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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 consider how the study can be conducted, including simulation methodologies and setups, as well as potential MPR reduction schemes.  
[bookmark: _Ref178064866]2	Discussion
2.1	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.
[bookmark: _Toc115442028]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).
[bookmark: _Toc115442029]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.
[bookmark: _Hlk115294334]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.
[bookmark: _Toc115442030]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.
Power domain enhancements could potentially be of value whenever PA power is high, regardless of data rate or MCS state.  Therefore, cases with both low and high data rate and MCS state should be studied. 
Different MPR reduction schemes may use different spectrum shaping filters, or filters after clipping, etc.  Simulating with the same filter could help align results among companies.
Given these considerations, we propose the following configurations:
Table 1: RF simulation (‘Step 1’) parameters  
	[bookmark: _Hlk115298117]Parameter 
	Value

	Filter coefficient 
	TBD (may vary according to MPR reduction scheme)

	Modulation scheme
	QPSK, 16QAM, [64QAM and 256QAM]

	Waveform
	DFT-s-OFDM

	Carrier frequency and duplex mode
	700MHz (FDD), 4GHz (TDD), 28GHz (TDD)

	Subcarrier spacing
	700MHz: 15 kHz, 4GHz: 30 kHz, 28GHz: 120 kHz

	System Bandwidth
	700 MHz: 20 MHz, 4 GHz: 100 MHz, 28 GHz: [100 MHz, 400 MHz] 

	Number of RBs and starting RB
	Sweep different combination

	Counter-IM3
	60 dB



[bookmark: _Hlk115298458]Remaining parameters not given by Table 1 that are needed for the link level simulations (‘Step 2’) can be taken from the Rel-17 NR coverage enhancement TR 38.830, appendices A.1 and A.2 (for FR1 and FR2, respectively).
[bookmark: _Toc115442031]As a starting point, use the parameters in Table 1 for RF simulations, and select remaining parameters not given by Table 1 that are needed for link simulations from TR 38.830, appendices A.1 and A.2.
2.2 MPR reduction schemes
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.
On the other hand, because non-transparent schemes have more degrees of freedom in their designs, they are more free to modify the signal.  The motivation for such signal modifications is then that there is improved MPR reduction over what is possible with a non-transparent scheme. Transparent MPR reduction schemes therefore can be seen as a baseline from which more advanced schemes can potentially build.  
[bookmark: _Toc115442024]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: _Toc115442025]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.
[bookmark: _Toc115442026]Non-transparent schemes are being studied because the extra degrees of freedom in the design as compared to transparent schemes may allow for better MPR reduction.
[bookmark: _Toc115442032]Transparent MPR reduction schemes are baselines to which non-transparent schemes are compared.
Since there are many possible transparent MPR reduction schemes, it is worthwhile to identify a few that should be studied, to allow common understanding of performance among companies.  These schemes should represent a sampling of performance gains vs. complexity tradeoffs. Three possibilities are clipping and filtering, companding, and digital predistortion.  Clipping and filtering is the simplest of the three, but will likely have the least gains.  Companding may be somewhat more complex, but may have better MPR.  Finally, digital predistortion is substantially more complex, but should have the best performance for MPR reduction via better compliance to unwanted emission requirements, as well as reduced EVM.  There are of course many other schemes beyond these three that can be considered, and so we identify them as candidates for further consideration in order to get the discussion of transparent schemes started. 
[bookmark: _Toc115442033]Candidate transparent MPR reduction schemes to consider include clipping and filtering, companding, and digital predistortion.
Simple comparisons of a transparent and a non-transparent scheme are given below.  Two sets of CCDF curves of PAPR of a QPSK modulated DFT-S-OFDM waveform are shown, where the left set of curves is for an 8 PRB transmission, and the right set is for 274 PRBs.  The first curve in each set is the unmodified DFT-S-OFDM PAPR.  A second curve in the sets shows the PAPR when DFT-S-OFDM is clipped and filtered, such that the 20% largest samples are clipped, which results in about 7% transmit EVM.  The third curves are where frequency domain spectrum shaping with 25% extension are used, as described in [4]. Note that the parameters chosen here are not in any way optimized, but selected purely for illustration.
We can observe, in these examples at least, that clipping can provide substantial PAPR improvement at 1e-3 probability: about 1.7 dB, and that this gain is independent of the allocation bandwidth.  Frequency domain spectrum shaping and extension (‘FDSS-E’) provides some additional gain for the 8 PRB case: at 1e-3 PAPR, about 1.0 dB less power.  However, at 274 PRBs, FDSS-E performs worse about 1.1 dB worse than clipping.  This reduced PAPR gain for FDSS-E is largely driven by the sharper filters needed to meet the spectrum flatness requirements in this large allocation.  Again, these differences are by no means an indication of net benefit: EVM will affect BLER, as will the reduced code rate caused by the overhead of the spectral extension.  Nevertheless, one can observe that there is potential from both schemes, and UE implementation schemes should be used as a baseline.
[bookmark: _Toc115442027]Both implementation based and more advanced MPR reduction schemes could potentially reduce PAPR, although the gains can depend on parameters such as the transmission bandwidth, spectrum flatness requirements, etc.
 [image: ] [image: ] 
Figure 1: PAPR for DFT-S-OFDM and where clipping or frequency domain spectral shaping is additionally used with 8 PRBs (left figure) and 274 PRBs (right figure)

[bookmark: _Hlk61857909]3 	Conclusion
In this contribution, we have considered how the study of power domain enhancements in the Rel-18 further NR coverage enhancements can be conducted, including simulation methodologies and setups, as well as potential MPR reduction schemes.  We made the following observations: 
Observation 1	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 2	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 3	Non-transparent schemes are being studied because the extra degrees of freedom in the design as compared to transparent schemes may allow for better MPR reduction.
Observation 4	Both implementation based and more advanced MPR reduction schemes could potentially reduce PAPR, although the gains can depend on parameters such as the transmission bandwidth, spectrum flatness requirements, etc.
Based on the observations and discussion, we made the following proposals:
Proposal 1	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).
Proposal 2	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.
Proposal 3	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.
Proposal 4	As a starting point, use the parameters in Table 1 for RF simulations, and select remaining parameters not given by Table 1 that are needed for link simulations from TR 38.830, appendices A.1 and A.2.
Proposal 5	Transparent MPR reduction schemes are baselines to which non-transparent schemes are compared.
Proposal 6	Candidate transparent MPR reduction schemes to consider include clipping and filtering, companding, and digital predistortion.
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