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Introduction
In RAN1#84bis candidates for NR waveform design were identified. It was agreed [1] that, for NR:
· 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 addition, the following cases were agreed to be evaluated.
· Four evaluation cases can be used in link level simulation depending on evaluation purposes of each usage scenario, which are 
· Case 1a, 1b: single numerology case
· 1a: Downlink 
· 1b: Uplink, only one UE with narrow bandwidth is located at the edge of wide frequency band. It is assumed that no wide-band filter upon the whole frequency band. 
· Case 2: DL mixed numerology case 
· Case 3: UL single numerology case (asynchronous reception between UEs)
· Case 4: UL mixed numerology case (synchronous reception between UEs)

In this contribution, we give link-level simulation results for one of the variants of DFT-s-OFDM, namely UW-DFT-s-OFDM [2, 3]. 
Description of UW-DFT-s-OFDM 
The transmitter structure for UW-DFT-s-OFDM (Unique Word Discrete Fourier Transform spread Orthogonal Frequency Division Multiplexing) is described here. With a small modification to the well-known DFT-s-OFDM, CP-less DFT-s-OFDM can be generated by adding a unique word to the input of the DFT operation, as shown in Figure 1.
Insertion of the unique word prior to the DFT operation leads to suppression of out-of-band emission, thanks to the cyclic property obtained from the DFT and IDFT operation. Location of UW is an implementation issue and depends on the target level of OoB emission and desired protection against ISI when going through a multipath channel, since UW plays the role of CP. In this contribution, to maximize suppression of OoB emission, UW sequence is placed as shown in Figure 2. In the figure, the number of symbols in UW and the number of allocated subcarriers are denoted by M and ND, respectively. As shown in the figure, UW is split in half and placed at the head and tail of the DFT-s-OFDM block. 



[bookmark: _Ref450822090]Figure 1 - Transmitter diagram for UW-DFT-s-OFDM



[bookmark: _Ref450822131]Figure 2 - Placement of UW in a block

[bookmark: _GoBack]A comparison of the power leaked outside the allocated band (here, 48 subcarriers) onto the same carrier (here, 10MHz) for UW DFT-s-OFDM and DFT-s-OFDM is shown in Figure 3. Spectrum is represented only within the current carrier. It is clear from the figure that insertion of the UW prior to the DFT creates a more compact spectrum than DFT-s-OFDM. OOBE measured by the ratio between the power radiated into the allocated band and the power radiated into the adjacent same band (here, 48 subcarriers) onto the same carrier is of 31.01dB for UW-DFT-s-OFDM against only 26.47dB for SC-FDMA.
 More detailed analysis of OoB suppression using the parameters agreed in RAN1#84b is shown in Section 3.
Observation 1: UW DFT-s-OFDM has superior OoB suppression performance with respect to SC-FDMA. 
Note that since UW is embedded in single carrier signal, insertion of UW prior to DFT does not change peak to amplitude average power performance of DFT-s-OFDM, as long as envelop of UW is nearly constant or similar to that of data symbols.
A comparison of CCDF of instantaneous normalized power (INP) [5] of DFT-s-OFDM and UW-DFT-s-OFDM for QPSK is shown in Figure 4. It is clear that addition of UW prior to the DFT does not change the INP performance of DFT-s-OFDM.
Observation 2: UW-DFT-s-OFDM and SC-FDMA have the same PAPR performance.

  
[bookmark: _Ref450828242]Figure 3 -  OoB suppression with no HPA, UW-DFT-s-OFDM or SC-FDMA with 48 carriers allocated in the middle of the band, 1024 IFFT points
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[bookmark: _Ref450822162]Figure 4 - Comparison of instantaneous normalized power of UW-DFT-s-OFDM and SC-FDMA
One of the attractive features of UW-DFT-s-OFDM is that unique words at the output of IDFT serve as CP. The protection against ISI when going through a multipath channel in UW-DFT-s-OFDM is determined by the UW length. As the result, conventional receivers used for DFT-s-OFDM, such as the one shown in Figure 5, can be used for UW-DFT-s-OFDM. UW-DFT-s-OFDM receiver does not need the CP removal module since UW-DFT-s-OFDM is CP-less and the UW is embedded in the transmitted signal. In addition, time domain channel estimation and synchronization using UW become possible. Advantages of having UW at the output IDFT are also explained in [3]. Finally, effectiveness of UW as CP is evaluated by simulations in Section 3. 
Observation 3: DFT-FDE-IDFT modules in LTE-SC-FDMA can be used for UW-DFT-s-OFDM and CP removal module is not needed



[bookmark: _Ref450822206]Figure 5 Receiver diagram for UW-DFT-s-OFDM
Link-level evaluation results 
 We assessed the performance of UW DFT-s-OFDM against SC-FDMA by means of link level evaluations complying with the NR evaluation assumptions requirements as agreed in [1]. In the following, the UW was chosen to be a Zadoff-Chu static sequence.

