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Introduction
This contribution relates to a work item agreed in RAN#94-e, namely “Further NR coverage enhancements” (the WI was revised in RAN#96 [1]). In this paper we consider power domain enhancements and the following objectives captured in the WID: 
 
· Study and if necessary specify following power domain enhancements
· Enhancements to realize increasing UE power high limit for CA and DC based on Rel-17 RAN4 work on "Increasing UE power high limit for CA and DC", in compliance with relevant regulations (RAN4, RAN1)
· Enhancements to reduce MPR/PAR, including frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation (RAN4, RAN1)
 
We discuss the scope of power domain enhancements focusing on potential RAN1 specification impacts. Companion RAN4 papers include discussion of the scope of the work [2] and discussion of RF simulation parameters [7]. Our assumption is that performance evaluation is carried out (primarily) in RAN4 but the link level evaluation is done in RAN1.
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CA/DC objective
Rel-17 included a Work Item on increasing UE power high limit for CA and DC [4], [5]. The WI introduced a new maximum output power (MOP) capability HigherPowerLimitCADC in particular for a UE supporting PC3 (23dBm) in one band (TDD or FDD) and PC2 (26dBm) in another band (TDD). With the new MOP capability the UE can use the full power from both PAs corresponding to maximum composite power of 27.8 dBm while Rel-16 UE would be limited to PC2 (26dBm) in CA or DC configuration. Hence, the new capability (per band combination) allows UE to transmit maximum power in both carriers, i.e., 27.8dBm altogether.  
In inter-band CA, UE sets its total configured maximum output power PCMAX between the lower and upper bounds given by 
PCMAX_L = MIN {10log10∑ MIN [ pEMAX,c/ (DtC,c),  pPowerClass.c/(MAX(mprc·∆mprc, a-mprc)·DtC,c ·DtIB,c·DtRxSRS,c) , pPowerClass,c/pmprc], PEMAX,CA, PPowerClass,CA-ΔPPowerClass, CA}
and 
	PCMAX_H = MIN{10 log10 ∑ pEMAX,c , PEMAX,CA, PPowerClass,CA-ΔPPowerClass, CA}
respectively. When UE indicates HigherPowerLimitCADC capability for CA configuration (and ΔPPowerClass = 0), PPowerClass,CA  is replaced with 10 log10 ∑ pPowerClass,c. that is, with sum of cell specific power classes, for both the higher and lower limit of the total configured maximum power. During the work item, it was determined that there is no need to change Rel-17 specifications related to MSD, MPR, A-MPR, and SAR due to the increasing maximum composite power. The HigherPowerLimitCADC capability is limited to PC2 + PC3 power configurations. 
Maximum uplink duty cycle is a closely related feature. In the existing specification, UE can indicate capability maxUplinkDutyCycle-interBandCA-PC2, which basically indicates the maximum average percentage of symbols during a certain evaluation period that can be scheduled for uplink transmissions to ensure SAR requirements while using a power class larger than the default UE power class for the band. 
Based on the maximum uplink duty cycle, it is possible to operate using a specific power class as long as the percentage of UL symbols does not exceed maxUplinkDutyCycle-interBandCA-PC2. So if for example a UE is configured with 26 dBm (PC2) on one band and maxUplinkDutyCycle_PC2_FR1=50%, UE can operate using PC2 if the percentage of uplink symbols does not exceed 50% of the evaluation period. If the duty cycle is exceeded, UE returns to the default power class of 23 dBm (PC3). 
With inter-band CA and maxUplinkDutyCycle-interBandCA-PC2, the average percentage of uplink symbols is defined as ( DutyNR, x /maxDutyNR,x + DutyNR, y /maxDutyNR,y, ) / 2 where DutyNR, x /maxDutyNR,x and DutyNR, y /maxDutyNR,y are ratios of the actual percentage of uplink symbols transmitted against the UE capability maxUplinkDutyCycle-PC2-FR1 value for the NR band x and NR band y, respectively. In the absence of maxUplinkDutyCycle-PC2-FR1, 50% max duty cycle is used for PC2, while for the PC3, 100% max duty cycle is used. 
Power management maximum power reduction (P-MPR) is another mechanism that is used to meet the SAR requirements. With P-MPR, UE can reduce configured maximum output power to fulfil e.g. the electromagnetic energy absorption requirements also in the case of simultaneous transmissions on different RATs or when proximity detection is used. 
The following was agreed in RAN1 #110bis-e, providing guidance for the future RAN1 discussions on the topic
Agreement

For enhancements to realize increasing UE power high limit for CA and DC, RAN1 can study based on RAN4’s input 
· Whether RAN1 enhancements to information exchange between UE and gNB are needed to improve scheduling and network performance when using higher power CA/DC. 
· FFS how to realize such information exchange, e.g., signalling enhancement, and what is the spec impact. 

With the Rel-17 enhancements for increasing UE power high limit for CA and DC in place, it is worth studying whether gNB and UE can utilize the UE’s higher total maximum output power efficiently based on current RAN1 specifications. It is worth to consider whether gNB has sufficiently accurate power headroom information available or could that be improved further e.g. with early information of any coming changes on the UE’s configured maximum output power on which UE has information easily available. For example, in some cases UE may need to be scheduled so frequently that the average percentage of UL symbols exceeds the duty cycle limit, causing UE to fall back to the default PC. Change on the power class impacts the way UE selects the configured maximum output power for each serving cell, and the impact may be different from a simple difference between the power classes. Reasonable ways to provide such additional information to gNB as well as expected benefits from providing such information could be studied. 
In any case, careful studies are needed to see if the expected benefits justify for the specification and implementation changes. Further, the considered enhancements should be related to the feature of increasing UE power high limit for CA/DC. More generic enhancements on UE reporting related e.g. to P-MPR, or to appropriate UL CA configuration, or to the basic ideas of power headroom report may go beyond this scope and deserve wider discussions under a more suitable WI. The considered enhancements should also be within RAN1 scope.
Observation 1: Reporting mechanisms that enable efficient use of the increased total configured maximum output power for CA and DC can be studied. Studied mechanisms should relate to the increased UE power high limit for CA/DC and be within RAN1 scope.
MPR/PAR objective
Work split between RAN1 and RAN4
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 RAN1 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 may require a certain level of coordination between RAN WG1 and RAN WG4. The key parameters for alignment include at least Carrier frequencies, Subcarrier spacing(s), Extension factors, Spectral shaping filters and Number of RBs.
Observation 2: In order to evaluate net coverage gain, the assumptions behind LLS (RAN1) and RF simulations (RAN4) should be sufficiently well aligned. That may require coordination between RAN WG1 and RAN WG4. The key parameters for alignment include:
· Carrier frequencies 
· Subcarrier spacing(s)
· Extension factors
· Spectral shaping filters
· Number of RBs.
RAN4 has already discussed parameters for RF simulations and agreed on a WF [6]. In the way forward several parameters are already agreed for RF simulations, such as e.g. carrier frequencies and SCS for FR1. Also some filters are ancouraged to be used. In order to align the LLS and RF simulation assumptions, RAN1 should ensure that the parameters agreed in RAN4 are included in the list of parameters agreed in RAN1. Further updates to RAN1 parameters based on additional RAN4 agreements should also be performed, if any such additional agreement is made in RAN4. 
Proposal 1:  RAN1 should ensure that the parameters agreed for RF sim in RAN4, and relevant for LLS in RAN1, are included in any list of agreed parameters for LLS in RAN1. Further updates to RAN1 parameters based on additional RAN4 agreements should also be performed, if any such additional agreement is made in RAN4.
Priority scenarios
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”.  

