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Introduction
In RAN plenary #80, the SID: “Study on UE power saving in NR” was approved [1]. The study item will official start in the next RAN1 meeting (#94bis). This contribution intends to summarize the current state of UE power saving support in NR Rel-15, and look ahead to offer precursory views on UE power saving in Rel-16 and beyond.
[bookmark: _Ref521699534]UE Power Saving in NR Rel-15
It has been quite a remarkable achievement that the first release of 5G NR already supports some UE power saving features. It also highlights the importance of UE power saving for NR, with support for wider bandwidth, shorter slot duration, higher peak throughput, etc. The most important feature that facilitates UE power saving is bandwidth part (BWP). In the following, we will recap how this feature can help save UE power in several ways.
BWP for Dynamic BW Adaptation
This is probably one of the most obvious and well-understood use cases for BWP. For advanced BWP feature that supports BWP adaptation, DCI and timer-based switching between BWP is supported. BWPs can be configured to have narrow bandwidth and wide bandwidth support. During periods of low traffic activity, BWP with narrow bandwidth can be the active BWP to save power; During periods of high traffic activity, BWP with wide bandwidth can be active to achieve high throughput and finish the data transfer as soon as possible. Fast switching based on DCI and timer allows the adaptation to be effective over smaller time scale (e.g. tens to hundreds of msec).
[bookmark: _Ref521679470]BWP for PDCCH Monitoring Periodicity Adaptation
CORESET and search space configuration is per-BWP. Different PDCCH monitoring periodicity can be configured across BWPs for power saving purpose. For example, longer PDCCH periodicity (higher latency) can be configured for a BWP for more power saving, and another BWP can be configured for normal PDCCH periodicity for high traffic scenario. Fast switching between the two configurations allows efficiently adaptation on traffic pattern variations.
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Increasing PDCCH periodicity comes as a steep price of higher scheduling latency for lower UE power consumption. Next, another technique to tradeoff between latency and power will be introduced.

[bookmark: _Ref521679487]BWP for Cross-Slot Scheduling
Adapting instantaneous power consumption to per-slot scheduling requires the use of a technique called “microsleep”. For the slot type where the DL control symbols are at the beginning of the slot, UE may put its RF and frontend hardware in sleep mode to save power during the rest of the slot as soon as the UE determines that the slot is not scheduled and does not carry data. In same slot scheduling (where k0=0), PDCCH decoding time is in the critical timeline for microsleep decision, and the portion of the slot that can potentially be available for microsleep is limited. This is especially worse for deployment with very short slot duration (e.g. 0.125 msec slot duration for 120kHz SCS). 
One main difference compared to LTE is that NR supports other values of k0. If k0 is configured to be larger than 0, PDCCH decoding would be taken out of the critical timeline and for an unscheduled slot, microsleep can be extended to start as soon as the last DL control symbol ends. The portion potentially available for microsleep would be maximized. Significant power saving can be achieved by employing cross-slot scheduling.
One subtlety to point out is that it is not enough for network to be able to schedule with k0>0 by DCI indication of k0. If k0=0 is among the semi-statically configured k0 candidates in pdsch-symbAllocation table, and the actual k0 value is indicated in the DL scheduling DCI, UE still cannot implement extended microsleep. This is because until the UE can finish blind decoding of all PDCCH candidates, it cannot be sure that there would be no DL assignment indicating k0=0. As a result, within a slot, UE can go into microsleep state only after PDCCH processing is finished. To enable extended microsleep, what matters is that none of the k0 candidate values semi-statically configured in pdsch-symbolAllocation table should correspond to k0=0.
K0>0 configuration (i.e. cross-slot scheduling) is great for UE power saving but it comes at slight expense of latency. It would be desirable to be able to switch to same-slot scheduling (k0=0) mode during a traffic burst. However, reconfiguration of pdsch-symbolAllocation has to be done through RRC signalling which is slow and takes a lot of overhead. This is where BWP can play an extremely useful role.
Pdsch-symbolAllocation table is configured per BWP. There can be multiple BWP configured with different minimum value of k0 in the tables. Fast switching between BWP can be used to facilitate fast transition between cross-slot or same-slot scheduling, thereby circumventing slow RRC signalled reconfiguration.
Putting both dynamic BW adaptation and cross-slot scheduling together, the following is an example illustrating how BWP can be used: Suppose there are 3 BWP configurations with different minimum k0. One of them is intended for operating the UE in lower power mode with cross-slot scheduling only, and the other one optimized for low latency data with same-slot scheduling. Also, there is a default BWP with narrow BW configuration.
Suppose the following BWP transition time need to be supported:
1. BW adaptation between narrow and wide: 2 slots
2. Same BW and center frequency but with baseband parameter change only: 1 slot