	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	TTI length 
	1 ms 

	Subcarrier spacing 
	15KHz as baseline

	Guard time interval 
	4.7µs for SC-FDMA
No CP for UW-DFT-s-OFDM 

	FFT size 
	1024 for a 10MHz transmission band

	Bandwidth per user 
	720 KHz (48 Subcarriers allocated per user) 

	Number of uplink users 
	1 allocated at inferior band edge for case 1b
3 (1 target user and 2 interfering users) for case 3

	Power offset of the interfering user (case 3)
	0 dB

	Number of transmission antenna ports 
	1T1R 

	MCS 
	Fixed. 16QAM: 1/2, 2/3;  64QAM: 1/2, 3/4 

	Control Overhead 
	No 

	Time offset of interfering user 
	128 samples (case 3 only) 

	Channel estimation 
	Ideal 

	Guard tone number 
	0 (Case 1b) or 10 (Case 3) Subcarriers 

	Channel Model 
	ETU 
EPA 

	Mobility 
	3km/h

	HPA (when used)
	Clipper



UW-DFT-s-OFDM is calibrated with a UW length similar to the CP of SC-FDMA (approximately same duration at the IDFT output). Nevertheless, due to the fact that the number of samples in UW (before DFT) must be an integer number, the duration is not strictly the same. With the current simulation parameters, 4 subcarriers are used for UW transmission in each OFDM symbol, for a total duration at the IDFT output of 5.55µs. CP duration for SC-FDMA is 4.69µs corresponding to a normal CP. No CP is appended for UW-DFT-s-OFDM. For optimum OoB suppression, UW was split in two equal parts, introduced as head and tail with respect to the data block at the DFT input, as described in section 2. In this case, UW ensures less protection against inter symbol interference than the CP. The ratio between the number of head and tail UW samples can be modified to make a tradeoff between OoB suppression and ISI protection.
For spectral efficiency computations, effective transmission time (including CP, when used) and effective bandwidth occupancy (including the number of guard tones between two users, when needed) are taken into account. 

Case 1b
Without an HPA, comparative performance of UW-DFT-s-OFDM and SC-FDMA are depicted in Figure 6 through Figure 9. No guard tone was used (G_UE = 0).
On the ETU channel (delay spread 5µs, within the order of CP length), UW-DFT-s-OFDM has the same performance at FER target 10-1 as SC-FDMA with 16QAM, and suffers a slight loss with the less robust 64QAM, due to less ISI protection as explained in Section 2. 
With the shorter EPA channel (0.39µs), UW-DFT-s-OFDM and SC-FDMA have similar performance in the absence of HPA. This means that by controlling the length of the UW, ISI can be efficiently eliminated by the presence of the UW. 
Observation 4: UW serves as CP and sufficient FER performance can be obtained by controlling length of UW
[image: ][image: ]
	[bookmark: _Ref450986910]Figure 6 – Case 1b: ETU channel, FER
	Figure 7 – Case 1b: ETU channel, spectral efficiency
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	Figure 8 - Case 1b: EPA channel, FER
	[bookmark: _Ref450768016]Figure 9 - Case 1b: EPA channel, spectral efficiency


Nevertheless, since these two waveforms have different OoB characteristics, we further investigate their behavior in the presence of a clipper HPA.
UW-DFT-s-OFDM and SC-FDMA have similar inband behavior (same CM) but different OoB behavior, as it can be seen in Figure 10 and Table 1. 
Spectrum in Figure 10 was obtained as following: samples belonging to OFDM symbols in a legacy TTI are oversampled, a PSD per TTI is computed, and then averaged over a large number of TTIs. Phase transitions between OFDM symbols within a TTI, causing power leakage into the adjacent carrier, are smoothened in the oversampling process. The anti-aliasing oversampling filter acts thus as a OoB rejection filter applied onto the current carrier (here, 10MHz), allowing ACLR evaluation. There is no filtering over the allocated band (here, 48 subcarriers), allowing OOBE evaluations in the adjacent band onto the same carrier. ACLR is defined as in-band power in the nominal band over power radiated in the adjacent carrier for a same band.
When both waveforms are driven to the limit of the LTE spectrum mask, UW-DFT-s-OFDM exhibits less OoB emission, measured in terms of ACLR (with respect to the adjacent 10MHz carrier) and OOBE (with respect to the adjacent 4RB subband).
When taking into account the presence of a Clipper amplifier, we compared the two waveforms to attain the same OOBE target value after HPA (here, OOBE target is 26.3dB). UW-DFT-s-OFDM needs less back-off to attain the target OOBE due to lower OOB emission. With the parameters in Table 2, performance is shown in Figure 11 through Figure 16 on ETU and EPA channel. UW-DFT-s-OFDM displays performance gain with respect to SC-FDMA. OBO loss is taken into account in the SNR estimation. Note that since the waveforms are based on single carrier, EVM depends purely on IBO or OBO. 
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[bookmark: _Ref450772679]Figure 10 – Power spectral density before and after a Clipper HPA, 16QAM
	[bookmark: _Ref450772689]Table 1 : 16QAM, OBO 2.55dB
	16QAM
	UW DFTsOFDM
	SC-FDMA

