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1 Introduction

In RAN1#85 meeting, the following was agreed as NR waveform performance reference [1]:
· OFDM with CP

· DFT-s-OFDM with CP

Several candidates have been proposed for the waveform to be used for above 6 GHz [2]-[5]. A WF on evaluation assumptions for waveform at and beyond 30 GHz was also agreed in [6]. 

As a continued study of the analysis in [7], in this paper, the waveforms mentioned above are evaluated and compared in terms of BLER (block error rate), PAPR (peak-to-average-power ratio) and OOBE (out-of-band emission).
2 Evaluation Setup
In this section, we discuss first the waveform candidates to be evaluated, and then the general evaluation assumptions. 
2.1 Candidates

Based on the proposals in the last two meetings, the waveform candidates to be evaluated include:

1. CP OFDM and CP DFT-s-OFDM (performance reference [1])
2. Zero tail (ZT) DFT-s-OFDM [2]
3. Guard interval (GI) DFT-s-OFDM [3]
4. Unique word (UW) DFT-s-OFDM [4]
5. UW DFT-s-OFDM [5]
This paper mainly focuses on the evaluation of these waveforms. The details of each proposed waveform can be found in their own papers, while the discussions in [7] may also serve as a reference. 
For clarity and simplicity, DFT-s-OFDM is denoted as DFTs, and the numbering in the reference list is used to distinguish different proposals. 

2.2 Assumptions

The evaluation assumptions are summarized in the following table. Additional assumptions used in each case will be indicated individually. 
Table I Summary of evaluation assumptions

	Carrier frequency
	30, 40, 70 GHz

	Channel model
	CDL A/B/C

	Delay spread
	50, 300 ns

	Speed
	3 km/h

	Angular spread of departure
	15 degree

	Angular spread of arrival
	45 degree

	UE antenna model
	(M,N) = (2,2) or (2,4), Mg=Ng=1, P=2

	TRP antenna model
	(M,N) = (8,8) or (8,16), Mg=Ng=1, P=2

	Beamforming weighting
	DFT vector

	Data bandwidth
	DL: 72 MHz for 30 and 40 GHz, 576 MHz for 70 GHz

	Transmission mode
	Single stream

	Modulation and coding scheme
	QPSK 1/3, 16QAM 2/3, 64QAM 3/4

	Subcarrier spacing
	120 kHz for 30 and 40 GHz, 480 kHz for 70 GHz

	CP overhead
	Exact 6.67% CP or equivalent

	Channel estimation
	Ideal

	Phase noise model
	First three examples from R1-165685

Denoted as PN #1, #2, #3, respectively

	Pilot overhead for phase noise
	6%

	Phase noise suppression scheme
	Correction for common phase error for CP-OFDM

Linear estimation and compensation for DFTs


3 Evaluation Results

In this section, we present preliminary evaluation results on BLER, PAPR, and OOBE for downlink. 

3.1 BLER

To start, we first examine the effectiveness in multi-path channels via the BLER performance. In this case, the lower the BLER, the higher the effectiveness (or spectrum efficiency) in multi-path channels. For clarity, here only results with typical settings are presented in this section. More results for additional combination of channel models and phase noise models can be found in Appendix.
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Figure 1 BLER of waveforms
Throughout the evaluation, no BLER gain of DFTs variants over the conventional CP-DFTs is observed. In addition, it is observed that the BLER of CP-DFTs and DFTs variants is generally worse than that of CP-OFDM. The reason behind this is that although the delay spread will be reduced by beamforming, the experienced channel is still not completely flat in the frequency domain. In this case, OFDM has been proven more efficient in exploiting the frequency diversity. As shown in the upper right corner of Figure 1, among the DFTs variants, the BLER of UW-DFTs [4] might be worse than others in some cases. That is because, to reduce OOBE, the equivalent CP of UW-DFTs [4] is halved and might be insufficient in the case of relatively large delay spread. 
As illustrated in the appendix, the effective delay spread will be affected by the antenna configuration used. For instance, with CDL-C and 300 ns delay spread, 6.67% CP is sufficient for the residual delay spread with an antenna configuration of (8,16)*(2,4), but not for (8,8)*(2,2). 

From the perspective of phase noise suppression, for CP-OFDM and the subcarrier spacings under discussion, the compensation of common phase error is already sufficient. 
Additionally, as the 40 GHz band has drawn increased attentions, evaluation results at 40 GHz band are also provided in Appendix and similar observations can be made as to 30 GHz.
In short, the following are observed from the evaluations results:

Observation 1: No significant BLER advantage was observed for the variants of DFT-s-OFDM (i.e. ZT DFT-s-OFDM, GI DFT-s-OFDM and UW DFT-s-OFDM) over the conventional CP DFT-s-OFDM.

