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Introduction
In RAN1 #AH1901 [1], the following were agreed. 

	Agreements:
The general procedure for the study of the power saving scheme when cross-slot scheduling is used 
·  gNB semi-statically configures TDRA to the UE, subject to UE capability (if any) 
· All schedulable TDRA values have K0 > = x and K2 >= x where x > 0
· Determination of value x is FFS (which may also be done in the WI phase), e.g., may also be impacted by BWP switching triggered by DCI (jointly with cross-slot scheduling, if supported), etc.
· All aperiodic CSI-RS triggering offsets are not smaller than the value x
· UE decodes PDCCH and retrieves the index of schedulable TDRA values
· UE could go to micro sleep after reception of last PDCCH symbol 
· UE processes PDSCH at the indicated starting time from TDRA values
· Note: DRX cycle assumed in the evaluation results summarized in the table below is not necessilary long DRX cycle; detailed DRX cycle assumption can be found in each reference
Agreements:
The general procedure for the study of the power saving scheme when same slot scheduling is used 
·  gNB semi-statically configures TDRA to the UE, subject to UE capability (if any). 
· All schedulable TDRA values with K0=0 include at least Y symbols between the last PDCCH symbol and the first PDSCH symbol 
· Y is FFS 
· Note: the value of Y is necessary for power modelling in evaluation, although the specification (if specified) of Y value may also be done in the WI phase
· Note: in case there is a TDRA entry with K0>0, it is assumed that the gap between the last PDCCH symbol in a first slot and the first PDSCH symbol in a second slot is no less than Y
· All aperiodic CSI-RS triggering offsets are greater than Y symbols 
· UE decodes PDCCH and retrieves the index of schedulable TDRA values
· UE could go to micro sleep after reception of last PDCCH symbol 
· UE processes PDSCH at the indicated starting time from TDRA values
Agreements:
Update the text in the TR as follows (with change marks):
The general procedure for the study of UE adaptation to the DRX operation  is as follows,
· UE adaptation of its behavior to the DRX operation for UE power consumption reduction 
hen is configured with power saving signal/channel, power saving signal/channel asthe indication whether to wake up or not before or at the beginning of DRX ON duration
· At least for the indication of PDCCH monitoring

· Preparation period is used for ,( e.g., to perform channel tracking, CSI measurements, beam tracking), 
· Preparation period can be used In preparation for the PDCCH/PDSCH decoding 
· Preparation period could be before or during the DRX ON duration
· Network can indicate UE to report CSI before or after the power saving signal/channel (if configured) during the preparation period 
· Network can indicate additional RS transmission (e.g., CSI-RS, TRS, SSB and power saving signal) at the preparation period 
· Go-to-sleep signaling as the indication allowing UE going  to sleep state, e.g.,
· MAC-CE 
· DCI 
· Power saving signal/channel
· Constraints on scheduling DCI during DRX_ON
Agreements:
Update the TR as follows (with change marks):
· Dynamic DRX configuration including at least the following– 
· UE is configured with multiple DRX configurations
· Dynamic selection of DRX configuration by gNB from multiple DRX configurations (e.g., traffic, mobility)  
· UE assistance information may be considered
· Adaptive parameters setting of one DRX configuration 
· UE assistance information may be considered
· DRX parameters are indicated by gNB
· Adaptive UE behavior in the DRX operation (e.g, restart the inactivity timer)
Agreements:
Update the TR as follows (with change marks):
The UE BWP adaptation  is to dynamically switch the BWP by gNB based on e.g. the traffic to support efficient operation of BWP switching in reducing the UE power consumption.  

The UE adaptation to the CA/DC is to fast activation/deactivation of the SCell by gNB based on e.g. the traffic to support efficient operation for fast SCell activation/deactivation in achieving UE power saving.  

