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1. Introduction
RAN2 received two LSs from RAN4 on FR2 UE MPE enhancements to avoid radio link failures and connection releases due to significant and unpredictable UE P-MPR in [2] and [8] in RAN2#109bis-e, and in RAN2#110-e there were two more LSs incoming. As per the discussion in RAN2#110-e, the following were concluded
R2-2006300	[AT110e][030][Other] FR2 MPE (interdigital)	InterDigital	discussion
[030] R2 understanding of R4 agreement: UE triggers MPE reporting if at least one cell of the MAC entity with a P-MPR ≥ a configurable threshold (per cell). 
[030] R2 understanding of R4 agreement: P-MPR reporting has a separate prohibit timer. A separate value is configured for MPE reporting procedure per MAC entity. 
[030] Support a per MAC entity RRC configuration, whereby the MAC entity reports MPE related P-MPR only when such parameter or IE is configured (10/10)
[030] For P-MPR threshold for absolute triggering, a separate value is configured for MPE reporting procedure per MAC entity (9/10).
[030] FR2 MPE-related P-MPR reporting is an optional per-UE capability 

 In this contribution we discuss how to progress with the UE FR2 MPE enhancements based on the latest RAN4 LSs. 
2. RAN4 decisions on FR2 UE MPE Enhancements
RAN4 is developing FR2 UE MPE (Maximum Permissible Exposure) enhancements methods under the Rel-16 WID on NR RF Requirement Enhancements for FR2 in [1]. This work item has the following FR2 MPE objectives including RAN2 secondary responsibility. 
	· Enhancements methods for avoiding radio link failures and connection releases due to significant and unpredictable UE P-MPRs due to the FR2 UE RF exposure compliance reasons [RAN4, RAN1, RAN2]
· This work is started after RAN#84 when the Rel-15 requirements are completed
· RAN4 will provide further details on the RAN4 agreed solution(s) to RAN1/RAN2 before RAN1/RAN2 start their work if RAN1/RAN2 help is needed. 
· This objective does not aim to propose the same alternatives which were not agreed (i.e. Alt1, Alt2 and Alt3 not agreed in RAN1#98 under Rel-16 NR eMIMO work item)



In the RAN4 LS to RAN2 in [2] RAN4 indicated to RAN2 that it is expecting RAN2’s help to develop MAC-CE based signalling for MPE solutions. In the second RAN4 LS on FR2 MPE enhancements in [8] RAN4 provided further details for the needed signalling as follows; 
	[bookmark: _Hlk40865811]RAN4 has agreed further details on Rel-16 FR2 MPE enhancement solutions to mitigate RLF due to sudden RAN4 would like to ask RAN2 to develop the following Rel-16 FR2 MPE signalling based on MAC-CE to ensure sufficiently short signalling delays:
· at least UE’s P-MPR based event-triggered reporting including also reporting of the actual P-MPR level that UE needs for FR2 MPE reasons. 
· Network configurable P-MPR reporting threshold 
· A prohibit timer is enabled to be configured by network to trigger the P-MPR reporting
· P-MPR reporting range and reporting granularity are still under discussion in RAN4.




As noted in [8], RAN4 was expected to provide the remaining details for the FR2 MPE enhancement signalling in its next April e-meeting, and as consequence, the WF R4-2005734 was agreed and the LS in R2-2004341 [10] was sent to RAN2 stating the following on the details of the solution:
	In addition to the previous details provided for the Rel-16 FR2 MPE enhancement signalling RAN4 would like to ask RAN2 to take the following additional details into account when developing MAC-CE based signalling for the FR2 MPE enhancements:
· Network configured threshold for event-triggered FR2 MPE P-MPR reporting is defined based P-MPR being higher than a configurable threshold. Whether an additionally relative threshold will be defined is still under discussion in RAN4 and RAN4 will inform RAN2 the outcome in the following meeting
· P-MPR reporting range and reporting granularity will be defined in the next RAN4 meeting using [2…5] bits. RAN4 will inform RAN2 the exact reporting range and reporting granularity in its next meeting.
· P-MPR is reported by the UE after or on the grant and the exact details are up to UE implementation.



