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Introduction
In RAN Meeting #71, a study item proposal was agreed on the new radio (NR) access technology [1]. The study aims to develop an NR access technology to support the wide range of usage scenarios identified in the Recommendation ITU-R M.2083, across a wide range of frequency bands. 
Up to WG1 meeting #86, the waveform discussions in RAN1 were focused mostly on frequency bands below 40 GHz. To take full advantage of the opportunities offered by the frequency bands above 40 GHz (such as the large amounts of spectrum available), it is important for the waveform design to address the challenges posed by these bands. 
For example, to support large channel bandwidths, both wide band A/D and D/A converters and wide band radios are needed. Also, the power amplifiers for the devices operating on these bands need to be highly efficient to avoid high energy consumption. For these reasons, attaining a low PAPR is an important design constraint for the waveform design for bands above 40 GHz. 
To compensate for the significant path loss occurring in the frequency bands above 40 GHz, highly directive beamforming needs to be used. Highly directive systems tend to be noise limited rather than interference limited, which means that higher transmit power would be needed for UEs operating at cell edge. This requirement also translates to the need for a low PAPR waveform [2]. 
Phase noise is another challenge for the waveform design above 40 GHz. Systems operating at these frequency bands exhibit significantly higher phase noise compared to the lower frequencies, thus phase noise mitigation or cancellation methods should be evaluated jointly with the waveform design. 
Due to their low PAPR properties, single carrier waveforms, including DFT-s OFDM and its variants, are attractive for use in frequency bands above 40 GHz.
Some of these challenges and design constraints regarding the NR waveform for above 40 GHz were discussed in RAN1 Meeting #86 [3], and the following agreement was reached.
Agreement:
· When considering DL and UL waveforms for spectrum band above 40GHz, RAN1 should at least consider the impact of
· Low PA efficiency
· Phase Noise and Doppler impairments

This contribution provides a conceptual comparison between some of the variants of DFT-s OFDM waveforms discussed in the previous meetings [4]-[10], and presents high level design aspects related to the PA efficiency, for waveforms for operation in frequency bands above 40 GHz.

Background
UW DFT-S-OFDM and its relationship between other variants of DFT-S-OFDM
UW DFT-S-OFDM [9][10] is a variant of single carrier waveform which may be regarded as an extension of ZT DFT-S-OFDM [5]. It aims at generating a predetermined sequence, also known as Unique Word (UW) signal, in the tail portion of each time domain symbol. The structure of the UW DFT-S-OFDM is the same as DFT-S-OFDM with fixed symbols padded to the lower-end and upper-end of the DFT-spread block and omission of CP insertion as shown in Figure 1. This waveform, although it does not use a CP, still supports single-tap FDE as the tail of the previous symbol is approximately the same as the tail of the current symbol. The basic block diagram is shown in Figure 1.
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Figure 1 Basic transmitter and receiver block diagrams for UW DFT-S-OFDM 
By exploiting the superposition principle of linear systems, an equivalent representation of UW DFT-S-OFDM can be derived, as shown in Figure 2.
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Figure 2 Equivalent representation of UW DFT-S-OFDM by adding an orthogonal fixed signal (UW) to ZT DFT-S-OFDM symbol
In this figure, the UW DFT-S-OFDM symbol is decomposed into two parts, i.e., the fixed part and the data-dependent part. This decomposition helps to highlight the commonalities (and differences) between UW DFT-S-OFDM and the other DFT-s OFDM based waveforms proposed in the previous meetings, i.e., ZT DFT-S-OFDM [5] and GI DFT-S-OFDM [6], as follows:
· Comparison between ZT DFT-S-OFDM and UW DFT-S-OFDM: The data-dependent part of the UW DFT-S-OFDM symbol can exactly be generated by using the structure of ZT DFT-S-OFDM as shown in Figure 2. From this point of view, if the fixed part of the UW DFT-S-OFDM symbol is a zero vector, UW DFT-S-OFDM falls back to ZT DFT-S-OFDM. It is worth noting that the concept of using a fixed sequence was originally introduced for SC-FDE signals (see e.g., [11],[12], and the references listed therein) and has been adopted in the IEEE 802.11ad millimeterwave standard [13], where the UW sequence is a Golay sequence. Since the UW is a predetermined sequence, it may be used for time/frequency synchronization or channel estimation, carrier frequency offset (CFO) correction and phase tracking at the receiver.
· Comparison between GI DFT-S-OFDM and UW DFT-S-OFDM: In [6], it is proposed to add in time domain, a specific fixed sequence in the form of  to the tail of the ZT DFT-S-OFDM symbol. This method to generate the fixed sequence may be viewed as time domain windowing of the fixed sequence with a rectangular window shorter than the symbol duration (due to the zeros in the vector). In frequency domain, this may create interference to the data sub-carriers, thus leading to inter-carrier interference. Therefore, the contribution of the fixed signal on the data subcarriers needs to be cancelled at the receiver, which increases the receiver complexity. However, cancellation of the fixed signal requires perfect knowledge of the channel, which may not be feasible in practice. In addition, to maintain good OOB emission properties, the fixed sequence needs to be carefully selected by avoiding sharp transitions between DFT-S-OFDM symbols. 
Design Considerations and Methods
PAPR
Due to the significant propagation path loss above 40 GHz, the systems may be noise-limited and may drive the power amplifier in saturation region in certain scenarios, such as beamforming training or transmission at cell edge. Hence, the waveform design should consider more stringent PAPR requirements and PA efficiency for above 40 GHz transmission in order to maintain coverage range and limit the energy consumption. 
Several single carrier-based waveforms were proposed for NR above 40 GHz, using different methods to address the PAPR issue [5]-[9], as described below.
· ZT DFT-S-OFDM, GI DFT-S-OFDM, and UW DFT-S-OFDM exploit the core of DFT-S-OFDM to decrease the probability of having peak samples in the symbol.
· Null CP single carrier (NCP-SC) [5] modifies the Dirichlet sinc kernel of DFT-S-OFDM, i.e., the pulse shape, to decrease the variation in time domain. Figure 3 shows the block diagram of NCP-SC waveform (i.e., frequency domain interpretation), where the output of the DFT-spread block is windowed by a desired filter response in frequency domain. In this method, the number of utilized bins increases due to the excess bandwidth (or roll-off) of the filter response. Hence, this scheme uses more frequency domain resources to reduce the PAPR, as compared to DFT-S-OFDM. In addition, if multiplexing users in frequency domain is supported above 40 GHz, then methods to orthogonalize the users’s signals may be needed.
· 
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a) Transmitter (Null CP SC)                            b) Modified kernel after shaping

