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1 Introduction
[bookmark: _Hlk22834419]In RAN#96 a Rel-18 WID on Further NR coverage enhancements [1] was approved.  One of the objectives is the following:
	· 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)



Initial discussion on both topics for power domain enhancements started in RAN1#110bis-e, and two LSs were sent to RAN4 asking for guidance on enhancements to realize increasing UE power high limit for CA and DC [3], and for feedback on work split between RAN1 and RAN4 for enhancements to reduce MPR/PAR [4]. This contribution considers aspects of potential power domain enhancements to enhance coverage.
2 Increasing UE power high limit for CA and DC
A RAN4 WI [4] on increasing UE power high limit for CA and DC concluded that a UE can indicate a capability to transmit a maximum output power higher than what the power class for a UL CA or DC configuration would have allowed for single carrier. For the UE supporting PC3 (23 dBm) in one band and PC2 (26 dBm) in another band, the carrier aggregation configuration was specified for PC2 (26 dBm) and the maximum composite power from both transmitters would be limited to 26 dBm.  With the increased maximum output power capability, the UE is allowed to transmit with the power combined over the two carriers when simultaneously transmitting at maximum power on each carrier (27.8 dBm in this example). 
Beyond a capability to transmit a maximum output power higher than what the power class for a UL CA or DC configuration would have allowed for single carrier, a UE may provide information to a gNB that can be useful for enhancing scheduling and for facilitating a network operation with multiple uplink carriers. It needs to be understood what type of additional information would be useful and how that is related to the UE capability of increasing UE power high limit for CA and DC operation. For example, current mechanisms for power headroom report (PHR) may need to be further studied to assess whether improvements are needed for UEs that support higher transmit power limit. Although whether and how to use additional feedback can be decided by a gNB implementation, it is important to consider the use cases and assess potential benefits of the additional feedback for such use cases.
The WID objective mentions that potential enhancements need also to be in compliance with relevant regulations. We think the existing RF exposure limits such as the limits for absorption rate (SAR) and power density (PD) are prerequisites for this work, and whether the enhancements under consideration would be still in compliance with such regulation may need RAN4 work. In RAN4 specifications, to estimate the transmit power over an evaluation period to be compared with a SAR limit, the maximum average percentage of uplink symbols that can be transmitted in a certain evaluation period seems to be determined assuming that the UE maximum output power is the power of the higher power class. Thus the SAR requirements would be satisfied assuming that the maximum transmit power is given by the higher UE power class even when the UE indicates the capability of transmitting with the aggregated power over the two component carriers. Whether further enhancements are needed for the SAR evaluation for UEs capable of transmitting with an aggregated power over the two component carriers should be studied in RAN4, or at least RAN1 needs RAN4 feedback to progress the study on potential enhancements. 
Proposal 1: Further discuss enhancements to realize increasing UE power high limit for CA and DC based on the feedback from RAN4. 
3 MPR/PAR reduction
Power domain techniques such as FDSS (Frequency Domain Spectral Shaping) without spectral extension for pi/2 BPSK and with and without spectral extension for QPSK, and tone reservation, aim at reducing the peak to average power ratio (PAPR) and cubic metric (CM) of the waveform so that higher transmission powers, and lower maximum power reduction (MPR), can be achieved, thus enhancing coverage.
As discussed in RAN1#110bis-e, FDSS without spectral extension can be considered as a reference for the evaluation because it can be a transparent scheme for the specifications. For FDSS without spectral extension, performance would be impacted by whether the filter at the transmitter and the filter at the receiver is the same filter, thus consideration of the used filters in the reference scheme is needed when assessing performance of techniques non-transparent to the specification and/or with spectrum extension (FDSS-SE). Tone reservation (TR) can operate with and without spectrum extension, but requires knowledge of the reserved tones not used by the UE at the gNB receiver, thus for the purpose of the study is considered a non-transparent scheme.
For the FDSS-SE technique, pulse shape filtering is done over a larger bandwidth than the allocated bandwidth. In case of symmetric extension, the allocated bandwidth of the transmission is same with and without extension. FDSS-SE is done in two steps. The first step uses a M-point DFT that generates DFT-S-OFDM waveform. The output of the first step and K additional tones are inputs to a filtering done in the second step. The filtering is done with (M+K) coefficients to reduce the sidelobes of the pulse shape by using a larger bandwidth than the allocated bandwidth. For a given number of RBs, the PAPR improves as the spectral extension increases, and the improvement depends on the type of pulse shape used. With a pulse shape with low sidelobes, the relative gains for different sizes of spectral expansion increase. As the number of RBs decreases, the pulse shape becomes wider and PAPR becomes worse. For coverage limited scenarios, the UE is expected to be scheduled with few RBs and low MCS values, and the PAPR gains of FDSS-SE need to be assessed for low PBR allocation. The spectral extension used for filtering comes with a cost since these frequencies used for filtering cannot be used for other purposes.
The tone reservation technique aims at reducing the PAPR of the waveform by reserving some tones that are used to construct an additional waveform so that the resulting waveform is reshaped and has a lower PAPR. The additional waveform is used to cancel the peaks of the waveform from the non-reserved tones. The reserved tones can be in different positions respect to the allocated bandwidth, within or at the edges of the allocated bandwidth, and when at the edges, the tone can be inside or outside the allocated bandwidth.  Since the reserved tones are not used by the UE, the gNB receiver needs to discard such tones. Tones that are used for filtering cannot be used for data transmission and this impacts performance. If reserved tones are outside the allocated bandwidth, the drawback is similar to bandwidth extension in FDSS-SE. 
Observation 1: Spectral extension for FDSS-SE and TR require additional frequency resources.
Observation 2: In-band tone reservation impacts performance as the reserved tone cannot be used for data transmission.

