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[bookmark: _Ref510442278]Introduction
This paper first discusses the advantages of PDCCH-based wakeup signaling (WUS) as a complement to the existing C-DRX procedure. It then discusses possible impacts of PDCCH-based WUS on RAN2 procedures. 
Discussion
WUS is not a duplication of some existing DRX procedures
In Figure 1, the workflow of PDCCH-based WUS (abbreviated as “PDCCH-WUS” hereafter) is illustrated. The y-axis is proportional to the instantaneous UE power consumption, while x-axis represents time. At first, UE wakes up from sleep (i.e., C-DRX off periods) and tries PDCCH-WUS decoding. When PDCCH-WUS is not decoded in the 1st wake-up (i.e., for the WUS occasion), the UE can go back to sleep immediately, skipping the 2nd stage wake-up (i.e., for the ON duration); otherwise, UE continues with the 2nd stage wake-up and to the ON duration for DL assignment and data reception.

[bookmark: _Ref4685182]Figure 1. Workflow of PDCCH-based WUS
It may sound counter-intuitive that PDCCH-WUS can achieve power saving. If the ON duration can be configured to the same duration as the WUS occasion (e.g., 1 slot), the UE would perform the same workload of PDCCH decoding regardless of whether this is for WUS or for data scheduling. If the UE does not decode any PDCCH, the end result is the same, that is, the UE goes back to sleep, i.e., C-DRX off periods. One may ask, why would there be power saving with PDCCH-WUS?
In reality, UE’s power consumption for ON duration and for WUS occasion can be very different, even if the signaling scheme for both is based on PDCCH. During WUS occasion, the UE does not expect to receive a same-slot grant for PDSCH or have to be ready to transmit PUCCH in response to PDSCH reception. Also, once the UE decodes PDCCH-WUS in the WUS occasion, there is a time offset to the ON duration. Therefore, during WUS occasion, a low power implementation can be achieved by optimizing, at least: (i) the PDCCH processing timeline, (ii) the amount of hardware that needs to be brought online, (iii) the operating point in terms of the voltage levels and clock frequencies of the hardware, (iv) potentially reduced number of PDCCH candidates and aggregation levels to process, and (v) potentially the Rx bandwidth and/or the number of Rx antennas for PDCCH-WUS. While (i) (ii) (iii) are mostly UE implementation issues, they are facilitated by PDCCH-WUS design in the standards. Some aspects of the physical  layer design of PDCCH-WUS are discussed more in detail in our companion paper submitted to RAN1 agenda item 7.2.9.1. [2].
After a PDCCH-WUS is decoded, the UE performs wake-up of additional hardware and processing (e.g., by performing BWP switching, CSI-RS processing, etc.) to get ready for potential DL/UL scheduling. This 2nd stage of wake-up consumes additional energy but can be skipped for empty C-DRX cycles.
Simulation evaluation across different traffic types (FTP, web-browsing, instant messaging) and different C-DRX configurations are done and the detailed results are presented in the Appendix. One main argument related to PDCCH-WUS power saving gain is that baseline Rel-15 C-DRX can also be optimized to support 1-slot ON duration, for which UE would be able to go to sleep quickly after not detecting any grant. This is the lowest power possibly achieved with existing C-DRX to constitute comparison with wake-up signaling scheme. In the results, two baseline assumptions are evaluated: (i) Reference ON duration baseline (multi-slot ON duration which follow typical configurations used in deployments), (ii) 1-slot ON duration baseline. Across both baseline assumptions, significant power saving gain is observed, as shown in the following summary of results (also captured in the RAN1 UE power saving study [1]):
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT /
Latency
	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note

	PDCCH-based WUS triggering UE wakeup 
	3-64%
	Highlights:

Web browsing /w DRX (160, 100)
(#1) 35%
(#2) 25%

FTP /w DRX (160, 100)
(#1) 10%
(#2) 5%

FTP /w DRX (40, 10)
(#1) 50%
(#2) 31%

IM /w DRX (320, 80)
(#1) 21%
(#2) 11%
	Latency increase:

Web browsing /w DRX (160, 100)
4%

FTP /w DRX (160, 100)
3%

FTP /w DRX (40, 10)
13%

IM /w DRX (320, 80)
2%
	Percentage of DRX cycles requiring one additional PDCCH as WUS:

Web browsing /w DRX (160, 100)
5%

FTP /w DRX (160, 100)
28%

FTP /w DRX (40, 10)
11%

IM /w DRX (320, 80)
14%
	Method: Numerical simulation

FR1. DL-only.
Sync every 160 msec.

