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1 Introduction

In RAN1 #88bis, the following agreements were achieved [1]:
Agreements:
· pi/2 BPSK DFT-s-OFDM supports spectrum shaping without spectrum expansion of pi/2 BPSK data at least for uplink data for carrier frequencies above 6 GHz and below 52.6 GHz

· Note that UE still has to fulfill all RAN4 requirements
· FFS: Whether it will have RAN1 spec impact
· FFS: Applicability below 6 GHz
· Note that RAN1 needs to consider at least spectrum efficiency, PA efficiency, complexity, and coverage
In this contribution, we discuss the following two aspects:
1. Evaluate the applicability of pi/2 BPSK DFT-s-OFDM with spectrum shaping (i.e. FDSS), taking PA and RF requirements into consideration.

2. Analyze FDSS impact on RAN1 specification.
In the last RAN1 meeting, we presented evaluation results for pi/2 BPSK DFT-s-OFDM with FDSS [2] in terms of PAPR and demodulation performance, and observed that FDSS can significantly reduce the PAPR. Actually it should be RAN4’s work to further study the output power boosting resulting in from the low PAPR schemes, as it strongly depends on the RF requirements and PA model. However, it looks like some companies in RAN1 prefer to rush to a conclusion about the FDSS impact on RAN1 specification, even without RAN4’s further research feedback. Here we present some preliminary evaluation of the output power, assuming certain popularly used PA models and the potentially agreeable RF requirements for above 6 GHz, just in order to get some feel for FDSS applicability, before drawing any conclusions on its RAN1 specification impact. 
2 Discussion
2.1 FDSS applicability evaluation 
· For below 6 GHz
In this section, we discuss the applicability of FDSS for below 6 GHz. The agreed polynomial PA model is used for evaluation, and Figure 1 (a) illustrates its AM/AM performance. The OBO (output backoff) value from the PA saturation point is evaluated for various modulations (QPSK and pi/2 BPSK with and without FDSS), and two FDSS shaping filters (i.e. RRC with roll-off factor 1 and truncated RRC [2]) are considered in the evaluation. In addition, 4 dB insertion loss is assumed between the PA and the antenna. With a 30 dB ACLR requirement, the OBO and output power valuse for 18 PRB and 100 PRB data transmission bandwidths are listed in Table 1. The choice of 18 PRB transmission bandwidth is motivated by the definition of the UE maximum output power for modulation/channel bandwidth (cf. section 6.2.3 of 36.101 [3]), where 1dB MPR is allowed if the data bandwidth allocation exceeds 18 PRBs.
It can be observed that,

(1) QPSK can achieve 23 dBm output power with no more than 18 PRB data transmission bandwidth. For 100 PRB data transmission bandwidth, QPSK can also meet the maximum power requirement considering the allowed 1 dB MPR. In other words, neither pi/2 BPSK nor FDSS is needed in case that the UE maximum output power doesn’t exceed 23 dBm. That is also aligned with a previous RAN4 conclusion for LTE (even though the currently considered FDSS schemes were not analyzed back then).

(2) pi/2 BPSK with or without FDSS is beneficial for output power boosting only if the UE maximum power is allowed to exceed 23 dBm. 
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Figure 1: PA models (AM/AM)
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Figure 2: OBO vs. ACLR (Polynomial PA model)



Table 1: The OBO and output power for below 6 GHz (Polynomial model)
	
	
	QPSK
	pi/2-BPSK 
	pi/2-BPSK with FDSS (RRC)
	pi/2-BPSK with FDSS (T-RRC)

	18PRB 

data BW
	OBO

(ACLR=30 dB)
	1.3 dB
	0.8 dB
	0.1 dB
	0.1 dB

	
	Output power considering 4dB insertion loss
	23.7 dBm
	24.2 dBm
	24.9 dBm
	24.9 dBm

	100PRB
data BW
	OBO

(ACLR=30 dB)
	2.9 dB
	1.7 dB
	0.1 dB
	0.3 dB

	
	Output power considering 4dB insertion loss
	22.1 dBm
	23.3 dBm
	24.9 dBm
	24.7 dBm


Therefore, we have the following observation and proposal:

Observation 1: For below 6 GHz, pi/2 BPSK DFT-s-OFDM is beneficial only in case the allowed UE maximum output power exceeds 23 dBm.
Proposal 1: For below 6 GHz, pi/2 BPSK DFT-s-OFDM may be considered for NR only if the allowed UE maximum output power exceeds 23 dBm, e.g., for an HPUE with 26dBm maximum TX power. 
· For above 6 GHz
For above 6 GHz, we consider two types of ACLR requirements:
1) 30 dB (the same as LTE)

2) 17 dB [4], which is recommended to ITU by RAN4

In addition, two popularly used PA models [5], namely (a) the polynomial model and (b) modified Rapp model (with smoothing factor 1.1), are used in the evaluation – see Figure 1. It seems that the modified Rapp model is more realistic considering the actual output power capability for above 6 GHz, although RAN4 recommended the polynomial PA model as a starting point for evaluations. 

