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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In this document we provide high level views of waveform design for new radio interface. We identify motivations of waveform design, design targets for waveform, and candidates of waveform for new radio interface, respectively.
Discussion
Motivations of waveform design
New radio systems need to support wide range of use cases such as [1]
· Enhanced mobile broadband (eMBB): It requires higher throughput and higher spectral efficiency.
· Massive MTC (mMTC): It needs to support massive number of devices with low power and small data packet.
· Ultra-reliable and low latency communications (URLLC): It needs to support services with extremely lower latency and higher reliability requirements.
In addition, new radio systems need to consider the use of higher frequency bands (e.g. above 6 GHz) to accommodate huge traffic.
In order to support wide range of use cases and frequency bands as above, new radio interface should be designed to accommodate different numerologies or parameters optimized for specific use cases and deployment scenarios (We proposed to use sub-RAT concept in [2]. The container optimized for each specific use case and deployment scenario is called as the “sub-RAT”). Each use case will have more stringent requirements than LTE in terms of data rate, spectral efficiency, latency, connectivity, and energy efficiency, which are impacted by the adopted waveform.
New radio systems will feature several innovative strategies such as
· Extensive adoption of small cells
· Higher frequency band communications with aggressive beamforming
· Massive MIMO
· Unlicensed band like deployment or shared usage
All of these strategies will be also impacted by the waveform used at the physical layer.
The OFDM-based waveform including DFT-spread-OFDM currently used by LTE has a lot of advantages like:
· Ease of implementation of both transmitter and receiver thanks to the use of FFT/IFFT
· The orthogonality of subcarriers which eliminates intra-cell interference
· Flexible frequency assignment
· Ease of integration with MIMO techniques
On the other hand, the design of new waveform for new radio systems would be very important due to shortcomings of OFDM and DFT-spread OFDM such as
· Limited spectral efficiency
· Spectral efficiency of pure OFDM/DFT-spread OFDM is limited by the need of a CP and by its large sidelobes which require some null guard tones at the spectrum edges.
· Higher PAPR/Cubic metric
· OFDM signals may exhibit large PAPR values.
· Susceptibility to carrier frequency offset
· OFDM and DFT-spread OFDM need strict frequency synchronization among subcarriers to maintain orthogonality. Synchronization is a key issue in the uplink multiple access wherein different UEs transmit separately, and also, in the downlink when base station coordination is used. In order to achieve strict synchronization, signalling and control overhead tends to be large. To minimize signalling and control overhead is one of important aspects to improve efficiency.
These drawbacks, which invalidate many of the before-mentioned OFDM/DFT-spread OFDM advantages, form the basis of an open and intense debate on what the waveform should be in new radio interface.

Design targets for waveform
We discuss some of the design targets for waveform below.
Data rate (spectral efficiency)
High peak data rate such as 20 Gbps for downlink and 10 Gbps for uplink is targeted as key performance indicators [3] for eMBB. In order to achieve such a high peak data rate, introduction of new radio interface for the higher frequency bands is the key element. The new radio interface for eMBB should be operatable with optimized manner for higher frequency band operation (e.g., above 6 GHz), but its usage should not be limited to above 6 GHz usage. Re-farming from LTE to NR is also one of the important scenarios [4]. Therefore, waveform which can support the scalable parameter would be desirable for new radio interface. 
To increase spectral efficiency, multi-antenna technologies are mandatory in new radio system similar to LTE. In addition, in higher frequency bands, high gain antennas with high directivity are effective to overcome the severe path loss effect. Massive MIMO technology with several tens of antenna elements and more realizes a high-gain multi-beam antenna system which can handle multiple users simultaneously. Therefore, especially for eMBB, ability to efficiently support of MIMO also needs to be considered for waveform design.
Observation 1: Waveform which can support the scalable parameter would be desirable for new radio interface.
Observation 2: Especially for eMBB, ability to efficiently support MIMO needs to be considered for waveform design.

