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1	Introduction
[bookmark: _Hlk104372907]This contribution relates to a work item agreed in RAN#94-e, namely “Further NR coverage enhancements” [1]. We consider power domain enhancements and the following objectives captured in the WID:

· Study and if necessary specify following power domain enhancements
· […]
· Enhancements to reduce MPR/PAR, including frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation (RAN4, RAN1)

In this paper we discuss the scope of MPR/PAR reduction in Rel-18. The initial performance results are given in [2][7].
2	Work plan and responsibility:
The following was agreed in RAN1 #110bis-e.
Agreement
The following work split principles will be adopted in RAN1 for power domain enhancement throughout Rel-18 from RAN1 perspective and send LS to RAN4 in this meeting:
· RAN1 performs link level simulations of candidate solutions for power domain enhancements to study at least the SNR variation, PAPR/CM, and EVM, brought by each solution.
· Transparent MPR/PAR reduction solutions can be considered as a benchmark for studying the performance of non-transparent solutions.
· RAN1 is not expected to perform RF simulations of candidate solutions for power domain enhancements
· Results of RF simulations can be included in RAN1 contributions
· RAN1 will assess RAN1 specification impact of candidate MPR/PAR reduction solutions
· A list of candidate solutions, including necessary parameters, from RAN1 perspective should be ready before the end of RAN1 #111, and should be included in an LS to RAN4.
· RAN1 understands that RAN4 is responsible for selecting the Rel-18 MPR/PAR reduction solution, if any.

The following was agreed in RAN4 #104bis-e.
Agreement:
· RAN4 follows below RAN1 agreements and focus on prepare for RF simulations 
· Establish evaluation parameters and side-conditions if any for both transparent and non-transparent schemes
· The parameters and side-conditions will be updated if needed according to RAN1 input
· Share the agreements with RAN1 that could affect RAN1 link level simulation
· RAN4 can perform evaluations without RAN1 input for both transparent and non-transparent schemes
· No discussion on simulation results of non-transparent scheme at least in RAN4#105 
Agreement:
Actual conclusion of the MPR/PAR reduction methods should be based on net coverage gain results combining transmitter and receiver performance

Based on the above agreements made in two WGs, the work split between RAN4 and RAN1 is quite clear. 
From RAN4 point of view, it’s still important to highlight two aspects:
· RAN1: RAN1 understands that RAN4 is responsible for selecting the Rel-18 MPR/PAR reduction solution, if any. 
· RAN4: Actual conclusion of the MPR/PAR reduction methods should be based on net coverage gain results combining transmitter and receiver performance
In order to evaluate net coverage gain, the assumptions behind LLS (RAN1) and RF simulations (RAN4) should be sufficiently well aligned. That requires coordination between RAN WG1 and RAN WG4. 

There was considerable progress in defining the evaluation assumptions in both RAN1 #111 and RAN4 #105. On top of that both RAN1 and RAN4 send LSs summarizing the key parameters [8, 9]. Based on those, the assumptions behind LLS (RAN1) and RF simulations (RAN4) seem to be well aligned.  

Observation 1: Based on the progress in both RAN1 and RAN4, the simulation parameters are well aligned between RAN1 and RAN4

Observation 2: From simulation assumptions point of view, RAN4 is ready for selecting the Rel-18 MPR/PAR reduction solution according to the agreement made in RAN4 #104bis-e 

We provide performance results for MPR/PAR reduction in [2]:
· Receiver performance in Appendix A (all the details can be found in our RAN1 paper [10]) 
· Transmitter performance in Appendix B 
· Net gain results in Appendix C.

Based on the net gain results shown in [2], we make the following proposal:

Proposal 1: Support FDSS with spectrum extension as a solution for MPR/PAR reduction in Rel-18. 