Traffic model: Web browsing, FTP, IM 

DRX configuration (40,10) (160,100) (320, 80)

DRX ON duration assumption for baseline:
(#1) Reference config 
(#2) 1-slot (minimum power)

WUS power model:
~1/3 of baseline

UE SINR assumption: Peak MCS, throughput
	CSI  measurements in pre-processing before the 1st PDSCH reception



In terms of additional latency, for longer DRX cycles (e.g. 160ms, 320ms), the relative increase is only a few percent and is negligible. Intuitively, this makes sense as DRX already contributes to most of the latency. For shorter DRX cycles (e.g. 40ms), the increase can be higher percentage in the teens, but still relatively mild. Power saving gain is typically also higher for shorter DRX cycles.
In terms of extra resource usage, the percentage of empty C-DRX cycles is a good indicator. 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. UE-specific PDCCH-WUS is assumed for this interpretation.
It can also be seen that the power saving gain becomes larger when the DRX cycles becomes shorter (e.g. power saving gain becomes 5x to 6x when DRX cycle goes from 160ms to 40ms for FTP traffic). Intuitively, this makes sense as there is energy overhead associated with UE waking-up to monitor the ON duration. The more frequently UE has to do that, the higher the overall power consumption. By employing WUS, UE can skip many of those ON duration and save more power. It is expected that WUS can deliver even more power saving gain when used with the short DRX feature enabled.
Similar gain is generally observed by other companies as captured in the RAN1 UE power saving study [1].
One additional advantage of PDCCH-WUS is that the DCI can carry multiple bits of information that indicate which set of power-related parameters and/or configurations to use after UE enters DRX on duration. 
[bookmark: _Toc528955105][bookmark: _Toc535009823][bookmark: _Toc1163954]Observation 1. 	PDCCH-based WUS is a complement instead of duplication of the existing C-DRX procedure.
Observation 2. 	PDCCH-based WUS can enable additional power savings not attainable with the existing C-DRX procedure.
Proposal 1. RAN2 should support wakeup signaling for C-DRX.
Impact of WUS on RAN2 procedures
Offset between WUS occasion and DRX on duration
As explained in Section 2.1, having an offset between WUS occasion and start of DRX on duration facilitates two-stage wakeup in UE implementation and hence is the key to achieve further power savings than the existing DRX procedure. In addition, having a gap between WUS occasion and DRX on duration allow UE to perform additional procedures and get ready for scheduling once on duration starts. For example, network may configure TRS/CSI-RS within this time gap for UE to report channel information etc. 
Therefore, network should configure a non-zero offset between WUS occasion and start of DRX on duration when WUS is configured. 
Observation 3.  WUS facilitates two-stage wakeup in UE implementation and is the key to achieve further power savings than the existing C-DRX procedure. 
Proposal 2. 	If configured with WUS, UE should wake up at a configured offset before C-DRX on durations to decode possible WUS transmission.
WUS and periodic and semi-persistent activities
During DRX active time, a UE can be configured with periodic or semi-persistent transmissions/receptions, such as P/SP-CSI reporting, P/SP-SRS transmission, and DL SPS/UL configured grant. Thus, it needs to be studied whether and how to allow interaction between WUS and the configured P/SP activities.
For simplicity, we can assume that WUS and P/SP activities are independent. For example, regardless of WUS, the network may expect the UE to send P/SP-CSI report or P/SP-SRS during the on duration if it is configured to do so. In this case, one may think that WUS is not very useful because the UE anyhow needs to stay up for the P/SP activities, regardless of data scheduling. However, there is still a chance that WUS can save UE’s power in this case: If the UE does not receive WUS for the on duration, the UE can stay in sleep without monitoring PDCCH for the rest of the on duration, except the slots for P/SP transmission/reception.
The other alternative is to allow some interaction between WUS and P/SP activities. For example, if the network has no DL data to serve during the on duration and thereby does not send WUS, the UE may be allowed to skip P/SP-CSI report or P/SP-SRS transmission configured for the on duration. More generally, any configured P/SP activities during the on duration may change depending on the detection of WUS.
In some other cases, the network may want to have control on the P/SP activities via WUS. For example, by not sending WUS, the network can indicate the UE to skip the on duration, including SPS transmissions. Otherwise, when sending WUS, the network can indicate, possibly in the payload of WUS, whether the UE needs to wake up for the entire on duration or just for the S/SP activities.
Proposal 3. 	RAN2 study the interaction between WUS and UE’s periodic/semi-persistent activities.
Granularity of PDCCH-WUS
Since WUS is introduced to enhance UE power saving, then the default configuration of PDCCH-WUS should be UE-specific. Because otherwise UE may waste power due to potential “false wakeup.” 
Proposal 4.  Default configuration for PDCCH-WUS is UE specific. 
However, there are some cases that requires special considerations. For example;
· In a heavily loaded scenario, a large number of UEs may share the same set of WUS resources, such as a WUS occasion, BWP, and CORESET. Due to the high contention for the resources, some UE’s PDCCH-WUS may be blocked and the scheduling for the UE can be delayed to the later C-DRX cycles, which results in impaired latency and user-experience.
· In Rel-15, the first three symbols within a slot are predominantly used for control channels. If a WUS occasion for PDCCH-WUS shares the same resources as the control resources for other active UEs, it may worsen the control congestion in a heavily loaded scenario.
· In mmW (e.g., FR2) systems with analog beamforming, TDM-based multiplexing of WUS resources may be preferred across spatially non-co-located UEs. Therefore, the overhead for WUS resources due to multiple UEs sharing the same WUS occasion may further increase with a large number of UEs.