Out-of-band emission
Here, “out-of-band” means the interference other than assigned/used PRBs. It does not always mean out of the system band emission. As mentioned above, new radio interface should be designed to accommodate different numerologies optimized for specific use cases and deployment scenarios in order to support wide range of use cases and frequency bands. In order to support multiple sub-RATs optimized for specific use cases and deployment scenarios efficiently, the time/frequency/space allocation of sub RATs should be more flexible. Assuming a conventional OFDM, each sub-RAT which has different subcarrier spacing, CP length, and TTI would not be closely contained in the assigned bandwidth due to its large sidelobes. If the sidelobes can be reduced, different sub-RATs can be efficiently multiplexed in the assigned bandwidth, leading to much efficient spectrum utilization.
It could be desirable that each sub-RAT could operate asynchronously or without strict synchronization. In addition, even within the same sub-RAT, support a higher number of small data burst devices with minimal scheduling overhead through asynchronous operations is important especially for mMTC. On URLLC, for the services requiring ultra low latency, it would be better to remove or alleviate strict transmit timing control and therefore, waveform should be robust against the asynchronism. This aspect would be related to out-of-band emission discussed above. If out-of-band emission is reduced, inter-sub-RAT interference can be supressed even if time-domain orthogonality between each sub-RAT is broken. In addition, if out-of-band emission is sufficiently low, we can introduce other waveforms in the later phase of the NR development. Therefore, forward compatibility is also ensured. Therefore, lower out-of-band emission is one of key design targets for waveform.
Observation 3: Low out-of-band emission is one of key design targets for waveform.
Observation 4: Low out-of-band emission would allow the introduction of new waveform in future as forward compatibility.

Power consumption
[bookmark: _GoBack]Low power consumption (e.g., low PAPR) is also important design target especially for uplink transmission. In addition, the issue of power consumption of power amplifier in higher frequency band such as mmWave would be more severe.
Observation 5: Low power consumption (e.g., low PAPR) is also important design target especially for uplink transmission and mmWave communication.

Implementation complexity
Simple implementation complexity is important for reducing processing latency, power consumption, and cost. This is especially emphasized to target Giga-bit throughput communication system and low cost UEs. Complexity requirement can be relaxed only if sufficient gains are obtained.
Observation 6: Simple implementation complexity is one of key design targets for the waveform.

