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1 Background

In this update of [1] we discuss the specification of Pcmax for FR2 and the importance of a reference for the power-headroom reporting.
The specification of Pcmax for FR2 is still open. Two different approaches to the Pcmax specification have been proposed:
1. that Pcmax is an EIRP-based quantity following the agreement cited in [2] and that the Pcmax equation does not contain intermediate terms which seek to convert the parameter’s reference plane to a conducted or average radiated reference [3];
2. that Pcmax is defined in the same plane of reference as the RSRP measurement [4].
The Pcmax is the configured maximum of the UE output power as calulated in accordance with the power-control equations in 38.213. These equations are agnostic to frequency and thus the same for FR1 and FR2, a conclusion by RAN1 reached following the reply LS in [2]. For FR1 the plane of reference for the power calulation is the antenna connector, the same as that used for the RSRP measurement, whereas for FR2 we note that
1. a Pcmax based on the EIRP in the direction of transmission cannot be estimated (calculated) in a particular beam direction as stated in [2];

2. a Pcmax is defined in the same plane of reference as the RSRP measurement is not readily measured since the plane of reference of the RSRP measurement is after antenna combining 

The Pcmax is computed internally in the UE and is verified in a measurement that yields the Pumax. For FR1 the Pumax is measured in the same plane of reference as the Pcmax and is bounded by the calculated Pcmax modified by a lower and upper tolerance (not the test tolerance) similar to the specification for LTE:

PCMAX_L,c  –  MAX{TL,c, T(PCMAX_L,c)}  ≤  PUMAX,c  ≤  PCMAX_H,c  +  T(PCMAX_H,c).

The difference between the two proposals for FR2 is essentially the plane of reference for the Pcmax calculation. A specification according to [3] would allow a Pumax (EIRP) measurement in the same plane of reference as Pcmax, but the latter cannot be estimated (calculated) as an EIRP-based quantity. A specification according to [4], on the other hand, would yield a reported Pcmax and PHR in the same plane of reference as the RSRP consistent with the power-control equations, but cannot be directly measured in the absence of antenna ports. 
Regardless of the calulation of Pcmax, the EIRP and TRP are the only quantities that can be measured externally. Both proposals [3] and [4] are based on a measurement of the configured Pcmax in terms of the peak EIRP thus observed, [4] includes a TRP measurement in addition. However, the UE can make the Pcmax and the (higher-layer filtered) RSRP available by reporting.
In this contribution we first discuss the relation between the Pcmax and the power headroom report (PHR), the UE output power remaining relative to the Pcmax given the current uplink allocation. PH estimation therefore requires a Pcmax that can be estimated and that is consistent with the power-control equations. We therefore reiterate the proposal in [4], a companion CR to 38.101-2 is provided in [5]. 
2 Pcmax and the PHR 
The PHR is specified in 38.213 as the difference between the Pcmax and the computed UE output power level, the same equation is applicable for both FR1 and FR2, 
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 represents the target received power by the BS (the plane of reference is not specified) for open-loop power control
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is the bandwidth of the PUSCH resource assignment
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= referenceSignalPower – higher layer filtered RSRP, where referenceSignalPower is provided by higher layers and RSRP is defined in [7, TS 38.215] for the reference serving cell and the higher layer filter configuration is defined in [12, TS 38.331] for the reference serving cell. 

The plane of reference for the calculated UE output power within the curly brackets above is the same as that for the open-loop power calculation,
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with full path-loss compensation ( = 1), that is, that of the higher layer filtered RSRP used for the path loss estimate 
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. For FR2, the RSRP measurement is made after antenna combining, for measurements on the SS the 38.215 specifies that 
[the] SS-RSRP shall be measured based on the combined signal from antenna elements corresponding to a given receiver branch. For frequency range 1 and 2, if receiver diversity is in use by the UE, the reported SS-RSRP value shall not be lower than the corresponding SS-RSRP of any of the individual receiver branches.
see also Annex A for a complete definition. Obviously, the Pcmax should be defined in the same plane of reference as the calculated UE output power for proper PH calculation and mapping. This supports a specification of the Pcmax in a plane of reference in the TX path corresponding to that of the of the higher layer filtered RSRP in the RX path as proposed in [4]. Hence this Pcmax definition would be somewhat similar to a “conducted” metric before antenna combining and less dependent on whether or not the UE supports beam correspondence. 
Using a Pcmax calculation based on e.g. the peak EIRP from a calibration measurement would lead to a UE-specific offset in the PH mapping (nothwithstanding the fact that the EIRP in the beam direction cannot be estimated). 
For PRACH the UL power is also calculated on the basis of the PL estimate in the RSRP plane of reference and is capped by Pcmax.
The PHR always contain the PH and the Pcmax, from 38.321:
6.1.3.8
Single Entry PHR MAC CE
The Single Entry PHR MAC CE is identified by a MAC PDU subheader with LCID as specified in Table 6.2.1-2. It has a fixed size and consists of two octet defined as follows (figure 6.1.3.8-1):

