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In ‎[1], the newly approved SI on the next generation (5G) radio access technology has one of its objectives as the following:
· 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 review briefly the 5G performance requirements in the context of introduction of a new waveform. Following that, we discuss the necessity of a new OFDM-based waveform when compared to the current LTE waveform in satisfying the 5G requirements. We then present several design principles for 5G waveform and provide some preliminary considerations.  

Requirements
5G is envisioned to provide significant performance improvements over the current generation of wireless networks in terms of major RAN KPIs including peak data rate, peak spectral efficiency, UE experienced data rate, mobility, latency, connection density, UE and network energy efficiency, etc. ‎[2]. Although these different targets do not need to be met simultaneously, they collectively reflect one of the inherent features of 5G, which is its adaptability to provide an efficient support for a diverse set of usage and deployment scenarios with diverse service characteristics. 
From the prospect of 5G air interface, efficient support of such diversity is possible only through a flexible and adaptable air interface ‎[3]‎[4], which is enabled by a flexible waveform. Orthogonal frequency division multiplexing (OFDM) has been recognized as an effective waveform for mobile communications, which is adopted in LTE systems. Due to its superior spectral efficiency, ease of implementation and robustness to multipath fading, the main stream waveform in 5G should still be OFDM-based. However, some shortcomings of the current LTE OFDM are as follows:
1. Fixed subcarrier spacing and symbol duration: In order to avoid inter-carrier interference (ICI), the subcarrier spacing of OFDM cannot be changed over the entire carrier’s bandwidth. This one-size-fits-all waveform strategy cannot serve different mobility conditions simultaneously. Moreover, only one cyclic prefix (CP) length is supported at a given time, preventing LTE from efficiently supporting different channel conditions simultaneously.
2. Large spectral side lobes: OFDM is not very-well localized in frequency in view of its spectral side lobes which die off very slowly with frequency, resulting in the following drawbacks:
a. Inefficient bandwidth utilization in both non-fragmented and fragmented spectrums. For example, LTE reserves up to 10% of the bandwidth as frequency guard bands to abide by the spectrum mask.
b. Tight synchronization requirement in LTE, which is achieved through TA signalling. Any larger-than-CP timing misalignment between the OFDM signals received from different UEs, especially between adjacent UEs in frequency, results in ICI and inter-symbol interference (ISI) due to high spectral side lobes of OFDM. Therefore, OFDM waveform does not support asynchronous communication. Moreover, a massive synchronous communication with LTE OFDM comes at the expense of an explosive amount of TA signalling overhead.
Due to its shortcomings, LTE OFDM may not enable an efficient and flexible air interface for 5G, and thus, there is a strong desire to design new waveforms for 5G. In order to promote further investigation of the specific waveform design/selection, it is necessary to clarify the design principles for 5G waveform.