Candidates of waveform for new radio interface
In LTE, CP-OFDM and DFT-spread OFDM are used as waveform for downlink and uplink transmission, respectively. The spectral efficiency of OFDM/DFT-spread OFDM is limited by the need of CP, its large sidelobes, and the need of keeping strict orthogonality. Recently, several waveforms based on OFDM/DFT-spread ODFM have been studied to overcome the drawbacks of the conventional OFDM/DFT-spread OFDM [5-11]. Below, we discuss each candidate waveform taking above key design targets into account.
· CP-OFDM (including with windowing)
CP-OFDM waveform is currently used in LTE downlink transmission. In addition, for uplink transmission, CP-OFDM variant known as DFT-spread OFDM (or SC-FDMA) is used to reduce the PAPR. Basically, OFDM-based waveform is well suited to meet the design target of higher data rate and spectral efficiency as it can simply support scalable parameters (such as subcarrier spacing, CP length, and TTI) and MIMO techniques. The implementation complexity is also not so high.
On the other hand, the drawbacks are the larger out-of-band emission, not allowing asynchronous multiple access. In LTE systems, band-limitation to meet spectral mask constraints is an important issue. For sidelobe suppression of OFDM baseband signals, applying time-domain windowing is a common technique. OFDM with windowing smooths the signal transition between consecutive symbols and thus can suppress the out-of-band emission. This also makes asynchronous multiple access possible. However, the effect of windowing depends on the length of windowing and the multipath delay. For example, longer length of windowing can reduce the out-of-band emission efficiently while it can be less robust against the propagation delay.
PAPR/Cubic metric is less problem for downlink transmission and then, CP-OFDM with windowing would be an attractive solution for downlink transmission. In addition, its use in uplink transmission would also be considered for small cell deployment scenario to achieve higher data rate and spectral efficiency. On the other hand, for the use case and deployment scenario requiring energy efficiency, similar to current LTE, DFT-spread OFDM with windowing should be considered. Furthermore, as the use of OFDM in mmWave communications presents severe difficulties due to sensitivity in high PAPR, frequency and phase shifts. DFT-spread OFDM would also be considered even for downlink transmission.
· Filter bank multi carrier (FBMC) [5]
FBMC is an OFDM-like modulation format wherein subcarriers are passed through filters that suppress signals’ sidelobes, making them eventually strictly bandlimited. The transmitter and receiver may still be implemented through FFT/IFFT blocks or prototype filter structure, and bandlimitedness and no CP overhead may deliver larger spectral efficiency than CP-OFDM. Also, bandlimitedness provides much lower out-of-band emission and thus allows asynchronous multiple access.
In FBMC, spectral property is improved by using prototype filter with frequency domain over-sampling and prototype filter spans multiple symbol periods, T. Adjacent symbols are overlapped and added in time with offset T to maintain spectral efficiency. Overlap-and-add leads potential ISI and then half-Nyquist prototype filter is used to mitigate ISI and offset QAM (OQA) modulation is used to remove ICI. This leads to complicated receiver design and more complex MIMO integration than CP-OFDM. In addition, in exchange for better sidelobe suppression, FBMC requires the use of long filters and this decreases the transmission efficiency in case very short burst is transmitted.
· Universal filtered OFDM (UF-OFDM) [6]
Similar to FBMC, UF-OFDM uses band-pass transmit filter to suppress out-of-band emission. While FBMC performs a per-subcarrier filtering, UF-OFDM applies a filtering operation to PRB level which can shorten the filter length. Or it can be sub-RAT level if one sub-RAT assignment is contiguous. Instead of a CP, it uses soft symbol transition, caused by filtering. Compared to FBMC, UF-OFDM is in its nature close to OFDM. If a single filtering is used, UF-OFDM is identical to CP-OFDM with windowing. Then, the effect of out-of-band emission suppression depends on the filter length (PRB size to be filtered). Similar to FBMC, bandlimitedness by filtering provides lower out-of-band emission and thus allows asynchronous multiple access. Although UF-OFDM has less sidelobe suppression than FBMC, one of benefit of UF-OFDM over FBMC would be that UF-OFDM does not suffer from high time domain overheads as FBMC does. In addition, in UF-OFDM, although 2x size FFT is required at the receiver, one-tap FDE can be used similar to CP-OFDM.
Considering above benefits of UF-OFDM, UF-OFDM also could be considered as an attractive waveform for new radio interface (especially for downlink and uplink small cell deployment scenario). For the use case and deployment scenario requiring energy efficiency, similar to current LTE, combination of DFT-spread or some other PAPR reduction techniques could be applicable.
· Filtered OFDM [7]
Filtered OFDM can be considered as one of UF-OFDM based approaches. While UF-OFDM does not insert CP but inserts guard interval to avoid the ISI between consecutive symbols, filtered OFDM keeps CP and does not need guard interval. Compared to UF-OFDM, filtered OFDM can apply the filter with longer length. Although the ISI between consecutive symbols occurs, with properly designed filters, the impact of ISI can be suppressed.
