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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 and RAN1 specification impacts. We also provide CM/PAPR and receiver performance results of DMRS used for FDSS-SE. 
[bookmark: _Hlk510705081]
CA/DC objective discussion
Rel-17 increased UE power high limit for CA and DC 
Rel-17 Work Item on increasing UE power high limit for CA and DC [4], [5] 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 indicating PC2 as CA or DC configuration can use the full power from both PAs with 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) lifts the limitation due to PC2 CA or DC configuration and allows UE to transmit maximum power in both carriers, i.e., 27.8 dBm 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. Current applicability of 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 indicates the maximum percentage of uplink symbols during a certain evaluation period that UE can transmit 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 capable of 26 dBm (PC2) on one band and maxUplinkDutyCycle_PC2_FR1=50%, UE can operate using PC2 if the percentage of transmitted uplink symbols does not exceed 50% of the evaluation period. If the duty cycle is exceeded, UE falls back to the default power class of 23 dBm (PC3). Further, the term ΔPPowerClass,CA is set to 3 dB, which may lower the high and low limits (PCMAX_H and PCMAX_L) for the total configured max output power, depending also on the other parameters. 
With inter-band CA and maxUplinkDutyCycle-interBandCA-PC2, the average percentage of transmitted 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 as default value, while for the PC3, 100% max duty cycle is used as default value. 
Maximum uplink duty cycles on FR1 are defined also for single cell operation for supported power class of PC1.5 with maxUplinkDutyCycle-PC1dot5-MPE-FR1 and/or half of maxUplinkDutyCycle-PC2-FR1, and PC2 for single cell operation and intra-band contiguous CA with maxUplinkDutyCycle-PC2-FR1.
Enhancements for information exchange
With the Rel-17 enhancements for increasing UE power high limit for CA and DC in place, it is worth considering whether gNB and UE can utilize the UE’s higher total maximum output power efficiently based on current specifications. Occasionally UE may be scheduled so frequently that the average percentage of UL symbols exceeds the duty cycle limit, causing UE to fallback 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. Currently there is no way for UE to inform gNB of such change. Correspondingly, the following was agreed in RAN1 #112, providing guidance for the future RAN1 discussions on the topic
Agreement
Further discussions in RAN1 concerning means to facilitate higher power transmissions in CA and DC, if applicable, can target increasing gNB awareness of UE’s Tx power, e.g., PHR reporting enhancement such as current power class, power class change, or application of P-MPR by UE (subject to RAN4’s input). 
· FFS: details.

During RAN4#106, the possible solutions for the information exchange between the UE and gNB were discussed (Issue 4 and 5 in Topic#2 in the WF [2]) although without consensus on them [3]. On the Issue 5, the following information reporting options are listed [2]:
1. Power class fallback ΔPPowerClass with aperiodic PHR. 
2. Power class being used by the UE. 
3. The sustainable duty cycle over a certain duration that would prevent triggering a power class fallback at the UE, as well as period of applicability of the ∆PPowerClass report.
4. Introduce a scheme for a UE to report uplink symbol evaluation period and starting timing.
5. Enhance the current power headroom reporting framework to enable P-MPR reporting (via MPE field) for FR1 carriers.
Options 1-4 relate to the reporting of UE’s power class in use, while option 5 relates to P-MPR reporting. Options 1, 2 and 5 can be seen to provide information on a change that has already occurred, while options 3 and 4 aim to provide gNB with information that helps gNB to proactively control, and avoid, the PC changes by adjusting the UL scheduling. 
In Options 1 and 2, UE reports in the PHR the ΔPPowerClass or the currently used PC itself for serving cells and CA or DC. Information on the UE’s PC can be utilized by gNB for scheduling as well as for the use of UE configurations, as the power class impacts also other UE requirements in addition to the UE’s total configured maximum output power:
· UE PC can have impact on the relationship between A-MPR value and RB allocation location and length changes between PCs for some bands and NS values (e.g., with NS_05 for band n1) This means that UE’s configured max transmit power can change based on PUSCH or PUCCH RBs allocation in a way that is unexpected to gNB. 
· MSD requirements for a band combination can be significantly different for each PC and the difference can be over 10 dB. For example, the CA band combination n2-n77 has MSD due to IMD4 occurring on band n2 DL. The MSD is 8 dB for PC3 while it is 19.1 dB for PC2. Hence, the current PC can affect dramatically also PDSCH scheduling and whether CA is configured or not.
· Reasonable configurations of SRS transmit antenna port switching pattern and UL full power transmission mode depend on PC of UE, and UE fallback to lower PC can lead to inadequate performance.
Hence, we see value on indicating the UE’s current PC to the gNB.
[bookmark: _Hlk126271656]However, when comparing Options 1 and 2, the reporting of ∆PPowerClass does not always unambiguously indicate the used power class as discussed in more detail in accompanying contribution [6]. Hence, we prefer Option 2 where the UE would report the PC itself directly. Both options 1 and 2 are rather simple enhancements and straightforward to specify with RAN2 change on the PHR triggering mechanism and content.
The value of power class reporting can be enhanced with additional information that helps gNB to proactively control, and possibly avoid, the PC changes by adjusting the UL scheduling. There are several possibilities for such information,  the information can be, for example, sustainable duty cycle (Option 3), duration of evaluation period for the transmitted UL symbol percentage and its starting timing (Option 4), duration for the UE to return to the higher power class after PC fallback, which could be estimated based on a predetermined UL duty cycle, or e.g., that the PHR is triggered when the evaluated percentage of transmitted UL symbols exceeds a configured threshold lower than the duty cycle limit, hence, providing an early warning for PC fallback. Obviously some of the mechanisms would require more thorough discussions and have larger specification impact than others. However, enhancing PHR with power class reporting and duty cycle evaluation period and starting time are simple solutions suitable for the WI scope and schedule.    
Observation 1: Extending PHR with power class reporting and, possibly, duty cycle evaluation period and starting time allow gNB to enhance its operation and can be introduced with reasonable standardization efforts. 

