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Introduction
In this document, several aspects related to NR UL power control framework are discussed considering current RAN1 and RAN4 status and agreements. 
Reference point for specifying UE transmit power
For LTE, P_powerclass is defined at UE transmit antenna connector and so it can be considered as a bound on ‘conducted power’ of the UE. While RAN1 specifications do not explicitly mention a reference point for P_PUSCH[footnoteRef:1], since P_PUSCH is limited by P_cmax which in turn is limited by P_powerclass, the reference for these terms can be considered as the UE transmit antenna connector as illustrated in Figure 1. [1:  The discussion here uses PUSCH power for simplicity. However, the same considerations apply to power control of other channels/signals] 
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In RAN4NR-Ah#2 the following was agreed for mmwave power class. 
· UE power class is based on EIRP
· Maximum allowed TRP can be specified in 38.101
· If Maximumm allowed TRP is applied to all the power class or not is FFS.
· Send an LS to inform the RAN4 decision to ask RAN1 take it into account to generate power control specification in 38.213.
Therefore, for NR mmwave case (i.e., >6GHz), as per the above RAN4 agreement, P_powerclass will be a EIRP based value. i.e., the UE’s directive antenna gain will be inherently included in the power limitation defined by P_powerclass. It is expected that ‘configured maximum transmit power’ (P_cmax) that takes into account additional power backoffs etc., will also be likely based on EIRP (similar to power class). 
For NR non mmwave case (i.e., < 6GHz), power class definition is expected to be similar to LTE, and consequently RAN1 specifications can assume that P_PUSCH reference can be same as LTE (i.e., the UE transmit antenna connector) as shown in Figure 2a.
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[bookmark: _Hlk490088673]However, for the mmwave case, RAN1 has to decide how to specify P_PUSCH considering the RAN4 agreement. As shown in Figure 2b, two options are possible
· Option 1: P_PUSCH is specified in the same way as LTE (i.e., at a different reference than P_powerclass)
· Option 2: P_PUSCH is specified as an EIRP value (i.e., same reference as P_powerclass)
With Option 1, since UE transmit antenna connector(s) are not expected to be available for mmwave, the P_PUSCH term will not be directly measurable. Given this, the mechanism for adjusting P_PUSCH while taking into account UE’s EIRP limitation (given by P_powerclass/P_cmax) is not clear. Therefore, before choosing this option, RAN1 should check with RAN4 on the feasibility of specifying a maximum value for P_PUSCH.
With Option 2, similar to P_powerclass/P_cmax, P_PUSCH term will also inherently include UE’s directive antenna gain and is measurable via OTA tests. Also, maximum limits on P_PUSCH can be specified by directly comparing it to P_powerclass/P_cmax. 
Using LTE power control formula as starting point, UE transmit EIRP for PUSCH (referred hereafter as P1_PUSCH to differentiate with LTE term) can be specified as below

 dBm  (2-0)
where
· P1_PUSCH(i) is the EIRP at which the UE is expected transmit PUSCH in slot i 
· P1_cmax(i) is the max EIRP that the UE can achieve for transmission in slot i
There is no need to explicitly include the ‘transmission direction’ of the transmission in the power control equation. i.e., by defining the above terms as EIRP, the directivity aspect is implicitly specified. 
For comparison with LTE, P1_PUSCH can be expanded as below 
P1_PUSCH(i)  = P_PUSCH(i) + G_TxUE dBm (2-1)
where
· P_PUSCH(i) is the conducted power at ‘UE transmit antenna connector’ 
· G_TxUE is the UE antenna gain while transmitting PUSCH
As noted earlier P_PUSCH is not measurable for mmWave case as UE transmit antenna connector is not expected to be available. Also, P1_PUSCH includes the UE transmit antenna gain (G_TxUE).
When directly controlling UE EIRP, one aspect to consider is, unlike LTE power control, changes in UE antenna gain are not implicitly compensated by the open loop part of the power control formula. This is illustrated by example scenarios shown in Table 1. 
Table 1 – Illustration of difference between LTE open loop PC and EIRP based open loop PC.
	Scenario
	Impact with LTE open loop PC
	Impact with EIRP-based open loop PC

	Propagation gain between UE and eNB/gNB reduced by XdB (e.g. due increased shadowing loss)
	· RSRP reduces by XdB
· PL term increases by XdB
· UE conducted power (P_PUSCH) is increased by XdB, so that received power at eNB is maintained according to P0

