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1. Introduction 
During the 3GPP RAN #71 meeting, a new Study Item “Study on new radio access technology” [1] was approved, in order to develop a new RAT which supports a broad range of use cases and operates in frequency ranges up to 100 GHz. It was agreed that the study item initially prioritizes gaining a common understanding on required radio protocol structure and architecture, in order to design a forward compatible RAT with a single technical framework addressing various use cases and deployment scenarios. One of the focus areas to achieve these objectives is given below [1]:  

· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain
In this contribution, we discuss potential requirements and aspects to consider in order to design/select waveforms for the new RAT. Potential use cases for the new RAT can be categorized as eMBB (enhanced Mobile Broadband), mMTC (massive Machine Type Communications), and URLLC (Ultra-Reliable and Low Latency Communications) [2]. 
2. Considerations on waveforms for new RAT 
CP based OFDM
Cyclic prefix (CP) based OFDM adopted in LTE can efficiently support the mobile broadband services by effectively dealing with multi-path fading with a simple single-tap equalizer and allowing easy adoption of high order MIMO schemes. Together with further evolved massive MIMO techniques, OFDM is expected to be an important waveform for eMBB use cases. For the DL mMTC scenario, a simple receiver is desired for extremely low cost connected objects, and transmit beamforming along with spatial multiplexing can increase the coverage and accommodate a higher number of UEs. Thus, OFDM may be a suitable solution for the DL mMTC scenario. Similarly, OFDM is suitable for the DL URLLC scenario, as OFDM’s simple transmitter and receiver structures are beneficial to meet stringent processing delay requirements for the URLLC applications.    
Common DL and UL waveform     

In the new RAT, employing a common waveform in DL and UL is desired for various reasons. In LTE-A, a UE has to be equipped with an additional SC-FDMA receiver to support device-to-device (D2D) communication. The common waveform for DL and UL avoids the need of additional receiver implementation to enable side-link communication, and to make it easier to cancel the side-link and/or dynamic TDD interference. Furthermore, the common UL and DL waveform would naturally support backhaul and access links convergence for a network relay or a UE relay. The coverage enhancement in SC-FDMA (equivalently, DFT-spread OFDM) waveform thanks to low peak-to-average power ratio (PAPR) property can be achieved in OFDM via a potential higher receive beamforming gain from a massive MIMO system. 
Frequency localization 
It has been discussed in many literatures [3] that improved frequency localization, i.e. lower inter-carrier interference (ICI) for asynchronous multiple access systems and lower out-of-band emission (OOBE) than conventional CP-OFDM, may be one of desired properties for the fifth generation (5G) wireless systems, potentially considering the following aspects:

· Multiplexing of different services and applications within one system band

· Support of high mobility UEs (high Doppler spread)

· Support of asynchronous multiple access in the uplink

In order to support heterogeneous services with quite different QoS requirements (e.g. latency, data rate), coverage requirements, and power constraints within one system band, different physical layer numerologies such as TTI and subcarrier spacing may need to be multiplexed in a single transmission channel. Typically, a larger bandwidth allocation with a larger subcarrier spacing results in higher OOBE than a small bandwidth allocation.  Similar to multiplexing of LTE PRACH resources (subcarrier spacing of 1.25 KHz) with PUSCH and PUCCH resources (subcarrier spacing of 15 KHz), 1) a few guard subcarriers between two sub-bands of different subcarrier spacing’s and 2) a larger subcarrier spacing defined as an integer multiple of a smaller subcarrier spacing may be good enough to avoid severe ICI. In addition, a narrow band resource allocation may be located in the band edge similar to PUCCH resource allocation, to be less affected by adjacent wider band allocations.   

As for support of high mobility UEs, the system being operated with multiple numerologies simultaneously can separately allocate a radio resource for high mobility UEs with a larger subcarrier spacing to reduce the impact of Doppler spread. 

