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1. Introduction
Peak to average power ratio (PAPR) is an important metric in UL waveform design due to its critical influence on cell coverage and UE power consumption. A low PAPR UL waveform allows more efficient PA operation on the UE side, leading to better cell coverage and longer battery life. It is exactly for this reason that LTE adopted DFTS-OFDM, a waveform with lower PAPR compared to OFDM, as its UL waveform. For NR, in order to further improve link budget and lengthen UE battery life, having a low PAPR UL waveform becomes even more important. In fact, it is agreed that NR UL should target at least the same link budget (i.e., MCL) as LTE UL, and to achieve this goal, low PAPR techniques should be evaulated [1].
Following the above discussion, this contribution introduce a technique compatible with DFTS-OFDM that could further reduce its PAPR. With this enhencement, better link budget and longer battery life could be achieved in NR.

2. [bookmark: _Ref458765074]Trajectory Constrained (TC) DFTS-OFDM
In this section, we will introduce our new DFTS-OFDM compatible PAPR enhancement technique. We start by giving a short introduction to major NR UL waveform candidates under a unified framework. These waveforms can be described by the block diagram shown in Figure 1. Based on this unified representation, we first describe the signal formation of OFDM. As indicated in [2], OFDM will likely serve as the UL waveform when link budget and channel condition permits. We then give a brief introduction to DFTS-OFDM. Having a lower PAPR compared to OFDM, DFTS-OFDM possesses a unique advantage over OFDM under challenging channel conditions or when the link budget is tight. Finally, based on the same framework, we introduce TC-DFTS-OFDM, an add-on feature to DFTS-OFDM which provides further PAPR improvements.    
[image: ]
[bookmark: _Ref450665415]Figure 1: A unified representation for NR UL waveform candidates. 


