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Introduction
In RAN#80, the UE power saving study item was approved [1] . It is stated in the study item that the following techniques for UE power saving should be studied:
1. Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]
a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving (Note: existing UE capabilities are assumed for UE processing timeline)
i. Network and/or UE assistance information
ii. Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme
b) Study the power saving signal/channel/procedure for triggering adaptation of UE power consumption characteristics
In this contribution, we will discuss various aspects of 1-b, and provide our views and proposals for consideration.

Discussion on Triggering of Power Saving

Wake-Up Signaling for C-DRX

Motivation
It has been shown in [2] that for some representative use cases, significant DoU power could be consumed due to “empty” C-DRX cycles which are the DRX cycles containing ON durations with no grant. During a typical C-DRX cycle, UE may perform the following operations: UE first wakes up from sleep, activates its RF and baseband circuitry, obtains fine frequency and timing synchronization for potential data reception/transmission, and monitors PDCCH during the ON duration for data grants. Its Tx chain also needs to get ready in case UL feedback needs to be transmitted. All of these activities consume power and can be considered a major overhead if the C-DRX cycle is “empty” (i.e. there is no DL data assignment). Wake-up signaling (WUS) reduces the power overhead for such “empty” C-DRX cycles.
For UE in C-DRX that supports WUS, a WUS occasion is prepended before each ON duration. The time offset between the WUS occasion and ON duration is the WUS offset which should be a configurable parameter. The main purpose of WUS offset, which can be multiple slots long, is to give enough time for full modem functionality to come online before the ON duration. During the WUS occasion, UE activates only the minimal functionality to detect for WUS. If the result indicates “grant unexpected” (which applies to the entire ON duration), the UE is allowed to go back to sleep and skip the ON duration. Otherwise, regular DRX procedure is performed for the remainder of the cycle.
	

	

y-axis is proportional to instantaneous power consumption
x-axis represents time.


Sources of Power Saving:
1. Opportunistic activation of full modem functionality
· Essentially two-stage wake-up: In the first stage, only the minimum modem functionality is activated to receive and decode WUS. Only when a grant is expected based on WUS, UE enters the second stage and conditionally enable the full functionality of the modem for data reception (and feedbacks) during ON duration. If significant percentage of the DRX cycles contains no grant, allowing the UE to expend as little power as possible for WUS detection and going back to sleep for those cycles greatly helps minimize power consumption.
2. Facilitates further DRX parameter optimizations
· In systems without wake-up signaling, there is usually a power penalty for operating with short DRX cycles (for example, in the order of tens of millisecond). This kind of short DRX cycle is typically only configured if the traffic has stringent latency requirement, such as VoLTE. For sporadic traffic that has stringent latency requirement (for example, actuation or response for automation applications), DRX cycle has to be short but majority of them could be empty cycles. Wake-up signaling could be extremely effective for such scenarios.
· Generally, if the power overhead for waking up to monitor for data grant in each DRX cycle is reduced, the energy efficiency of shorter DRX cycle can be similar to longer DRX cycles. This would be helpful for meeting more stringent latency bound while keeping power consumption the same. Also, shorter DRX cycle may allow shortening of the inactivity timer while maintaining the similar average latency target, and may reduce the duration of time UE spends monitoring PDCCH (during inactivity timer unexpired state). The tradeoffs are illustrated in Figure 1 below.
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[bookmark: _Ref525393315][bookmark: _Ref525393298]Figure 1: WUS facilitates more flexibility in power-latency tradeoff for C-DRX
PDCCH-based Signaling
[bookmark: _Ref525734008]Design principles
There are two key factors for achieving power saving for C-DRX with WUS:
1. The difference in the energy consumption for a UE being awake for WUS detection and being awake for the ON duration
2. The percentage of “empty” C-DRX cycles (i.e. C-DRX cycles for which UE is not scheduled any data)

