms with SC-FDMA instead of MIMO spatial multiplexing with OFDM. On the other hand, if the radius were to decrease by a factor of 8 (giving 125m cell radius), that would the shift the curves by 30dB under which case enabling MIMO on the uplink can be more generally useful.
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Figure 2 Distribution of UL SNR for 1732m ISD

eMBB Millimeter Wave
Waveform tradeoffs in millimeter wave bands is determined by multiple factors such as PA efficiency, max PA power, channel properties (such as delay spread) and beamforming architecture (such as analog, digital or hybrid). 
· It is likely that the mmw PAs may have lower efficiency and lower peak power. In such scenarios, it is important to have waveforms that have very low PAPR thus improving the link budget in a highly challenging mmw environment.
· The beamforming may also reduce the delay spread in the observed channel contributing towards a different tradeoff point between single carrier and OFDM approaches. 
· Using larger subcarrier spacing in mmw bands may help with reducing the FFT size complexity in the presence of large bandwidths.
· In analog or hybrid beamformed systems, the number of digital chains is small compared to the number of antennas and part of the beamforming is realized through RF beamforming. In such architectures, multiplexing a large number of users in FDM is not possible unless multiple users fall within the same beam. To provide better granularity in scheduling and size of the transport blocks, it may be better to have short TTIs. This may also apply to waveforms for both control and data. 

Proposal 1: for eMBB use cases (including mmW), waveform design should allow:
· Downlink: high spectral efficiency and easy integration with MIMO
· Uplink: 
· high spectral efficiency and easy integration with MIMO for small cell deployment
· support of low PAPR waveform for link budget limited users in macro cell deployment
 
Wide Area Internet of Everything (mMTC)
As mentioned in previous sections, one of the applications envisioned for 5G is the support of massive number of devices with wireless connection to the wide-area cellular networks. Other than focusing on extreme bandwidth and high spectral efficiency as in the 5G nominal use cases, WAN IoE has its unique design requirements and traffic profiles. Specifically, WAN IoE represents the category of applications with sporadic short data bursts and tight requirement on battery life. Also, in order to provide deployment flexibility for WAN IoE 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 single carrier waveforms or even constant envelope waveforms to allow better PAPR and PA efficiency, as well as simple waveform synthesis at transmitter, 
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, but scaled to appropriate bandwidth. 

Proposal 2: for mMTC use cases, waveform design should allow:
· Uplink: high PA efficiency, reduced signalling/access overhead optimized for small data burst. High spectral efficiency is not critical.
· Downlink: similar as eMBB but scaled to appropriate bandwidth

Mission Critical Applications (uLLRC)
For very low latency mission critical applications, the numerology for subframe and HARQ timeline may need to be condensed to provide very high reliability in a shorter time span. One the downlink, since a single source is controlling the transmission to all users this can be less of a design issue and OFDMA is suitable solution where synchronization among users is already given. This is also important since the basestation does not have to support two different waveforms for each service. 
However, in the uplink there are now tradeoffs to be considered. One approach to reduce latency in general for lower spectral efficiency or short bursty transmissions is to enable non-orthogonal transmission and multi-user detection on the same time frequency resources, and another is to partition separate sub-bands for asynchronous transmission. 

Proposal 3: for uLLRC use cases, waveform design should allow:
· Uplink: low processing latency, with support of low PAPR waveform for link budget limited users.
· Downlink: low processing latency.

Cellular Device-to-Device (SideLink)
Enhanced mobile broadband applications also are envisioned to enable device-to-device communication. Due to the symmetric nature of link, it is desirable to have the same waveform in either direction. It can be further studied whether OFDM or SC-FDM should be used. 
Since the ranges for device-to-device are shorter, higher PAPR may be less of an issue and higher spectral efficiency may need to be supported. Therefore, it might becomes advantageous for device-to-device communications to leverage waveforms more suited to the downlink, which means adopting an OFDM waveform for this link. 

Proposal 4: for D2D (sidelink) use cases, waveform design should allow:
· Symmetric waveform.
· High spectral efficiency support.

Integrated Access and Backhaul (IAB)
Enhanced mobile broadband applications also are envisioned to enable basestation-to-basestation communication. It should be noted however, that there is less of a requirement for communication among large cells, since it is unlikely to deploy such large equipment without additional investment in wireline backhaul. However, in the case of small cells, it is more likely that they will need to establish mesh among other small cells or direct links to large cells which have wireline backhaul. Therefore, backhaul link can adopt OFDMA waveform, with additional support for SC-FDMA on the transmit side (small cell basestation) only. This allows no change to the demodulation path of the base station, but may incur slight increase in complexity to the transmitter since a DFT must be introduced. 

Proposal 5: for IAB use cases, waveform design should have similar requirement as eMBB uplink.
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