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1 Background

How to verify the configured maximum power, power control accuracy and the PHR when the power-control equations produce an eirp? In this contribution we discuss the use of a test mode with “beamlocked” UE for some of these test in addition to the CDF method, essentially the same as the beamlocked UEs discussed for off-axis measurements [1]. It is recognized that RAN1 has not yet decided to what extent “conducted” or “radiation” metrics are used for power control in the mmW range, but presumably eirp since the power class will be defined in terms of eirp. We only discuss concepts, admittedly many details of the test procedure are not considered.
It is anticipated that the power control equations for NR will be similar to those for LTE; then for an NR transmission of any “type” (e.g. PUSCH or PUCCH) the UL output power in dBm would be 
(1.1) Ptype = min{Pcmax,c , (P0,type + PL + tx-rx_gain) + 10log(Mtype) + other + }
where 
· Pcmax,c is the configured maximum output power, likely to be an eirp value for mmW bands and a conducted power level at the antenna port(s) for sub-6 GHz operations; 
· P0,type is the received power per PRB expected at the gNB;
· PL the path loss estimated in the DL;
· tx-rx_gain and difference in UL and DL beamforming gain;
· Mtype is the number of PRBs allocated to the transmissions;
· other accounts for any other relative changes related to the open-loop estimation of the PL (e.g. different transport formats, UL waveforms or RS measured in the DL)
·  is the closed-loop power adjustment.

The power Ptype is thus an eirp value for mmW bands and a conducted value for sub-6 GHz bands. The power control equation may still look the same for both ranges, the RAN1 specifications are usually band agnostic. The open-loop UL power estimate in (1.1) is

(P0,type + PL + tx-rx_gain)

that can be adjusted by factors of the term other. The term tx-rx_gain explicitly accounts for non-reciprocal UL and DL beamforming gains, this term is not devised by RAN1 and is only used for the discussions in this paper (the PL is a DL estimate but the power set for an UL transmission). The UL and DL may still be non-reciprocal for sub-6 GHz with its conductive metrics (for LTE the PL term is actually a “coupling loss” transparent to the antenna gains).
One of the difficulties of using radiation metrics is the estimation of the actual antenna gains for the transmissions, the feasibility of this is an open problem. It may only be possible to use free-space gains calibrated in test ranges, which may not be relevant for live operations. For mmW it is assumed that the Ptype is an eirp value since the UE power class for any type of transmission is specified in terms of eirp. This may also imply that P0,type (the the expected received power at the gNB) is a radiation metric including the BS RX antenna gain, even though the 3GPP signaling specifications have been quite flexible with regard to the plane of reference for the BS power. 
OTA testing will be used for mmW testing regardless of the power metric used. RAN1 has agreed that the power control is per beam pair. Therefore it may not be relevant to employ CDF values obtained by e.g. switch diversity of the UE beams for power control verification if one particular UE sub-array is used in the beam pair; the test equipment is not aware of the UE sub-array(s) used for the transmission in a particular test direction as displayed in Figure 1. Furthermore, the sub-arrays can be implemented with different antenna types and RF front ends. Instead one could possibly “freeze” the beamforming in a UE test mode to prevent any UE beam switching during the power-control test. This is essentially the concept of beamlocked UEs considered for making off-axis measurements [1] but used also for characterizing the UE-SS link. 
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Figure 1: a UE utilizing one of its sub-arrays for communication with the test equipment SS.
This does not mean that the CDF method can not be used for specifying requirements on the UE power capability and the coverage efficiency.
2 Path loss estimation and RSRP definition
First we consider the measurement of the DL power. The path loss PL in the power control equation (1.1) may be estimated by

(2.1)
PL = referenceSignalPower – “higher-layer RSRP”
where both terms on the right-hand side are radiation metrics, i.e. an eirp for the BS DL referenceSignalPower and an “EIS-type value” for the “higher-layer RSRP” including the RX antenna gain. The definition of the reported “higher-layer RSRP” used for RRM measurements is still TBD, and it is not certain that this reported value is used as suggested in (2.1) for the power control.
Considering the “higher-layer RSRP”, some of the current RAN4 agreements are that for RSRP and CSI-RSRP definitions for NR
· the RSRP and CSI-RSRP definition should include Rx beamforming gain for OTA 

· for conducted, the reference point for definition can be antenna connectors.
Including the Rx beamforming gain in the RSRP definition could mean that the RSRP value reported is proportional to the incident radiation intensity, which would correspond to the EIS at the reference sensitivity level. In general, for any given RF frequency (CW) corresponding to a wavelength , the received power given an incident radiation intensity Sinc(, ) in the direction (, ) is
PR = Sinc(, ) /(4) G(, ) 
see Figure 2. In particular, at the reference sensitivity level, the power PREFSENS  available after antenna combining (or at the antenna port in case of single antenna element) is

PREFSENS  = eis(, ) G(, ) 
where the relation to the TRS is eis(, ) D(, ) = TRS with D(, ) the antenna directivity. For RSRP measurements, a received power level PRS  available after combining would then correspond to an angle-dependent incident isotripic power level eirsp(, )
PRS = eirsp(, ) G(, ) 

where eirsp(, ) = Sinc(, ) /(4) is the “effective isotropic RS power” with Sinc(, ) the incident radiation intensity corresponding to PRS and assuming that the incident field has one direction of arrival (, ). Hence 
(2.2)
“higher-layer RSRP” = PRS / G(, ).
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Figure 2: received power at the antenna port PR and the incident radiation intensity Sinc.

