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1 Introduction
During RAN1#89, it was agreed that power sharing between LTE – NR Dual Connectivity is feasible at least below 6 GHz. The power sharing mechanism is FFS.

	Agreements:
· From RAN1 perspective, it is feasible to have power sharing mechanism for LTE-NR dual connectivity at least for <6GHz

· FFS: power sharing mechanism

· RAN1 will continue discussing the power sharing mechanism, including potential RAN1 specification impact 

· Applicability of power sharing mechanism for NR in particular bands, e.g., greater than 24GHz, should be discussed in RAN4

· Send back a LS to RAN4 with the above statements – Ryosuke (DCM)


The following agreements related single uplink operation was also agreed:
	Agreements:

· For NR NSA for a UE, NR supports the case that when the UE is configured with multiple UL carriers on different frequencies (where there is at least one LTE carrier and at least one NR carrier of a different carrier frequency), the UE operates on only one of the carriers at a given time among a pair of LTE and NR carriers

· FFS whether or not there is specification impact

· If there is RAN1 specification impact, aim to minimize the specification impact for NR

· Note: this feature by itself is not intended to have any LTE RAN1 specification impact 

· Note: the other case of allowing simultaneous operation on two or more UL carriers is already agreed to be supported


This contribution discusses power sharing scenarios and power sharing mechanisms for LTE-NR DC and for NR DC.
2 Considerations for Power Sharing
When a UE performs more than one simultaneous transmission in the uplink, there is a possibility that the sum of their transmit powers would exceed the configured maximum total power (PCMAX) of the UE. This may happen both with carrier aggregation or with dual connectivity.

More generally, with single carrier and with carrier aggregation, the UE may be required to scale the transmission power when the total amount of power exceeds a specific value to meet regulatory requirements. This may be caused due to a change in the values used for calculating the power required for each transmission (e.g. pathloss estimation, etc.) and/or due to PCMAX variations considering spectral emission requirements for the concerned frequency bands, SAR, etc. With multiple simultaneous transmissions, the UE applies scaling by enforcing priorities based on the type of physical channels associated to each transmission. The UE may still use up to 100% of the total UE available power even when scaling is performed.
With dual connectivity, there is a separate MAC instance for each cell group such that scheduling and power control is performed independently from each other. Loosely coordinated or uncoordinated scheduling may then lead to situations where the sum of the power for all transmissions may exceed regulatory requirements. In such case, the UE must also scale the transmit power accordingly. It is noted that regulatory requirements above 6GHz are yet to be defined.
2.1 Applicable Deployment Scenarios with NR

Similar as for LTE DC, the applicable deployment and configuration scenarios should be considered when discussing power control mechanisms for a UE that supports LTE-NR DC, NR CA and NR DC. 
Scenario 1 - Synchronized deployments, where the UE is configured with a single TTI duration
This scenario is similar to LTE DC where there can be at most up to a specific threshold (e.g. 33µs for LTE DC) timing difference between the start of overlapping transmissions, and where all transmissions have the same TTI duration for a given UE. The network can multiplex transmissions from different UEs using different TTI durations in the same cell.

Scenario 2 - Unsynchronized deployments, where the UE is configured with a single TTI duration

This scenario is similar to LTE DC where there can be up to a specific threshold (e.g. 500µs for LTE DC) timing difference between the start of overlapping transmissions, and where all transmissions have the same TTI duration for a given UE. The network can multiplex transmissions from different UEs using different TTI durations in the same cell.

Scenario 3 - Multiple TTI durations for the same UE – for synchronized or unsynchronized deployments.

This scenario has not been addressed for LTE DC. In this case, overlapping transmissions may have different TTI durations and their respective start may have different timing differences – up to the difference between their respective TTI duration (e.g. up to 1ms minus a few mini-slots) for a given UE. This scenario is also applicable for NR CA.
2.2 Power Sharing in LTE CA and DC

One challenge when defining power control is to maximize the use of the total UE available power while fairly distributing power across transmissions. For LTE DC, power control was defined with the following objectives in mind:

· Avoiding power starvation for a CG when the UE is power-limited using guaranteed power levels;

· Maximizing the allocation and sharing of available power by assignment of any remaining power;

· Prioritization of more important transmissions based on channel type, UCI type and CG type (MCG first);

· Network control with predictable UE behavior by specification of two configurable Power Control Modes.