It may sound counter-intuitive that PDCCH-based WUS (abbreviated as “PDCCH-WUS” hereafter) can achieve power saving. If the ON duration can be configured to the same duration as WUS duration (e.g. 1 slot), the UE would perform the same workload of PDCCH decoding regardless of whether this is for WUS or for the 1-slot ON duration. If the UE does not decode any PDCCH, the end result is the same, i.e. UE goes back to DRX sleep. One may ask, why would there be power saving with PDCCH-WUS?
In reality, UE power consumption for ON duration and for WUS detection can be very different even if the signaling scheme for both is based on PDCCH. When UE decodes PDCCH during the WUS occasion, it does not expect to receive a same-slot grant for PDSCH or have to be ready to transmit PUCCH in response to PDSCH reception. An implementation with low energy consumption can be achieved by optimizing at least the following: (i) the wake-up timeline and the amount of hardware that needs to be brought online, (ii) the operating point in terms of the voltage levels and clock frequencies of the hardware, (iii) more relaxed PDCCH processing timeline due to the WUS offset, and (iv) potentially the Rx bandwidth and number of Rx antenna for PDCCH-WUS can be reduced for low power, as also discussed in [3]. Only when a PDCCH-WUS is decoded, UE performs wake-up of additional hardware and processing (e.g. TRS processing) to get ready for potential DL assignment and PDSCH reception. This 2nd stage of wake-up consumes additional energy but can be skipped for the empty C-DRX cycles.
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Figure 2: Two-stage wake-up timeline for PDCCH-based WUS
Above figure illustrates what happens if PDCCH-WUS is decoded. The power saving case is when PDCCH-WUS is not decoded, UE can go back to sleep immediately, skipping the 2nd stage WU and the ON duration; Otherwise, UE continues with the 2nd stage wake-up and to the ON duration for DL assignment and data reception.
[bookmark: _Toc525937770]Observation 1: Two-stage wake-up is the key idea for PDCCH-based WUS to facilitate power saving.
Additionally, smaller payload size may be advantageous if PDCCH-WUS reception can be done with reduced number of antennas in order to maintain the same link budget. The main power saving comes from reduced Rx antenna operation instead of reducing the decoding time.
As discussed also in [3], it is estimated that compared to the baseline of PDCCH monitoring with 4-Rx antenna over full BW with k0=0, roughly 66% power reduction may be feasible with PDCCH monitoring with 2-Rx antenna over narrow BW with k0>0. Further reduction may be possible subject to more implementation-specific power optimizations, especially if minimum k0 can be large (i.e. more ramp-up time so hardware blocks can start from deeper sleep state).
The benefits of PDCCH-WUS is simplicity as no new signal/channel needs to be designed, and ease of multiplexing with other channels from the same or different users. Link-level performance follows existing PDCCH. Specification impact would be less.
Basic design supports UE-specific signaling with the user’s C-RNTI and UE-specific WUS occasion and WUS offset configuration. The PDCCH structure, CORESET/search space, and BWP specific for the WUS occasion can be specified and configured. The DCI that serves as WUS can be specified to include fields that help UE to prepare for the upcoming ON duration. For example, it can carry BWP indication, A-TRS trigger, and/or A-CSI request trigger to streamline the transition to C-DRX ON duration. Successful decoding (i.e. CRC passing) of the payload indicates UE should be awake for the upcoming ON duration. Failed decoding (i.e. CRC not passing) indicates that UE may skip the upcoming ON duration. From gNB’s point of view, it may transmit DTX for the UE’s WUS occasion if it does not plan to schedule to the UE for the upcoming ON duration.

[bookmark: _Ref525733951]Rel-15 support with BWP adaptation
Designing a special-purpose PDCCH-WUS still requires significant specification work across RAN1 and RAN2. For RAN2, DRX enhancements including WUS occasion and WUS offset have to be introduced. It is worth exploring if there is a simpler way to achieve the same design goals.
The BWP adaptation framework in Rel-15 already supports many of the design aspects for PDCCH-WUS. First, we should point out the functional equivalence between the two concepts:
	WUS occasion
PDCCH-WUS detection
WUS offset
	↔
↔
↔
	ON duration
Scheduling DCI detection
minimum schedulable k0 and k2


