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1 Background

According to the way forward [1] for the UE power class for mmW, “Definition and values for power class and other in channel output power requirements will be decided in RAN4-NR#2 in Qingdao based on input”. In this contribution we discuss the relation between a UE power class definition and the power limitations in the NR power control equations and the power-headroom reporting specified by RAN1.
The main difference between the proposals for the definition of the UE power class (see [1]) is that 
· one is setting a minimum requirement on the EIRP and the minimum antenna directivity (max TRP)
· the other is setting a requirement on the minimum power delivered to the antenna system in terms of TRP
The definition of the UE power class for mmW should be consistent with the power metrics and power limitations of the NR power control equations assuming that an allowed range of the configured maximum output power Pcmax will be specified by RAN4 also for mmW bands.
RAN1 is still in the process of specifying power control, some of the recent agreements for PUSCH/PUCCH/SRS, PHR calculation for single carrier are

· Support beam specific pathloss for ULPC
which means that power control can be performed for a beam pair. The estimation of the DL path loss (or perhaps coupling loss) for the open loop control is still open:
· The following DL RS can be used for PL calculation for UL PC 
· If the power offset between SSS and DM-RS for PBCH is known by the UE, both SSS and DM-RS for PBCH of SS block
· If the power offset between SSS and DM-RS for PBCH is not known by the UE, SSS only of SS block
· CSI-RS;
· FFS: the applicable case for above DL RSs; if both are used, whether/how to combine/handle the measurement

and is relevant for a decision on whether or not the UL power control is transparent to the antenna gains.
For operations below 6 GHz, the power control equations will be specified in terms of conducted power at the antenna port, but for mmW bands the antenna ports cannot be assumed to be available for conformance testing.
2 Conducted or radiation metrics in the power-control equations?

The definition of the UE power class must also be consistent with the power-control equations; the UL power will be limited by the maximum configured UL output power (Pcmax) that depends on the UE power class. RAN1 has not yet decided if power-control equations for mmW will be expressed in terms of radiation (EIRP) or conductive metrics. The RAN1 specification might be generic (not band specific) with equations including necessary factors converting conductive metrics to radiation metrics. For below 6 GHz, the power-control equations will most likely be expressed in terms of conductive metrics specifying the desired conducted output power at the antenna port(s).
For LTE the power-control equations specifying the desired output power for transmissions of type PUSCH, SRS and PUCCH have the form
Ptype = min{Pcmax,c , P0,type + 10log(Mtype) + PLDL + TF + }
where “type” refers to the transmissions type (PUSCH, PUCCH or SRS), P0,type the target received power in the BS, the allocation, PLDL the DL path loss, TF a transport-format dependent parameter and  the closed-loop correction. The UL power per CC is limited by the configured output power Pcmax,c that is specified at the antenna port(s).
The plane of reference for the LTE UL power is the antenna port, with all parameters are transparent to the BS and UE antenna gains. The “path loss” is actually a “coupling loss” computed as the relation between the transmitted CRS power and the received RSRP referred to the antenna port (and averaged across ports as specified in 36.214), and the P0,type can be seen as the target received power per PRB.
For NR, open and closed loop power control will also be specified per beam pair (beam specific). Nevertheless, it appears that the UL “path loss” estimate will be a DL “coupling loss” calculation transparent to the BS and UE antenna gains of the beam pair, e.g. of the form 
CL = PTX,gNB - PRX,UE
where PTX,gNB is the transmitted power and the PRX,UE the received power at the UE as measured (EPRE) using e.g. a DL RS. Use of the coupling loss as the DL estimate also means that the target UL received power in the BS, corresponding to P0,type for LTE, is transparent to the BS and UE antenna gains. Presumably, this implies that the desired output power corresponding to Ptype above does not include the UE antenna gain (does not include e.g. a separate term for the UE transmit-antenna gain). For operations below 6 GHz, at least, the desired output power will most likely be referred to the antenna port (connector).  
For LTE, the Pcmax,c is specified in 36.101 by an allowed range for the conducted power at the antenna port:
Pcmax,low < Pcmax < Pcmax,high
where the lower limit of the range is essentially governed by allowed power reductions (MPR and A-MPR) and an allowed tolerance for variable transmitter characteristics all in relation to the maximum power as governed by the power class. 
For NR power control, the Pcmax,c would not include the UE antenna gain in case DL CL is used for the “path loss” estimate and the target gNB received power for the beam pair is transparent to the antenna gains. For a mmW power-class definition in terms of a radiation metric such as the minimum EIRP, the lower limit Pcmax,low above has to be an EIRP limit. The desired output power as computed by the power-control equations must then be converted to EIRP; this could be achieved using an “UE array gain factor” as measured in a free-space test range. However, it is not possible to estimate the actual UE antenna gain (radiation intensity) under live operation, but the conducted power delivered to the antenna ports measured for controlling the actual output power in relation to the desired power. A TRP-based definition of the power class, on the other hand, is more related to the conducted power; it includes the antenna efficiency, but is not dependent on the direction.
Finally we note that from a power-control perspective, a desired (and maximum) output power specified in terms of EIRP as derived from a fixed “calibrated” UE antenna gain for a UE beam may not be more viable than a conducted counterpart across all ports; the equations mainly deal with the presence of various transmit-power limitations while ensuring that the output power is not excessive. Suppose the equations are specified with the antenna ports as the plane of reference, and a higher BS receiver power is needed triggering UP commands; then the UE does not necessarily has to increase the PA power if the EIRP can be increased by other means, using different elements in an array for example. The power headroom would stay the same.
How to verify the Pcmax for mmW if the plane of reference is the antenna port like for LTE?
3 The configured maximum output power Pcmax
The Pcmax,c for NR can be either
· the total conducted power across the antenna port(s) 
· or a radiation power level e.g. a representative EIRP
whichever is consistent with the power-control equations. Just as for LTE, RAN4 should specify a range in 38.101