The UE power saving schemes for the UE adaptation in frequency domain for further study are as follows, 

· BWP -  UE adaptation to different BWP
· RS to assist UE channel tracking and measurements to assist BWP switching  
· The assistance may also include CSI measurements (UE processes one BWP at a time)
· Enhancement of L1 signaling, e.g., power saving signal or DCI for power saving, in triggering the BWP switching
· Association of BWP and DRX 
· UE assistance information could be considered
· CA/DC – 
· Quick activation/de-activation (e.g.,L1 signaling, MAC CE enhancement) 
· Adaptation of PDCCH monitoring/search space on activated SCell 
· Including cross carrier scheduling
· Power adaptation based on the operation in a group of cell in power efficient way
· CSI/RRM measurements and beam management at non-active SCell
· UE assistance information could be considered
Agreements:
· Capture in the TR the following new table w.r..t. UE adaptation the number of antenna/panels or MIMO layers, subject to further update, particularly regarding evaluation results/assumptions
Agreements:
· Capture in the TR the new table w.r.t. UE adaptation of PDCCH monitoring, subject to further update, particularly regarding evaluation results/assumptions
Agreements:
· Capture in the TR the new table w.r.t. multi-slot scheduling, subject to further update, particularly regarding evaluation results/assumptions

Agreements:
The performance evaluation of the power saving signal/channel should target the miss detection at X% and the false alarm rate at Y% with the following aspects identified for the proposed power saving signal/channel
· The target of miss detection X% and the false alarm rate at Y% as baseline for evaluation
· For power saving signal/channel for wake-up purpose, X=[0.1] and Y=[1]
· For power saving signal/channel for go-to-sleep purpose, X=[1] and Y=[0.1]
· Additional X and Y values are not precluded for the proposed power saving signal/channel based on the use cases and scenarios
· For any other purpose(s) of power saving signal/channel, companies to report X & Y values
· The target of miss detection would be different depending on the behaviour of miss detection of power saving signal/channel.
· If miss detection behaviour is defined as no subsequnt PDCCH reception, low miss detection rate is required in order to avoid increased latency of missed chance of the scheduling.
· If miss detection behaviour is defined as subsequent PDCCH reception, low miss detection rate is not required. 
· The miss detection performance when multiple power saving signal/channel are multiplexed on the same resource, when applicable
· The performance of the power saving signal/channel should assume realistic implementation limitations, e.g., by using realistic channel estimation and time/frequency offset estimation, etc.

Agreements:
· Companies are encouraged to consider the following aspects for the purpose of the power saving signal/channel design,
· The multiplexing capability
· Include total number of UEs supported
· The resource overhead in achieving the power saving
· The behaviour when miss detection/false alarm happens
· Multiplexing with other signals/channels
· Number of information bits
· Complexity
· Power consumption



[bookmark: _Ref465413974]
In the following, Rel-15 network and power saving mechanisms and their potential enhancements through adaptation of various UE transmission/reception configurations are considered in the temporal/frequency/spatial domains in order to improve power efficiency to variations in traffic demand/channel condition/link quality/UE status.

The performance for different UE adaptation schemes and associated triggering methods are evaluated according to agreed assumptions in [2].

UE adaptation Schemes
2.1 Adaptive PDCCH monitoring
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 signalling and therefore has limited applicability for adapting to dynamic traffic patterns. When the buffer status or the channel conditions for a UE change, it can be beneficial to either increase or decrease PDCCH monitoring frequency (including skipping PDCCH monitoring). Both can have an impact on UE power consumption either by increasing PDCCH monitoring to reduce a time required to complete a session (e.g. buffer increases or channel conditions improve) or by decreasing (including skipping) PDCCH monitoring (e.g. buffer is empty or channel conditions deteriorate and UE may not be scheduled at least in some search space sets).

One potential source for UE power savings can be the dynamic scaling of PDCCH monitoring configuration parameters in time domain, such as the periodicity or duration configured search space sets. To reduce the network signaling overhead, the adaptation can be triggered according to some pre-known adaptation criteria associated with real-time  detection results for UE-specific DCI formats. For example, adaptation criteria and corresponding adaptation rules can be:
· When the UE does not detect any UE-specific DCI format over X1 >=1 consecutive PDCCH monitoring periods, the monitoring periodicity, T, is increased. 
· When the UE detects UE-specific DCI formats in all PDCCH monitoring occasions over X2 >=1 consecutive PDCCH monitoring periods, the monitoring periodicity, T, is decreased. 
· When the UE does not detect any UE-specific DCI format in at least α*100% PDCCH monitoring occasions over X1 >= 1 consecutive PDCCH monitoring periods, the monitoring duration, D, is decreased.
· When the UE detects a UE-specific DCI format in at least β *100% PDCCH monitoring occasions over X2>=1 consecutive PDCCH monitoring periods, the monitoring duration, D, is increased. 

