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Introduction
Waveform for NR was discussed in RAN1#84bis and RAN1#85 and the following agreements were made [1],[2]: 
· 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 use cases (e.g., mMTC use case)
· Link level simulation is used for waveform evaluation. 
· Whether and how to do system level simulation for waveform is FFS.
· 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)
    (refer to their illustrations in pages 5 – 9 in R1-163558)
•	The following OFDM-based waveforms should be used as RAN1 NR waveform performance reference:
–	OFDM with CP
–	DFT-s-OFDM with CP
•	All waveform in RAN1 #84bis/#85 meeting can be evaluated based on agreed assumptions
–	Note: Each company should provide details on the DFT-spreading, guard interval, Tx/Rx filtering and/or windowing applied to OFDM waveform for evaluation
During the RAN1 #85 meeting, two sets of simulation assumptions and parameters were agreed to evaluate those waveforms for Case 1 to 4, as well as to calibrate the test benches [3][4]. 
Based on the agreed assumptions and parameters we compared several waveforms for uplink (UL) cases (i.e., Case 1b, 3 and 4) using a link level simulation test bench. From the simulation results we observe that windowed CP-OFDM (W CP-OFDM) performs well in some uplink (UL) cases in terms of Block Error Rate (BLER), despite the concern on PAPR and power amplifier efficiency. However, we also observed that in some cases it performs worse than some of the single carrier waveforms, e.g., UW DFT-s-OFDM. 
In this contribution we provide some simulation results to compare W CP-OFDM and a general UW DFT-s-OFDM scheme in some testing scenarios in which the UW DFT-s-OFDM has advantages in terms of sensitivity to PA nonlinearity and BLER performance. 
Variation of UW DFT-s-OFDM Waveforms
In [8]- [10], we introduced UW DFT-s-OFDM and indicated that there are multiple benefits using UW DFT-s-OFDM over CP DFT-s-OFDM used in LTE. The benefits include, but are not limited to,
· Better spectral containment to support mixed numerologies
· More flexible and efficient in terms of using different UW lengths for different UEs in UL based on their own channel conditions (uplink signals are still orthogonal ) 
· Flexible UW length without affecting the TTI duration
· Better resource and energy usage by using the UW for phase correction or channel estimation at the receiver [14]
The UW DFT-s-OFDM we presented in [8]-[10] uses a single DFT spreading block for QAM modulated data and UW. However, in general, UW DFT-s-OFDM can be implemented by using multiple DFT spreading blocks, as shown in Figure 2‑1. In this figure, two DFT blocks with size M/2 are used, where M is the size of the DFT block for a single DFT block implementation of UW DFT-s-OFDM. In addition, , for , are the unique words inserted at the head and tail of i-th DFT block input. In general, there are several benefits of using multiple DFT blocks. One of the most important benefits is that the receiver can exploit frequency selectivity for better link performance, as can be seen in Figure 8‑1 of the Appendix. Since the UW DFT-s-OFDM with multiple DFT blocks is no longer a single carrier waveform, its PAPR will be higher than the single DFT-block implementation. However, as we will show in the simulation section, the sensitivity to PA nonlinearity of UW DFT-s-OFDM with two DFT block is still significantly less than that of W CP-OFDM. 
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[bookmark: _Ref458593397]Figure 2‑1. Tx and Rx structure for UW DFT-s-OFDM with two DFT blocks
It is worth mentioning that if the transmitter uses a tail suppression technique similar to the one introduced in [8], the waveform has better spectral containment properties as compared to the single DFT block structure. Note that in this contribution, no tail suppression technique is considered in the simulations. 
Windowed CP-OFDM
Time domain windowing may be the most simple way to achieve spectral localization for CP-OFDM signals when compared with other waveforms such as filtered OFDM (F-OFDM) and filter bank multicarrier (FBMC)[12]. The windowing function can be implemented at both the transmitter and receiver side. When used in the transmitter, it reduces the spectrum leakage to the adjacent channels. When used in the receiver, it rejects the interference from the adjacent channels.  
There may be several ways to implement the windowing process [12]. The windowing method chosen in this contribution, is shown in Figure 3‑1 and Figure 3‑2 for the transmitter and receiver, respectively. Note that this implementation is equivalent to the ones shown in [12].  
The Figure 3‑1 shows that, at the transmitter side, after  samples are generated from the IFFT operation, the CP with size  and the cyclic suffix (CS) with size  are prepended and appended to the IFFT output, respectively. Next, a set of windowing samples of size of  are multiplied to the beginning of the CP and the whole CS (which means ). The windowed CP is then added by the windowed CS from the previous symbol before being transmitted with the data samples, excluding the windowed CS of the current symbol. 
[image: ]

