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1	Introduction
The SID [1] defines the power saving objectives and use cases specific requirements as: 
Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 
· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].
· Extended DRX for RRC Inactive and/or Idle [RAN2]
· RRM relaxation for stationary devices [RAN2]
Use case specific requirements mentioned in the SID: 
· Industrial wireless sensors: Reference use cases and requirements are described in TR 22.832 and TS 22.104: Communication service availability is 99.99% and end-to-end latency less than 100 ms. The reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic) for all use cases and the device is stationary. The battery should last at least few years. For safety related sensors, latency requirement is lower, 5-10 ms (TR 22.804)

· Wearables: Reference bitrate for smart wearable application can be 5-50 Mbps in DL and 2-5 Mbps in UL and peak bit rate of the device higher, up to 150 Mbps for downlink and up to 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).

In this paper we discuss methods to reduce power consumption in RedCap devices; possible impact on RAN2 specifications and performance. From RAN2 point of view the relevant methods are extended DRX in RRC_INACTIVE and/or RRC_IDLE and RRM relaxation for stationary RedCap devices.
2 	Extended 	DRX
2.1 	Background
[bookmark: _Hlk47089523][bookmark: _Hlk47089541]Extended DRX (eDRX), introduced in Rel-13 LTE, is a feature where the paging cycle is extended beyond 2.56s. If a UE is configured with 10.24s or longer DRX cycle, eDRX operation with a paging time window (PTW) is applied. Also, for longer than 10.24s DRX cycle, a hyper SFN (H-SFN) is defined in the LTE RAN specifications, so that it is possible to re-synchronize or keep synchronization over the Uu interface without need for UL signalling. In Rel-15/16 NR, PTW and H-SFN have not been specified, but multiple paging cycle values, up to 10.24s, are supported. NR specifications in Rel-16 do not support eDRX as there has not been any need to support use cases which require or benefit from extending the DRX and paging cycles beyond 10.24s.
2.1.1	 DRX in RRC_IDLE and RRC_INACTIVE
The NR UE in RRC_IDLE and RRC_INACTIVE modes can use DRX to reduce power consumption. In both modes a device may enter a deep sleep state, i.e. save power when it is not required to e.g. perform measurements. In RRC_IDLE mode the UE does not store AS context, mobility is UE controlled and the UE monitors CN-initiated paging. In RRC_INACTIVE state, the AS context is stored by UE, gNB and CN. the UE is reachable via RAN-initiated paging and CN-initiated paging and from the network perspective the UE is in RRC_INACTIVE and CM_CONNECTED states, respectively. RAN and CN paging occasions overlap, and same paging mechanism is used. The UE monitors the assigned paging occasion per DRX cycle.
The DRX cycle in RRC_IDLE and RRC_INACTIVE modes for NR UE can be configured between 2.56 and 10.24 seconds. It should be noted that so far NR mostly considers eMBB and URLLC use cases. In Rel-16, the key motivation to extend the paging cycle values from 2.56s to 10.24s was to align it with the NR C-DRX cycle length while still targeting eMBB and URLLC use cases. The common default paging cycle in RRC_IDLE and RRC_INACTIVE modes in system information can be configured with {rf32, rf64, rf128, rf,256} radio frames. In NR the UE can negotiate a UE specific DRX cycle with the AMF, as specified in section 5.4.5 in TS 23.501 and TS 23.502. The UE can indicate a preferred DRX cycle in the initial or mobility registration procedure. The AMF responds with the accepted DRX cycle. The accepted DRX cycle value range is {32, 64, 128, 256} radio frames.
2.2 	Extended DRX for RRC_INACTIVE and/or RRC_IDLE
In this section, we present evaluation results for the possible merits in terms of UE battery lifetime due to extending the DRX cycle for RRC_IDLE and RRC_INACTIVE states.
2.2.1 	Assumptions
To evaluate the power saving functionality for RedCap, we made the assumptions based on the agreements made in RAN1 WG1 meeting#101-e[footnoteRef:2] [2]. We considered the power saving model described in TR 38.840 section 8 [3]. In line with the agreements in [2], we considered a bandwidth of 20 MHz in FR1. We assumed half-duplex RedCap devices that have 1 TX and 2 RX antenna with one MIMO layer in UL where MCS 0 is considered for MSG3 and MSG4. We assumed the RedCap device is powered with 2 AA batteries where self-discharging is not considered. It is assumed that the PDCCH monitoring periodicity is 1 ms as defined in [3]. No power consumption due to RRM measurements was considered in the evaluation.  Also, no coverage recovery is considered in the evaluation. We assumed the SSB synchronization time, i.e. if the sleep between two wakeup periods is extensively long, there should be some power consumption accounted for synchronization. We have taken an optimistic approach to determine the SSB period, MIB and SIB acquisition time, and, average synchronization time, assuming power consumption defined in 8.1.1 and 8.1.3 of TR 38.840 [3] for SSB based synchronization tracking. We have taken an optimistic approach to model the data traffic. Instead of using the traffic model agreed in [2], we considered the packet inter-arrival time to model the generation of data traffic. The Inter-arrival rate is considered for the uplink traffic and on top of that the UE monitors for paging during the paging occasions. We also assume that one downlink packet of 20 bytes received by the UE after every successful transmission of an uplink packet. The rest of the assumptions are listed in Table 1 (see Appendix). [2:  see Appendix for the details of the agreements] 