The WUS occasion can be just a very short C-DRX ON duration. The WUS offset basically guarantees that the earliest scheduled PDSCH would be WUS offset after the WUS occasion; This can be achieved with minimum k0 playing the role of the WUS offset.
One main benefit of using the BWP adaptation framework to achieve wake-up signaling functionality is to have a consistent methodology for UE power saving between Rel-15 and Rel-16, which is centered around BWP. On the other hand, some enhancements in Rel-16 would definitely be beneficial. First, let’s recap on low-power C-DRX wake-up support with BWP in Rel-15.
At least two BWP should be configured and BWP adaptation should be enabled:
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It is desirable for UE to wake-up first on BWP1 (i.e. low power BWP) when it first enters the ON duration. The ON duration should be configured to be short (e.g. one slot to minimize power consumption), and when UE is monitoring PDCCH during the ON duration, the k0 that can be used to schedule PDSCH must be large, e.g. k0>=4. In Rel-15, this can be guaranteed by ensuring all the schedulable k0 values are greater than some threshold. For example, with the following Pdsch-AllocationList in PDSCH-Config configurations:
· BWP1 (“Table 1”): (1) k0=4
· BWP2 (“Table 2”): (1) k0=4, (2) k0=0

Similarly a k2 threshold can be guaranteed by configuring Pusch-AllocationList in PUSCH-Config as follows:
· BWP1: k2={4}; BWP2: k2={4,2}

Note that the number of bits for the time-domain RA field for DCI format 1_1 or 0_1 is determined based on the number of entries in the respective Pdsch-AllocationList or Pusch-AllocationList. For the above example configuration, BWP1 would have zero bit for the field in DCI format 1_1, and BWP2 would have 1-bit for the field (to select between two entries in “Table 2”).
BWP operation
During C-DRX operation, the UE typically wakes up in BWP1 as it enters the ON duration. In Rel-15, DRX and BWP operation is decoupled, so there is no special designation for which BWP the UE should start with for ON duration, and the previously active BWP before UE goes into DRX is assumed. If BWP1 is configured as the default BWP, it is very likely that the UE also goes into DRX with the default BWP as the active BWP because it is likely that BWP inactivity timer expires before the DRX inactivity timer expires in the previous cycle.
When BWP1 starts as the active BWP during the ON duration, UE can be scheduled with PDSCH or PUSCH, but both with k0 and k2 greater than certain threshold according to Pdsch-AllocationList and Pusch-AllocationList. In this situation, UE may be scheduled a DL assignment that also triggers BWP switch from BWP1 to BWP2, but the schedulable k0 entry for the BWP transition is limited by the time domain RA field bit-width of the current BWP, which is 0-bit for BWP1. As a result, only the first row in time domain RA field of BWP2 is schedulable and a large k0 can be configured for that row to ensure large minimum k0 value. Effectively, the UE is guaranteed cross-slot scheduling with a large delay.
In effect, the PDCCH monitored during the ON duration is functioning as a wake-up signal, because UE is expected to deal with the processing capability required for PDCCH decoding only, and not having to deal with PDSCH or PUSCH processing at least until after some guaranteed delay. If PDCCH is not detected during the ON duration, UE returns to DRX, similar to the behavior for a UE not detecting a WUS.
If there is data to be served to the UE for the DRX cycle, gNB should issue a DL assignment which also triggers BWP switch to BWP2 during the ON duration, as illustrated below. The indicated k0 value would be large enough to accommodate BWP switching latency; Moreover, all the schedulable k0 would be larger than some threshold such that UE can operate with PDCCH-only processing mode for optimized power consumption. When UE decodes the DL assignment, it has k0-slot time to perform 2nd stage wake-up to prepare for PDSCH reception and/or UL transmission. 
[image: ]
The data for the UE can be served on BWP2. When there is no more data to be served, BWP timer would eventually expire due to scheduling inactivity, and the active BWP falls back to BWP1 (which is configured to be the default BWP). If data arrives at the network during this time, it can be scheduled to the UE with a DL assignment that switches back to BWP2 and also restarts the BWP timer as well as the DRX inactivity timer. If there is no more data scheduled for the UE, eventually, the DRX inactivity timer would expire and the UE would return to DRX.
Summary of configurations
In summary, the following configuration is required to operate low power wake-up with BWP adaptation:
· DRX configuration
· Short ON duration, e.g. 1 slot
· DRX inactivity timer > BWP inactivity timer
· BWP configuration
· BWP1: Low power BWP
· Configured as the default BWP for BWP timer fallback
· All entries in pdsch-AllocationList in PDSCH-Config should have k0=N or larger; Similarly for k2 in pusch-AllocationList
· The table can have S1 entries
· S1 < S2  (S2 is the number of entries in the table configured for BWP2)
· BWP2: High power BWP
· Entries in pdsch-AllocationList in PDSCH-Config with index j < S should contain k0=N or larger; Similarly for k2 in pusch-AllocationList
· K0<N (e.g. k0=0) is allowed, but only in entries with an index j >= S
· i.e. outside of addressable range when transitioned from BWP1
Benefits
· Can be realized with Rel-15 BWP support
· Can be enabled based on NW configuration and NW/UE implementation
· Unified with BWP adaptation which is the main UE power saving feature for Rel-15

