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1	Introduction 
Since RAN WG4 decided to postpone a number of basic Rel-15 NR feature requirements to Rel-16, a new WI was agreed at RAN TSG#84 to develop further the UE RF requirements for FR2 [1]. In particular, the work scope of the WI includes methods and solutions to avoid radio link failures and connection releases due to unpredictable UE P-MPRs that can be caused by the FR2 UE RF exposure compliance reasons. 
It is worth mentioning that during the RAN4#91 meeting a CR was agreed [2] introducing the concept of the "maximum uplink duty cycle" that enables a UE to indicate its preferred maximum uplink duty cycle, upon which the UE would potentially avoid applying P-MPR to meet the exposure compliance requirements. And the corresponding signaling was introduced by RAN WG2 in a form of the UE capability [3][4]. 
However, even though P-MPR and "maximum uplink duty cycle" mechanisms provide a good baseline to handle the maximum permittable exposure (MPE), it was already identified during the Rel-15 discussions that they are not most efficient methods in a dynamic environment. And after the RAN4#93 meeting, RAN WG4 agreed a way forward document to consider further reporting applied P-MPR value and "sustained duty cycle" values [6].
Thus, in this discussion paper we present our further considerations regarding potential quantities that a UE can report to the network to avoid unnecessary radio link failure events and to optimize the overall system performance.  
2	MPE scenario 
2.1	Background
As the UE implementation has to comply with all the RF exposure regulations, it has to ensure that its maximum permittable exposure (MPE) stays within required limits. It is especially critical for those cases when a certain separation distance cannot be ensured by design and thus a UE should be ready to handle a scenario when it is very close to a human body. Since the network does not obviously know how a particular UE is being used at a particular moment of time, it is the UE responsibility to use the corresponding methods.
One of the basic methods to comply with all the requirements is to apply P-MPR, i.e. to reduce the transmission power if a UE detects a need to do it. Despite its simplicity, this mechanism has a fundamental problem of impacting the UL coverage. Even though one can argue that it is not a severe issue for FR1 where cells inter-site distance is usually smaller to provide more capacity, it will be definitely a problem for FR2 coverage. Furthermore, since P-MPR is the UE controlled and driven mechanism, the network has no explicit indication on the reduced transmission power, which can be construed as worsen propagation conditions. In the worst-case scenario, large P-MPR will cause radio link failure followed by the RRC re-establishment process.   
[bookmark: _Toc13820865][bookmark: _Toc13820963][bookmark: _Toc13823287][bookmark: _Toc13823509][bookmark: _Toc13823765][bookmark: _Toc13820616][bookmark: _Toc13820625]Observation 1:	A UE can always apply transmission power back-off mechanism (P-MPR) to meet the exposure requirements, but it will impact the UL coverage potentially leading to the link failure. 
In addition to the P-MPR mechanism, RAN WG4 also devised a mechanism allowing a UE to indicate the maximum UL duty cycle. Unlike P-MPR, it can prevent a UE from reducing its transmission power because it can continue transmitting at the same level due to the fact that the network does not allocate UL grants in every TTI. Even though this approach can ensure better UL coverage, it will impact negatively the achievable throughput in the UL direction. Since the maximum UL duty cycle is a static UE capability, the network does not know when it can/shall be applied and when not, and thus the most conservative network implementation would always schedule the UE accordingly. Furthermore, even if a UE signals a very conservative maximum UL duty cycle value, e.g. 20%, it does not mean that it cannot end up in extreme conditions where P-MPR still has to be applied even if the network schedules the UE according to its preferences.  