-
R: reserved bit, set to "0";

-
Power Headroom (PH): this field indicates the power headroom level. The length of the field is 6 bits. The reported PH and the corresponding power headroom levels are shown in Table 6.1.3.8-1 below (the corresponding measured values in dB are specified in TS 38.133 [11]);

-
PCMAX,c: this field indicates the PCMAX,c (as specified in TS 38.213 [6]) used for calculation of the preceding PH field. The reported PCMAX,c and the corresponding nominal UE transmit power levels are shown in Table 6.1.3.8-2 (the corresponding measured values in dB are specified in TS 38.133 [11]).
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Figure 6.1.3.8-1: Single Entry PHR MAC CE

Table 6.1.3.8-1: Power Headroom levels for PHR

	PH
	Power Headroom Level

	0
	POWER_HEADROOM_0

	1
	POWER_HEADROOM_1

	2
	POWER_HEADROOM_2

	3
	POWER_HEADROOM_3

	…
	…

	60
	POWER_HEADROOM_60

	61
	POWER_HEADROOM_61

	62
	POWER_HEADROOM_62

	63
	POWER_HEADROOM_63


Table 6.1.3.8-2: Nominal UE transmit power level for PHR

	PCMAX,c
	Nominal UE transmit power level

	0
	PCMAX_C_00

	1
	PCMAX_C_01

	2
	PCMAX_C_02

	…
	…

	61
	PCMAX_C_61

	62
	PCMAX_C_62

	63
	PCMAX_C_63


A specification of Pcmax in the same plane of reference as the RSRP for FR2 implies that the plane of reference would be implementation specific and depend on e.g. the type of beamforming used. The power range for Nominal UE transmit power level for PHR must therfore be sufficiently large to accommodate different implementations. 
3 Specification of Pcmax and Pumax 

For LTE the specification of the Pcmax essentially contains two parts
1. upper and lower limits of the Pcmax as calculated internally in the UE

2. upper and lower limits of the Pumax, the Pcmax measured/observed externally
The same applies for NR FR1. The measurement can be made in the same plane of reference as the Pcmax calculation (the antenna port), but the latter is not available externally other than in the PHR report (for LTE the calculated Pcmax can be indicated in the extended PHR).

For FR2 the measurement of the Pcmax has to be made in a different plane different than that of the RSRP measurement: the Pumax is the EIRP and the TRP resulting from a particular Pcmax configuration. The Pcmax value calculated would be used for the PHR. The specification in 38.101-2 would look like follows:
6.2.4
Configured transmitted power


< the specification of the Pcmax that is also used in the PHR >
The UE can configure its maximum output power. The configured UE maximum output power PCMAX,f,c for carrier f of a serving cell c is defined as that available to the reference point of a given transmitter branch that corresponds to the reference point of the higher-layer filtered RSRP measurement in each receiver branch as specified in [38.215]. 
< the specification of the Pumax, the measured output power resulting from a Pcmax configuration >

The configured UE maximum output power PCMAX,f,c for carrier f of a serving cell c shall be set such that the corresponding measured peak EIRP PUMAX,f,c is within the following bounds

PPowerclass – MPRf,c – P-MPRf,c – T(Pconfig) ≤ PUMAX,f,c ≤ EIRPmax
while the corresponding measured total radiated power PTMAX,f,c is bounded by

PTMAX,f,c ≤ TRPmax
with PPowerclass the UE power class as specified in sub-clause 6.2.1, EIRPmax the applicable maximum EIRP as specified in sub-clause 6.2.1, MPRf,c as specified in sub-clause 6.2.2, P-MPRf,c the power management term for the UE and TRPmax the maximum TRP for the UE power class as specified in sub-clause 6.2.1. The tolerance T is specified in Table 6.2.4-1 and is a function of the allowed power reduction:

Pconfig = MPRf,c + P-MPRf,c [dB]

The Pconfig can be negative (logarithmic scale).