Both RAN1 and RAN4 agreed that DFT-s-OFDM is the target waveform for MPR/PAR reduction. In this context, we think that tone reservation studies should also focus on DFT-s-OFDM waveform. DFT-s-OFDM provides opportunities for smaller MPR/PAR than CP-OFDM, and it allows considerably smaller UE complexity for implementing tone reservation. Hence, focus should be entirely on this waveform in the interest of an efficient use of RAN1 time in Rel-18. Furthermore, it allows considerably smaller UE complexity for implementing tone reservation.
Proposal 2:  Do not consider CP-OFDM waveform for MPR/PAR objective.


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.

Net gain results in at least APPENDIX B show that power domain enhancements are equally relevant for both FR1 and FR2. 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 define evaluation assumptions for both FR1 and FR2 scenarios.
Proposal 3:  Define evaluation assumptions for both FR1 and FR2 scenarios. 


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, it makes sense from both RAN1 and RAN4’s perspective to focus on the schemes mentioned in the WID. Furthermore, as discussed earlier (see Proposal 2), DFT-s-OFDM waveform can be used and configured for all schemes. 
In addition to the candidate solutions, it makes sense to define the baseline scheme. The following Rel-17 schemes should be used in this context:
· Pi/2 BPSK: FDSS w/o spectrum extension
· QPSK (and higher): Transmission without FDSS and spectrum extension

It is worth noting that only a limited number of code rates are supported for pi/2 BPSK in Rel-17. Only lowest MCS indices are allowed, the number of MCS indices depending on the configured MCS table. However, we think it is acceptable to configure higher code rates Pi/2 BPSK as well for simulations, whenever needed, to ensure fair comparison according to agreements made in RAN #110bis-e. Alternative to this could be using QPSK with FDSS as reference.

Proposal 4:  The candidate solutions for MPR/PAR reduction are those mentioned in the WID. The reference/baseline schemes for MPR/PAR reduction are: 
· FDSS w/o spectrum extension with pi/2 BPSK
· Note: higher code rates than what Rel-17 allows need to be considered
· Transmission without FDSS and without spectrum extension with QPSK (and higher).

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 & discussion in Section 3.5 and the APPENDIX, 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 [2], FDSS with spectrum extension and pi/2 BPSK does not provide any meaningful performance improvemenent (as compared to the case without spectrum extension). No effort targeting pi/2 BPSK specific solutions seems justified at this stage. 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 deprioritize them in Rel-18 work.
[bookmark: _Hlk104372847]Proposal 5: Prioritize scenarios involving spectrum extension.
Proposal 6: QPSK is the target modulation scheme for the study
· Pi/2 BPSK is deprioritized
· Modulation orders higher than QPSK are deprioritized


Enhancements to reduce PAR/MPR
The following was agreed in (RAN4 #104bis-e) and RAN1 #110bis-e.
	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)
The following spectrum extension options for frequency domain spectrum shaping with spectrum extension (FDSS-SE), are considered for studying MPR/PAR reduction enhancements in Rel-18:
· Option 1: Symmetric extension
· Option 2: Cyclic extension
· Option 3: Cyclic shift plus symmetric extension.

Agreement (RAN1 #110bis-e)
The following design aspects of tone reservation (TR), are considered for studying MPR/PAR reduction enhancements in Rel-18:
· Sideband tone reservation size is expressed in integer units of RBs.
· FFS:
· Sideband tone reservation size
· Sideband tone reservation size determination
· Whether PRTs are added only to data or also DMRS symbols

Agreement: (RAN4 #104bis-e)
· For performance evaluation, consider symmetric extension for FDSS with spectrum extension. If consideration of asymmetric extension is needed or not is discussed depending on RAN1 input.



The WID mentions two methods for power domain enhancements, namely frequency domain spectrum shaping with and without spectrum extension for DFT-S-OFDM and tone reservation. 
Tone reservation is a very well known method, whose realization depends on the realization of the signal over which is applied. It can be applied both w/ and w/o spectrum extensions, and its performance is better in case of presence of spectrum extension. Its flexibility and performance largely depend on the complexity of the algorithms used to calculate the reserved tones and on the amount of added reserved tones (which has an impact on the available power per “useful” RE as well).
Frequency domain spectrum shaping (FDSS) w/o spectrum shaping is also a very well known method, which can be applied irrespective of the realization of the signal over which it is applied. Its flexibility and performance potential in the context of the power domain enhancements may be limited by the absence of degrees of freedom in the frequency domain.
FDSS w/ spectrum extensions (FDSS-SE) builds on the FDSS w/o spectrum extension framework and provide a certain number of degrees of freedom in the frequency domain which can reduce PAR/MPR, while also improving the net gain observed over the UL. The block diagram of DFT-S-OFDM transmitter with FDSS and spectrum extension is illustrated in Figure 1. The delta compared to legacy DFT-s-OFDM is highlighted with gray. It covers 
· Symmetric extension block, which results in introduction of an excess bands equal to Q-M (e.g., REs), where Q is the total amount of allocated resources for the FDSS-SE. 
· FDSS block in which band bins are weighted by the FDSS function before mapping to the IFFT input. This is conceptually similar to the FDSS operation used in Rel-15 pi/2 BPSK.
Alternatively (instead of symmetric extension) non-symmetric extension could be performed. This could be done by including excess band only in one side of the allocation. The FDSS function can be applied after the non-symmetric extension in the same way as for the symmetric extension. The key benefit of symmetric extension (compared to non-symmetric extension) is that inband part of the transmission is the same with and without extension.
Observation 3: The key benefit of symmetric extension (compared to non-symmetric extension) is that inband part of the transmission is the same with and without extension.
RAN4 has agreed to use symmetric extension for RF evaluations and leave asymmetric extension for further consideration in RAN1.
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[bookmark: _Ref112222271]Figure 1. Block-diagram of DFT-s-OFDM transmitter with FDSS and spectral extension.

Results in APPENDIX B provide interesting indications on the performance of the schemes described in this section:
· FDSS-SE can provide up-to 2 dB improvement for uplink coverage with QPSK modulation, when signals from inband and excess bands are combined to improve receiver performance and utilize the excess band power 
· Tone reservation for DFT-s-OFDM provides positive and measurable net gains, however much smaller than what is observed for FDSS with spectrum extension. 
· FDSS w/o spectrum extensions provides positive gains, slightly higher than TR, but clearly lower than FDSS-SE. 

