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Introduction
In RAN1 #97, several agreements were made regarding the design of the PDCCH-based power saving signal [1]. These agreements are provided in the Appendix. In addition, in RAN #84, the UE power saving work item was approved [2]. The first objective of the WID summarizes the goals regarding the PDCCH-based power saving signal:
1) Specify power saving techniques with PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED mode [RAN1, RAN2, RAN4] 
a) Specify procedures triggering a MAC entity to “wake up” to monitor PDCCH at reception of the PDCCH-based power saving signal/channel for the next occurrence(s) of the drx-onDurationTimer [RAN2, RAN1]
NOTE: Any change of PDCCH channel coding and payload interleaver is not in the scope
b) Specify the procedure of cross-slot scheduling power saving techniques [RAN1, RAN4]
NOTE: The procedure is in addition to Rel-15 cross-slot scheduling procedure
In this contribution, we discuss the design aspects of the PDCCH-based power saving signal/channel. We first present link level simulation results to assess the trade-off between aggregation level and DCI payload size for the target misdetection rate of 10-3. Then, we provide our views on the design considerations and make specific proposals.
Discussion
Simulation results
The misdetection performance of the PDCCH based power saving signal is investigated with link level simulations. The detailed simulation assumptions are provided in the Appendix. In the simulations, aggregation levels of 2, 4, 8, and 16 are used and DCI payload of 2, 4, 8, 10, 12, 20, and 30 information bits are assumed. A CRC of 24 bits is appended to the information bits and polar encoding as defined in NR is used.
For TDL-C-300ns channel, Figure 2‑1(a) illustrates the BLER while Figure 2‑1(b) illustrates the minimum SNR required for a given DCI size to achieve the target 10-3 BLER. Similarly, Figure 2‑2 illustrates the same quantities for the TDL-C-100ns channel. From these figures, we can see that to achieve the target misdetection rate, the minimum required SNR increases with increasing payload size and decreases with increasing AL.
The target BLER, at the cell edge SNR of -6 dB, can only be achieved with ALs of 8 and 16. For the TDL-C300ns channel, 4 bits of DCI can be supported with AL 8 while up to 30 bits of DCI can be supported with AL 16. On the other hand, for the TDL-C100ns channel, only 2 bits of DCI can be supported with AL 8. For ALs that are smaller than 8, higher SNR values are needed to achieve the target misdetection rate.
Although using a large single AL can be beneficial in terms of reducing blind decoding complexity, this would cause unnecessary signaling overhead as UEs with good coverage need lower ALs. Therefore, like in NR, link adaptation using ALs can be used to achieve good tradeoff between misdetection performance and signaling overhead.
Proposal 1: Link adaptation using aggregation levels is supported for power saving signal.
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[bookmark: _Ref16863619][bookmark: _Ref7698714]Figure 2‑1 (a) TDL-C300ns channel: (a) Misdetection performance (b) SNR required for 10-3 BLER rate 
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[bookmark: _Ref7698739]Figure 2‑2 TDL-C100ns channel: (a) Misdetection performance (b) SNR required for 10-3 BLER rate

Power saving signal design
DCI design
While deciding the DCI formats and sizes, several design criteria should be considered. One of them is that it is not desirable to increase the number of DCI sizes configured for a UE. According to the NR specification [3], A UE expects to monitor PDCCH candidates for up to 4 sizes of DCI formats that include up to 3 sizes of DCI formats with CRC scrambled by C-RNTI per serving cell. Another criterion is that the information the power saving signal is going to carry depends on which power saving techniques are supported. According to the WID and previous agreements, the power saving signal can be transmitted before the ON-duration to indicate to the UE to wake-up (referred to as the wake-up signal (WUS) ) and monitor the PDCCH. In addition, the power saving signal can be used to dynamically switch between cross-slot scheduling and same-slot scheduling. It has been agreed that a single wake-up signal may target individual UEs within a group of UEs.
Considering the above framework, the DCI design for the DRX inactive and active times can be considered separately:
DCI design for inactive time
In the inactive time, the power saving signal is essentially a wake-up signal. The wake-up operation can be achieved in one of two ways:
1. Wake-up signal is always transmitted before every DRX ON-duration and the information within the DCI indicates whether the UE should wake-up or stay in sleep state (e.g. by using 1 bit per UE).
· The overhead of this method may be significant for UE-specific signaling. However, the overhead may be reduced if group-common signaling is used. 
· In this method, since the WUS is always transmitted, the UE would simply wake-up for the ON-duration if it cannot detect the WUS, resulting in improved robustness against misdetection.