Proposal 1: PHR can be configured to contain the current PC that is used by the UE per serving cell as well as the currently used CA PC together with the duty cycle evaluation period and starting time. 
· FFS reporting of further information such as sustainable duty cycle, estimated time to return to the higher power class, or triggering PHR before PC fallback at lower duty cycle threshold.

Reporting of P-MPR on FR1 power headroom report represents also a simple, straightforward change. However, it is not clear to us how P-MPR information alone can be used to enhance network operation, as current PHR provides information about the available UE Tx power. UE may change the P-MPR due to reasons and at time instances that are unknown to the network and not necessarily impacted e.g., by UL scheduling. Additionally, the reported P-MPR value does not indicate e.g., how long the reported value would be valid. Hence, the possibilities to benefit from P-MPR value in the UL scheduling and link adaptation are not clear. P-MPR reporting should be enhanced e.g., with further reporting of its duration, possibly with corresponding duty cycle.  
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 concluded in RAN1 #111
ormance comparison based on net gain results combining transmitter and receiver performance is performed by RAN4.
· No final decision would be taken by RAN1 on which MPR/PAR reduction solution, will be specified in Rel-18, if any, since this is RAN4’s responsibility.
· It does not preclude RAN1 specification impact




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 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 requires a certain level of coordination between RAN WG1 and RAN WG4. 
There has been considerable progress in evaluation assumptions in both RAN1 #111 and RAN4 #105. On top of that both RAN1 and RAN4 sent LSs summarizing the key parameters [9, 10]. Based on those, the assumptions behind LLS (RAN1) and RF simulations (RAN4) seem to be well aligned. RAN1 has sent LS [7] with link level results to RAN4 to support RAN4 decision of MPR/PAR reduction solutions for Rel-18 power domain enhancements.
Observation 2: Based on the progress in both RAN1 and RAN4, the simulation parameters are well aligned between RAN1 and RAN4 
 
Observation 3: RAN4 does not need any further input from RAN1 for selecting the Rel-18 MPR/PAR reduction solution(s)


RAN1 impact for supporting spectrum extension

The following was agreed in RAN4 #104bis-e and RAN1 #110bis-e.
	Agreement: : (RAN4 #104bis-e)
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: (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 (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 the number of PRBs before spectrum extension, e.g., the so-called inband, we observe that its size would coincide with DFT size for the Transform Precoder. 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 
Proposal 2: No new additional DFT size options to be introduced by RAN1 to support Rel-18 power domain enhancements.
Transmit power control:
UE transmit power for PUSCH is determined by several factors, one of which being the total number of allocated RBs. The equation which provides such transmission power is based on the implicit assumption of equal average power density per RE, which is the typical PUSCH scenario.
However, and as discussed in previous meetings by few companies, the PSD of the REs used for FDSS-SE would be different from its plain DFT-s-OFDM counterpart, given the combined effect of the spectrum shaping filter coefficients and the spectrum extension factor (i.e., the amount of REs in the extension). Indeed, DFT-s-OFDM can be seen as an FDSS waveform where a rectangular FDSS filter is applied over the allocated BW. In other words, the power distribution over different REs is not uniform on average when FDSS with/without SE is applied, and regardless of whether the filter coefficients are normalized to ensure unit power of the filter or not. 
Observation 5: The power distribution over REs is non-uniform after FDSS with/without SE. 

