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Introduction
In RAN1#84bis OFDM-based candidates for NR waveform design were identified. It was decided to evaluate the candidates in the following evaluation cases:
· 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 RAN1 #85, it was decided [1] that the following OFDM-based waveforms should be used as RAN1 NR waveform performance reference:
· OFDM with CP
· DFT-s-OFDM with CP

Also, further evaluation assumptions for waveforms under 6GHz were agreed in R1-165859 for cases 3 and 4, and HPA modeling was decided through e-mail discussion.
In this contribution, we give link-level simulation results for one of the variants of DFT-s-OFDM, namely UW-DFT-s-OFDM [2].
Descriptions of UW-DFT-s-OFDM
The transmitter structure for UW-DFT-s-OFDM 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 DFT and IDFT operation. Location of UW is an implementation issue and depends on 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

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, for 48 carriers allocated in the center of the band. It is clear from the figure that insertion of the UW prior to the DFT creates a more compact spectrum than SC-FDMA, without any windowing or filtering, thus without any additional implementation complexity. OOBE measuring 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 31.6dB for UW-DFT-s-OFDM against only 26.1dB for SC-FDMA
More detailed analysis of OoB suppression using the parameters agreed in RAN1#85 and in the presence of an amplifier is shown in Section 3.
Observation 1: UW DFT-s-OFDM has superior OoB suppression performance with respect to SC-FDMA without any additional implementation complexity. 
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 SC-FDMA, as long as envelop of UW is nearly constant or similar to that of data symbols, as already shown in [2].
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
One of the attractive features of UW-DFT-s-OFDM is that unique words at the output of IDFT serve as guard between two data parts of consecutive OFDM symbols, thus no CP insertion is necessary. The protection against ISI when going through a multipath channel in UW-DFT-s-OFDM is determined by the UW length. With baseline LTE numerology, one extra OFDM symbol wrt normal CP SC-FDMA is needed to fill a 1ms subframe (15 OFDM symbols per subframe), as explained in [4]. As the result, conventional receivers used for SC-FDMA 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. Finally, effectiveness of UW as guard interval to absorb ISI instead of 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.


Evaluation results
We assessed the performance of UW DFT-s-OFDM against the performance reference CP SC-FDMA by means of link level evaluations complying with the current NR evaluation assumptions requirements. In the following, the UW was chosen to be a Zadoff-Chu static sequence with time duration similar to the normal CP duration. 

	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	TTI length 
	1 ms :
· 14 OFDM symbols with normal CP for SC-FDMA, 
· 15 OFDM symbols for UW DFTsOFDM

	Subcarrier spacing 
	15KHz 

	Guard time interval 
	4.7µs for SC-FDMA
No CP for UW-DFT-s-OFDM ; UW duration 5.55µs

	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, 10dB

	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 4 (Case 3) Subcarriers 

	Channel Model 
	TDL-A 10ns, 30ns 
TDL-C 300ns 

	Mobility 
	3km/h

	HPA
	Polynomial from [5]



HPA parameterization
For below 6GHz UL it was agreed to use the polynomial HPA from [5]. The HPA operating point is set considering the following constraints: spectrum mask, ACLR, EVM, with the values given in TS 36.101 for UL transmission. The UL power level is set to maximum 22dBm.
Since the HPA saturation input/output values are not specifically defined in [5], we consider the saturation defined by the 1 dB compression point (P1dB) corresponding to the power level that causes the gain to drop by 1 dB from its small signal value. With this assumption, in the following the saturation level is considered to be Psat_out = 29dBm and Psat_in = 3.7dBm respectively. IBO/OBO values are computed in the following with respect to these values. If other saturation level is to be considered, IBO/OBO values are to be rescaled correspondingly. 
Figure 4 shows the ACLR evolution at different IBO. The target ACLR value of 30dB for the UL is respected for all considered IBO values.
Figure 5 shows the EVM evolution at different IBO. Common output phase shift due to the polynomial PA model is compensated and not included in the EVM calculation. Target EVM values of 12.5% and 8% for 16QAM and 64QAM respectively are indicated in the figure. An IBO of at least 4dB and respectively 6dB is necessary for 16QAM/64QAM to comply with EVM requirements.
Figure 6 shows the OOBE evolution at different IBO. OOBE is computed employing a rectangular filter as the ratio between the power radiated in the allocated band and the out-of-band power radiated in the adjacent same length band onto the same carrier. 
It is clear from both Figure 4 and Figure 6 that in the presence of a HPA UW DFTsOFDM has superior OoB suppression performance with respect to SC-FDMA both in terms of ACLR and OOBE.
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[bookmark: _Ref456993661]Figure 4 - ACLR vs IBO, Polynomial HPA
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[bookmark: _Ref456993855]Figure 5 - EVM vs IBO, Polynomial HPA
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[bookmark: _Ref456994199]Figure 6 - OOBE vs IBO, Polynomial HPA
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[bookmark: _Ref456994185]Figure 7 - Output power vs IBO, Polynomial HPA



