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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.
This contribution is mostly a resubmission of R1-1811283 [4] with some minor revisions, except for:
· New Section 3.1.1.5 is added with numerical analysis results for the wake-up signaling proposals.
· Section 4 and 5 are resubmissions of material that originate from R1-1811282 [3].

Trigger Signaling Scheme for UE Power Adaptation
In RAN1#94bis, candidate schemes for triggering UE power adaptation were agreed. In general, a triggering scheme is tightly coupled with a specific power saving technique and thus they cannot be discussed separately. Also, due to the wide variety of power saving techniques in the application scenarios, requirements, and benefits, it would not be possible to have a unified trigger signaling in all cases. For example, during the active time, PDCCH-based trigger signaling may be the best option because the UE would keep monitoring control channels somehow. Otherwise, if the UE is in sleep during a DRX operation, RS-type trigger signaling would make sense, because UE may need to acquire time/frequency/beam synchronization. In some other cases, the power would be adapted in semi-static manner based on UE assistance information, via RRC or MAC-CE signaling. In the following sections, we will share our views on trigger signaling of UE power adaptation in connection with particular power saving techniques we presented in our companion paper [6].

Triggering for Time-domain Processing Adaptation
Wake-Up Signaling for C-DRX
Despite already discussed in prior contributions [4], it is worth reminding the reader about the benefits of wake-up signaling in the context of C-DRX:
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 cycles have 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 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

As WUS waveform candidates, we will focus on PDCCH-based and CSI-RS-based signaling in the following subsections.

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: _Toc528956504]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 k0 and k2
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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 BWPs should be configured and BWP adaptation should be enabled:
[image: ]
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 the ON duration 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. 
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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. N is the minimum scheduling delay.
· 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 (no spec impact)
· 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: _Toc528956505]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-RS
· Allow A-TRS or A-CSI-RS 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: _Toc528956512]Proposal 1: The enhancements identified in Section 3.1.1.3 should be considered to streamline and improve the usability of BWP adaptation for C-DRX wake-up.

[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 3.1.1.2 and 3.1.1.3
Alt-2: Dedicated PDCCH-WUS design
· Design principle discussed in Section 3.1.1.1
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. 
[bookmark: _Toc528956513]Proposal 2: Consider PDCCH-based wake-up signaling for C-DRX based on the options summarized in Section 3.1.1.4.

[bookmark: _Ref528857947]Numerical Analysis for Power Saving
The objective is to quantify the relative power saving with and without wake-up signalling. PDCCH-based wake-up signalling is assumed and the evaluation should be applicable to any one of the design options discussed in Section 3.1.1.4.
[bookmark: _Hlk528885050]Single user simulation focusing on DL data modelled with FTP traffic, instant messaging traffic, and web-browsing traffic has been performed. The UE power model is based on the model agreed in #94bis. The simulation targets FR1 and adopts the reference configuration and assumptions as agreed in #94bis.
[bookmark: _Hlk528885097]A subset of the recommended C-DRX configurations is exercised:
1. C-DRX cycle 40msec, inactivity timer 10 msec, On duration: 4 msec
2. C-DRX cycle 40msec, inactivity timer 25 msec, On duration: 4 msec
3. C-DRX cycle 160msec, inactivity timer 100 msec, On duration: 8 msec

The channel condition is assumed to be ideal and the peak MCS and max RB allocation is assumed. Data is always received and decoded correctly on the first transmission; Hence HARQ retransmission and associated timers are not applied. Short DRX is assumed to be disabled.
[bookmark: _Hlk528885143]The traffic model definition and parameters are as proposed and defined in [5]. To be clear, FTP model 3 is used as the underlying model for FTP traffic and instant messaging traffic. The payload size is the same (0.5MBytes) across both traffic types, with 0.2 second interarrival for FTP traffic, and 2 seconds interarrival for instant messaging. For web-browsing traffic, 4 second session inter-arrival time and 0.32 second objects inter-arrival time are assumed as the mean; For the number of objects per session, the mean is assumed to be 31.3 and the size of each object has the mean of 556 kbits. UL traffic and UL feedback impact are omitted for simplification.
The following scenarios are evaluated:
Case #1: The baseline is without wake-up signalling, and the proposed scheme is with PDCCH-WUS. The active power level for detecting PDCCH-WUS is about 1/3 of the baseline PDCCH-only in ON duration. Reduction in sleep-transition overhead for waking-up to detect WUS is not assumed.
Case #2: Same as Case #1 but also assumes reduction in sleep-transition overhead for waking-up to detect WUS is feasible in implementation, and the reduction can be about 2/3 of baseline.
Case #3: Same as Case #2 but with a modified baseline such that DRX ON duration is reduced to 1 slot. This is the shortest ON duration that is configurable and should result in the lowest power for a given DRX configuration.

