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Introduction
In RAN meeting #71, a study item proposal was agreed on the New Radio Access Technology [1]. Among the objectives of the SI there was agreement to prioritize the physical layer (PHY) design for the New Radio. Aspects such as a new air interface waveform are considered for this.  
The air interface waveform (e.g. OFDM, DFT-S-OFDM, etc.) is an essential design element for current and future wireless systems. It is envisioned that the New Radio RAT will require a more flexible PHY to meet a broad range of use cases including enhanced mobile broadband, massive MTC, and ultra-reliable low-latency communications. While air interface waveforms used in existing systems are adequate for the 4G requirements, a new waveform development effort may be an important enabled for meeting the requirements [2] for the New Radio system. Requirements which justify the investigation of a new waveform include synchronization and orthogonality support for dynamic channel usage, improved spectral and energy efficiency, improved PAPR characteristics to achieve higher link budget, lower OOB emissions for effective in band service multiplexing, and lower complexity for massive MIMO support.  
In this contribution we consider waveforms that use DFT-S-OFDM as a basis, essentially an enhanced form of SC-FDMA which is currently used for LTE uplink. We discuss the motivation for considering this class of waveform, and provide observations and simulation results which justify this consideration.
Discussion
1.1 Background
To capitalize on the advantages of OFDM, a modified version of OFDM also known as DFT-S-OFDM was used for LTE uplink. An advantage of DFT-S-OFDM, which is essentially a single carrier waveform, over OFDM was its ability to lower the PAPR which is important for efficient uplink transmissions. Figure 1 shows how in conventional DFT-S-OFDM, a vector of QAM modulated data symbols is first spread by the DFT and then mapped to subcarriers before being transformed back to time domain by the IDFT. Subsequently, a CP is appended to the beginning of the DFT-S-OFDM symbol. In this document, we refer to this waveform as CP DFT-S-OFDM. 

[image: ]
[bookmark: _Ref446626191]Figure 1. Transmitting operation of CP DFT-S-OFDM. 
Despite its advantages, for the New Radio air interface design the CP DFT-S-OFDM has a few shortcomings, 
· First, similar to its OFDM counterpart, the spectral efficiency of CP DFT-S-OFDM is limited by the CP length. Moreover, the system requires that the CP length cover the largest channel delay spread among all UL transmissions. This implies that all UEs have to use the same CP length irrespective of their actual channel propagation delay. This is an inefficient transmission approach for spectral and energy efficiency.
· CP DFT-S-OFDM suffers from sharp transitions between adjacent symbols which is the source of large OOB leakage. Because of this, stringent system requirements for time and frequency synchronization are required. Accurate power control is also needed to avoid adjacent channel interference (ACI).  

1.2 DFT-S-OFDM based Waveforms 
In the following sections, we present two waveforms that are based on the concept of DFT-S-OFDM, which could potentially overcome the drawbacks of the CP DFT-S-OFDM while retaining a low PAPR property.
[bookmark: GrindEQpgref558d91033]Zero Tail DFT-S-OFDM (ZT DFT-S-OFDM) [3]
Zero-tail DFT-S-OFDM attempts to avoid the limitations of a fixed CP in CP DFT-S-OFDM by dynamically creating and adjusting a guard interval within each DFT-S-OFDM symbol according to the estimated instantaneous delay spread of the multipath channel while maintaining the system numerology. The guard interval is generated as part of the DFT process by inserting zeros at the DFT input and manifests itself in the form of nearly zero power signals at the tail of each symbol. The length of the tail should be larger than the channel delay spread to mitigate ISI. The generated time-domain tail samples are approximately 15 dB lower than the average transmit power which is primarily due to leakage (or the side lobes) of pulse shaped data symbols before the tail. Figure 2 shows the transmitter and receiver structure of ZT DFT-S-OFDM. 
Among the advantages of the ZT DFT-S-OFDM for the system design are:
· Allows the radio numerology to be decoupled from the channel characteristics. In fact, supporting flexible numerology is one of the design targets for the new radio interface. For example, all the neighboring cells can use the same symbol duration while the length of the tail may be adjusted dependent on the actual channel propagation delay in each cell. 
· Allows the system to adjust the guard period for each UE according to their propagation delay to lower the overhead and improve the network spectral and energy efficiency.
· Increases robustness for asynchronous transmissions due to its substantially lower OOB leakage. In other words, a good spectral containment property of ZT DFT-S-OFDM is an enabler for some applications which might not be perfectly synchronized in time and frequency.
[image: ]
Figure 2 Transmitter and Receiver for ZT DFT-S-OFDM 
A drawback of ZT DFT-S-OFDM is that the tail samples are not exactly zero, which may lead to inter-symbol interference (ISI), especially when the multipath channel decays slowly and/or the modulation order is high. To obtain better tail characteristics, more advanced techniques may be needed. This may add to the complexity at the transmitter and/or receiver. In addition, since the time domain tail samples are about 15 dB lower than the average transmit power signal, it may have some impacts on the AGC implementation at the receiver. 
Unique Word DFT-S-OFDM (UW DFT-S-OFDM) [4,5]
UW DFT-S-OFDM is another variant of DFT-S-OFDM which may be regarded as an extension of ZT DFT-S-OFDM. This method replaces the zero tail by inserting a predetermined sequence, also known as Unique Word (UW), in the tail portion of each time domain symbol. We should note that the concept of UW was originally introduced for OFDM signals in [6] and SC-FDE signals in [7]. Also note that since the UW is a predetermined sequence, it may be used for time/frequency synchronization or channel estimation at the receiver. There are two methods to insert the UW sequence: 
Method 1: Inserting zeros at the input of DFT (similar to ZT DFT-S-OFDM); then adding a known sequence to the near-zero tail of the symbol at the output of the IDFT in the time domain [4].
It may be noted that this method (shown in Figure 3a) does not guarantee orthogonality between the UW and the data symbols in the frequency domain. Therefore, the contribution of the UW on the data subcarriers needs to be cancelled at the receiver, which increases the receiver complexity. However, this step requires perfect knowledge of the channel which may not be feasible in practice. In addition, to maintain good OOB emission properties, the UW sequence needs to be carefully selected by avoiding sharp transitions between DFT-S-OFDM symbols. 
Method 2: Directly applying known QAM symbols to the input of DFT [5].
Compared to the first method, this method (shown in Figure 3b) has a number of benefits: First, the orthogonality between the UW signal and the data signal is maintained as the signals are mapped to different inputs of the DFT block. Therefore, the receiver does not need to take the extra step of canceling the UW. Second, since the UW sequence is circularly pulse shaped with the Dirichlet sinc function, the contiguity between the UW signals on the adjacent DFT-S-OFDM symbols is maintained. As a result, the UW does not change the OOB leakage characteristics of the zero tail DFT-S-OFDM. 
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(a) Method 1
[image: ]
(b) Method 2
Figure 3 Transmitter and Receiver for UW DFT-S-OFDM (a) Method 1; (b) Method 2
UW DFT-S-OFDM also shares the advantages of ZT DFT-S-OFDM. Similarly, the UW in one symbol can serve as the CP of the next symbol, therefore the ISI may be mitigated by using a simple frequency domain equalizer at the receiver. However, due to the leakage from the pulse shaped random data samples into the UW duration, the samples in the UW duration are not exactly the same among different DFT-S-OFDM symbols. Therefore, if the multipath channel decays slowly or the order of QAM modulation is high, there may be an impact on the performance at high SNR.    
Simulation