Other interesting indications are provided by further LLS analysis we performed according to the parameterization proposed in Section 3.5 (which is based on FL’s proposal 14-v3 in R1-2210326). Parameters worth highlighting in this context, to better understand the results, are as follows:
· TRRC filter ([0.5, 0.1667]). 
· Extension factor .
· SCS 15 kHz
· Channel bandwidth 20 MHz
· 106 PRB carrier
· 16 PRBs of total allocation (including spectrum extension)

Please refer to Section 3.5 for finding additional relevant definitions, e.g., cr0, cr1 and so on. 

With this analysis we investigated the SNR in dB for achieving 10% BLER that a receiver would experience when different approaches to combining inband and excess bands are considered. In particular, we considered the following configurations:

· Transmission does not involve excess band (referred to as QPSK with FDSS w/o SE)
· Excess band is considered by the receiver fully (referred to as QPSK with FDSS w/ SE)
· Excess band is considered by the receiver only partially (referred to as QPSK with FDSS w/ SE – n% ext, where n represents the portion of the excess band that is used at the receiver)
· .

In this context, we observe that when the receiver does not use the content of the excess band fully, it utilizes only the inner part of the excess band according to the considered percentage, e.g., 50%, where an illustration of the inner (and outer) part of the excess band is provided in Figure 2. 
Results of this study are summarized in Table 1.
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Figure 2. Illustration of inband, excess band and inner and outer excess bands for 8 RB total allocation


Table 1 10% BLER SNR for different schemes and receiver assumptions
	
	TBS
	288
	576
	768
	1160
	1544
	2408

	Scheme
	cr0
	cr1
	cr2
	cr3
	cr4
	cr5

	Rel-17 QPSK
	-7.7686
	-5.31929
	-4.13364
	-2.17667
	-0.65475
	2.174945

	QPSK with FDSS w/o SE
	-7.27508
	-4.7677
	-3.54427
	-1.48624
	0.169128
	3.227882

	QPSK with FDSS w/ SE
	-7.4069
	-4.88566
	-3.6784
	-1.68755
	-0.04904
	3.172268

	QPSK with FDSS w/ SE – 75%
	-7.42843
	-4.89698
	-3.66737
	-1.65022
	0.017261
	3.262397

	QPSK with FDSS w/ SE – 58.3%
	-7.41415
	-4.87378
	-3.63987
	-1.5926
	0.09074
	3.367476

	QPSK with FDSS w/ SE – 50% 
	-7.40124
	-4.85856
	-3.60772
	-1.54643
	0.137004
	3.43017

	QPSK with FDSS w/ SE – 41.6%
	-7.3678
	-4.82911
	-3.566
	-1.4962
	0.195921
	3.496781

	QPSK with FDSS w/ SE – 25%
	-7.31073
	-4.75057
	-3.46041
	-1.35109
	0.346653
	3.683779

	
	
	
	
	
	
	
	


As can be observed from Table 1, the performance when the receiver considers only half of the spectrum extension for the decoding procedure is already very close to the best performance for all most relevant scenarios for coverage shortage situations, e.g., lower code rate and low-to-mid TBS values. Interestingly, performance for the use of just 25% of the excess band is quite close to the best one as well (although not as good as the 50% case). These observations yield the following two consequences:
· A receiver capable of harnessing the potential of FDSS-SE in terms of link performance can be designed in several ways, and complexity/performance trade off is very favorable in case of FDSS-SE used for coverage shortage scenarios.
· The transmitter may not need to transmit QPSK symbols on the outer excess band (according to the typical FDSS-SE implementation) but could be free to use such resource for implementation specific solutions transparent for the receiver, e.g. TR. 

For these reasons we make the following proposal.
Proposal 7: Support at least FDSS with symmetric spectrum extension in Rel-18.
· Deprioritize asymmetric extension
· FFS: whether and how other solutions are supported, e.g., use of the inner excess band for useful signal transmission and of the outer excess band for implementation-specific solutions.

RAN1 support for spectrum extension

The following was agreed in RAN4 #104bis-e and RAN1 #110bis-e.
	Agreement: (RAN4 #104bis-e)
· For simulation purpose, tentatively, define extension/reservation factor (a) as Excess band size / Total allocation, where 
· Inband size: Occupied REs after DFT-block
· Excess/reserved band size: The amount of spectrum extension.
· Total allocation size (Inband size + Excess/reserved band size): Occupied REs after spectrum extension 
· The definition is tentative and needs final confirmation with RAN1 in the future meetings.

Agreement: 
Ensure fair comparison between different methods by keeping the total allocated bandwidth, the spectral efficiency and resource in time domain the same for all compared cases as much as possible. In addition, it can be considered that efficiency not always the best judging criteria, e.g., there is a case that efficiency is of less concern than the link level benefit.

Agreement (RAN1 #110bis-e)
The following design aspects of frequency domain spectrum shaping with spectrum extension (FDSS-SE), are considered for studying MPR/PAR reduction enhancements in Rel-18:
· Spectrum extension size is expressed in integer units of RBs.
· Both DMRS and data symbols undergo spectrum shaping
· FFS:
· Which extensions factor(s) to consider, where extension factor (α) is given by spectrum extension size / Total allocation size.
· Impact of shaping filter on FDSS-SE performance
· How to extend DMRS sequence to spectrum extensions, based on either the existing ZC-sequence DMRS or low-PAPR DMRS for PUSCH (FG 16-6c)
· How extension size is determined





Inband/DFT size:

With respect to inband size, we observe that its size would coincide with DFT size for the TP. In this context, it is reasonable to enforce that current DFT size limitations defined for DFT-s-OFDM already for LTE and NR Rel-15 should be respected also for FDSS-SE. Based on that, DFT size should be expressed as multiple of , where [a, b, c] are integers ≥ 0. This would mean that any inband size in FDSS-SE should correspond to a valid DFT size as per existing values, and FDSS-SE does not require the introduction of new DFT sizes as compared to legacy. Any other considered power domain enhancement based on spectrum extension should also abide to this principle. 

Observation 4: Power domain enhancement does not require definition of additional DFT size options 

Fractional RB:

It was agreed in RAN1 #104bis-e that “Spectrum extension size is expressed in integer units of RBs”.
Table 2 shows the total allocation size (RBs) for certain values of extension factor. It can be noted that depending on the inband size and extension factor (a), the total allocation size may or may not be multiple of 12 REs. Example:
· a =0.25
· Inband size: 60 REs (5RBs)
· Excess band size: 20 REs (1.67 RBs)
· Total allocation: 6.67 RBs

Table 2. Total allocation size (RBs) for possible values for extension factor (a)
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As the total allocation size should be an integer number of PRBs, a rounding issue may then occur for some configurations. Several approaches could be considered to tackle this issue:
· Consider orphan REs as guard band (unused band)
· Consider inband sizes resulting in fractional PRB as invalid allocations.
· Ceiling/flooring towards the next full RB (this may not be a preferred solution since it would complicate the FDSS filter design, since it would be equivalent to introducing a new Extension factor).
· Others.

RAN1 should study pros and cons of the possible solutions to find the best approach to solve the rounding issue to yield only integer numbers of PRB allocations for the excess band, i.e., spectrum extension.