2. Wake-up signal is transmitted only when the gNB requires a UE to wake-up. In this case, if the UE does not detect the WUS, it shall stay in sleep state.
· The overhead of this method is less for both UE-specific and group common signaling.
· In this method, if the UE cannot detect the WUS, it shall skip the ON-duration, resulting in data loss. So, the WUS misdetection probability should be low and some mechanism to protect against misdetection should be utilized.

Based on the above, second option seems more advantageous as long as misdetection performance is acceptable. 
Proposal 2: Wake-up signal is transmitted only when it is required to wake-up a UE.
Group-common DCI:
The overhead of the power saving signal can be significantly reduced if group-common signaling is supported to trigger multiple UEs with the same signal. In this case, to ensure that the target misdetection rate of the power saving signal is met by all UEs in the group, the AL and payload size should be appropriately selected. From the simulation results, it can be observed that AL 16 can be used to carry up to 30 information bits which is large enough to trigger a subset of UEs within a group for maximum scheduling flexibility. For example, with 1-bit indication to signal a UE to wake-up or not and m bits (e.g., 1-2 bits) to signal cross-slot scheduling information, 10 or more UEs may be supported in a group.
In group-common DCI, each UE may be configured with an index to the 1-bit indication and the indices of the bits reserved to indicate other power saving techniques such as cross-slot scheduling can be determined from the index of the 1-bit indication. The size of the group-common DCI can be aligned to another existing DCI format. A sample group-common DCI format for is shown in Figure 2‑1. A UE that is indicated to wake-up with the 1-bit indication can read the corresponding m-bit information for further processing. For a UE that is indicated not to wake-up, the corresponding m bits could be set to a predefined or random value.
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Figure 2‑3 Sample group-common DCI format for WUS

UE-specific DCI:
UE-specific power saving signal can also be used to wake-up a single UE but without the 1-bit indication. The size of the UE-specific DCI depends on the amount of information the wake-up signal needs to carry. For example, the WUS DCI can be used to dynamically enable/disable cross-slot scheduling and switch to a new BWP.
For UE-specific DCI, a new DCI format with a smaller number of bits can be considered and if needed, the DCI can be padded with redundant bits to align it to one of the existing DCI formats.

One issue to consider is whether a UE could be configured to monitor both types of DCI. Although UE specific DCI can carry a larger number of bits, according to the WID, the power saving techniques that can be signaled in the WUS is limited. So, the same information can be carried in a group-common DCI. Therefore, it is not necessary for a UE to monitor both group-common or UE-specific DCI.
Proposal 3: UE is configured to monitor either group-common or UE-specific WUS.

DCI design for active time
It was agreed in RAN1#97 that, in active time, at least one power saving scheme can be indicated in the scheduling DCI(s) either by using additional bits or repurposing existing fields. According to the WID, the only supported power saving mechanism in R16 is cross-slot scheduling where adaptation between cross-slot and same-slot scheduling is achieved by dynamic signaling of the minimum applicable values of the K0 and K2 parameters. Since most of the gain due to cross-slot scheduling can be attained with only 1 slot offset, it could be enough to use 1 bit for this signaling.
· One option is to add a new bit field to at least DCI Formats 1_1 and 0_1.
· Another option is to repurpose some of the existing fields. Since the required number of bits is small, we believe that repurposing an existing field is more appropriate. For example, setting K0 value to 0 within the scheduling DCI may be used to switch a UE a UE from cross-slot to same-slot scheduling. This technique is explained in [3] in the context of misdetection mitigation. To switch the UE to cross-slot scheduling from same-slot scheduling, a codepoint in the TDRA table can be reserved.

Proposal 4: Indication of cross-slot scheduling in active time uses repurposed fields in an existing DCI format.

CORESET and BWP design
Regarding the WUS CORESET, A CORESET may be reserved exclusively for the WUS or it can be shared between the WUS and other PDCCH. If the total number of CORESETS is not increased, then exclusive allocation may result in some restriction for the PDCCH.
Proposal 5: WUS CORESET is shared with the other PDCCH.
Regarding the BWP allocation, one option is to reserve a BWP exclusively for the WUS. In this case, the UE monitors the WUS in the reserved BWP before every DRX ON-duration and switches to another BWP in the ON-duration to receive data. One drawback of this approach is that since the active time may collide with the WUS occasion, the UE may not be able to switch back to the WUS BWP. Another drawback is loss of spectral resources since the reserved BWP is not used for data transmission. Finally, according to the WID, WUS shall not carry an indication for BWP switching. Based on these reasons, we propose:
Proposal 6: Every BWP can be configured for wake-up signal transmission.
For FR2, beam management of the WUS is critical to achieve the required misdetection performance. Any mismatch between the transmit and receive beams may significantly deteriorate the link quality and result in unacceptable performance. Although beam sweeping could be used to increase the reliability, it would result in significant overhead increase. 
Since the PDCCH has already a beam management framework to choose the best receive beam, it is natural to determine the WUS receive beam based on the PDCCH beams. However, depending on the search space configurations, the PDCCH CORESETs that are monitored may differ from one ON-duration to the other. Therefore, the WUS receive beam can be determined from the PDDCH beams in the associated ON-duration.