UE procedure for dynamic scaling of PDCCH monitoring periodicity/duration
· The UE is provided with initial values of PDCCH monitoring periodicity/duration and associated implicit adaptation criteria/rule. 
· UE monitors PDCCH periodically in configured monitoring occasions.
· UE checks PDCCH decoding results in latest X1/X2 monitoring periods and adapts T/D according to the predetermined adaptation criteria/rule. 

Table 1 shows the power saving gain and corresponding scheduling delay for implicit adaptation criteria/rule on PDCCH monitoring periodicity and duration. The baseline has fixed PDCCH monitoring periodicity of 0.5ms and duration of 0.5ms. Other simulation assumptions are provided in [4].
[bookmark: _Ref917786]Table 1: Evaluation results on for implicit adaptation criteria/rule
	(X1, X2, α, β)
	PSG
	Average scheduling delay

	(2, 2, 0.75, 0.75)
	59.42%
	0.1382ms

	(1, 1, 0.75,0.75)
	59.80%
	0.0385ms

	(1,1, 0.5,0.5)
	59.79%
	0.0395ms


                                  *Tmax / Tmin = 6ms/0.5ms
Observation 1: UE achieves about 60% power saving gain and incurs negligible L1 scheduling delay through dynamic scaling on PDCCH monitoring periodicity and duration according to implicit adaptation criteria.  

Proposal 1: Support implicit triggering of adaptation on PDCCH monitoring periodicity and duration according to real-time detection results of DCI formats for scheduling PDSCH/PUSCH

Another potential UE adaptation scheme associated with PDCCH monitoring can be adaptation on search space set configuration, such as the number of PDCCH candidates, CCE aggregation levels, and DCI formats, etc. 

In addition, to enable a gNB to determine how the number of candidates can be adapted, a CSI report for PDCCH transmissions can be further considered (this can also provide spectral efficiency gains by selecting a CORESET with good SINR for the UE and enabling PDCCH link adaptation to minimize PDCCH misses at the UE). 

UE procedure for dynamic adaptation on CORESET/search space configuration:
· UE feedbacks PDCCH CSI report and/or its preference on CORESET/search space set configuration
· UE detects predetermined DCI, .e.g. GC-DCI, to get the adaptation of the CORESET/search space set configuration
· UE uses indicated monitoring candidates to monitor PDCCH from next PDCCH monitoring occasion

FIGURE 1 shows the power saving gain with respect to the reduction of the number of PDCCH candidates. The UE can achieve up to 28.5% power saving gain. The detailed simulation assumptions are provided in [4]. 
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(a)Power saving gain                                                   (b) Scheduling delay

FIGURE 1: Power saving gain for reduction of PDCCH monitoring candidates
Observation 2: A UE can achieve up to 28.5% power saving gain with adaptation on the number of PDCCH candidates.

Proposal 2: Support PDCCH CSI report and dynamic adaptation on the CORESET/search space set configuration. 
 
2.2 Skipped PDCCH monitoring
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, PDSCH DMRS can carry about 3 bits DCI that can be decoded coherently with channel estimation from the RS based PoSS-PDSCH.

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 the DCI and then decodes PDSCH
· Otherwise, UE goes to sleep until the next PoSS-PDSCH monitoring occasion

FIGURE 3 shows the power saving gain for dynamic PDSCH reception triggered by PDCCH DMRS based PoSS. The UE skips PDCCH monitoring but decodes PDSCH DMRS to get associated DCI. The detailed simulation assumptions are provided in [4].
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FIGURE 3: Power saving gain for skip PDCCH monitoring
Observation 3: UE achieves at least 26% power saving gain with skipping PDCCH monitoring.
Proposal 3: Support dynamic PDSCH reception triggered by PoSS.