Proposal 8: Study solutions to yield only integer numbers of PRB allocations for the excess band, i.e., spectrum extension.


DCI design:

In terms of signaling, it is important to minimize the specification effort while preserving legacy operations as much as possible. For what concerns the FDRA indicator, two options seem possible:
· The indicator provides the start/end RBs for inband signal (this minimizes impact from the point of view of the DFT size for the TP)
· The indicator provides the start/end RBs for the total allocation
Both options can preserve a certain number of aspects of legacy operations, and require a minimum number of modifications. Other options should not be precluded, provided that the rationale of preserving legacy operations as much as possible is preserved. 

Proposal 9: RAN1 should study how to use the existing FDRA indicator in the context of FDSS-SE. 

DMRS:

As said, it was agreed in RAN1 #104bis-e that “Both DMRS and data symbols undergo spectrum shaping”. Based on the agreement, Rel-18 will follow the previous studies and specification of FDSS in RAN1, i.e., the case with pi/2 BPSK in Rel-15/16, the FDSS filter used by UE will be left as an implementation detail which 3GPP does not specify. This would preserve the possibility for the UE of choosing the most suitable filter according to the UE architecture, operations, performance requirements and regulations. 
One consequence of this approach is that the DMRSs transmitted by the UE will be shaped with the same filter as that used for PUSCH, while covering the whole allocation (i.e., also the extension band) such that the receiver may decide to utilize also the excess band signal for reception. However, if DMRS generation for PUSCH is carried out as for data (i.e. symmetric extension according to Figure 1) a considerable increase of PAPR and CM occurs. The reason behind such CM increase is that the current Rel-15 DMRS sequences involve cyclic extension already when the used Zadoff-Chu sequence is shorter than the number of allocated REs (hence, symmetric extension creates an additional extension on top, which has negative impact to PAPR/CM).

Several approaches could be used to solve this problem. For instance, one possibility could be to reuse for the spectrum extension the same logic as used for extending the Zadoff-Chu sequences cyclically within the allocated spectrum in Rel-15/16. In other words, the DMRS samples used in the spectrum extension would not be obtained by copying the content of some inband PRB(s), but rather by using the cyclic extension defined in Rel-15/16 on both sides of the sequence, i.e., the symmetric extension would be at RE level and not at PRB level in this case. Table  shows three examples of DMRS sample-to-RE mapping:
a) No spectrum extensions
b) Symmetric extension of DMRS samples (per-PRB logic)
c) Symmetric extension of DMRS samples following Rel-15/16 (per-RE logic). 


Table 3. Different DMRS options
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a) No spectrum extensions
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b) Symmetric extension of DMRS samples (per-PRB logic)
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c) Symmetric extension of DMRS samples following Rel-15/16 (per-RE logic)



The performance of the three approaches is illustrated in Figure 3, where a substantially lower PAPR and CM after the frequency domain filtering is displayed by the Symmetric extension of DMRS samples following Rel-15/16 (per-RE logic). This is expected since the Rel-15/16 logic does not depend on spectrum allocation size of filtering but rather on the properties of the DMRS sequence itself, which are fully respected by approach c).

Observation 5: For DMRS, symmetric extension using a per-PRB logic results in considerable increase of PAPR and CM. 

While this result is undoubtedly solid and based on the compliance with legacy approach, we think that RAN1 should not preclude the study of any other approach at this early stage of the study.  

Proposal 10: Study solutions for FDSS-SE to guarantee low CM of DMRS. 

  [image: ]
[bookmark: _Ref115281374]Figure 3. CM distribution of Low-PAPR sequence type 1sequences with and without FDSS and symmetric extension with per-PRB and with Rel-15 per-RE logic. Inband size = 6 RB, a=0.33.

Receiver performance
 
Agreement (RAN1 #110bis-e)
For link-level performance evaluation:
· R17 PUSCH DFT-s-OFDM waveform is the baseline for performance comparison
· Transparent schemes (to be reported by companies) can be used as benchmark for the performance assessment
All considered solutions should be configured to operate with same amount of time-frequency resource and a same spectral efficiency, that is:
· Same number of DFT-s-OFDM symbols
· Same TBS
· Same RB allocation
Note: it is understood that minor TBS variations across different waveform configurations can occur and are acceptable.
Agreement (RAN1 #110bis-e)
For link-level performance evaluation, the performance of the considered MPR/PAR reduction solutions is studied using at least the metrics included in the work split principles for power domain enhancement agreed by RAN1 for Rel-18, for instance, but no limited to, [image: ], defined as the SNR variation w.r.t. baseline under the requirement BLER=10-1.
· FFS whether further definition or refinement of the metrics is needed
Note: metrics other than the ones included in the work split principles for power domain enhancement agreed by RAN1 for Rel-18 can be reported by companies.
Agreement  (RAN1 #110bis-e)
For link-level performance evaluation, companies are encouraged to report configuration details of the following aspects, when applicable:
· Shaping filter used for evaluating frequency domain spectrum shaping w/ and w/o spectrum extension (both the filter used at the transmitter and at the receiver should be reported, if the two filters are assumed to be mismatched).
· PRT generation algorithm used for evaluation tone reservation w/ spectrum extension.
· Design details and configuration of any transparent scheme used as benchmark 

Agreement  (RAN1 #110bis-e)
For link-level performance evaluation of MPR/PAR reduction solutions involving the use of Tx filter, companies are encouraged to assume a Tx filter which fulfills a set of spectrum flatness requirements, e.g., existing RAN4 spectrum flatness requirements
· FFS whether the set of spectrum flatness requirements shall be the same set of constraints as in the current RAN4 spec or not.
For link-level performance evaluation of MPR/PAR reduction solutions involving the use of spectrum extensions or sideband, companies are encouraged to report whether/how the extended portion of the spectrum is handled by the receiver in the simulations.
Agreement: (RAN4 #104bis-e)
· 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:  (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. 
 
Agreement:  (RAN4 #104bis-e)
· Consider only PUSCH and the associated DMRS 
· If other channels are considered or not is FFS 
 
Agreement:  (RAN4 #104bis-e)
· For performance evaluation, consider symmetric extension for FDSS with spectrum extension. If consideration of asymmetric extension is needed or not is discussed depending on RAN1 input. 
 
Agreement:  (RAN4 #104bis-e)
· Under the conditions that prioritization between FR1 and FR2 is decided by Issue 1-6-2, if FR1 and/or FR2 are evaluated, at least following frequency bands are used for simulation campaign, i.e., if FR2 drops in Issue 1-6-2, the agreement in Issue 2-1-6 becomes invalid. 
· FR1: 4 GHz 
· FR2: 28 GHz 
· Handling of 700 MHz is FFS 
 
Agreement:  (RAN4 #104bis-e)
· For evaluation results comparison purpose, it is encouraged to include following channel bandwidths with SCSs for FR1.  
· 20 MHz with 15/30/60 kHz 
· 100 MHz with SCS of 30 kHz 
· There is no restriction to provide simulation results based on other combinations of channel bandwidths and SCSs 

In this section we discuss the remaining open aspects related to simulation parameters and provide preliminary results of the BS receiver performance for power domain enhancements. We have an accompanying contribution about the RF simulation assumptions in RAN4 [7]. 

