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1	Introduction
RAN2 agreements on RRM measurement relaxation from the latest meeting are:
RAN2_112e Agreements:
1. The target REDCAP UE, considering mobility, is not limited to a fixed UE, but can also experience some low mobility, and this, during some “stationary” periods of time.
2. The RRM relaxation of REDCAP UEs is triggered based on measurements, as a baseline. Other triggering conditions for the “level-1” (still device at fixed location) UEs are not excluded, e.g. the possibility to signal their stationary property explicitly.
3. R16 NR RRM relaxation procedures are taken as a baseline to study further enhancements of neighbour cells RRM relaxation for REDCAP Ues in RRC IDLE/INACTIVE.
4. Relaxation of neighbour cells RRM measurements in RRC_CONNECTED will be studied in this SI/WI

One important design principle, perhaps especially important in this SI, is that new features should provide gain that outweighs any increase in complexity. In this release the intention is to specify a baseline for RedCap devices; a baseline that can be further improved in coming releases. Thus, evaluations are needed to help determine if a particular feature or enhancement should be studied further in the WI with objective to include it in specifications or if the feature should be left for future releases. In the email discussion [1] companies provided their views on different alternatives to reduce power consumption using RRM measurement relaxation. Although some evaluations have been presented in previous meetings, e.g. for beam related discussions in [2][3][4],  more evaluations are needed to help decide which methods that should be discussed further in the WI. In this paper some more evaluation results are provided. The paper also includes some further information to explain our replies in the email discussion.
[bookmark: _Ref178064866]2	Discussion
The main objective with the study is to understand how power consumption for RedCap devices can be minimized. For any type of device, the most efficient power consumption feature is to leave RRC_CONNECTED for a power saving state when no data is being transmitted. Power saving states are RRC_IDLE and RRC_INACTIVE. The latter state results in less signalling when the device moves to RRC_CONNECTED (to transmit or receive new data) and is the preferred state.
According to statistics for 4G smart phones and 4G smart watches [6], such devices camp in idle state about 80% and 90% of the time, respectively. There is naturally some variation due to variation from the user habits and service types supported by different devices. It is likely that the portion of time in idle/inactive state for industrial wireless sensors will be even higher than for wearables.  The wireless industrial sensors are expected to run for at least a few years without changing battery. Power consumption also depends on the frequency, i.e., a device operating in FR1 will consume less power than a device operating in FR2. FR2 power consumption is significantly higher due to e.g., beam sweeping and longer RF on duration. 
[bookmark: _Toc61563035]Based on statistics from LTE networks, wearable devices are expected to remain at least 90% of the time in IDLE/INACTIVE states. Industrial sensors are expected to remain in IDLE/INACTIVE state even larger part of the time. 
2.1	Principle for RRM Relaxation in stationary devices
The objective with RRM Relaxation is to reduce power consumption by increasing the time between when a device needs to measure radio conditions in cells. Use of RRM relaxation was first specified in Rel-13 for LTE-M and NB-IoT, and in Rel-15 for NR. The current best practice RRM relaxation is the specification for NR Rel-16. 
In the SI Rel-16 has been agreed as a baseline for RRM measurement relaxation for RedCap devices. Criteria for NR Rel-16 are the following (copied from the email discussion):
Low-mobility criterion:
-	(SrxlevRef – Srxlev) < SSearchDeltaP for a period of TSearchDeltaP;
Note: based on the fluctuation of serving cell’s RSRP. 

Not-at-cell-edge criterion:
-	Srxlev > SSearchThresholdP, and,
-	Squal > SSearchThresholdQ, if SSearchThresholdQ is configured,
Note: based on comparison between serving cell’s RSRP (or RSRP&RSRQ) with absolute threshold(s).
The above criteria can be configured independently (see the email discussion [1] for a nice compilation of cases), i.e., if only the low-mobility criterion is fulfilled some relaxation is possible and if both criteria are fulfilled even more relaxation (up to one hour between measurements) is allowed. 
Figure 1 depicts the resulting power consumption for a range of measurement intervals. Without any relaxation at all the UE measures every DRX-cycle. The figure shows that relaxing the neighbor measurement to every 4th DRX cycle results in a reduction in power consumption of about 31%. Similarly, further relaxing to every 20th DRX cycle result in a reduction of about 39%. 
The maximum allowable relaxation in NR Rel-16 is one hour, i.e. the vertical line in Figure 1. Further relaxation results in increased reduction, however, the reduction is limited, i.e. with a relaxation of 25 hours the reduction of power consumption is 41%.
[image: ]
[bookmark: _Ref61417900]Figure 1. Possible power saving with RRM measurement relaxation ([2], also captured in the TR)

[bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244][bookmark: _Toc61563036]Power consumption is reduced with increased interval between measurements. With the relaxation specified for NR Rel-16 the maximum relaxation time is 1 h. Increasing the possible relaxation up to 24 hours provides negligible amount of additional power saving.
2.2	Reducing power consumption by relaxing beams
Relaxation of beams has been mentioned in the email discussion [1] as a possibility for reducing power consumption. The power consumption model in TR 38.840 does not provide details on how the energy consumed should be scaled when the number of SSBs in a burst is > 2. In the evaluation here, it is assumed that that per SSB power consumption will be required for each slot that is used for SSB measurements. It should be noted that a device operating in FR1 for fc <= 6 GHz, can support a maximum of 8 SSBs per SSB burst set. In FR2, a cell can be configured up to 64 SSBs.
[image: ]
[bookmark: _Ref61446847]Figure 2. Average power consumption as a function of the number of beams per SSB block and possible power saving by reducing number of beams.
In the evaluation, the FR1 power consumption model is first used to illustrate the impact of the number of beams used for serving cell measurements, see Figure 2.  As shown in the figure, reducing the number of beams from 8 to 1, can reduce the average power consumption by about 3%.
[bookmark: _Toc61563037]Reducing the number of beams per SSB block results in lower power consumption. E.g. reducing the number if beams from 8 to 1 results in a reduction of power consumption by 3%.
For a device operating in FR2 spectrum, assuming maximum number of beams is 64, reducing the number of beams for measurements by half (i.e. to 32 beams), leads to a reduction in power consumption of about 15%. With the same assumptions, reducing the number of beams for measurements to 16 beams results in a reduction of power consumption of about 22%. 
Note that for this amount of power saving to be possible the device must be capable of detecting all beams configured in a cell, see [8] for more information on beam detection. Unfortunately, it is not very likely that the device will be able to do so and in reality, the reduction in power consumption would be less than what the numbers above indicate.  It should be further noted that the number of beams required for convergence and/or RSRP measurements depends on the SINR. Also, the number of beams that can be detected by a device is radio environment dependent and also depends on the distance between a device and a beam. There is a minimum device requirement for detecting the RSRP measurement.
[bookmark: _Toc61563038]It may be possible to achieve about 10% reduction of power consumption for non-combined measurement cases in FR2 cells by reducing the number of measured beams. 

2.3 Characterize the mobility state of a UE using beams
If a more efficient method (i.e. faster) is available to characterize the mobility state of the device this could result in reduced power consumption. In the below sections mobility classification using beams is discussed.
2.3.1 Beam based criteria: FR1
A cell with FR1 spectrum (carrier frequency <= 3GHz) can be configured with up to 4 SSBs. If the cell instead has spectrum in the range 3 GHz < fc < 6 GHz up to 8 SSBs can be configured. The network can broadcast which SSBs that are configured for each cell.
ServingCellConfigCommon ::= SEQUENCE { 
      …
ssb-PositionsInBurst CHOICE { 
shortBitmap BITSTRING (SIZE (4)), 
mediumBitmap BITSTRING (SIZE (8)), 
longBitmap BITSTRING (SIZE (64)) } OPTIONAL, -- Cond AbsFreqSSB
Assuming that the cell is configured with fc <= 3GHz, the narrowest beam for SSB transmissions could have a half beamwidth power (HBWP) as wide as 30º in a 120º sector. For a wide-area base station deployment (ISD = ~1.7 km), a device at the cell-edge travelling at 3 km/h would need a minimum of ~308 seconds ~= 5 minutes to cross a beam. Similarly, for a UE that is about 10 meters away from the base station, the device would cross the beam in about 7 s and at 100 meters it takes ~70 s to cross a beam.
Figure 3. Example of FR1 beam coverage