Drawbacks
· Configuration can be complicated; Not straight-forward to apply
· Data assignment is required to keep UE awake
· This is normal C-DRX behavior, but since ON duration is very short (for power saving), this may limit gNB’s scheduling flexibility initially
· Compared to a special-purpose WUS which is not a data assignment in itself

[bookmark: _Toc525937771]Observation 2: Two-stage wake-up can be supported by BWP configuration with BWP switching DCI mimicking the functionality of PDCCH-WUS.

[bookmark: _Ref525733964]Potential enhancements for Rel-16
Rel-16 presents an opportunity to introduce enhancements to streamline and improve the usability of BWP adaptation for C-DRX wake-up power optimization. At least the following areas have been identified:
· Special configuration for the starting BWP
· Only support BWP switching DCI, with support for triggering A-TRS or A-CSI
· Allow A-TRS or A-CSI trigger to extend ON time, instead of relying on data grant 
· Minimum k0 / k2 threshold configuration for starting BWP for C-DRX ON duration
· More convenient for power saving than requiring all applicable entries in pdsch-AllocationList or pusch-AllocationList to have k0 or k2 values above threshold
· Integration between BWP and C-DRX
· E.g. the starting BWP for ON duration can be configured

[bookmark: _Ref525734202]Summary of Design Options
For support PDCCH-based wake-up signaling scheme for C-DRX, we recommend the following options:
Alt-1: Enhancement of low power C-DRX wake-up based on BWP adaptation
· Discussed in Section 2.1.2.2 and 2.1.2.3

Alt-2: Dedicated PDCCH-WUS design
· Design principle discussed in Section 2.1.2.1

We have slight preference for Alt-1 given that specification work is minimized and there is consistency and continuity with Rel-15 BWP adaptation for power saving. Based on preliminary analysis, for web-browsing use case, 40 msec C-DRX with ON duration energy to WUS energy ratio about 7:1 (a function of the length and power level for ON duration and the power level for WUS detection), 25% saving may be feasible. Analysis can be refined and updated based on agreed traffic models and power model.
[bookmark: _Toc525937777]Proposal 1: Consider PDCCH-based wake-up signaling for C-DRX based on the options summarized in Section 2.1.2.4.

CSI-RS-based Signaling
Need for Beam Sweeping Wake Up Signal prior to C-DRX On Period in FR2
In FR2, without beam tracking, beam pairs may degrade during C-DRX OFF period. Beams might deviate due to UE orientation change, mobility or beam blocking, etc. Especially, the longer C-DRX cycle is more vulnerable to beam degradation. As a result, UE might not be able to receive PDCCH in the beginning of the next C-DRX ON duration and fail to wake up.


[bookmark: _Ref525828922]Figure 3: Impact of beam blockage in C-DRX operation
Figure 3 illustrates this impact of beam blockage in C-DRX operation. Let’s assume that UE can wake up during its OFF period, monitor the periodic reference signals or SSBs, and select a different RX beam. However, UE cannot feedback the gNB beam index back to the network during the OFF period. Based on this assumption, let’s focus on Figure 3.
In the left part of Figure 3, BS and UE have three beams. BS and UE communicate with each other through gNB beam #2 and UE beam #2 before the UE goes to C-DRX OFF period. Since gNB cannot receive any indication from UE regarding beam change during off period, gNB again sends PDCCH to UE through gNB beam #2 during the next C-DRX ON duration. However, due to beam deviation during off period, UE updates its RX beam to beam #1 to receive control/data from gNB. 
On the other hand, in the right part of Figure 3, BS and UE have two beams. BS and UE communicate with each other through gNB beam #1 and UE beam #1 before UE goes to C-DRX off period. During C-DRX off period, the path from gNB beam #1 gets blocked. UE cannot receive gNB beam #1 with any of its RX beams. gNB transmits PDCCH with gNB beam #1 during the C-DRX on duration but UE does not receive PDCCH from gNB.