3	Priority scenarios for MPR/PAR reduction
There was considerable progress in both RAN4 #104bis-e and RAN1 #110bis-e to define priority scenarios for MPR/PAR reduction. In the following we consider priority scenarios in more details:
Target waveform:

The following was agreed in RAN4 #104bis-e and RAN1 #110bis-e.
Agreement: (RAN4 #104bis-e) 
· DFT-s-OFDM is considered for future study for DFT-s-OFDM for FDSS w SE or w/or SE and Tone Reservation. 
· Whether CP-OFDM for tone reservation can be discussed is FFS.
Agreement: (RAN1 #110bis-e) 
DFT-s-OFDM is the target waveform for the study and, if applicable, the design of MPR/PAR reduction solutions in Rel-18.
Note: No doubt from RAN1 about the offline consensus “Results concerning the application of solutions for DFT-s-OFDM to CP-OFDM can be presented by companies in their contributions”.  

There seem to be common ground between RAN1 and RAN4 that DFT-s-OFDM is the target waveform for MPR/PAR reduction. We are of the opinion that tone reservation studies should also focus on DFT-s-OFDM waveform. The reason behind is that DFT-s-OFDM provides opportunities for smaller MPR/PAR [2]. Furthermore, it allows considerably smaller UE complexity for implementing tone reservation.
Proposal 2:  Do not consider CP-OFDM waveform for MPR/PAR objective.

Target channels:

The following was agreed in RAN4 #104bis-e.
Agreement: (RAN4 #104bis-e)  
· Consider only PUSCH and the associated DMRS
· If other channels are considered or not is FFS
In principle, power domain enhancements can be considered for any UL channels and signals. In other words, it could be applied not only for PUSCH but also for PRACH, PUCCH and SRS. On the other hand, we know that in terms of UL coverage, PUSCH is the bottleneck channel in vast majority of the scenarios. Hence, we propose to focus on PUSCH (and the associated DMRS) in Rel-18 work item.
Proposal 3:  Do not consider other channels and signals (than PUSCH and the associated DMRS).



Target frequency range:

The following was agreed in RAN4 #104bis-e.
Agreement: (RAN4 #104bis-e)
· RAN4 prioritizes FR1
· Note: The outcome of FR1 shall not be automatically inherited to that of FR2
· For FR2, only for evaluation assumptions can be discussed until at least RAN4#106 and RAN4#106 discusses if FR2 simulation campaign can start or not.

The net gain results [2] show that power domain enhancements are equally relevant for both FR1 and FR2 [2]. Hence, it makes sense to consider power domain enhancement for both frequency ranges. On the other hand, the Rel-18 scope should be considered also from RAN4 workload point of view. In that sense, it makes sense to start the work from FR1. We propose to progress with FR2 only if time allows. However, in order to ensure smooth continuation for the FR2 work we propose to perform net gain evaluations for both FR1 and FR2 scenarios.
Proposal 4:  Evaluate both FR1 and FR2 scenarios. 

Power class, SU-MIMO, Carrier aggregation:

The following was agreed in RAN4 #104bis-e.
Agreement: (RAN4 #104bis-e)
· UE Power Class 3 and scenario with a single transmitter & single component carrier is considered
· SU-MIMO and/or inter band UL CA are not considered.
· Whether intra band UL CA is considered or not is FFS
· The above three bullets are applicable to both FR1 and FR2

In this area, there was considerable progress in RAN4 #104bis-e. The only FFS point relates to intra band UL CA scenario. It makes more sense to start from the baseline scenario (1-CC), which has opportunities for the lowest PAR/CM. We also think that from workload point of is not realistic to cover all possible scenarios (such as intra band UL CA) in Rel-18 time frame. 
Proposal 5:  Do not consider intra band UL CA scenario in Rel-18 WI. 