Hence, RAN4 clarifies that the number of bits for the P-MPR reporting range is 2-5, with presumably something in between the extremes, i.e. 3 or 4 bits as the RAN4 agreed WF in R4-2005734 [11] encourages a compromise Option 1 (5 bits) and Option 2 (2 bits). Once RAN4 decides on the number of bits (as is expected to happen during their next meeting), they will inform RAN2 via LS, but in the meantime RAN2 has to consider that more than 2-4 bits will be needed for the P-MPR reporting. Additionally, it is clarified that absolute threshold is used for the MPE event (just as informed before), but relative comparisons may or may not be defined in addition. Finally, it seems RAN2 need not concern on the details of when UE applies the P-MPR as that is left up to UE implementation.
Observation 1: Until RAN4 indicates otherwise, RAN2 has to assume 4 bits for the P-MPR reporting as this allows all possible value ranges.
3. FR2 MPE P-MPR reporting
3.1	RRC signalling
Given the decisions RAN2#110e made, the following are taken as agreements for this discussion:
1. An absolute P-MPR threshold is introduced for triggering MPE reporting when at least one cell of the MAC entity with a P-MPR ≥ a configurable threshold (per cell, per MAC entity). 
2. A separate prohibit timer is configured for the MPE reporting procedure per MAC entity. 
3. UE only reports MPE P-MPR when configured to do so (per MAC entity)
4. A single-bit optional UE capability is introduced for the FR2 MPE-related P-MPR reporting 
Out of these, we note that the item 4) is considered under the general UE capability discussion, so the CR introducing those will handle both the capability description and the signalling. However, all other points 1-3 are still relevant and need to be captured in a CR. The signalling aspects seem clear: Network needs to configure the prohibit timer and the absolute P-MPR threshold for the MPE report triggering.
Proposal 1:  RRC signalling for the FR2 MPE P-MPR reporting includes prohibit timer and P-MPR absolute threshold for triggering the report. 
3.2	MAC procedures
The main contentious point during RAN2#110e on MAC details was on whether to reuse PHR MAC CEs (i.e. single- and multi-entry PHR) or whether to create a new MAC CE for the FR2 MPE P-MPR reporting. Unfortunately, the situation has been quite deadlocked and rife with misunderstandings, so the following table attempts to summarize the main arguments from both camps:
	New MAC CE vs. reused MAC CE
	New MAC CE
	Reuse PHR MAC CEs

	Pros
	- Lean design, minimized size
- No modification required to existing PHR procedures (e.g. no interaction with PHR prohibit timer)
- Easier to extend later on (e.g. with relative threshold triggering)
- Allows for more easily specifying SR triggering (similar to BFR) when the new MAC CE is triggered, and no SR is pending
	- Allows UE to report more information to network (as PHR may also be anyway triggered due to MPE reporting)
-  May not need to consider changes to multiplexing priority rules
- PHR size may be kept in check if only 2 bits are used for the P-MPR

	Cons
	- Requires defining multiplexing priority for the new MAC CE
- Less information transmitted to network via the new MAC CE alone (i.e. PHR may still be required in some cases)
	- More difficult to specify (as the existing PHR triggering is impacted)
- Clearly larger MAC CEs for conveying the MPE information, delaying the transmission of the information to network (which may lead to RLF)
- No size advantage in case more than 2 bits are needed for P-MPR (since another octet per serving cell will be needed)



Observation 2: The benefit of new MAC CE is that it’s easier to specify the functionality without (inadvertently) causing any modifications to existing PHR triggering. 
Observation 3: The benefit of reusing PHR is that the MAC CE would contain more information to be transmitted to network at once.