2.3 Enhancement to C-DRX
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]C-DRX operation is another mechanism for UE power savings as described in [3]. When a UE is in RRC_CONNECTED mode, the UE operates in C-DRX mode that is associated with parameters “On Duration” and “Inactivity Timer” (and others). During the “On Duration” period, the UE monitors PDCCH (attempts to detect DCI formats) in configured search space sets for a given slot. If the UE detects a DCI format scheduling a PDSCH reception or a PUSCH transmission during the “On Duration” period, the UE starts the “Inactivity Timer” and continues to monitor PDCCH until the “Inactivity Timer” expires and the UE goes into sleep mode. 
One potential source for UE power savings related to C-DRX can be avoiding unnecessary wake-ups for the UE when it operates in DRX mode. In this case, a power saving signal (PoSS) with size of at least 1 bit is needed to trigger dynamic network access. UE power consumption can be further reduced by dynamic adaptation of the CDRX configuration parameters, including Inactivity Timer, DRX cycle, On Duration Timer.
To successfully wake up after a period of sleep duration, a UE has to perform loop convergence, such as automatic gain control (AGC), time tracking loop (TTL), frequency tracking loop (FTL), based on some cell-specific DL reference sequence. Unlike LTE, there is no always on cell-specific signal (CRS) in NR. Alternatively, a UE can use a SS/PBCH block burst set for loop convergence. However, transmission of a SS/PBCH block burst set is configured per cell. For a particular UE, a closest SS/PBCH block monitoring occasion relative to a start time of On Duration can be separated by tens of milliseconds. In such cases, a UE needs to keep wake-up/micro-sleep and maintain the time-frequency tracking after monitoring the closest SS/PBCH block burst set before the next ON duration. 
Therefore, as illustrated in FIGURE 4,  two CSI-RS resources, having transmission occasions aligned with a C-DRX period for a UE or a group of UEs, can be used by the associated UEs for channel tracking, RRM measurement, wake-up indication, and adaptation request on C-DRX configuration. The specific functionality for each CSI-RS resource is:
· Primary CSI-RS (P-CSI-RS): indication of DRX ON Duration with scheduled PDSCH/PUSCH scheduled and UE triggering to wake up from sleep state
· Secondary CSI-RS (S-CSI-RS): indication of dynamic C-DRX configuration. Table 2 shows an example of C-DRX adaptation profile, where 3 bits of PoSS can be provided by S-CSI-RS to indicate the row index of the adaptation profile and associated adaptation to C-DRX configuration parameters.



FIGURE 4: Two level of CSI-RS resources 

The CSI-RS resources can be transmitted in multi-beam directions in order to wake-up UE from a very long sleep period. The UE can report its preference on CSI-RS configuration, such as time/frequency domain resource allocation, and C-DRX configuration preferences, such as maximum/minimum DRX cycle/ON duration, to enable efficient adaptation. 

Table 2: C-DRX adaptation table
	Adaptation index
	DRX cycle, T
	On duration, D
	Inactivity timer, I
	Notes
(adaptation criteria for simulation)

	0
	T = 160ms
	D = 8ms
	I = 100ms
	 Default values

	1
	-
	-
	-
	No change

	2
	T = min(2T,T_max)
	-
	-
	# of buffered packets <= 0 over 4 cycles

	3
	T = max(T/2,T_min)
	-
	-
	# of buffered packets >= 2K

	4
	-
	D = min(2D,T)
	-
	K<# of buffered packets< 2K

	5
	-
	D = max(D/2, 1)
	-
	0<# of buffered packets<=0.25K

	6
	-
	 -
	I = 2I
	0.25K<# of buffered packets<K,
I < D

	7
	-
	-
	I = I/2
	0.25K<# of buffered packets<K,
I>2D


* K: number of PDCCH occasions within the on duration in next C-DRX cycle 

UE procedure for C-DRX with two level of CSI-RS before ON duration
· (Optional) UE feedbacks preferred configuration on P-CSI-RS/S-CSI-RS.
· gNB configures UE P-CSI-RS/S-CSI-RS based on UE feedback. 
· UE monitors P-CSI-RS before C-DRX ON duration in DRX OFF period.
· If UE detects P-CSI-RS
· UE uses P-CSI-RS/S-CSI-RS for channel tracking/RRM measurement if necessary
· UE decodes S-CSI-RS to get adaptation on CDRX configuration, with the help of P-CSI-RS for channel estimation. 
· UE processes the next C-DRX ON duration with adapted configuration indicated S-CSI-RS. 
· Otherwise UE goes back to sleep state until next P-CSI-RS monitoring occasion.

aFIGURE 5 shows the power saving gain and L1 scheduling delay with two level CSI-RS for dynamic wake-up and adaptation request on C-DRX configuration. The detailed simulation assumptions are provided in [4].
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(a)Power saving gain                                                   (b) Scheduling delay
FIGURE 5: Power saving gain and scheduling delay for dynamic adaptation on C-DRX

