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1 Introduction

In RAN1 NR ad hoc, it is agreed that 0.5*pi-BPSK is supported for DFT-s-OFDM [1]:
Agreement:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM
In RAN1#87, the following working assumption has been agreed [2]:
Working assumption:
· NR supports 0.5*pi-BPSK modulation for DFT-s-OFDM

· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping (FDSS) can be further considered at least for eMBB uplink data for up to 40GHz

· FFS

· The details of frequency domain spectrum shaping 

· This does not preclude the case where no spectrum shaping is needed
As is discussed in [3], 0.5*pi-BPSK and FDSS are not necessary for below 6 GHz considering the UE maximum output power limitation. However, for above 6 GHz, further low PAPR waveform (i.e., 0.5*pi-BPSK with FDSS) is potentially beneficial for coverage extension since the UE practical transmission power is usually far less than the maximum limitation.

In this contribution, we investigate the performance of 0.5*pi-BPSK with FDSS, and also discusses the specification impact of the FDSS filter. 
2 Discussion

As we know, MCL (Minimum Coupling loss) is the most widely used performance metrics for coverage evaluation, which takes PAPR, RF requirements, maximum output power limitation, and demodulation performance together into account. However, both the PA model and RF requirements for above 6GHz are not available up to now, so we only investigate the PAPR and demodulation performance although only these two aspects can’t be translated into coverage directly. We believe the waveform with low PAPR and good demodulation performance will bring potential coverage improvement for above 6GHz considering the practical PA constraint in this band.
Table I lists the FDSS schemes evaluated in the contribution. In all cases the FDSS filter size (Q) is equal to the number of allocated sub-carriers 
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, whereas the DFT size (M) may be smaller. This means that no excess bandwidth is being used by the schemes under consideration here. In order to have the same spectral efficiency (and thus same TBS) for the various FDSS schemes, the coding rate must be scaled when the allocation-to-DFT size ratio Q/M is greater than 1, according to that factor (e.g., 1/6 ( 1/6 * 4/3 = 2/9, when M=3Q/4). Figure 1 illustrates the evaluated FDSS filter in term of the spectrum shape for the example of allocation of 20 PRBs. 
[image: image2.emf]0 50 100 150 200

Allocated subcarrier

0

0.5

1

1.5

M

a

g

n

i

t

u

d

e

Spectrum shape of the FDSS filters (20 PRB)

RRC w/ roll-off factor 1/3

RRC w/ roll-off factor 1

T-RRC w/ roll-off factor 1

1+D time domain filter


Figure 1: Spectrum shape of the FDSS filters 
Table 1: The evaluated FDSS schemes

	Scheme
	FDSS
	Code rate

	
	
Allocation-to-DFT
size ratio
	FDSS filter
	

	0.5*pi-BPSK 
	1
	(1) None (all 1s)
	1/6

	0.5*pi-BPSK with FDSS

	4/3
	(2) RRC filter with roll-off factor 1/3 [4]
	2/9

	
	1
	(3) RRC filter with roll-off factor 1 [3]
	1/6

	
	1
	(4) Truncated RRC filter with roll-off factor 1 
[see appendix]
	1/6

	
	1
	(5) 1+D time domain filter [5] 

	1/6


2.1 Performance comparison
· PAPR
The PAPR of all schemes in Table I for different transmission bandwidth is shown in Figure 2. It can be observed that all FDSS schemes bring significantly PAPR improvement on top of 0.5*pi-BPSK (i.e., ~3dB), and the PAPR performance of various FDSS schemes are very similar. 
Observation 1:  FDSS schemes can significantly improve PAPR performance on top of 0.5*pi-BPSK.

· Required SNR
The required SNR (i.e., BLER performance) reflects the demodulation performance. A particular low PAPR scheme is not beneficial if the PAPR advantage is lost by the demodulation performance degradation.

The simulation parameters are listed in table II.
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Figure 2: PAPR of different schemes
Table II: link simulation parameters for the BLER evaluation 
	Parameters
	Value

	System bandwidth
	100 PRB

	Data transmission bandwidth 
	4 PRB for narrowband
20 PRB for medium bandwidth
100 PRB for wideband 

	Numerology 
	120 KHz,  6.7% CP overhead

	RS design
	The same uplink DMRS sequence and pattern as LTE

	Channel estimation 
	LMMSE 

	Channel model 
	39GHz, CDL-B 300 ns , 3Km/h (NLoS)
39GHz, CDL-D 100 ns , 3Km/h (LoS with K factor=13.3 dB)

	Antenna configuration 
	SISO
(128 antenna elements at BS, 8 antenna elements  at UE) 

	Receiver
	MMSE equalization 


Figure 3 and Figure 4 show the BLER performance for LoS and NLoS channel with narrow (4PRB), medium (20PRB), and large bandwidth allocation (100PRB), respectively.  
It can be observed that,
1. In LoS channel, the BLER performance with FDSS is almost the same as that without FDSS. In other words, the demodulation performance degradation caused by FDSS is negligible.