In the simulation, it is assumed that UE always performs CSI processing in the slot before the first scheduled PDSCH. It is also assumed that in case WUS is detected, there is a gap of 3 milliseconds (i.e. 6 slots) to the first schedulable slot (for CSI and/or PDSCH). The purpose of this gap is for further wake-up of the modem to get ready for potential PDSCH and/or CSI processing; Microsleep power is assumed during this gap.
For illustration of the timeline and power profile for above cases, please refer to Appendix 7.1.
Please refer to Section 3.1.1.1 for discussion of why sleep transition overhead can potentially be reduced for PDCCH-WUS.
[bookmark: _Toc528956514]Proposal 3: The active power level for PDCCH-WUS detection and the sleep overhead for transitioning from deep sleep to PDCCH-WUS detection and back to deep-sleep should be significantly reduced from the baseline PDCCH-only and sleep overhead assumptions.

	
	Percentage of empty
C-DRX cycles:

{40, 10}: 84%
{40, 25}: 86%
{160, 100}: 61%



	
	Percentage of empty
C-DRX cycles:

{40, 10}: 98%
{40, 25}: 98%
{160, 100}: 93%



	
	Percentage of empty
C-DRX cycles:

{40, 10}: 96%
{40, 25}: 96%
{160, 100}: 88%



It can be seen that the relative power saving is significant for Case #1. If optimization in sleep-transition power is considered for reception of PDCCH-WUS, the relative power saving can be substantial (Case #2). To also consider optimization for the baseline, for Case #3, it is assumed that ON duration is configured to be only 1 slot. Even with this, the power saving still holds and is significant. 
It can also be observed that when the DRX configuration and traffic pattern results in lower percentage of empty CDRX cycles, the gain of WUS reduces. The example is DRX {160, 100} Case #3 with FTP traffic, for which the relative power saving is only 3%.
In terms of additional latency, more analysis can be done to quantify. Intuitively, because the decision for whether to send WUS is determined at some time offset before the ON duration, additional scheduling latency could be introduced. On the other hand, given the latency already in place due to DRX, this additional latency should be insignificant.
In terms of extra resource usage, PDCCH-WUS would require additional PDCCH resource for the case the UE is served during the C-DRX cycle. For the case the UE is not served, there is no additional PDCCH usage because PDCCH-WUS does not need to be transmitted. 

CSI-RS-based Signaling
Need for Beam Sweeping Wake Up Signal 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 and, thus, gNB’s Tx beam remains unchanged.
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 the measured signal strength of any of the CSI-RS resource is above a network configured threshold, UE may consider it as WUS and 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: _Toc528956506]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: _Toc528956507]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.
[bookmark: _Toc528956515]Proposal 4: 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.

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, the network needs to receive UE’s L1-RSRP feedback quickly to transmit UE through appropriate beam and schedule UE with higher order modulation. In that respect, 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: _Toc528956508]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: _Toc528956509]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.
[bookmark: _Toc528956516]Proposal 5: 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.

Numerical Analysis for Power Saving
For numerical analysis of CSI-RS-based WUS, we can rely on the same methodology as in Section 3.1.1.5, possibly with some minor parameter changes. Therefore, the overall power saving gain of the CSI-RS-based WUS remain the same as that shown Section 3.1.1.5.


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 [5], 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: _Toc528956510]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
In our companion paper [6], we show our views on time-domain adaptation for power saving. The basis of time-domain adaptation is reducing the active time duration or duty cycle according to the data traffic. However, as noted in Section 8.3 in [6], the arrival processes of real-life traffic models are typically not quite stationary: The arrival of packets rather shows clumped pattern with heavy-tailed inter-arrival time distribution. Because of this multimodal characteristic, there may not exist a universal adaptation framework that fit all different scenarios. Instead, we think it is more efficient to use multiple different adaptation schemes of different application ranges selectively or in combination.
Note that C-DRX already provide a decent power-saving gain in large-time-scale traffic variation. In addition, for small-time-scale adaptation, we proposed dynamic search space activation/deactivation and SFI-based PDCCH occasion skipping in [6], both of which rely on fast adaptation based on L1 signaling. Therefore, we pose the following proposal regarding the small-time scale adaptation.
[bookmark: _Toc528956517]Proposal 6: DCI-based signaling should be considered for signaling of duty cycle adaptation for power saving.

