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During RAN#81, the plenary gave RAN2 guidance to specify a “mechanism to address UE overheating” for Rel-15 during Q42018 ([1]).  This paper considers the need for overheating management and proposes some approaches to the problem.
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LTE mechanism and relation to NR
In LTE, a method to handle overheating cases was introduced during calendar 2017 ([2], [3]); the UE uses the UEAssistanceInformation message to indicate the areas in which it requests to operate with reduced capability, and it is up to the network to determine whether to grant the request (with the understanding that if the network ignores the indication, the UE will likely have to take implementation-specific measures that may be disruptive to service).  The LTE UE can request “downgrades” of capability in specific areas:

· Number of carriers in CA
· MIMO rank
· UE category
This approach was taken rather than allowing a full capability update because the full flexibility of sending a new UE capability is unnecessary for the overheating case and creates too much unpredictability for the network side.  (The opposite extreme, in which the UE simply indicates overheating and leaves it to the network to decide how to relieve the situation, was also considered but was felt not to offer sufficient information to the network; the UE has the best knowledge of what configuration is the cause of an overheating problem.)  This situation seems still to prevail in NR; there is no reason to incur the overhead and complexity of a full capability update for the overheating case.
Proposal 1: The UE uses the UEAssistanceInformation message to request capability restriction for overheating.
In principle, the same message could be used for other cases of the capability restriction in future (e.g. for hardware sharing), similar to how the LTE UEAssistanceInformation message is used for multiple purposes.  For the present, RAN2 are only tasked to address the overheating problem, but we should have in mind the possibility of other cases arising and consider that the message may correspondingly be extended to cover those other cases.
In the LTE solution, the network controls the ability of the UE to provide overheating assistance information with a flag in the reconfiguration message, based on the indicated capability of the UE to provide the overheating assistance.  It seems sensible to maintain this control mechanism in NR.
Proposal 2: The network indicates in the reconfiguration message if the UE is allowed to provide overheating assistance information.
Proposal 3: A UE capability is introduced for the ability to provide overheating assistance information.
LTE provides a prohibit-timer mechanism to prevent excessively frequent updates of the UE capability for thermal mitigation purposes.  From the UE implementation viewpoint this is sensible: Temperature increase normally takes place over seconds rather than milliseconds, and temperature decrease tends to be slower than the increase, so there should be no need for frequent signalling of this type.  Thus the prohibit timer mechanism should be maintained for NR.
Proposal 4: The UE maintains a prohibit timer to prevent frequently repeated requests for an update of UE capability.
Restrictable capability fields
In NR, the number of carriers and MIMO rank are still relevant to the overheating scenario, but there is no UE category.  As discussed in [4], additional configuration aspects such as the bandwidth and duty cycle should also be considered, as they may contribute significantly to power consumption and thus to UE overheating.
As a minimum baseline, CA and MIMO reduction must be supported.  As in LTE, a reduction in these parameters directly reduces the number of Rx/Tx data paths in the transceiver and the baseband, thereby reducing UE power consumption in both downlink and uplink.
Proposal 5: The UE can request reductions in at least the number of carriers in CA and the MIMO rank.
Beyond this baseline, reduction in the UE’s operating bandwidth can reduce the sampling rate at the transceiver-baseband interface, allowing power reduction.  As noted in [4], reducing the bandwidth may cause interruptions for retuning to receive common channels and/or take neighbour cell measurements.  The network needs to take this into account when configuring the reduced bandwidth; it should ensure that the UE’s Rx bandwidth still covers that of the common channels, and the network would be responsible also for configuring appropriate measurement gaps where needed.
Proposal 6: The UE can request a reduction in the Rx or Tx bandwidth.
In addition, reducing the UE’s duty cycle (e.g. by configuring the UE with DRX and/or DTX cycles, or by limiting the monitored slots during the UE’s active period) can reduce power consumption.  This allows the network flexibility in scheduling during the active period, while also allowing the UE to limit its data processing and cool down between the active slots.  This approach would not be applicable when a low-latency application is active, but the UE implementation should be able to determine whether a DRX/DTX strategy is appropriate based on the requirements of the active services.
Proposal 7: The UE can request an upper limit on the duty cycle for which receive or transmit resources can be active.
The signalling for duty cycle reduction is further discussed in section 2.4 below.
Strategy selection
Since the UE has the best knowledge of its own thermal conditions, the selection of strategy to request should be left to UE implementation.  However, some general principles can be articulated that a good implementation would follow.  In general, the power reduction that is applied should be no more than is necessary for the UE to maintain a safe and stable temperature; keeping the maximum sustainable number of resources active will generally result in the lowest energy per bit transferred, and this will minimize the total energy cost of a given transfer.
· Reducing the number of active carriers (if available) will generally be the simplest option but with NR bandwidths of up to 400MHz, thermal issues are a possibility even with single carrier operation. Additional options are therefore necessary, and the best choice then becomes dependent on the types of traffic passing through the UE.
· For data traffic that has a low latency requirement, discontinuous operation from a duty cycle reduction is undesirable – a preferable solution is to allow continuous operation, but over a reduced bandwidth, or with a lower MIMO order. The choice between the two options may be made according to the channel conditions – MIMO reduction is not always an option.
· If DRX is configured it can be assumed that all latency requirements are satisfied, and duty cycle reduction is then permissible. This allows transmission and reception to take place in the most power-efficient way that channel conditions will support, while still allowing the UE to keep average power consumption within manageable levels.
