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1	Introduction
The Rel-18 work on further NR coverage enhancements [1] includes study for power domain enhancements of UE transmissions: 
· 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)

In this contribution, we first consider the performance of, and metrics for, evaluation of MPR reduction schemes. Link level evaluations are provided for some representative transparent and non-transparent MPR reduction methods to determine their impact on BLER.  Next, initial results of RF simulations with the impact of BLER accounted for are shown for example transparent schemes study the behavior of MPR reduction and the factors it depends on.  Then initial results on the relative performance of schemes are given.  The ability of cubic metric and PAPR to quantify MPR reduction gains is next examined.   General considerations on transparent and MPR reduction schemes are then discussed.  Finally, RAN1 enhancements to provide information to improve scheduling when using higher power CA/DC are briefly considered. 
[bookmark: _Ref178064866]2	Discussion
2.1 Performance and metrics of MPR reduction schemes
As discussed in Appendix B, in order to determine the net performance benefit of MPR reduction schemes, it is necessary to consider both the effects of non-linearities in RF simulation and of baseband aspects like channel estimation, code rates, and spectrum shaping.  In the following sections, we consider the performance of both transparent & non- transparent schemes, examining both the baseband and RF performance of the schemes, and the relevance of various metrics for evaluating the amount of MPR for the different schemes.
The schemes that are simulated are: frequency domain spectrum shaping with spectrum expansion (FDSS-SE), frequency domain spectrum shaping without spectrum expansion (FDSS), clipping, and peak cancelation.  The MCSs and number of PRBs in the allocation are selected such that schemes with and without spectrum expansion have the same transport block size.  The MPR reduction schemes are simulated with the same number of PRBs, which means the spectrum expansion schemes need to use a higher MCS to create room for the expanded PRBs.  The spectrum expansion cases use 25% spectrum expansion, since this seems to be a commonly used number for these algorithms. Two possible receiver designs are considered for FDSS-SE: those that use existing receiver algorithms without considering the PRBs in the spectrally extended region (‘FDSS-SE basic’ curves in the results below) , and those that combine the information in the spectrum extension with the nominal spectrum part (‘FDSS-SE’ in the curves below) The frequency domain shaping schemes are considered with two different shaping filters: a raised root cosine filter, and an FIR filter with time domain samples of [1 0.28].  The clipping and peak cancelation schemes truncate the waveform above 0.7 x (the maximum of the signal in the time domain), after analog filtering.  The baseline DFT-S-OFDM waveform without MPR reduction is simulated with both the common bandwidth (here 8 or 40 PRBs).  A smaller bandwidth (6 or 30 PRBs) with an increased MCS (and the same TB size as the common bandwidth case) is also provided for reference to isolate the impact of coding rate from other effects.