MPR/PAR reduction schemes:

The following was agreed in RAN4 #104bis-e and RAN1 #110bis-e.
Agreement: (RAN4 #104bis-e)
· Frequency domain spectrum shaping without spectrum extension for DFT-S-OFDM is the transparent scheme thus far according to the WID
· Other techniques can be discussed depending on RAN Plenary decision
Agreement: (RAN4 #104bis-e)
· pi/2 BSPK w SE and QPSK w or w/o SE can be further discussed
· If higher modulation(s) than QPSK is discussed or not is FFS

Agreement: (RAN1 #110bis-e)
At least the following candidate solutions for MPR/PAR reduction will be studied in RAN1.
· Frequency domain spectrum shaping w/ spectrum extension
· Frequency domain spectrum shaping w/o spectrum extension
· Tone reservation (which can only be w/ spectrum extension)

Agreement: (RAN1 #110bis-e)
For power-domain enhancements targeting MPR/PAR reduction, study the following configurations for DFT-S-OFDM:
•       At least pi/2-BPSK and QPSK modulation are considered
· FFS: other modulations, e.g., 16-QAM
[…]


In terms of MPR/PAR reduction schemes, there seem to be common ground between RAN1 and RAN4: It makes sense to focus on the schemes covered by WID. Furthermore, as discussed earlier (see Proposal 1) DFT-s-OFDM can be prioritized also for tone reservation. This would mean that CP-OFDM waveform does not need to be considered anymore. 
In addition to the candidate solutions, it makes sense to define the baseline scheme. We think that it should be Rel-17:
· Pi/2 BPSK:  FDSS w/o spectrum extension
· QPSK: Transmission without FDSS and spectrum extension

Proposal 6:  The candidate solutions for MPR/PAR reduction are those included in the WID. The reference/baseline schemes for MPR/PAR reduction are: 
· FDSS w/o spectrum extension for pi/2 BPSK 
· Transmission without FDSS and without spectrum extension for QPSK 


Modulation schemes

[bookmark: _Hlk53063199]Spectral shaping can be applied with or without spectral extension. Rel-15 NR supports FDSS (Frequency Domain Spectral Shaping) without spectrum extension for pi/2 BPSK. The FDSS work has continued in Rel-16 with low-PAPR DMRS, and in Rel-17 study with further optimization of pi/2 BPSK scenario. 
We think that the key motivation behind Rel-18 power domain enhancements is to extend the spectral shaping framework defined in previous releases (for pi/2 BPSK) for QPSK scenario. This can reduce the MPR and improve UL coverage accordingly. It is also beneficial for higher UL data rate applications and/or when operating with a higher spectral efficiency (compared to BPSK). Based on the results and discussion in [2], it can be noted that shaping with spectrum extension is a good candidate method to reduce MPR and to improve UL PUSCH coverage with QPSK.
As said, FDSS without spectrum extension has been extensively studied for pi/2 BPSK scenario already. Additionally, based on our results shown in APPENDIX, FDSS with spectrum extension does not improve the pi/2 BPSK performance (compared to the case without spectrum extension).   Hence, it makes sense to deprioritize pi/2 BPSK in Rel-18 work. 
Furthermore, as discussed, FDSS with spectrum extension provides considerable coverage gain for QPSK [2]. Hence, it can be seen as the main scenario for Rel-18. The remaining question is, should we consider modulation order higher than QPSK? Based on our studies, spectrum extension has only limited gain potential for modulation orders higher than QPSK [2]. Hence, we propose to not to consider them in Rel-18 work.
[bookmark: _Hlk104372847]Proposal 7: Prioritize scenarios involving spectrum extension.
Proposal 8: QPSK is the target modulation scheme for the study
· Pi/2 BPSK is not considered
· Modulation orders higher than QPSK are not considered.

[bookmark: OLE_LINK53][bookmark: OLE_LINK54]4.	Conclusion
In this paper we discuss the scope of MPR/PAR reduction in Rel-18. Based on the discussion we make the following observations and proposals:

Observation 1: Based on the progress in both RAN1 and RAN4, the simulation parameters are well aligned between RAN1 and RAN4

Observation 2: From simulation assumptions point of view, RAN4 is ready for selecting the Rel-18 MPR/PAR reduction solution according to the agreement made in RAN4 #104bis-e 

Proposal 1: Support FDSS with spectrum extension as a solution for MPR/PAR reduction in Rel-18.