Figure 3 Changing DFT-S-OFDM kernel to reduce PAPR (Null CP single carrier)
In [8], it has also been shown that the use of rotated modulations such as pi/2 BPSK and pi/4 QPSK is an effective way to reduce the PAPR, by decreasing the probability of zero samples in time-domain. Figure 4 shows the block diagram for rotated modulations with UW DFT-S-OFDM. Since the UW sequence is fixed, it may be designed apriori such that the fixed sequence has low PAPR. For example, Zadoff-Chu or Golay sequence may be considered. As shown in Figure 5, the PAPR of UW DFT-S-OFDM and ZT DFT-S-OFDM substantially reduces when using pi/2-BPSK modulation. For the results in Figure 5, the UW sequence,  and  are derived based on a Zadoff-Chu sequence.
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Figure 4 Rotated modulations with UW DFT-S-OFDM to reduce PAPR
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Figure 5 Impact of using rotated modulations on PAPR for DFT-S-OFDM based waveforms
Observation 1: UW DFT-s OFDM with pi/2-BPSK modulation has excellent PAPR properties. 

OOB Leakage
The characteristics of the power amplifiers (PA) operating above 40 GHz may be more nonlinear as compared to PA designed for the lower frequency bands. As a result, spectral regrowth may occur, which may make meeting ACLR requirements more challenging than below 40 GHz. Therefore, the waveform choice for above 40 GHz should have both low OOB leakage and low PAPR, in order to meet ACLR requirements.
Among the proposed waveforms for above 40 GHz, ZT DFT-S-OFDM achieves substantial OOB leakage reduction. Since the samples that cause significant discontinuity between the adjacent symbols are removed, this waveform generates signals that are very similar to basic single carrier waveform with guard intervals. 
UW DFT-S-OFDM achieves continuity between the symbols by exploiting the circular nature of DFT-S-OFDM core. For example, let the DFT size and IDFT size be 8 and 64, respectively. Then, the upsampling ratio becomes 64/8=8 and the number of taps for the Dirichlet sinc function is equal to 64, i.e., the IDFT size. As illustrated in Figure 6, the data symbols, e.g., and , modulate the shifted Dirichlet sinc functions in time, which is similar to single carrier schemes. However, as the shifts are circular in DFT-S-OFDM, the pulse shapes associated with the data symbols may lose their continuity in time. On the other hand, since the UW sequence is fixed and circularly convolved with the sinc function, the adjacent UW DFT-S-OFDM symbols complement each other and the contiguity between the UW signals is still maintained. The smooth transitions between the adjacent UW DFT-S-OFDM symbols on in-phase and quadrature components are numerically demonstated in Figure 7. As a result, UW DFT-S-OFDM and ZT DFT-S-OFDM produce identical OOB leakage results and superior than CP DFT-S-OFDM, as shown in Figure 8.
[image: ]
Figure 6 Maintaining the continuity between the adjacent symbols with UW DFT-S-OFDM 