Observation 4: UE achieves 4%, 8.4%, and 11.4% power saving gain with P-CSI-RS for dynamic wake-up indication for mean of inter-packet arrival time of 100, 200, and 300ms respectively.
Observation 5: UE achieves about 90% power saving gain with P-CSI-RS/S-CSI-RS while there is a tradeoff on scheduling latency.
Proposal 4: Support two level of CSI-RS aligned with DRX ON duration for channel tracking and triggering adaptation on C-DRX, including
· dynamic wake-up
· scaling of C-DRX configuration parameters 

2.4 Cross-slot scheduling
Cross-slot scheduling is supported in NR Rel-15. This can be beneficial for several functionalities including for UE power savings. A UE can perform light sleep (and/or switch a BWP) for a period indicated by the delay between scheduling PDCCH and the scheduled PDSCH/PUSCH reception/transmission, i.e. K0/K2. The dynamic indication of K0/K2 is jointly encoded in the DCI format with start symbol and duration of associated PDSCH/PUSCH occasions from predefined tables or PDSCH-TimeDomainResourceAllocation from RRC signaling.

A UE needs to buffer data/samples of an entire slot as the UE can decide micro sleep operation only after decoding all PDCCH candidates without detecting a DCI format scheduling data transmission/reception in the slot. In addition, the micro sleep period is constrained by the start of a next PDCCH monitoring occasion. The UE has to switch from sleep mode to regular active mode when the next PDCCH monitoring occasion starts, regardless of whether or not the scheduling timer of K0/K2 associated with current PDSCH/PUSCH expires. 

To enable power saving gains from cross-slot scheduling, a minimum scheduling time, i.e. N0/N2, can be introduced where any K0/K2 value indicated by a DCI format has to be larger than N0/N2. 

UE procedure for cross-slot scheduling
· UE is provided with a minimum value of K0/K2 by higher layers.
· UE decodes a predetermined DCI that indicates an adaptation on the minimum value of K0/K2.
· UE can be scheduled by DCI with dynamic K0/K2 no less than minimum value of  K0/K2.
· UE can go to micro sleep right after PDCCH reception.
· FFS whether this requires new specifications or can be handled by BWP configuration and BWP switching.
· 
aFIGURE 6 shows the power saving gain and L1 scheduling delay for cross-slot scheduling. The detailed simulation assumptions are provided in [4].
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FIGURE 6: Power saving gain and scheduling delay for cross-slot scheduling

Observation 6: UE achieves 19%-26% power saving gain for cross-slot scheduling.
[bookmark: _GoBack]2.5 (De) activation of SCell
To enable dynamic (de)activation of SCell, cross-slot scheduling and cross-carrier scheduling can be jointly considered. Basically, cross-carrier scheduling can provide power saving gain compared to self-carrier scheduling since a UE does not need to monitor PDCCH in all activated SCell(s). Cross-carrier scheduling is particularly beneficial for CA among cells in FR1 and FR2. A UE consumes significantly more power when it operates in FR2 compared to FR1. Based on the agreed power consumption model, FR2 consumes about 75% more power than FR1 for w/o C-DRX. 
Once a UE is configured with cross-carrier scheduling, the UE can monitor the PDCCH in a specific cell. The UE can avoid buffering symbols for potential PDSCH reception in the SCell during a specific time duration if the DCI guarantees cross-slot scheduling for the SCell. Then, the UE can even deactivate the SCell (cell dormancy). After the UE detects a DCI format for scheduling on the SCell, the UE can ‘activate’ the SCell. To decide whether the UE can activate or deactivate the SCell, a threshold η can be defined. If configured minimum value of K0/K2 is larger than η, the UE can deactivate SCell.

To assist the gNB in configuring cross-carrier scheduling, a UE can request to the preferred cross-carrier scheduling configuration by means of a UE assistance message/information.

