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In RAN#83, WID for UE power saving is agreed with below WI objectives [1]:
1) Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 
a) Specify the power saving techniques with power saving signal/channel 
i) Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED
ii) Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2
iii) 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  
i) Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure
2) Evaluate the required switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers [RAN4]
a) Note: Switching on/off the RF is part of the evaluation
Note: 
· These objectives are RAN1/RAN4 focus and do not consider RAN2 impact. 
·  The objectives are subject to further update in RAN#84.  The update will be based on recommendations from the completion of RAN2 study and remaining RAN1 recommendations based on the conclusion of RAN1 study.
In this contribution, we consider PDCCH-based power saving signal/channel design. The design aspects, including potential functionalities, DCI structure, and UE monitoring behaviors are discussed in details. 
Potential functionalities
2.1 Dynamic PDCCH monitoring adaptation
Unlike LTE where a UE has fixed PDCCH monitoring occasions, NR supports duty-cycle based PDCCH monitoring with configurable PDCCH candidates and configurable monitoring periodicity and duration per search space set. However, reconfiguration of parameters for search spaces sets is by RRC signaling and therefore has limited applicability for adapting to dynamic traffic patterns. When the buffer status or the channel conditions for a UE is changed, it can be beneficial to either increase or decrease the number of PDCCH monitoring occasions. Both can have an impact on UE power consumption either by increasing the number of PDCCH monitoring occasions to reduce a time required to complete a session (e.g. buffer increases or channel conditions improve) or by decreasing the number of PDCCH monitoring occasions (e.g. buffer is empty or channel conditions deteriorate and UE may not be scheduled at least in some search space sets).
One potential PDCCH monitoring source for UE power savings can be the dynamic adaptation on configuration parameters on search space set s and CORESET p. Some potential adaptive parameters can be 
· PDCCH monitoring periodicity ks
· PDCCH candidates per AL L 
· duration Ts
· activated CCE ALs, L
· a number of consecutive symbols for CORESET p.
PDCCH-based power saving signal/channel (PoSS) can be used to trigger UE adaptation on the potential adaptive parameters. 
In one example, scaling factor α can be carried by PoSS to indicate dynamic scaling on adaptive parameter, such as PDCCH monitoring periodicity ks, number of PDCCH candidates per AL , duration Ts. The scaling factor can be applied to all (or some parts) of the configured search space sets to minimize the signaling overhead. If larger DCI bits are available, much finer adaptation is possible to adapt the parameters per each search space set, independently. 
In another example, a list of candidates for associated adaptive parameters can be preconfigured by higher layer, and the PDCCH based PoSS can indicate one of the pre-configured candidates. 
The evaluation on power saving gain for dynamic scaling on PDCCH monitoring periodicity/duration and PDCCH candidates through PDCCH based PoSS are provided in [2].
In addition, instead of adapting PDCCH monitoring per search space set, a UE can skip PDCCH monitoring by deactivating multiple search space sets to save power. The granularity for (de)activation search space sets can be 
· per CORESET, where all the search space sets in CORESET p, can be deactivated or activated at the same time.
· per active BWP, where all the search space sets in the active BWP i can be deactivated or activated at the same time. 
When the deactivation and activation of search space sets is done per active BWP, the adaptation request is equivalent to go-to-sleep indication and wake-up indication, respectively. The associated (de)activation time can be per PDCCH monitoring periodicity or DRX ON duration when C-DRX is configured. The evaluation on power saving gain for dynamic (de)activation of search space sets for a time period associated with PDCCH monitoring periodicity or C-DRX cycle through PDCCH-based PoSS are provided in [2].


 
FIGURE 1: PDCCH monitoring adaptation in RRC_CONNECTED state

As illustrated in FIGURE 1, a UE detects PoSS that indicates an adaptation request on PDCCH monitoring. For example, PoSS #1, #2, #3, #4, indicates deactivate the search space set for current PDCCH monitoring occasion, reduce PDCCH candidates per AL by 50%, double the PDCCH monitoring periodicity, and reduce the CORESET symbols, respectively.

