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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In this document we provide high level views on design of multiple access scheme for new radio interface. We identify the motivations on design of multiple access schemes, design targets, and candidates of multiple access scheme for new radio interface, respectively.
Discussion
Motivations on the design of multiple access schemes
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 interface needs 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 multiple access scheme.
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 multiple access scheme used at the physical layer.
The orthogonal multiple access scheme based on OFDMA and SC-FDMA 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 multiple access scheme for new radio systems would be very important due to shortcomings of orthogonal OFDMA and SC-FDMA such as
· Limited spectral efficiency
· Spectral efficiency of orthogonal OFDMA and SC-FDMA with CP insertion is limited by the need of a CP and by its large sidelobes (which require some null guard tones at the spectrum edges).
· Not fully achieve maximum sum rate of the multiple access channel from information theory perspective.
· Larger overhead
· OFDMA and SC-FDMA need strict frequency synchronization among subcarriers to keep being really orthogonal multiple access. 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 aspect to improve efficiency. In addition, it is expected that the number of devices in the new radio system will increase rapidly due to the emergence of mMTC requirement. In such a use case, orthogonal multiple access would not be efficient since it needs control channel for scheduling due to their sensitivity to the interference.
These drawbacks, which invalidate many of the before-mentioned OFDMA/SC-FDMA advantages, form the basis of an open and intense debate on what the multiple access scheme should be in new radio interface.

Design targets for multiple access scheme
We discuss some of the design targets for multiple access below.
Spectral efficiency
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, and 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 to out-band can be reduced, different sub-RATs (for different use cases) can be efficiently multiplexed in the assigned bandwidth, leading to much efficient spectrum utilization. This topic would be more related to waveform design as discussed in [3]. In addition, multiplexing between different sub-RATs would be more related to frame structure and forward compatibility issue as discussed in [4]. The rest of the paper will treat only for the multiple access of UEs within sub-RAT.
To increase network throughput or area traffic capacity is one of key performance target for new radio systems [5]. In order to improve these, higher spectrum efficiency is required for multiple access design especially for eMBB. To increase spectral efficiency, multi-antenna technologies are mandatory technologies similar to LTE in new radio system. 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 multiple access design.
Another approach is to increase spectral efficiency would be to introduce non-orthogonality. By sharing the same time and frequency resources intentionally by several UEs, there is the potential for enhancing the capacity of multiple access channel. The introduction of non-orthogonality between UEs for unicast channel would be possible in future phase similar to the introduction of MUST to LTE-Advanced Pro.
Observation 1: Especially for eMBB, ability to efficiently support MIMO needs to be considered for the design of multiple access scheme.

Asynchronous multiple access
In LTE, adaptive transmit timing control based on common control signals and random access channel is used in order to keep synchronization between UEs. For the services which require lower latency, if such adaptive transmit timing control is removed or alleviated, lower latency can be realized as the cost of timing offset generation and some potential frequency inefficiency. In such a use case, multiple access scheme (also waveform) which is robust against the timing offset would be useful. On the other hand, frequency synchronization aspect can be more demanding in low cost oscillator. The trade-off between frequency and time synchronization should take into account. 
Observation 2: For URLLC MTC, multiple access scheme which is robust against the timing offset would be useful.

Support small size of data efficiently
Frequency selective scheduling used in LTE improves system capacity by exploiting multiuser diversity gain at the expense of the loss of the radio resources assigned to the control channels that convey some sort of information necessary for scheduling. For mMTC, a higher number of small data burst devices should be supported and in this use case, multiple access scheme with minimal scheduling overhead is important design target.
Observation 3: For mMTC, multiple access scheme with minimal scheduling overhead is desirable in order to efficiently support small size of data.

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 4: Simple implementation complexity is one of key design targets for multiple access scheme.

Candidates of multiple access scheme for new radio interface
Recently, several multiple access schemes have been studied for a new radio interface [6-9]. Below, we discuss each candidate of multiple access schemes considering above key design targets into account.
· OFDMA / SC-FDMA
In LTE, orthogonal OFDMA and SC-FDMA is used for downlink and uplink, respectively. In orthogonal multiple access, since there is no multi-user interference within the same cell, the higher received SINR can be obtained. Therefore, assuming simple receiver without interference canceller, the throughput can be improved as it can simply support frequency-dependent scheduling and MIMO techniques.
On the other hand, from an information-theoretical point of view, orthogonal user multiplexing cannot achieve the capacity region of the multiple access channel. In addition, orthogonal multiple access does not allow asynchronous multiple access.
OFDMA and SC-FDMA would be an attractive solution for the use cases which require higher spectral efficiency.
· Non-orthogonal multiple access based on OFDMA and SC-FDMA
Introduction of non-orthogonality on the top of OFDMA and SC-FDMA by superposition of data symbols for different users would beneficial to capacity enhancement as the resource utilization could be further increased and the multiplexed users do not rely on spatial separation like MU-MIMO. This has been already studied in Rel.13 MUST SI and will be specified in Rel. 14 MUST WI for LTE.
The drawback is requiring more advanced/complicated receiver technology as it basically needs interference cancellation at the receiver. Synchronous operation is also required. In addition, signalling overhead is one of issues as notification of control signals among different UEs (such as transmit power ratio, precoding vector, and MCS information of other users…) is required.
· Other non-orthogonal multiple access schemes
As mentioned above, new radio interfaces for mMTC and URLLC should be designed to accommodate the traffic requiring low latency and small size of data efficiently. In order to meet such a requirement, non-orthogonal multiple access schemes such as low density signature (LDS)-OFDM [6], LDS-CDMA [7], sparse code multiple access (SCMA) [8], and interleave division multiple access (IDMA) [9] which can removed or alleviated the timing control and reduce the scheduling overhead have been studied. 
Taking the key design targets and characteristics of candidate multiple access schemes into account, we consider OFDMA and SC-FDMA as an attractive baseline multiple access scheme for new radio interface in eMBB use case. The reason to say “baseline multiple access scheme” is that we envisage to introduce non-orthogonality is possible in future on top. In addition, the waveform in above OFDMA and SC-FDMA might not actually be the pure OFDM and DFT-spread OFDM. We consider other waveforms as discussed in [3].
For mMTC and URLLC, non-orthogonal multiple access schemes such as LDS-OFDM, LDS-CDMA, SCMA, and IDMA are further studied.
Proposal 1: Study OFDMA and SC-FDMA for new radio interface in eMBB use case as the baseline multiple access.

Conclusion
In this document we provide high level views on design of multiple access scheme for new radio interface. We identify motivations on design of multiple access schemes, design targets, and candidates of multiple access scheme for new radio interface, respectively.
Observation 1: Especially for eMBB, ability to efficiently support MIMO needs to be considered for the design of multiple access scheme.
Observation 2: For URLLC MTC, multiple access scheme which is robust against the timing offset would be useful.
Observation 3: For mMTC, multiple access scheme with minimal scheduling overhead is desirable in order to efficiently support small size of data.

Proposal 1: Study OFDMA and SC-FDMA for new radio interface in eMBB use case as the baseline multiple access.
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