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Introduction
In RAN #83, a new work item on UE power saving was approved [1]. The objective of the new WI is:
The objective is to specify the UE power saving techniques with UE adaption in achieving UE power saving.  The power saving technique should address latency and performance in NR as well as network impact.  The objective of the UE power saving includes the following,
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 discuss PDCCH-based power saving signal.
Discussion
Several power saving mechanisms have been evaluated during the UE power saving study item some of which are wake-up signal (WUS), go-to-sleep signal (GTS), reduced PDCCH monitoring, BWP switching, antenna adaptation and cross-slot scheduling. A PDCCH-based power saving signal can either be used to trigger UE adaptation. In this Tdoc, we discuss several important aspects of a PDCCH-based power saving signal.
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PDCCH-based power saving signal use case discussion
Wake-up signal 
In C-DRX, the UE goes into sleep mode between the ON durations and must wake up to start monitoring the PDCCH during an ON duration. If the UE is not scheduled during an ON duration, the power spent on PDCCH monitoring and ramping up and ramping down of the transceiver are sources of considerable power usage that could be prevented with a wake-up signal (WUS).
As shown in Figure 2‑1, a wake-up signal can be used to inform the UE whether it is going to be scheduled during the upcoming ON duration, therefore allowing it to stay in the sleep state if no WUS is detected. Note that there is a time gap between the time when the WUS is transmitted and the start of the ON duration to accommodate ramping up from the sleep state. Between two ON durations, the UE may be in one of the deep, light, or micro sleep states depending on the time interval between those two ON durations. The gap between the wake-up signal and the ON duration may be configured per UE, possibly based on UE feedback that considers the UE capability.
Proposal 1: The gap between WUS and ON duration is UE-specific and is based on UE feedback.
When configured to operate in C-DRX, the UE still needs to maintain Automatic Frequency Control (AFC) in order to be able to decode the PDCCH at the beginning of a DRX ON-period. When the NR UE attempts to decode the PDCCH in the first timeslot of a DRX ON-period, it can exploit any RS contained inside the RBs of the active BWP for the purpose of AFC only after the reception of the first timeslot has started. An NR UE may need to wake up in-between the C-DRX ON-durations to maintain coarse AFC when the use of SSB is configured. The power consumption overhead due to maintenance of AFC by the NR UE cannot be neglected in C-DRX. Ideally, a device configured in C-DRX should wake up as little as possible in-between its DRX ON-duration windows, therefore, any receiver on-time due to RRM measurements, beam management or AFC maintenance should be minimized. In our view, introduction of a re-synchronization signal (RSS) transmitted to the UE just prior to the start of the DRX ON-period should be considered.
Proposal 2: Study to use re-synchronization signal (RSS) transmitted just prior to the start of DRX ON-period to reduce transition time from sleep state.
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[bookmark: _Ref943774]Figure 2‑1 WUS timeline within a DRX cycle
Go-to-sleep signal
One important technique to reduce power consumption is to reduce UE active time spent on PDCCH monitoring. The UE can go into micro sleep within the ON duration in the slots that do not have PDCCH or PDSCH. This type of operation can be achieved by using a GTS. Figure 2‑2 and Figure 2‑3 illustrate two possible use cases of GTS. In Figure 2‑2, the UE monitors the PDCCH to detect a GTS at a specified monitoring periodicity and the GTS informs the UE of the scheduling pattern in the next few slots. The scheduling pattern indicates whether the UE is going to be scheduled or not in each slot within a fixed time interval. If the UE is not to be scheduled in a specific slot, it can enter micro-sleep state during that slot.
In another use case as shown in Figure 2‑3, the gNB can indicate to the UE to go into sleep state for a given number of slots (i.e., the SLEEP duration), for example when the buffer is empty. Once the SLEEP duration finishes, the UE wakes up and continues normal operation until it receives another GTS. In the example shown in the figure, both the PDCCH monitoring and the GTS monitoring periodicities are equal to one slot.
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[bookmark: _Ref964603]Figure 2‑2 GTS example (Signaling of scheduling pattern)
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[bookmark: _Ref4995468]Figure 2‑3 GTS example (PDCCH skipping)