Since LTE R12, two uplink power control modes (PCM) are defined for Dual Connectivity. Both PCMs enable sharing of the total UE available power (PCMAX) between transmissions of different cell groups (CGs). Different PCMs have been defined to address different deployment scenarios. PCM1 is applicable for a synchronous deployment i.e. scenario 1 above where the respective start of transmissions between different CGs is within less than 33µs. PCM2 is applicable for an asynchronous deployment i.e. scenario 2 above when such difference is within less than 500µs.
In PCM1, the UE allocates up to the minimum guaranteed power (PMeNB, PSeNB) to each CG, and any remaining power is shared across MCG and SCG on a per transmission basis according to a priority order based on UCI type (if any) with MCG having the highest priority when a tie-breaker is necessary. Unused power can be reclaimed by the other CG.
In PCM2, the UE reserves the minimum guaranteed power to each CG, and the fraction of the total available power in excess of the sum of PMeNB, PSeNB is first made available to the CG whose transmissions are “first-in-time” i.e. to the CG whose transmissions starts the earliest in time. Consequently, a configuration of PMeNB + PSeNB = PCMAX for LTE DC PCM2 can also be used to achieve a fixed split of the UE’s total available power.
3 Power Sharing with NR

3.1 Design Objectives for NR

For LTE-NR DC, NR DC and NR CA, the issues addressed in LTE are still present i.e. multiple transmissions competing for the same resource (power) which is itself limited to a configured maximum total power across all transmissions (at least within a frequency range). Similarly as for LTE, the objectives described in the previous section are equally applicable. The applicable scenarios do not bring any difference that make any of the above less important nor less applicable than for LTE. Indeed, during RAN1#89, RAN1 has agreed that it is feasible to have power sharing mechanism for LTE-NR dual connectivity at least for <6GHz. The power sharing mechanisms were then left FFS.

Observation 1:
Avoiding power starvation, maximizing the allocation of UE available power and ensuring that higher priority transmissions are not scaled unduly remains important objectives of power control with NR. 
Observation 2:
Predictable UE behaviour remains an important objective for power control with NR and should not be left up to UE implementations.
Observation 3:
Hard/fixed split of the UE’s total available power is neither efficient nor sufficient for NR to maximize the UE’s power usage.
Consequently, the following is proposed:

Proposal 1:
Specify a power sharing mechanism for LTE-NR Dual Connectivity and for NR Dual Connectivity.
Proposal 2:
The power sharing mechanism supports efficient sharing of up to the total UE transmission power.
3.2 Additional Considerations for NR

However, with NR there are a number of additional considerations for power control compared to existing LTE mechanims (up to R13) including the following:
1) Support for ultra-reliable and low latency transmissions e.g. for URLLC applications;
2) Support for multiple signal structures e.g. in terms of numerologies, TTI durations and waveforms;
3) Support for beam-based operation at high frequencies (thus including narrow beams).
In the following we discuss possible implications of these features.

Support for ultra-reliable and low latency transmissions
Scheduling for URLLC is still under discussion in RAN1 and RAN2. In particular, RAN2 is discussing multiplexing of data in a transport block in LCP as a function of one or more characteristics of the transmission including TTI duration, numerology or even possibly using a generalization based on a configured mapping e.g. transmission profiles [6].

Power allocation should then be designed such that prioritization applied in MAC is coherent with prioritization applied at the physical layer for power allocation when a UE is active with multiple services concurrently e.g. with eMBB and URLLC services. One possibility could be to associate a priority for power sharing to a logical channel. However, cross-layer interactions between power allocation and MAC functions such as LCP should be avoided if possible. It may then be preferable to support an explicit indication in the DCI that schedules the transmission to indicate the profile of the transmission for prioritization at different layers i.e. for power allocation and for data multiplexing in the TB. 
Support for multiple TTI durations

NR will also support simultaneous use of multiple TTI durations for a UE. For example, there is potentially an issue with reserving insufficient power to transmissions with shorter TTIs (or larger subcarrier spacing) if power is always allocated to “first-in-time” transmissions. This is further discussed in section 4.3. A related question is whether all allocated power for a transmission should remain constant for the entire duration of the transmission and for all TTI durations similar as in LTE, or if changing the allocated power for an ongoing transmission should be supported at least in some cases e.g. to allow for pre-emption or re-prioritization. This is further discussed in section 4.4 below.
RF exposure safety regulations

For the NSA scenario with LTE and NR both operating below 6GHz (or 10GHz) the exposure safety limit SAR for multiple simultaneous transmissionson different frequencies can be written as a normalized inequality in terms of SAR as follows:

10GHz
              ∑ ( SAR,i/SAR,l ) ≤  1
                     i=100KHz
Where SAR,i  represents the emission specific to a transmitter on a frequency i, and SAR,l  represents the SAR limit specified by regional administrations below 6GHz or 10Ghz.

