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1 Introduction
Previously it has been proposed that RAN4 develops UE and gNB power consumption models to better understand the impact of decisions made in the RRM area. In general, we have been supportive of this approach since it is clearly beneficial to make decisions on a quantitative basis and power consumption along with corresponding needed performance of mobility at system level is one of the key trade-offs in defining RRM requirements. On the other hand, we also recognise the need to develop key NR RRM requirements with a tight timeline during the NR work item and it may be time consuming to applying the RRM model extensively in the work.
2 Discussion

Figure 1 shows the UE model which was proposed in [1]
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Figure 1 : UE model proposed for RRM power consumption analysis

Four main power consumption states are defined (plus an overlap between active RX and active TX when both are active). Each state has a power consumption P associated with it, and each state transition takes a time T. A similar model was earlier used by RAN2 for studies on LTE DRX in [2].

One thing which we would like to emphasize is that the time taken for different kinds of RRM activities and measurements is highly implementation dependent. For example, a UE with a more capable searcher which can perform offline processing of multiple cells or beams in parallel may need to receive (in active RX state) for a shorter time than a UE with a less capable searcher which performs measurements sequentially. Moreover, the power consumption impact of RRM measurements depends quite strongly on whether they can be performed during time when the RF is active for other reasons (such as receiving control or user data at the same time as intra measurements) or whether the RF needs to be powered on specially to make the measurement (such as an interfrequency idle mode measurement. The examples given are simple ones, and there are many more aspects when getting into the detail of the algorithms used – assumptions on AGC settling time for instance. Even if RAN4 agrees on the exact parameters for the model in figure 1 (Px in each state and Tx for each transition) it is likely that companies would come up with quite different results depending on their planned implementation.
Observation 1  : Even when RAN4 agrees on parameters of the power consumption model, different results can be obtained when applying the model due to differences in planned implementations.

Another aspect that we would like to discuss is the likely flexibility of the NR system, which also has big impact to RRM power consumption. For instance, we have discussed previously that in the context of carrier aggregation the “active TX” and “active RX” state power consumption may be scaled to an extent by the number of CC that are configured, and the bandwidth of each CC. Moreover, discussions are taking place on bandwidth adaptation. Since the primary motivation for BW adaptation is power consumption, it follows that there may be significant (data dependent) reconfiguration of the RF bandwidths (RX and TX) for each CC on the fly in NR. 

All of this points to the conclusion that the power consumption with active TX only, or with active RX only, or with both, may start to become quite variable and dynamic depending on exactly which CCs are active and which bandwidths they are operated at. Therefore, it seems that it will be difficult to characterise power consumption in these states with one value, and various sub-states may need to be introduced with different power consumptions. Again there may be different implementation related aspects as well, such as whether a particular implementation meets RAN4 requirements by performing short time duration measurements (fewer samples) with wider measurement bandwidth or longer time duration (more samples) with narrower measurement bandwidth
Observation 2 : In the NR system carrier aggregation and different operating bandwidths may need to be accounted in power consumption modelling.

Based on observations 1 and 2, our view is that performing power consumption modelling for RRM measurements may be quite complicated and involved, and even when this is done we might see quite different results from different companies. We contrast this with the earlier use for decisions on DRX where at least concepts like DRX cycle periodicity, on duration, inactivity timers operation etc can be inferred theoretically from the standard (or proposed standard).

In view of these observations and the rather short timescales to complete NR RRM work in release 15, we are not certain that the power consumption modelling approach will give the necessary information in time. This is particularly true for gNB modelling where the consideration of multiuser aspects would be complicated and very much scenario dependent.

Observation 3 : There is a risk that the power consumption modelling approach does not give timely results to allow RRM decisions to be made for NR in release 15
Next we turn our attention to principles of design for low power consumption. Firstly, it is important to emphasise that all power consumption discussion is about an engineering trade-off. Necessarily, if reference signals are transmitted at a reduced periodicity or identification/measurement of reference signals is performed with reduced intensity then power is saved, but at the same time measurement performance is also degraded, and likewise, if more power is consumed better performance can be obtained. Since the fundamental reason for performing measurements is to allow for mobility in the NR system, both network and UE nodes should be willing to expend the necessary energy to ensure that mobility procedures are typically working well. In this context, there are different ways to express “measurement performance” e.g. delay, accuracy etc. It is also clear that requiring better performance than is necessary for the needs of the system is wasteful of energy without providing a corresponding benefit that would make the additional power consumption worthwhile.