[bookmark: _Ref458606886]Figure 3‑1. Windowed CP-OFDM generation at Transmitter
The windowing operation at the receiver side is shown in Figure 3‑2: the set of windowing samples with size  are multiplied to the end of CP and the end of data field. Then the windowed CP is added to the end of data field before being discarded. 
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[bookmark: _Ref458606896]Figure 3‑2 Windowing process at receiver for CP-OFDM signals
Note that at the transmitter the larger the windowing size (), the less the spectral leakage. On the other hand, the windowing function takes away some samples from the CP, which effectively reduces the CP size. So the performance in long delay spread channels may degrade due to the inter-symbol interference. Therefore, the windowing shape and size need to be carefully designed by considering the trade-off between adjacent channel leakage and in-band performance in a multipath channel environment. 
Link Level Evaluation
The link level evaluation of different waveforms involves many assumptions and parameters. In the simulations for this contribution, some parameters are the same as those in [3][4] for calibration; these are shown in Table 8‑1 of the Appendix for convenience. Those which were not explicitly given in [3][4] are provided below. 
Frame Structure  
For a 10 MHz channel bandwidth with the sampling rate of 15.36 MHz, the frame structures for UW DFT-s-OFDM and CP-OFDM are shown in Figure 4‑1. Here we used the fixed number of symbols per TTI, from the recent discussion on frame structure in RAN1 [13]. In the simulations, we consider that TTI = 1 ms corresponding to the numerology with 15 kHz subcarrier spacing, and TTI = 0.5 ms corresponding to the numerology with 30 kHz subcarrier spacing. The rest of parameters shown in Figure 4‑1 are given in Table 4-1. 
Note 1: For TTI = 1 ms, the parameters for CP-OFDM are the same as the ones in LTE. However, when TTI = 0.5 ms, the CP length has to be reduced by half to keep the same number of symbols in one TTI as in TTI = 1 ms case. This is part of reason we choose a channel with relatively shorter delay spread, which is 300 ns, in the simulation. 
Note 2: The  and  values in Table 4-1 correspond to two symbols used as head and tail for UW at the input of the DFT block for the UW DFT-s-OFDM with one DFT block, and one symbol used for both head and tail UW at input of each DFT block for the two DFT block implementation of UW DFT-s-OFDM. Note that the size of the head and tail samples, which effectively function as the CP, can be kept the same, or set to any value to accommodate the delay spread of the channel, regardless of the TTI length. This one of the advantages of using the UW based waveforms.
Observation 1:  Using the frame structure shown in Figure 4‑1, the shorter TTI for W CP-OFDM causes the smaller CP duration. This will impact the link level performance in long delay spread channels.
Observation 2: The effective CP length for UW DFT-S-OFDM can be set freely without being constrained by the frame structure or the numerology selected. 
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[bookmark: _Ref458668465]Figure 4‑1 Frame structure for UW DFT-s-OFDM and CP-OFDM
[bookmark: _Ref458670337]


Table 4‑1 Parameters for frame structure
	
TTI
	

	CP-OFDM
	UW DFT-s-OFDM

	
	
	
	
	
	