2.2.2	Results
The evaluation results are shown in figure 1. The figure shows the battery lifetime gain of different eDRX cycle under different inter-arrival time. If one looks at the inter-arrival time of 1 min, when the eDRX cycle goes beyond 1 min, further extending the eDRX cycle lengths does not significantly impact the results anymore. Looking at the results, regardless of the inter-arrival time of the payloads, one can see that with a DRX cycle of 10.24s a battery lifetime of around 6 to 8 months can be achieved.  The SID states that for industrial wireless sensor use case a battery lifetime of a few years is desired. Hence, the conclusion is that RAN2 should discuss and study to introduce DRX cycles longer than 10.24s. It is also worth mentioning that eDRX gain and battery lifetime on RRC_INACTIVE is up to 25% larger, depending on the IAT, than RRC_IDLE mode due to the reduced signalling load between gNB and UE in RRC_INACTIVE.
[image: ]
Figure 1. RedCap UE battery lifetime in RRC_INACTIVE and RRC_IDLE state.
[bookmark: _Toc47558491][bookmark: _Toc47638444]RAN2 should consider a DRX cycle longer than 10.24s, e.g. up to tens of minutes, to meet the SID use case requirements.
The result illustrates the additional power saving possibility by extending the DRX cycle for RRC_IDLE and RRC_INACTIVE states. The RedCap SID discusses the battery lifetime requirements ranging from few weeks to few years in NR Redcap use cases. It can be seen that RRC_IDLE and RRC_INACTIVE DRX cycle can attain few weeks battery lifetime requirements. However, to obtain few years of battery lifetime we should extend the DRX cycle for both RRC_IDLE and RRC_INACTIVE states. Also, we can see that the increment of RRC_INACTIVE paging cycle has better relative gain than RRC_IDLE mode. RAN2 should study eDRX cycle length for RRC_INACTIVE as well as RRC_IDLE state and determine the feasible extended DRX cycle length for both RRC_IDLE and RRC_INACTIVE mode. It is worth to note that the presented power saving gains can be seen very optimistic due to the simplistic assumptions made during the evaluation. Hence, we propose the following:
[bookmark: _Toc47558502][bookmark: _Toc47638451]RAN2 should study and define the extension of DRX cycle length beyond 10.24s for both RRC_IDLE and RRC_INACTIVE states.
3 	Relaxed RRM
One of the most important design criteria for IoT devices has been to achieve a low power consumption. Many different features have been introduced in the standard to achieve this. One such feature is RRM relaxation.
RRM measurement relaxation for IoT devices is very similar in NB-IoT and LTE-M. The fundamental principle is to increase the number of DRX cycles during which the UE can skip serving cell measurements [4]. Furthermore, during the relaxed DRX cycles, the UE relies on WUS synchronization in order to know when to wake up and listen to paging. In NB-IoT and LTE-M, the number of DRX cycles to be relaxed is configured via the parameter numDRX-CyclesRelaxed and in RadioResourceConfigCommonSIB [5]. 
[bookmark: _Toc47558492][bookmark: _Toc47638445]RRM measurement relaxation was made possible in eMTC and NB-IoT by increasing the number of DRX cycles during which the UE can skip cell measurements (UE relies on WUS synchronization).
Already in Rel-15 NR there are possibilities for a UE in RRC_IDLE and RRC_INACTIVE to relax RRM measurements to reduce power consumption, under certain conditions. In Rel-15 the feature was not referred to as “relaxation”, but instead the specification [6] mentions that a UE in certain conditions may choose not to perform measurements. The relaxation criteria are based on thresholds that may be configured by the network via system information (SIB2). Once the criteria are fulfilled, the UE may choose not to perform measurements on those cells.
[bookmark: _Toc47558493][bookmark: _Toc47638446]Possibility to relax RRM measurements has been available since Rel-15 NR.
In Rel-16, additional RRM measurement relaxation criteria and evaluation modes for neighbour cell measurement relaxation for UEs in RRC_IDLE and RRC_INACTIVE states were introduced [7]. Similar to Rel-15 the added criteria are based on cell quality measurements. The criteria can only be configured via SIB and is a common configuration, thus it is difficult to configure e.g. stationary devices with other values.
There are 2 main scenarios for RRM measurement relaxation criteria in Rel-16 [7]:​
UEs are in low mobility​:
(SrxlevRef – Srxlev) < SSearchDeltaP​
UEs are not-at-cell-edge​:
Srxlev > SSearchThresholdP, and, ​
Squal > SSearchThresholdQ, if SSearchThresholdQ is configured​
These procedures are adapted based on RRM relaxation standardized for NB-IoT and LTE-M, namely using the low mobility criteria adapted to NR. 
[bookmark: _Toc47558494][bookmark: _Toc47638447]Being able to differentiate the RRM measurement criteria and/or measurement relaxation rules for non-stationary vs. stationary devices may be beneficial if it will not introduce negative impacts to the network.