Considering filtered OFDM has similar benefits to UF-OFDM and additionally has lower out-of-band emission performance than UF-OFDM, filtered OFDM also could be considered as an attractive waveform for new radio interface (especially for downlink and uplink small cell deployment scenario). For the use case and deployment scenario requiring energy efficiency, similar to current LTE, combination of DFT-spread or some other PAPR reduction techniques could be applicable.
· Generalized frequency division multiplexing (GFDM) [8]
GFDM is a multi-carrier modulation scheme with OFDM and SC-FDE being corner cases of a more general concept. The GFDM signal is based on a block structure of KM total data symbols, which are divided into K subcarriers and M subsymbols. If M=1, GFDM turns into OFDM while SC-FDE modulation is achieved with K=1. Only CP is added to the block. Therefore, GFDM has a higher spectral efficiency than CP-OFDM. Moreover, the filtering of GFDM subcarriers guarantees out-of-band emission suppression. Considering the filtering of subcarriers, GFDM has to implement more complicated receiver than UF-OFDM and filtered OFDM, similar to FBMC.
· Zero-tail (Training sequence aided) ZT(TS)-DFT-spread OFDM [9, 10]
In current LTE, CP inserted DFT-spread OFDM is used for uplink transmission. The CP length is a trade-off between the robustness against channel propagation delay and the transmission efficiency. In LTE, there are two different options for CP length. However, this limitation gives a poor flexibility for an accurate adaptation to the channel characteristics and may lead to inefficient use of the resources when assigning a CP larger than the one needed or, on the other hand, the appearance of ISI if the CP doesn’t cover completely a large propagation delay. Instead of CP insertion, ZT-DFT-spread OFDM generates a tail of low power samples at the end of the symbols to cope with channel delay. By setting the length of this tail flexibly, more efficient transmission can be realized. Low out-of-band emission thanks to smoother transitions between adjacent symbols is an additional advantage of ZT DFT-spread OFDM over DFT-spread OFDM. Instead of inserting zero-tail, to insert known training sequences or unique words can also be considered.
Considering above benefits of ZT-DFT-spread OFDM, ZT-DFT-spread OFDM could be considered as an attractive waveform for new radio interface at least for uplink transmission or mmWave communications.
· Faster-than-Nyquist (FTN) [11]
FTN is the technique to increase the spectral efficiency of a communication system by introducing intentional interference among data symbols at the transmitter side. The signal is modulated faster than the usual rate which introduces intentional ISI at the transmitter side. In the Nyquist case, a signal is sent every T seconds while in the FTN case, the signal is sent every T seconds where <1. The complexity of FTN lies in the receiver side which is responsible for compensating the intentional ISI introduced at the transmitter. Both OFDM-based and single-carrier based waveform can be considered for FTN. 
· Overall considerations
Considering the key design targets and characteristics of each candidate waveforms into account, we consider CP-OFDM with windowing, UF-OFDM, filtered OFDM (including combination of DFT spreading for uplink) as an attractive baseline waveform for new radio interface. ZT-DFT-spread OFDM could also be considered as an attractive baseline waveform at least for uplink transmission or mmWave communication.
The reason to say “baseline waveform” is that we envisage to introduce other waveforms is possible in future as sub-RAT or as unicast usage if the gains are justified as far as out-of-band emission is sufficiently low and certain time/frequency resource are allowed to be used differently. Such forward compatibility aspect should take into account [12].
Proposal 1: Study CP-OFDM with windowing, UF-OFDM, filtered OFDM, and ZT-DFT-spread OFDM for new radio interface as the baseline waveforms.
Proposal 2: Forward compatibility/enhancement possibility should be taken into account for the selection of the waveform.

Conclusion
In this document we provided high level views of waveform design for new radio interface. We identify motivations of waveform design, design targets for waveform, and candidates of waveform for new radio interface, respectively.
Observation 1: Waveform which can support the scalable parameter would be desirable for new radio interface.
Observation 2: Especially for eMBB, ability to efficiently support MIMO needs to be considered for waveform design.
Observation 3: Low out-of-band emission is one of key design targets for waveform.
Observation 4: Low out-of-band emission would allow the introduction of new waveform in future as forward compatibility.
Observation 5: Low power consumption (e.g., low PAPR) is also important design target especially for uplink transmission and mmWave communication.
Observation 6: Simple implementation complexity is one of key design targets for waveform.

Proposal 1: Study CP-OFDM with windowing, UF-OFDM, filtered OFDM, and ZT-DFT-spread OFDM for new radio interface of the baseline waveforms.
Proposal 2: Forward compatibility/enhancement possibility should be taken into account for the selection of the waveform.
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