Before proceeding, we would like to recap the situation concerning the discussion on parameters for simulation at the end of RAN1 #110bis-e. The following FL summary (14-v3) seemd to be agreeable on the last day of the meeting but unfortunately the available time before the end of the meeting was not sufficient for having an email approval.
We think it would be good to start from this proposal during RAN1 #111 and agree on its content, to capitalize on the efforts made by RAN1 during RAN1 #110bis-e.

	FL’s proposal 14-v3
The following baseline parameterization is used for link-level performance evaluation of MPR-PAR reduction solutions in RAN1 for Rel-18  
	Channel 
	PUSCH, 14 symbols 

	Carrier frequency and scenario
	4GHz (Urban), 
28GHz (Urban)
FFS 700MHz (Rural),

	Channel BW
	100MHz for Urban
FFS 20MHz for Rural,

	SCS
	30 kHz (4GHz), 
120 kHz (28GHz)
FFS 15 kHz (700 MHz), 

	Channel model
	TDL-C 300ns for FR1 Urban (4GHz), 
TDL-A 30ns for FR2 Urban (28GHz), 
FFS TDL-D 30ns for Rural

	UE speed
	3km/h

	Waveform
	According to agreements

	Modulation
	According to agreements

	Number of Tx antennas
	1, Optional: 2 for FR1

	Number of Rx antennas
	4 for FR1 Urban, 
2 for FR2
FFS 2 or 4 for FR1 Rural, 

	Number of DMRS symbols
	2

	Number of PUSCH data symbols
	12

	HARQ configuration
	No retransmissions

	Number of PRBs
	Reported by companies
According to agreements.
[2,4,8,16,64] is encouraged

	MCS
	Chosen as a function of the number of PRBs to guarantee same spectral efficiency between MPR/PAR reduction solutions and baseline/benchmarks as per agreements

	Extension factor [FDSS-SE] / sideband size [TR] (α)
	[1/8, 1/4, 3/8] is encouraged. 

	BLER
	10%



For any parameter that is not listed in the table, companies are encouraged to consider corresponding value from TR 38.830 (or TR 38.868, if the parameter is absent in TR 38.830) and report the parameter with the results.
Notes: 
· Other configurations and scenarios can be studied, and corresponding results can be reported.
· This table can be updated in future meetings, especially if alignment with assumptions and parameterization in RAN4 is needed



 
Proposal 11: Adopt simulation parameters defined in FL’s proposal 14-v3 as provided in R1-2210326.


FDSS filters: 
 
Another discussion concerning filters to consider for simulations was carried out during RAN1 #110bis-e, however no agreement was made. Conversely, the following was agreed in RAN4 #104bis-e 
 
Agreement:  
· For calibration purpose, it is encouraged to use following coefficient. 
· 3-tap, Pulse shaping filter (0.335 1 0.335) and (0.28 1 0.28) 
· Truncated RRC (0.5, 0.1667)  
 
The agreed filters are shown in Figure 4:
· [0.335 1 0.335] represents an aggressive filter.
· Truncated RRC represents a less aggressive filter. 
· [0.28 1 0.28] can be seen as “a compromise” filter. 
All the considered filters fulfil the spectrum emission mask defined for pi/2 BPSK.  
We remind that the reference case when FDSS is not applied is a Rel-17 waveform without FDSS. i.e., a FDSS with an “all ones” Tx filter.   

 
[image: ] 
Figure 4 Positive side of the frequency-domain allocation with different spectrum shaping filters. 
 
 
From our perspective, it is important that RAN1 also agrees on reference filters used for simplifying result comparison and aggregation across companies.

Proposal 12: RAN1 to discuss whether filters agreed in RAN4 for calibration purpose are considered for Rel-18 work (no spec impact).


Link level simulation results: 
	In this section we provide link results for spectrum shaping with and without spectrum extension. We propose to study the coding rate and bandwidth aspects in more details to see e.g. how channel estimation works in different scenarios. For that reason, we propose to consider different coding rates and several different PRB allocations, respectively. 
Basic principle of FDSS-SE method used in simulations is shown in Figure 1 and discussed in Section 3.3. In these simulations the receiver used with extension is combining signals from inband and excess bands to improve receiver performance and utilize the excess band power.
Used simulation parameters are shown in Table 4 and Table 5 for FR1 and FR2, respectively. These parameters are a subset of proposed parameters in FL’s proposal 14-v3 in R12210326, except for the Channel BW which is assumed to be 400 MHz for FR2 in our simulations. This being said, we are open to focus only on 100 MHz case as per FL’s proposal 14-v3 in R12210326.
As can be seen several bandwidths and extension factors are used in simulations to get a comprehensive picture of the performance of each of the methods.
In this context, it is worth remarking that in order to respect existing agreements related to fair comparisons between different schemes, i.e., same number of DFT-s-OFDM symbols, same TBS and same RB allocation, the code rates for different cases should be changed according to inband size. 
To do this a set of code rate combinations has been considered as shown in Table 6, to ensure that the same RB allocation and same TBS, i.e., the same spectral efficiency, is assumed for all studied cases. Different code rate combinations are named cr0-cr5, and code rate values per combination increases from low to high as the scheme index increases.
Table 4 Simulation parameters for FR1
	Carrier frequency
	4GHz

	Channel BW
	20, 100MHz

	SCS
	15, 30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3km/h

	Channel estimation
	Frequency domain

	Number of Tx antennas
	1

	Number of Rx antennas
	2 (20MHz)
4 (100MHz)

	DMRS config
	ZC, 2 symbols

	Waveform
	DFT-S-OFDM

	HARQ config
	No retransmissions

	Num PRBs
	20MHz: 16,32,64,96 
100MHz: 16,32,64,128,256

	Extension factors
	0.125,0.25,0.375

	Channel
	PUSCH, 14 OFDM symbols

	Frequency hopping
	No

	BLER
	10 %

	Spectral shaping filter
	3-tap, FD implementation
Truncated RRC







Table 5 Simulation parameters for FR2
	Carrier frequency
	28GHz

	Channel BW
	400MHz

	SCS
	120kHz

	Channel model
	TDL-A 30ns

	UE speed
	3km/h

	Channel estimation
	Frequency domain

	Number of Tx antennas
	1

	Number of Rx antennas
	2

	DMRS config
	ZC, 2 symbols

	Waveform
	DFT-S-OFDM

	HARQ config
	No retransmissions

	Num PRBs
	400MHz: 16,32,64,128,256

	Extension factors
	0.125,0.25,0.375

	Channel
	PUSCH, 14 OFDM symbols

	Frequency hopping
	No

	BLER
	10 %

	Spectral shaping filter
	3-tap, FD implementation
Truncated RRC



Table 6 Code rate combinations used for simulations to guarantee same spectral efficiency across all schemes

	Scheme
	QPSK CR
	QPSK extension CR

	 
	 
	extension factor

	 
	 