As explained in [4], enabling asynchronous multiple access may not be so critical to achieve energy efficient, low control overhead uplink transmission for the uplink mMTC scenario. In the mMTC scenario, synchronous multiple access is feasible without frequently performing uplink synchronization procedures thanks to limited mobility of devices and potential long symbol and CP durations. Hence, grant-free non-orthogonal transmission under the synchronous multiple access is expected to accommodate the necessary capacity increase for massive connectivity.   
Some uplink URLLC scenarios such as mission critical communication may require asynchronous grant-free multiple access. Depending on the level of time and frequency offsets, OFDM may suffer from serious performance degradation, unless high complexity advanced receivers such as a turbo multi-user receiver [5] are employed. Thus, waveforms whose performances are less impacted by the time and frequency offsets even with blind detection of many transmission parameters at a receiver may need to be further studied.
Operation in high frequency bands ( > 40GHz) and beamforming
In frequency bands above 40 GHz, an energy efficient waveform with low PAPR may be of great importance due to high analog-to-digital converter (ADC) power consumption and low power amplifier (PA) efficiency.
Finally, massive MIMO based beamforming may reduce the effective channel delay spread significantly, and RMS delay spread for beamformed channels may be affected by both propagation environments and base station (and optionally UE) antenna/beamforming architectures. Depending on physical channels, omni-directional or narrow beam based transmission may be selected and accordingly, a CP or guard interval (GI) length required for mitigating inter-symbol interference may vary over the physical channels. Hence, waveforms which allow flexible adaptation of CP or GI length to channel delay spread may be advantageous to overhead reduction.
3. Discussion on non-orthogonal multi-carrier waveforms 
According to the discussions in the previous section, non-orthogonal multi-carrier waveforms robust to time and frequency offset may be needed to support fast asynchronous multiple access for some uplink URLLC use cases. In general, multicarrier transmission has higher spectral efficiency than single-carrier block transmission. Thus, it is natural to develop OFDM-type of multi-carrier waveforms, but also waveforms which do not require maintaining orthogonality among subcarriers to achieve good demodulation performances. 
In the literature, there are many non-orthogonal multi-carrier waveform proposals found such as FBMC, UFMC, GFDM, and F-OFDM [3] (strictly speaking, FBMC can be either an orthogonal waveform or a non-orthogonal waveform, depending on a type of an employed filter bank). They mainly use filtering to increase spectral efficiency and to accommodate flexible use of radio resources. Note that the increase in spectral efficiency may come from removing CP and/or reduction in required guard band, at the expense of increased transceiver complexity. Digital baseband filtering is expected to improve frequency localization of the signal in some degrees, which may lead to reduction in necessary guard bands and enable asynchronous multiple access. However, effectiveness of frequency localization may be diminished by the effects of non-linear PA, which causes spectral regrowth. With a non-linear PA, inter-carrier interference may still remain as a bottleneck for the asynchronous multiple access. Thus, RAN1 evaluation to justify potential introduction of a new multi-carrier waveform for the new RAT should be conducted with taking practical PA models into account.
Proposal 1: RAN1 evaluation for potential support of non-orthogonal multi-carrier waveform should take into account practical PA models.
The filtering operation may complicate the physical layer design for synchronization, channel estimation, and channel equalization, by adding additional baseband complexity to a transmitter and a receiver. The non-orthogonal multi-carrier waveforms, if adopted for uplink URLLC use cases, need to be realized via a low complexity transmitter and receiver to minimize the processing delay. It is understood that GFDM and FBMC have relatively higher baseband complexity compared to sub-band filtered or pulse shaped OFDM, although efficient implementation methods have been proposed for GFDM and FBMC. UFMC requires a high complexity receiver to mitigate the inter-carrier interference. Although a base station receiver may be less sensitive to increased complexity than a UE receiver, the stringent processing delay requirement may prohibit using complex receiver even at the base station. Thus, it is desired for RAN1 to investigate further on simple sub-band filtered or pulse shaped OFDM.   