Observation 2: In terms of BLER performance, CP-OFDM is generally better than CP DFT-s-OFDM and its variants by about 1 to 5 dB.

3.2 PAPR

PAPR is also an important performance metric for waveform comparison. The PAPR of different waveforms are compared as follows. The left-hand side is the PAPR with 64 QAM, clipped under 4% EVM loss. The right-hand side is the PAPR with increased numbers of FDMed users who are equally sharing the fixed frequency bandwidth with corresponding reduced DFT sizes, and without clipping. 
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Figure 2 PAPR of waveforms and effects of adding FDMed users
Unsurprisingly, it is observed that the low-power tails of DFTs variants actually produces higher PAPR, as compared with the conventional CP-DFTs. In addition, as the number of FDMed users increases, the PAPR gain of CP-DFTs over CP-OFDM greatly decreases. For example, it becomes very small when 8 users are multiplexed. This observation also applies to other DFTs variants.
In short, the following are observed from the evaluations results:

Observation 3: The PAPR of variants of DFT-s-OFDM are generally higher than the conventional CP DFT-s-OFDM.
Observation 4: In the downlink, with users FDMed together, the PAPR gain of CP DFT-s-OFDM over CP OFDM is largely reduced.
3.3 OOBE

The OOBE of multiple waveform candidates are compared in the following. 

[image: image7.emf]-0.5 0 0.5

Frequency (Fs)

-150

-100

-50

0

P

S

D

 

(

d

B

/

H

z

)

CP-OFDM

CP-DFTs

ZT-DFTs [2]

GI-DFTs [3]

UW-DFTs [4]

UW-DFTs [5]

f-CP-OFDM

f-CP-DFTs


Figure 3 OOBE of different waveforms

With non-zero guard intervals added after IFFT, non-continuity is introduced and the OOBE of GI-DFTs [3] is worse than that of CP-OFDM and CP-DFTs. To solve this problem, instead of using a Zadoff–Chu sequence as GI after IFFT directly, a DFT-IFFT operation is applied to a shorter sequence, with the same up-sampling rate as the data part, to form a smoother GI. In this way, the OOBE of GI-DFTs becomes slightly better than CP-OFDM and CP-DFTs, but the gain is only incremental. 
In addition, with zero tails or unique words to smoothen the transmission between adjacent blocks, the OOBE of ZT-DFTs [2] and UW-DFTs [5] can help to reduce the OOBE, but the improvements are still limited, under the assumption of 6.67% equivalent CP. Furthermore, UW-DFTs from [4] can provide larger OOBE improvement, at the cost of reduced equivalent CP and increased BLER in the cases of long delay spread (see Section 3.1 or the appendix).

Furthermore, by applying additional filtering on top of CP-OFDM and CP-DFTs, the OOBE can be reduced significantly, much more effective as compared with the DFTs variants. That is to say, the DFTs variants do not provide obvious advantages on OOBE, as compared with the conventional spectrum localization methods, such as filtering.
To sum up, the following is observed from the evaluations results:

Observation 5: For the evaluation assumptions under consideration, no significant OOBE advantages was observed for the variants of DFT-s-OFDM.
4 Conclusions
Based on the evaluation of the waveform candidates for above 6 GHz, the following has been observed:
Observation 1: No significant BLER advantage was observed for the variants of DFT-s-OFDM (i.e. ZT DFT-s-OFDM, GI DFT-s-OFDM and UW DFT-s-OFDM) over the conventional CP DFT-s-OFDM.

Observation 2: In terms of BLER performance, CP OFDM is generally better than CP DFT-s-OFDM and its variants by about 1 to 5 dB.

Observation 3: The PAPR of variants of DFT-s-OFDM are generally higher than the conventional CP DFT-s-OFDM.

Observation 4: In the downlink, with users FDMed together, the PAPR gain of CP DFT-s-OFDM over CP OFDM is largely reduced.
Observation 5: For the evaluation assumptions under consideration, no significant OOBE advantages was observed for the variants of DFT-s-OFDM.

Here we also point out that the BLER in narrow-band cases should also be considered, especially for uplink, the study of PAPR should be combined with the analysis of link budget, and the OOBE after PA is of more practical interests, taking the spectrum mask and ACLR requirement into consideration. Investigations on these aspects are ongoing. 
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Appendix

A1.  BLER at 30 GHz
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A2.  BLER at 40 GHz
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A3.  BLER at 70 GHz
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