[bookmark: _Toc13820866][bookmark: _Toc13820964][bookmark: _Toc13823288][bookmark: _Toc13823510][bookmark: _Toc13823766]Observation 2a:	The maximum UL duty cycle mechanism can solve the UL coverage issue, but it will limit the maximum achievable throughput. 
[bookmark: _Toc13820867][bookmark: _Toc13820965][bookmark: _Toc13823289][bookmark: _Toc13823511][bookmark: _Toc13823767]Observation 2b:	In extreme cases, a UE still may resort for applying P-MPR even if it is scheduled according to the indicated maximum UL duty cycle.  
As can be seen from the considerations presented above, both Rel-15 P-MPR and maximum UL duty cycle have known limitations and cannot adapt to dynamic environment to achieve the best trade-off between the UL coverage and the UL performance. Thus, RAN WG4 has been working on two potential enhancements to overcome these limitations: P-MPR reporting and "sustained" UL duty cycle.
-	P-MPR reporting. This type of information can be viewed as "reactive reporting" that aims at enhancing overall system behaviour when an unpredictable event has already occurred, and a UE has or is going to apply P-MPR. The best thing that a UE can do in this case is to report its actual state, such as P-MPR value. The premise idea behind this type of reporting is that even though a UE can set P-bit in the PHR MAC CE, the network still does not know the actual P-MPR value applied by the UE. Even though the network configuration allows to specify that the P-bit should be set only when the power factor change is larger than [1, 3, 6] dB, the network still does not know whether the actual power back-off was. On the contrary to it, if the UE has a possibility to indicate that it has applied e.g. 6dB P-MPR power back-off, then the base station can consider adjusting (immediately) the UL scheduling interval from e.g. 100% to 25%. In other words, some form of explicit P-MPR reporting can help to optimize overall system functioning and avoid radio link failures.
-	"Sustained" duty cycle (SDC). This type of reporting can be construed as "proactive reporting" with a premise idea behind that a UE estimates, or tries to, how much energy it still can emit before it will have to apply P-MPR to meet the regulatory requirements. The basic concept is identical to the existing Rel-15 maximum UL duty cycle parameter, which is effectively also a UE based estimation of how frequent it should be scheduled in UL. However, while Rel-15 offers only a static value, a more dynamic reporting could bring more benefits. It is important to emphasize that despite the appealing nature of proactive reporting of the MPE assistance information, it cannot address all the scenarios, especially the ones triggered by unpredictable external events such as human body proximity indication. Indeed, since the UE cannot predict when such an event occurs, proactive reporting can be used only as an average estimation for the preferred UL duty cycle.
As can be seen from our considerations presented above, both P-MPR reporting and sustained duty cycle can be in principle adopted as they cater for addressing slightly different use cases. While the duty cycle works as a pro-active mechanism trying to avoid P-MPR, it can be complemented by actual P-MPR reporting for unpredictable events.
In the next section we present how these quantities can be reported by the UE and used by the network.  
[bookmark: _Toc13823832][bookmark: _Toc13821307][bookmark: _Toc13823307]2.2	Exemplary UE behaviour 
In this section present several scenarios exemplifying further how MPE assistance information can assist the network side scheduler. For all the scenarios we assume that the UE maximum transmission power is 23dBm and its preferred UL duty cycle is 25%. In other words, if a UE transmits at the maximum transmission power of 23dBm but only 25% of its UL time, then no P-MPR will be applied. 
Scenario 1
-	Conditions: Power control and scheduling gives 20dBm; 0dB max power restrictions from the proximity sensor;
-	UE state: Pcmax=23dBm, PHR=3dB, P-bit=0; P-MPR=0dB, SDC=50%;
-	Comments: Since a UE can sustain maximum transmission power of 23dBm with 25% duty cycle, it can sustain 50% duty cycle at this transmission power; 
-	Network behaviour: It is up to the network implementation whether to keep UL allocations of the same size and at the same time intervals, or even consider larger UL allocations.