	ACLR
	42.38 dB
	32.47 dB

	OOBE after HPA
	24.67 dB
	23.1 dB

	IBO
	2 dB
	2 dB

	OBO
	2.55 dB
	2.55 dB

	EVM
	12.3%
	12.3%







[bookmark: _Ref450773598]Table 2: Spectrum characteristics for target OOBE = 26.5dB after HPA
	Clipper HPA
	16QAM
	64QAM

	
	UW DFTsOFDM
	SC-FDMA
	UW DFTsOFDM
	SC-FDMA

	ACLR
	43.89dB
	34.08dB
	43.23dB
	32.65dB

	OOBE
	26.35dB
	26.34dB
	26.39dB
	26.36dB

	IBO
	2.70dB
	5.00dB
	2.7dB
	5.5dB

	OBO
	2.98dB
	5.02dB
	3.04dB
	5.51dB

	EVM
	8.18%
	2.08%
	9.09%
	1.48%
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	[bookmark: _Ref450773812]Figure 11 - Case 1b: ETU channel, FER, Clipper amplifier
	[bookmark: _Ref450773816]Figure 12 - Case 1b: ETU channel, spectral efficiency, Clipper amplifier
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	Figure 13 - Case 1b: EPA channel, FER, Clipper amplifier
	Figure 14 - Case 1b: EPA channel, spectral efficiency, Clipper amplifier


From Figures 11-14, it is clear that at the OOBE target 26.3dB, UW DFT-s-OFDM outperforms SC-FDMA at SNR below 30dB in the ETU channel. In the EPA channel, UW DFT-s-OFDM outperforms SC-FDMA.
Observation 5: At the OOBE target 26.3dB, UW DFT-s-OFDM outperforms SC-FDMA at SNR below 30dB in the ETU channel. In the EPA channel, UW DFT-s-OFDM outperforms SC-FDMA.




Case 3
With asynchronous neighboring band interferer, OoB behavior becomes critical for good performance. Without an HPA, comparative performance of UW-DFTsOFDM and SC-FDMA are depicted in Figure 15 - Figure 18. UW-DFT-s-OFDM outperforms SC-FDMA on both ETU and EPA channels, both in FER and in spectral efficiency. SC-FDMA suffers more from interference from adjacent band asynchronous access due to unsuppressed OoB emission.
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	[bookmark: _Ref450774070]Figure 15 - Case 3: ETU channel, FER
	[bookmark: _Ref450835336]Figure 16 - Case 3: ETU channel, spectral efficiency
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	Figure 17 - Case 3: EPA channel, FER
	[bookmark: _Ref450774074]Figure 18 - Case 3: EPA channel, spectral efficiency


Observation 6: UW-DFT-s-OFDM is robust against interference from adjacent channels
Observation 7: UW-DFT-s-OFDM is a waveform with suppressed OOBE, robust performance in multipath fading and tolerance against adjacent channel interference.


Conclusion
In this contribution, we compare the OOBE, FER and spectral efficiency in case 1b and 3. UW was inserted prior to the DFT to suppress OOBE. In addition, inserted UW serves as CP, providing robust performance against multipath fading. We have made the following observations:

Observation 1: UW DFT-s-OFDM has superior OoB suppression performance with respect to SC-FDMA. 
Observation 2: UW-DFT-s-OFDM and SC-FDMA have the same PAPR performance.
Observation 3: DFT-FDE-IDFT modules in LTE-SC-FDMA can be used for UW-DFT-s-OFDM and CP removal module is not needed
Observation 4: UW serves as CP and sufficient FER performance can be obtained by controlling length of UW
Observation 5: At the OOBE target 26.3dB, UW DFT-s-OFDM outperforms SC-FDMA at SNR below 30dB in the ETU channel. In the EPA channel, UW DFT-s-OFDM outperforms SC-FDMA.
Observation 6: UW-DFT-s-OFDM is robust against interference from adjacent channels
Observation 7: UW-DFT-s-OFDM is a waveform with suppressed OOBE, robust performance in multipath fading and tolerance against adjacent channel interference.

Based on these observations, we propose the following:

Proposal 1: Investigate UW-DFT-s-OFDM as a potential waveform candidate
Proposal 2: Investigate location and length of UW for UW-DFT-s-OFDM to achieve the best tradeoff
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