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Discussion/Decision
1 Introduction
At the 3GPP TSG RAN#71 meeting, new study item description regarding the “Study on New Radio Access Technology” was approved [1]. The aim of the new study item is to develop a “New Radio (NR)” access technology which operates in frequency ranging up to 100 GHz and requires supporting a wide range of vertical services such as enhanced mobile broadband (eMBB), ultra-reliable low-latency communications (URLLC), massive machine type communication (mMTC) in a single technical framework. 
In the previous RAN1#84bis, there was agreement regarding the overview of NR as below [2].
Agreements:
· Largest component carrier bandwidth not smaller than 80 MHz for at least one numerology is supported
· Waveform is based on OFDM 

· Multiple numerologies are supported
· Additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, and/or OTFS is further considered
· Complementary non-OFDM based waveform is not precluded for some specific usecases (e.g., mMTC use case)

According to the agreement, the waveform for NR is based on OFDM. But detailed waveform or additional functionality for waveform needs to be discussed further during the study item phase. Based on above agreements, we discuss further considerations for OFDM based waveform for NR. Also, in our companion contribution [3], the evaluation results of OFDMA-based waveform are discussed.
2 Discussion
OFDM has many benefits as briefly listed below and for these reasons, OFDM was chosen for LTE downlink waveform.

· Frequency-selective resource scheduling

· Flexible time-frequency resource allocation

· Flexible reference signals design 

· Low complexity MIMO support

The main difference in design philosophy between LTE and NR is while LTE focused on mobile broadband as for its main use case, NR should support various vertical services in a single technical framework. Therefore, various aspects should be studied for the decision of waveform for NR. Specifically, NR waveform should be beneficial to not only meet the requirements of a separate vertical service but also provide flexibility in multiplexing multiple vertical services within a carrier bandwidth. In addition, we should consider wide range of frequency bands up to 100 GHz for waveform discussion. 
Considerations for vertical services

OFDM is already well proven for eMBB use case from the experience in LTE. However, NR should be designed to provide higher peak data rate and user experience data rates than LTE. To meet such requirements, wider bandwidths or advanced MIMO techniques needs to be applied for NR. Due to a cyclic prefix, OFDM enables cyclic convolution for channel equalization in the frequency domain so it can cope with multipath fading channels efficiently. Therefore, it is expected that OFDM transmitters and receivers would have acceptable complexity while supporting wider bandwidth (e.g. 100 MHz). OFDM also enables low complex advanced MIMO techniques with efficient per-sub-carrier based processing. 
OFDM with MIMO capability could be the proper choice for mMTC as well. It is well known that coverage enhancement is one of the most important aspects for mMTC. Repetition could enhance the coverage as we have in Rel-13 MTC, but repetition itself will consume UE power and time-frequency resources significantly. Advanced MIMO techniques at a base station side will reduce the required number of repetition considerably. 

URLLC has to provide ultra-low latency and high reliability. For example, air interface latency of URLLC is less than 0.5 ms and requirements of reliability is described by packet error rate of 10-5. From the waveform point of view, fast processing for modulation and demodulation is needed. OFDM can have reasonable processing time for modulation and demodulation simply by utilizing FFT/IFFT. 

Multiplexing of multiple vertical services

As discussed in previous section, NR should provide flexibility in multiplexing various vertical services within a single carrier bandwidth. From that perspective, OFDM is still preferred since it provides flexible time-frequency resource allocations with fine granularity. 