[bookmark: _Ref528954414]Triggering for Frequency-domain Processing Adaptation
In our companion paper [6], we present our views on frequency-domain power adaptation. The following are some supplementary discussion.
SCell dormancy state transition triggering
SCell dormancy is one of the CA enhancements to be considered for Rel-16, and related proposals to the trigger signaling are repeated below:
[bookmark: _Toc525663661][bookmark: _Toc525834105][bookmark: _Toc525916229][bookmark: _Toc528701748][bookmark: _Toc528956518]Proposal 7: Enhancement to Rel-15 BWP framework can be considered to support “dormant BWP” for SCell power saving in Rel-16.
[bookmark: _Toc528701749][bookmark: _Toc528956519]Proposal 8: Semi-persistent search space configuration based on DCI-signaling can be considered to support fast transitioning in and out of SCell dormancy state.

SCell activation triggering and timeline
Fast SCell activation/deactivation is another CA enhancement to be considered for Rel-16. The details on activation timeline is discussed below, with the potential option to use DCI as the activation signal.
Figure 6 introduces the NR SCell activation/deactivation timeline analysis with MAC CE command. In general, UE will feedback acknowledgement within k1 + 1 slot after UE successfully receives the PDSCH carring SCell activation/deactivation MAC CE, and then UE needs to prepare RF transition to receive signals from target SCell within T_activation time. After UE gets ready to receive signals from new SCell, UE still requires a certain period, i.e., TSMTC_SCell, TSMTC_MAX (defined in [2]) and additional latency, to finish synchronization in the target SCell. The exact time for synchronization in target SCell depends on the specified conditions. Finally, UE performs CQI measurements and reporting within Z latency after UE starts to receive reference signals.
Figure 7 depicts a possible scheme of fast SCell activation/deactivation procedure timeline. If A-TRS can be used instead of SSB for measurement purpose, the network may be able to align the timing of aperiodic TRS with when UE is ready to receive in target cell. Then only TTRS + 2ms is needed for UE to do measurement and synchronization. The TTRS can be assumed as 1 or 2 slots to process aperiodic TRS and update loop in a known SCell, which is much smaller than the TSMTC_SCell. If the measurement and CQI reporting timeline is sufficiently optimized, DCI-based signaling for fast SCell activation can be considered to further reduce the latency. It can be observed that once UE receives DCI-based fast activation command, only k0 + X latency is needed for PDCCH receiving and UE RF transition (i.e. X latency) to receive new signaling from target SCell. SCell activation / deactivation timeline optimization is a joint RAN4/2/1 topic, further study and evaluation is strongly recommended for Rel-16.


[bookmark: _Ref525911908]Figure 6: NR SCell activation/deactivation timeline with MAC CE command



[bookmark: _Ref525911945]Figure 7: DCI-based fast SCell activation/deactivation procedure timeline