Proposal 1: Support power saving signal/channel for triggering UE adaptation on PDCCH monitoring, including
· adaptive search space set/CORESET configuration
· (de)activation of search space sets
2.2 PDSCH reception without PDCCH
PDCCH monitoring is the main factor for increased UE power consumption. Avoiding use of PDCCH for dynamic PDSCH/PUSCH scheduling, whenever instantaneous link adaptation is not needed, can offer large power saving gains. For example, grant-free transmission for PUSCH is better than grant-based one for reduced UE power consumption. The power saving gain of grant-free PUSCH comes from at least two aspects – no PDCCH monitoring and, to a lesser extent, no PUCCH transmission for SR. Likewise, to reduce UE power consumption, transmissions/receptions (e.g., PDSCH, PUSCH, measurement, reporting, etc.) can also be semi-statically configured so that the UE does not need to monitor PDCCH. Rel-15 NR can support such operation for PUSCH transmissions but not for PDSCH receptions. 
In Rel-15, SPS can be configured to a UE for periodic PDSCH reception. The UE still needs to monitor PDCCH to receive SPS PDSCH activation and release indications. The UE needs to keep monitoring the resources configured for SPS PDSCH reception, decode a potential TB, and transmit corresponding HARQ-ACK information even when there is no PDSCH transmission to the UE. This PDSCH monitoring increases UE power consumption potentially even more than PDCCH monitoring (for short SPS periodicities). To enable UE power savings, a PoSS can be used to indicate whether or not there is a PDSCH transmission to the UE (PoSS-PDSCH) as illustrated in FIGURE 2. Power saving gain is achieved from two aspects – 1) PoSS requires lower power consumption than PDCCH monitoring and 2) PDSCH-only requires lower power consumption than PDCCH+PDSCH. 


 (aFIGURE 2: Illustration of dynamic PDSCH reception without PDCCH

PoSS-PDSCH can be PDCCH DMRS like UE-specific sequence (e.g. as agreed in NR-U) for the benefit of low monitoring complexity. To enable flexible resource allocation and link adaptation, the PDSCH DMRS can carry about 1-3 bits information to indicate preconfigured scheduling information, such as resources allocation, MCS, which can be decoded coherently with channel estimation from the DMRS based PoSS; otherwise a fixed scheduling information can be pre-configured by gNB in advance. Evaluation on power saving gain through a DMRS-based power saving signal is provided in [2].
UE procedure for dynamic PDSCH reception without PDCCH 
· UE monitors PoSS-PDSCH in configured monitoring occasions
· If UE detects PoSS-PDSCH, UE decodes PDSCH DMRS to get a dynamic indication to some preconfigured scheduling information and then decodes PDSCH
· Otherwise, UE goes to sleep until the next PoSS-PDSCH monitoring occasion

Proposal 2: Support PDSCH reception with PDCCH monitoring triggered by PDCCH DMRS-based power saving signal.

DCI design for power saving signal/channel
3.1 DCI format
A UE can receive a DCI format providing an adaptation request on PDCCH monitoring at least for USS. The DCI format for triggering the PDCCH monitoring adaptation can be selected from one of the following alternatives:
· Alt1: Introducing a new DCI format;
· Alt2: Existing DCI format with new DCI fields;
· Alt3: Reusing BWP indicator in scheduling DCI.
For Alt1, a new DCI format (e.g., DCI format 3) can be introduced for PoSS and a new RNTI (e.g. PS-RNTI) can be considered to decode the new DCI format. The new DCI format can either reuse the structure of GC-DCI/DCI format 2 with CRC scrambled by a new group common RNTI, such as PS-RNTI, or reuse the structure of UE-specific DCI, such as DCI format 1_0, with CRC scrambled by a new UE-specific RNTI, such as CPS-RNTI. The DCI structure can be decided by taking into account trade-off between signaling overhead and granularity of adaptations.
For Alt2, some new fields can be added to existing DCI formats to indicate adaptation request on PDCCH monitoring. For example, the new fields can be added in DCI format 2_0/2_1/_2_2/2_3 dedicated to a group of UEs. In other way, existing fields in DCI format 0_1/1_1 can be re-interpreted as the field for PoSS if the UE is configured with power saving mode.
For Alt3, the BWP indicator in DCI format 0_1/1_1 in Rel-15 can be reused to indicate a preconfigured PDCCH monitoring adaptation profile per BWP. A drawback for Alt 3 would be that the UE needs to switch BWP to adapt the PDCCH configurations.
For any alternatives in above, no change on PDCCH channel coding and payload interleaver are needed. However, signaling overhead and UE multiplexing capacity need to be well considered.   
Proposal 3: Consider signaling overhead and UE multiplexing capacity for DCI format in power saving signal/channel.
3.2 DCI fields
A UE can be configured a location in a DCI format for one or more fields corresponding to the UE for power saving purpose. A main concern regarding defining the DCI fields for the PDCCH-based PoSS is adaptation granularity. According to the functionalities discussed in Section 2, potential DCI fields for UE adaptation per search space set s and COREESET p are summarized in Table 1 as below: 