Proposal 7: The receive beam for the wake-up signal is determined from the PDCCH beams in the associated ON-duration.

Protection against misdetection
False alarm rate of PDCCH based power saving signal would be very small due to the CRC. Misdetection, however, depends on the signal design and coverage of the UE. The misdetection of a wake-up-signal will result in lost data, increased latency and waste of both PDSCH and PDCCH resources. If misdetection becomes repetitive, e.g. due to loss of coverage, the impact may be significant. So, a mechanism to protect against misdetection is desirable. 
One potential mechanism to prevent WUS misdetection is for the UE to skip monitoring the WUS and wake-up in an associated ON-duration regardless of whether WUS was transmitted or not. The decision to skip monitoring the WUS can be based on a measurement of a reference signal. For example,
· If the RSRP of a reference signal (e.g. the DMRS or the RS indicated in the associated TCI state) falls below a threshold, then the UE can skip monitoring the WUS. The UE may choose not to monitor the WUS until the signal level increases above the threshold.
· The UE can skip monitoring the WUS if the PDCCH link quality degrades, e.g. the number of beam failure instances exceeds a threshold, or the UE initiates a random-access procedure for beam recovery. 

Proposal 8: UE skips monitoring the WUS if the RSRP of a defined RS falls below a threshold or the PDCCH link quality deteriorates.
Regarding misdetection prevention in the active time when the power saving signal is used to dynamically switch between cross-slot scheduling and same-slot scheduling, please refer to [4]. The specific proposal is:
Proposal 9: If at least one of K0, K2, aperiodic CSI-RS triggering offset indicated in a scheduling DCI is smaller than the corresponding minimum applicable value, UE sets K0min, K2min and minimum aperiodic CSI-RS triggering offset to a default value.

Coverage extension of the power saving signal
When the power saving signal is configured UE-specific, then link adaptation based on UE coverage can be used to optimize utilization of system resources. The coverage level of the power saving signal can be improved by using larger aggregation levels when necessary.

Given that the target misdetection rate of the power saving signal is lower than of the PDCCH, it is natural to assume that the coverage level of the power saving signal should be at least at the same level as the search space activated by the power saving signal. Then, a relationship can be introduced that the UE can use to determine the aggregation level of the power saving signal from the activated search spaces. This would help the UE reduce blind decoding complexity, resulting in additional power savings. Specifically, the aggregation level of the power saving signal could be determined from the maximum PDCCH aggregation level of the activated search spaces.

Proposal 10: The aggregation level of the power saving signal is determined by the maximum aggregation level of the activated search space.

Summary
[bookmark: _GoBack]In this contribution, we have discussed several design considerations for the PDCCH-based power saving signal. Our proposals are as follows:
Proposal 1: Link adaptation using aggregation levels is supported for power saving signal.
Proposal 2: Wake-up signal is transmitted only when it is required to wake-up a UE.
Proposal 3: UE is configured to monitor either group-common or UE-specific WUS.
Proposal 4: Indication of cross-slot scheduling in active time uses repurposed fields in an existing DCI format.
Proposal 5: WUS CORESET is shared with the other PDCCH.
Proposal 6: Every BWP can be configured for wake-up signal transmission.
Proposal 7: The receive beam for the wake-up signal is determined from the PDCCH beams in the associated ON-duration.
Proposal 8: UE skips monitoring the WUS if the RSRP of a defined RS falls below a threshold or the PDCCH link quality deteriorates.
Proposal 9: If at least one of K0, K2, aperiodic CSI-RS triggering offset indicated in a scheduling DCI is smaller than the corresponding minimum applicable value, UE sets K0min, K2min and minimum aperiodic CSI-RS triggering offset to a default value.
Proposal 10: The aggregation level of the power saving signal is determined by the maximum aggregation level of the activated search space.
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Appendix 
Simulation Assumptions
Table 1 Link level simulation assumptions
	Parameters
	Value