	· RSRP reduces by XdB
· PL term increases by XdB
· UE EIRP (P1_PUSCH) is increased by XdB, either by increasing conducted power or by changing Tx antenna gain so that received power at gNB is maintained according to P0


	UE receive antenna gain reduced by YdB (e.g. due to change in orientation)
	· RSRP reduces by YdB
· PL term increases by YdB
· UE conducted power (P_PUSCH) is increased by YdB, and if UE transmit antenna gain also falls by YdB (i.e., reciprocally with Rx antenna gain change), the increase in conducted power compensates the loss of antenna gain (i.e., same EIRP is maintained) and received power at eNB is maintained according to P0.

	· RSRP reduces by YdB
· PL term increases by YdB
· UE EIRP (P1_PUSCH) is increased by YdB and consequently received power at gNB is increased by YdB although P0 is same. Note that if UE transmit antenna gain falls by Y1dB (i.e., Y1=Y if Tx and Rx antenna gains are reciprocal) UE conducted power should be increased by Y1+Y dB to increase the EIRP by YdB.




 
If the UE is able to estimate its antenna gain, the above issue can be addressed by changing the transmit power to account for variations in UE antenna gain. While there have been inputs to RAN4 suggesting that this is feasible (e.g. [R4-1706624]), the achievable accuracy for antenna gain estimation especially for UEs in live operating conditions is not clear. If the imbalance cannot be compensated at UE side, gNB will have to rely on TPC commands to overcome the changes in UE transmit EIRP due to antenna gain variations.
[bookmark: _Toc490131488]For mmwave case, RAN1 should decide between the following options for specification of UE transmit power (P_PUSCH), considering RAN4 agreement on EIRP based power class  
· [bookmark: _Toc490131489]Option 1: P_PUSCH is specified in the same way as LTE (i.e., at a different reference than P_powerclass)
· [bookmark: _Toc490131490]Option 2: P_PUSCH is specified as an EIRP value (i.e., same reference as P_powerclass)