Table 1: potential DCI fields for triggering UE adaptation on search space set s/CORESET p configuration
	Field
	size (bits)
	Notes

	[Carrier indicator]
	0 or 3
	If cross-carrier indication is supported.

	[BWP indicator]
	0-2
	If cross-BWP indication is supported.

	Index of the search space set for adaptation,  s,
	1-2
	Needed if a new DCI format is used

	Scaling of monitoring periodicity, ks
	1
	“1”: ks = 2ks ; “0”: ks  = ks/2

	Scaling of monitoring duration, Ts
	1
	“1”: Ts = Ts /2; “0”: Ts  = 2Ts

	Scaling of the number of PDCCH candidates 
	1-2
	, where c1

	Activated ALs, L
	1
	“1”:{1,2,4}, “0”:{8,16}

	Number of consecutive symbols for CORESET p, Dp
	1
	“1”: Dp  = max(Dp-1, 3),“0”: Dp  = min(Dp +1,1)

	[Time offset, Tgap]
	2
	Time offset for applying indicated adaptations

	[Time duration, Tduration]
	2
	Time duration for applying indicated adaptations



As described in Table 1, in addition to the PDCCH-related parameters, some of fields such as carrier indicator field (CIF), BWP indicator, Tgap, Tduration can be further considered. If cross-carrier scheduling is configured for a cell, the UE does not monitor any search space sets for the cell. Therefore, for the purpose of applying PoSS based dynamic adaptation for the scheduled cell with cross-carrier scheduling, CIF should be included in the DCI format for PoSS. BWP indicator can be optionally presented if the gNB wants to manage BWP switching without data scheduling. Including Tgap and Tduration (which are defined as time information to apply the indicated adaptation by DCI format for PoSS as illustrated in FIGURE 3) to the DCI format for PoSS may be very useful to adapt the PDCCH parameters more dynamically with reduced PoSS monitoring.



FIGURE 3: PDCCH monitoring adaptation by PoSS

The fields of DCI format for PoSS regarding to different adaptation granularity can be configured according to the practical traffic pattern by gNB. To improve the adaptation efficiency, the fields of DCI format for PoSS can be configured based on the assistance information transmitted from UE to gNB. The design of potential UE assistance information is provided in our companion contribution [2].
Proposal 4: Support configurable DCI fields for PoSS.

In addition to dynamic adaptation for PDCCH configurations based on above DCI fields, the other functionalities can be triggered by PDCCH DMRS based power saving signal. For example, when only 1 bit control information is needed for triggering the UE adaptation, the DMRS of PDCCH can be used as PoSS and no additional DCI format is needed. The potential use cases can be (de)activation of search space sets in active DL BWP, or indication of PDSCH reception without PDCCH monitoring. The detection performance for PDCCH DMRS based PoSS is provided in [2].
Proposal 5: Support PDCCH DMRS based PoSS if only 1 bit indication is sufficient for adaptation.
UE behaviour on power saving signal/channel detection
To reduce UE complexity on monitoring the PDCCH-based PoSS, a two-stage detection procedure can be considered. A UE can monitor PDCCH DMRS first, and then UE can decide whether or not to monitor PDCCH for PoSS depending on the result of PDCCH DMRS detection. For example, if a UE detects the PDCCH DMRS which indicates the presence of a DCI format for PoSS, the UE can start blind decoding, and then dynamic PDCCH monitoring adaptation can be applied based on the contents of the DCI. Otherwise, the UE skips blind decoding for the PDCCH-based PoSS.
As the next-level enhancement, PDCCH DMRS can convey some information for adaptation such as PDSCH reception without PDCCH monitoring or (de)activation of search space sets. For this purpose, some modifications on PDCCH DMRS mechanisms to convey more information using PDCCH DMRS can be further studied.
In this way, we can have a unified solution on power saving signal/channel design for supporting different functionalities with dynamic DCI size and low detecting complexity. 