[bookmark: _Ref525829028]Figure 4: Use of beam management during pre-wake-up period to tackle beam blockage
Figure 4 shows how one can avoid the beam blockage issue by allowing beam management immediately before C-DRX ON duration. In this case, BS transmits a set of CSI-RS resources through a set of beams immediately before C-DRX ON duration, i.e., within a pre-wake-up window. UE measure the CSI-RS resources during the pre-wake-up window and feeds back the L-1 RSRP of the CSI-RS resources to the network, possibly in the beginning of the next ON duration. Network can quickly update the beam index based on UE’s feedback and starts communicating with the UE through the updated beam. 
The above procedure is useful if gNB has data to transmit to the UE. If the gNB does not have any DL data, then performing beam management before C-DRX ON duration may consume unnecessary UE power and network resource. Hence, the above procedure should only be applied if gNB has DL data to transmit to the UE. UE will measure the signal strength of the configured CSI-RS resources. If signal strength of any of the CSI-RS resource is above a network configured threshold, UE remains awake for the next C-DRX ON duration. Otherwise, UE skips the next C-DRX ON duration. Figure 5 describes this operation.


[bookmark: _Ref525829078]Figure 5: Beam Management Procedure during pre-wake-up period before C-DRX on duration
[bookmark: _Toc525937772]Observation 3: Beam pairs may get blocked during a C-DRX OFF period. Without any beam sweeping, UE might not be able to receive PDCCH in the beginning of the next C-DRX ON duration and may fail to wake up.
[bookmark: _Toc525937773]Observation 4: If gNB has DL data, by sweeping wake-up signals immediately prior to a C-DRX ON duration and collecting L-1 RSRP report from the UE, network can ensure that UE receives PDCCH in the C-DRX ON duration.

Waveform Selection for Beam Swept Wake Up Signal
Beam swept wake-up signals can be transmitted through different types of waveforms, e.g. 1) encoded waveforms like PDCCH and 2) reference signals like SSB or CSI-RS.
PDCCH based beam sweep can wake up the UE. However, if the beam pair has changed during the OFF period, network needs to receive UE’s L1-RSRP feedback quickly to transmit UE through appropriate beam and schedule UE with higher order modulation. Reference signals, e.g. SSB or CSI-RS, are more suitable to be used for L-1 RSRP measurement and are more suitable to be used for beam swept wake up signals.
Network may not need to sweep wake up signals towards ‘all’ directions prior to C-DRX ON duration. Network can transmit these towards a subset of directions where UE is most likely to be located. Besides, using cell specific reference signals like SSB as aperiodic wake up signals may confuse UEs that are performing initial access. Hence, UE specific CSI-RS is a more suitable waveform than SSB to be used for beam swept wake-up signal.
[bookmark: _Toc525937774]Observation 5: If the beam pair has changed during the OFF period, network needs to receive UE’s L1-RSRP feedback quickly to transmit UE through appropriate beam and schedule UE with higher order modulation. Reference signals, e.g. SSB or CSI-RS, are more suitable to be used for L-1 RSRP measurement and are preferred candidates for beam swept wake up signals.
[bookmark: _Toc525937775]Observation 6: Using cell specific reference signals like SSB as aperiodic wake up signals may confuse UEs that are performing initial access. Hence, UE specific CSI-RS is a more suitable waveform than SSB to be used for beam swept wake up signal.

Proposals
[bookmark: _Toc525937778]Proposal 2: Rel-16 allows network to configure UE with a set of CSI-RS resources in a short pre-wake-up duration before C-DRX on duration.
· If gNB has data to transmit to the UE for the next ON duration, gNB transmits the set of CSI-RS resources to the UE through a set of beams. Otherwise, gNB does not transmit the set of CSI-RS resources.
· If signal strength of any of the CSI-RS resource is above a network configured threshold, UE remains awake for the next C-DRX ON duration. Otherwise, UE skips the next C-DRX ON duration.
[bookmark: _Toc525937779]Proposal 3: Network configures UE with uplink resources so that the UE can report L-1 RSRP of the CSI-RS resources that were configured in the short pre-wake-up duration.