In the NSA scenario with LTE operating below 6 GHz and NR operating above 24 GHz, the UE is subject to specific absorption rate (SAR) and maximum permissive exposure (MPE) limits [2]. Such limits depend on the frequency range. When the UE transmits simultaneously over multiple frequency ranges, the requirement is met if the sum, over all frequency ranges, of SAR/MPE contributions normalized by the applicable limit for the frequency range, is less than 1.

       10GHz

   300GHz

∑ ( SAR,i/SAR,l ) +  ∑ ( S,j/S,l )  ≤  1
     i=100kHz
          j>10GHz
where SAR,i and S,i are the SAR and power density caused in frequency i and the power density at frequency j, respectively, and SAR,l and S,l are the corresponding regulatory limits.

To handle the above requirements, one generic approach can be to define a separate PCMAX per frequency band (PCMAX,b) corresponding to the applicable limit. For a set of frequency ranges subject to power sharing, the set of transmissions of power Pi,b must satisfy the following formula:
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where PCMAX,b would include SAR-related maximum power reduction over the bth frequency range. It should be noted that the sets of frequency ranges subject to power sharing is currently being discussed in RAN4. However, it is expected that NR and LTE should be subject to power sharing at least in case they are both operating below 6 GHz.

Power scaling, if required, can then be based on the same formulas as for LTE R12 DC except that power values are normalized by the applicable PCMAX.
4 Power Sharing Mechanisms
4.1 Support for PCM1 with NR

For NR, deployment scenario 1 described in section 2.1 is applicable for a UE configured with a single TTI duration. More specifically, the following UE configuration would fall into this category:

· LTE-NR DC with single TTI duration in a synchronized deployment;

· NR DC with single TTI duration in a synchronized deployment.
Observation 4:
Deployment scenario 1 (similar as for LTE DC) makes PCM1 relevant to LTE+NR DC and NR DC.
However, for LTE-NR DC only there may be impacts to current LTE specification as well as to current LTE implementations that are more complex than for other approaches (e.g. PCM2) due to the tight integration required between LTE and NR for the per-transmission prioritization for PCM1. However, neither can be of concern for NR DC.

Observation 5:
PCM1 for LTE-NR DC has more specification and implementation impacts to LTE than other approaches e.g. PCM2.
Support of PCM1 for LTE-NR Dual Connectivity should be FFS until the exact impacts to LTE specifications as well as the implementation complexity are better understood, and once baseline agreements for NR power control are made.
Proposal 3:
NR supports PCM1 at least for NR-DC for synchronized deployments w/ UE-specific single TTI duration.
4.2 Support for PCM2 with NR

For NR, deployment scenario 2 described in section 2.1 is applicable for a UE configured with a single TTI duration. More specifically, the following UE configuration would fall into this category:

· LTE-NR DC with single TTI duration in an unsynchronized deployment;

· NR DC with single TTI duration in an unsynchronized deployment;

Observation 6:
Deployment scenario 2 (similar as for LTE DC) makes PCM2 relevant to LTE+NR DC and NR DC.

Observation 7:
PCM2 for LTE-NR DC has limited specification and implementation impacts to LTE.

Consequently, the following is proposed:
Proposal 4:
NR supports PCM2 for LTE-NR DC and NR-DC for unsynchronized deployments w/ UE-specific single TTI duration.
4.3 Extensions to PCM2 for NR

As explained in section 3.2, existing power control modes PCM1 and PCM2 cannot address adequately scenario 3 described in section 2.1. More specifically, the following UE configuration would fall into this category:

· LTE-NR DC for a UE configured with multiple TTI durations, irrespective of deployment synchronization;

· NR DC for a UE configured with multiple TTI durations, irrespective of deployment synchronization;

· NR CA for a UE configured with multiple TTI durations.