· Mixed traffic in a UE (voice, delay-insensitive data, low latency data) may have differing requirements, and be scheduled differently by the network. It will therefore be advantageous for the UE, which has full knowledge of the applications that it is running, to signal its preferences to the network when thermal mitigation becomes necessary.
The UE is aware of the constraints of its active services as well as its own thermal conditions, and thus is best positioned to take the decision on the appropriate strategy.  This is similar to the LTE situation where it was determined to allow the UE implementation to decide freely which changes to request.
Proposal 8: The selection of thermal mitigation strategies to request is left to UE implementation.
Signalling impact
The proposals above imply the following signalling impact:
· Define contents of the UEAssistanceInformation message to indicate the need for thermal mitigation
· Add a one-bit UE capability for support of the overheating assistance information
· Add a bit to the reconfiguration message to indicate whether the UE has permission to send overheating assistance information
The capability bit and the reconfiguration indication are straightforward to introduce, but the contents of the overheating assistance information need some discussion.  If the proposals above are agreed, the UE should be able to request changes to the following capabilities:
· Number of carriers in CA (per UE)
· MIMO rank (per UE or per CC)
· Bandwidth (per UE or per CC)
· Duty cycle (per UE)
For the MIMO rank and bandwidth, it would be possible to request either a global per-UE restriction, or a reduction in specific CCs.  The latter could give more flexibility to avoid the restriction on CCs that are not causing overheating; e.g., the UE could have large bandwidth configurations or high-rank MIMO on two carriers but operating at different data rates, and only the higher-rate carrier needs to be restricted.  Alternatively, signalling per frequency range could be considered, in which the UE requests e.g. a reduced bandwidth on FR2 specifically.
Proposal 9: Discuss whether MIMO rank and bandwidth reduction should be requested per UE, per FR, or per CC.
The signalling of per-UE or per-FR restrictions is fairly straightforward, but how to structure the signalling per CC is not completely trivial, and the contents and handling of the duty cycle request also need to be discussed.
For instance, for the signalling of a request for reduced bandwidth, the UE needs to indicate (optionally) a bandwidth for each CC.  The CCs can be listed in the order they were configured.  This would lead to a construct similar to the following:
RequestedReducedDL-BW-PerCC ::=		SEQUENCE (SIZE (1..maxNrofServingCells)) OF SupportedBandwidth
RequestedReducedUL-BW-PerCC ::=		SEQUENCE (SIZE (1..maxNrofServingCells)) OF SupportedBandwidth

(The IE SupportedBandwidth could be replaced by a structure containing an OPTIONAL SupportedBandwidth, with absence meaning that no reduction is requested.)  This approach gives the same flexibility per CC as the original capability signalling, but applicable only to the currently configured CCs.
The disadvantage is that the capability restriction will be invalidated if the network reconfigures the UE to a new set of CCs; it could be preferable to signal a modification of the FeatureSetDownlink/UplinkPerCC structures for all band combinations, but this would require duplicating a substantial portion of the capability signalling to convey new feature sets and new band combination parameters.  We consider that it is more reasonable to signal the reduced bandwidth for only the active CCs.
Proposal 10: For fields where reduction is requested per CC, the UE signals the request only for the active CCs.
Finally, the signalling for configuration of the duty cycle should be considered. In the basic approach, the UE could simply request a maximum downlink duty cycle, and the UE implementation could be responsible for managing the timing of scheduling requests in the uplink to achieve a limited duty cycle in that direction (subject to service requirements, of course). The network would then determine whether to give the UE a corresponding configuration to control the downlink activity cycle.
In addition to or instead of relying on the DRX configuration to reduce the UE’s duty cycle, the network can configure the UE’s search space to limit the duty cycle, using the fields monitoringSlotPeriodicityAndOffset and duration in SearchSpace. If set appropriately, these fields can effectively define a slot level DRX cycle; the UE switches on its receiver at the time indicated by monitoringSlotPeriodicityAndOffset, leaves it on for duration, and then switches off until the next monitoring slot.
Proposal 11: To request a duty cycle reduction, the UE sends a request for a maximum duty cycle, and it is up to network implementation to configure a corresponding activity cycle, e.g. using DRX and/or monitoringSlotPeriodicityAndOffset and duration for the active BWPs.
Conclusion
This document promulgated the following proposals:
Proposal 1: The UE uses the UEAssistanceInformation message to request capability restriction for overheating.
Proposal 2: The network indicates in the reconfiguration message if the UE is allowed to provide overheating assistance information.
Proposal 3: A UE capability is introduced for the ability to provide overheating assistance information.
Proposal 4: The UE maintains a prohibit timer to prevent frequently repeated requests for an update of UE capability.
Proposal 5: The UE can request reductions in at least the number of carriers in CA and the MIMO rank.
Proposal 6: The UE can request a reduction in the Rx or Tx bandwidth.
Proposal 7: The UE can request an upper limit on the duty cycle for which receive or transmit resources can be active.
Proposal 8: The selection of thermal mitigation strategies to request is left to UE implementation.
Proposal 9: Discuss whether MIMO rank and bandwidth reduction should be requested per UE, per FR, or per CC.
Proposal 10: For fields where reduction is requested per CC, the UE signals the request only for the active CCs.
Proposal 11: To request a duty cycle reduction, the UE sends a request for a maximum duty cycle, and it is up to network implementation to configure a corresponding activity cycle, e.g. using DRX and/or monitoringSlotPeriodicityAndOffset and duration for the active BWPs.
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