2. In NLoS channel, FDSS causes non-negligible demodulation loss especially for narrow bandwidth case. 
Conceptually, the channel non-flatness caused by channel fading or FDSS filter will bring negative impact on equalization due to the noise enhancement. An FDSS filter with a relatively flat shape is better in terms of equalization loss. With increasing bandwidth allocation, better frequency diversity gain may compensate the loss and reduce the performance gap between different FDSS filters. 
In addition, with FDSS filter optimization (e.g. truncated RRC filter), the demodulation performance loss will become smaller. However, the cost of demodulation performance improvement is PAPR degradation as shown in Figure 2. The FDSS filter with wide main-lobe width is preferred from the receiver demodulation perspective, while the PAPR improvement of such filter is limited. Therefore, the FDSS filter design is a trade-off between transmitter PAPR and receiver demodulation performance.
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(a) Narrow BW (4PRB)






(a) Narrow BW (4PRB)
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(b) Medium BW (20PRB)





(b) Medium BW (20PRB)
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(c) Large BW (100PRB)
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Figure 3: BLER performance of different 


Figure 4: BLER performance of different 
schemes in LoS channel 






schemes in NLoS channel
Observation 2:  FDSS schemes suffer from demodulation degradation in fading channels, and the performance loss can be alleviated by bandwidth allocation or FDSS filter optimization.
Observation 3: The FDSS filter design trades off between the PAPR performance at the transmitter and the receiver demodulation performance.
2.2 Impact on the standard
In this section, we investigate the standard impact of FDSS. In general, there are two approaches to support FDSS from RAN1 perspective,
1. Specification non-transparent approach
With this approach, the FDSS filter should be known for both transmitter and receiver, and it has to be defined by RAN1 specification so that receiver can do equalization with the specified match filter. In section 2.1, the BLER performance is evaluated with this approach. Figure 5 shows the TRX diagram, in which the FDSS operation is only applied on data channel at both transmitter and receiver.
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Figure 5: TRX diagram of specification non-transparent approach
It should be noted that the FDSS filter with allocation-to-DFT size ratio greater than 1 are usually non-transparent, because the ratio has to be known to the receiver for data demodulation.
2. Specification transparent approach

With this approach, the FDSS filter used at the transmitter is transparent to the receiver, meaning that the receiver doesn’t know the specific filter used by the transmitter, and the equalization at receiver can be realized without a matched filter whatever that filter is. In order to support the transparent approach, the same transmitting FDSS filter should be applied on both data channel and reference signal (RS). The channel estimation at the receiver is based on the RS which passed through transmitting FDSS filter.  In other words, the receiver treats the transmitter FDSS filter as part of the channel. Figure 6 shows the TRX diagram of the specification transparent approach, where the FDSS operation is applied onto the data and RS only at the transmitter.
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Figure 6: TRX diagram of specification transparent approach
Figure 7 shows the BLER comparison between these two approaches. It can be observed that the demodulation performance in the transparent approach is almost the same as that of the non-transparent approach, regardless the FDSS filter being used. At a first glance, passing the RS through the non-flat FDSS filter might be expected to have negative impact on the channel estimation accuracy. However, since the data symbols are spectrally shaped in the same way, sub-carriers that experience lower SNR can tolerate less accurate channel estimation. In addition, the resulting demodulation performance loss is negligible, because 0.5*pi-BPSK is used in the low SNR regime and is resilient to ISI from an adjacent symbol.
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Figure 7: BLER performance of transparent and non-transparent approaches
The advantages of transparent FDSS approach are obvious,
1) Lower PAPR for RS due to the FDSS application, which can be seen in Figure 8. The lower PAPR will facilitate further output power boosting compared with non-transparent FDSS approach where only data channel are of low PAPR.

2) No additional standardization effort to define FDSS filter in RAN1 specification.
Observation 4: Some specification transparent FDSS schemes, using pi/2-BPSK with certain FDSS filters,  don’t hurt much the demodulation performance at the receiver, at least for low code rates (i.e. below 1/3 code rate), while improving the RS PAPR performance at the transmitter.
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Figure 8: PAPR of DMRS
Based on the above analysis and evaluation, we propose,

Proposal 1: NR supports FDSS filter for DFT-s-OFDM with pi/2-BPSK modulation, but does not specify it and leaves it as an implementation issue.
3 Summary
In this contribution, we investigate various FDSS schemes on top of 0.5*pi-BPSK for above 6GHz. The following observations can be made:
Observation 1:  FDSS schemes can significantly improve PAPR performance on top of 0.5*pi-BPSK.
Observation 2:  FDSS schemes suffer from demodulation degradation in fading channels, and the performance loss can be alleviated by bandwidth allocation or FDSS filter optimization
Observation 3:  The FDSS filter design trades-off between the PAPR performance at the transmitter and the receiver demodulation performance.
In addition, we also study the FDDS filter impact on RAN1 specification, and have the following observation:
Observation 4: Some specification transparent FDSS schemes, using pi/2-BPSK with certain FDSS filters,  don’t hurt much the demodulation performance at the receiver, at least for low code rates (i.e. below 1/3 code rate), while improving the RS PAPR performance at the transmitter. 
Based on the above observations and the discussions in the contribution, we make the following proposal:
Proposal 1:  NR supports FDSS filter for DFT-s-OFDM with pi/2-BPSK modulation, but does not specify it and leaves it as an implementation issue.
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Appendix
Truncated RRC
The frequency domain description of the raised-cosine (RC) filter can be expressed as
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where 
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 is the roll-off factor. 
The frequency domain description of the RRC filter is 
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. For the FDSS, the coefficient of RRC filter on the k-th subcarrier can be expressed as
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where 
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 is the subcarrier index, and 
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 is the number of the allocated subcarriers. 
The coefficient of the truncated RRC (T-RRC) filter on the k-th subcarrier is written as
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where 
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is the truncation factor (
[image: image27.wmf]0.75

b

=

 in this contribution).
� This scheme is essentially equivalent to (3), in our case 
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