The BWP are configured with the following pdsch-symbolAllocation entries (only k0 is shown, assuming SLIV and PDSCH type are not the differentiators):
[image: ]
The following BWP transitions are illustrated: BWP0  BWP1  BWP2  BWP0:
[image: ]

During transition from BWP0 to BWP1, Table1 which contains 3 rows is used, but the time-domain RA field of BWP0 contains only 1 bit. As a result, only one of the first two rows can be selected as k0 for scheduling of PDSCH and BWP transition; The 3rd row is not addressable during this transition. During transition from BWP1 to BWP2, Table2 which contains 2 rows is used, but the time-domain RA field of BWP1 contains 2 bits; As a result, only the lower bit is used for addressing Table 2, and the upper bit is dropped.
Fast switching between cross-slot scheduling (BWP2) and same-slot scheduling (BWP1) can be achieved compared to using RRC reconfiguration.

However, current NR specification contains a “bug” for cross-slot scheduling support. In order to put RF and frontend to sleep, not only PDSCH scheduling should be considered, but A-CSI request and CSI-RS should also be considered. If CSI-RS can come in the same slot as the UL grant that triggers the A-CSI request, this means UE cannot determine to start microsleep until all PDCCH blind decoding is done. Similar to k0>0 condition for PDSCH, for A-CSI request, the triggering offset, which defines the slot delay for the CSI-RS relative to the PDCCH, should be greater than zero.
However, in RAN1#92, the following was agreed:
For CSI acquisition, aperiodic CSI-RS triggering offset can be 0, 1, 2, 3, 4 slots.
· If all the associated trigger states do not contain QCL Type D information, aperiodic CSI-RS triggering offset is fixed to zero
This means, for certain QCL Type configuration, the A-CSI-RS trigger offset is zero and extended microsleep would not be feasible. While the issue may be circumventable by configuration, it should be addressed in the spec in a later release.

BWP for Low Power C-DRX Wake-Up
When C-DRX is enabled, UE expends significant energy to wake-up from sleep to get to active state to monitor PDCCH in the ON duration. This involves performing resynchronization, DMRS processing and decoding of the PDCCH. Because the SNR requirement to decode PDCCH is not high, UE may be able to operate at lower power if it only needs to process PDCCH. However, one major deficiency with C-DRX design is that UE may have to be prepared to receive same-slot grant, this means, it has to be ready to receive PDSCH and transmits HARQ-ACK as soon as it enters the ON duration. As a result, UE has to be ready for high SNR reception and the hardware for PDSCH processing has to be online and ready, which requires higher power consumption. Overall, there is still net power saving compared to the case of no C-DRX. However, it can definitely be improved in NR.
It has been observed that for typical traffic patterns, significant percentage of C-DRX cycles are “empty”, i.e. no data is scheduled. UE expends the overhead energy to get to a state to be able to decode PDCCH and ready for PDSCH and HARQ-ACK transmission. For those “empty” C-DRX cycles, UE simply stay active during ON duration, decodes no grant, and returns to sleep.
All the ideas discussed earlier in relation to BWP can help optimize power consumption for this scenario. Large minimum k0 value ensures that if a grant is decoded, the scheduled PDSCH will arrive after k0 slots, giving the UE precious time to ramp up the modem to a state ready for processing PDSCH and transmit HARQ-ACK. This means, during PDCCH monitoring stage, UE can operate at lower power level. Also, with large k0, until a grant is decoded, UE only needs to receive over the configured CORESET bandwidth. This can be done with a BWP with narrow bandwidth. When a grant is decoded, UE transitions to the BWP with large bandwidth for PDSCH reception.
Suppose the default BWP is configured to be low power (e.g. narrow bandwidth, large k0), and UE wakes up on this BWP for ON duration. For the empty C-DRX cycle, it expends minimum level of energy for grant detection. For the non-empty C-DRX cycle, it detects grants during the ON duration, and has sufficient time to transition to another BWP at higher power consumption level (e.g. wider bandwidth, small/zero k0). If the ON duration is configured to be relatively short (e.g. a few slots), this scheme of operation is effectively a wake-up signalling scheme, with PDCCH being the wake-up signal.
Previous illustration suggests a way that BWP can be configured to achieve low-power C-DRX wake-up. The default BWP can be the one that UE wakes up on for the ON duration. It is usually the case because during DRX inactivity counting period, BWP timer should expire first and UE should be on the default BWP when it returns to DRX sleep. When UE wakes up for ON duration, it starts from the previously active BWP which would be the default BWP.
[bookmark: _Toc521704056]Observation 1: BWP feature is central to UE power saving for Rel-15.