Proposal 2:  Do not consider CP-OFDM waveform for MPR/PAR objective.
Proposal 3:  Do not consider other channels and signals (than PUSCH and the associated DMRS).
Proposal 4:  Evaluate both FR1 and FR2 scenarios. 
Proposal 5:  Do not consider intra band UL CA scenario in Rel-18 WI. 
Proposal 6:  The candidate solutions for MPR/PAR reduction are those included in the WID. The reference/baseline schemes for MPR/PAR reduction are: 
· FDSS w/o spectrum extension for pi/2 BPSK 
· Transmission without FDSS and without spectrum extension for QPSK.

 Proposal 7:  The candidate solutions for MPR/PAR reduction are those included in the WID. The reference/baseline schemes for MPR/PAR reduction are: 
· FDSS w/o spectrum extension for pi/2 BPSK 
· Transmission without FDSS and without spectrum extension for QPKS (and higher).

Proposal 8: Prioritize scenarios involving spectrum extension.
Proposal 9: QPSK is the target modulation scheme for the study
· Pi/2 BPSK is not considered 
· Modulation orders higher than QPSK are not considered.
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APPENDIX
RAN4 #104bis-e made the following agreement: “pi/2 BSPK w SE and QPSK w or w/o SE can be further discussed”. In this appendix we discuss pi/2 BPSK issue in more details.

Figure 1 shows the peak to average ratio (PAR) for pi/2 BPSK and QPSK modulations with and without FDSS and spectrum extension. The same FDSS function is applied for both modulation schemes. It can be observed that FDSS without spectral extension provides more significant PAR reduction (2 dB@1% CCDF) for pi/2 BPSK while only moderate PAR reduction (1 dB@1% CCDF) for QPSK. 

Observation 1: When considering PAR metric:
· FDSS w/o SE provides small PAR for pi/2 BPSK
· FDSS w/o SE provides only limited PAR improvement for QPSK
· FDSS with SE provides considerable PAR improvement for QPSK

Additionally, it’s known that cubic metric (CM) is often a more illustrative metric for the transmit power reduction of a typical power amplifier at the mobile handset compared to PAR.  Table 1 shows that QPSK FDSS with spectrum extension reduces CM efficiently while FDSS without spectrum extension have almost no impact on CM.  

Observation 2: When considering CM:
· FDSS w/o SE provides only limited CM gain for QPSK
· FDSS with SE provides considerable CM gain for QPSK


Based on the PAR/CM consideration, it can be noted that shaping with spectrum extension is a good candidate method to reduce MPR and to improve UL PUSCH coverage (with QPSK). This is in line with our net gain results shown in [2]:
· FDSS with spectrum extension provides considerable coverage gain for QPSK
· FDSS without spectrum extension has only limited gain potential for QPSK.


[image: ]
[bookmark: _Ref53054375]Figure 1. PAR for pi/2 BPSK and QPSK modulations with and without FDSS and spectrum extension.


Table 1 CM for QPSK with and without FDSS and spectrum extension
	Waveform
	CM [dB]