Beam specific power control
It has been agreed that NR supports beam specific power control. However, it has not yet been agreed on what this actually means. In our mind beam specific power control will enable use cases where separate power control in multiple UE TX and gNB RX beam pairs are maintained. Use cases include for instance
· A UE transmitting to a TRP using a certain beam switches to another beam and then consequently also switches from one PC loop to another.  
· A UE transmitting to a TRPs switches to another TRP and then consequently also switches from one PC loop to another. 
However, one should keep in mind that these kind of use cases are primarily intended for high band operation and it is essential to make NR UL PC work well also for low band solutions. Here a solution similar to the solution in LTE should be sufficient. Hence it is not essential that all parts of the PC framework are designed to be beam specific. 
[bookmark: _Toc485298034][bookmark: _Toc490131497]A suitable design for UL PC in NR may enable both beam specific and non beam specific power control. 
[bookmark: _Ref485295747]Which RS the UE should use
At RAN#89 it was agreed that SS and CSI-RS can be used for path loss estimation in UL PC. In order to enable PC based on SS and/or CSI-RS in a beam specific manner, including also non-beam specific solutions, we identify the following solution. A UE is configured to measure and base its PC path loss estimation on 
1. SS, or
1. One CSI-RS, or
1. A set of CSI-RSs.
Typical use cases for these cases would be 
1. SS: A mainstream low band deployment with a low number of gNB TX/RX antennas. Here pathloss estimation from SS may well reflect the true pathloss. It should be noted that operating PC based only on SS enables a “lean” setup of the system since no additional CSI-RSs need to be configured for getting UL PC to work. Hence, additional “always-on” signals are thus avoided by using this approach. 
1. One CSI-RS: For cases where the number of gNB TX/RX antennas are higher it may be beneficial to reflect the beamforming gain more accurately by utilizing the built in flexibility in CSI-RS. Another use case is also when UL transmission is carried out to another TRP than the one transmitting SS; here PC may work poorly in case that we would base it on SS.
1. A set of CSI-RSs: A high band use case when operating with beam management procedures which may make it beneficial to also use beam specific PC. In case that there are N beam pair links, that the beam management procedures operate on, a set of N CSI-RSs could be configured and connected to different UE RX/TX beams in order to get beam specific PC. 
Regarding the set of CSI-RSs (iii) used for UL PC it is assumed to comprise the same beams used for transmitting the set of CSI-RSs used for the existing beam pair links (BPLs) in beam management. It is hence possible that these two sets of CRI-RSs are the same, hence transmitted on the same resources, meaning that only one set is configured but used for two purposes. Connecting these two sets implies that when changing the gNB TX beam in a BPL the gNB would also update one of the CSI-RSs used for UL PC correspondingly. At the UE side we will assume beam correspondence in the sense that the UE is assumed to transmit with the same TX beam as the RX beam it used for reception of the UL PC CSI-RS. Hence, when transmitting CSI-RS intended for UL PC we see two options
1. The UE RX beam (and hence also the UE TX beam) is connected to the UE RX beam of the corresponding BPL, or
1. The UE RX beam is chosen in a transparent manner by the UE for the given CSI-RS. 
Option a) above would connect the beam specific PC to BPLs whereas the b) option will connect beam specific PC to a certain CSI-RS. Given this framework the UE would be able to switch PC loop when a BPL switch is carried out. 
0. On the meaning of SS
Exactly what SS means is not fully clear from previous agreements. Therefore, in order to achieve a more coherent behaviour among UEs with respect to beamforming, the beam used for path loss calculation should be defined.
[bookmark: _Toc485374567][bookmark: _Toc485298029][bookmark: _Toc485296482][bookmark: _Toc485231460][bookmark: _Toc485228740][bookmark: _Toc485225182][bookmark: _Toc490131491]Path loss based on SS should be based on the beam corresponding to the SS block with the largest RSRP within the SS burst set.
0. On the meaning of CSI-RS
In the previous agreements it was said that CSI-RS could be used for PC. There are however different kinds of CSI-RS in NR namely periodic, semi-static and aperiodic CSI-RS. If aperiodic and/or semi static CSI-RS can be used for PC this may result in the situation that a UE is configured to base its PC on an aperiodic CSI-RS but the CSI-RS is never triggered and hence never transmitted. This does then result in that the UE does not have a CSI-RS to measure and base its PC on. Hence, allowing for aperiodic and/or semi static CSI-RS to be used in PC will imply that a framework for what the UE should do if there is no CSI-RS available is needed. One option is to fall back to SS but this may result in a complicated framework. Furthermore, even if the beamforming gain difference between SS and CSI-RS is signaled to the UE, it is quite likely that a switch between these quite different RS types would generate a transient in the PC which may be very harmful for instance for link adaption. This is unwanted and due to this we propose
[bookmark: _Toc485374568][bookmark: _Toc485298030][bookmark: _Toc485296483][bookmark: _Toc485231461][bookmark: _Toc485228741][bookmark: _Toc485225183][bookmark: _Toc490131492]Only periodic CSI-RS is used for path loss calculation in UL PC.
Which then gives our proposal as follows
[bookmark: _Toc485374569][bookmark: _Toc485298031][bookmark: _Toc485296484][bookmark: _Toc485231462][bookmark: _Toc485228742][bookmark: _Toc485225184][bookmark: _Toc490131493]A UE is configured to measure and base its PC path loss estimation on SS or one periodic CSI-RS, or a set of periodic CSI-RSs. 
Furthermore, using only periodic CSI-RS for PC whereas beam management typically would utilize aperiodic CSI-RS implies that these two processes may be of a different nature. Returning to Section 3.1, where we identified two different ways to connect the UE RX beams to the PC loop, we also note that RSRP used for PC is typically a long term average in contrast to the measurements corresponding to PBLs. Furthermore, it is also possible that the UE has an unequal number of antennas in DL and UL which may make it difficult to tie the UL PC to BPL which is defined from DL. Based on these observations we are reluctant to tie BPLs and PC loops together and instead propose the following definition on beam specific PC
[bookmark: _Toc490131494][bookmark: _Toc485374570][bookmark: _Toc485298032][bookmark: _Toc485296485]Beam specific PC is PC based on a certain CSI-RS where the UE RX beam is chosen in a transparent manner by the UE for the given CSI-RS. 
1. Discussion on the different PC loops
There are three different kinds of PC loops we should consider, PUCCH, PUSCH and SRS. For both PUCCH, PUSCH is seems quite clear that there will exist use cases where it is relevant to base the PC on the proposed UL PC RSs i)-iii) above. 
For SRS we identify two different use cases; in the first we perform beam sweeping procedures which results in a recommended SRI. Here it is necessary that all SRSs are transmitted with the same power, hence the SRS beam sweep must be connected to one PC loop. It then appears natural to connect this PC loop to either i) SS or ii) one periodic CSI-RS as mentioned above. However, it is not in this case appropriate to connect it to iii) a set of periodic CSI-RSs. Still, for PUSCH and PUCCH it is possible that they would operate with beam management and thereby potentially benefit from using beam specific PC, hence be configured with iii) a set of periodic CSI-RSs. 
In another use case PUSCH and PUCCH operate with beam management and thereby potentially beam specific PC, hence configured with iii), whereas SRS transmission is used for performing link adaptation in a reciprocity based system. Here we would like SRS to be beam specific and hence connected to the beams in the same manner as PUSCH. Thus, we should here configure SRS PC using iii) a set of periodic CSI-RSs. 
From this discussion we conclude that there should be one choice of UL PC reference signal, hence i)-iii), per PC loop.  
[bookmark: _Toc485374571][bookmark: _Toc485298033][bookmark: _Toc485296486][bookmark: _Toc485231463][bookmark: _Toc485228743][bookmark: _Toc485225185][bookmark: _Toc490131495]The UE is configured with which RS to use for UL PC path loss estimation separately for PUCCH, PUSCH and SRS. 
1. Impact of multiple waveforms on NR UL Power Control
It has been agreed that both OFDM and DFTS-OFDM waveforms are supported for NR UL. When transmitting OFDM-based waveforms, the UE is expected to apply an additional PA back-off, to achieve similar transmitter requirements as that of DFTS-OFDM-based transmissions made using the same PA. 
For LTE, since the PAPR/CM for DFTS-OFDM-based transmissions varies based on modulation order, the UE must apply a PA back-off when transmitting using higher order modulation to achieve the same transmitter requirements as that of QPSK based transmissions and this aspect is addressed by the maximum power reduction (MPR) allowances for UE maximum output power specified in 36.101. 
As we proposed in [1], similar MPR based approach should be used to handle the multiple waveform scenario for NR. That is, a separate set of MPR values can be specified (in RAN4) for OFDM based transmissions in addition to the MPR values already present for DFTS-OFDM based transmissions. Since the MPR relaxations taken by the UE are accounted in Pcmax,c (or an equivalent RAN4 parameter for NR) computation, the eNB will be aware of  any OFDM specific transmission back-offs used by the UE from the PHRs received from the UE.

