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1 Introduction
UE power consumption has been a subject of much consumer interest, and there are many proposals under discussion for NR to improve the efficiency of idle mode, paging, connected DRX and PDCCH monitoring to make better use of limited battery capacity. These techniques can all provide substantial power reductions when device activity is sporadic, or of low average throughput, and will provide good performance improvements in the three key use cases of video streaming, web browsing and instant messaging discussed in [1]. For some other use cases however, most notably those which involve the transfer of large data files across the air interface, these techniques may be less effective, and for prolonged operation at high data rates significant levels of heat generation may occur in the modem.

The rate at which this heat can be removed is a function of, among other things, the physical design of the modem and its ambient environment, and so will vary from device to device. For those devices in which overheating occurs, some reduction in throughput will be necessary to prevent the temperature from exceeding a safe operating level. It will therefore be necessary for a device experiencing a rapid temperature rise in this scenario to issue a notification to the network to initiate corrective action before it becomes necessary to terminate the connection for safety or reliability reasons.
2 Discussion
NR modem power consumption in high throughput scenarios

A number of independent comparison sites publish league tables of UE battery life for various use cases, but the test cases used provide metrics that are in many cases unrelated to the underlying modem performance – video playback, Wi-Fi browsing and speech call time are the most commonly found test cases, and share the common feature that they make few demands on the modem capability. For current UEs, where 4G data connection performance is used as a comparison (see e.g. reference [2]), web browsing time is the most usual parameter tested. Results and manufacturers published data indicate that 4G browsing times on a full charge are typically in the range 10-15 hours, with UE battery capacity ranging from 2700-5000mAh, representing average browsing power consumption in the range 800-1600mW. Test conditions for channel quality, transmit power, carrier aggregation, transmission mode and MCS are generally unspecified.
Average browsing data rates are of the order of 10-20MB/hour (< 50kbps), rising to around 350MB/hour (800kbps) for YouTube viewing. This is less than 1% of maximum throughput for a Cat4 LTE UE, so it may be expected that the average UE power consumption at maximum throughput will be substantially higher than for the browsing case.
At high data rates a useful figure of merit for a UE is the energy cost per bit of data transferred, obtained by dividing the UE power by the downlink data rate, A lower bound for this energy can be calculated using the browsing power divided by the maximum data rate supported by the UE category, and for the UEs tested in [2] this gives a result in the range 1-10 nJ/bit. Energy per bit at maximum throughput is likely to be higher than this figure.
Overheating is a recognized problem in higher capability LTE UEs, and technical enhancements are under discussion in release 14 [4] to allow a temporary capability restriction by the UE to reduce power consumption when this situation arises. NR has some efficiency gains compared to LTE, primarily from using fewer carriers and higher bandwidth, but there are also some sampling and computational requirements that will scale in power by more than the increase in throughput. At this stage it is difficult to predict the power consumption of an NR UE with any degree of precision, but for a 4Gbps NR downlink, even a 1nJ/bit energy consumption will result in a UE power consumption of 4W. Given that 1nJ/bit was calculated as a lower bound the actual power consumption for an NR UE at maximum throughput may be higher than this unless significant efficiency gains can be made in the NR modem architecture. If the UE power exceeds 4+ watts for a prolonged period its internal temperature will rise well above ambient, and the resulting drop in battery terminal voltage due to the increased loading may lead to early shutdown of the connection.
Thermal mitigation strategies

Different UE implementations have their own proprietary power saving designs, internal configurations and thermal management techniques. They also operate under a variety of ambient environments. Consequently the network cannot predict when or if UE overheating will occur, so signalling from the UE is needed before corrective action can be taken.