Evaluation of Performance and Power Saving
 The design of WUS for C-DRX can affect the overall system in many different aspects, both from the network and UE sides. We can quantify those system impacts and tradeoffs via numerical evaluation. As for the evaluation methodology, we can rely on link-level and system-level with a common set of parameters [1]. Also, the baseline scheme for comparison should be the legacy C-DRX scheme without any WUS. The evaluation may include two steps:
Step 1) Link-level simulation
As long as we want to introduce a new physical channels or procedures for WUS, the link-level performance should be evaluated first. Some candidate link-level performance metrics are listed in 
Table 1. The link-level simulation would be repeated with different design (e.g., PDCCH configuration, number of CSI-RS beams, etc.) and environmental parameters (e.g., channel model, UE speed, etc.).
Step 2) System-level simulation
Performance metrics obtained from the link-level simulation can now be plugged into system-level simulation, to derive system-level performance metrics as shown in 
[bookmark: _Ref525814514]Table 1. System-level simulation is important because the system-level performance metrics reflect more practical gains of interest. Also, for comparison, the relative gains over the baseline scheme, i.e., legacy C-DRX, can be presented.
Table 1. Performance metrics for evaluation
	Link-level simulation
	System-level simulation

	· Misdetection probability
· False alarm probability
· Measurement accuracy
	· Network overhead
· Throughput/Latency
· Power efficiency



Wake-Up Signaling for I-DRX
To show more significant of I-DRX impact to UE power, we should focus on use cases that have major I-DRX component. In [2], the background app sync is such a use case. It is also representative of a heavy I-DRX usage scenario for smartphones.
Based on the analysis, half of the power consumption is due to intermittent RRC connections. For the remaining half, roughly 20% is consumed by sleep (which is fixed), 30% for UE waking up in I-DRX to perform page detection and neighbour cell search and measurements. The analysis is based on LTE field logs but for idle mode it is expected that similar trend would hold for NR.
Unless wake-up signaling can satisfy both page detection and neighbour cell search and measurement functionalities, in most I-DRX cycles, UE still has to wake up the modem to perform at least some of the tasks. If we simply have a slightly less power consuming modem state for performing the same work, i.e. receiving and performing page detection, neighbour cell search and measurements, it is not apparent that the marginal gain would justify the needed specification effort to define a new WUS signal/channel. Even for the best case that the entire 30% for wake-up power can be effectively optimized by WUS (ignoring the fact that neighbour cell search & measurement may require modem wake-up regardless), for a PDCCH-based WUR that can achieve 66% reduction in detection energy compared to regular PDCCH reception, the savings is 66%*30% = 20%. For a more aggressive WUS design that can reduce the detection energy by 90%, the saving compared to baseline is 90%*30% = 27%. Comparing the two WUS designs, the overall use case power saving gain is (80%-73%)/80% = 8.7%. If the WUS design is further improved to 99% detection energy reduction, the relative gain to PDCCH-WUS would be 12.5%. It is not clear this kind of use case power gain can justify design of a new signal/channel, especially, when it is not clear how WUS can help with neighbour cell search and measurements power saving. If it doesn’t, the extent of saving would be even less than above calculations. In the case that WUS for I-DRX should be considered, PDCCH-based WUS should be the starting point.
[bookmark: _Toc525937776]Observation 7: The benefits and power saving gain of wake-up signaling for I-DRX need to be further evaluated and justified.

Signaling to Reduce Duty Cycle for Power Saving
Motivation
The basis of UE power saving is adapting resources to the data traffic. Resource adaptation in many different aspects, such as time, frequency, and spatial domains, have been considered in previous studies. In most cases, serving of data traffic is associated with receiving scheduling information (via PDCCH) and transmitting or receiving corresponding data channels (PDSCH or PUSCH). In other words, control overhead for delivering scheduling information also increases with the traffic load. However, under the “blind-decoding” framework of LTE and NR, the power consumed for PDCCH monitoring may not or little be impacted by the traffic load. In general, reducing the duty cycle of any UE activities, including PDCCH monitoring, holds one of the keys to reducing power consumption. 
In Rel-15, adapting the duty cycle of PDCCH monitoring may not be fast enough and include some issues. For example, we can rely on RRC re-configuration of search space sets, which would take tens of milliseconds with ambiguous timing. Another option is utilizing multiple BWPs with different PDCCH resource configurations. However, such adaptation may not be flexible enough due to limited number of BWPs supported. 
When PDCCH is being monitored, generally the most suitable option for signaling duty cycle adaptation may be DCI-based signaling. For this purpose, either a new type of DCI may be defined or the existing DCI formats in Rel-15 may be extended. For example, for PDCCH monitoring duty cycle adaptation, slot format indication framework (DCI format 2_0) in Rel-15 can be extended for the indication of “null” symbols, which the UE can safely skip monitoring and goes to sleep. Another example is defining an anchor search space set, which can deliver DCI commands for activating/deactivating other non-anchor search space sets. Some more details of DCI-based PDCCH monitoring duty cycle adaptation can be found in our companion paper [3].
[bookmark: _Toc525937780]Proposal 4: DCI-based signaling should be considered for signaling of duty cycle adaptation for power saving.