The OBO and corresponding output power for the two PA models are listed in Table 2 and Table 3, respectively. The demodulation performance when FDSS is employed is shown in the appendix.
Based on these evaluation results for above 6 GHz, it can be observed that:
(1) pi/2 BPSK always contributes to output power boosting, compared to QPSK, although the advantage is relatively weak if the ACLR requirement is relaxed to 17 dB.

(2) The applicability of FDSS depends on the RF requirements and the PA model applied. Specifically,

· With the same RF requirement as LTE’s (i.e. ACLR=30 dB), FDSS can significantly improve the output power. The output power advantage far outweighs the demodulation loss.
· With the relaxed RF requirement (i.e. ACLR=17 dB), the advantage of FDSS depends on the PA model. FDSS seems unnecessary at least for the specific modified Rapp model considered here, since the slight output power gain (i.e. 0.1 dB) is easily lost when taking the demodulation loss into account (see the demodulation performance in Table 4). 
(3) The impact on output power of the various shaping filters studied here is negligible.
  Table 2: The OBO and output power for above 6 GHz (Polynomial model)
	
	
	QPSK
	pi/2-BPSK 
	pi/2-BPSK with FDSS (RRC)
	pi/2-BPSK with FDSS (T-RRC)

	18PRB 

data BW
	OBO

(ACLR=30 dB)
	1.3 dB
	0.8 dB
	0.1 dB
	0.1 dB

	
	Output power considering 4dB insertion loss
	23.7 dBm
	24.2 dBm
	24.9 dBm
	24.9 dBm

	
	OBO

(ACLR=17 dB)
	0.8 dB
	0.4 dB
	0.1 dB
	0.1 dB

	
	Output power considering 4dB insertion loss
	24.2 dBm
	24.6 dBm
	24.9 dBm
	24.9 dBm

	100PRB 
data BW


	OBO

(ACLR=30 dB)
	2.9 dB
	1.7 dB
	0.1 dB
	0.3 dB

	
	Output power considering 4dB insertion loss
	22.1 dBm
	23.3 dBm
	24.9 dBm
	24.7 dBm

	
	OBO

(ACLR=17 dB)
	0.8 dB
	0.4 dB
	0.1 dB
	0.1 dB

	
	Output power considering 4dB insertion loss
	24.2 dBm
	24.6 dBm
	24.9 dBm
	24.9 dBm


Table 3: The OBO and output power for above 6 GHz (Modified Rapp model)
	
	
	QPSK
	pi/2-BPSK 
	pi/2-BPSK with FDSS (RRC)
	pi/2-BPSK with FDSS (T-RRC)

	18PRB 

data BW
	OBO

(ACLR=30 dB)
	2.4 dB
	0.8 dB
	~0 dB
	~0 dB

	
	Output power considering 4dB insertion loss
	11.8 dBm
	13.4 dBm
	14.2 dBm
	14.2 dBm

	
	OBO

(ACLR=17 dB)
	0.2 dB
	0.1 dB
	~0 dB
	~0 dB

	
	Output power considering 4dB insertion loss
	14 dBm
	14.1 dBm
	14.2 dBm
	14.2 dBm

	100PRB 
data BW


	OBO

(ACLR=30 dB)
	5.5 dB
	3.6 dB
	~0 dB
	~0 dB

	
	Output power considering 4dB insertion loss
	8.7 dBm
	10.6 dBm
	14.2 dBm
	14.2 dBm

	
	OBO

(ACLR=17 dB)
	0.2 dB
	0.1 dB
	~0 dB
	~0 dB

	
	Output power considering 4dB insertion loss
	14 dBm
	14.1 dBm
	14.2 dBm
	14.2 dBm


2.2 RAN1 specification impact
Based on the evaluation results in section 2.1, the following conclusions can be made:
(1) The FDSS applicability strongly depends on the RF requirements and applied PA model at a particular band. With relaxed ACLR requirement (e.g. 17 dB) and PAs with relatively good linearity characteristics, FDSS doesn’t contribute to output power boosting, whereas for a stringent ACLR requirement (e.g. 30 dB), FDSS is preferable to boost the output power.