Scenario 2:
-	Conditions: Power control and scheduling gives 20dBm, 3dB max power restriction from the proximity sensor;
-	UE state: Pcmax=20dBm, PHR=0dB, P-bit=1, P-MPR=3dB, SDC=25%;
-	Comments: Even though there is a restriction on the maximum transmission power, a UE still can sustain 25% duty cycle because its current transmission power is also lower, 20dBm; 
-	Network behaviour: In principle, no actions are needed. However, since power headroom is 0dB, the network can consider scheduling smaller UL allocations and/or switching to less frequent UL grants.

Scenario 3:
-	Conditions: Power control and scheduling gives 20dBm, 6dB max power restriction from the proximity sensor;
-	UE state: Pcmax=17dBm, PHR=-3dB, P-bit=1, P-MPR=6dB, SDC=12.5%;
-	Comments: Since the max power restriction is 6dB and the current power control and scheduling results in 20dBm anticipated transmission power, a UE can sustain only 12.5% duty cycle without resorting for reducing its transmission power; 
-	Network behaviour: The anticipated network behaviour is that it would reduce UL allocation size and/or consider less frequent UL allocations.

Scenario 4:
-	Conditions: Power control and scheduling gives 14dBm, 6dB max power restriction from the proximity sensor;
-	UE state: Pcmax=17dBm, PHR=3dB, P-bit=1, P-MPR=6dB, SDC=50%;
-	Comments: Even thoug the maximum power restriction is 6dB, the current power control and scheduling gives only 14dBm, and thus a UE can sustain 50% duty cycle.
-	Network behaviour: On the one hand, the network can schedule a UE with 50% UL duty cycle. However, knowing that P-MPR is already 6dB, the network can consider keeping the duty cycle at e.g 25%, or even lower value, to compensate for the potential path loss degradation. 

Referring to the scenario presented above, one can see that a UE can in principle report both P-MPR and SDC quantities. However, SDC can be viewed as redundant as it can be (re-)calculated based on other reported metrics. Indeed, if the network knows what the applied P-MPR is, the network can always decide how much and/or how often a UE should be scheduled in UL so that it does not result in the negative power headroom, which in turn may lead to degraded UL performance and link failures. 
Another potential problem with reporting both P-MPR and SDC values is that it is not entirely clear how the network should/will react to them if they are not set coherently by the UE. Referring to the previous examples, a UE can sustain 23dBm with the UL duty cycle of 25% and the network knows about it. However, what if the network schedules the UE at its maximum transmission power, 23dBm, and a UE reports e.g. P-MPR=3dB and SDC=10%? On the one hand, with P-MPR=3dB the network still can schedule the UE with 12.5% duty cycle; but the latter requests 10%. Similarly, what if under the same conditions the UE reports P-MPR=6dB and SDC=50%. One can argue that a prudent network implementation would follow (only) PHR and P-MPR values and effectively ignore SDC values.  
As a final observation, a UE can estimate preferred UL duty cycle for the next evaluation period only assuming UL allocations of a certain size, e.g. the ones that has been allocated in the previous UL grants, but it does not know whether they will be smaller or larger. In that sense the network scheduler has much better understanding of how frequent it will/can schedule a particular UE and thus can choose more suitable UL duty cycle.
[bookmark: _Toc30873186][bookmark: _Toc30873437][bookmark: _Toc31302379][bookmark: _Toc31303897][bookmark: _Toc32513545]Proposal 1:	Report applied P-MPR value as the MPE assistance information.

2.3	Implementation details
2.3.1	Addition of the P-bit indicator to the single-entry PHR MAC CE
As discussed in RAN WG4 earlier, single-entry PHR has a limitation that there is no P-bit that would explicitly inform the network that a UE has applied power back-off due to P-MPR. Referring to the single-entry PHR format presented in Figure 2.3.1-1 below, the easiest way would be to align the single-entry PHR structure to the multi-entry PHR by changing the corresponding reserved "R" field into "P" field. 



Figure 2.3.1-1: Single entry PHC MAC CE (refer to TS 38.321, Figure 6.1.3.8-1)

Specification impact analysis:
-	Since the meaning of the "P" field and rules for its setting will be the same as for the multi-entry PHR, there is no RAN4 impact;
-	RAN2 specification impact is rather minimal.