Conclusion
The following observations and proposals have been made:
Observation 1: Two-stage wake-up is the key idea for PDCCH-based WUS to facilitate power saving.
Observation 2: Two-stage wake-up can be supported by BWP configuration with BWP switching DCI mimicking the functionality of PDCCH-WUS.
Observation 3: Beam pairs may get blocked during a C-DRX OFF period. Without any beam sweeping, UE might not be able to receive PDCCH in the beginning of the next C-DRX ON duration and may fail to wake up.
Observation 4: If gNB has DL data, by sweeping wake-up signals immediately prior to a C-DRX ON duration and collecting L-1 RSRP report from the UE, network can ensure that UE receives PDCCH in the C-DRX ON duration.
Observation 5: If the beam pair has changed during the OFF period, network needs to receive UE’s L1-RSRP feedback quickly to transmit UE through appropriate beam and schedule UE with higher order modulation. Reference signals, e.g. SSB or CSI-RS, are more suitable to be used for L-1 RSRP measurement and are preferred candidates for beam swept wake up signals.
Observation 6: Using cell specific reference signals like SSB as aperiodic wake up signals may confuse UEs that are performing initial access. Hence, UE specific CSI-RS is a more suitable waveform than SSB to be used for beam swept wake up signal.
Observation 7: The benefits and power saving gain of wake-up signaling for I-DRX need to be further evaluated and justified.

[bookmark: _GoBack]Proposal 1: Consider PDCCH-based wake-up signaling for C-DRX based on the options summarized in Section 2.1.2.4.
Proposal 2: Rel-16 allows network to configure UE with a set of CSI-RS resources in a short pre-wake-up duration before C-DRX on duration.
Proposal 3: Network configures UE with uplink resources so that the UE can report L-1 RSRP of the CSI-RS resources that were configured in the short pre-wake-up duration.
Proposal 4: DCI-based signaling should be considered for signaling of duty cycle adaptation for power saving.

References
[1] [bookmark: _Ref525928568][bookmark: _Ref525929093][bookmark: _Ref525923999][bookmark: _Ref516255951]RP-181463, “New SID: NR Power Consumption”, RAN#80, CATT.
[2] [bookmark: _Ref525934960]R1-1811281, “UE Power Saving Evaluation Methodology”, RAN1#94bis, Qualcomm.
[3] [bookmark: _Ref525924128]R1-1811282, “UE Adaptation to the Traffic and UE Power Consumption Characteristics”, RAN1#94bis, Qualcomm.


2/9
image1.emf
On 

duration

DRX cycle

No DL grant

……..

Inactivity 

timer

1 instance of 

DL grant

……..

WUS not 

detected

WUS not 

detected

WUS 

detected

Monitor grant for ON duration

WUS 

occasion

WUS not 

detected

WUS offset


oleObject1.bin
Text


On duration


DRX cycle


No DL grant


……..


Inactivity timer


1 instance of 
DL grant


……..


WUS not detected


WUS not detected


WUS detected


Monitor grant for ON duration


WUS occasion


WUS not detected


WUS offset



image2.emf
PDCCH-only Rx with main modem

Optimized Rx for WUS

Ramp-up

Deep sleep

Data & control channel processing

Ramp-down


oleObject2.bin
PDCCH-only Rx with main modem


Optimized Rx for WUS


Ramp-up


Deep sleep


Data & control channel processing


Ramp-down



image3.png
e No WUR (Baseline)
— = = WUR (2-Stage WU)

Original level > * —
Same power
Avg. \ Lower atency
ower Same latency
P e Cower pove

~—-o
Target level > ————-@

40ms 160ms 320ms

C-DRX cycle




image4.png
Original level >

Avg.
power

Target level >

Inactivity e 100ms
timer: e 10ms

S~
- - Lower power by

reducing

Reduce - Inactivity timer

latency Average
latency
s increased

S ——_———-

4oms 160ms 320ms

C-DRX cycle




image5.png
2nd Stage WwWu PDCCH TRS

PDCCH-WUS
Decoded

N\ i

WUS «——— ON duration

. WUS offset
occasion

15t stage WU
Sleep \





image6.emf
…...

