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Introduction
During the RAN1#84bis, several contributions on the topic of waveform design for the physical layer of the NR system were discussed. Given multiple requirements and aspects of the waveform design, the following initial agreements for consideration and evaluation of potential waveforms were reached to initiate a comprehensive and a balanced approach for this study [1]:
· 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)
In this contribution, we discuss the signal structure and benefits of Unique-Word DFT-S-OFDM [2]-[4] waveform as an alternative to the traditional CP-based DFT-S-OFDM for NR system. The performance analysis of UW DFT-S-OFDM is presented in our companion contributions [5], [6].
UW DFT-S-OFDM Waveform 
In conventional DFT-S-OFDM, subsequent OFDM symbols are separated by cyclic prefixes. In UW DFT-S-OFDM, discussed in this contribution, instead of cyclic prefix a determinisitc sequence, also known as a Unique Word (UW), is transmitted. This technique has been extensively investigated for both single carrier [7] and multi-carrier systems [8]. In fact, a unique word design has been adopted for the single carrier mode of operation of the IEEE 802.11ad [9], where guard intervals using a Golay sequence are transmitted with each data block. This approach allows the use of a FDE receiver and also enables the use of a periodic deterministic reference signal to assist with automatic gain control and phase tracking. 
In UW DFT-S-OFDM each unique word between two data segments serves as a cyclic prefix for the succeeding unique word while protecting the data against inter-symbol interference (ISI). To fully protect the data signal against the multipath, the length of unique word should be at least equal to the maximum expected delay spread of the channel. An example of the transmit data structure of UW vs CP-based transmission in time domain is shown in Fig. 1. As can be seen from Fig. 1, the UW is part of the OFDM symbol, whereas the CP is always appended to each OFDM symbol. Therefore, both UW and CP-based techniques achieve approximately the same bandwidth efficiency as long as the UW and CP are the same length. In fact, it has been shown through numerical studies that the BER performance of UW DFT-S-OFDM is comparable to CP DFT-S-OFDM. It may also be observed that both waveforms show similar PAPR properties which is significantly better than OFDM due to their single carrier nature.
The main idea of UW DFT-S-OFDM is to generate a deterministic sequence at the output of IFFT. Location and distribution of the sequence can be adjusted depending on the target UW length or desired OOB suppression. There are two ways to generate UW: one approach is to allocate the UW symbols at the input of DFT, as depicted in Figure 1, to allow OOB reduction; alternatively, UW can be attached after IFFT in the time domain [8]. Note that ZT DFT-S-OFDM can be considered as a particular case of UW wherein the UW is replaced by a zero-word [10].


Figure 1. Transmit symbol structure for UW DFT-S-OFDM vs CP DFT-S-OFDM

Discussion 
In this section, we will discuss the potential benefits of UW DFT-S-OFDM for the NR systems.
· System overhead: Unlike the legacy LTE systems where the length of CP is statically configured for the entire system, the size of the UW can be dynamically set according to the actual instantaneous delay spread (e.g., on a per-UE basis in UL) and/or system configuration (e.g., on a per-cell basis) without necessity of modifying the system numerology. From a single user perspective, assuming the CP overhead in LTE, this will result up to 7% overhead reduction which may not seem substantial; However, in cmWave and mmWave bands with higher subcarrier spacing, the benefit of CP overhead reduction could be more substantial. Another main benefit of enabling a dynamically configurable UW length can be realized at the system level. In the existing systems, most interference coordination, cooperation and cancellation techniques rely on the principle of synchronous transmission across neighboring cells. This requirement implies that the neighboring cells should be configured with a CP length according to the worst case among the cells to maintain the synchronism. This restriction will negatively impact the ultra-dense deployment scenarios envisioned for NR which are supposed to operate in highly interference-limited environments. UW DFT-S-OFDM can maintain synchronization at both frame and symbol level to enable the crucial interference management techniques in a multi-cell environment.
· [bookmark: _GoBack]Spectral Containment: When UW is inserted before the DFT, UW DFT-S-OFDM provides substantially better OOB suppression than its CP DFT-S-OFDM counterpart which suffers from phase discontinuity or sharp transitions between OFDM symbols In fact, phase continuity between sequential OFDM symbols can be easily achieved through a simple mapping of the UW at the input of the DFT precoder. Corresponding waveforms are shown in Figure 2. Note that UW can be placed as head, tail, or split between the head and tail and Figure 2 is an example of the latter implementation. In ZT DFT-S-OFDM this is accomplished by using low power head and tail samples in time domain, which allows to smoothen the transition between adjacent OFDM symbols. Good spectral containment properties of UW DFT-S-OFDM potentially relaxes the synchronicity requirement among users to be multiplexed in frequency domain on the same carrier in UL. 
· Synchronization: In legacy systems, time and frequency synchronization as well as channel estimation are achieved by periodically transmitting reference symbols. This will impose a substantial overhead on the system (e.g., up to 20% in a typical LTE system). In line with the notion of lean design for NR, the UW concept may be leveraged for time and frequency tracking and/or channel estimation by designing a UW sequence which exhibits desirable auto- and cross-correlation properties. Existing time domain synchronization or channel estimation schemes can be used with UW DFT-S-OFDM by applying them on the UW. This is also the main distinctive and attractive feature of UW DFT-S-OFDM as compared to the CP-based schemes as well as the ZT DFT-S-OFDM.



Figure 2. Effect of phase discontinuity between blocks for variants of DFT-S-OFDM waveform
· Massive MIMO: It is a well-established fact that beamforming will be instrumental in overcoming high propagation losses at very high frequency bands in NR systems. This may lead to the necessity of supporting beamforming for both the control plane and user plane. One design approach to overcome the challenge of beamforming for synchronization as well as system information broadcast is to integrate the beam-training functionality into the waveform itself rather than the subframe design. This functionality can be natively supported by UW-based schemes by carrying a beam-training sequence in every symbol. This approach will also lower the overhead associated with transmitting the reference signals needed to enable fast beam-tracking in high mobility environments. Therefore, UW DFT-S-OFDM is a potential candidate waveform for a fully beam-centric design. 
Conclusion 
In this contribution, we discussed the potential benefits of Unique-Word DFT-S-OFDM waveform as an alternative to the traditional CP-based DFT-S-OFDM for NR system. We make the following proposal:
Proposal: Unique-Word DFT-S-OFDM should be studied as a potential waveform for NR
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