As a result of the above situation, the relationship between throughput and transmission power, which underlies the current NR UL power control equation, may slightly change when moving from DFT-s-OFDM to FDSS-SE. This could have implications for the accuracy of the UL throughput estimation for a given transmission power.
As a matter of fact, this aspect may have a negligible impact on the actual performance of FDSS-SE, and has been neglected so far in the simulation campaigns carried out by RAN1 in Rel-18. However, and remarkably, link performance results obtained through simulations, and combined with transmitter performance, are sufficient to corroborate the appropriateness of the adoption of at least FDSS-SE as PAR/MPR reducing solution in Rel-18. This shows that optimization to the power control framework is not necessary to harness the benefits of the adoption of FDSS-SE, while it could indeed yield the optimal benefits when considered. Justifying corresponding spec impact could also be non-trivial and could require further RAN1 discussions.
Observation 6: Optimization to the power control framework may yield some benefits when considered, however it may not be necessary, or its spec impact unjustified, to harness the benefits of the adoption of FDSS-SE.
Given the above, and in case FDSS-SE is supported in Rel-18, it may be interesting to discuss whether and how to enhance the power control framework to account for the power density peculiarities of FDSS-SE and further improve its performance, if time allows it. 
Several directions could be considered in this sense. Simple examples are:
· Based on NW operations: considering which receiver is being used and instruct the UE to adapt the transmission power accordingly, i.e., depending on whether receiver makes use of the data received over the spectrum extension or not.  
· Based on UE operations: report details about the filter power distribution for a given FDSS-SE configuration, e.g., through PHR report or any other suitable existing UL message, so that NW can adjust the power control. Details related to events that may trigger such reports or their periodicity would have to be discussed, depending on the desired target.

Proposal 3: In case FDSS-SE is supported in Rel-18, RAN1 to discuss whether and how to enhance the power control framework to account for the power density peculiarities of FDSS-SE and further improve its performance, if time allows it.
Observation 7: In case FDSS- SE is supported in Rel-18 and RAN1 decide to further investigate enhancements to the power control framework, optimizations based on either NW’s or UE’s operations (or both) can be considered. 

DMRS sequence for FDSS with spectrum extension

It has been agreed in RAN1 #104bis-e that “Both DMRS and data symbols undergo spectrum shaping”. 
Because spectrum shaping is applied similarly for both data and DMRS, it is important to study whether the peak to average power ratio (PAPR) and/or cubic metric (CM) is at least similar to that of data, and how the sequence impacts the channel estimation performance, so as to avoid DMRS limiting the coverage and/or the link performance.
Current specification supports two sequence types, Type 1 and Type 2 for DMRS. Type 1 is a cyclically extended ZC sequence when the sequence length is larger than or equal to 36. Type 2 is pi/2 BPSK sequence (in time-domain) when the sequence length is larger than or equal to 30 and is used when pi/2 BPSK modulation is used for PUSCH. For shorter sequence lengths, Type 1 and Type 2 sequences are defined separately for each sequence lengths in Sections 5.2.2.2 and 5.2.3.2 of TS38.211.
In this section we study the PAPR, CM and channel estimation performance of different DMRS sequence options.
DMRS performance for sequence lengths larger than or equal to 30
In RAN1#112, the following agreements were made to evaluate the potential DMRS options for sequence lengths larger than or equal to 30.
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As per agreement, 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 using Type 1 sequences is carried out as for data (i.e., symmetric extension according to Figure 2 or using approach B as defined above) 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).
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[bookmark: _Ref127463499]Figure 2. Block-diagram of DFT-s-OFDM transmitter with FDSS and spectral extension.
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 1 shows three examples of DMRS sample-to-RE mapping:
a) No spectrum extensions, only inband sequence
b) Symmetric extension of DMRS samples (per-PRB logic, listed Approach A.1.1 above)
c) Symmetric extension of DMRS samples following Rel-15/16 (per-RE logic, listed Approach A.1.2 above). 