Based on these, we still think that a new MAC CE is far more robust design as it avoids any and all pitfalls with modifying existing PHR procedures. So far the arguments made have all been indicating that because the PHR is likely anyway triggered, the PHR format should also be reused. However, these arguments ignore two aspects: 1) Modifying existing procedures is always error-prone and may cause ripple effects to non-MPE usage and 2) when both MPE and PHR are triggered, the MPE report can still be sent much faster as stand-alone report since it can be smaller, allowing network to react to it. Therefore, the downside of having “less information” is not true: UE will send the information to network as soon as possible, but if there is only a single (large) MAC CE to be sent, it may take longer for the information to reach the network than with separate MPE MAC CE and PHR MAC CE, which could be sent independently. Therefore, there are two cases:
1) UL grant size is large enough to transmit both PHR and MPE information: In this case, assuming that both PHR and MPE trigger, UE will transmit both at the same time in both cases. The only exception is when the MAC CE header overhead pushes the “separate” case over the limit, in which case UE should first transmit MPE MAC CE and then PHR MAC CE => No benefit from joint MAC CE over separate MAC CEs.
2) UL grant size doesn’t allow for both MPE and PHR to be sent at the same time: In this case, UE needs to choose either MPE or PHR MAC CE. Given that the MPE is more urgent (as it may lead to RLF), this would mean that UE cannot send the “combined” PHR (i.e. with P-MPR information) to network quickly, whereas with separate reporting the MPE report can reach network faster so appropriate actions can be taken => Separate MAC CEs are beneficial compared to joint MAC CE.
Additionally, the issue of specification difficulty bears consideration: While it is always true that any new features are always subject to errors at inception, modifying existing procedures carries a risk of inadvertently doing something that breaks the existing feature in some way. In contrast, defining a new procedure allows existing procedures to be unmodified, and any errors in the new procedure definition does not affect existing functionalities. Therefore, it is more robust to create a new MAC CE in this case, given that the rules for how MPE reporting works may still be modified in later releases, this increasing the risk of breaking PHR functionality.
Observation 4: The benefit of reusing PHR are almost non-existent and carry a risk of creating errors for the legacy PHR reporting procedures.
Proposal 1: Adopt new MAC CE for FR2 MPE P-MPR reporting.
Based on the RAN4 decisions, UE should report the MPE situation when the applied P-MPR is expected to become larger than a given threshold. This would be based on the RRC configuration. Similar to RRM reporting, it would also be possible to specify a periodic reporting of MPE situation, but as this has not been requested by RAN4 yet (it is still under discussion, and would definitely cause more MAC CE signalling), we would propose to only consider event-based FR2 MPE P-MPR reporting unless RAN4 indicates otherwise.
Proposal 2: Define the event-based FR2 MPE P-MPR reporting in MAC that triggers when P-MPR > P-MPR_Threshold (MPE event occurs) or when P-MPR < P-MPR_Threshold (e.g. similar to reportOnLeave for RRM).
We would also note that one particular network reaction to the MPE event is to release the SCG entirely, in which case the MPE information could no longer be conveyed to the network in case the MPE event ceases to be valid. Therefore, we think that it should be possible to configure either RRC or MAC entity to report when the MPE event stops being valid. Even if the UE is not currently configured with FR2 serving cells, it will still have to monitor the MPE events due to regulatory requirements, so the information would be available to the UE.
Proposal 3: Allow network to request UE to report the FR2 MPE status even when not configured with FR2 serving cells.
We also note that when the MAC CE about P-MPR is triggered, UE only sends the MAC CE when it has a valid UL grant and BSR (and hence SR) is not triggered by only a MAC CE. Hence, it may be that the FR2 MPE P-MPR reporting is delayed because of this. Similar to the BFR/LBT MAC CEs introduced in Rel-16, this can be handled by allowing the FR2 MPE P-MPR reporting MAC CE to also trigger an SR (or random access in case SR resources are not configured). There could even be an additional threshold provided for the triggering of the SR since the P-MPR threshold might be put to a lower value to get an “early warning” from the UE. This could also allow UE to apply smaller P-MPR initially while sending the report and then applying larger P-MPR once the initial report has been sent. During RAN2#110e, most companies seemed to tie this into the PHR triggering, and no technical reasons were given despite the RAN4 request to have the report sent “sufficiently quickly” . Since the FR2 MPE requirements triggering P-MPR may lead to even RLF (in case PCell is in FR2) very quickly, it’s imperative that the report is sent quickly. Since the current SR triggering depends on UP traffic and BSR/SR prohibit timers can also be large, this could lead to unnecessary delay and require network to use aggressive parameters that decrease UE power consumption. Therefore, we still think it would be beneficial to allow SR to be triggered (if necessary) when the MPE report needs to be sent.