[bookmark: _Ref118295891]2.1.1 BLER performance
In Figure 1 and Table 1 below, we present results of link simulations for the example schemes given above that quantify the impact on required SNR at a target BLER.  Both the non-transparent and transparent schemes occupy either 8 or 40 PRBs.  Since the same TB size is used to compare schemes, spectrum expansion (FDSS-SE) uses a higher code rate, so for 8 PRBs, MCS 1 or 8 is used, while the transparent schemes use MCS 0 or 6.  For 40 PRBs, MCS 3 or 8 is used for FDSS-SE, while MCS 2 or 6 is used for the transparent schemes.  Also, the FDSS-SE results are with an enhanced receiver that uses all PRBs in the allocation, except the curves labelled ‘basic’, where Rel-17 receivers are used only on the non-spectrally expanded PRBs.  Additional simulation assumptions can be found in Appendix A in Table 2 and Table 3. Note that the legends in the plots are ordered by increasing required SNR, where the schemes with lower required SNR are nearer the top of the legend, and this order varies among the plots.
Considering the left side of Figure 1, where the lower MCS states are used, and Table 1, we can see that the SNR loss relative to the baseline is generally small (0.2 dB or less) for all schemes for both the larger and smaller bandwidth cases when a shaping filter of [1 0.28] is used with FDSS-SE and for the transparent schemes.  The RRC filter degrades the BLER by 0.2 and 0.4 dB with spectrum expansion and without it, respectively.  The [0.28 1 0.28] filter consistently has the highest loss for both FDSS-SE and the transparent schemes: 0.4-0.9 dB, where the larger allocations have slightly higher loss (0.1-0.3 dB).  Comparing FDSS with and without spectrum expansion, FDSS-SE has slightly (0.1-0.2 dB) less SNR loss for the best performance case where the [1 0.28] filter is used.   Lastly, considering the [0.28 1 0.28] filter case, it can be seen that using the enhanced receiver provides about 0.2 or 0.3 dB gain for FDSS-SE for these lower code rates.
Considering the right side of Figure 1 where higher MCS states are used, the curves are farther apart due to the greater sensitivity of the higher code rates from spectrum expansion.  The methods without spectrum expansion, (FDSS, clipping, peak cancelation, and the 6 PRB baseline), except those using the RRC or [0.28 1 0.28] filter, have the least SNR degradations (0-0.3 dB).  FDSS-SE has substantial losses of 0.8-1.7 dB, with the greater losses for the higher bandwidths.  The use of a basic receiver that does not exploit the extended PRBs loses about 0.3 or 0.5 dB compared to the enhanced receiver that does use the extended PRBs. 
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[bookmark: _Ref118272846]Figure 1: Example link level results for small allocations at selected code rates
[bookmark: _Ref118301297]Table 1: BLER Increase over baseline without spectrum expansion
	PRBs
	MCSs for smaller & larger PRBs, respectively
	Large PRBs 
	Clip
	Peak Cancel
	FDSS [1 0.28]
	FDSS-SE [1 0.28]
	Small PRBs 
	FDSS-SE RRC
	FDSS RRC
	FDSS-SE [0.28 1 0.28]
	FDSS-SE [0.28 1 0.28] basic
	FDSS [0.28 1 0.28]

	6 & 8
	0 & 1
	0.0
	0.0
	0.0
	0.2
	0.0
	0.1
	0.1
	0.4
	0.4
	0.6
	0.7

	30 & 40
	2 & 3
	0.0
	0.0
	0.0
	0.2
	0.1
	0.4
	0.2
	0.4
	0.5
	0.9
	0.8

	6 & 8
	6 & 8
	0.0
	0.0
	0.0
	0.3
	0.8
	0.7
	0.8
	0.6
	1.1
	1.4
	1.4

	30 & 40
	6 & 8
	0.0
	0.0
	0.0
	0.3
	1.0
	1.0
	1.0
	0.5
	1.2
	1.7
	1.4



[bookmark: _Toc118703547]Spectrum shaping with spectrum expansion can lose significant amounts of link performance (well more than a dB) when higher MCS states are used
[bookmark: _Toc118703548]Enhanced receivers can provide some gain for spectrum shaping with spectrum extension (e.g. 0.2-0.3 dB at low code rates) 
[bookmark: _Toc118703549]Common spectrum shaping filters can bring 0.4-1.4 dB link performance loss, depending on the filter, code rate, and MPR reduction scheme
[bookmark: _Toc118703550]Transparent schemes such as spectrum shaping without spectrum extension, peak cancelation, and clipping can lose small or negligible link performance.
2.1.2 Transparent schemes:
We first show some initial results for a baseline scheme of FDSS without spectral shaping and using the [1 0.28] filter as an example of a transparent scheme, and to illustrate general patterns for MPR.  The methodology described in Appendix B with RF simulations and link is used, and further simulation assumptions can be found in Table 2 of Appendix A.  As can be seen in the results in section 2.1.1, the required SNR to reach the target BLER is about 0.2 dB worse than the baseline for the low MCS cases regardless of bandwidth, and so 0.2 dB is subtracted from the gains in the plot below.  It is further assumed that the UE does not use the transparent scheme where there is no MPR reduction, so the minimum gain is 0 dB. 
Initial results for FR1 with QPSK modulation and DFT-S-OFDM are given in Figure 2 as a function of the number of PRBs in the allocation and the starting PRB of the allocation.  It can be seen that there are modest gains of nearly 0.75 dB, but only for specific allocations.  Inner allocations tend to have no gain over the reference configuration, as can be seen by the gray region in the center of the plot.  Outer and edge allocations have higher gains that tend to be larger toward the band edges can often be larger for larger bandwidth.
[bookmark: _Toc118703551]For QPSK, transparent schemes can produce a modest (nearly 0.75 dB) MPR reduction for some allocations toward the band edge and with wider bandwidth, but generally not in the center of the band.
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[bookmark: _Ref118296130]Figure 2: MPR gain from frequency domain spectral shaping without spectrum extension as a function of allocation position and size