Table 1. Different DMRS options
	[image: ]
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 following approaches are studied in this section:
A.1.1 Type 1 DMRS with FDSS and with symmetric spectrum extension using per-PRB logic
A.1.2 Type 1 DMRS with FDSS and with cyclic shift and symmetric extension, i.e., per-RE logic
A.1.3 Type 2 DMRS with FDSS and with symmetric spectrum extension
B.1.1 Type 1 DMRS with FDSS and without spectrum extension
B.1.2 Type 2 DMRS with FDSS and without spectrum extension
The performance of the five different approaches is illustrated in Figure 3 to Figure 6, which show PAPR and CM results for different parameters, using 3-tap filter [0.28,1,0.28]. It is observed that in this case type 1 DMRS without spectrum extension just using total allocation (approach B.1.1) both PAPR and CM are almost always worse than that of data, and if (approach A.1.1) is used the PAPR and CM is further degraded. However, if approach A.1.2 is used (per-RE logic), which is labelled as “modified” in the figures, a substantially lower PAPR and CM after the frequency domain filtering is displayed, being always on par with or better than data. 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 this approach. On the other hand, if type 2 sequences are used, further PAPR or CM reduction can be achieved, and whether extension is applied or not (approach A.1.3 or B.1.2) the PAPR/CM performance is always better than that of data. Figures 7 and 8 compare the performance also for 2-tap filter from which similar observations can be made.
Switching the focus to the receiver performance, the PAPR and CM reduction brought by type 2 sequences comes ate the cost of a small performance degradation. Indeed, such sequences are not flat in frequency domain when long sequences are used, thus some channel estimation degradation compared to that of type 1 sequences may occur. This is evident when looking at Figures 9 and 10, where BLER performance of DMRS type 1 and DMRS type 2 is compared for FR1 Urban scenario (with other parameters following the assumptions used earlier in this work item), when different filters are used. Results show about 0.1-0.3dB receiver performance loss for type 2 compared to type 1, when Tx spectrum shaping filters are used as per FDSS-SE structure. However, the loss is even lower when compared with the performance degradation that can be observed for the QPSK baseline (Rel-17 PUSCH). Overall, we think such difference is marginal and should not be considered as detrimental for the net gain (as per RAN4’s evaluations), nor particularly relevant for practical purposes.
Observation 8: For sequences longer than 24, for type 1 DMRS, generating legacy sequence using total allocation (i.e., without extension) results in worse PAPR/CM than that of data.
Observation 9: For sequences longer than 24, for type 1 DMRS, symmetric extension, using a per-PRB logic (i.e., extended similarly as data) results in considerable increase of PAPR and CM. 
Observation 10: For sequences longer than 24, for type 1 DMRS, symmetric extension, using a per-RE logic results in considerable enhancement of PAPR and CM, being on par or better than that of data.
Observation 11: For sequences longer than 24, Type 2 DMRS either with or without symmetric spectrum extension results in considerable enhancement of PAPR and CM, being on par or better than that of data.
Observation 12: For sequences longer than 24, receiver performance loss for type 2 sequences compared to type 1 is about 0.1-0.3dB.
Proposal 4: For sequences longer than 24, for DMRS transmission when FDSS-SE is configured, do not consider type 1 DMRS sequences without spectrum extension or using symmetric extension of inband legacy sequence (i.e., processed similarly as data) due to clearly worse PAPR/CM compared to data
Proposal 5: For sequences longer than 24, For DMRS transmission when FDSS-SE is configured consider supporting type 2 sequences either with symmetric spectrum extension or without extension. 
Proposal 6: For sequences longer than 24, for DMRS transmission when FDSS-SE is configured, if optimized DMRS is desired, consider supporting type 1 sequences using per-RE extension logic.

Figure 3. PAPR of different DMRS approaches w.r.t. QPSK data for 3-tap filter [0.28 1 0.28] and 8 PRBs.
Figure 4. PAPR of different DMRS approaches w.r.t. QPSK data for 3-tap filter [0.28 1 0.28] and 40 PRBs.
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Description automatically generated]Figure 5. CM of different DMRS approaches w.r.t. QPSK data for 3-tap filter [0.28 1 0.28] and 8 PRBs.
Figure 6. CM of different DMRS approaches w.r.t. QPSK data for 3-tap filter [0.28 1 0.28] and 40 PRBs.