BWP1

(Low power)

BWP2

(High power)

Roughly 

proportional

to power

Table1

K0=4

Table2

K0=4

K0=0

…...

…...

Before wake-up

(only PDCCH capable,

requires large 

transitional k0)

After wake-up

(maximized microsleep)


image7.emf
DL DCI 

decoded with

BWP ID=2, 

BWP switch is 

triggered and 

Table 2 is used.

BWP Timer = 5 slots

Switch to 

BWP1 (default) 

due to BWP 

timer expiration.

[Explicit DCI 

signaling can be 

supported too]

Inactivity 

timer

On 

duration

Data for this 

DRX cycle

Table2

K0=4

K0=0

Table2

K0=4

K0=0 2

nd

row selected

2

nd

row not 

addressable

Table1

K0=4

BWP2: No data scheduled

BWP2: Data scheduled

BWP1

Legend:

Table1

K0=4

If DL DCI is 

decoded with 

BWP ID=1 (i.e. 

same BWP); 

Table 1 would 

be used.

Same BWP 

scheduling is 

indicated with 

BWP ID=1; 

Table 1 would 

be used.

BWP Timer = 5 slots

Active BWP = BWP1 Active BWP = BWP2 Active BWP = BWP1


image8.wmf
C

-

DRX

On duration

C

-

DRX

On duration

C

-

DRX

On duration

C

-

DRX

On duration

C

-

DRX cycle

gNB Tx beam

UE Rx beam

PDCCH

: 

Beam 

2 

Beam deviation during 

C

-

DRX OFF period

PDCCH

: 

Beam 

1

Beam blockage during 

C

-

DRX OFF period

Beam paired link 

maintained

C

-

DRX

Time

1

2

3

1

2

Beam deviation

C

-

DRX cycle

Beam blockage

1

2

2

With Rx beam tracking during C

-

DRX 

Wake

-

up

Wake

-

up

Wake

-

up

for BM

Wake

-

up

for BM

UE can receive 

PDCCH

UE cannot 

receive PDCCH

1

3

2

3

1

Rx

: 

Beam 

1

UE monitors 

beams

Rx

: 

Beam 

2

UE finds better 

Rx beam

UE monitors 

beams

UE cannot find 

other Rx beam

1

2

1

2

Blocking

1

Blocking

Beam path blocked

3

2


oleObject3.bin

image9.wmf
C

-

DRX

On duration

C

-

DRX

On duration

C

-

DRX

On duration

C

-

DRX

On duration

C

-

DRX cycle

gNB Tx beam

UE Rx beam

PDCCH

: 

Beam 

2 

Beam deviation during 

C

-

DRX OFF period

PDCCH

: 

Beam 

1

Beam blockage during 

C

-

DRX OFF period

gNB sweeps Tx 

beams for WUS

gNB sweeps Tx 

beams for WUS

C

-

DRX

Time

Blocking

Blocking

1

2

3

1

2

1

2

Beam deviation

C

-

DRX cycle

Beam blockage

1

2

1

2

Wake

-

up signal with beam sweeping

UE can receive WUS

UE sweeps Rx 

beams

Pre

-

wake

-

up for 

WUS detection

1

2

1

3

2

1

2

3

Pre

-

wake

-

up for 

WUS detection

3


oleObject4.bin

image10.wmf
C

-

DRX

On duration

C

-

DRX cycle

gNB

UE

UE detects no WUS and 

goes back to sleep

C

-

DRX timeline

Time

Pre

-

wake

-

up for

WUS detection

C

-

DRX cycle

Pre

-

wake

-

up for

WUS detection

On duration for this 

C

-

DRX cycle skipped

-

gNB has no data to transmit

u

No WUS transmission

UE wakes up and 

receives

/

transmits data

/

gNB has data to transmit

u

WUS transmission with beam 

sweeping

UE detects WUS

N

=

4


oleObject5.bin
�

C-DRX On duration


C-DRX cycle


gNB


UE


UE detects no WUS and goes back to sleep


C-DRX timeline


Time