Observation 4: Power consumption in mobility requirements is an engineering trade-off. Performance of measurements needs to be good enough to meet the needs of the system but it would be wasteful to have minimum requirements which exceed the needs of the system. 
This indicates that for any energy saving discussion, the starting point should be a good understanding of the needs of the system. Our observation is that trade-off discussions are always difficult ones in standardisation because there is no optimal solution, and proponents of one scheme or another tend to emphasise one side of the trade-off in their arguments. Ultimately this may well lead to a balanced decision / compromise being made on the trade-off, but it is nevertheless a time consuming process to find the middle ground.

In the end, there will also be no one mobility/RRM trade-off that fits all scenarios in NR. Firstly, there are different 5G use cases such as

1. MTC

2. eMBB

3. URLCC

These are arranged in roughly ascending order in terms of mobility performance needs, and roughly descending order in power consumption importance. At one extreme, an MTC device may need battery lifetime of many years, but as it only performs occasional communication it would not really be necessary to perform mobility between wake-ups – the device would simply search for the network when it woke up, starting under the hypothesis that it had not moved so could connect to the same cell/beam(s) as before. At the other extreme, URLCC represents a scenario where reliability is the defining feature of the use case and this may mean not only reliability of the current connection, but also reliability of the mobility procedures so that the device does not go out of service. The same considerations could be given to network nodes which serve these use cases.

In addition, other deployment and scenario dependent aspects such as ISD or device velocity have a huge impact on the performance which is needed from measurements. For example, RAN4 could perform system level simulations with a certain network deployment model and UE velocity. From this, minimum requirements for measurement rate/measurement period could be derived (e.g. seeing how frequently measurements need to be performed to keep handover failure or RLF probability sufficiently low. But this does not really address the fact that a UE moving at 3km/h has vastly different mobility needs than a UE moving at 500km/h, nor that the practical deployments and site layouts may be very different from those considered in the simulations. Additionally, as higher mm-wave bands are used, beams need to become narrower to ensure coverage which puts increased demand on beam switch procedures compared with lower frequency deployments.

Based on this, we expect that there will be a need for configurability in both reference symbol transmission and reception/processing of reference signals, with resulting scaling in performance. This has already been a theme of LTE RRM requirements since release 8, and the trend can be expected to continue. To give a few examples

· In release 8, measurement performance scales according to whether UEs are performing DRX or not, and the DRX cycle length. Note that there is no difference from a RAN1/2 L1/MAC/RLC/RRC perspective in DRX and non DRX measurements since the DRX cycle is fundamentally about PDCCH monitoring activity from their perspective.

· In release 10 carrier aggregation, a deactivated Sell measurement cycle was introduced. Again there is no difference in RAN1/2 specifications regardless of which deactivated measurement cycle is used, and the configuration scales the performance versus power consumption trade-off in RAN4.

· In release 12, DRS measurements were introduced which allow for network power savings e.g. in small cells. The DRS periodicity is configurable e.g. 40ms, 80ms, and 120ms.

· In release 14, a high speed indicator is agreed to be introduced which optimises idle and RRC connected DRX measurement performance for high speed scenarios.

Ultimately the trend of configurable measurement performance is likely to continue, and be even more necessary in NR due to the wider range of use cases, frequency bands and deployments to be covered. Based on this, it would seem that there is no single set of system studies which could ever be performed which would indicate the needed measurement performance. Scalable and configurable requirements are the key, and the most that can be expected from system studies is that they give an idea of the range of scalability and configurability that is needed.

Observation 5: Due to the wider range of use cases, frequency bands and deployments which need to be covered by NR, there could be no single set of minimum requirements which will cover all cases.