Figure 8. PAPR of different DMRS approaches w.r.t. QPSK data for 2-tap filter [1 0.28] and 40 PRBs.
Figure 7. CM of different DMRS approaches w.r.t. QPSK data for 2-tap filter [1 0.28] and 40 PRBs.
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Figure 9. SNR corresponding to 10% BLER for 8PRBs [FR1 100MHz CBW – Urban]
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Figure 10. SNR corresponding to 10% BLER for 40PRBs [FR1 100MHz CBW – Urban]

DMRS performance for sequence lengths below 30
For sequence lengths below 30 (before the extension), the following agreement has been made in RAN1#112 to study different DMRS sequence options:

For short sequences, we investigate the performance of the following approaches:
A.1.1 Type 1 DMRS with FDSS and symmetric spectrum extension
A.1.2 DFT transformed Type 1 DMRS with FDSS and symmetric spectrum extension
A.1.3 Type 2 DMRS with FDSS and symmetric spectrum extension
B.1.1 Type 1 DMRS with FDSS and without spectrum extension
B.1.2 Type 2 DMRS with FDSS and without spectrum extension
Figures 11 and 12 below illustrate PAPR and CM for the case of 6 PRBs total allocation. Type 1 sequences without extension here result in length 36 sequence, i.e., the sequences are defined in Section 5.2.2.1 of TS38.211, while type 1 sequences with extension are originally shorter, and thus taken from Section 5.2.2.2. Similarly for type 2 sequences, the sequences are taken either from Section 5.2.3.1. or 5.2.3.2 of TS38.211 for the case without extension and with extension, respectively. 
It is observed that Type 1 sequences result in worse performance compared to data (either approach A.1.1 or B.1.1), while type 2 sequences achieve clearly better PAPR and CM either with or without spectrum extension (approaches A.1.3 or B.1.2). DFT transformed type 1 sequence (A.1.2) has similar performance to data in terms of PAPR/CM. Similar to the long sequence case, type 2 sequences achieve the lowest PAPR/CM for 2-tap filters as shown in Figures 13 and 14. 
Observation 13: For DMRS sequences when the sequence length is shorter than 30 before the extension, Type 2 sequences give clearly lower PAPR and CM either with or without symmetric spectrum extension.
In Figure 15 we further compare the BLER performance of DMRS types with different filters. We note that performance difference observed between type 1 and type 2 is smaller than with longer sequences. Similar performance difference applies also to DFT transformed type 1; receiver performance loss compared to type 1 is small, and surely marginal for practical purposes.
Observation 14: For sequences shorter than 30, receiver performance loss for type 2 sequences compared to type 1 is negligible (<0.04dB).
Thus, based on PAPR, CM and BLER results we make the following proposal:
Proposal 7: For sequences shorter than 30, for DMRS transmission when FDSS-SE is configured consider supporting at least type 2 sequences either with symmetric spectrum extension or without extension. 

Figure 11. PAPR of different DMRS approaches w.r.t. QPSK data for 3-tap filter [0.28 1 0.28] and 6 PRBs.
Figure 12. CM of different DMRS approaches w.r.t. QPSK data for 3-tap filter [0.28 1 0.28] and 6 PRBs.

Figure 13. PAPR of different DMRS approaches w.r.t. QPSK data for 2-tap filter [1 0.28] and 6 PRBs.
Figure 14. CM of different DMRS approaches w.r.t. QPSK data for 2-tap filter [1 0.28] and 6 PRBs.
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Figure 15. SNR corresponding to 10% BLER for 6PRBs [FR1 100MHz CBW – Urban]

4. 	Conclusion
In this paper we have discussed the scope of power domain enhancements, potential RAN1 specification impacts and provided CM/PAPR and receiver performance results of DMRS used for FDSS-SE. Based on the discussion and results, we make the following observations and proposals:
Observation 1: Extending PHR with power class reporting and, possibly, duty cycle evaluation period and starting time allow gNB to enhance its operation and can be introduced with reasonable standardization efforts. 