[bookmark: _Toc485374572][bookmark: _Toc490131496][bookmark: _Toc485374573]For NR, a separate set of MPR values can be specified (in RAN4) for OFDM based transmissions in addition to the MPR values already present for DFTS-OFDM based transmissions.  Additional waveform-specific modifications to UL power control procedure are not required.
Conclusions
In this contribution, we made the following observations:
Observation 1	A suitable design for UL PC in NR may enable both beam specific and non beam specific power control.

Based on the discussion in this contribution we propose the following:
Proposal 1	For mmwave case, RAN1 should decide between the following options for specification of UE transmit power (P_PUSCH), considering RAN4 agreement on EIRP based power class
· Option 1: P_PUSCH is specified in the same way as LTE (i.e., at a different reference than P_powerclass)
· Option 2: P_PUSCH is specified as an EIRP value (i.e., same reference as P_powerclass)

Proposal 2	Path loss based on SS should be based on the beam corresponding to the SS block with the largest RSRP within the SS burst set.

Proposal 3	Only periodic CSI-RS is used for path loss calculation in UL PC.

Proposal 4	A UE is configured to measure and base its PC path loss estimation on SS or one periodic CSI-RS, or a set of periodic CSI-RSs.

Proposal 5	Beam specific PC is PC based on a certain CSI-RS where the UE RX beam is chosen in a transparent manner by the UE for the given CSI-RS.

Proposal 6	The UE is configured with which RS to use for UL PC path loss estimation separately for PUCCH, PUSCH and SRS.

Proposal 7	For NR, a separate set of MPR values can be specified (in RAN4) for OFDM based transmissions in addition to the MPR values already present for DFTS-OFDM based transmissions.  Additional waveform-specific modifications to UL power control procedure are not required.
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Figure 1 – Transmit power reference for LTE
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Figure 2a – Possible transmit power reference for NR 
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