Transparent schemes also naturally apply to CP-OFDM, and some schemes can apply to both CP-OFDM and DFT-S-OFDM.   Figure 3 shows the PA backoff for CP-OFDM with QPSK where a baseline and clipping above 50% of the peak time domain signal are used.  The allocation starts at the band edge, where MPR tends to be the highest as seen in Figure 2.  Here, we see that clipping provides about 1-1.5 dB MPR reduction over many of the larger allocation sizes. For allocations less than 20 RBs, backoff decreases significantly for the baseline scheme, and so MPR reduction is less needed (and more difficult to achieve) in this region.  At the smallest allocation sizes, there can be substantial gain from clipping, which comes at the expense of relatively high EVM (that is still below the 17.5% RAN4 requirement).
[image: ]
[bookmark: _Ref118674899]Figure 3: PA backoff for CP-OFDM QPSK with and without clipping vs. allocation size
As will be seen in section 2.1.3, gains from clipping tend to be less for DFT-S-OFDM QPSK than for CP-OFDM QPSK.  UEs should support both DFT-S-OFDM and CP-OFDM, and so transparent schemes that apply to both could be appealing from both a UE complexity and RAN1/4 specification effort perspective.
[bookmark: _Toc118702278][bookmark: _Toc118703246][bookmark: _Toc118703552]Certain transparent schemes can apply to both CP-OFDM and DFT-S-OFDM, and may have greater benefit for CP-OFDM.
The gains observed above for QPSK with DFT-S-OFDM and CP-OFDM are not surprising in light of the MPR requirements for FR1 e.g. in 38.101-1 for power class 3 in Table 6.2.2-1 below, where QPSK MPR is at most 1 and 3 dB for outer PRBs for DFT-S-OFDM and CP-OFDM, respectively.  Further considering the table, it is clear that higher order modulations have more opportunity for MPR reduction as compared to QPSK.  Allowing higher power to be used for such modulations could increase their availability in a cells, and so such cases should be further investigated. 
Table 6.2.2-1 Maximum power reduction (MPR) for power class 3
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM
	Pi/2 BPSK
	≤ 3.51
	≤ 1.21
	≤ 0.21

	
	
	≤ 0.52
	≤ 0.52
	02

	
	Pi/2 BPSK w Pi/2 BPSK DMRS
	≤ 0.52
	≤ 02
	02

	
	QPSK
	≤ 1
	0

	
	16 QAM
	≤ 2
	≤ 1

	
	64 QAM
	≤ 2.5

	
	256 QAM
	≤ 4.5

	CP-OFDM
	QPSK
	≤ 3
	≤ 1.5

	
	16 QAM
	≤ 3
	≤ 2

	
	64 QAM
	≤ 3.5

	
	256 QAM
	≤ 6.5

	[bookmark: _Hlk525291220]NOTE 1:	Applicable for UE operating in TDD mode with Pi/2 BPSK modulation and UE indicates support for UE capability powerBoosting-pi2BPSK and if the IE powerBoostPi2BPSK is set to 1 and 40 % or less slots in radio frame are used for UL transmission for bands n40, n41, n77, n78 and n79. The reference power of 0 dB MPR is 26 dBm.
NOTE 2:	Applicable for UE operating in FDD mode, or in TDD mode in bands other than n40, n41, n77, n78 and n79 with Pi/2 BPSK modulation and if the IE powerBoostPi2BPSK is set to 0 and if more than 40 % of slots in radio frame are used for UL transmission for bands n40, n41, n77, n78 and n79. 