[bookmark: _Toc31302380][bookmark: _Toc31303898][bookmark: _Toc32513546]Proposal 2a:	Introduce P-bit into the single-entry PHR (aligning it with the multiple-entry PHR).

2.3.2	Adding MPE assistance information to MAC CE
Referring to the WF document agreed during the RAN#93 meeting [6], it is sufficient to use MAC CE to report the MPE assistance information. With that regards, our view that existing legacy PHR MAC CE can, and should, be re-used because it already conveys P-MPR related information, such as Pcmax, PHR and P-bit. Indeed, all the aforementioned fields are set by the UE MAC entity based on the input from the corresponding RF module that makes the actual decision whether P-MPR should be applied and how much. In that sense, it is a straightforward extension for the UE side to indicate to the MAC entity by how much the transmission power was reduced. Thus, additional MPE related information can be provided in the legacy PHR MAC CE, which will reside in the same logical container and which will be received by the network at the same time. Such an approach will also simplify the network side implementation: while the legacy network acts only on the Pcmax, PHR and P-bit fields, an enhanced implementation can also act on the actual P-MPR values. Otherwise, splitting legacy fields and additional MPE related reporting between different MAC CEs will just complicate both UE and network side implementation as it will not be entirely clear how one element relates to another one in the time domain.  Last but not least, existing PHR MAC CE already provides a versatile framework for configuring PHR reporting as a periodic or triggered event, whereas a new MAC CE would require RAN WG2 to re-introduce again almost the same concept.  
[bookmark: _Toc16502202][bookmark: _Toc16508109][bookmark: _Toc16589230][bookmark: _Toc16622985][bookmark: _Toc16678300][bookmark: _Toc16851937][bookmark: _Toc16852153][bookmark: _Toc20162934][bookmark: _Toc20756264][bookmark: _Toc20756510][bookmark: _Toc20756577][bookmark: _Toc20756602][bookmark: _Toc23239316][bookmark: _Toc23239533][bookmark: _Toc23842902][bookmark: _Toc30535441][bookmark: _Toc31302381][bookmark: _Toc31303899][bookmark: _Toc32513547]Proposal 2b:	Enhance existing single and multiple entry PHR MAC CE with additional MPE related information.

Depending on further RAN WG4 agreements whether only P-MPR or both P-MPR and SDC will be reported, there are several potential options on how they can be implemented:
-	If only applied P-MPR is agreed by RAN WG4, then it is possible to consider values similar to the ones that PHR reporting RRC configuration already has (see Annex A), e.g. 1dB, 1.5dB, 3dB, 6dB. For that it is possible to use two existing "R" bits in the PHR CE. If a higher granularity is preferred, then a completely new field can be considered. 
P-MPR:	{1.5, 3, 6, 9} [dB]

-	If RAN WG4 agrees to have both applied P-MPR and SDC, then it is obvious that at least 8bit should be reserved for a new field, which in turn can be partitioned between P-MPR and duty cycle values. As an example, 4 bits can be allocated for both P-MPR and duty cycle providing 16 different values for each quantity. The exemplary values might look as follows:
P-MPR:	{1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12, 13.5, 15, 16.5, 18, 19.5, 21, 22.5, 24} [dB]
SDC:		{n5, n6, n8, n10, n12, n15, n20, n25, n30, n40, n50, n60, n70, n80, n90, n100} [%]

Referring to existing fields in the PHR MAC CE, such as Pcmax and PHR, it is worth noting that TS 38.321 just defines the mapping table, while exact values are defined by RAN WG4 and are contained in TS 38.133. In that sense it is enough that RAN WG4 just indicates how many different values should be reported, i.e. how many bits should be reserved, while the exact values can be further discussed. 
[bookmark: _Toc31303900][bookmark: _Toc32513548]Proposal 2c:	To complete specification work, RAN WG2 needs to know how many different values will be reported, while the exact values can be further defined by RAN WG4.