	Carrier frequency
	4 GHz

	System bandwidth 
	20 MHz

	Channel model
	TDL-C 100ns and 300ns

	Subcarrier spacing
	15 kHz

	Antenna configuration
	2 x 2 (precoder cycling is used)

	UE speed
	3 km/h

	Channel estimation
	Realistic

	DCI sizes
	2, 4, 8, 10, 12, 20, 30 bits

	Aggregation levels
	2, 4, 8, 16

	Channel encoder
	Polar



Previous Agreements
In RAN1 #97, the following agreements were made on PDCCH-based power saving signal:
Agreements:
The monitoring occasion(s) of the power saving signal/channel outside the Active Time is “indicated” to the UE by the gNB with an offset before the DRX ON
· “Indicated” implies the explicit signaling by higher layer signaling or implicit through the CORESET/search space
· FFS: The value and the range of offset

Agreements:
For power saving signal/channel configured outside Active Time, introduce a new DCI format for a UE, where the UE is configured to monitor the DCI format, with the power saving information for the UE in the DCI configurable by RRC
· FFS whether the DCI is in UESS or CSS or both
· FFS detailed configuration of the power saving information
· FFS the new DCI format
· Note: the same DCI may carry power saving information for one or more UEs

Agreements:
The indication of at least one power saving technique(s) is supported at least by the enhancement of existing scheduling DCI formats with additional field(s), if any, and/or repurposing the existing field(s), if identified, when UE is in the Active Time.     
· It applies to UE-specific search space.  
· It is FFS for the common search space.
· The at least one power saving technique(s) includes at least “Cross-slot scheduling”
· FFS: Which existing DCI formats includes the power saving information
· Whether power saving information is not included in the fallback DCI(s) (e.g., DCI format 0_0, DCI format 1_0)
· Use of non-scheduling DCI formats.
· It is FFS which field(s) is used to be repurposed for the indication of the power saving technique if the repurpose of existing field(s) is used.
· FFS: New DCI format with size aligned with existing DCI format
Agreements:
A new RNTI (e.g., PS-RNTI) is introduced for the PDCCH-based power saving signal/channel decoding at least outside Active Time, UE-specifically configured
· FFS how to use the PS-RNTI for scrambling of the PDCCH-based power saving signal/channel

Agreements:
Support UE-specific configuration of the search space set(s) dedicated to the PDCCH-based power saving signal/channel for UE to monitor outside Active Time
· Following the principle of Rel-15 search space configuration
· FFS: the corresponding UE behavior in monitoring the power saving signal/channel outside Active Time
· FFS whether UE can further monitor the search space set(s) inside Active Time

Agreements:
· The CORESET for the PDCCH-based power saving signal/channel outside Active Time can be configured to index to at least one of the CORESET(S) configured for other PDCCH monitoring 
· FFS whether the indexed CORESET can be exclusively used by the PDCCH-based power saving signal/channel (i.e., not be used for other PDCCH monitoring) 
· FFS whether or not to increase the number of CORESETs relative to that in Rel-15
· FFS whether or not a BWP is dedicated for PDCCH-based power saving signal/channel
Agreements:
One or more PDCCH monitoring occasion of PDCCH-based power saving signal/channel is supported outside Active Time
· FFS: Whether the monitoring occasions of the PDCCH-based power saving signal/channel in the same slot or not for multiple monitoring occasions
· FFS: whether the monitoring occasions are via search space set(s), CORESET(s), a combination thereof, etc.

Agreements:
· For outside Active Time, up to [3] CORESETs per BWP is supported for the power saving signal/channel outside Active Time with each CORESET associated with its TCI state and QCL assumption
· FFS details
· FFS whether any other additional handling is necessary for FR2 w.r.t. TCI state, and if so, how
Agreements:
Outside Active Time, the PDCCH-based power saving signal/channel is configured for triggering UE to or not to monitor the subsequent ON-duration(s) 
· FFS a single vs. multiple durations, particularly checking consistency with RAN2 agreements
Further study in the new DCI how to potentially indicate at least the following techniques (subject to further WID update):
Indicating UE to use the aperiodic RS
Aperiodic CSI-RS 
Aperiodic SRS
TRS
Triggering aperiodic CSI report
Cross-slot scheduling
Rel-15 DCI-based BWP switching
The power saving techniques can be explicitly included in the DCI contents or implicitly indicated by other techniques (e.g., BWP switching).
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