5G New Waveform Design Principles
The following waveform design principles are essential in order for the 5G new waveform to be able to meet the 5G requirements:
1. Flexibility: 5G waveform should be flexible enough to support various scenarios with different types of traffic, e.g., enhanced mobile broadband (eMBB), massive machine type communications (mMTC), and ultra-reliable and low latency communications (URLLC) ‎[2]. The design principles related to waveform flexibility can be summarized as follows: 
a. Flexible numerology support: A flexible numerology is essential to support diverse services and deployment scenarios of 5G. The design criteria for 5G flexible numerology are proposed in ‎[3]. Different deployment scenarios may involve diverse spectrum, channel models, UE speeds, and possible transmission modes, e.g., single-site or multiple-site transmission. Employing a time-division multiplexing (TDM) approach to switch between different subcarrier spacings and/or CP lengths makes it difficult to satisfy low latency requirements and does not allow dynamic resource sharing between different services. Moreover, forward compatibility for services introduced in later releases of 5G is not straightforward with TDM.
Therefore, the waveform should be flexible enough to meet the requirements of a range of existing and future services to be deployable in a frequency-division multiplexing (FDM) fashion on a single continuous block of spectrum. In particular, the waveform should be able to efficiently support variable subcarrier spacing, different CP lengths, different transmission time interval (TTI) lengths, and different system bandwidths. For example, different channel models and different transmission modes (single-site or multiple-site) may introduce different delay spreads, necessitating different CP lengths. Different UE speeds (of up to 500 km/h ‎[2]) may require variable subcarrier spacing to minimize the impact of Doppler spread. Moreover, in order to meet the low-latency requirements of URLLC, a very short TTI should be supported, which may require larger subcarrier spacing.
b. Frequency localization: Good frequency localization is essential in providing the following flexibilities to the air interface with minimal loss in spectral efficiency:
· Flexible and scalable bandwidth support by concatenation of the several sub-bands.
· Efficient co-existence with other systems and also efficient usage of fragmented spectrum. In addition, high spectral efficiency targets of 5G require a waveform with less frequency overhead than the current LTE OFDM, especially considering the scarcity of spectrum in sub 6GHz.
· Efficient asynchronous communication in scenarios such as mMTC and also TA-free/relaxed-TA uplink eMBB would require a waveform with minimal inter-UE interference leakage, which is achieved by good frequency localization.
c. Time localization: A well time-localized waveform is essential for 5G to support low-latency communication with very short TTIs, which are typical in URLLC. In particular, time localization of the waveform would greatly impact the time-overhead, and thus the spectral efficiency, in short TTI scenarios.
2. Spectral Efficiency: The peak spectral efficiency targets of 5G are 30bps/Hz for downlink and 15bps/Hz for uplink ‎[2]. The following design principles are essential to meet these targets:
a. MIMO friendliness: The high peak spectral efficiency targets of 5G can be met only with a waveform which efficiently supports both regular and massive multiple-input multiple-output (MIMO) communication. Thus, the new waveform should have limited implementation complexity with MIMO integration. As such, the self-ISI and self-ICI of the waveform should remain negligible in transmission over multipath channel.
b. High order modulation support: To meet the peak spectral efficiency requirements of 5G, high-order modulations, e.g., 64QAM and 256QAM, will be widely supported in a lot of 5G scenarios, leading to a high error-vector magnitude (EVM) requirement at both transmitter and receiver. The new waveform should be optimized to support such high order modulations. 
3. Uniform Waveform Design for Downlink, Uplink, and Side Link: A symmetric waveform benefits both downlink (DL) and uplink (UL), and also facilitates the coexistence of access, device-to-device (D2D), and backhaul communications. Although the design principles for DL and UL may be different, e.g., UL transmission may be subject to peak-to-average power ratio (PAPR) restriction due to non-linearity of power amplifiers at UEs, the waveforms for DL and UL are preferable to be as similar as possible so as to obtain a better interference cancelation performance.
For the co-existence scenarios with different links, the merits from waveform symmetry can be summarized as follows:
· As investigated in the enhanced interference management and traffic adaptation (eIMTA) ‎[5]‎[6], dynamic time-division duplex (TDD) allows for allocation of subframes to DL or UL dynamically according to the instant DL/UL traffic load ratio. Compatible design favours simple cancellation of cross-link interference (between UL and DL) resulted from dynamic TDD which is difficult to deal with using legacy advanced receiver.
· The links (for either access or backhaul) with the same waveform are easier to be spatially multiplexed similar to what is done in multiuser MIMO (MU-MIMO). The spectral efficiency can be improved consequently.
· Joint design can be considered for side link in D2D and cellular link, e.g., single-frequency network (SFN) transmission with side and cellular link for coverage enhancement of side or cellular link.
PAPR reduction may be applied whenever power amplifier efficiency and power consumption are major concerns.
4. Implementation: It is noted that not only the waveform itself but also its implementation method should be taken into consideration, since different implementation methods would lead to different impacts on the specifications. In particular, either time-domain or frequency-domain approach can be used to generate transmit waveform which may be of different complexities. Also, at the receiver side, the waveform should involve reasonable implementation complexities of signal detection and channel estimation/equalization. 

Conclusion
This contribution provided the main motivations and benefits of a new OFDM-based waveform for 5G. The main design principles of the new 5G waveform were also described. Based on the above analysis, we note the following observation:
Observation: A new waveform is important in enabling the flexible numerology support, frequency and time localization, MIMO friendliness, high-order modulation support, and uniform design for DL/UL/ side link.
To further progress the studies in RAN1, we propose the following:
Proposal 1: A new OFDM-based waveform shall be adopted for the new radio.
Proposal 2: New waveform design should consider these design principles: flexible numerology support, frequency and time localization, MIMO friendliness, high-order modulation support, and uniform design for DL/UL/ side link.


[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]References
[bookmark: _Ref339367275][bookmark: _Ref167612671][bookmark: _Ref167612875][bookmark: _Ref444522356]NTT DOCOMO, CMCC, Ericsson, Huawei, Intel, Nokia Networks, Qualcomm, Samsung, “New SID Proposal: study on Next Generation New Radio Access Technology”, RP-160351, Gothenburg, Sweden, March 7-11, 2016.
[bookmark: _Ref445471881]TR 38.913 V0.3.0 (2016-03), “Study on Scenarios and Requirements for Next Generation Access Technologies”.
[bookmark: _Ref446580031]Huawei, HiSilicon, “Scenario & Design Criteria on Flexible Numerologies,” R1-162156, RAN1#84bis, Busan, Korea, April 11-15, 2016.
[bookmark: _Ref447112086]Huawei, HiSilicon, “Flexible Air Interface for 5G,” R1-162144, RAN1#84bis, Busan, Korea, April 11-15, 2016.
[bookmark: _Ref446588567]TR 36.213, V12.8.0: "Evolved Universal Terrestrial Radio Access  (E-UTRA); Physical Layer Procedures".
[bookmark: _Ref445990200][bookmark: _Ref446588569]RP-121772, “Further Enhancements to LTE TDD for DL-UL Interference Management and Traffic Adaptation”, 3GPP TSG RAN#28, Dec. 4-7, 2012.