3	Conclusions
In this discussion paper we have presented our further considerations on potential enhancements for the MPE scenario. As explained in the paper, always applying P-MPR might compromise UL coverage, and the static maximum UL duty cycle might compromise UL performance. As RAN WG4 agreed last meeting to consider MPE assistance information, in this paper we presented our considerations on how applied P-MPR and sustained duty cycle can help network scheduler. And as discussed further in the paper, it seems that reporting only applied P-MPR can be sufficient because sustained duty cycle can be determined by the network based on P-MPR and other performance metrics reported by the UE. Furthermore, since the UE does not know how larger UL allocations the network is going to allocate, the latter can do much better estimations and plan in advance how to schedule data.   
As for the exact implementation details, our preference is to leverage existing PHR MAC CE due to the sheer specification impact associated with adding a completely new MAC control elements.  
Proposal 1:	Report applied P-MPR value as the MPE assistance information.
Proposal 2a:	Introduce P-bit into the single-entry PHR (aligning it with the multiple-entry PHR).
Proposal 2b:	Enhance existing single and multiple entry PHR MAC CE with additional MPE related information.
Proposal 2c:	To complete specification work, RAN WG2 needs to know how many different values will be reported, while the exact values can be further defined by RAN WG4.
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Annex A: Exemplary change for the PHR MAC CE solution
TS 38.331
-- ASN1START
-- TAG-PHR-CONFIG-START

PHR-Config ::=                      SEQUENCE {
    phr-PeriodicTimer                   ENUMERATED {sf10, sf20, sf50, sf100, sf200,sf500, sf1000, infinity},
    phr-ProhibitTimer                   ENUMERATED {sf0, sf10, sf20, sf50, sf100,sf200, sf500, sf1000},
    phr-Tx-PowerFactorChange            ENUMERATED {dB1, dB3, dB6, infinity},
    multiplePHR                         BOOLEAN,
    dummy                               BOOLEAN,
    phr-Type2OtherCell                  BOOLEAN,
    phr-ModeOtherCG                     ENUMERATED {real, virtual},
    ...,
	[[
	phr-MPEAssistance					BOOLEAN
	]]
}

-- TAG-PHR-CONFIG-STOP
-- ASN1STOP

TS 38.321
[bookmark: _Toc12751601]6.1.3.8	Single Entry PHR MAC CE
The Single Entry PHR MAC CE is identified by a MAC subheader with LCID as specified in Table 6.2.1-2.
It has a fixed size and consists of two octets 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,f,c: This field indicates the PCMAX,f,c (as specified in TS 38.213 [6]) used for calculation of the preceding PH field. The reported PCMAX,f,c and the corresponding nominal UE transmit power levels are shown in Table 6.1.3.8-2 (the corresponding measured values in dBm are specified in TS 38.133 [11]);
-	MPE: If present, this field indicates actual power backoff applied by the UE. Option 1: the MPE field is 8bit encoding the actual power backoff value; Option 2: the MPE field uses two reserved "R" bits to encode four possible values for the lookup table, exact meaning of which will depend on the power factor change PHR configuration; 



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,f,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