(2) The deployment of a shaping filter often results in some demodulation degradation, especially in fading channels, due to noise enhancement. There is no good reason to use FDSS if the achieved output power gain is not larger than the demodulation loss.

(3) With FDSS, the PAPR of the UL data channel may be lower than that of the UL DMRS (as demonstrated in Figure 3), which means that the RS, rather than data channel, limits the PAPR. In this sense, the FDSS advantage will decrease if no further PAPR reduction is applied onto the DMRS. 
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Figure 3: DMRS PAPR with and without FDSS
Based on the above analysis, it seems appropriate to treat FDSS as a pure implementation issue, and leave the FDSS deployment for each UE vendor to decide, according to its own PA characteristics. The UE can apply FDSS – with the same shaping for data and DMRS – on top of pi/2 BPSK if it is helpful for reaching the maximum output power. Otherwise, it will not be applied. In other words, FDSS is left optional. 
The remaining issue is whether the receiver can be unaware of the FDSS filter coefficients. According to our evaluation (see the details in the appendix), the FDSS unawareness at the receiver has leads to a small demodulation degradation (~0.1 dB) with the RRC shaping filter. However, even this marginal performance degradation can be mitigated by optimizing the shaping filter design. For example, in our evaluation, no performance gap between a receiver transparent and non-transparent scheme is observed when using the truncated RRC filter, whose main lobe is wider than the RRC’s. Therefore, FDSS unawareness at the receiver doesn't hurt much the demodulation performance (i.e., the required SNR for 10% BLER)I, as summarized in Table 4. Overall speaking, we don’t see any necessity of specifying the FDSS filter coefficients in RAN1. 

However, FDSS will have some impact on the RAN4 specification, and further investigations should be carried out in RAN4 regarding EVM test requirements, MPR, etc.
According to the above evaluation and analysis, we make the following observations: 

Observation 2: Whether and how FDSS can get performance gain strongly depends on the PA implementation, ACLR requirement, channel condition and DMRS design.
Observation 3: Compared to non-transparent FDSS, the performance degradation of transparent FDSS application is small.

Based on the observations, we present the following proposals:

Proposal 2: RAN1 doesn’t specify any details of the FDSS regardless of frequency range, namely the spectrum shaping function or the shaping filter coefficients, but leaves it as an implementation issue.

Proposal 3: It’s up to the UE to decide whether to apply spectrum shaping or not, according to the PA (model) and RF requirements in particular bands.

Proposal 4: Send an LS to RAN4, informing RAN4 of RAN1’s decision and asking RAN4 to further investigate the FDSS impact on the RAN4 specification.
Table 4: The demodulation performance (the required SNR for 10% BLER) 
	Code rate
	pi/2 BPSK w/o FDSS
	pi/2 BPSK with FDSS 

(RRC)
	pi/2 BPSK with FDSS

 (T-RRC)

	
	
	Non-transparent
	Transparent
	Non-transparent
	Transparent

	1/3
	1.9 dB
	3.2 dB
	3.3 dB
	2.5 dB
	2.5 dB

	2/3
	8.1 dB
	10.8 dB
	10.9 dB
	9.1 dB
	9.1 dB


3 Summary
In this contribution, we present some evaluation results for pi/2 BPSK DFT-s-OFDM with FDSS, taking PA model and RF requirements into consideration, for both below 6GHz and above 6GHz. And the FDSS impact on RAN1 specification is also analyzed.
Based on the evaluation results and the analysis, we have the following observations and proposals:
Observation 1: For below 6 GHz, pi/2 BPSK DFT-s-OFDM is beneficial only in case the allowed UE maximum output power exceeds 23 dBm.
Observation 2: Whether and how FDSS can get performance gain strongly depends on the PA implementation, ACLR requirement, channel condition and DMRS design.

Observation 3: Compared to non-transparent FDSS, the performance degradation of transparent FDSS application is small.
Proposal 1: For below 6 GHz, pi/2 BPSK DFT-s-OFDM may be considered for NR only if the allowed UE maximum output power exceeds 23 dBm, e.g., for an HPUE with 26dBm maximum TX power.
Proposal 2: RAN1 doesn’t specify any details of the FDSS regardless of frequency range, namely the spectrum shaping function or the shaping filter coefficients, but leaves it as an implementation issue.

Proposal 3: It’s up to the UE to decide whether to apply spectrum shaping or not, according to the PA (model) and RF requirements in particular bands.

Proposal 4: Send an LS to RAN4, informing RAN4 of RAN1’s decision and asking RAN4 to further investigate the FDSS impact on the RAN4 specification.
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Appendix

Demodulation performance evaluation:
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