	1 ms
	1024
	80
	72
	43
	43

	0.5 ms
	512
	40
	36
	43
	43



Windowing Function and Size
For W CP-OFDM, we use raised cosine function for the windowing function with the sizes shown in Table 4‑2.
[bookmark: _Ref458673017]Table 4‑2 Windowing size for W CP-OFDM
	
TTI
	

	W CP-OFDM

	
	
	
	

	1 ms
	1024
	52
	10

	0.5 ms
	512
	26
	5



Note: As discussed before, using the transmitter windowing effectively reduces the CP size, which could degrade the performance in a long delay spread channel. With shorter TTIs, this impact would be more severe. We choose  to be a constant for different TTI lengths due to this consideration. In addition, if the window size is reduced for shorter CP in shorter TTI, the spectral leakage will be worse. Therefore, given the frame structure shown in Figure 4‑1, a trade-off between performance in a long delay multipath channel and the adjacent channel interference needs to be considered.
Observation 3: Time domain windowing effectively reduces the CP length, which could impact the link level performance in a long delay spread channel.
Numerology 
For mixed numerology evaluation, we consider two scenarios:
1. The target UE uses 15 kHz subcarrier spacing and two interfering UEs use 30 kHz subcarrier spacing
2. The target UE uses 30 kHz subcarrier spacing and two interfering UEs use 15 kHz subcarrier spacing
Guard Band
The guard band (GB) used in Case 3 and Case 4 simulations is simply created by separating the sub-channels with a band of frequencies, rather than using some of the tones within the sub-channel for the GB. Figure 4‑2 depicts the concept. For the simulations in this contribution, we choose that GB = 30 kHz. 
[image: ]f
[bookmark: _Ref458677436]Figure 4‑2. Definition of guard band

Simulation Results and Discussion
In this section, we show two sets of simulation results: 1) Using Case 1b to compare UW DFT-s-OFDM and W CP-OFDM in terms of the sensitivity to PA nonlinearity. 2) Using Case 3 and 4 to compare UW DFT-s-OFDM and W CP-OFDM in terms of BLER and spectral efficiency (SE).
1.1 Sensitivity of PA Nonlinearity
In section 4.1, we introduced the UW DFT-s-OFDM with multiple DFT blocks to exploit frequency selectivity of the channel. Comparing to the UW DFT-s-OFDM with single DFT block, it is no longer single carrier waveform and can benefit from frequency selectivity. On the other hand, it is expected that the PAPR of the signal will be larger than the one for UW DFT-s-OFDM with single DFT block, but still smaller than that of W CP OFDM. We evaluate the BLER performance sensitivity to the PA nonlinearity by increasing the target PA output power from 22 dBm to 26 dBm for those waveforms. The BLER vs SNR results can be found in Figure 8‑2 in the Appendix. We also quantify the sensitivity by measuring the SNR loss at 10% BLER for output power at 23-26 dBm relative to the ones at 22dBm output power. The results are shown in Figure 5‑1. It is clearly shown that the UW DFT-s-OFDM with two DFT blocks is more sensitive to PA nonlinearity comparing to the one with single DFT block, but still much less than W CP-OFDM.
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[bookmark: _Ref458692742]Figure 5‑1. Sensitivity Analysis of PA Nonlinearity
Observation 4:  The UW DFT-s-OFDM with two DFT blocks is much less sensitive to PA nonlinearity as compared to W CP-OFDM.
1.2 BLER Performance in Case 3 and Case 4 
When comparing the BLER performances for the UW DFT-s-OFDM with one DFT block (K = 1) and two DFT blocks (K = 2), and W CP OFDM in Case 3 and Case 4, we observe that they are very comparable for some of the parameter settings, including modulation (16QAM or 64QAM), coding rate (1/2 and ¾) and the bandwidth of the guard band (30, 60 and 90kHz). On the other hand, we notice that there are certain cases in which the UW DFT-s-OFDM performs better. The most significant ones are the ones with 0.5ms TTI. In Figure 5‑2 and Figure 5‑3, we show the two cases with both 1ms TTI and 0.5ms TTI. More simulation results can be found in Section 8.4. 
From Figure 5‑2 and Figure 5‑3 one can see that, when TTI = 1 ms, the BLER performances of the UW DFT-s-OFDM and the W CP-OFDM are similar. However, when TTI = 0.5 ms, the BLER performance of W CP OFDM degrades more than UW DFT-s-OFDM. These results confirm our aforementioned discussion: Using the frame structure shown in Figure 4‑1 for W CP OFDM, the CP length has to be reduced when the TTI duration is reduced, and, so is the windowing size at both Tx and Rx sides. This means that the BLER performance will suffer more from adjacent channel interference as well as inter-symbol interference in short TTI for W CP-OFDM. On the other hand, since the UW size can be set freely within a symbol duration for UW DFT-s-OFDM, the BLER performances are less sensitive to the change of TTI size, i.e., the numerology. 
Observation 5: The BLER performance of UW DFT-s-OFDM is robust in different numerologies. 
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[bookmark: _Ref458697590]Figure 5‑2. BLER performances in Case 3
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[bookmark: _Ref458697593]Figure 5‑3. BLER performance in Case 4
Conclusion 
In this contribution, we compared the sensitivity of Windowed CP-OFDM and UW DFT-s-OFDM to the  sensitivity of PA non-linearity, and the BLER performance for case 3 and case 4 with different numerologies. We have the following observations and proposal:
Observation 1:  Using the frame structure shown in Figure 4‑1, the shorter TTI for W CP-OFDM causes the smaller CP duration. This will impact the link level performance in long delay spread channels.
Observation 2: The effective CP length for UW DFT-S-OFDM can be set freely without being constrained by the frame structure or the numerology selected. 
Observation 3: Time domain windowing effectively reduces the CP length, which could impact the link level performance in a long delay spread channel.
Observation 4:  The UW DFT-s-OFDM with two DFT blocks is much less sensitive to PA nonlinearity as compared to W CP-OFDM.
Observation 5: The BLER performance of UW DFT-s-OFDM is robust in different numerologies. 
Proposal: Unique-Word DFT-S-OFDM should be studied as a potential waveform for NR
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Appendix
1.3 General Simulation Parameters
[bookmark: _Ref458667270]Table 8‑1 Simulation Parameters
	Parameters 
	Value 