[bookmark: _Toc118703553]There is greater potential for MPR reduction for higher order modulation than for QPSK, and such MPR reduction may increase the coverage of higher order modulation in a cell.
[bookmark: _Toc118703561]Further study MPR reduction for higher order modulation.
2.1.3 Relative performance of schemes
Next, we present some initial results on the performance of both non-transparent and transparent schemes.  We focus here on frequency domain spectrum shaping with spectrum expansion (FDSS-SE) as an example of non-transparent schemes, while clipping, peak cancellation, and frequency domain spectrum shaping with spectrum expansion are examples of transparent schemes.
The left side of Figure 4 shows the gain of various MPR reduction schemes against the allocated bandwidth when 25% spectrum expansion is used with frequency domain spectrum shaping (FDSS-SE) and when spectrum expansion is not used with frequency domain spectrum shaping (FDSS) and clipping.  It is important to note that link level losses are not accounted for in these plots, unlike the results in section 2.1.2. Allocations at or near the band edge are shown, since these are the most interesting in terms of MPR reduction and will show the greatest potential difference among schemes.  The allocation starts at RB#0 for FDSS-SE.  In order to have a fair comparison where they are not penalized for using less bandwidth, the starting PRB of FDSS, clipping, and the baseline is shifted in by 25% of the allocation size.  Schemes in the right side of the figure always start at RB#0, since they do not use spectrum expansion.
The frequency domain shaping schemes in Figure 4 are considered with two different shaping filters: a raised root cosine filter, and an FIR filter with time domain samples of [1 0.28].  The clipping and peak cancelation schemes truncate the waveform above 0.7 x (the maximum of the signal in the time domain), after analog filtering. 
In the left side of Figure 4, it can be seen that small allocations tend not to have gains over the baseline, and spectrum expansion schemes may have a loss for small allocations.  As the allocation gets larger (in this example around 30 PRBs wide), MPR reduction schemes see increasing gain.  In this region, FDSS tends to outperform or perform the same as FDSS-E, while the gain of clipping is in many cases somewhat worse than FDSS and FDSS-SE. In a few cases at the highest bandwidths, FDSS-E outperforms FDSS by up to 0.2 dB.  It should be noted however, that at higher MCS states, link performance losses can swamp out these gains.
In the right side of Figure 4, results are given when transparent schemes are used without spectrum expansion.  At first glance, FDSS with the [0.28 1 0.28] filter looks quite promising since it outperforms the others.  However, as observed in section 2.1.1, FDSS with this filter loses 0.7 and 1.4 dB at MCS 0 and 6, respectively, relative to the baseline.  Therefore, FDSS with this filter will have at most ~0.5 dB gain vs. RB size, and will generally tend to perform worse than FDSS with the [1 0.28] filter.  Similarly FDSS with the RRC filter is expected to have a ~0.4 dB loss even at low code rate, and so its performance is also likely to be worse than FDSS with the [1 0.28] filter. Peak cancelation is generally close to the performance of clipping, except at small allocations, where it consistently outperforms clipping.  Lastly, clipping provides modest gains often in the 0.2 to 0.4 dB range.
 [image: ][image: ]
[bookmark: _Ref118297944]Figure 4: Gain of schemes with and without spectrum expansion vs. allocated bandwidth
[bookmark: _Toc118703554]Heavy spectrum shaping can improve MPR, but increased BLER can offset this improvement, or even result in a loss
[bookmark: _Toc118703555]Spectrum expansion schemes do not tend to improve performance, and may result in net losses at higher code rates
[bookmark: _Toc118703556]Transparent schemes such as clipping, peak cancelation, and especially spectrum shaping can result in net MPR reduction when link performance is taken into account
2.1.4 Metrics for determining MPR reduction
In RAN1#110bis, metrics for determining PA backoff were identified as part an agreement on a work item split with RAN4:
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
· …
We therefore compare cubic metric (CM) and PAPR based metrics here to those obtained using the RF simulation based method described in Appendix B.  Figure 5 below contains gains calculated using cubic metric and PAPR (on the left and right, respectively) as well as the RF simulation results from Figure 4 (below the other two plots).  The mean cubic metric and 0.1% PAPR was calculated for each scheme and the difference in cubic metric and PAPR from the that of the baseline was calculated.  
[image: ] [image: ]
[bookmark: _Hlk118443736][image: ]
[bookmark: _Ref118393305]Figure 5: PA backoff gains determined using cubic metric, PAPR, and RF simulations
Considering the cubic metric results, it appears that FDSS-SE notably outperforms other clipping and FDSS, whereas in the RF simulations there is a small difference at high RB size only.  Moreover, there are no trends in frequency for the cubic metric results (although there is some oscillation).  The PAPR gains also show that FDSS-SE consistently outperforms the other schemes, but the amount of gain is unrealistically high for all schemes except FDSS.  Moreover, it can be seen that mean cubic metric and PAPR are not useful for determining the relative merit of schemes, nor do they capture frequency dependent behaviors accurately.  This is naturally understood, since RF simulations are needed to accurately capture the impact of out of band emissions on PA backoff.
[bookmark: _Toc118703557]Because they do not capture the impact of out of band emissions accurately, mean cubic metric and PAPR are not useful for determining the relative merit of MPR reduction schemes, nor do they capture frequency dependent behaviors accurately
[bookmark: _Toc118703562]Companies are encouraged to provide RF simulations in RAN1 to better understand the behavior of MPR reduction schemes