Views on UE Power Saving for Rel-16
Evaluation Methodology
It is crucial to establish an evaluation methodology for UE power saving study, in order to have a basis to quantitatively evaluate and compare proposals and prioritize what problems should be addressed. In many cases, it is more important to first evaluate and validate the potential gain for a proposal before delving into the design details.
In terms of the device class and the traffic types, during email discussion the consensus is to focus on EMBB (enhanced mobile broadband) and smartphones. This is also aligned to the current focus of NR specification.
Days-of-Use evaluation methodology
For smartphone, DoU usage model is the most relevant to the user’s experience. Typically, a user takes the smartphone with him/her for the day, uses a number of applications, and expects a day (or slightly longer) of battery usage. The DoU usage model defines the types of applications and amount of usage for a typical user throughout a day. This translates to low level modem operations at certain power level (i.e. “power states”), and the DoU profile allows us to derive the time duration for each of those power states. Then, the power consumption averaged over the day (a.k.a DoU average power) can be calculated, and the impact of any power saving proposal can be evaluated as a percentage relative to the DoU average power; Equivalently, this is the percentage relative to the battery life (since battery capacity is fixed).
The benefit for DoU methodology is that it provides an overall system view on power consumption. Suppose one aspect of the modem operation is optimized and power consumption is reduced. The DoU average power would also reduce, and proportionally, the other contributors to DoU power would increase percentage-wise. This would magnify which next biggest contributor should be optimized. It prevents over-optimization of a single contributor because the math will show diminishing return.
Other methodology may not be precluded. For example, operators have hard metrics on the standby-time of the devices on its network. Even though this is not a practical metric for smartphones (does it matter how many weeks a forgotten smartphone can last sitting inside a drawer?), it may still be of technical interest for assessment. On the other hand, we should keep in mind not to overly optimize based on such a single-facet metric.

Power model
The group should agree on a UE modem power model which is sophisticated enough to demonstrate practical power consumption tradeoffs but on the other hand, abstract enough so that it is generally valid across a wide range of implementation.
The model should consists “modem power states”, for example, PDCCH-monitoring only (but no grant detected), active PDSCH reception, sleep state, microsleep state, etc. The power level for each modem power states should be decided based on practical observations / measurements. Real-world inefficiency such as transition time and power overhead between various levels of sleep and active states should also be modelled.

Traffic patterns
As discussed, the DoU model should have a recommended list of applications, but in the end, only a few representative applications would be studied. It is reasonable to simply the model to running only the top few applications that either consumes the most time duration, or consumes the most power (relative to DoU power). We find that the following applications satisfy above criteria and also contribute to majority of DoU power:
· Youtube
· Web browsing
· Instant messaging
· File download
· Background apps sync and events (smartphone in standby)
Each application would be associated with a unique traffic pattern, which can often be modelled analytically.
In many cases, evaluation of the deterministic or extreme cases (e.g. wake-up signalling achieves maximum saving when there the scheduling rate is zero) can offer useful insights and can be convincing enough.

Baseline for comparison
Given that Rel-15 already supports a variety of power saving techniques (at least for the techniques described in Section 2), that should serve as the baseline for comparison against any Rel-16 proposals. Significant gain is required to justify efforts to introduce new features.

[bookmark: _Toc521704065]Proposal 1: Evaluation methodology should include at least smartphone DoU methodology consisting of power model, traffic patterns (according to realistic application usage scenarios).
[bookmark: _Toc521704066]Proposal 2: Quantitative evaluation of the power saving gain should be done to justify the proposals; Baseline should be Rel-15 with the relevant power saving features enabled/configured.