If a UE experiences overheating following sustained high throughput operation, there is agreement that it can signal a temporary capability restriction request to the gNB. This is designed to allow the UE to reduce its power consumption for a period to allow the excess heat to dissipate. The network is not obliged to agree to the request, but if no action is taken the only option for an overheating UE will be to terminate the connection in the interests of self-preservation.
Agreements: RAN2 #97, subsequently incorporated into reference [3]
The UE reports its UE radio access capabilities which are static at least when the network requests. The gNB can request what capabilities for the UE to report (e.g. similar band and band combination requests in LTE). The change of UE capabilities is just to, temporarily (e.g. under network control), limit the availability of some capabilities, e.g. due to hardware sharing, interference or overheating. The temporary capability restrict should be transparent to the NextGen Core. Namely, only static capability is stored in the NextGen Core. The UE signals the temporary capability restriction request to the gNB.

NOTE:
It is FFS to which capabilities the restriction may apply and how the limitation is expressed to the gNB. The details are to be finalized in Stage-3.
For thermal mitigation, the data bandwidth reduction that results from the temporary capability restriction allows the UE to switch off resources in the transceiver and baseband, or to operate resources at a reduced bandwidth. There are multiple ways in which the network can assist the UE to achieve this objective.
Although the techniques described are equally applicable to uplink and downlink, the uplink requires a minimum power level in each subcarrier to maintain connectivity, and also has a ceiling on the total transmit power that is permitted. In some channel conditions the only available options for uplink power saving may be bandwidth or duty cycle reductions – where there is high path loss a minimum energy per subcarrier is needed to maintain connectivity, so fewer active subcarriers or less frequent transmissions are the only choices.
Uplink control channel transmissions will be needed for acknowledgement and signalling, and so cannot be avoided, but it is assumed that the UE will have some control over the rate at which it supplies user data to the uplink, so that signalling between the UE and the gNB related to thermal mitigation will be mostly concerned with the downlink configuration.
UE Category reduction

This option is already proposed for 4G UEs using the UEAssistanceInformation mechanism [4], but may not offer sufficient flexibility for 5G devices where the range of possible device configurations is much greater. An individual device may carry several different types of data traffic concurrently, and any category reduction should not result in loss of connectivity. Applications requiring features such as low latency, high reliability or multi-RAT connectivity may not be supported by a reduced device category, and in such cases a more targeted power reduction strategy will be required.
Carrier reduction / MIMO order reduction
Any reduction in the total number of carriers used, or in the order of the MIMO configuration, will reduce the number of active Rx and Tx data paths needed in both the transceiver and the baseband, thereby reducing UE power. The resulting reduction in baseband throughput may allow further power reductions from frequency/voltage scaling. These reductions would be applicable to both downlink and uplink.
Reducing MIMO order also reduces the number of active Rx and Tx paths needed, but means that fewer data bits are carried in each resource block. A given transport block size would therefore require additional resource blocks to carry the data, although some of this increase could potentially be offset by an increase in the coding rate. However, in non-MIMO scenarios multiple paths may still be needed to provide diversity gains, and this would reduce the potential for power reduction by this route.
Released carrier resources can be reassigned to other network users, providing greater flexibility for the network operator

Discussions on 4G thermal mitigation [4] already make provision for this option, but the nature of the related signaling is still under consideration, with differing perspectives from UE manufacturers and network operators, While it is important to give maximum flexibility to the network in scheduling its resources, a UE that is overheating cannot remain in that state indefinitely without risking component failure,
For maximum UE power reduction, priority should normally be given to reducing the number of carriers, since removal of a carrier generally provides an additional saving by reducing the number of active RF synthesisers as well as the associated Rx or Tx resources. In the event of an asymmetric bandwidth distribution, removal of the highest bandwidth carrier will normally provide the greatest power reduction.
A UE experiencing overheating should have sufficient information about its configuration to estimate the degree of power reduction that is needed to allow a speedy return to a safe temperature, and can therefore make a recommendation on the appropriate level of carrier and MIMO order reduction that is needed,
Proposal 1: UE signalling for temporary capability restriction should allow setting of an upper limit on the permitted number of active carriers