Given a combined power PRS that would be obtained in a conducted measurement, the reported RSRP in (2.2) depends on the angle of incidence since the antenna gain is direction dependent. Hence, for the estimation of the PL in (2.1), estimation of the actual gain G(, ) at an estimated direction of arrival (, ) is needed – this appears not feasible. Use of e.g. the maximum gain Gmax would result in an estimation error of the PL in case the UE beam is not directed towards the SS in a test or the gNB under live conditions if the field is incident from several directions. 
Alternatively, including the Rx beamforming gain in the reported RSRP can also mean that the Rx antenna gain is included in the reported power; after antenna combining
(2.3)
“higher-layer RSRP” = PRS
which makes more sence for RRM measurements at least, since more consistent with the reporting sub-6 GHz. If used in (2.1) for power control, the PL will be similar to a coupling loss and estimation of PL more transparent to the UE antenna gain. Angle dependence in power metrics is another dimension of complexity.
3 Absolute and relative power control accuracy
The absolution power control accuracy for mmW would be the ability of the UE to set its eirp given a certain PL. For LTE the conducted power should be set within a range bounded by tolerances given a received DL power at the antenna port that can be used for a PL estimate.
Assuming that the SS will configure a received power P0,type expected at the SS (gNB emulator) that includes the RX antenna gain of the SS, and that the PL is known in the test e.g. by measurements with reference antennas in the test setup, the expected eirp is
eirp = P0,type + PL + tx-rx_gain
setting  = 1 in (1.1) (full path loss compensation). Non-reciprocal TX-RX beamforming gains with a non-zero tx-rx_gain is possibly a problem if this is not known by the SS. In case of beam misalignment, the PL estimate may be offset as discussed in the previous section depending on the RSRP reporting, which may lead to a power offset in the absolute UE eirp. Figure 3 illustrates the case in which the UE beam towards the gNB emulator is misaligned. Supposing that the gNB emulator (SS) is located in the direction shown by the radiation intensity STX and that the TX and RX antenna beams are identical, an error in the estimation of the actual gain G(, ) of the UE RX beam in the direction of the SS could lead to a corresponding estimation error of the PL and the required eirp if the radiation metric (2.2) is used. If the combined power is used like in (2.3), eirp setting may still be affected if the Tx antenna gain is uncertain.
At any rate, the UE beamforming should be locked for the duration of the test to prevent the UE from switching beams, which may lead to larger measurement errors in the test (the gNB emulator is supposedly not aware of the beam switching).
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Figure 3: radiated power intensity STX sufficiently and the transmitter power PT.

For the test of the relative power accuracy and the closed-loop control by the paramenter  in (1.1), it is also beneficial to lock the beamforming in a test mode in order to verify the accuracy in changes of the transmitted power PT (the PAs). The test tolerance of this might be prohibitively large if the UE is also allowed to modify its beamforming settings or even switch beams. It is also recognized that in live operation, a relative change in the power received by the gNB, the UE eirp can be adjusted by either changing the power into the antenna system, precoders or changing the antenna arrangement by any means.
The verification of the absolute and relative accuracy could be repeated for several orientations of the UE.
4 Verification of Pcmax and the UE power class
For the verification of the Pcmax and the UE power class the CDF method could be used at e.g. the 90% probability level (90% of directions have lower eirp). For unwanted emissions measurements, it should be ensured that the PAs are oerating at maximum output power, which might be easier to verify with a set of “beamlocked” directions rather than allowing beam sweeping.
5 Power headroom reporting
Verification of power headroom accuracy might be intricate with direction-dependent power metrics, the PHR depends on the transmitter power remaining and the direction of the UE TX beam to the gNB (emulator). Using beamlocked UEs could potentially simplify testing if the beamforming gain is the same for changes of e.g. the allocation (Mtype) in (1.1) 
6 Conclusions

In this contribution we discuss the verification of power-control accuracy and the Pcmax. Use of direction-dependent power metrics like eirp and UE RSRP reporting of “EIS type” (analoguous to equivalent isotropic sensitivity) add a dimension of complexity to testing. It is concluded that a UE test mode for beamlocked UE would be beneficial for verification of power control accuracy to prevent UE beam switching occurring during the test; the CDF method may be still be appropriate for verification of e.g. power class and coverage efficiency. 
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