Table 6.2.4-1: PUMAX,f,c tolerance 

	NR Band
	Pconfig
(dB)
	Tolerance T(Pconfig)

(dB)

	n257
	TBD < Pconfig ≤ 0
	0

	
	Pconfig = 0
	0

	
	0 < Pconfig ≤ TBD
	TBD

	n258
	TBD < Pconfig ≤ 0
	0

	
	Pconfig = 0
	0

	
	0 < Pconfig ≤ TBD
	TBD

	n260
	
	


Unlike for LTE and NR FR1, the Pcmax for FR2 would be specified without limits since the UE power class is defined in terms of the EIRP in a different plane of reference. 
The Pcmax shall be set such that the Pumax and Ptmax are within the limits following a sequence of power-control “UP” commands. 

The lower limit of the Pumax (EIRP measurement) is governed by the UE power class with a tolerance. The latter is specified in terms of the total back-off without power reference (the back-off is derived from TRP measurements of the wanted signal and the unwanted emissions). The power class specification already includes a tolerance, which means that the additional tolerance T of the Pcmax should be zero if no additional back-off is allowed, i.e. Pconfig = 0 dB, but could possibly increase with (positive) back-off allowed similar to the corresponding tolerance for LTE. The accuracy of the absolute power accuracy of Pumax is usually better near the maximum power (it must be in order to meet the MOP requirement). The Pconfig can be negative, e.g. for pi/2-BPSK transmissions if the corresponding MPR < 0 dB (the additional tolerance would also be T = 0 dB in this case).
There is no upper tolerance since the regulatory requirement EIRPmax does not allow additional tolerance. The specification of Pumax is similar in the two proposals [3] and [4].
The measured TRP is denoted Ptmax and is only upper bounded. 

P-MPRf,c is the power management term for the UE intended for facilitating EMF compliance.
The changes above do not include A-MPR or any power limits indicated in RRC signaling. 
4 Proposal
It is proposed that the Pcmax for FR2 is specified in a plane of reference in the TX path corresponding to that for the higher-layer filtered RSRP in the RX path to ensure proper PH reporting and mapping.
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Annex A
This annex contains a copy of the SS-RSRP measurement specification taken from 38.215.
5.1.1
SS reference signal received power (SS-RSRP)

	Definition
	SS reference signal received power (SS -RSRP) is defined as the linear average over the power contributions (in [W]) of the resource elements that carry secondary synchronization signals (SS). The measurement time resource(s) for SS-RSRP are confined within SS/PBCH Block Measurement Time Configuration (SMTC) window duration.

For SS-RSRP determination demodulation reference signals for physical broadcast channel (PBCH) and, if indicated by higher layers, CSI reference signals in addition to secondary synchronization signals may be used. SS-RSRP using demodulation reference signal for PBCH or CSI reference signal shall be measured by linear averaging over the power contributions of the resource elements that carry corresponding reference signals taking into account power scaling for the reference signals as defined in 3GPP TS 38.213 [5].

SS-RSRP shall be measured only among the reference signals corresponding to SS/PBCH blocks with the same SS/PBCH block index and the same physical-layer cell identity. 

If higher-layers indicate certain SS/PBCH blocks for performing SS-RSRP measurements, then SS-RSRP is measured only from the indicated set of SS/PBCH block(s).

For frequency range 1, the reference point for the SS-RSRP shall be the antenna connector of the UE. For frequency range 2, SS-RSRP shall be measured based on the combined signal from antenna elements corresponding to a given receiver branch. For frequency range 1 and 2, if receiver diversity is in use by the UE, the reported SS-RSRP value shall not be lower than the corresponding SS-RSRP of any of the individual receiver branches.

	Applicable for
	RRC_IDLE intra-frequency,

RRC_IDLE inter-frequency,

RRC_INACTIVE intra-frequency,

RRC_INACTIVE inter-frequency,

RRC_CONNECTED intra-frequency,

RRC_CONNECTED inter-frequency


NOTE 1:
The number of resource elements within the measurement period that are used by the UE to determine SS-RSRP is left up to the UE implementation with the limitation that corresponding measurement accuracy requirements have to be fulfilled.

NOTE 2:
The power per resource element is determined from the energy received during the useful part of the symbol, excluding the CP.
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