Proposal 6: Consider a unified UE behavior on detecting PDCCH/DMRS-based power saving signal/channel with dynamic DCI size.

Additional timeline on PDCCH monitoring should be considered when PDCCH-based PoSS is used to trigger an adaptation on PDCCH monitoring: The following two alternatives can be considered:
· Alt1: a UE can monitor search space set for power saving signal/channel first and apply the adaptation request on associated search space set(s) before PDCCH monitoring for data reception/transmission on the adapted search space sets.
· Alt2: a UE can monitor search space set for power saving signal/channel and the search space sets for data reception/transmission simultaneously. In this case, the UE applies an adaptation request on PDCCH monitoring with a time gap, Tgap>0, after the slot when the UE receives the power saving signal/channel providing the adaptation request. For example, the time gap can be one slot, so that UE won’t be confused about the configuration of other search space sets in the same slot as power saving signal/channel.

Proposal 7: Consider UE’s behavior on legacy PDCCH monitoring when PDCCH-based PoSS is configured to monitor.

Other issues
If a UE fails to decode the PoSS, the UE and gNB can have different understanding on the PDCCH configurations. 
To resolve this issue, a default search space can be defined where the default search space would not be affected by dynamic adaptation from the PoSS. The default search space could be predefined such as search space set(s) configured with CSS, a search space set where the PoSS is monitored, a search space with lowest index, etc. In other way, it is also possible to the gNB declares a search space set as the default search space. The UE can still receive PDCCH via the default search space although PoSS is missed. 
Alternatively, the DCI format triggering UE adaptation can include a counter. A UE can report link failure when the UE realize any power saving signal/channel is missed. 
Proposal 8: Consider the issue when a power saving signal/channel is missed by UE.
According to [4], 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. If the size of DCI format for PoSS is configurable, so that it is different from the size of legacy DCI formats, the DCI format size budget could not be met. If there is no enhancement in the DCI size budget in Rel-16, we should take into account how to meet the DCI size budget when the UE is configured to monitor DCI format for PoSS. For example, the size of DCI format for PoSS can be aligned with the size of one of the legacy DCI formats in Rel-15.
Proposal 9: Consider DCI size alignment between PDCCH-based powers saving signal/channel with legacy DCI formats supported in NR Rel-15.

Conclusions
This contribution considers PDCCH-based power saving signal/channel design. Our proposals are as follows.
Proposal 1: Support power saving signal/channel for triggering UE adaptation on PDCCH monitoring, including
· adaptive search space set/CORESET configuration
· (de)activation of search space sets
Proposal 2: Support PDSCH reception with PDCCH monitoring triggered by PDCCH DMRS-based power saving signal.
Proposal 3: Consider signaling overhead and UE multiplexing capacity for DCI format in power saving signal/channel.
Proposal 4: Support configurable DCI fields for PoSS.
Proposal 5: Support PDCCH DMRS based PoSS if only 1 bit indication is sufficient for adaptation.
Proposal 6: Consider a unified UE behavior on detecting PDCCH/DMRS-based power saving signal/channel with dynamic DCI size.
Proposal 7: Consider UE’s behavior on legacy PDCCH monitoring when PDCCH-based PoSS is configured to monitor.
Proposal 8: Consider the issue when a power saving signal/channel is missed by UE.
Proposal 9: Consider DCI size alignment between PDCCH-based powers saving signal/channel with legacy DCI formats supported in NR Rel-15.
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