CP-OFDM and DFTS-OFDM
Consider the unified waveform representation as shown in Figure 1. When the precoder is an identity matrix, the resulting waveform is the orthogonal frequency division multiplexing (OFDM), which is one of the most popular multi-carrier waveform in wireless communication systems due to its implementation friendly structure on both transmitter and receiver side. With Cyclic Prefix (CP) added to the beginning of an OFDM symbol, it further allows simple equalization on the receiver side for multipath channels with long delay profiles. Despite its advantages described above, CP-OFDM also possess several major disadvantages, including high signal PAPR, slow spectral side-lobe roll-offs (or equivalently, high OOB leakage), severe ICI in high mobility environments, and spectral efficiency degradation due to insertion of CP.
When the precoder in Figure 1 represents a Discrete Fourier Transform (DFT), the resulting waveform is DFT-Spread Orthogonal frequency division multiplexing (DFTS-OFDM). The DFT converts constellation symbols in time domain to frequency domain before they are mapped to OFDM subcarriers. This reduces the PAPR of the waveform by 2 to 3 dB compared to OFDM, which directly translates to gain in Maximum Coupling Loss (MCL) when PA power back-off is taken into consideration. It is because of this low PAPR property that 3GPP selected DFTS-OFDM as the uplink waveform for LTE. Despite its advantages described above, DFTS-OFDM also possess several major disadvantages. For example, since it has identical PSD as CP-OFDM, DFTS-OFDM still suffers from slow spectral side-lobe roll-offs (or equivalently, high OOB leakage). Furthermore, since the PAPR of DFTS-OFDM ranges from 7 to 9.5 dB, it still requires significant power back-off when nonlinear PA model is considered.
TC-DFTS-OFDM
The block diagram of Trajectory Constrained DFTS-OFDM (TC-DFTS-OFDM) is shown in Figure 2. To further reduce the PAPR, the modulated constellation is first interpolated along a smooth, constant envelope (for QPSK) or near constant envelope (for QAM) trajectory before being input to the DFT of DFTS-OFDM. For example, if there are  QPSK symbols at the input to the constellation interpolator, and assume an interpolation ratio of , we will get  constellation points at the input to the DFT, all of them lie on the unit circle.
[image: ]
[bookmark: _Ref462911111]Figure 2: Block diagram of TC-DFTS-OFDM
As mentioned above, the interpolated constellation points should form a smooth, constant (or near constant) envelope trajectory. This could be achieved using a simple  state trellis code, where  is the size of the original constellation. The trellis code corresponding to QPSK with  is shown in Figure 3. As an example, suppose  QPSK symbols {0,1,3,2,3,0} are to be transmitted. From the trellis diagram, the output of the constellation interpolator becomes . Note that all  interpolated constellation points lie on the unit circle, and the phase transition between any two consecutive constellation points is less than . It is worth noting that OQPSK modulated DFTS-OFDM can be viewed as a special case of TC-DFTS-OFDM with  and a different trellis code. As will be shown later, larger interpolation ratio  implies a more constrained constellation trajectory, leading to smaller PAPR. Even though we use QPSK as an example, the extension to other QAM constellations are straight forward. 
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[bookmark: _Ref462908889]Figure 3: Trellis code for QPSK constellation interpolation
The circular filter shown in Figure 2 is used for spectral confinement of the resulting signal. In fact, the operation is equivalent to frequency domain windowing (truncation), as shown in Figure 4 (I). In this contribution, we choose a simple rectangular frequency domain windowing with parameter . Specifically, assume  original constellation points. At the output of the constellation interpolator, we have  interpolated symbols. These complex value symbols are then processed by an -point DFT before frequency domain truncation. At the output of the frequency domain windowing module, only  (out of ) symbols remain, while the others are zeroed out before being modulated onto OFDM subcarriers. Note that the asymptotic spectral efficiency of the resulting signal is given by .
 [image: ]
[bookmark: _Ref462920685]Figure 4: (I) An equivalent TC-DFTS-OFDM transmitter. (II) Constellation trajectories of DFTS-OFDM (red) and TC-DFTS-OFDM (green: ; blue: ).
The time domain circular filtering (or equivalently, frequency domain windowing) allows flexible trade-offs between PAPR and spectral efficiency. As an example, a QPSK modulated DFTS-OFDM signal has asymptotic spectral efficiency of 2 bits/s/Hz, and its constellation trajectory (in red) is shown in Figure 4 (II). A QPSK modulated TC-DFTS-OFDM with  and  also has asymptotic spectral efficiency of 2 bits/s/Hz. However, as can be seen in Figure 4 (II), the corresponding constellation trajectory (in green) is more confined, leading to lower PAPR compared to DFTS-OFDM. Finally, a QPSK modulated TC-DFTS-OFDM with  and  has asymptotic spectral efficiency of 1 bits/s/Hz, and its corresponding constellation trajectory (in blue) is most confined, leading to the smallest PAPR among these three signals. 
[image: ]
[bookmark: _Ref462924232]Figure 5: PAPR of various QPSK modulated NR UL waveforms (300 subcarriers)
To demonstrate the feasibility and robustness of TC-DFTS-OFDM, we choose a low complexity, sub-optimal receiver structure in this contribution. Specifically, we use the standard DFTS-OFDM single-tap LMMSE equalizer for channel equalization. The equalized symbol is then fed into a  state trellis decoder to produce the LLRs for FEC decoder. As an example, for a QPSK modulated TC-DFTS-OFDM signal, the receiver would first do a single-tap LMMSE equalization followed by IDFT. The output of the IDFT would then be fed into a 4 state BCJR module, which generates bit LLRs for the FEC decoder. Note that better performance may be achieved with more advanced receiver structure, at the cost of increased receiver complexity.
We conclude this section by comparing PAPR curves for different QPSK modulated NR UL waveforms (see Figure 5). From the figure, we can see that OFDM has the highest PAPR at 11.0dB (99% CDF). DFTS-OFDM improves the PAPR by almost 3dB, sitting at 8.1dB (99% CDF). For TC-DFTS-OFDM with  and , we obtain a PAPR of 5.3dB (99% CDF), which provides another 2.8dB improvement over DFTS-OFDM. For TC-DFTS-OFDM with  and , the PAPR reaches 1.6dB (99% CDF) at the cost of reduced spectral efficiency. Finally, we also observe that in general, larger interpolation ratio leads to lower PAPR.
Observation 1: With QPSK, DFTS-OFDM has a 3dB advantage over OFDM in PAPR, while TC-DFTS-OFDM provides an additional 2.8dB gain over DFTS-OFDM. 