Observation 6: Due to observation 2, configurability and scalability of measurement performance is likely to be important for NR

Observation 7: The goal of configurable measurements should not be to ensure that all settings work in all cases, but rather to provide sufficient tools to address the power consumption versus measurement performance trade-off when NR is deployed.
Observation 4 is extremely important to emphasise. As discussed, we have seen that trade-off discussions are often very difficult ones in standardisation, even if the outcome is ultimately a balanced approach and an acceptable compromise. However, based on observation 4, it should be kept in mind that the goal of the work is probably not to “hard code” a certain minimum measurement requirement in RRM specifications (which might have been the initial approach in WCDMA rel99, and even to an extent in LTE release 8) but rather to allow the minimum RRM performance to be set according to the needs of the system and to ensure that performance/power consumption scaling can be performed over a suitable range. In these discussions there needs to be an understanding that the measurement performance should be assumed to be configured sensibly for the use case considered. For example,

· The configuring entity should not configure more performance than is needed, “just in case” the measurement performance is not good enough

· The configured entity should accept that some scenarios and use cases need strong measurement performance, even at the expense of increased power consumption

Even in the LTE system, it is possible to configure UEs to have better or worse battery life. Flexibility in configuration is sometimes needed to support all use cases even though it may cause increased power consumption. From this we think it is more important to have scalable performance and power consumption to allow different kinds of configuration and trade-off when NR is deployed rather than spend a lot of time in RAN4 on discussing the exact endpoint for either power consumption or performance.

Observation 8: The emphasis in 3GPP discussions should be to ensure that power consumption and measurement delay is configurable over a wide range rather than concentrating on the exact endpoints.

This is particularly true because no UE or network vendor will reveal implementation details of power consumption or proprietary RRM algorithms in a 3GPP discussion. So discussions that a certain configuration may cause excessive power consumption, or that a certain measurement performance is absolutely needed may somewhat be disconnected from reality, especially conceding that 3GPP standards work is done at an early phase possibly even before vendors had a chance to benchmark their implementations internally.

Another aspect which should be considered is the impact of different numerologies on power consumption. As a first order approximation, what matters in achieving a certain measurement accuracy for a single measurement sample is the bandwidth (eg Hz) and the time (eg uS) over which coherent combining of symbols can be performed. In other words, 2 time domain coherently combined symbols at 30ksps contribute the same information to the measurement as 1 symbol at 15ksps. Such measurement samples are then further averaged (non coherently) to generate the L1 measured value, which will reduce the variance of the measurement but which cannot improve any bias (eg due to noise that is incorrectly estimated as power at low SINR). Based on this, our observation is that power consumption is primarily a function of duty cycle and to an extent measurement bandwidth rather than numerology used. This is a first order approximation since the exact details such as cyclic prefix length will have some influence on measurement accuracy and moreover if there is a difference in frame structure for different numerologies (eg lower density in either time or frequency domain of symbols that can be used for measurement) then there may be a significant difference – but then the different power consumption arises fundamentally from the different reference  symbol density rather than the numerology used

The extent to which coherent averaging can be used in time and frequency depends on channel characteristics, ie a large Doppler spread which may occur for higher speed UEs limits the possibility to coherently average in time domain, and a large delay spread which may occur due to the multipath environment limits the possibility to coherently average in frequency domain. It should be emphasised that these are functions of the radio environment rather than the numerology used, although there is a relationship – since the radio environment also determines what numerologies are feasible to deploy.

Since duty cycle and measurement bandwidth are the key receiver metrics that determine how much power is needed to achieve a certain measurement accuracy, this means that a similar duty cycle would be needed for measurements with different numerologies. This means that for the numerologies with very short subframe, eg 0.125ms, it may be necessary to consider coherent combining between TTI, meaning that very low duty cycles are not always possible.

Observation 9: Achievable measurement accuracy for measurements is primarily a function of duty cycle and measurement bandwidth used rather than the exact numerology that is configured for the measurement. 