Proposal 4: Allow FR2 MPE P-MPR MAC CE to trigger SR if the P-MPR value > SR_threshold.
Similarly, there was a discussion on multiplexing priority during RAN2#110e, but the discussion never converged as the exact MAC CE details were not discussed. We think that the multiplexing priority of MPE P-MPR reporting should be higher than that of PHR to allow sending the MAC CE quickly.
Proposal 5: Use higher multiplexing priority for the MAC CE containing MPE information than for PHR MAC CE.
To illustrate how these proposals can be captured in specifications, we have provided example CRs in R2-2007379 (38.300), R2-2007376 (38.331) and R2-2007377 (38.321). For the sake of completeness, we have also provided R2-2007378 (38.321) to illustrate how the modifications to PHR reporting could be done, as this shows the complications rather well. 
Proposal 6: Agree to the CRs in R2-2007379 (38.300), R2-2007376 (38.331) and R2-2007377 (38.321) for the FR2 MPE P-MPE reporting.
4. Conclusions
In this contribution we have provided background for the RAN4 work of Rel-16 FR2 UE MPE enhancements and needed MAC-CE signalling solutions indicated in the RAN4 LSs in [2],[8] and [10]. 
Observation 1: Until RAN4 indicates otherwise, RAN2 has to assume 4 bits for the P-MPR reporting as this allows all possible value ranges.
Observation 2: The benefit of new MAC CE is that it’s easier to specify the functionality without (inadvertently) causing any modifications to existing PHR triggering. 
Observation 3: The benefit of reusing PHR is that the MAC CE would contain more information to be transmitted to network at once.
Observation 4: The benefit of reusing PHR are almost non-existent and carry a risk of creating errors for the legacy PHR reporting procedures.
Proposal 1: Adopt new MAC CE for FR2 MPE P-MPR reporting.
Proposal 2: Define the event-based FR2 MPE P-MPR reporting in MAC that triggers when P-MPR > P-MPR_Threshold (MPE event occurs) or when P-MPR < P-MPR_Threshold (e.g. similar to reportOnLeave for RRM).
Proposal 3: Allow network to request UE to report the FR2 MPE status even when not configured with FR2 serving cells.
Proposal 4: Allow FR2 MPE P-MPR MAC CE to trigger SR if the P-MPR value > SR_threshold.
Proposal 5: Use higher multiplexing priority for the MAC CE containing MPE information than for PHR MAC CE.
Proposal 6: Agree to the CRs in R2-2007379 (38.300), R2-2007376 (38.331) and R2-2007377 (38.321) for the FR2 MPE P-MPE reporting.
References
[1] RP-200246, Revised WID on NR RF Requirement Enhancements for FR2, Nokia, Nokia Shanghai Bell
[2] R2-2000046 (R4-1916183), LS to RAN2 on MPE, RAN4
[3] R4-1913057, WF on FR2 MPE Enhancement, Qualcomm Incorporated
[4] R4-1916170, WF on MPE enhancement on FR2, Qualcomm
[5] R4-1911526, FR2 MPE mitigation solutions, Nokia, Nokia Shanghai Bell
[6] R4-1910278, Mitigating Radio Link Failures due to MPE on FR2, Nokia, Nokia Shanghai Bell
[7] R4-1907994, Improving connection reliability with increased communications about RX exposure situation, Qualcomm Incorporated
[8] R4-2002916, LS on MPE enhancements, RAN4
[9] R4-2002819, WF on MPE solutions, OPPO
[10] R2-2004341 (R4-2005670), LS on MPE enhancements, RAN4
[11] R4-2005734, WF on MPE enhancements, OPPO



Annex A: Background for FR2 UE MPE challenges and solutions
Note: This annex repeats the text from R2-2002684 to illustrate the background for the MPE work so as to highlight its importance.