	0.125
	0.25
	0.375

	cr0
	 1/16
	  1/14
	  1/12
	  1/10

	cr1
	 1/8
	  1/7 
	  1/6 
	  1/5 

	cr2
	 1/6
	  4/21
	  2/9 
	  4/15

	cr3
	 1/4
	  2/7 
	  1/3 
	  2/5 

	cr4
	 1/3
	  8/21
	  4/9 
	  8/15

	cr5
	 1/2
	  4/7 
	  2/3 
	  4/5 



Simulation results for FR1 20MHz CBW case are shown in Figure 5. Results are shown for baseline QPSK case, truncated RRC (TRRC) without extension and with three different extension factors and similar set for three tap FD filter.
As can be seen, the introduction of shaping and extension decreases receiver performance compared to the baseline QPSK. This is an expected result and the coverage gain of these methods should be coming from increased Tx power, which should exceed the reduced receiver performance.
Performance reduction is higher for the more aggressive filter and for the higher code rates. In general performance reduction is lower for case with extension compared to the case without extension. 
Best performance for TRRC filter is obtained with lower extension factors 0.125 and 0.25; conversely, 0.375 seems to be too much for most cases. For more aggressive three tap filter the small extension is the worst case. The middle value 0.25 looks like a good compromise in all cases. In general differences between methods increase with higher bandwidth. 
Simulation results for FR1 100MHz CBW and FR2 400MHz CBW are shown in Figures 6 and 7, respectively. Despite some difference the results are similar to the FR1 20MHz ones. Having said this, the actual conclusion on the methods cannot be made based on receiver performance but net gain results combining transmitter and receiver performance should be investigated.
Observation 6: Receiver performance reduction is higher for the more aggressive filter.
Observation 7: With spectrum shaping the receiver performance reduction is lower for case with extension compared to the case without extension.
Observation 8: Extension factor 0.25 looks like a good compromise.
Proposal 13: Actual conclusion on the methods should be based on net gain results combining transmitter and receiver performance.
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Figure 5 SNR corresponding to 10% BLER for bandwidths 16,32,64 and 96 for FR1 20MHz CBW.
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Figure 6 SNR corresponding to 10% BLER for bandwidths 16,32,64,128 and 256 for FR1 100MHz CBW.
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Figure 7 SNR corresponding to 10% BLER for bandwidths 16,32,64,128 and 256 for FR2 400MHz CBW.

4. 	Conclusion
In this paper we have discussed the scope of power domain enhancements focusing on potential RAN1 specification impacts and link evaluations. Based on the discussion and results, we make the following observations and proposals:

Observation 1: Reporting mechanisms that enable efficient use of the increased total configured maximum output power for CA and DC can be studied. Studied mechanisms should relate to the increased UE power high limit for CA/DC and be within RAN1 scope.
Observation 2: In order to evaluate net coverage gain, the assumptions behind LLS (RAN1) and RF simulations (RAN4) should be sufficiently well aligned. That may require coordination between RAN WG1 and RAN WG4. The key parameters for alignment include:
· Carrier frequencies 
· Subcarrier spacing(s)
· Extension factors
· Spectral shaping filters
· Number of RBs.
Observation 3: The key benefit of symmetric extension (compared to non-symmetric extension) is that inband part of the transmission is the same with and without extension.
Observation 4: Power domain enhancement does not require definition of additional DFT size options 
Observation 5: For DMRS, symmetric extension using a per-PRB logic results in considerable increase of PAPR and CM. 
Observation 6: Receiver performance reduction is higher for the more aggressive filter.
Observation 7: With spectrum shaping the receiver performance reduction is lower for case with extension compared to the case without extension.
Observation 8: Extension factor 0.25 looks like a good compromise.

Proposal 1:  RAN1 should ensure that the parameters agreed for RF sim in RAN4, and relevant for LLS in RAN1, are included in any list of agreed parameters for LLS in RAN1. Further updates to RAN1 parameters based on additional RAN4 agreements should also be performed, if any such additional agreement is made in RAN4.
Proposal 2:  Do not consider CP-OFDM waveform for MPR/PAR objective.
Proposal 3:  Define evaluation assumptions for both FR1 and FR2 scenarios. 
Proposal 4:  The candidate solutions for MPR/PAR reduction are those mentioned in the WID. The reference/baseline schemes for MPR/PAR reduction are: 
· FDSS w/o spectrum extension with pi/2 BPSK
· Note: higher code rates than what Rel-17 allows need to be considered
· Transmission without FDSS and without spectrum extension with QPSK (and higher).

Proposal 5: Prioritize scenarios involving spectrum extension.

Proposal 6: QPSK is the target modulation scheme for the study
· Pi/2 BPSK is deprioritized
· Modulation orders higher than QPSK are deprioritized

Proposal 7: Support at least FDSS with symmetric spectrum extension in Rel-18.
· Deprioritize asymmetric extension
· FFS: whether and how other solutions are supported, e.g., use of the inner excess band for useful signal transmission and of the outer excess band for implementation-specific solutions.

Proposal 8: Study solutions to yield only integer numbers of PRB allocations for the excess band, i.e., spectrum extension.

Proposal 9: RAN1 should study how to use the existing FDRA indicator in the context of FDSS-SE. 
Proposal 10: Study solutions for FDSS-SE to guarantee low CM of DMRS. 

Proposal 11: Adopt simulation parameters defined in FL’s proposal 14-v3 as provided in R1-2210326.
Proposal 12: RAN1 to discuss whether filters agreed in RAN4 for calibration purpose are considered for Rel-18 work (no spec impact).

Proposal 13: Actual conclusion on the methods should be based on net gain results combining transmitter and receiver performance.
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APPENDIX A: 
Transmitter performance results
In this appendix we provide preliminary results of the UE transmitter performance for power domain enhancements. We evaluate the performance of different filter-extension combinations for FDSS in FR1 and FR2 from the transmitter point of view. Furthermore, we evaluate tone reservation for DFT-s-OFDM waveform.

Simulation parameters used in these simulations are shown in Table A1 for FR1, and in Table A2 for FR2, respectively. 
Table A1 Simulation parameters for FR1 for FDSS
	Carrier frequency
	4GHz

	Channel BW
	20, 100MHz

	SCS
	15, 30kHz

	DMRS config
	ZC, 2 symbols

	Modulation
	QPSK

	Waveform
	DFT-S-OFDM

	Number of RBs
	20MHz: 16, 32, 64, 96 
100MHz: 16, 32, 64, 128, 256

	Allocation type
	Sweep over the channel

	Extension factors
	0.125,0.25,0.375

	Channel
	PUSCH, 14 OFDM symbols

	Spectral shaping filter
	3-tap [0.335 1 0.335], FD implementation
Truncated RRC

	Power class
	PC 3




Table A2 Simulation parameters for FR2 for FDSS
	Carrier frequency
	28GHz

	Channel BW
	400MHz

	SCS
	120kHz

	DMRS config
	ZC, 2 symbols

	Modulation
	QPSK

	Waveform
	DFT-S-OFDM

	Number of RBs
	400MHz: 16, 32, 64, 128, 256

	Allocation type
	Sweep over the channel

	Extension factors
	0.125, 0.25, 0.375

	Channel
	PUSCH, 14 OFDM symbols

	Spectral shaping filter
	3-tap [0.335 1 0.335], FD implementation
Truncated RRC

	Power class
	PC 3



Two filters are used in these simulations for FDSS w/ and w/o SE: FD implementation of three tap filter [0.335,1,0.335] and truncated RRC. First one is used here as an example of very aggressive filter whereas latter is less aggressive as can be seen in Figure A1.
As can be seen several bandwidths and extension factors are used in simulations to get comprehensive picture of the performance of each of the methods. Extension factor (a) used here is defined as excess bandwidth divided by sum of inband bandwidth and excess band bandwidth.
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Figure A1 Positive side of the frequency-domain allocation with different spectrum shaping filters.