Moreover, the simulation configurations and parameters used above seem useful as representative conditions where schemes can be compared.  These are certainly not the only conditions of interest, but can be a starting point.
[bookmark: _Toc118703563]Use the simulation parameters in Tables 2 and 3 in Appendix A to determine simulation conditions for evaluating MPR reduction schemes. 
2.2 MPR reduction schemes
In the work split agreement from RAN1#110bis referenced above, a plan was also made to identify candidate solutions and provide them to RAN4, so that RAN4 can make the final decision on MPR/PAR reduction solutions:
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 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.
A wide variety of schemes to reduce PAPR for a given waveform exist [3].  They can be broadly classified into schemes that are transparent to the receiver, and those that are not.  Transparent schemes reduce the signal peaks by introducing a limited amount of distortion such that the receiver can process the signal assuming it was transmitted in an undistorted way, or they may predistort the signal to compensate for non-linearity in the PA.  Non-transparent schemes modify the signal in some way that should be accounted for in the network, such as transmitting peak reduction signals in additional frequency domain resources, using heavy frequency and/or time domain shaping that the receiver should be aware of to maintain performance, etc. 
Because they do not use additional resources, one key feature of transparent MPR reduction schemes is that they can generally be accomplished by UE implementation.  Using UE implementation avoids the need to reconfigure or dynamically control the PAPR reduction scheme, allowing the UE to quickly adapt its transmit power to channel conditions. Perhaps more importantly, transparent MPR reduction can immediately improve UE PA efficiency and/or network coverage as soon as the feature is available in a UE, avoiding the need to upgrade all gNBs in a coverage area in order to benefit from MPR reduction throughout the area.
[bookmark: _Toc118443754][bookmark: _Toc118673323][bookmark: _Toc118673539][bookmark: _Toc118674863][bookmark: _Toc118677238][bookmark: _Toc118702285][bookmark: _Toc118703253][bookmark: _Toc118703558]Transparent MPR reduction schemes allow immediate improvements in UE PA efficiency and/or network coverage, rather than waiting for the network to be upgraded to support a non-transparent scheme. 
[bookmark: _Toc118703559]Transparent MPR reduction schemes allow flexible UE implementation, where the UE can dynamically adapt to power requirements and/or channel conditions, without intervention by the network.
In this contribution, we have studied clipping and filtering, peak cancelation, and spectrum shaping without spectrum expansion, since they are common transparent MPR reduction methods that include a mix of UE complexity and performance tradeoffs.  Although not all of them provide the highest gains, at this stage, we think they can be identified as schemes for further study. There are of course many other schemes beyond these three that can be considered, for example companding and digital predistortion, however we think the first 3 schemes could be a reasonable starting point, and RAN4 should be informed of them from RAN1’s perspective. 
[bookmark: _Toc118703564]Inform RAN4 that candidate transparent MPR reduction schemes to consider include clipping and filtering, peak cancelation, and frequency domain spectrum shaping without spectrum extension.  Other schemes can be considered.
2.3 Improved scheduling using higher power CA/DC
In RAN1#110bis-e, various proposals were made to provide information to allow the network to better schedule UEs according to their available power, resulting in the following agreement:
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.