Adaptation in Frequency
Dynamic bandwidth adaptation is supported in Rel-15 based on the BWP adaptation feature. It is an effective power saving feature for single wideband carrier use case, but less for multiple carrier use case. However, in terms of Rel-15 CA/DC, there was not enhancement for improving power saving relative to LTE. SCell activation and deactivation is basically inherited from LTE design.
[bookmark: _Toc521704067]Proposal 3: For Rel-16, SCell power saving should be the top priority.

SCell power saving 
SCell dormancy state
For Rel-15, LTE introduced a new SCell state, distinct from activated and deactivated state. This new state allows periodic CSI of the SCell to be measured and reported, but otherwise is similar to legacy deactivated state and no data transactions are allowed and PDCCH is not monitored. The advantage is that the latency of transition into active state from this new state is reduced significantly compared to transition from deactivated state and the UE power consumption in the new state is much lower than that in active state and slightly higher than that in deactivated state. The fast state transition from low power new state to high power active state results in reduced overall UE power consumption for most traffic patterns.
Compared to adapting the bandwidth of each individual SCell, being able to put SCell into power saving state and bringing it back briskly would be more effective for power saving. It has been proposed in RAN2 that the BWP framework can be leveraged to implement an analogous version of LTE new SCell state for NR. New SCell state can correspond to a designated BWP with special attributes supporting low power operation. Such BWP can be called “dormant BWP” where no uplink or downlink grant is allowed, but periodic CSI reporting can continue.
[bookmark: _Toc521704068]Proposal 4: Unification with BWP can be considered for SCell dormancy state transition.
SCell power consumption for the UE is a critical issue in NR especially for mmW deployment. Peak active use case aside, power consumption level can be very high even for PDCCH monitoring scenario. Enhanced microsleep with cross-slot scheduling alleviates the issue to some extent but the next step is to further tackle the duty cycle aspect by being able to quickly put SCell into low power / deactivated state when it is not needed.
Fast SCell activation/deactivation
The motivation for fast SCell activation/deactivation is so that the number of activated SCell can adapt more closely to the actual traffic load, thereby saving more power. Current LTE Scell activation latency is quite long (24 to 32 msec), and because of this overhead for activation, typically SCells are kept in the activated state for a long time even when there may be periods of no data. In NR, the timeline for SCell activation/deactivation can be optimized with aperiodic TRS/CSI and DCI-based signaling.
One difference with SCell dormancy state is that when a SCell is deactivation, UE does not have to perform any measurement or operations on the SCell, whereas for SCell dormancy state, UE still has to periodically perform CQI measurements and reporting, albeit at a much sparser periodicity. It is expected that transitioning from dormancy state to activated state is still much shorter than transitioning from deactivated state. One way these two features can be differentiated is that SCell dormancy state targets faster traffic variations, while fast SCell activation/deactivation targets slower traffic variations.
[bookmark: _Toc521704069]Proposal 5: SCell dormancy state is useful for adaptation for smaller time scale variation of traffic load, while fast SCell activation/deactivation is useful for adapting to larger time scale variation.

Power-efficient carrier selection
For interband CA, it is likely that the power efficiency for carriers in different bands could be different. For example, carriers in FR1 tends to be more power efficient (in terms of Mbps per mA, inversely proportional to nano-Joules per bit). For a device supporting both FR1 and FR2, if the traffic load is sufficiently high, switch to FR2 can be triggered. While this can be done on Rel-15 already, the scheme can be improved by considering UE providing assistance information for gNB to make the power-efficient decision.
[bookmark: _Toc521704057]Observation 2: Power-efficient carrier selection can be better with UE assistance information.