As only cell based RRM relaxation has been specified in Rel-16, the Rel-17 WI for UE power saving will study measurement relaxation for Beam Failure Detection (BFD) as well as beam based Radio Link Monitoring (RLM) in FR2 [8].
3.1	Stationary devices
To further enhance efficiency of RRM relaxations for stationary devices, the possibility to identify and configure stationary RedCap devices could be a possible way forward. Stationary devices are to some extent a bit more predictable. One advantage of a stationary device, in the current context, is that such devices would very seldom perform cell search. Some measured parameters could remain valid for a long time, e.g. Timing Advance (TA) and Automatic gain control (AGC) measurements. 
To take advantage of a device being stationary some new features could be introduced, e.g. the number of neighbour cells to keep track of could be limited (if there is a need for this at all). Furthermore, several mechanisms studied in TR 38.840 [3] for RRM measurements relaxations such as relaxed serving cell measurement occasions, reduced number of measurements samples, reduced SMTC window length, reduced number of beams monitored and measured etc. could be beneficial for stationary devices.
However, the potential UE power saving gains based on any of the above techniques for stationary devices have not been weighed against possible negative impacts that may arise from bad radio condition, UEs located at the cell edge, UEs that are stationary in location but rotatory, or UEs that may want to perform small data transmission in RRC_INACTIVE state, etc.
[bookmark: _Toc47558495][bookmark: _Toc47638448]TR 38.840 has captured the study results of several potential mechanisms for RRM relaxation that could be beneficial for stationary devices. However, further evaluations are required to take into consideration other factors which may result in negative impacts with further RRM measurement relaxation for stationary devices in RRC_IDLE/RRC_INACTIVE states.
Rel-17 WI for UE power saving [8] includes an objective of introducing TRS/CSI-RS in RRC_IDLE/RRC_INACTIVE state, this could potentially introduce additional energy saving gain. Thus, other additional mechanisms may not add significant gain for stationary devices.
[bookmark: _Toc47558496][bookmark: _Toc47638449]Rel-17 WI for UE power saving includes an objective in introducing potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs. Additional RRM measurements relaxation based on other mechanisms may not provide significant gain to stationary UEs.
Nevertheless, since RedCap devices in some scenarios provide a service similar to IoT devices, such as in the industrial wireless sensor use case, it could be possible to introduce extended relaxation periods on neighbour cell measurements similar to LTE-MTC relaxed monitoring period (i.e. up to 24 hours). This would then apply if neighbour cell measurements are necessary even for stationary devices.
[bookmark: _Toc47558503][bookmark: _Toc47638452]Study if it is viable to further relax neighbour cell measurements for stationary devices in RRC_IDLE/RRC_INACTIVE state (i.e. for industrial wireless sensors and video surveillance devices [1]).
In our view, UE power consumption due to RRM measurements is significantly smaller compared to UE power consumption caused by other activities for UEs in RRC_CONNECTED state. Furthermore, extensive relaxation in RRC_CONNECTED state could adversely impact the network performance.
[bookmark: _Toc47638450]Trade-off between UE power saving and possible degradation in network performance needs to be considered when studying RRM measurement relaxation in RRC_CONNECTED.
Conclusion
In the previous sections we made the following observations: 
Observation 1	RAN2 should consider a DRX cycle longer than 10.24s, e.g. up to tens of minutes, to meet the SID use case requirements.
Observation 2	RRM measurement relaxation was made possible in eMTC and NB-IoT by increasing the number of DRX cycles during which the UE can skip cell measurements (UE relies on WUS synchronization).
Observation 3	Possibility to relax RRM measurements has been available since Rel-15 NR.
Observation 4	Being able to differentiate the RRM measurement criteria and/or measurement relaxation rules for non-stationary vs. stationary devices may be beneficial if it will not introduce negative impacts to the network.
Observation 5	TR 38.840 has captured the study results of several potential mechanisms for RRM relaxation that could be beneficial for stationary devices. However, further evaluations are required to take into consideration other factors which may result in negative impacts with further RRM measurement relaxation for stationary devices in RRC_IDLE/RRC_INACTIVE states.
Observation 6	Rel-17 WI for UE power saving includes an objective in introducing potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs. Additional RRM measurements relaxation based on other mechanisms may not provide significant gain to stationary UEs.
Observation 7	Trade-off between UE power saving and possible degradation in network performance needs to be considered when studying RRM measurement relaxation in RRC_CONNECTED.
 
Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN2 should study and define the extension of DRX cycle length beyond 10.24s for both RRC_IDLE and RRC_INACTIVE states.
Proposal 2	Study if it is viable to further relax neighbour cell measurements for stationary devices in RRC_IDLE/RRC_INACTIVE state (i.e. for industrial wireless sensors and video surveillance devices [1]).
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Appendix 
In WG1 Meeting#101e, RAN1 made the following agreements related to study of UE power saving:
· Reuse the power consumption models and scaling factors for FR1 and FR2 provided in TR 38.840 (sections 8.1.1, 8.1.2, 8.1.3) as appropriate.
· For evaluation of UE power saving, for wearables, use the traffic models FTP model 3 and VoIP from TR 38.840 to characterize the wearables service types including IM, VoIP, heartbeat, etc. with proper modification of at least packet size and mean inter-arrival time. Values are FFS.
· For evaluation of UE power saving, for industrial wireless sensor use cases, use a traffic model based on the service performance requirements for the process monitoring use case in TS 22.104 Table 5.2-2. At least 64 bytes UL message (plus headers, e.g. MAC, RLC, etc.) transmitted periodically with a periodicity 100 ms should be considered (other values are encouraged).

Table 1: Simulation Assumptions
	Parameters
	Values

	Deep Sleep Power
	1* (Relative power)

	Light Sleep Power
	20 *(Relative power)

	RX Power
	280* (Relative power)

	TX Power
	700*(23 dBm)

	Deep Sleep Transition time
	20 ms

	Light Sleep Transition time
	6 ms

	Data Inter arrival time
	1-300 minute

	UL data size
	80 Bytes

	DL data size
	20 Bytes

	UL TBS
	123 Bytes

	PRACH Duration
	4 symbol

	RAR Duration
	10 symbol

	Msg3 Duration
	14 symbol

	Msg4 Duration
	14 symbol

	RRC Release Duration
	14 symbol

	SSB Synchronisation time
	25 ms


 *In the study unit relative power is assumed to 8mW
**Transmission Time Window (TTI)
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