The proposals considered various aspects, such as suspension for an SAR limit [5], indication of aggregated power class in a PHR [6], reporting higher transmit power for inter-band CA/EN-DC [7], and various available power or energy reporting mechanisms for UL CA operation reflecting power management and MPE [8].  Since the current power headroom reporting mechanisms do not really allow the network to know how much available power the UE has when a duty cycle is used to facilitate MPE compliance, nor when power class changes actually occur, we think such mechanisms merit further study.
There seem to be two aspects related to these proposals: 1) what power class the UE is using at a given moment, and 2) the time periods over which a higher or lower power transmission can occur.  The power class changes involve quite significant power levels such as 3 or 6 dB, and so knowing when these are or are not present is naturally important to gNB scheduling.  The allowed MPR is dependent on the power class, but unfortunately the network does not know what power class the UE uses, and so when the power class changes, it cannot predict the corresponding change in MPR. Further details on this problem, the scenarios when it occurs, and potential solutions are given in [9].
[bookmark: _Toc118703560]The network is unaware of changes in UE power class, and so is unable to determine the corresponding MPR for the power class change.
[bookmark: _Toc118703565]Study PHR triggering and reporting enhancements that allow determination of a change in UE power class and when it occurs
[bookmark: _Hlk61857909]3 	Conclusion
In this contribution, we first considered the performance of, and metrics for, evaluation of MPR reduction schemes. Link level evaluations were provided for some representative transparent and non-transparent MPR reduction methods to determine their impact on BLER.  Next, initial results of RF simulations with the impact of BLER accounted for were shown for example transparent schemes study the behavior of MPR reduction and the factors it depends on.  Then initial results on the relative performance of schemes were given.  The ability of cubic metric and PAPR to quantify MPR reduction gains was next examined.   General considerations on transparent and MPR reduction schemes were then discussed.  Finally, RAN1 enhancements to provide information to improve scheduling when using higher power CA/DC were briefly considered.
We made the following observations:
Observation 1	Spectrum shaping with spectrum expansion can lose significant amounts of link performance (well more than a dB) when higher MCS states are used
Observation 2	Enhanced receivers can provide some gain for spectrum shaping with spectrum extension (e.g. 0.2-0.3 dB at low code rates)
Observation 3	Common spectrum shaping filters can bring 0.4-1.4 dB link performance loss, depending on the filter, code rate, and MPR reduction scheme
Observation 4	Transparent schemes such as spectrum shaping without spectrum extension, peak cancelation, and clipping can lose small or negligible link performance.
Observation 5	For QPSK, transparent schemes can produce a modest (nearly 0.75 dB) MPR reduction for some allocations toward the band edge and with wider bandwidth, but generally not in the center of the band.
Observation 6	Certain transparent schemes can apply to both CP-OFDM and DFT-S-OFDM, and may have greater benefit for CP-OFDM.
Observation 7	There is greater potential for MPR reduction for higher order modulation than for QPSK, and such MPR reduction may increase the coverage of higher order modulation in a cell.
Observation 8	Heavy spectrum shaping can improve MPR, but increased BLER can offset this improvement, or even result in a loss
Observation 9	Spectrum expansion schemes do not tend to improve performance, and may result in net losses at higher code rates
Observation 10	Transparent schemes such as clipping, peak cancelation, and especially spectrum shaping can result in net MPR reduction when link performance is taken into account
Observation 11	Because they do not capture the impact of out of band emissions accurately, mean cubic metric and PAPR are not useful for determining the relative merit of MPR reduction schemes, nor do they capture frequency dependent behaviors accurately
Observation 12	Transparent MPR reduction schemes allow immediate improvements in UE PA efficiency and/or network coverage, rather than waiting for the network to be upgraded to support a non-transparent scheme.
Observation 13	Transparent MPR reduction schemes allow flexible UE implementation, where the UE can dynamically adapt to power requirements and/or channel conditions, without intervention by the network.
Observation 14	The network is unaware of changes in UE power class, and so is unable to determine the corresponding MPR for the power class change.
Based on these observations, we made the following proposals:
Proposal 1	Further study MPR reduction for higher order modulation.
Proposal 2	Companies are encouraged to provide RF simulations in RAN1 to better understand the behavior of MPR reduction schemes
Proposal 3	Use the simulation parameters in Tables 2 and 3 in Appendix A to determine simulation conditions for evaluating MPR reduction schemes.
Proposal 4	Inform RAN4 that candidate transparent MPR reduction schemes to consider include clipping and filtering, peak cancelation, and frequency domain spectrum shaping without spectrum extension.  Other schemes can be considered.
Proposal 5	Study PHR triggering and reporting enhancements that allow determination of a change in UE power class and when it occurs
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5 Appendix A: Simulation parameters
[bookmark: _Ref118675173]Table 2: Parameters for link level and RF simulations
	Parameter 
	Value