The Maximum Permissible Exposure (MPE) limit set by FCC aims at restricting the UE Tx power averaged over a defined period of time for limiting RF exposure on human body. For the UE FR2 MPE compliance the Rel-15 specifications have defined P-MPR and maxUplinkDutyCycle-FR2 to allow UE to reduce transmit power as needed ( using P-MPR) and indicate its static UE capability maxUplinkDutyCycle-FR2 for number of uplink symbols the UE can transmit within any 1 second evaluation period.  However, if the percentage of uplink symbols, that needs to be transmitted within any 1 s evaluation period, is larger than maxUplinkDutyCycle-FR2, the UE follows the uplink scheduling and can apply P-MPR for the MPE compliance.
The main concern with significant and unpredictable P-MPR restrictions is a high risk for RLFs, that occur often and are unpredictable. Depending on the array size, the distance at which an MPE event is triggered varies, as well as the power back-off value. For example, a 2x2 array requires at least 20 dB of power back-off when a user is located a few millimeters away from the antenna. Moreover, the MPE event is already triggered when the user is located 14 cm away from the serving panel, on the path of maximum power [6]. Given the large triggering distance of MPE events, power back-offs might happen rather frequently. Moreover, even UEs that can only meet the minimum requirement for PC3 may still require significant restriction on P-MPR and PC4 UEs require nearly 30 dB power reduction to be MPE compliant [2]. However, it would be desirable that FR2 practical UEs would perform better the minimum requirement, which means that these better UEs are also likely require larger P-MPR for MPE compliance when a user is located close to the device.
Observation A: For FR2 UEs P-MPR restrictions due to MPE scenarios are significant, frequent and will likely lead to RLFs without mitigation solutions.
In Rel-15 P-MPR and maxUplinkDutyCycle-FR2 have been specified as mechanisms for the UE to meet the requirements on MPE. The UE might use a restriction on P-MPR or on maxUplinkDutyCycle-FR2 to address MPE limits, or on both simultaneously. Nevertheless, MPE being a time averaged limit, for a required power back-off as high as 20 dB, even reducing the maxUplinkDutyCycle-FR2 to 25% would only help the P-MPR restriction by 6 dB, thus 14 dB of power back-off are still required to comply with MPE. This UL power drop is still likely to cause an RLF. 
Observation B: UL Duty cycle restriction alone is not always enough to address MPE requirements. In most cases, a P-MPR restriction needs to be applied on top of the maxUplinkDutyCycle-FR2 restriction.
Figure 1 relates the distance between the user and the antenna to the maximum allowed EIRP to comply with MPE; it further relates the allowed EIRP to the UE range in a Line-Of-Sight (LOS) scenario at 28 GHz (n257, n258 and n261). PC3 UEs are capable of EIRP between 22.4 dBm and 34 dBm. The values plotted below are for realistic EIRP capabilities in the near future and exemplifies a UE exhibiting 28 dBm max EIRP.
 (a)
(b)

Figure 1: Impact of maximum allowed EIRP on UE range in LOS under MPE power restrictions. 
(In this example at 28 GHz, the maximum capability of the UE is an EIRP of 28 dBm)
Figure 1 (a) plots the maximum allowed EIRP as a function of the distance separating a user from the active antenna array. In this example, a UE with a maximum EIRP capability of 28 dBm is considered. In some cases, the duty cycle restriction will be enough to comply with MPE: e.g. for a UE operating at EIRP 28 dBm, if a user is located within 7 cm and 3.5 cm away from the antenna, a maxUplinkDutyCycle-FR2 restriction of 25 % will be enough to be MPE compliant (i.e. 6 dB reduction in Tx power over MPE averaged period of time, if frame is fully reserved for UL, e.g. Format 1 in 38.213-Table 11.1.1-1). 
However, as soon as the user comes closer to the antenna, further maxUplinkDutyCycle-FR2 restriction needs to be applied – which might lead to RLF – or P-MPR restriction needs to be triggered to comply with MPE. Restricting P-MPR will affect the range of the UE significantly, as illustrated in Figure 1 (b). At 28 GHz, a 10dB power drop effectively reduces the UE range by nearly 70 %, hence, likely leading to RLFs. Body loss and shadowing might further reduce then range and degrade the link quality.