Observation 8:
For NR, existing power control modes do not adequately address multiple TTI durations (scenario 3).
The remaining power is used to enable the sharing of a fraction of the UE’s total available power. The challenge with PCM1 and PCM2 is related to settting the proper level each group of transmissions and ensuring that the remaining power is allocated efficiently, and for PCM2 to leave as little unused power as possible when scaling per CG is applied.

Support for different TTI durations, different framing formats (mini-slots, slots and subframes) and different DCI-to-transmission timing makes it challenging in terms of UE processing time especially when look-ahead for the scheduling information of another group of transmission is necessary to determine the fraction of the UE’s total available power for a group of transmission. Additionally, varying TTI durations and HARQ timelines introduces variations in the amount of overlap between transmissions makes guarantees and/or priorities more difficult to apply when all scheduling information is required to perform power allocation with power sharing.
Power sharing for scenario 3 from section 2.1 should then preferably be based on principles of PCM2 while not relying only on scheduling information, not relying on the “first transmission in time” principle and where there dependencies between groups of transmissions is minimized (e.g. no look-ahead required) when allocating “shareable” power.
Proposal 5:
NR supports a power sharing mechanism based on an extension of PCM2 for a UE configured with multiple uplink carriers and with multiple TTI durations.
One approach to allieviate the complexity due to the support of varying signal structures in NR would be to reuse the concept of guaranteed power levels per group of transmissions (hereafter PTRxProfile#) while improving the fairness and/or accuracty of the allocation of remaining power. This could be achieved by enabling dynamic variations to the guaranteed power levels per group (grouping FFS). The UE may then adjust the guaranteed power level PTRxProfile# such that those changes are controlled and known by the network according to the composition of the active traffic mix.
Observation 9:
Dynamic adaptation of guaranteed power levels can increase power sharing efficiency by tailoring the reservation of power based on the composition of the traffic mix.

Proposal 6:
PCM2 is extended to support dynamically adaptive guaranteed power levels per group of transmissions.
The adaptation of the guaranteed power levels and the grouping of transmissions should be under network control.
Proposal 7:
Dynamic adaptation of guaranteed power level for a group of transmissions is controlled by the network. FFS whether it is based on scheduling activity, explicit signalling (e.g DCI or MAC CE), or both.

4.4 Enabling Change of Allocated Power for Ongoing Transmissions
Further improvements to the efficiency of a power sharing mechanism for NR should be considered when transmissions of different TTI durations may overlap. One such improvement could be enabled if NR supports changing the power allocated to an ongoing transmission when the UE allocates power for a shorter (e.g a sTTI), overlapping transmission.

Figure 1 shows simultaneous uplink transmission with different transmission time intervals of TTI (e.g. a subframe) and sTTI (a few mini-slots). As illustrated in Figure 1, a UE could update the power settings for all simultaneous transmissions at the rate of the shorter transmission interval. Given support for a power sharing mechanism, the higher rate of arrival of TPC commands for the second channel may induce a shift of power from one channel to another. However, scaling of the power of the first channel that has the longer TTI in the middle of its transmission results in a change in the power of the embedded DMRS. A change of the DMRS power in the middle of an ongoing transmission may harm channel estimation accuracy and may lead to some performance degradation.

Therefore, as part of the power sharing mechanism, a fixed guaranteed power for the DMRS of each link should be considered, such that the power level of the DMRS is always preserved at least for the duration of the longer TTI. Hence, the power sharing procedure may shift unused powers between the data channels, but it will not influence the DMRS power.
Proposal 8:
RAN1 considers support for guaranteed DMRS power for the power sharing mechanism.

For example, in a system with 2 simultaneous PUSCH transmissions, namely PUSCH_1 and PUSCH_2, with TPC commands TPC1 and TPC2, and at the corresponding transmission intervals of TTI1 and TTI2 where TTI2<TTI1, the UE would update the power settings with every decoding of the TPC2. As such, based on a power sharing mechanism, the power for each link may be initiated as:
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where Pc_max is the maximum configured UE power. For both PUSCH transmissions, the DMRS power are maintained at fixed levels, however with every update of TPC2, the condition[image: image3.wmf]max
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Figure 1: Simultaneous uplink transmission with different transmission time intervals
4.5 Power Control with Single Uplink for LTE-NR DC
RAN1#89 agreed that LTE-NR DC should support that “the UE operates on only one of the carriers at a given time among a pair of LTE and NR carriers”. This was also discussed during RANP#76 in the context of specific band combinations. One approach to enable both the LTE uplink and the NR uplink is to enable this in a time-division  (TDM) manner where the UE may allocate power to at most one type of transmission (i.e. either NR or LTE transmissions) at any given time without any overlapping possible. With respect to power control, in such case dynamic adjustment of the guaranteed power levels may be used by enabling the network to dynamically switch between values of 0% and 100% for PTRxProfile# for each groups of transmissions, assuming some level of scheduling coordination.