Proposal 2: UE signalling for temporary capability restriction should allow setting of an upper limit on the permitted MIMO order of one or more specified carriers

Bandwidth reduction

A reduction in Rx or TX bandwidth can lead to a lower sampling rate at the transceiver/baseband interface, giving power reduction through frequency/voltage scaling. The reduced band should occupy a contiguous set of resource elements to minimize the bandwidth that is needed
Bandwidth reduction is most efficiently accomplished by centering the RF local oscillator on the reduced band during reception/transmission. It is noted that this may incur retuning delays when receiving common channels or performing neighbor cell measurements.
This approach may be necessary to provide additional power savings after all available carrier and MIMO reductions have been applied. It can also conserve UE battery life in non-overheating scenarios when average data throughput is low relative to channel capacity.

Proposal 3: UE signalling for temporary capability restriction should allow setting of an upper limit on the receive or transmit bandwidth to be used on one or more specified carriers.
Duty cycle reduction

An alternative method of reducing UE power consumption is to configure DRX and/or DTX cycles for the UE but additionally to impose a limit on the maximum number of Rx and Tx slots that can be used to transfer data in each cycle. This allows the network maximum flexibility in scheduling resources, and gives the greatest spectral efficiency. 
The allocation or grant for the data to be transferred in each cycle (if present) would be signalled at the start of each DRX or DTX period, allowing the UE to sleep at the end of the transfer until the start of the next cycle. When high volumes of data are involved, semi-persistent scheduling could reduce the signaling overhead.
This method would be inappropriate when low-latency applications are active. In such cases a combination of carrier, MIMO and bandwidth reduction may be needed to achieve the desired power saving.
Proposal 4: UE signalling for temporary capability restriction should allow setting of an upper limit on the duty cycle for which receive or transmit resources can be active.
Strategy selection
When selecting the most appropriate power reduction strategy, a number of factors must be taken into account. Any additional signalling to reduce UE power consumption must be compact, efficient and infrequent, and should not constrain network resource scheduling unnecessarily. Temperature increase normally occurs over a timeframe of seconds rather than milliseconds, and the fall in temperature following a reduction in power consumption is slower still, so there should be no need for frequent signalling of this type. 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 degree of power reduction needed by the overheating UE to allow its internal temperature to return to or stabilize at a safe level is best estimated by the UE itself, as there may be application related factors which make additional contributions to the power dissipation in the device. The external ambient environment will also have an impact on the maximum power consumption that can safely be sustained. A recommendation from the UE on a configuration that will allow it to operate within sustainable limits will assist the network in making the data transfer timely and efficient, while allowing the device to operate at a safe level of power consumption.
It should be noted that there are also non-thermal reasons why a UE might need to restrict the rate at which data is transferred between it and the network. There are relatively few bulk storage devices that can read or write data continuously at the rates that NR will support, so a transfer to a “slow” storage device in the UE over the air interface will also require some form of flow control that does not require excessive signalling or high levels of retransmission.

3 Conclusion
If a UE experiences overheating due to high power consumption, there are multiple temporary capability restriction options available to reduce power consumption to manageable levels while maintaining communication across the network. Signalling from the UE to initiate the restriction should allow the UE to express a preference for the type of restriction to be applied, taking into account the channel environment, the UE traffic requirements and the power characteristics of its modem architecture. We therefore propose the following:
Proposal 1: UE signalling for temporary capability restriction should allow setting of an upper limit on the permitted number of active carriers

Proposal 2: UE signalling for temporary capability restriction should allow setting of an upper limit on the permitted MIMO order of one or more specified carriers

Proposal 3: UE signalling for temporary capability restriction should allow setting of an upper limit on the receive or transmit bandwidth to be used on one or more specified carriers.

Proposal 4: UE signalling for temporary capability restriction should allow setting of an upper limit on the duty cycle for which receive or transmit resources can be active.
These proposals may be applied singly or in combination to achieve the desired power reduction.
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