Hence, the time required for a device to cross a beam in FR1 spectrum varies significantly depending on the where, i.e. at what distance from the BS, the device crosses the beam. Since it is unlikely that a RedCap device travels in a circular motion around the BS it may be difficult to capture the crossing-time in a beam-based criterion with enough accuracy. 
Tighter criteria based on RSRP measurements could potentially already ”detect” a device that moves out of one beam if the detection threshold is sufficiently strict or if the device does not move in a perfect circular trajectory (which is in any case unlikely).
[bookmark: _Toc61563039]Beam-based criteria (i.e. based on the number of beams crossed during a X time period) may not be practical in FR1 spectrum deployment as a method to identify stationary devices. 
Furthermore, a UE located in SSB#1 may not necessarily be able to detect and hence measure on SSB#3. Assuming that the device can detect SSB#3 but the RSRP level is below the measurement level specified in RAN4, potentially, the device would not measure on SSB#3.
2.3.2 Beam based criteria: FR2
In FR2, different beams would be transmitted in different elevation and azimuth range. Furthermore, due to the nature of the mm-waves, the beamwidth in FR2 is significantly narrower. Potentially this applies to FR1 a well, however, in FR1 the beam coverage is much larger so it makes sense to transit beams in different azimuth angles only. 
Azimuth beam coverage
Example of FR2 beam coverage
Elevation beam coverage
Figure 4. Principle of beam-deployment in cell with FR2 spectrum

As for FR1, there appears to be no obvious benefit to identify whether a device is truly stationary or slow moving by using beam-based criteria in addition to the already existing (NR Rel-16) RSRP based criteria when the UE is experiencing good channel condition in FR2.
A UE would potentially be required to monitor at least 4 beams to determine its mobility state. 
Same as for a cell deployed in FR1 spectrum, the device beam crossing time increases as the UE moves away from the BS. The crossing time in FR2 spectrum is, in general, significantly shorter than in an FR1 cell. This since the much higher number of SSBs (= 64) that can be configured in a FR2 cell and that the ISD is also typically smaller in FR2 (e.g. ~100 m).
Let’s assume a cell with 8 x 8 SSB beams. Such beams would have 15º azimuth beamwidth in a 120º sector cell. It would take a device moving with 3km/h ~16 s to cross a beam when the UE is 50 meters (at cell edge) away from the BS.
[bookmark: _Toc61563040]The potential for beam-based criteria in FR2 cells is larger than for FR1, however, the gain from separating a truly fixed stationary device from a low mobility device is questionable.
2.4	Issues with additional beam-based configurations for RRM relaxation
In [4], it is proposed to study RRM measurements relaxation based on the SSB-based UE location as shown in Figure 5. Figure 5 shows 3 cells, each with 8 beams. The UE receives information via SIB about neighbor cells and neighbor frequencies of the whole cell, including the location of neighbor SSBs.
[image: Diagram
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[bookmark: _Ref61455194]Figure 5. UE is under the coverage of SSB with index=1 in cell 1  [4].
Even though the system information is identical for SSBs with the same index, the SIB may not provide information on the correct neighbor. One observation from the described scenario is that for the UE located in SSB#1 in cell 1, it will most likely not be able to “see / detect”, e.g. SSBs#0,1 ,2 ,3, 7 from cell 2 and any SSBs from cell 3. Thus, the UE will not be able to measure on those SSBs. The proposed approach risk adding a rather big overhead in SIB1 and also adds more work for the network since it needs keep track of cell beam configurations. The situation with overhead would naturally be worse in FR2 compared to FR1. Furthermore, in SIB2, there is a parameter 
nrofSS-BlocksToAverage INTEGER (2..maxNrofSS-BlocksToAverage) OPTIONAL, — Need R”
to indicate how many beams that a UE shall use for cell measurements. If the UE can detect a number of strong beams larger or equal to nrofSS-BlocksToAverage (broadcasted in SIB2), it is possible that the UE will not continue try to search for the beams that it cannot detect. The process controlling beam detection described here is UE implementation dependent.
[bookmark: _Toc61563041]Reducing the number of beams based on the current SSB-based UE location may result in unwanted behavior since it may be difficult to measure on the correct neighbor beams.
Assuming that the proposed criteria for SSB-based location works properly, they could provide a stricter definition (compared to NR Rel-16) of low-mobility or stationary UE and allow the device to invoke relaxation faster. This comes with a drawback since the possibility for a device to quickly enter low-mobility also allows the device to quickly leave. Every beam switch probably results in device leaving the low mobility state and thus not being able to benefit from RRM measurement relaxation.
[bookmark: _Toc61563042]A functional SSB-based UE location, with sharper boundaries than NR Rel-16, may result in more frequent changes of the device mobility status. 