Observation 10 : Based on observation 6, it may not be feasible to use extremely low duty cycles for numerologies with a very short subframe and obtain accurate measurements.

Some for power saving which could be considered for NR include
Energy usage for transmitting reference signals
· Follow lean carrier principles

· Transmit reference signals as infrequently as possible, e.g. with low periodicity or only when needed

· When needed, transmit measurement reference signals that are sufficient to perform time and frequency synchronisation (may not be needed for serving beams), identify a beam and perform measurements without the need to process other signals that are transmitted at different times.

· Minimise time duration of individual transmissions e.g. using wideband signals in frequency domain

· Provide assistance information on reference signal timing in neighbour nodes (e.g. similar to DMTC window in LTE)

Energy usage for receiving and measuring reference signals
· Perform measurements as infrequently as possible while meeting the required performance

· Wideband measurements may be beneficial to give the same accuracy with less measurement activity in time domain

· Concentrate measurement activity aligned to DRX wake up when in a power saving mode.

· Use timing assistance information to minimise search windows for signals

· Do not perform measurements when unnecessary, perhaps under configuration control (e.g. Smeasure mechanism in LTE)

Proposal 1 : Capture power saving techniques which could be used for NR measurements in TR38.803

Our expectation is that most of the principles for power saving in signal transmission relate to the basic signal design, and are for RAN1 to discuss. Some aspects of reception and measurement processing are related to physical and higher layer procedures e.g. assistance information to minimise search windows or avoid unnecessary measurement activity, as well as the basic definition of DRX. However, RAN4 minimum requirements ultimately define how frequently measurement activities need to be performed and have a strong influence on measurement power consumption. 

It should also be noted that saving energy in measurements does not always cause a corresponding reduction in overall power consumption. For example, a delayed handover could mean that a device spends longer connected to a more distant node which means that it needs to transmit more power on the uplink. Or a mobility failure may result in increased signalling or decoding of system information both of which have a cost in terms of power consumption. It is therefore necessary to take a holistic view of power consumption, and not to perform optimisations on a function by function basis if they do not yield a saving overall.
Observation 11: A holistic view is necessary when considering measurement power consumption.

Taking a holistic view is always more challenging than thinking about individual functionalities since it needs good system understanding and in addition is very related to implementation issues. However, it is also one of the most important aspects of power consumption analysis.

3 Conclusions

In this contribution we further discuss power consumption related to RRM measurements in NR. We make the following observations and proposal:
Observation 1  : Even when RAN4 agrees on parameters of the power consumption model, different results can be obtained when applying the model due to differences in planned implementations.

Observation 2 : In the NR system carrier aggregation and different operating bandwidths may need to be accounted in power consumption modelling.

Observation 3 : There is a risk that the power consumption modelling approach does not give timely results to allow RRM decisions to be made for NR in release 15
Observation 4: Power consumption in mobility requirements is an engineering trade-off. Performance of measurements needs to be good enough to meet the needs of the system but it would be wasteful to have minimum requirements which exceed the needs of the system. 
Observation 5: Due to the wider range of use cases, frequency bands and deployments which need to be covered by NR, there could be no single set of minimum requirements which will cover all cases.

Observation 6: Due to observation 2, configurability and scalability of measurement performance is likely to be important for NR

Observation 7: The goal of configurable measurements should not be to ensure that all settings work in all cases, but rather to provide sufficient tools to address the power consumption versus measurement performance trade-off when NR is deployed.
Observation 8: The emphasis in 3GPP discussions should be to ensure that power consumption and measurement delay is configurable over a wide range rather than concentrating on the exact endpoints.

Observation 9: Achievable measurement accuracy for measurements is primarily a function of duty cycle and measurement bandwidth used rather than the exact numerology that is configured for the measurement. 

Observation 10 : Based on observation 6, it may not be feasible to use extremely low duty cycles for numerologies with a very short subframe and obtain accurate measurements.

Observation 11: A holistic view is necessary when considering measurement power consumption.

Proposal 1 : Capture power saving techniques which could be used for NR measurements in TR38.803
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