Adaptation in Time
For Rel-16, one main area for improvement is DRX “warm-up” timeline. Impact is especially significant for C-DRX which typically contributes more to overall battery life compared to I-DRX.
In LTE, there is always-on reference signal CRS, so UE can wake up a little ahead of time before the ON duration to “warm-up”, i.e. acquire synchronization, run AGC, getting the modem hardware ready to receive PDCCH and potentially receiving PDSCH and transmitting HARQ-ACK. In NR, there is no CRS. Instead, SSB is transmitted periodically but much sparser than CRS. There are various tradeoffs for how UE stays in sync with the network, perform beam management, perform serving cell measurement, monitoring PDCCH, etc during its ON and/or active time.
For C-DRX, TRS (tracking RS, one kind of CSI-RS for tracking) is supported. This has the potential to compact the active timeline and limit/reduce the number of wake-up UE has to go through, thereby saving power. How to quickly ramp up the performance of the modem after waking up from sleep state, and finishing the data burst transfer as fast as possible and return to sleep would be the recurring theme for power saving in time domain.
Adaptation of timing parameters can also be beneficial for power saving. Cross-slot scheduling for extending microsleep is a very important feature. It is supported in Rel-15, but as discussed in Section 2.3, the support requires quite a lot of detailed configurations (e.g. making sure all k0 entries in pdsch-symbolAllocation table is greater than 0), and there is a bug in A-CSI triggering offset that may present some challenge in configuring it to work. In Rel-16, above issues should be revisited and enhancements to make cross-slot scheduling usage more seamless should be considered. Adaptation of other timing parameters (e.g. k1) for power saving should be investigated.
[bookmark: _Toc521704070]Proposal 6: Enhancement to speed up DRX warm-up (e.g. TRS, beam management), wake-up and active time reduction, more seamless adaptation of timing parameters should be studied for power saving.
[bookmark: _GoBack]
Adaptation in Antenna
One aspect where antenna adaptation can be very effective for power saving is multiple panel operations. Especially for mmW, the power consumption for each active antenna module (panel) can be very high. Therefore, UE may not want to keep all antenna modules on all the time. Instead, to save power, UE may only keep one or several antenna modules active, while keeping others in sleep. However, there is time delay for activating a module, so intra-module and inter-module beam switching may require different time delay. Support should be accounted for in the spec.
The focus for study in adaptation in antenna should not be on analysing in detail the tradeoff between number of antennas (power consumption) and performance (throughput), but should be on understanding the practical issues and providing spec support for flexible and reduced number of antenna operation.
[bookmark: _Toc521704071]Proposal 7: Focus for study in adaptation in antenna should be on understanding the practical issues and providing spec support for flexible and reduced number of antenna operation.