	Filter coefficient 
	[1 0.28], [0.28 1 0.28], RRC, see Figure 6.

	Modulation scheme
	QPSK

	Waveform
	DFT-s-OFDM or CP-OFDM

	Carrier frequency and duplex mode
	2 GHz

	Subcarrier spacing
	15 kHz

	System Bandwidth
	106 PRBs (20 MHz)

	Number of RBs and starting RB
	Sweep different combination

	Counter-IM3
	60 dB

	UE, gNB antennas
	1, 2

	Channel
	TDL-C, Medium correlation, 100ns delay spread


[image: ]
[bookmark: _Ref118443828]Figure 6: FDSS filter evaluated
[bookmark: _Ref118675187]Table 3: Additional parameters for link level simulations
	Configuration Type
	Parameter 
	Value

	Spectrum Expansion
	Inband RBs (non-spectrum expansion PRBs) + MCS
	{6 RBs, MCS1 or MCS8}
{30 RBs, MCS3 or MCS8}

	
	Excess/reserved band size
	25%

	
	Total allocation size
	{8 RBs, MCS1}
{40 RBs, MCS 8}

	Without 
Spectrum Expansion
	Allocated RBs + MCS
	{8 RBs, MCS0 or MCS6}
{40 RBs, MCS2 or MCS6}

	With and Without Spectrum Expansion
	DMRS configuration
	2 DMRS symbols (Type 1)