Another aspect to consider is multiple numerology support. According to the agreements in the previous meeting, NR can support multiple numerologies. Then it is potentially possible that a base station transmits physical channels with different numerologies in the time and/or frequency division manner. Depending on NR use cases, a base station can divide entire carrier bandwidth into smaller subbands and transmit physical channels through each subband with different numerologies. In this case, each subband may suffer from mutual inter-numerology interference because out-of-band emission (OOBE) from a subband gives impact on the adjacent subband. To solve this issue, the waveform showing good OOBE is preferred. From the perspective of OOBE, OFDM could be a good choice either since filtering or windowing can simply reduce OOBE without any specification support.
Waveform for uplink 

SC-FDMA was chosen for LTE uplink due to its low peak-to-average power ratio (PAPR) and cubic metric (CM) compared to OFDM. Low PAPR or CM leads to increased high PA efficiency since it requires less power back-off to avoid saturation of transmission signal. In addition, low PAPR is beneficial to large uplink coverage. However, there are other alternative techniques to reduce PAPR or to avoid the impact of PAPR. Digital pre-distortion (DPD) and/or envelop tracking (ET) is widely used for LTE UEs. Digital pre-distortion does pre-distort transmit signal in front of PA in advance so the impacts of non-linearity is compensated in the output signal of PA. On the other hand, ET can increase or decrease linear response range of a PA according to the power of input signal by controlling input DC current to PA. 
Compared to SC-FDMA, adopting OFDM for uplink has several advantages. Firstly, physical channels for uplink and downlink can be designed to have common structure if both uplink and downlink use OFDM. For example, uplink and downlink physical channels can have single demodulation reference signal (DMRS) structure without any constraint. In current LTE, uplink DMRS is TDMed with data symbols. But this uplink DMRS is vulnerable to large Doppler frequency due to high UE speed or large frequency offset since time interval between two DMRS symbols are too separated. On the other hand, if the DMRS pattern similar with LTE downlink DMRS is applied to uplink, the base station can successfully cope with high Doppler frequency or frequency offset. Also, various DMRS patterns can be used to support various UE speed. Secondly, efficient interference management is possible for dynamic TDD. In dynamic TDD, interference situation happens frequently. One example is interference from the UE transmitting uplink in the adjacent cell boundary to the UE receiving downlink signal in the other cell boundary. In this case, the interference can be managed more efficiently if single waveform is used for both uplink and downlink. Thirdly, OFDM is beneficial to meet ultra-low latency requirement of URLLC compared to SC-FDMA. SC-FDMA additionally requires a DFT pre-coder in a UE side and IDFT post-coder in a base station side which makes additional latency. Since URLLC requires relatively large frequency resources for increased reliability and shortened TTI, latency impacts of DFT pre-coder and post-coder may not be negligible. Finally, considering sidelink communication, OFDM may be a better choice than SC-FDMA since a single receiver is required for receiving both downlink and sidelink in UE side.
As discussed above, OFDM is preferred even for uplink waveform. However, SC-FDMA could be considered especially for some scenarios such as mMTC. Implementation of DPD or ET may not be feasible for mMTC devices due to large complexity. Therefore, SC-FDMA could be an option for mMTC uplink. Since SC-FDMA is basically OFDM with DFT precoding before IFFT, it is possible to support both SC-FDMA and OFDM in a given uplink carrier bandwidth from both base station and UE perspective.

Waveform for high frequency band, e.g. above 6 GHz

For above 6GHz band, it is basically assumed that eMBB is the main use case. Therefore, we think that OFDM should be the baseline as a waveform for above 6 GHz frequency as well. However, in high frequency band, communication environments may be harsh due to the high propagation loss and cell coverage could be limited especially in the deployments with relatively large cell size. Moreover, implementing digital pre-distortion or envelope tracking may not be feasible due to wide bandwidth and higher carrier frequency. Therefore, SC-FDMA could be additionally considered for both downlink and uplink in the deployments where coverage is not sufficient.
3 Conclusion

In this contribution, we discussed various aspects for the decision of waveform for NR. We discussed NR waveform considering vertical service requirement, multiplexing between vertical services, uplink aspects and above 6 GHz. After the discussion, our proposal is that OFDM should be used for the baseline waveform for NR uplink and downlink with additional consideration of supporting SC-FDMA for the coverage limited environments such as mMTC cases.
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