[bookmark: _Toc12751602]6.1.3.9	Multiple Entry PHR MAC CE
The Multiple Entry PHR MAC CE is identified by a MAC subheader with LCID as specified in Table 6.2.1-2.
It has a variable size, and includes the bitmap, a Type 2 PH field and an octet containing the associated PCMAX,f,c field (if reported) for SpCell of the other MAC entity, a Type 1 PH field and an octet containing the associated PCMAX,f,c field (if reported) for the PCell. It further includes, in ascending order based on the ServCellIndex, one or multiple of Type X PH fields and octets containing the associated PCMAX,f,c fields (if reported) for Serving Cells other than PCell indicated in the bitmap. X is either 1 or 3 according to TS 38.213 [6] and TS 36.213 [17].
The presence of Type 2 PH field for SpCell of the other MAC entity is configured by phr-Type2OtherCell with value true.
A single octet bitmap is used for indicating the presence of PH per Serving Cell when the highest ServCellIndex of Serving Cell with configured uplink is less than 8, otherwise four octets are used.
The MAC entity determines whether PH value for an activated Serving Cell is based on real transmission or a reference format by considering the configured grant(s) and downlink control information which has been received until and including the PDCCH occasion in which the first UL grant for a new transmission that can accommodate the MAC CE for PHR as a result of LCP as defined in clause 5.4.3.1 is received since a PHR has been triggered if the PHR MAC CE is reported on an uplink grant received on the PDCCH or until the first uplink symbol of PUSCH transmission minus PUSCH preparation time as defined in clause 7.7 of TS 38.213 [6] if the PHR MAC CE is reported on a configured grant.
For a band combination in which the UE does not support dynamic power sharing, the UE may omit the octets containing Power Headroom field and PCMAX,f,c field for Serving Cells in the other MAC entity except for the PCell in the other MAC entity and the reported values of Power Headroom and PCMAX,f,c for the PCell are up to UE implementation.
The PHR MAC CEs are defined as follows:
-	Ci: This field indicates the presence of a PH field for the Serving Cell with ServCellIndex i as specified in TS 38.331 [5]. The Ci field set to 1 indicates that a PH field for the Serving Cell with ServCellIndex i is reported. The Ci field set to 0 indicates that a PH field for the Serving Cell with ServCellIndex i is not reported;
-	R: Reserved bit, set to 0;
-	V: This field indicates if the PH value is based on a real transmission or a reference format. For Type 1 PH, the V field set to 0 indicates real transmission on PUSCH and the V field set to 1 indicates that a PUSCH reference format is used. For Type 2 PH, the V field set to 0 indicates real transmission on PUCCH and the V field set to 1 indicates that a PUCCH reference format is used. For Type 3 PH, the V field set to 0 indicates real transmission on SRS and the V field set to 1 indicates that an SRS reference format is used. Furthermore, for Type 1, Type 2, and Type 3 PH, the V field set to 0 indicates the presence of the octet containing the associated PCMAX,f,c field, and the V field set to 1 indicates that the octet containing the associated PCMAX,f,c field is omitted;
-	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 (the corresponding measured values in dB for the NR Serving Cell are specified in TS 38.133 [11] while the corresponding measured values in dB for the E-UTRA Serving Cell are specified in TS 36.133 [12]);
-	P: This field indicates whether the MAC entity applies power backoff due to power management (as allowed by P-MPRc as specified in TS 38.101-1 [14], TS 38.101-2 [15], and TS 38.101-3 [16]). The MAC entity shall set the P field to 1 if the corresponding PCMAX,f,c field would have had a different value if no power backoff due to power management had been applied;
-	PCMAX,f,c: If present, this field indicates the PCMAX,f,c (as specified in TS 38.213 [6]) for the NR Serving Cell and the PCMAX,c or P̃CMAX,c (as specified in TS 36.213 [17]) for the E-UTRA Serving Cell used for calculation of the preceding PH field. The reported PCMAX,f,c and the corresponding nominal UE transmit power levels are shown in Table 6.1.3.8-2 (the corresponding measured values in dBm for the NR Serving Cell are specified in TS 38.133 [11] while the corresponding measured values in dBm for the E-UTRA Serving Cell are specified in TS 36.133 [12]);
-	MPE: If present, this field indicates actual power backoff applied by the UE. Option 1: the MPE field is 8bit encoding the actual power backoff value; Option 2: the MPE field uses two reserved "R" bits to encode four possible values for the lookup table, exact meaning of which will depend on the power factor change PHR configuration. 
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