	
	PUSCH duration
	14 symbols

	
	Frequency hopping
	Off

	
	UE speed
	3km/h

	
	Number of Tx antennas
	1, Optional: 2

	
	Number of Rx antennas
	2 or 4 for FR1 
2 for FR2

	
	Target BLER
	10%



6 Appendix B:	Evaluation Methodology
While measures such as cubic metric and peak to average power ratio can be indicative of changes in output power among different transmissions, and used to explore bounds in performance, they are approximate.  Direct modeling of RF behavior is needed to accurately determine the performance of different transmission schemes.  The most crucial element to model is the power amplifier, since it is the goal of power domain enhancements to allow the PA to operate at higher power and/or more efficiently.  Therefore, when RAN4 determines MPR, models of PAs are used to establish how much power backoff is needed based on a variety of requirements.  We propose to use the RAN4 procedure in this work item, and to define a metric that quantifies the relative link budget gain of MPR reduction schemes.  The method is summarized below.
A two step approach is used, where RF simulations are first run to determine the amount of backoff in dB, ’, needed by the PA to meet various transmit signal quality requirements for a given PUSCH configuration transmitted with a given MPR reduction or baseline scheme.  In a second step, the SNR needed to reach a target BLER for the PUSCH configuration & scheme, ‘’, is determined.  The relative performance in terms of link budget between schemes can then be quantified as the operating SNR plus the amount of backoff that the UE needs in order to transmit the PUSCH, that is, .  The higher this figure of merit is, the worse the link budget will be.
Proposal B1:
· Quantify relative link performance of a given transmission configuration as , where  is the SNR (in dB) needed to reach a target BLER, and  is the output power backoff for the configuration (in dB).

In the first step of the evaluation, the output backoff is determined relative to PA saturation power, i.e. .  The output backoff is determined for a given transmission configuration by an iterative process where a first  is hypothesized, and the transmission is tested against RAN4 transmit signal quality and output RF spectrum emissions requirements.  If the requirements are met for the hypothesized Pout, then the process stops.  Otherwise,  is reduced, and the requirements are tested again, until Pout reaches some minimum level or the requirements are met. The process starts with  (i.e., without backoff).  The saturation power  is set by a calibration process where a reference transmission of DFT-S-OFDM QPSK with a 20MHz allocation is used and then reduced from the maximum power until it meets the transmission requirements with 1 dB below the nominal output power at the antenna connector.    
The requirements tested are summarized as follows, and given in TS 38.101 sections 6.4 and 6.5.
· Error vector magnitude (EVM): the RMS error between the ideal modulated signal and the one transmitted by the UE.
· In band emissions: The ratio of the power in an unoccupied PRB to that in an occupied PRB
· Spectrum flatness: The amount of frequency domain ripple in the UE transmission, as determined by a receiver equalizer calculated during the EVM measurement process.
· Spectrum emission mask: Limits on the amount of power that are not to be exceeded in frequencies immediately adjacent to the assigned channel bandwidth up to the out of band boundaries (2 times of the configured BW).
· Adjacent channel leakage ratio: Limits on the ratio of filtered mean power between an assigned and an adjacent channel frequency.
· Spurious emissions: limits on amount of power in unwanted emissions outside the out of band boundaries (OOB boundary) of the spectrum emission mask.

Although there is no specific RAN4 requirement, RAN4 also takes into account mixer nonlinearities that produce strong IM3 products, so-called “counter IM3” or “CIM3”, when determining MPR (see e.g. [2] for background on CIM3).
Proposal B2:
· Determine PA output backoff using RF simulations and according to RAN4 requirements for error vector magnitude, in band emissions, spectrum flatness, spectrum emission mask, and adjacent channel leakage, spurious and accounting for counter-IM3.

Since the OBO tends to vary as a function of the location of the transmission in the band, it is important to test in a variety of positions, including some sampling of both inner, outer, and edge PRBs.
In the second step of the evaluation, link simulations of each transmission configuration are used to determine BLER.  Each transmission configuration is given by the transmission scheme, the payload transmitted, and the radio channel conditions.  
One key aspect is that transmission schemes are compared using a same amount of time-frequency resource and at a same spectral efficiency. Otherwise it is difficult to determine if there is a net benefit of schemes when used in a real system, since more or less bandwidth will be needed or more or less throughput can be achieved.  Similarly, it is important that the resources allocated by the network if spectrum extension is used are compatible with Rel-15/16/17 UEs.  Therefore, spectrum extension should not allocate resources for spectrum extension outside of the resources allocated using Rel-17 resource allocation mechanisms.
Proposal B3:
· Compare schemes at the link level using a same amount of time-frequency resource and at a same spectral efficiency, and assuming Rel-17 resource allocation mechanisms.
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