Pcmax,c,low < Pcmax,c < Pcmax,c,high
that will be referred to in the RAN1 specification of UL power control in 38.213.
A definition of  Pcmax,c in terms of the total TRP across all antenna ports would be more related to the conducted power, but would still differ by the antenna efficiency (< 0 dB):
Pcmax,c (conducted) = Pcmax,c,TRP – (antenna efficiency)
whereas for a defintion in terms of EIRP 

Pcmax,c (conducted) = Pcmax,c,EIRP – Gant,UE_TX
where Gant,UE_TX  is the antenna gain relevant for the UE beam. The appropriate Gant,UE_TX can be measured in e.g. an OTA conformance test but not be estimated by the UE in live operation. The relation to the power class definitions would be
Pcmax,c,EIRP = Ppowerclass,c,EIRP – (any power backoff applied)

and 

 Pcmax,c,TRP = Ppowerclass,c,TRP – (any power backoff applied)

where the back-off is that actually applied by the UE (less than the maximum allowed MPR and A-MPR). 
If power-control equations are specified transparent to the antenna gains also for mmW and hence with Pcmax,c the total conducted power across all antenna ports, then requirements on the range for Pcmax,c could be verified by a TRP measurement P’cmax,c,TRP with a band-specific tolerance/offset added to account for the antenna efficiency relevant for all elements; then the correspondence to the conducted power would be
P’cmax,c (conducted) = P’cmax,c,TRP – (band-specific tolerance accouting for antenna efficiency)
The feasibility of this verification would depend on the magnitude of this tolerance/offset (in free-space the antenna efficiency should be of the order of -2 dB). Any possible UE power limitation P-Max configured by the BS could then also be a total conductive power. The measured TRP value at maximum power setting should be within limits relevant for the UE power class defined in terms of TRP, and should exceed
P’cmax,c,TRP ≥ Ppowerclass,c,TRP (lower limit) – MPR – A-MPR

which necessitates a lower limit of the power-class in case this is specified in terms of TRP.
In case the power control is agnostic to the antenna gains, a TRP verification is more appropriate. A verification of the conducted Pcmax,c range by an EIRP measurement would be more awkward (replace TRP by EIRP and the efficiency by the antenna gain in the relations above); this would imply that the antenna gain Gant,UE_TX is the same for all beams and measured in a particular direction or represent a peak value. The TRP, on the other hand, is not depending on the direction. Regardless of definition, the Pcmax,c should arguably not be verified by ”sweeping” beam measurement across the entire sphere for Pcmax,c to be relevant for a beam pair.
4 Power headroom

The power headroom is a relative measure of the power remaing, using the notation in Section 2,

PHRtype = Pcmax,c – {P0,type + 10log(Mtype) + PLDL + TF + }
The PHRtype is reported along with the Pcmax,c, possibly per beam pair. The Pcmax,c could be either conducted referred to the antenna ports or EIRP (consistent with the power-control equations); if conducted then a verification of the reported value by a TRP measurement is more appropriate; if EIRP, the sum within the curly brackets above (assuming these terms are transparent to the BS and UE antenna gains) must be converted to a radiation power level using an appropriate defined UE antenna gain that is agreed for PUSCH transmissions. 
The Pcmax,c included in the PHR can be used to find out if UE power reduction is in use for meeting unwanted emissions requirement, which is mainly related to an allowed reduction of the total conducted power available at the antenna ports. This also necessitates a lower limit of the maximum power (a power reference).
5 Conclusions

The definition of the UE power class for mmW should be consistent with the power limitations of the NR power control equations. 
If in the 38.213 the Pcmax,c is defined as an output power limitation at the UE antenna ports also for mmW, then a definition of the UE power class in terms of TRP and a verification of Pcmax,c in terms of TRP are more appropriate. This assuming that RAN4 will specify requirements for a range of Pcmax,c in 38.101.
If the power-control equations in 38.213 is defined in terms of the EIRP, on the other hand, this would necessitate a definition of the UE power class in terms of EIRP unless this can be converted to TRP by an offset (directivity).
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