UE procedure for (de)activation of SCell through cross-slot/cross-carrier scheduling
· (Optional) UE feedbacks its preferred threshold for triggering (de)activation of SCell.
· UE is configured with cross-slot/cross-carrier scheduling and a threshold for triggering (de)activation of SCell by higher layer.
· UE decodes a predetermined DCI that indicates an adaptation on the minimum value of K0/K2.
· If minimum value of K0/K2 is larger than a threshold, the UE deactivates SCell(s) without scheduled PDSCH/PUSCH reception/transmission in a PDCCH monitoring period on a scheduling cell. 
· UE scheduling DCI with dynamic K0/K2 is no less than minimum value of  K0/K2. 
· If UE detects a DCI format in a PDCCH the UE receives on a scheduling cell that schedules PDSCH/PUSCH reception/transmission on a SCell, the UE activates the SCell.

Table 3 shows the power saving gain and L1 scheduling delay for cross-slot/cross-carrier scheduling when CA is configured. The detailed simulation assumptions are provided in [4].

Table 3: Power saving gain from cross-slot/cross-carrier scheduling
	Activated CCs adapted from x1 to x2
(x1,x2)
	PSG

	(4,1)
	57.5%

	(4,2)
	38.3%


                                  
Observation 7: UE achieves 38.3% and 57.5% power saving gain by deactivate 3 and 1 SCells triggered by large minimum scheduling delay K0.
Proposal 5: Support adaptation on minimum scheduling delay between PDCCH and PDSCH/PUSCH and joint adaptation on (de)activation of SCells.
2.6 Multi-slot scheduling
NR Rel-15 supports only a 1-to-1 mapping between scheduling grant in PDCCH and TB in PDSCH/PUSCH. LTE LAA supports a 1-to-N mapping between scheduling grant and TB (slot aggregation). In this way, UE power can be saved from reduced PDCCH monitoring. Even though such power savings may not be substantial as the RF needs to stay on and the UE modem needs to perform PDSCH receptions, they are accumulative to the overall savings from skipping PDCCH decoding operations. Similar to other UE-assisted mechanisms for UE power savings, the preferred number of slots for multi-slot scheduling can be indicated by the UE or be adapted by the gNB. Multi-slot PDSCH/PUSCH scheduling is also beneficial for PDCCH overhead reduction in CA where a scheduling cell (e.g. in FR1) schedules PDSCH/PUSCH in multiple slots (e.g. in FR2) of a scheduled cell. 

UE procedure for multi-slot scheduling 
· (Optional) UE reports its preferred schedulable slots for multi-slot scheduling
· UE is configured with maximum value of schedulable slots  F>1 for multi-slot scheduling 
· UE decodes a DCI format indicating actual scheduled slots N <=F for multi-slot scheduling
· UE decodes N TBs of PDSCH/PUSCH across N consecutive slots
· UE skips PDCCH monitoring across N+1 consecutive slots

aFIGURE 7 shows the evaluation results on multi-slot scheduling, where 1<=N<=F TBs are scheduled per PDCCH occasion. PDCCH monitoring periodicity is scaled accordingly, such that T_PDCCH = F*T0, where T0 = 0.5 ms is the reference PDCCH monitoring periodicity for baseline.
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FIGURE 7 Power saving gain and scheduling delay for multi-slot scheduling
Observation 8: UE achieves about 20%-45% power saving gain through multi-slot scheduling with maximum scheduled slots, F, configured in the range from 2 to 10. 

Proposal 6: Support UE-triggered adaptation on schedulable slots for 1-to-N mapping between scheduling DCI format and TBs.

2.7 Dynamic BWP switching enhancement
A main reason for the introduction of BWP-based operation in Rel-15 is UE power savings. For example, when a UE does not have data to transmit or receive, a small BWP can be used for operation in order to still be able to access the UE when data arrives or for the UE to be able to transmit SR and be subsequently scheduled. In Rel-15, BWP switching can be by RRC, of by a DCI format, and/or based on the expiration of a timer. 

In all cases, BWP adaptation is controlled by the NW without any direct input from the UE (other than for BSR). UE-triggered BWP switching (with a decision still made by the NW) can be considered for UE power savings. For example, a UE can request to operate with a smaller/larger BWP or with a different BWP depending on the UE battery level status and/or power consumption characteristics for a given BWP (e.g. a larger BWP requires a linearly larger RF/DBB power consumption than a smaller BWP). For example, a gNB can configure a UE with identical BWPs (no switching delay) having different parameters (such as for PDCCH monitoring or for K0/K2, or for number of layers) and the UE can indicate a preferred BWP as an indirect approach for indicating a preferred configuration.