Observation 4: In the presence of a HPA, UW DFTsOFDM has superior OoB suppression performance with respect to SC-FDMA both in terms of ACLR and OOBE.
Figure 7 shows the signal power evolution at the output of the HPA for different IBO values. To comply with the target output power of 22dBm, 8dB of IBO are necessary for both UW DFTsOFDM and SC-FDMA. Corresponding OBO is 6.08dB. At this IBO value, EVM, ACLR and spectrum mask constraints are all respected.
Figure 8 depicts the PSD before/after polynomial HPA for both SC-FDMA and UW DFTsOFDM. The PSD was obtained as following: samples belonging to OFDM symbols in a legacy TTI are oversampled 4 times, 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 an 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 48 subcarriers band onto the same 10MHz carrier.
Inband and OoB performance is detailed in Table 1 and Table 2. Since UW DFTsOFDM is a variant  of SC-FDMA optimized for OoB rejection, both waveforms have similar inband behavior but UW DFTsOFDM has better OoB performance.
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[bookmark: _Ref456996101]Figure 8 – PSD before/after polynomial HPA: IBO=8dB, OBO=6.08dB

	[bookmark: _Ref450772689]Table 1 : 16QAM, after HPA, Pout = 22dBm
	16QAM
	UW DFTsOFDM
	SC-FDMA

	ACLR
	40.5dB
	34.28dB

	OOBE 
	29.84dB
	25.85dB

	IBO
	8dB
	8dB

	OBO
	6.07dB
	6.07dB

	EVM
	7.13%
	7.13%



[bookmark: _Ref456997451]Table 2 : 64QAM, after HPA, Pout=22dBm
	64QAM
	UW DFTsOFDM
	SC-FDMA

	ACLR
	40.45dB
	33.68dB

	OOBE
	29.6dB
	25.42dB

	IBO
	8dB
	8dB

	OBO
	6.08dB
	6.08dB

	EVM
	7.2%
	7.2%





Evaluation case 1b: UL single numerology case
Comparative performance of UW-DFT-s-OFDM and SC-FDMA are depicted in Figure 9 through Figure 12 for TDL-A channels and Figure 13 - Figure 14 for TDL-C channel. No guard tone was used (G_UE = 0). TDL typical delay spreads are shorter than CP/UW lengths and both waveforms display similar performance. ISI can be efficiently eliminated by the presence of the UW.
Observation 5: ISI can be efficiently eliminated by the presence of the UW.
In this contribution, we considered a UW calibrated to offer a UW duration similar to the CP duration at the output of the IFFT. UW length can be modulated to offer a trade-off between OoB rejection and ISI protection. In scenarios like case 1b where OoB constraints can be relaxed (no asynchronous or different numerology users in the adjacent subband), UW length can be further reduced to increase the spectral efficiency. UW length can be flexibly adapted without any impact on the subframe structure, and different users can use different UW lengths as explained in [4].
Observation 6: Per user UW length adaptation is possible to further increase the spectral efficiency. 
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[bookmark: _Ref456998008]Figure 9 – TDL-A 10ns, FER
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Figure 10 - TDL-A 10ns, spectral efficiency
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Figure 11 - TDL-A 30ns, FER
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[bookmark: _Ref456998014]Figure 12 - TDL-A 30ns, spectral efficiency
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[bookmark: _Ref456998046]Figure 13 - TDL-C 300ns, FER
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[bookmark: _Ref456998048]Figure 14 - TDL-C 300ns, spectral efficiency


Evaluation case 3: UL single numerology case (asynchronous reception between UEs)
Comparative performance of UW-DFT-s-OFDM and SC-FDMA are depicted in Figure 15 through Figure 18 for TDL-A channels with an offset interferer power Poffset = 0dB, and Figure 19 through Figure 22 for TDL-C channel with an offset interferer power Poffset = 10dB. Four guard tones were used (G_UE = 4 subcarriers).
With asynchronous neighboring band interferer, OoB behavior becomes critical for good performance. SC-FDMA suffers more from interference from adjacent band asynchronous access due to unsuppressed OoB emission. UW DFTsOFDM outperforms SC-FDMA in all depicted configurations.
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[bookmark: _Ref457001330]Figure 15– TDL-A 10ns, FER, Poffset=0dB
	[image: ]
Figure 16 - TDL-A 10ns, spectral efficiency, Poffset=0dB
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Figure 17 - TDL-A 30ns, FER, Poffset=0dB
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[bookmark: _Ref457001338]Figure 18 - TDL-A 30ns, spectral efficiency, Poffset=0dB
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[bookmark: _Ref457001355]Figure 19 - TDL-C 300ns, FER, Poffset=10dB, no HPA
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Figure 20 - TDL-C 300ns, spectral efficiency, Poffset=10dB, no HPA
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Figure 21- TDL-C 300ns, FER, Poffset=10dB, polynomial HPA
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[bookmark: _Ref457001358]Figure 22 - TDL-C 300ns, spectral efficiency, Poffset=10dB, polynomial HPA


Observation 7: UW-DFT-s-OFDM is robust against interference from adjacent channels
Observation 8: UW-DFT-s-OFDM is a waveform with suppressed OOBE, robust performance in multipath fading and tolerance against adjacent channel interference.


Conclusion
Observation 1: UW DFT-s-OFDM has superior OoB suppression performance with respect to SC-FDMA without any additional implementation complexity. 
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: In the presence of a HPA, UW DFTsOFDM has superior OoB suppression performance with respect to SC-FDMA both in terms of ACLR and OOBE.
Observation 5: ISI can be efficiently eliminated by the presence of the UW.
Observation 6: Per user UW length adaptation is possible to further increase the spectral efficiency. 
Observation 7: UW-DFT-s-OFDM is robust against interference from adjacent channels
Observation 8: UW-DFT-s-OFDM is a waveform with suppressed OOBE, robust performance in multipath fading and tolerance against adjacent channel interference.
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