A UE maximum transmit power is defined per power class, and depending on bands there are tolerances between -3dB and 2dB. There are also rules that depends on the percentage of uplink symbols transmitted in a time interval that determine the configured maximum output power PCMAX,f,c for carrier f of serving cell c in each slot. RAN4 also defines the maximum allowed MPR per power class which depends on edge/outer/inner RB allocations, additional MPR (A-MPR0 and power management MPR (P-MPR). The UE transmit power is also subject to regulation for RF exposure limit, such as specific absorption rate (SAR) for bands below 6 GHz, and power density (PD) for bands above 6 GHz. Given the several rules for transmit power and limitations, the PAPR gains from the power domain techniques are not equivalent to the power increase. Moreover, in addition to spectral efficiency loss from RBs that are not available for data transmission, there is an additional power loss from the fact that transmission needs to include such RBs which, as PUSCH transmissions from coverage limited UEs would be over a relatively small number of RBs, can be a material fraction of a dB. The impact on other requirements, such as ACLR and EVM, may also need to be considered as was done in RAN4 for Rel-17 FDSS. Therefore, further considerations are needed to understand what would be the impact on the transmit power.
Observation 3: Transmit power increases is not equivalent to the PAPR gains due to the rules for allowed MPRs and regulations that limit the maximum transmit power.

Another aspect is the applicability of the MPR/PAR gains towards a higher transmit power. The increase of the transmit power beyond the maximum power of the UE power class has limitation that depends on RF technology and RF design choices. When applying techniques that can lower the MPR, the UE can transmit at a higher power but there is a limit for how much higher the transmit power can be respect to the transmit power of the UE power class. This limit is not expected to be several dBs above the transmit power of the UE power class. When the UE is configured with UL CA or DC, and has the capability of transmitting with the aggregated transmit power over the two carriers, the total transmit power would be already above the larger value between the two UE power classes, and the additional increase of transmit power that would be possible when MPR reduction is used would be small, if any. 
Observation 4: The UE may not be able to transmit at a higher power to realize the gains of MPR/PAR reduction techniques if the UE is already operating at the maximum value set by implementation.

Both FDSS-SE and TR techniques have an impact on a gNB receiver implementation. 5G deployments are well under way and introduction of new features that require substantial changes to the gNB receiver implementation is not preferred. Transparent schemes that can provide MPR/PAR gains are instead preferred. 
Observation 5: Techniques to reduce MPR/PAR such as FDSS-SE and TR have a substantial impact on gNB receiver implementation.

Based on the above consideration, the study needs to consider MPR gains, SE loss and power loss due to RBs not used for additional data information, as well as the increase in UE transmit power that would be possible when applying FDSS-SE and TR, consider existing limitations and regulations. Also, RAN4 involvement would be preferable to address an overall benefit considering other requirements in addition to MPR.
Proposal 2: Further study on FDSS-SE and TR techniques also involves RAN4 for the determination of potential gains in UE transmit power. 
4 Conclusion
This contribution discusses potential power domain mechanisms to enhance coverage. The proposals and observations made in this contribution are summarized as below:
Proposal 1: Further discuss enhancements to realize increasing UE power high limit for CA and DC based on the feedback from RAN4. 

Observation 1: Spectral extension for FDSS-SE and TR require additional frequency resources.
Observation 2: In-band tone reservation impacts performance as the reserved tone cannot be used for data transmission.
Observation 3: Transmit power increases is not equivalent to the PAPR gains due to the rules for allowed MPRs and regulations that limit the maximum transmit power.
Observation 4: The UE may not be able to transmit at a higher power to realize the gains of MPR/PAR reduction techniques if the UE is already operating at the maximum value set by implementation.
Observation 5: Techniques to reduce MPR/PAR such as FDSS-SE and TR have a substantial impact on gNB receiver implementation.
Proposal 2: Further study on FDSS-SE and TR techniques also involves RAN4 for the determination of potential gains in UE transmit power.
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