In addition, similar to enabling CSI measurements in non-active SCells or SRS carrier switching for SCells where the UE does not transmit other signaling, a corresponding state can also be introduced for BWPs (and be part of a general unification for CA/BWP operations). A UE can request to switch a BWP based on corresponding CSI measurements (a non-exclusive alternative with larger overhead is for the UE to provide CSI reports to the gNB for non-active BWPs in order for the gNB to have more information to determine a possible BWP switching for the UE). SRS BWP-switching can also be supported similar to SRS carrier switching and then the gNB can switch BWPs based on SRS measurements at least for TDD and probably also for FDD. It is noted that Rel-15 supports UE assistance information for the maximum aggregated bandwidth across all DL carriers and this can be extended to the BWP of a single carrier for UE power savings.

UE procedure for UE triggered BWP switching
· UE sends a request to indicate the preferred BWP i
· gNB sends a PDCCH with grant of SRS resources in non-active BWP i
· UE transmits SRS as scheduled 
· gNB trigger BWP switching in scheduling DCI according to the channel condition reflected by received SRS

Considering the overhead on UE assistance information report and SRS transmission, the PSG for BWP switching is no more than 7.5% power saving gain by reducing every 10MHz of BWP BW.
Proposal 7: Support UE request for BWP switching.

Proposal 8: Support CSI measurements and SRS BWP switching in non-active BWPs.

2.8 TX/RX Antenna Adaptation 
In NR Rel-15, it is mandatory for a UE to support operation with four receiver antennas in certain frequency bands, such as n7, n38, n41, n77, n78, and n79. Such a large number of receiver antennas is particularly penalizing to UE power consumption. In many conditions, it may not be necessary or preferable for a UE to use 4 Rx antennas. For example, such condition include when the UE service is associated with small data packets, or the UE is in good coverage, has low battery power, experiences correlated receptions among antennas in certain channel conditions, there is a large path-loss imbalance among antennas due to varying blockage (e.g. based on UE positioning), etc. Similar, it is detrimental for a UE to active Rx antenna panels that do not have a corresponding gNB beam received with sufficient RSRP. An adaptation request from UE can be a request to activate/deactivate Tx/Rx antennas/panels. To enable a gNB to make a decision for the UE request, the UE can provide associated information per antenna port/panel.

According to the agreed power model, UE can achieve 30% power saving gain by scaled from 4 antenna to 2 antennas in FR1. To enable a gNB to make a decision for the UE request, the UE can provide associated information per antenna port/panel.

UE procedure for TX/RX antenna adaptation:
· UE is provided with multiple CSI-RS resources associated with different antenna ports/panels
· UE measures the channel quality of different antenna ports/panels based on configured CSI-RS resources
· UE reports L1-RSRP of the antenna port/panel it prefers to gNB, indicating the request of activation/deactivation of the associated antenna port/panel
· UE monitors and decodes a predetermined DCI to get (de)activation of antenna port/panel

Considering the overhead on monitoring predetermined DCI, UE can achieves no more than 30% power saving gain by scaled from 4 antenna to 2 antennas in FR1. 

Proposal 9: Support adaptation of active UE TX/Rx antenna ports/panels.

UE assistance information
To support the proposed UE adaptation schemes in Section 2, the following assistance information from a UE is needed:
· UE preferred CORESET/search space set configuration
· UE preferred configuration of CSI-RS resources
· UE preferred DRX configuration
· UE preferred schedulable slots for multi-slot scheduling
· UE preferred BWP
· Cross-carrier scheduling configuration
· CSI for PDCCH

As the valid time of CSI is short, CSI for PDCCH should be reported through a PUCCH/PUSCH. The PDCCH CSI can be reported similar to PDSCH CSI in periodic/semi-persistent/aperiodic manner. For the other UE assistance information about configuration preferences, reporting can be by higher layer signaling.