Proposal 2: RAN1 further investigates potential gains of sub-band filtered or pulse shaped OFDM for potential support of asynchronous multiple access.
Figure 1 shows transceiver structure for filtered OFDM. Filtering is performed both at a transmitter and at a receiver. For small sub-band allocation, a narrow pass band in the frequency-domain filter response results in a wider main lobe in the time-domain filter response, which requires adding extra samples equal to the filter length in the time domain to avoid filter-induced inter-symbol interference. If filtered OFDM is adopted for UL URLLC use cases, a minimum sub-band size allocated for asynchronous multiple access needs to be properly determined, in order to minimize the additional time-domain overhead.   
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Figure 1 Transmitter and receiver structure for filtered OFDM  
4. Waveform for high frequency bands ( > 40GHz)
In millimeter wave (mmWave) frequencies, low PAPR property of the waveform is expected to be very important, as PA efficiency in mmWave frequencies can be quite low, in the order of 10-15 % [6]. In addition, efficiency drops even lower as the PA is operated further away from saturation point, dropping about 50 % for every 6 dB of PA backoff. Such low PA efficiency will have a negative impact on device power consumption but also on base station power consumption and management. 
Due to higher power consumption in hardware for millimeter wave frequencies, a waveform with simple baseband processing is desired. In [7], it is shown that DFT-spread OFDM waveforms such as CP DFT-s-OFDM, zero-tail (ZT) DFT-s-OFDM [8], and guard interval (GI) DFT-s-OFDM [7] may be good candidate waveforms for mmWave systems by providing better PAPR performances than OFDM and better spectral efficiency than single-carrier waveforms. Furthermore, ZT DFT-s-OFDM and GI DFT-s-OFDM offer flexible ZT/GI length adaptation to channel condition, without changing symbol block timing and DFT size. Meanwhile, CP based length adaptation has limited flexibility, and resulting symbol block timing differences among different cells make it difficult to perform inter-cell interference coordination or cancellation similar to asynchronous network. Since effective delay spread may change significantly with beamforming capability and beamforming strategy, and beamforming is essential to compensate a large pathloss in millimeter wave channels, ZT DFT-s-OFDM and GI DFT-s-OFDM may be good solutions for high frequency bands.    
ZT DFT-s-OFDM prepends and appends zeroes in a symbol block, resulting that initial and tail sections of the DFT-s-OFDM symbol have very low power. Zero tail overhead is adaptable to effective channel delay spread, without changing a symbol timing, FFT size, and sample rate. It has better spectral performance than OFDM due to smoother symbol edges. However, inserting zero symbols decreases the average power, and leads to a slight increase in PAPR.
GI DFT-s-OFDM is similar to ZT DFT-s-OFDM, but it adds a GI sequence to samples corresponding to zero tails, shown in Figure 2. As the GI sequence is inserted, transmitted signal energy does not change abruptly unlike zero tails in ZT DFT-s-OFDM. Further, the GI sequence can be used for fine frequency offset tracking, which potentially reduces reference signal overhead. As shown in Figure 3, the receiver subtracts GI interference before DFT de-spreading. 
Both GI and ZT DFT-s-OFDM waveforms require contiguous sub-carrier allocation to maintain a single carrier property and to generate intended very low energy samples in the time-domain (before GI sequence insertion).
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Figure 2 GI DFT-s-OFDM transmitter for uplink
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Figure 3 GI DFT-s-OFDM receiver for uplink and downlink
Observation: DFT-spread OFDM based waveforms are good candidates for high frequency bands (>40GHz), considering a balanced trade-off between PAPR and spectral efficiency and FDM & UL power spectral density boosting capabilities, compared to a pure single-carrier transmission scheme.
5. Conclusion
Based on our analysis, CP-OFDM can be reused for most of use cases, including eMBB, mMTC, DL URLLC scenarios. For some UL URLLC scenarios, a new waveform robust to time and frequency offsets may need to be introduced to support fast asynchronous multiple access in the uplink. Considering strict processing delay constraints for URLLC applications, a waveform with simple modification on OFDM such as sub-band filtered OFDM may be further investigated for suitability on support of asynchronous multiple access. In high frequency bands above 40GHz, it is observed that DFT-spread OFDM based waveforms have good balance between PAPR and spectral efficiency, compared to a pure single-carrier transmission scheme.  
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