5 Conclusion
This contribution discusses power sharing mechanisms for LTE-NR DC and NR DC.
RAN1 should discuss the above and agree to the following:
Observation 1:
Avoiding power starvation, maximizing the allocation of UE available power and ensuring that higher priority transmissions are not scaled unduly remains important objectives of power control with NR. 
Observation 2:
Predictable UE behaviour remains an important objective for power control with NR and should not be left up to UE implementations.

Observation 3:
Hard/fixed split of the UE’s total available power is neither efficient nor sufficient for NR to maximize the UE’s power usage.

Proposal 1:
Specify a power sharing mechanism for LTE-NR Dual Connectivity and for NR Dual Connectivity.
Proposal 2:
The power sharing mechanism supports efficient sharing of up to the total UE transmission power.
For uses cases identical to LTE DC, it is proposed to specify PCM1 (synchronized deployments, single TTI duration) and PCM2 (unsynchronized deployments, single TTI duration) for LTE-NR DC and for NR DC.

Observation 4:
Deployment scenario 1 (similar as for LTE DC) makes PCM1 relevant to LTE+NR DC and NR DC.

Observation 5:
PCM1 for LTE-NR DC has more specification and implementation impacts to LTE than other approaches e.g. PCM2.

Proposal 3:
NR supports PCM1 at least for NR-DC for synchronized deployments w/ UE-specific single TTI duration.
Observation 6:
Deployment scenario 2 (similar as for LTE DC) makes PCM2 relevant to LTE+NR DC and NR DC.

Observation 7:
PCM2 for LTE-NR DC has limited specification and implementation impacts to LTE.

Proposal 4:
NR supports PCM2 for LTE-NR DC and NR-DC for unsynchronized deployments w/ UE-specific single TTI duration.
For other use cases involving overlapping transmissions of different TTI durations and of different “grant-to-transmission” processing times, it is proposed to extend PCM2 for LTE-NR DC, NR DC and NR CA for any type of deployments (synchronized or not). More specifically, it is proposed to support network-controlled dynamic guaranteed power levels (e.g. PTRxProfile#) per group of transmissions (FFS grouping e.g. per CG, TTI duration/numerology, transmission profile etc.) to enable adjustments of the power sharing based on scheduling activity. Adjustments to PTRxProfile#  could be based on L1 or L2 signalling (FFS) within e.g. a range of configured values for PTRxProfile#. Any remaining power may then be allocated to the group of transmission that is “scheduled first-in-time” instead of the group of transmission that has its “transmission starting first-in-time”. The UE can then compute a share of the total UE available power as soon as all grants that belong to the same group of transmissions are received.

Observation 8:
For NR, existing power control modes do not adequately address multiple TTI durations (scenario 3).

Proposal 5:
NR supports a power sharing mechanism based on an extension of PCM2 for a UE configured with multiple uplink carriers and with multiple TTI durations.
Observation 9:
Dynamic adaptation of guaranteed power levels can increase power sharing efficiency by tailoring the reservation of power based on the composition of the traffic mix.

Proposal 6:
PCM2 is extended to support dynamically adaptive guaranteed power levels per group of transmissions.
The adaptation of the guaranteed power levels and the grouping of transmissions should be under network control.
Proposal 7:
Dynamic adaptation of guaranteed power level for a group of transmissions is controlled by the network. FFS whether it is based on scheduling activity, explicit signalling (e.g DCI or MAC CE), or both.

Finally, it is suggested to consider enabling the UE to reclaim or to increase the power of the data portion of an ongoing transmission while maintaining the power level of the DM-RS portion unchanged, to further improve power sharing.
Proposal 8:
RAN1 considers support for guaranteed DMRS power for the power sharing mechanism.
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