To sum up, for a user nearly touching the antenna (less than 1 cm away from the antenna), restricting the duty cycle to the smallest signalling value of 15% (represents 7.5% of a frame equally shared between UL and DL) would effectively only compensate for 8.2 dB of the required power back-off. Thus, for every phone capable of transmitting more than 20 dBm = 12 dBm (max allowed EIRP at 1 cm) + 8 dB (assuming UL duty cycle restriction of 15 %), P-MPR restriction is needed on top of a maximum maxUplinkDutyCycle-FR2 restriction. That is to say, for all PC3 UEs.
Observation C: With users nearly touching the antenna, P-MPR restrictions are required on top of maximum maxUplinkDutyCycle-FR2 restrictions for PC3 UEs to be compliant with MPE.
Observation D: P-MPR restrictions significantly affect the range of the UE and will likely lead to RLFs without MPE enhancement solutions and signalling
As discussed above, maxUplinkDutyCycle-FR2 restriction is not enough to address all MPE situations. Therefore, dynamic UL duty cycle UE capability, which has also been considered in RAN4 earlier, would not be enough. Furthermore, even if UL duty cycle capability was changed from the current static UE capability to dynamic UE capability, it is unlikely that RRC signalling based capability signalling and corresponding network actions would be sufficiently fast and efficient for UEs to rely on for MPE compliance. Challenges with dynamic UL duty cycle reporting as MPE mitigation solutions are also analysed in [7]. Therefore, as discussed and agreed in RAN4 we see that fast signalling mechanisms for the UE to indicate its MPE situation (event) to the network is necessary to allow the network to take timely actions for MPE mitigation. As time averaging is used in MPE evaluation and compliance verification, we see that fast MAC-CE based signalling of MPE event to network could be done before UE restricts its UL transmission. For ensuring that the gNB receives the user detection information, it is important that the UE is able to send this MPE event indication to the network before using P-MPR to reduce the transmit power. It is still under discussion in RAN4 [9] if the P-MPR is applied before or after sending the MPE indication i.e. P-MPR report to the network.
In order for the network to understand the severity of the MPE situation of the UE, it is important that the UE can be requested to report its Tx power restrictions (P-MPR) in the context of an MPE event. Furthermore, if the network knows how much transmit power the UE needs to reduce for MPE compliance, the network would be able to better decide suitable actions for a given UE.  For example, the network could take one of the following actions to help the UE;
·    Keeping only small amount of UL traffic on FR2 to ensure that at least necessary UL control signalling related to FR2 DL traffic can get through and thus, allowing successful use of FR2 for DL traffic and then moving rest of the UL data traffic to E-UTRA during EN-DC operations 
·    Keeping only small amount of UL traffic on FR2 to ensure that at least necessary UL control signalling related to FR2 DL traffic can get through and thus, allowing successful use of FR2 for DL traffic and then moving rest of the UL data traffic to FR1 during NR DC operations
·    Handover to E-UTRA or to FR1 during FR2 NR standalone operations 	
By receiving MPE event indication e.g. P-MPR event-triggered reporting from UE the network knows that if the UE disappears in UL it is not because of normal severe radio conditions but due to MPE compliance, which means that different actions can be taken in the network. The RLF would happen if the gNB is not aware of what causes the extreme UL degradation. If the MPE event is communicated to the gNB, the gNB can try to prevent a radio link failure.
UE Tx power restrictions (P-MPR) due to MPE compliance reasons will give to the network the flexibility to configure the UE to best fit the current conditions, e.g. best compromise between UE Tx power back-off (P-MPR), amount of UL data transmitted on FR2, potential UL scheduling constraints or schedule multiple grants with reduced UL power. In this way it is possible for the network to better maximize the use of FR2 carrier at least for DL traffic instead of FR2 RLF and connection release. At the same time these MPE enhancement solutions will also help UE with the FR2 MPE compliance. 
Observation E:  Fast MAC-CE signalling mechanism for UE to inform gNB of MPE event i.e. a user detection and needed UE Tx power restrictions (P-MPR) are important for deciding suitable network actions to avoid RLF and connection release due to FR2 MPE compliance.
Observation F: MPE enhancement solutions allow the network to better maximize the use of FR2 spectrum at least for DL traffic and help UE with MPE compliance.
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