A.1 FR1 MPR results for FDSS
Simulation results with required MPR for FR1 are shown in this section. For completeness, the required MPR for legacy DFT-s-OFDM (i.e., without FDSS) is included in the figures.
A.1.1 FR1 MPR results for 20 MHz channel, 15 kHz SCS
Figure A2 shows the required MPR for the different combinations of filter and extensions in the case of 16, 32, 64 and 96 PRB. It can be seen that different filter-extension combinations provide the lowest MPR depending on the allocation size. A filter-extension combination that performs well in this channel is the [0.335 1 0.335] filter with 25% extension. But the same filter with 37.5% extension provides the lowest MPR in the smaller allocations. Overall, up to 1.5 dB lower MPR can be obtained with respect to legacy DFT-s-OFDM.
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Figure A2 Required MPR for 20 MHz channel, 15 kHz SCS with the evaluated filters, for 16 PRB (top left), 32 PRB (top right), 64 PRB (bottom left) and 96 PRB (bottom right)
Observation A1: Transmitter performance varies with the allocation size in 20 MHz channel: small allocations benefit for larger extension than larger allocations.

A.1.2 FR1 MPR results for 100 MHz channel, 30 kHz SCS
Figure A3 shows the required MPR for different combinations of filter and extensions in the case of 16, 32, 64, 128 and 256 PRB. Similarly, as for the 100 MHz channel, different filter-extension combinations offer the lowest MPR depending on the allocation size. Overall, TRRC and [0.335 1 0.335] with 25% extension offer a good performance. In the small allocations, [0.335 1 0.335] with 37.5% has the lowest MPR, and for fully allocated channel (256 PRB) [0.335 1 0.335] with 25% extension performs the best.
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Figure A3 Required MPR for 100 MHz channel, 30 kHz SCS with the evaluated filters, for 16 PRB (top left), 32 PRB (top right), 64 PRB (middle left) and 128 PRB (middle right) and 256 PRB (bottom)

Observation A2: Transmitter performance varies with the allocation size in 100 MHz channel: small allocations benefit for larger extension than larger allocations.
Observation A3: Up to 1.5 dB lower MPR can be obtained with respect to legacy DFT-s-OFDM in both 20 MHz and 100 MHz channels.
A.2 FR2 MPR results for FDSS
A.2.1 FR2 MPR
Figure A4 shows the required MPR for different combinations of filter and extensions in the case of 16, 32, 64, 128 and 256 PRBs. Similarly, as for FR1, different filter-extension combinations offer the lowest MPR depending on the allocation size. Overall, [0.335 1 0.335] with 37.5% extension offers a good performance over the evaluated allocations. TRRC and [0.335 1 0.335] with 25% extension are overall a good filter-extension choice.
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Figure A4 Required MPR for 400 MHz channel, 120 kHz SCS with the evaluated filters, for 16 PRB (top left), 32 PRB (top right), 64 PRB (middle left) and 128 PRB (middle right) and 256 PRB (bottom)

A.3 FR1 MPR results for tone reservation for DFT-s-OFDM
Figure A5 shows the required MPR for QPSK and 16QAM for the 100 MHz channel with 30 kHz SCS for an allocation in the channel centre. For tone reservation, the portion of the reserved resources to carry the peak cancellation signal (PCS) is the same as for FDSS. It can be seen from the figures that for QPSK, tone reservation has larger OBO than FDSS. On the other hand, for 16QAM, tone reservation offers the lowest OBO. This is due to the fact that 16QAM is more prone to be EVM limited, and while FDSS introduces some degradation to the EVM, tone reservation does not modify the inband, thus higher order modulations may benefit from tone reservation techniques, at least from the transmitter point of view.
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Figure A5 Required MPR for 100 MHz channel, 30 kHz SCS with QPSK (left) and 16QAM (right)
Observation A4: From the transmitter point of view, tone reservation does not offer gains with respect to FDSS with spectral extension for QPSK modulation and DFT-s-OFDM.
Observation A5: Higher order modulations (than QPSK) may benefit from tone reservation over FDSS from the transmitter point of view.


















APPENDIX B: 
Net gain evaluations
In this appendix we provide evaluations of net gain for power domain enhancements [3]. 
We characterize the net gain of different shaping filters considering transmitter performance from Appendix A and link level performance from Section 3.5. 
Simulation parameters used in these simulations are shown in Tables A1 and A2 for FR1 and FR2, respectively. The same filters as the ones used and illustrated in Appendix A are used. 

Net gain analysis:
[bookmark: _Hlk114854658]In order to characterize the performance when different filters are used, both the transmitter performance (i.e., the achievable output power) from Appendix A and the link level performance, obtained in Section 3.5, need to be considered. The link simulations assume that the receiver is not aware of the used shaping filter. With transmitter and receiver results, it is possible to compute the net gain with respect to a reference waveform, which in this study corresponds to legacy DFT-s-OFDM (i.e., without FDSS or tone reservation). The net gain expression is: 

Where  is the achieved (TX) output power of the filtered  waveform being compared against the reference,  is the output power of the reference,  is the required SNR to achieve 10% BLER with the reference, and  is the required SNR to achieve 10% BLER using the filtered  waveform being compared against the reference. 
Observation B1: Actual conclusion of the methods should be based on net gain results combining transmitter and receiver performance. 

B.1 FR1 Net gain results for FDSS
Net gain results for FR1 are shown in this section. 
B.1.1 FR1 Net gain results for 20 MHz channel, 15 kHz SCS
B.1.1.1 20MHz/15kHz 16 PRB
Figure B1 shows the net gain for the different combinations of filter and extensions in the case of 16 PRB and all the tested code rates (see Section 3.5 for more details) where the spectrum efficiency lost by the extension is compensated with higher coding rate. From the results, the TRRC filter with 25% extension provides the largest net gain of up to 1 dB for small coding rate and small allocation (which are the target for coverage extension).
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Figure B1 Net gain for 20 MHz channel, 15 kHz SCS with the evaluated filters, for 16 PRB for all tested coding rates.
B.1.1.2 20MHz/15kHz 32 PRB
For 32 PRB, the picture is similar as for 16 PRB, where TRRC with 25% extension performs the best for all coding rates. For small coding rates, more aggressive filters with larger extension (e.g., 37.5%) also offer similar net gain of up to 1.5 dB.
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Figure B2 Net gain for 20 MHz channel, 15 kHz SCS with the evaluated filters, for 64 PRB for all tested coding rates.
B.1.1.3 20MHz/15kHz 64 PRB
For 64 PRB, more variety of filter-extension combinations offer the largest net gain for the different coding rates. For small coding rates, more aggressive filter (i.e., [0.335 1 0.335]) with 25% and 37.5% extension offer the best performance of up to 2.5 dB. However, for larger allocations, less aggressive filter with 12.5% extension provide the largest gains. 
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Figure B3 Net gain for 20 MHz channel, 15 kHz SCS with the evaluated filters, for 64 PRB for all tested coding rates.