[image: ]
Figure 7 Demonstration of smooth transitions between the adjacent UW DFT-S-OFDM symbols on I and Q componenets
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Figure 8 OOB leakage results for UW DFT-S-OFDM, ZT DFT-S-OFDM, and CP DFT-S-OFDM

Observation 2: Both UW DFT-s OFDM and ZT DFT-s OFDM have better OOB performance than CP DFT-s OFDM. 

Flexible Guard Interval
In frequency bands above 40 GHz, the channel delay spread may vary significantly as a function of the transmit and receive antenna configurations (e.g. the beam widths). For systems operating in these bands, the adaptation of guard interval duration for individual users may bring extra spectral efficiency.  
Cyclic prefix is a method to add an external guard period to deal with multipath channels that introduce ISI and mitigate timing synchronization errors. However, its duration is fixed and is designed based on the worst-case scenario, i.e., the longest possible delay spread. On the other hand, the functionality of the CP can also be achieved by the internal guard period via ZT DFT-S-OFDM, UW DFT-S-OFDM, GI-DFT-S-OFDM, and Null CP-SC. Since these waveforms generate the guard interval by changing the number of tail and head symbols, these waveforms promise extra spectral efficiency as compared CP-based schemes when the head and tail durations are changed adaptively.
In [14], via system level simulation and analysis, it is shown that using the adjustable UW sizes for UL UEs, the spectral efficiency improvement of UW DFT-S-OFDM over CP DFT-S-OFDM can be between 6% to 20%, depending on deployment scenarios. 
Observation 3:  The ZT DFT-S-OFDM, UW DFT-S-OFDM, GI-DFT-S-OFDM, and Null CP-SC waveforms can dynamically change the length of the tail to adapt to different delay spreads, and thus have the potential to reduce the CP overhead. 

Channel Estimation and Tracking
The BLER performance of systems operating above 40 GHz is sensitive to time-varying channels (due to UE mobility) and to hardware impairments, such as phase noise or carrier frequency offset. Reference symbols are used to mitigate the degradation due to mobility, phase noise and frequency offset. When the channel variation within a TTI is significant, more reference symbols may be needed for the traditional CP-based waveform, which may increase the overhead. In [4], time-domain reference (TRS) symbol is proposed for CP-based single carrier waveform, which may potentially increase the overhead if it is transmitted on every symbol. On the other hand, the UW DFT-s-OFDM or GI DFT-S-OFDM symbol has a fixed sequence which is continuously being transmitted as part of each symbol. Therefore, the UW DFT-s-OFDM and GI DFT-S-OFDMs inherently provide finer resolution in both time and frequency which allows receiver to compensate the phase drifts within the TTI .

Observation 4:  The UW DFT-S-OFDM and GI-DFT-S-OFDM waveforms can leverage the UW/GI for efficient phase tracking without additional overhead. 
[bookmark: _GoBack]Conclusion
This contribution provides a conceptual comparison between some of the variants of DFT-s OFDM waveforms (ZT DFT-S-OFDM, UW DFT-S-OFDM, GI-DFT-S-OFDM), and presented design considerations related to the PA efficiency for operation in frequency bands above 40 GHz. 
The following observations were made:
Observation 1: UW DFT-s OFDM with pi/2-BPSK modulation has excellent PAPR properties. 
Observation 2: Both UW DFT-s OFDM and ZT DFT-s OFDM have better OOB performance than CP DFT-s OFDM. 
Observation 3:  The ZT DFT-S-OFDM, UW DFT-S-OFDM, GI-DFT-S-OFDM, and Null CP-SC waveforms can dynamically change the length of the tail to adapt to different delay spreads, and thus have the potential to reduce the CP overhead.
Observation 4:  The UW DFT-S-OFDM and GI-DFT-S-OFDM waveforms can leverage the UW/GI for efficient phase tracking without additional overhead. 

Based on the above observations, we make the following proposal.
Proposal 1: Single carrier waveforms such as ZT DFT-S-OFDM, UW DFT-S-OFDM, GI-DFT-S-OFDM, and Null CP-SC should be investigated for frequency bands above 40 GHz. 
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