	QPSK No FDSS
	1.0

	QPSK FDSS without extension
	0.9

	QPSK FDSS with 25% extension
	0.1




Comparison between pi/2 BPSK w/o SE and QPSK (w/ and w/o SE) [5]:
Figure 2 shows the simulated OBO (Output Back-Off) of PA (Power Amplifier) as function of PRB allocation for FR1 by considering UE RF requirements (IBE, OBW, EVM, ACLR). The OBO is defined as the saturated output power compared to mean output power. Results show that 25% spectrum extension with FDSS applied for QPSK enables operating 1-1.7 dB closer to the amplifier’s saturation point compared to the original QPSK waveform. The pi/2 BPSK FDSS can still operate 0-1.0 dB lower OBO.  However, in the PRB allocations of interest for coverage, the OBO difference between pi/2 BPSK FDSS and QPSK FDSS with spectral extension is less than 0.3 dB.
Figure 3 shows required SNR for 10% BLER as function of spectral efficiency.  For the same spectral efficiency, the original QPSK waveform without FDSS have 25% higher coding rate compared to the QPSK FDSS with spectral extension, and 100% higher coding rate compared to the pi/2 BPSK FDSS.
· At low RBs allocation, the link performance of the QPSK with extend FDSS is close to the original QPSK waveform without FDSS (+/- 0.2 dB). 
· [bookmark: _Hlk53133463]At higher RBs allocation, with the highest spectral efficiency, FDSS with SE (QPSK) is up to 0.5 dB worse than the original QPSK waveform due to lower coding rate. In contrast, with the lowest spectral efficiency, FDSS with SE is up to 0.3 dB better than original QPSK waveform due to smaller noise enhancement of MMSE FDE.
· Extended FDSS with QPSK is always 0.4-2.0 dB better than pi/2 BPSK with FDSS due to higher coding gain.
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[bookmark: _Ref53067489]Figure 2. Power Amplifier Output Back-Off as function of PRB allocation size

[image: ] [image: ]
[bookmark: _Ref53129484]Figure 3. Required SNR for 10% BLER as function of spectral efficiency. 

Pi/2 BPSK with spectrum extension:
Based on our results, pi/2 BPSK with FDSS + SE has no room for improving MPR/PAR (compared to FDSS w/o SE). In the following we consider both link level performance (Figure 4) and RF performance (Figure 5) separately. 
Figure 4 shows the link level performance for pi/2 BPSK and QPSK with and without spectrum extension. We consider four FDSS scenarios: No filter, Truncated RRC, [0.28 1 0.28] and [0.335 1 0.335]. The BW allocation is 16 RB (including the possible excess band). We consider six coding rates. The data rate is the same for each cases representing the same coding rate. 
Results show that pi/2 BPSK with FDSS + SE will create considerable SNR degradation compared to FDSS w/o SE. The same holds also when comparing pi/2 BPSK FDSS SE against QPSK FDSS SE. The gap is smallest with CR0 and increases considerably with the decreasing coding rate. It is also noted that pi/2 BPSK does not support the highest coding rate option (CR5).
Observation 3: Pi/2 BPSK with FDSS + SE will create considerable SNR degradation compared to FDSS w/o SE.
[image: ]
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Figure 4 Required SNR for 10% BLER as function of spectral efficiency. 
Figure 5 shows the OBO comparison for pi/2 BPSK with and without spectrum extension. We consider four FDSS scenarios: No filter, Truncated RRC, [0.28 1 0.28] and [0.335 1 0.335].  This simulation has been done with 16 RBs (including the excess band) and for two SCS values (15 kHz and 30 kHz). Channel bandwidth is 20 MHz in this simulation. 
Based on the results, pi/2 BPSK with FDSS + SE has no room for improving MPR/PAR (compared to FDSS w/o SE). This is visible in Figure 5, which indicates that for FDSS w/o SE with [0.335 1 0.335] filter, which is close to the 14 dB p-p limit can be used with full saturation even for edge allocations. The same holds for [0.28 1 0.28] filter.  Figure 5 also shows that for pi/2 BPSK the spectrum extension has slightly negative impact to OBO performance (the degradation is visible for spectrum edge allocations).
Observation 4: For pi/2 BPSK the spectrum extension has slightly negative impact to OBO performance.

[image: ] [image: ]
Figure 5 OBO for pi/2 BPSK modulation, 16 RBs, [15 30] kHz SCS.
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FR1 MPR results for 20 MHz channel, 15 kHz SCS (#/2-BPSK)
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