B.1.1.4 20MHz/15kHz 96 PRB
For 96 PRB, more variety of filter-extension combinations offer the largest net gain for the different coding rates. For small coding rates, more aggressive filter (i.e., [0.335 1 0.335]) with 25% and 37.5% extension offer the best performance of up to 2.5 dB. However, for larger allocations, less aggressive filter with 25% extension provide the largest gains. 
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Figure B4 Net gain for 20 MHz channel, 15 kHz SCS with the evaluated filters, for 96 PRB for all tested coding rates.

Observation B2: The optimum filter-extension combination depends on both the allocation size and the coding rate

B.1.2 FR1 Net gain results for 100 MHz channel, 30 kHz SCS
B.1.2.1 100MHz/30kHz 16 PRB
Figure B5 shows the net gain for the different combinations of filter and extensions in the case of 16 PRB and all the tested code rates (see Section 3.5 for more details) where the spectrum efficiency lost by the extension is compensated with higher coding rate. From the results, the TRRC filter with 25% extension provides the largest net gain of up to 1 dB for small coding rate and small allocation (which are the target for coverage extension).
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Figure B5 Net gain for 100 MHz channel, 30 kHz SCS with the evaluated filters, for 16 PRB for all tested coding rates.

B.1.2.2 100MHz/30kHz 32 PRB
Figure B6 shows the net gain for the different combinations of filter and extensions in the case of 32 PRB and all the tested code rates (see Section 3.5 for more details). From the results, the TRRC filter with 25% extension provides the largest net gain for all tested coding rates. For small coding rates, more aggressive filter with 37.5% extension provides similar gains
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Figure B6 Net gain for 100 MHz channel, 30 kHz SCS with the evaluated filters, for 32 PRB for all tested coding rates.
B.1.2.3 100MHz/30kHz 64 PRB
For 64 PRB and small coding rates, both filters with 25% extension provide up to 1.5 dB net gain for inner allocations, and the [0.335 1 0.335] filter with 37.5% extension has similar gain. For larger coding rates, TRRC with 25% extension is the best.
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Figure B7 Net gain for 100 MHz channel, 30 kHz SCS with the evaluated filters, for 64 PRB for all tested coding rates.
B.1.2.4 100MHz/30kHz 128 PRB
For 128 PRB and small coding rates, [0.335 1 0.335] with 25% extension provide up to 2 dB net gain for allocations in the centre of the channel, and the [0.335 1 0.335] filter with 37.5% extension has similar gain. For larger coding rates, TRRC with 25% extension is the best for centered allocations.
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Figure B8 Net gain for 100 MHz channel, 30 kHz SCS with the evaluated filters, for 128 PRB for all tested coding rates.

B.1.2.5 100MHz/30kHz 256 PRB
For 128 PRB and small coding rates, [0.335 1 0.335] with 25% extension provide up to 3 dB net gain and the [0.335 1 0.335] filter with 37.5% extension has similar gain. For larger coding rates, TRRC with 25% extension is the best.
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Figure B9 Net gain for 100 MHz channel, 30 kHz SCS with the evaluated filters, for 256 PRB for all tested coding rates.

B.2 FR2 Net gain results for FDSS
B.2.1 FR2 Net gain results for 400 MHz channel, 120 kHz SCS
B.2.1.1 400MHz/120kHz 16 PRB
For 16 PRB and small coding rates, [0.335 1 0.335] with 25% and37.5% extension provide up to 1 dB net gain. For larger coding rates, TRRC with 25% extension is the best.
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Figure B10 Net gain for 400 MHz channel, 120 kHz SCS with the evaluated filters, for 16 PRB for all tested coding rates.
B.2.1.2 400MHz/120kHz 32 PRB
For 32 PRB and small coding rates, [0.335 1 0.335] with 37.5% extension provide up to 1.2 dB net gain. For larger coding rates, TRRC with 25% extension is the best.
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Figure B11 Net gain for 400 MHz channel, 120 kHz SCS with the evaluated filters, for 32 PRB for all tested coding rates.
B.2.1.3 400MHz/120kHz 64 PRB
For 64 PRB and small coding rates, [0.335 1 0.335] with 37.5% extension provides up to 1.4 dB net gain. For larger coding rates, TRRC with 25% extension is the best.
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Figure B12 Net gain for 400 MHz channel, 120 kHz SCS with the evaluated filters, for 64 PRB for all tested coding rates.
B.2.1.4 400MHz/120kHz 128 PRB
For 128 PRB and small coding rates, [0.335 1 0.335] with 37.5% extension provides up to 1.5 dB net gain. For larger coding rates, TRRC with 25% extension is the best.
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Figure B13 Net gain for 400 MHz channel, 120 kHz SCS with the evaluated filters, for 128 PRB for all tested coding rates.

B.2.1.5 400MHz/120kHz 256 PRB
For 256 PRB and small coding rates, [0.335 1 0.335] with 37.5% extension provides up to 1.8 dB net gain. For larger coding rates, TRRC with 25% extension is the best.
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Figure B14 Net gain for 400 MHz channel, 120 kHz SCS with the evaluated filters, for 256 PRB for all tested coding rates.

B.2 FR1 Net gain results for tone reservation
B.2.1 FR1 Net gain results for QPSK
Figure B15 shows a coverage (net) gain results for QPSK over baseline (legacy) DFT-s-OFDM transmission comparing tone reservation and FDSS with spectrum extension. It is clear that although tone reservation provides gains for QPSK, they are smaller than the achievable gains with FDSS with spectrum extension. This holds especially for the FDSS SE scenario where receiver utilizes the signal transmitted via excess band (“QPSK FDSS, RX w/ excess band”). 
[image: ]
Figure B15 Net results for QPSK in FR1 comparison between tone reservation and FDSS with spectrum extension
Observation B3: Tone reservation provides smaller coverage gains than FDSS with spectrum extension for QPSK.
B.2.2 FR1 Net gain results for 16QAM
Figure B16 shows the required SNR to reach 10% BLER for 16QAM for baseline (legacy) DFT-s-OFDM transmission comparing tone reservation and FDSS with spectrum extension. The lower MPR achievable by tone reservation for 16QAM (see Appendix A.3) does not compensate for the losses in the receiver.
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Figure B16 Comparison of SNR required for 10% BLER for 16QAM in FR2 between tone reservation and FDSS with spectrum extension
Observation B4: Only FDSS with spectrum extension should be considered for DFT-s-OFDM.
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