2.5	A few comments on RRM relaxation in RRC_CONNECTED
RRM relaxation for a UE in RRC_CONNECTED state could have greater impact on network performance and therefore possibly affect the user experience. Hence, serving cell RRM relaxation would not be desirable as even the stationary UEs shall be allowed to continuously monitor, e.g. changes in radio environments, and react as quickly as possible. 
Since the network is responsible for providing acceptable system performance (and QoE), a device should not itself be allowed to determine the behavior for relaxing RRM measurements.
Already in Rel-15, there are a number of configurable parameters for RRM measurements in RRC_CONNECTED that could be used to reduce the frequency of RRM measurements:
· Number of cells to measure via measObject
· Measurement periodicity and length (via SMTC)
· Measurements based on CSI-RS or SSB only or both are set in the parameter ssb-ToMeasure
· csi-rs-RecourceList-Mobility in CSI-RS-CellMobility IE, etc.

In the measurements report, the UE could be configured to:
· Include beam measurements
· Report up to 8 neighbour cells
· Report best neighbor cells per serving frequency (only applicable to event triggered)

Based on the Rel-15 configurable parameters for measurements and reporting, the network could already build up statistics for efficient or optimized RRM measurements in order to help the device reduce power consumption. However, the benefit is not expected to be particularly large; especially for stationary/slow-moving devices where relatively stable statistics could have already been derived based on network configurations and algorithms. [8]
[bookmark: _Toc61563043]Some possibilities to configure RRM measurements in RRC_CONNECTED already exist in NR from Rel-15. 
[bookmark: _Toc61563044]The network could, based on measurement reports, trigger or configure a UE in RRC_CONNECTED for RRM measurement relaxation.
Fast switching to a power saving mode, e.g. RRC_INACTIVE, after the transmission would eventually lead to comparable power saving for the device and a RRC_CONNECTED device relying on RRM relaxation.
It should be noted that in NR Rel-16, WUS is introduced for RRC_CONNECTED and other additional Power Saving enhancements are being discussed in the ongoing in Rel-17 PS WI.
[bookmark: _Toc61563045]The gain for the UE to quickly after a transmission move to a power saving state is probably larger than gains from RRM relaxation in RRC_CONNECTED.
[bookmark: _Ref189046994]3	Conclusions/Recommendations
In this contribution we evaluate a few of the proposals from the SI and outline possible drawbacks. This contribution does not provide a complete analysis of all proposals but instead presents some potential hurdles. Given that not all proposed methods in have been thoroughly evaluated during the SI, this may complicate deciding the best way forward to achieve good enough power consumption (from RRM relaxation). For potential studies of features in the WI the following issues can be good to begin with.
Gain vs complexity
There have been proposals suggesting that additional levels of mobility are added, e.g. low mobility as defined in 38.304 is subdivided into fixed and low mobility. We propose that these kinds of changes are evaluated taking gain vs complexity into account. After all, one main objective of the SI is the design of a reduced complexity device. 
For example, one issue with when determining mobility level is the variation in RSRP measurements depends on the time for the measurement. If a lower variance is needed in the RSRP data, this means even longer time is needed for the measurement. Will the longer time result in that potential gain from another mobility level is lost due to this longer time (with Rx on)?
Gain vs complexity (2)
In some other cases there is also a risk that proposed features that appear to help reducing power consumption add complexity that consumes all possible gain. One such example is using user subscription information to determine mobility level. Making use of user subscription adds extra signaling, potentially making the device more complex. 
Parts of features that are in conflict
In some proposals the suggested changes affect more than one dimension. A good example is beams. Reducing the number of beams will probably help reduce power consumption. However, reducing the number of beams may at some point affect the mobility classification. That is, if the device does not measure on all beams the accuracy of mobility classification decreases. There is probably a sweet spot somewhere; something that needs to be evaluated.
Work priority in the WI
There are proposals covering very many areas, ranging from changes to mobility classification to actual power saving. Since there is limited time available for the WI some sort of prioritization is necessary. We propose that areas for improvements are handled in the following order:
1) Highest priority is relaxation in neighbor cells for devices in RRC_IDLE and RRC_INACTIVE states
2) The second highest priority is relaxation in neighbor cells for devices in RRC_CONNECTED 
3) The third highest priority concerns relaxation in serving cells.