[bookmark: _Ref528954425]Triggering for Spatial-domain Processing Adaptation
[bookmark: _Ref528605864]Adaptation of Number of Antennas with BWP
In Rel-15, many of the MIMO parameters have per-BWP configuration. A primitive form of antenna adaptation can be supported in Rel-15 but may require gNB / UE implementation-specific support.
For example, gNB can configure “rank restriction” in CSI-ReportConfig to limit the UE to report CSI for a subset of ranks hypotheses. To save power with BWP adaptation, the UE may by default operate in a “low power BWP” and only switch to a “high performance” BWP during periods of high traffic activities. It would make sense to operate with fewer number of Rx antennas for the low power BWP, as it is intended mostly for PDCCH monitoring and reception of small data over PDSCH. The gNB can configure the UE to report rank 1 or 2 CSI on the low power BWP, and rank 4 for the high performance BWP.
[bookmark: _Toc525937838][bookmark: _Toc528956511]Observation 8: MIMO configuration is BWP specific and a primitive form of joint BWP-antenna adaptation can already be supported in Rel-15.
One drawback is that gNB may still schedule high rank on the low power BWP, although a sensible gNB implementation would not do so. UE implementation may make some assumptions to take advantage of activating fewer antennas due to the rank restriction for CSI reporting but may run into an error case if gNB schedules higher rank than the UE can handle. 
Some BWP enhancements to fully support reduced number of antenna operation will be needed and can be considered for Rel-16. One idea is to have explicit signaling to decrease the port combinations available for the antenna ports field in a DL scheduling DCI. For example, if only up to rank 2 should be supported, the entries in TS 38.212 Tables 7.3.1.2.2-1/2/3/4 should have the 4-port or higher combinations excluded from being indicated in a scheduling DCI.
[bookmark: _Toc525916237][bookmark: _Toc525937848][bookmark: _Toc528956520]Proposal 9: To further enhance joint BWP-antenna adaptation, maxRank RRC configuration should be made BWP specific.
Reduced number of Rx antenna is feasible if the minimum k0 for PDSCH scheduling is large enough to accommodate activation latency of additional RF chains and antennas, in case a BWP switching DCI is received to trigger switch to a BWP with higher rank support.
In the following BWP configuration with rank-2 restriction for “low power BWP” and rank-4 restriction for “high power BWP”, and operation with BWP adaptation is illustrated.


Substantial power reduction is observed between PDCCH monitoring with 2-Rx antenna over narrow BW with k0>0, and the baseline of PDCCH monitoring with 4-Rx antenna over full BW with k0=0. According to the power model agreed in #94bis, reducing BW from 100MHz to 20MHz can reduce power by 60%, and independently, reducing the number of antennas from 4Rx to 2Rx can reduce power by 30%. It is logical to assume that the combination of reduced BW and reduced number of antennas can achieve power saving somewhere between 60% to 70%.

[bookmark: _GoBack]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.
Observation 8: MIMO configuration is BWP specific and a primitive form of joint BWP-antenna adaptation can already be supported in Rel-15.

Proposal 1: The enhancements identified in Section 3.1.1.3 should be considered to streamline and improve the usability of BWP adaptation for C-DRX wake-up.
Proposal 2: Consider PDCCH-based wake-up signaling for C-DRX based on the options summarized in Section 3.1.1.4.
Proposal 3: The active power level for PDCCH-WUS detection and the sleep overhead for transitioning from deep sleep to PDCCH-WUS detection and back to deep-sleep should be significantly reduced from the baseline PDCCH-only and sleep overhead assumptions.
Proposal 4: 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 5: 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 6: DCI-based signaling should be considered for signaling of duty cycle adaptation for power saving.
Proposal 7: Enhancement to Rel-15 BWP framework can be considered to support “dormant BWP” for SCell power saving in Rel-16.
Proposal 8: Semi-persistent search space configuration based on DCI-signaling can be considered to support fast transitioning in and out of SCell dormancy state.
Proposal 9: To further enhance joint BWP-antenna adaptation, maxRank RRC configuration should be made BWP specific.

Appendix
[bookmark: _Ref528836472]Illustration of WUS Power Analysis Timeline








	Legend:


	y-axis is proportional to instantaneous power consumption
x-axis represents time.
(Not completely to scale)
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Relative Power Saving for FTP traffic

DRX {40, 10}	#1	#2	#3	0.32069355025195501	0.51254878810705362	0.31522115478203594	DRX {40, 25}	#1	#2	#3	0.27302210637406576	0.43589952573665969	0.25357599998435076	DRX {160, 100}	#1	#2	#3	0.13159310758558596	0.15672910074097524	2.5907421998244473E-2	



Relative Power Saving for Instant Messaging Traffic

DRX {40, 10}	#1	#2	#3	0.41083303755694578	0.6626339258898557	0.46232088410586469	DRX {40, 25}	#1	#2	#3	0.39968210444509567	0.64453249940053303	0.44123578644762229	DRX {160, 100}	#1	#2	#3	0.33874769068850841	0.44162317154315878	0.15314431649629745	



Relative Power Saving for Web Browsing Traffic

DRX {40, 10}	#1	#2	#3	0.41788364137500222	0.64721128996221122	0.44154848032761451	DRX {40, 25}	#1	#2	#3	0.39973538546482679	0.61650071344261392	0.40931373901363333	DRX {160, 100}	#1	#2	#3	0.32090626765595176	0.41588612788128243	0.16860627554188046	
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