Observation 4.  UE-specific PDCCH-WUS may result in PDCCH overload in heavy-load scenarios. 
Based on the above arguments, we may conclude that PDCCH-WUS may require other possible granularities, to avoid potential PDCCH overload. One possible solution is to introduce group-specific PDCCH WUS, which allows a group of UEs to monitor the same group-common PDCCH. Then UEs in the same group interpret the presence of a group-common PDCCH at their designated WUS occasion as their individual wakeup signal. This group-common PDCCH-WUS can be addressed to a RNTI shared by all UEs in the same wakeup group. 
Proposal 5.  In addition to UE-specific PDCCH-WUS, RAN2 should also support group-common PDCCH-WUS, which is addressed to a RNTI shared by all UEs in the same wakeup group.
PDCCH-WUS in carrier aggregation
In the case of carrier aggregation, there is a natural question to ask - where PDCCH-WUS should be sent, or whether it should be sent on multiple carriers.
First, since the current DRX configuration is per MAC entity, all carriers wake up for on duration at the same time. Therefore, only one WUS per MAC entity is sufficient. Even if RAN2 agrees to introduce DRX group [4], i.e. different groups of carriers having different DRX configurations, it is still advantageous for UE to monitor WUS on a single carrier, because network can indicate which groups of carriers should wake up in the payload of the WUS. The less number of carriers to monitor, the less power is consumed.
Second, if WUS is sent on only one carrier, then this carrier has to be SpCell, because in general SpCell is more reliable than SCells, as UE persistently monitors SpCell for RLM/RLF. 
Therefore, WUS should be configured on only one cell and this cell should be SpCell.   
Proposal 6. 	WUS should be configured on only one cell and this cell should be SpCell.
[bookmark: _Ref1159083]Potential payload in WUS relevant to RAN2
One advantage of PDCCH-WUS is that it can carry multiple bits of information that indicate more than wake-up indication to the UE. For example, a WUS can contain indication on which set of power-related parameters and/or configurations to use. Our companion paper [3] has more detailed information on such parameters and how they can help UE better adapt to traffic in association with DRX procedure. Some of the examples are listed below:
· A PDCCH-WUS can contain a BWP ID for the UE to switch to, providing additional flexibility to the scheduler to select a desired BWP and enabling an earlier BWP switch compared to waiting until the ON duration to signal the new BWP. 
· A PDCCH-WUS can indicate which set of SCells that UE should monitor PDCCH after DRX on duration starts. This would provide network flexibility in selecting how many SCell to use based on expected traffic load in the upcoming on duration, hence helping UE save more power.
Some additional parameters to consider may include:
· In the case of group-common PDCCH-WUS, it can also include information to indicate whether a specific UE in the group should wake-up or not. This indication can be either a direct bit map or a hash-based scheme.
· As mentioned in Section 2.2.2, the payload may include an indication to UE whether it should wake up for only the P/SP activities configured in the upcoming on duration.
[bookmark: _Toc1163959]Proposal 7.  RAN2 should study what fields should be included in the payload of PDCCH-based WUS to better assist UE’s adaptation for power saving. 
Summary
Based on the above discussions, we recommend RAN2 to adopt the following proposal:
Observation 1. 	PDCCH-based WUS is a complement instead of duplication of the existing C-DRX procedure.
Observation 2. 	PDCCH-based WUS can enable additional power savings not attainable with the existing C-DRX procedure.
Observation 3.  WUS facilitates two-stage wakeup in UE implementation and is the key to achieve further power savings than the existing C-DRX procedure. 
Observation 4.  UE-specific PDCCH-WUS may result in PDCCH overload in heavy-load scenarios. 
Proposal 1. 	RAN2 should support wakeup signaling for C-DRX.
Proposal 2. 	If configured with WUS, UE should wake up at a configured offset before C-DRX on duration to decode possible WUS transmission.
Proposal 3. 		RAN2 study the interaction between WUS and UE’s periodic/semi-persistent activities.
Proposal 4. 	Default configuration for PDCCH-WUS is UE specific. 
Proposal 5.  In addition to UE-specific PDCCH-WUS, RAN2 should also support group-common PDCCH-WUS, which is addressed to a RNTI shared by all UEs in the same wakeup group.
[bookmark: _GoBack]Proposal 6. 	WUS should be configured on only one cell and this cell should be SpCell.
Proposal 7.  RAN2 should study what fields should be included in the payload of PDCCH-based WUS to better assist UE’s adaptation for power saving. 
Appendix
Power Saving Evaluation and Results
[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 endorsed in [1]. The simulation targets FR1 and adopts the reference configuration and assumptions as agreed.
[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 160msec, inactivity timer 100 msec, On duration: 8 msec
3. C-DRX cycle 320msec, inactivity timer 80 msec, On duration: 10 msec
The channel condition is assumed to be ideal and the peak MCS and max RB allocation is assumed, same as the assumption made in the calibration exercise. 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 [1]. For web-browsing traffic, the recommended model referenced in [1] is used with the reading time parameter adjusted to 4 seconds. UL traffic and UL feedback impact are omitted for simplification.
The proposed scheme with PDCCH-WUS is compared against the following baseline cases without wake-up signaling:
Case #1 “Reference ON duration”: The reference ON duration as agreed in [1] is used for the baseline; All longer than 1 slot.
Case #2 “1-slot ON duration”: ON duration for the baseline 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, and every 8 msec thereafter until there is no more traffic. 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. It is also assumed that UE performs synchronization every 160 msec. Also, very good serving cell condition is assumed and no neighbor cell measurement and search is performed.
For illustration of the timeline and power profile for above cases, please refer to Appendix 4.2.