[bookmark: _Toc61563004]We propose that enhancements for RRM relaxation are continued to be prioritized as follows:
1) [bookmark: _Toc61563005]The highest priority is relaxation in neighbor cells for devices in RRC_IDLE and RRC_INACTIVE states
2) [bookmark: _Toc61563006]The second highest priority is relaxation in neighbor cells for devices in RRC_CONNECTED 
3) [bookmark: _Toc61563007]The third highest priority concerns relaxation in serving cells.
[bookmark: _Toc61563008]	Quantitative gains should be shown for a feature before agreeing to add it to specifications.
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	4/4	
Conclusion
In the previous sections we made the following observations: 
Observation 1	Based on statistics from LTE networks, wearable devices are expected to remain at least 90% of the time in IDLE/INACTIVE states. Industrial sensors are expected to remain in IDLE/INACTIVE state even larger part of the time.
Observation 2	Power consumption is reduced with increased interval between measurements. With the relaxation specified for NR Rel-16 the maximum relaxation time is 1 h. Increasing the possible relaxation up to 24 hours provides negligible amount of additional power saving.
Observation 3	Reducing the number of beams per SSB block results in lower power consumption. E.g. reducing the number if beams from 8 to 1 results in a reduction of power consumption by 3%.
Observation 4	It may be possible to achieve about 10% reduction of power consumption for non-combined measurement cases in FR2 cells by reducing the number of measured beams.
Observation 5	Beam-based criteria (i.e. based on the number of beams crossed during a X time period) may not be practical in FR1 spectrum deployment as a method to identify stationary devices.
Observation 6	The potential for beam-based criteria in FR2 cells is larger than for FR1, however, the gain from separating a truly fixed stationary device from a low mobility device is questionable.
Observation 7	Reducing the number of beams based on the current SSB-based UE location may result in unwanted behavior since it may be difficult to measure on the correct neighbor beams.
Observation 8	A functional SSB-based UE location, with sharper boundaries than NR Rel-16, may result in more frequent changes of the device mobility status.
Observation 9	Some possibilities to configure RRM measurements in RRC_CONNECTED already exist in NR from Rel-15.
Observation 10	The network could, based on measurement reports, trigger or configure a UE in RRC_CONNECTED for RRM measurement relaxation.
Observation 11	The gain for the UE to quickly after a transmission move to a power saving state is probably larger than gains from RRM relaxation in RRC_CONNECTED.


Based on the discussion in the previous sections we propose the following:
Proposal 1	We propose that enhancements for RRM relaxation are continued to be prioritized as follows:
1)	The highest priority is relaxation in neighbor cells for devices in RRC_IDLE and RRC_INACTIVE states
2)	The second highest priority is relaxation in neighbor cells for devices in RRC_CONNECTED
3)	The third highest priority concerns relaxation in serving cells.
Quantitative gains should be shown for a feature before agreeing to add it to specifications.
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