Observation 2: Based on the progress in both RAN1 and RAN4, the simulation parameters are well aligned between RAN1 and RAN4 
 
Observation 3: RAN4 does not need any further input from RAN1 for selecting the Rel-18 MPR/PAR reduction solution(s)

Observation 4: Power domain enhancement does not require definition of additional DFT size options 
Observation 5: The power distribution over REs is non-uniform after FDSS with/without SE. 
Observation 6: Optimization to the power control framework may yield some benefits when considered, however it may not be necessary, or its spec impact unjustified, to harness the benefits of the adoption of FDSS-SE.
Observation 7: In case FDSS- SE is supported in Rel-18 and RAN1 decide to further investigate enhancements to the power control framework, optimizations based on either NW’s or UE’s operations (or both) can be considered. 
Observation 8: For sequences longer than 24, for type 1 DMRS, generating legacy sequence using total allocation (i.e., without extension) results in worse PAPR/CM than that of data.
Observation 9: For sequences longer than 24, for type 1 DMRS, symmetric extension, using a per-PRB logic (i.e., extended similarly as data) results in considerable increase of PAPR and CM. 
Observation 10: For sequences longer than 24, for type 1 DMRS, symmetric extension, using a per-RE logic results in considerable enhancement of PAPR and CM, being on par or better than that of data.
Observation 11: For sequences longer than 24, Type 2 DMRS either with or without symmetric spectrum extension results in considerable enhancement of PAPR and CM, being on par or better than that of data.
Observation 12: For sequences longer than 24, receiver performance loss for type 2 sequences compared to type 1 is about 0.1-0.3dB.
Observation 13: For DMRS sequences when the sequence length is shorter than 30 before the extension, Type 2 sequences give clearly lower PAPR and CM either with or without symmetric spectrum extension.
Observation 14: For sequences shorter than 30, receiver performance loss for type 2 sequences compared to type 1 is negligible (<0.04dB).

Proposal 1: PHR can be configured to contain the current PC that is used by the UE per serving cell as well as the currently used CA PC together with the duty cycle evaluation period and starting time. 
· FFS reporting of further information such as sustainable duty cycle, estimated time to return to the higher power class, or triggering PHR before PC fallback at lower duty cycle threshold.
Proposal 2: No new additional DFT size options to be introduced by RAN1 to support Rel-18 power domain enhancements.
Proposal 3: In case FDSS-SE is supported in Rel-18, RAN1 to discuss whether and how to enhance the power control framework to account for the power density peculiarities of FDSS-SE and further improve its performance, if time allows it.
Proposal 4: For sequences longer than 24, for DMRS transmission when FDSS-SE is configured, do not consider type 1 DMRS sequences without spectrum extension or using symmetric extension of inband legacy sequence (i.e., processed similarly as data) due to clearly worse PAPR/CM compared to data
Proposal 5: For sequences longer than 24, For DMRS transmission when FDSS-SE is configured consider supporting type 2 sequences either with symmetric spectrum extension or without extension. 
Proposal 6: For sequences longer than 24, for DMRS transmission when FDSS-SE is configured, if optimized DMRS is desired, consider supporting type 1 sequences using per-RE extension logic.
Proposal 7: For sequences shorter than 30, for DMRS transmission when FDSS-SE is configured consider supporting at least type 2 sequences either with symmetric spectrum extension or without extension. 
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f FDSS-SE is supported in Rel-18, and RB allocations resulting in DMRS sequence
ength smaller than 30 before extension of the sequence. if any. are supported, RAN1
o study at least the following approaches:
Approach A —the DMRS sequence is extended: A DMRS sequence is generated
considering the number of PRBs in the inband (no extension). The sequence length
depends on the number of PRBs in the inband. Two sequence types can be
considered:
A.1: The sequence is obtained by DFT transformation of an existing DMRS
sequence, e.g., Type 1 DMRS sequence.
A.2: The sequence is a Type 1 or Type 2 DMRS sequence.
FFS: how the sequence is extended.
Approach B —the DMRS sequence is not extended: A DMRS sequence based on
type 1 or type 2 DMRS sequence is generated considering the number of PRBs in
the inband + extension. The sequence length depends on the number of PRBs in
the inband + extension.
ote: if type 2 is used then both the number of PRBs in the inband and the number of
PPRBs in the inband+extension must be valid DFT sizes as per NR specification
ote:  Other sequences are not precluded for Approach A and Approach B.
Performance metrics considered for the study are PAPR. CM [, and OBO] for DMRS
nd 10% BLER SNR for data (to measure channel estimation accuracy).
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