	[bookmark: _Hlk892864]
	Latency increase:
{40, 10}: 13%
{160, 100}: 4%
{320, 80}: 2%
Percentage of empty
C-DRX cycles:
{40, 10}: 98%
{160, 100}: 95%
{320, 80}: 91%



	
	Latency increase:
{40, 10}: 13%
{160, 100}: 3%
{320, 80}: 1%
Percentage of empty
C-DRX cycles:
{40, 10}: 89%
{160, 100}: 72%
{320, 80}: 52%



	
	Latency increase:
{40, 10}: 14%
{160, 100}: 4%
{320, 80}: 2%
Percentage of empty
C-DRX cycles:
{40, 10}: 98%
{160, 100}: 93%
{320, 80}: 86%



It can be seen that the relative power saving is significant and can be substantial. To consider optimization for the baseline, it is also assumed that ON duration is configured to be only 1 slot. This is the lowest power possibly achieved with existing C-DRX to constitute comparison with wake-up signaling scheme. Even with this, the power saving gain still holds and can be significant. 

[bookmark: _Ref4510430]Illustration of WUS Power Analysis Timeline
Description of the cases:
Case #0: 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 #1: “Reference ON duration baseline”. Same as Case #0 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 #2: “1-slot ON duration baseline”. Same as Case #1 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 evaluation, only Case #1 and #2 are used.
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