Proposal 10: Support UE assistance information of PDCCH CSI report for adaptation in respective CORESETs. 
Proposal 11: Support UE assistance information of preferred configuration parameters, at least for
· CORSET/search space set configuration
· CSI-RS resources in front of DRX ON duration
· C-DRX configuration
· schedulable slots for multi-slot scheduling
· BWP
· cross-carrier scheduling configuration
 
Power Saving Signal  

In the following, the design of power saving signal (PoSS) for triggering an UE adaptation in various power consumption aspects/domains as descripted in Section 2 is considered. The detection performance for the proposed PoSS structures is provided in [4].
4.1 DCI based PoSS
DCI based PoSS requires DCI format size of at least 11 bits due to channel coding requirements of Polar codes. Therefore, the DCI format based solution is suitable for triggering dynamic adaptation request across multiple domains/dimensions, such as joint adaptation on PDCCH monitoring, CDRX configuration, BWP indication. To reduce the network singling overhead, minimize the RNTI/CRC overhead, minimize number of PDCCH decoding and channel estimations especially for UEs that are to remain in sleep-mode, and avoid modifications to unicast DCI formats, a UE-group based DCI format is preferable.  
Proposal 12: Support DCI format-based power saving signal for UE-group based power saving signaling design for triggering adaptation request at least on
· CORESET/search space set configuration 
· minimum values of K0/K2
· schedulable slots for multi-slot scheduling
· UE TX/RX antenna ports/panels

4.2 DMRS based PoSS
PDCCH DMRS: UE-specific PN sequence where the initial condition carries the UE-specific scrambling ID. The channel resources are configurable and determined by the configuration of CORESET BW and the number of OFDM symbols. As described in Section 2.2, PDCCH DMRS can be used as power saving signal to indicate a PDSCH reception, i.e. PoSS-PDSCH.
PDSCH DMRS: UE-specific PN sequence where the initial condition carries the UE-specific scrambling ID. The channel resources are configurable and determined by the configuration of PDSCH BW. As described in Section 2.2, PDSCH DMRS can be used to indicate a DCI for PDSCH reception, i.e. PoSS-DCI.
The detection performance of DMRS based PoSS is provided in [4].
Proposal 13: Support DMRS based power saving signal for dynamic PDSCH reception without PDCCH.

4.3 CSI-RS based PoSS
CSI-RS is constructed from a PN sequence where the initial condition carries a scrambling ID, which can be UE-specific, UE-group specific or cell specific. The channel resources are configurable, in terms of BW and RE mapping patterns. As described in Section 2.3, CSI-RS can be used to indicate dynamic wake-ups and scaling on C-DRX configuration parameters. The detection performance of CSI-RS based PoSS is provided in [4].
Proposal 14: Support CSI-RS based power saving signal for enhancement to C-DRX.

Conclusions
This contribution considers potential UE adaptation approaches for NR UE power savings. Our proposals are as follows.
Proposal 1: Support implicit triggering of adaptation on PDCCH monitoring periodicity and duration according to real-time detection results of DCI formats for scheduling PDSCH/PUSCH

Proposal 2: Support PDCCH CSI report and dynamic adaptation on the CORESET/search space set configuration 

Proposal 3: Support dynamic PDSCH reception triggered by PoSS

Proposal 4: Support two level of CSI-RS aligned with DRX ON duration for channel tracking and triggering adaptation on C-DRX, including
· dynamic wake-up
· scaling of C-DRX configuration parameters 

Proposal 5: Support adaptation on minimum scheduling delay between PDCCH and PDSCH/PUSCH and joint adaptation on (de)activation of SCells 

Proposal 6: Support UE-triggered adaptation on schedulable slots for 1-to-N mapping between scheduling DCI format and TBs

Proposal 7: Support UE request for BWP switching.

Proposal 8: Support CSI measurements and SRS BWP switching in non-active BWPs.

Proposal 9: Support adaptation of active UE TX/Rx antenna ports/panels.

Proposal 10: Support UE assistance information of PDCCH CSI report for adaptation in respective CORESETs. 

Proposal 11: Support UE assistance information of preferred configuration parameters, at least for
· CORSET/search space set configuration
· CSI-RS resources in front of DRX ON duration
· C-DRX configuration
· schedulable slots for multi-slot scheduling
· BWP
· cross-carrier scheduling configuration

Proposal 12: Support DCI format-based power saving signal for UE-group based power saving signaling design for triggering adaptation request at least on
· CORESET/search space set configuration 
· minimum values of K0/K2
· schedulable slots for multi-slot scheduling
· UE TX/RX antenna ports/panels

Proposal 13: Support DMRS based power saving signal for dynamic PDSCH reception without PDCCH.

Proposal 14: Support CSI-RS based power saving signal for enhancement to C-DRX.
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