Reducing PDCCH Monitoring Power Consumption
It has been shown in several studies that UE spend substantial percentage of its battery on the state where it is just monitoring DL control channel without detecting any grants. The studies were based on profiling and measurement on LTE devices, but it is expected that the trend will continue to hold in NR, and there is some chance that it will become worse because of support for larger SCS resulting in shorter slot duration and more frequent PDCCH monitoring.
There are already some designs to curb the power creep for Rel-15, for example, CORESET can be configured to be narrower bandwidth than the carrier bandwidth. Also, BWP adaptation for operating in narrow bandwidth during a period of low traffic activity when the UE expects to be mostly monitoring PDCCH but not decoding grants.
The following clarification should be made: The observation that UE spends a significant portion of its battery on PDCCH-detection-only state may not mean that reducing the number of blind decoding alone can have major impact to reducing the power consumption. PDCCH-detection-only state power consists of many components, for example, the entire chipset’s active power (with reduced RF/frontend power due to microsleep) over the active time, and additional workload power contributed to DMRS processing, CCE processing/demodulation, and blind decoding. Reducing the number of blind decodes addresses just a small component of the entire picture. Reduction in number of candidates and number of hypothesis decoding definitely helps in power saving but its effect is more prominent only if there is significant impact on active time reduction. Sleep time extension is still the primary and most effective way to achieve power saving, and it is more important than workload reduction although they are also inter-related.
[bookmark: _Toc521704058]Observation 3: Sleep time extension is still the primary and most effective way to achieve power saving
Along this line, it is worth repeating again that cross-slot scheduling for extending microsleep is a very important feature. In addition, PDCCH monitoring periodicity adaptation, although it is supported in Rel-15 as discussed in Section 2.2, can be revisited for Rel-16 for enhancement consideration. More flexible and dynamic ways to adapt PDCCH search space and monitoring periodicity should be devised. In terms of workload reduction, how to more dynamically adapt the number of candidates and hypotheses to decode for PDCCH monitoring and the benefits should be further studied.
An alternative to dynamic PDCCH monitoring periodicity adaptation is to introduce signalling from gNB to UE informing the UE if gNB does not intend to schedule to the UE for some number of slots in the future. The detail for the signalling can be discussed and determined later, but statistics collected from system simulation shows that there could be gaps in scheduling (from a single UE’s perspective) and if the gap can be indicated to the UE in advance, UE can save power by skipping some PDCCH monitoring and go into longer and deeper sleep state than microsleep.
[image: ]
(B) is a “scheduling gap” from a UE’s perspective.
Below system simulation result is based on typical settings for mmW (120kHz SCS) cell deployment with analog BF; PF scheduler; 10 UEs per cell.
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On average, the gap can be 11 to 22 slots long. This is especially evident for system with analog beam, for which TDM is predominantly used to schedule across users.
[bookmark: _Toc521704072]Proposal 8: Tighter coordination and signaling between gNB scheduling and UE management of active and sleep states should be studied.
Power-Saving Signal/Channel/Procedure
The use case for power-saving signal for EMBB/smartphone applications is very very different from LTE NB-IOT and eMTC. For the latter, the device is in idle mode and extended sleep state most of the time, and page detection contributes a significant portion of the overall battery life. Also, to meet deep coverage requirements, repetition transmission of signal is used extensively. Because wake-up signal helps to reduce the repetition time of the regular signal and effectively reduces the active time of the modem, the power saving gain is magnified.
For EMBB/smartphone use case, I-DRX power consumption is not much and only constitutes a small percentage of the overall DoU power. On the other hand, preliminary study shows that the “wake-up” mechanism can help with C-DRX. Even an unoptimized scheme based on low power BWP wake-up for the ON duration can result in significant power saving compared to the baseline for typical traffic. It is envisioned that reuse of existing signal/channel for power saving signal should achieve much of the saving. Also, typical C-DRX cycle is short and timing synchronization is not a big issue, so there is less incentive to design a waveform that can serve synchronization function as well. There are other benefits for reusing existing channel. One aspect is that the multiplex problem is likely to be manageable and requires less spec effort to support. For example, if PDCCH or CSI-RS are used as the power saving channel, how these channels can multiplex with other channels (by rate matching, etc) is already defined and can be leveraged.
For smartphone modem which is expected to wake-up at not sparser than once every second and with large amount of states to keep in memory, the chipset’s baseline sleep current is not negligible. Part of this current is to keep DRAM in self-refresh mode so the content in the memory is not lost. C-DRX average power can be viewed as an “adder” to this baseline sleep current. This adder is due to active time for ON duration as well as all the overhead to ramp-up from sleep state, and the DRX cycle. As this active portion gets optimized, there would be a point that it becomes smaller than the baseline sleep current. Effectively, the law of diminishing return kicks in, and beyond certain point, it would not make sense to optimize the active portion further. Therefore, there is a reasonable limit on how low power the wake-up receiver for this power saving signal needs to be. It is expected that a reasonably optimized receiver for detecting some existing channel should be good enough to reach that limit.
To view power saving signal more generally, it is essentially a way to give early indication of the demand on the UE so that the UE can adapt its power level more optimally, because adaptation of power also takes time. Without this early indication, UE may have to over-provision in terms of performance (and power) to prepare for the worst case. In the scenario of DRX the application of this concept is very clear, but it should be applicable to many other scenarios as well.
[bookmark: _Toc521704073]Proposal 9: For power saving signal/channel, design for RRC connected mode and preference is to leverage for idle mode; Separate design for idle mode needs to be justified. Reuse of existing signal/channel for WUS and this should be the starting point.
[bookmark: _Toc521704074]Proposal 10: Consider realistic power levels for different components of C-DRX to determine practical gain for power saving signal/channel/procedure.

UE Assistance in Power Saving
LTE already supports a mechanism for UE to report if it prefers power saving mode. Allegedly the feature is not used much. We think that it is because reporting UE’s power saving preference may not have enough information to be useful.
Given there are many configurations and features (e.g. BWP, k0/k2, PDCCH configuration) that may provide UE with opportunities to save power, we think it would be more effective for UE to request certain configuration if it wants to save power. Also, the extent of power saving for certain configurations may be very different across UE because it is implementation specific. Therefore it is best for UE to request the configuration that can result in good power saving.

