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1 Background

In the LS on power class and power control [1] RAN4 informs RAN1 that the Pcmax will be defined in terms of eirp for above 24 GHz operations [1]:
· For UE Power Class definition for above 24 GHz range:

· RAN4 agreed to define the UE power class for this spectrum range based on EIRP values.

· A UE Maximum TRP limit will be defined in order to limit the UL interference.

· Pcmax will be defined for above 24 GHz range in terms of EIRP that includes the antenna beam-forming gain.

· For the power control related topics, RAN4 made the following agreements so far:

· The RSRP and CSI-RSRP measurements definition include the Rx beamforming gain for OTA measurements (above 24 GHz range).

· For conducted testing (sub-6GHz range) RSRP and CSI-RSRP measurements reference point can be maintained at the UE antenna connectors.

The definition of the EIRP power-class and its relation to UL power control and the Pcmax are still open problems. One problem is the precise meaning of beam-specific power control. To this end, RAN4 asked RAN1 in the LS [2]
· RAN4 would like to understand if RAN1 assumes independent power control per beam and power changes due to beam changes are managed separately i.e. there will be two PHR processes or if power changes due to beam changes are included in the same power control process and same PHR reporting.

Much of the RAN4 discussion on beam-specific power control focus on the actual UE TX antenna beam pattern, e.g. in [3] it is proposed to introduce in the Pcmax calculation a differential antenna gain G w r t the peak EIRP to account for the actual transmission direction towards the gNB. The understanding of beam-specific power control in RAN1, on the other hand, appears to be a power control associated with a CSI-RS of a BS TX beam paired with a UE RX beam that is transparent to the BS for a given CSI-RS or associated with a recommended SRI (following a UE beam sweep). With this understanding, the beam-specific power control is not related to the actual beamforming weights applied at the UE and the direction of the antenna beam pattern. 
The LS [1] also informs about the definition of the RSRP measurement that is used for the path loss (PL) estimation in open loop power control. The meaning of “include the Rx beamforming gain for OTA measurements” in the measurement definition is not completely clear, but the LS in [4] provides further guidance:
	RAN4 has discussed suitable measurement definitions for RSRP and CSI RSRP in NR, including the impact of receive beamforming and the reference point to define the measurement when no physical antenna connector is present, eg above 6GHz. RAN4 agreed that the RSRP and CSI-RSRP definition should include Rx beamforming gain for OTA.

RAN4 opinion is that when multiple antenna elements are combined for analogue, digital or hybrid RX beamforming purposes (as for example in an antenna panel), the measurement definition should assume that RSRP and CSI-RSRP measurements are performed on the combined signal. Where multiple receiver branches are used in the measurement (for example where signals are received from multiple antenna panels) the same approach as LTE should be used (the reported value shall not be lower than the corresponding RSRP of any of the individual branches).


The plane-of-reference for the RSRP measurement is thus after antenna combining. A PL estimate based on measurements of SS and CSI-RS would therefore be transparent to the UE RX antenna gain, and the open-loop control yield a UE TX power in the same plane of reference assuming identical antenna gain for UE TX. 
Together with an understanding of beam-specific power control as a power control not associated with the actual UE antenna beam pattern but rather a certain CSI-RS, a PL estimation transparent to the UE RX antenna gain suggest that the definition of the Pcmax should be in terms of a “conductive” power rather than a direction-dependent EIRP . In this contribution we propose to change the agreement on the definition of the Pcmax accordingly. We also consider the implications; the inclusion of the MPR, the power headroom reporting (PHR) and the relation to the power class and coverage efficiency. We do this without asking for a minimum requirement on the “conducted” UE power.
2 Pcmax “conductive”  

A Pcmax definition in terms of “conductive” power means that the UL power-control equations are decoupled from the power class. The RSRP measurement after UE antenna combinations yields a path loss estimate transparent to the UE antenna gain and an UL output power for e.g. PUSCH
PPUSCH = P0,PUSCH + PL 
in the same plane of reference as the RSRP measurement (with the path loss compensation factor and P0,PUSCH the expected received power at the BS). A beam-specific power control associated with a certain CSI-RS and transparent to the UE antenna gain pattern would not necessitate any conversion to a direction-dependent EIRP – should the actual UE RX beam become “misaligned” w r t to the angular spectrum of the incident field the estimated PL would increase.