	Carrier frequency
	4 GHz 

	Duplex 
	FDD

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms or 0.5 ms. Test case dependent

	Subcarrier spacing 
	15kHz or 30kHz. Test case dependent

	Guard time interval
	Test case and waveform dependent

	FFT size 
	1024 or 512. Test case dependent

	Data transmission bandwidth 
	720kHz for all UEs in all cases

	Antenna  configuration
	1T1R 

	MIMO mode
	SISO for all UEs in all cases

	MCS 
	16 or 64QAM, coding rate ½ or ¾ (Test case dependent) 

	Control Overhead 
	Zero

	Channel estimation 
	Ideal (CIR used in the equalization is refreshed every TTI)

	Channel Model
	TDL-C 300 ns, 3 Km/h

	Bandwidth of guard band between neighbor UEs 
	30kHz

	Time offset of interfering user
	Case 3: 128 Samples; Case 4: 0

	Power offset of the interferer UEs
	0 dB

	Nonlinear PA Model
	9th order polynomials specified in [11]
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1.4 Comparing UW DFT-s-OFDM with one and two DFT blocks
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[bookmark: _Ref458630668]Figure 8‑1.	Comparing UW DFT-s-OFDM with one (K=1) and two (K=2) DFT blocks

1.5 Sensitivity to PA Nonlinearity
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[bookmark: _Ref458686941]Figure 8‑2. BLER performance of UW DFT-s-OFDM with one (K=1) and two (K=2) DFT blocks and W CP-OFDM



1.6 [bookmark: _Ref458700149] Additional BLER Performance for Case 3 and 4 
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Figure 8‑3. BLER performance of UW DFT-s-OFDM with one (K=1) and two (K=2) DFT blocks and W CP-OFDM
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