UE power consumption reduction in RRM measurements
[image: ]
[bookmark: _Ref521575847]Figure 1: NR RRC states [2]
NR UE may operate in one of 3 RRC states (RRC CONNECTED, RRC INACTIVE and RRC IDLE) at a time. The RRC state transition is specified in TS 38.331 [2] and illustrated in Figure 1. Compared to LTE, the RRC INACTIVE is a new RRC state for idle UEs to camp. It is different from RRC IDLE in the sense that UE operating in RRC INACTIVE has RAN context; hence the RRC message setup/release latency could be significantly shortened. From UE power perspective, such shortened latency could make a good contribution to UE power savings especially when UE needs to wake up for setting up RRC connection for application sync-up. Given many benefits that RRC INACTIVE could offer, it would be beneficial for idle UEs to camp in RRC INACTIVE instead of camping in RRC IDLE. In other word, RRC IDLE would be for initial access UEs only.
[bookmark: _Toc521704059]Observation 4: Idle UEs should camp in RRC INACTIVE to take advantages of RRC INACTIVE.
In this section, we shall further discuss how mobility and paging enhancement could help the idle UE in RRC INACTIVE further extend its stand-by time. Before going more details into possible enhancements, we would like to point out a few cons of Rel-15 RRM and paging compared to LTE counterparts:
· UE might need longer RF ON time and additional processing for RRM measurement due to measurement over multiple beams
· Paging inefficiency at the network due to multi-beam paging beam-sweeping, and inefficient paging monitoring/acquisition at the UE (since UE might need to determine the strongest beam to receive paging)
[bookmark: _Toc521704060]Observation 5: Rel-15 RRM and paging have some drawback compared to LTE counterparts:
· UE might need longer RF ON time and additional processing for RRM measurement due to measurement over multiple beams
· Paging inefficiency at the network due to multi-beam paging beam-sweeping, and inefficient paging monitoring/acquisition at the UE (since UE might need to determine the strongest beam to receive paging)
Furthermore, it is also expected that idle UE should be camped on FR1 for coverage especially in the initial NR deployment when standalone FR2 is not supported. 
[bookmark: _Toc521704061]Observation 6: Idle UEs are expected to camp on FR1 for coverage.
Based on our above analysis, we make the following proposal:
[bookmark: _Toc521704075]Proposal 11: RAN1 considers mobility and paging enhancements in RRC INACTIVE for UE power savings.

One possible enhancement is to enable a single beam operation at UE for mobility measurement and paging when UE is camped in RRC INACTIVE. In particular, 
· Cells within a RAN-based notification area RNA (defined in TS 38.331 [2] for paging) send SFN synchronization signals and SFN paging 
· UE measures SFN synchronization for RRM (single beam)
· UE receives SFN paging (single beam)
The benefits of such enhancement:
· UE performs single-beam mobility measurement (lower RF ON time and processing overhead)
· UE does not need to perform cell reselection when moving between cells within an RNA (saving UE power in acquiring SI from candidate cells)
· NW could transmit paging over a single-beam (saving NW power in paging transmission)

Conclusion
The following observations and proposals have been made:
Observation 1: BWP feature is central to UE power saving for Rel-15.
Observation 2: Power-efficient carrier selection can be better with UE assistance information.
Observation 3: Sleep time extension is still the primary and most effective way to achieve power saving
Observation 4: Idle UEs should camp in RRC INACTIVE to take advantages of RRC INACTIVE.
Observation 5: Rel-15 RRM and paging have some drawback compared to LTE counterparts:
Observation 6: Idle UEs are expected to camp on FR1 for coverage.

Proposal 1: Evaluation methodology should include at least smartphone DoU methodology consisting of power model, traffic patterns (according to realistic application usage scenarios).
Proposal 2: Quantitative evaluation of the power saving gain should be done to justify the proposals; Baseline should be Rel-15 with the relevant power saving features enabled/configured.
Proposal 3: For Rel-16, SCell power saving should be the top priority.
Proposal 4: Unification with BWP can be considered for SCell dormancy state transition.
Proposal 5: SCell dormancy state is useful for adaptation for smaller time scale variation of traffic load, while fast SCell activation/deactivation is useful for adapting to larger time scale variation.
Proposal 6: Enhancement to speed up DRX warm-up (e.g. TRS, beam management), wake-up and active time reduction, more seamless adaptation of timing parameters should be studied for power saving.
Proposal 7: Focus for study in adaptation in antenna should be on understanding the practical issues and providing spec support for flexible and reduced number of antenna operation.
Proposal 8: Tighter coordination and signaling between gNB scheduling and UE management of active and sleep states should be studied.
Proposal 9: For power saving signal/channel, design for RRC connected mode and preference is to leverage for idle mode; Separate design for idle mode needs to be justified. Reuse of existing signal/channel for WUS and this should be the starting point.
Proposal 10: Consider realistic power levels for different components of C-DRX to determine practical gain for power saving signal/channel/procedure.
Proposal 11: RAN1 considers mobility and paging enhancements in RRC INACTIVE for UE power savings.
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