In [5] it is proposed that the definition on RSRP mesurements on SS blocks is captured as
the reference for SSRP shall be the union of all the antenna elements of the UE from which signals are combined by the UE for beamforming purposes
and similar for CSI-RS sequences that correspond to different beams. The plane of reference corresponds to a physical point if the UE performs analogue beamforming and a virtual if digital beamforming is performed. This may also be interpreted as the antenna connector for a UE that supports measurements by applying known power levels at the antenna connector as explained in [5]. 

The definition of the Pcmax in the same plane of reference as the RSRP measurement would then be captured as

the configured maximum output power available to the union of all the antenna elements of the UE from which signals are transmitted for beamforming purposes
Similarly to the RSRP measurement, the union of the antenna elements may be interpreted as the antenna connector for a UE that supports measurement on a physical antenna port. In case several TX branches are used for the UL transmissions, each branch feeding e.g. a sub-array or a panel, the configured power is the total power over all branches:

in case several transmitter branches are used for UL transmissions, the configured maximum output power is the sum of the powers available to each branch.
which may be interpreted as the sum of the power over all antenna connectors for a UE that supports measurements on physical antenna ports.

Proposal 1: Pcmax is the configured maximum output power available to the union of all the antenna elements of the UE from which signals are transmitted for beamforming purposes. In case several transmitter branches are used for UL transmissions, the configured maximum output power is the sum over the configured maximum power levels available to each branch.
The plane of reference for the UL power as calculated by the power control equations would be the same as that for Pcmax.
When the UE does not support measurements on physical ports, the Pcmax is verified as the TRP recognising that there is a band-dependent power offset (the antenna efficiency in free space) from the “conducted” power at the above plane of reference. The TRP measurement can be used regardless of the type of beamforming performed and the number of transmitter branches used (the TRP is the sum of the radiated power). 
3 Pcmax limits and MPR
The beam-specific power control should enable use cases where separate power control in multiple UE TX and gNB RX beam pairs are maintained. Then Pcmax would be specific to each beam pair; the power capability of the UE sub-arrays may not be the same and the Pcmax thus dependent on the UE sub-array(s) used in the beam pair. This Pcmax configured is used for calculatingthe power headroom reported in the PHR for the beam pair and possibly also reported explicity (like in the extended PHR for LTE). 
For LTE the power range in which the UE is allowed to specify its configured maximum power Pcmax is specified, e.g.  

Pcmax_L < Pcmax < Pcmax_H
where the upper limit is governed by the cell-specific P_emax (the P-Max indicated) and the lower limit by the MPR/A-MPR and Tc besides the power class. For NR the Pcmax would be specific to a beam pair but the power limits could possibly be cell specific. Now for mmW, the Pcmax would be verified by a TRP measurement and there is an agreement not to specify a minimum requirement on TRP, only on the EIRP. Nevertheless, we may still do without a lower TRP limit.
For NR the “conducted” configured maximum output power as defined in Proposal 1 should be set below a maximum allowed level
Pcmax < Pcmax_H

where the upper limit is governed by

1. the maximum Pcmax corresponding to the TRP that agreed for limiting the UL interference; 

2. any indicated ”conductive” P-Max limit similar to that for LTE.

These limits are verified by TRP measurements recognising that there will be a power offset between the power as defined in Proposal 1 and the total radiated power (e.g. accounting for antenna efficiency). A configurable upper limit P-Max for the wanted channel is justified by the need for limiting unwanted emissions that are also verified by TRP measurements; the requirement in the OOBE domain is a TRP ratio. The “conductive” limit P-Max would be in addition to any configurable EIRP needed for compliance with regulatory requirements in the mmW range.
Proposal 2: the upper limit of the Pcmax corresponding to P-Max for LTE should be configurable by the network alongside an configurable upper limit of the EIRP. The upper limit of Pcmax is verified by a TRP measurement.
In the absence of any indicated P-Max the maximum allowed TRP is that agreed for limiting the UL interference in Item 1 above (minimum directivity).
There would be no lower limit for Pcmax following the RAN4 understanding not to specify a minimum requirement on the TRP of the wanted channel. Obviously, the Pcmax should exceed the requirement on the minimum power. Nevertheless, TRP measurements must be made for verification of the ACLR and any allowed MPR. In the absence of a power reference for the MPR (the power class and its tolerances are used for LTE), the MPR could instead be defined as the maximum ratio of the TRP measured using a reference waveform corresponding to MPR = 0 dB and the TRP measured for the waveform under test for which MPR is allowed. 
Proposal 3: the MPR is the maximum allowed ratio of the TRP for a reference waveform and that of the waveform under test.