In this section, we will show the characteristics of the aforementioned DFT-S-OFDM based waveforms via simulation. The simulation scenario includes two UEs transmitting UL signals with the same type of waveforms to an eNB over two adjacent sub-channels with a 3 subcarrier guard band. It is assumed that there is a frequency offset between two UEs but the timing is aligned, and the powers of the received signals from two UEs are the same. Note that in this setting the CP duration is the same as the UW or ZT duration for fair comparison. The parameters for the simulation is shown in Table 1 in Appendix.
We first examine the characteristics of the transmitted signal. Figure 4(a) shows the average of a time domain signal for a DFT-S-OFDM symbol. As shown in this figure the power at tail part of ZT DFT-S-OFDM is about 15-20 dB lower than the average transmit power, while the other waveforms maintain a constant average power within a symbol. Note that the symbol duration for CP DFT-S-OFDM includes a CP. Figure 4(b) shows the PAPR of different waveforms for QPSK and 64QAM. As one can see, the PAPR of UW DFT-S-OFDM is about the same as CP DFT-S-OFDM, but the one for ZT DFT-S-OFDM is higher. This can be attributed to the fact that the tail of each symbol is comprised of very low power samples. Figure 4(c) shows the PSD from the desired user (i.e., UE1). It is clear that the OOB leakage from ZT and UW DFT-S-OFDM is significantly smaller than the CP DFT-S-OFDM. Note that the PSD for UW DFT-S-OFDM has some ripples in the sub-channel. This is due to the observation that the UW is periodic from symbol to symbol. To reduce the ripple, the UW needs to be carefully designed. 
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(a)                                          (b)      [image: ]     
(c)
[bookmark: _Ref447005536]Figure 4 Characteristics of Transmitted Signal (a) DFT-S-OFDM symbol in time domain samples; (b) PAPR; and (c) PSD of transmitted signal from UE1
In the multipath channel scenario, the performance will be impacted from a combination of ISI and ACI. From Figure 5 (b) and (c) shown in Appendix one can observe that, if the channel delay spread is kept in the tail duration (e.g. EPA channel), ZT and UW DFT-S-OFDM will perform the same, and both are better than CP DFT-S-OFDM in high modulation and high SNR due to their low sensitivity to ACI. However, when the channel delay spread is larger than the tail duration (e.g. ETU channel), the performance of UW DFT-S-OFDM becomes worse than ZT DFT-S-OFDM. This is due to ISI for each symbol including samples from the tail of the previous symbol, this is stronger for the UW than ZT.        
Conclusion

In this document we discussed variants of DFT-S-OFDM based waveforms, i.e., ZT DFT-S-OFDM and UW DFT-S-OFDM. We provided an overview of those waveforms and highlighted some of advantages for each candidate waveform. We make the following proposal:

Proposal: Waveforms which use DFT-S-OFDM as a basis should be studied for the UL of the new radio.
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Table 1 Simulation Parameters
	Parameters [Unit]
	Values

	Channel Bandwidth [MHz]
	10

	Sub-channel Bandwidth [MHz]
	2.5

	Subcarrier spacing [KHz]
	15

	DFT  and IDFT sizes 
	256 and 1024

	Tail size (
	16

	CP size for CP DFT-S-OFDM [samples]
	64

	QAM modulation
	QPSK and 64QAM

	Propagation Channel
	AWGN, EPA, ETU

	Guard band between two channels (
	3 

	Frequency offset between two UEs (
	0.5 

	Receiver 
	Single-tap MMSE

	Channel estimation
	Ideal
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(a) BER Performance in AWGN channel
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(b) BER Performance in EPA channel
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(c) BER Performance in ETU channel
[bookmark: _Ref447011805]Figure 5 BER Performance in AWGN and multipath channels
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