3. [bookmark: _Ref458765173]Link Budget Analysis for NR UL Waveforms
In this section, based on the channel model specified in [3] and PA model described in [4], we provide the link budget analysis for OFDM, DFTS-OFDM, and TC-DFTS-OFDM. Specifically, we will evaluate the maximum coupling loss (MCL) corresponding to each waveform candidates as suggested in [1]. Some of the evaluation parameters are given in Table 1 for reference. 
[bookmark: _Ref462923120]Table 1: Selected Parameters for MCL Evaluation
	Subcarrier Spacing (KHz)
	15

	Number of Occupied Subcarriers
	300

	MCS
	QPSK, Code Rate = 0.5

	PA Model
	Polynomial Model [4]

	Channel Type
	AWGN; TDL-C 300ns 3km/h [3]

	No (dBm/Hz)
	-174

	Receiver Noise Figure (dB)
	5

	Interference Margin (dB)
	0

	Minimum ACLR (dBc)
	30

	Signal Bandwidth (MHz)
	4.5

	Guard Band (MHz)
	0.5

	Adjacent Channel Bandwidth (MHz)
	4.5











To calculate MCL, we need to first evaluate the maximum transmitter power for each waveform. When PA model is taken into consideration, the transmitter power is restricted by the ACLR requirement since spectral regrowth due to PA nonlinearity will cause severe adjacent channel interference. Hence, in this contribution, we use the LTE ACLR specification [5] to determine the maximum transmitter power for each waveform. The resulting maximum transmitter power is given in Table 2.
[bookmark: _Ref462929657]Table 2: Maximum Transmitter Power (dBm) for Evaluated Waveforms
	Waveform 
	Modulation
	PAPR (dB)
	Maximum Transmitter Power  (dBm)

	CP-OFDM
	QPSK
	11.0
	23.1

	DFTS-OFDM
	QPSK
	8.1
	25.8

	TC-DFTS-OFDM 
	QPSK
	5.3
	27.5






To complete the MCL calculation, we need to evaluate the required SNR for each waveform under the specified channel (e.g., TDL-C channel) at a specific performance target (e.g., ). With the parameters given in Table 1, the resulting MCL formula is given by:

[image: ]
[bookmark: _Ref458777199]Figure 6: MCL for various waveforms. Left: AWGN; Right: TDL-C 300ns 3km/h
Figure 6 shows the MCLs corresponding to different performance target for each waveform. From the figure, we can see that DFTS-OFDM provides close to 3dB gain over OFDM, while TC-DFTS-OFDM provides an additional 0.5dB to 0.7dB gain over DFTS-OFDM. Note from Table 2 that TC-DFTS-OFDM has a 1.7dB advantage over DFTS-OFDM in maximum transmitter power. This advantage is however reduced in final MCL calculation due to the low complexity, suboptimal receiver used in this contribution. Further MCL gain may be obtained with a more advanced receiver design.
Observation 2: Assuming QPSK and PA model given in [4], DFTS-OFDM has a 3dB advantage over OFDM in MCL, while an additional gain of 0.5dB to 0.7dB is obtained using TC-DFTS-OFDM. For TC-DFTS-OFDM, MCL may be further improved with more advanced receiver design.

4. Conclusion
In this contribution, we introduce TC-DFTS-OFDM, a new DFTS-OFDM compatible low PAPR technique that could further reduce the PAPR of the waveform. Based on the evaluation results, we have the following observations and proposals:
Observation 1: With QPSK, DFTS-OFDM has a 3dB advantage over OFDM in PAPR, while TC-DFTS-OFDM provides an additional 2.8dB gain over DFTS-OFDM.
Observation 2: Assuming QPSK and PA model given in [4], DFTS-OFDM has a 3dB advantage over OFDM in MCL, while an additional gain of 0.5dB to 0.7dB is obtained using TC-DFTS-OFDM. For TC-DFTS-OFDM, MCL may be further improved with more advanced receiver design.
[bookmark: _GoBack]Proposal 1: DFTS-OFDM based waveforms should be considered in NR UL.
Proposal 2: TC-DFTS-OFDM should be considered for PAPR improvement in NR UL.
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