In particular, the MPR is the allowed power reduction at the maximum UL power resulting from a sequence of “UP” commands in the power control; this maximum power level should be similar to – ideally the same as -- the Pcmax derived from the PHR sent by the UE. 
In absolute terms, the MPR should be subtracted from the minimum requirement on the EIRP defining the power class; the MPR is normally measured at the maximum configured output power, the corresponding EIRP should exceed the minimum required.
4 The relation to the power class (EIRP)

A definition Pcmax according to Proposal 1 mean that the UL power control is decoupled from the power class that is defined in terms of EIRP. However, there would be a relation with the MPR that is an allowed reduction of the maximum output power (at Pcmax) and hence also a reduction of the corresponding EIRP defining the power class:

EIRP > Ppowerclass,min – MPR 

Hence we have

Proposal 4: the MPR definied in Proposal 3 is used to modify the lower limit of the EIRP defining the power class. 
5 Pcmax in power-headroom reporting (PHR)
The power headroom can also be calculated from a “conductive” Pcmax since the beam concept is not likely to become dependent on the actual antenna beam pattern but rather an association with a CSI-RS, and a PL estimate transparent to the actual UE antenna gain can also be used for beam management. Any change of the UE precoders or antenna weights would result in a PL change (actually a change of the coupling loss to the BS).
Proposal 5: the power headroom is calculated based on the Pcmax as defined in Proposal 1 and the said Pcmax possibly reported explicitly in an extended PHR (if not in the same report).
For LTE the PHR is normally sent by the UE periodically and when the the DL path loss has changed beyond a configured threshold. The details of the PHR for NR are yet to be decided by RAN1, but the use of the PHR would still be for scheduling purposes if not also for beam management purposes; the PHR could possible be reported for a set of beam pairs. 
The PHR essentially constitutes the only information on the actual UE output power provided to the BS, whichis therefore unaware of the actual UE output power until the first PHR is sent. To this end, a lower limit of the of Pcmax (not dimensioning for the UE) could possibly be introduced to enable UL power estimates at connection establishment if feasible.
6 The relation to the coverage efficiency (CDF)
The proposed change of the Pcmax definition in accordance with Proposal 1 does not elimitate the need for a coverage requirement for the EIRP. An EIRP requirement in terms of CDF percentiles is be specified for the purpose of ensuring omni-directional coverage and suffcient UL link-budget. The proposed Pcmax definition, on the other hand, is intended for UL power control and power headroom reporting for beam pairs transparent to the actual UE antenna gain and the angular spectrum of the incident/radiated field. 
7 Proposal
We propose to change the agreed definition of the Pcmax in terms of EIRP to e definition in terms of a “conductive” power  
Proposal 1: Pcmax is the configured maximum output power available to the union of all the antenna elements of the UE from which signals are transmitted for beamforming purposes. In case several transmitter branches are used for UL transmissions, the configured maximum output power is the sum over the configured maximum power levels available to each branch.
for use in beam-specific UL power control that is transparent to the actual UE antenna gain and the angular spectrum of the incident/radiated field. The Pcmax thus defined would be verified by a TRP measurement with an upper limit only:
Proposal 2: the upper limit of the Pcmax corresponding to P-Max for LTE should be configurable by the network alongside an configurable upper limit of the EIRP. The upper limit of Pcmax is verified by a TRP measurement.

In the absence of a lower limit of the Pcmax (verified by TRP) the MPR would be a TRP relation:
Proposal 3: the MPR is the maximum allowed ratio of the TRP for a reference waveform and that of the waveform under test.
In absolute terms, the MPR modifies the lower limit of the power class (reduces UL coverage).
Proposal 4: the MPR definied in Proposal 3 is used to modify the lower limit of the EIRP defining the power class. 
The power headroom reporting used for scheduling purposes and possibly also beam management should also be based on a Pcmax that is transparent to the actual UE antenna gain.
Proposal 5: the power headroom is calculated based on the Pcmax as defined in Proposal 1 and the said Pcmax possibly reported explicitly in an extended PHR (if not in the same report).
There would be no need to estimate the UE antenna gain for the purpose of UL power control or power-headroom reporting. These above proposals do not elimitate the need for a coverage requirement for the EIRP, but this is for a different purpose.
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