Adapting PDCCH monitoring periodicity
One important method to reduce power consumption is to adapt the PDCCH monitoring periodicity to better match the traffic characteristics. One possible implementation is to configure the UE with a semi-static search space that can be activated and de-activated using the PDCCH-based power saving signal. An example for this method is shown in Figure 2‑4 where the PDCCH search space periodicity is shown to change from every slot to every other slot, allowing the UE to go into micro sleep between two slots.
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[bookmark: _Ref5016719]Figure 2‑4 PDCCH monitoring periodicity change
When L1 signaling is used to activate a semi-persistent search space, the same L1 signaling can be used to deactivate the semi-persistent search space. The activation/deactivation may be transmitted in the PDCCH-based power saving signal.

Cost of PDCCH-based power saving signal monitoring
The monitoring of the power saving signal itself is going to result in some power consumption. Using system level simulations, we have evaluated the impact of power saving signal monitoring on the total power consumption. PDCCH-based WUS and GTS (as implemented in Figure 2‑3) are evaluated. In both methods, the decision to transmit the power saving signal is based on the UE buffer status. Specifically, if there is data in the UE buffer just before the DRX ON period arrives, the WUS is transmitted to wake-up the UE. As for the GTS, it is transmitted if the UE buffer is empty to push the UE into sleep mode.
The evaluation has been performed using FR1 and dense urban deployment with the parameters in Table A.2.1-1 of [2]. A list of the selected simulation parameters is given in the Appendix. The power usage of each technique is computed using the agreed unit power model in [3] and the power is averaged over all users and slots. 
Table 1 provides the additional power consumed per slot for each X units of power used to monitor the power saving signal where X = 100, 50, and 10 units. Note that according to the agreed evaluation methodology, PDCCH monitoring consumes 100 units of power in one slot. According to the table, as an example, if the cost of power saving signal monitoring is 100 units (same as PDCCH monitoring), the PDCCH-based WUS incurs 0.63% increase in power per slot for FTP traffic. One can notice that the additional power needed scales linearly with the power saving signal monitoring cost.
We can see from the table that the additional power spent to monitor PDCCH-based WUS is not very high because the WUS is transmitted only once per DRX cycle. The additional power spent to monitor PDCCH-based GTS, however, can be very high since GTS can potentially be transmitted much more frequently However, if the GTS and PDCCH monitoring coincide within the same slots as shown in Figure 2‑3 , then the additional cost of the GTS monitoring is mainly due to additional blind decoding. If we assume that additional blind decoding increases monitoring cost by 10%, then the additional power consumption is at about 5.33% for FTP and 2.855% for IM. 
Observation 1: PDCCH monitoring and power saving signal monitoring should be performed on the same slots to minimize the additional power consumption from the power saving signal monitoring.


[bookmark: _Ref5021696]Table 1 Additional power consumption from monitoring the power saving signal
	
	WUS
	GTS

	Cost of power saving signal monitoring
	FTP
	IM
	FTP
	IM

	100 units
	0.63%
	2.95%
	53.3%
	28.5%

	50 units
	0.315%
	1.475%
	26.65%
	14.25%

	10 units
	0.063%
	0.295%
	5.33%
	2.85%




Considerations of PDCCH-based Power Saving Signal
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. In the case of a go-to-sleep signal, misdetection would result in the UE staying awake and would result in less power saving. 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; some possible mechanisms are listed below:
1. The use of a power saving signal may be determined based on UE coverage or measurement of a signal. For example, if L1-RSRP or the DM-RS power of the PDCCH-based power saving is below a threshold, then the UE may ignore a configured power saving signal. For example, if a WUS is configured, the UE can follow the regular DRX cycle without considering the WUS. 
2. A fallback mechanism using a timer can be employed. A timer, e.g., slotswithoutPowerSavingSignal may record the amount of time this signal is not detected. If this time exceeds a threshold, the UE may activate the associated PDCCH monitoring regardless of power saving signal detection. In addition, the UE may indicate such a detection failure to the gNB.
3. A UE may monitor PDCCH during certain ON durations of a DRX cycle regardless of the power saving signal status associated with those ON durations. For example, a UE may be configured to monitor the PDCCH every nth DRX cycle regardless of whether WUS exists or not. The pattern of the ON durations to monitor PDCCH may be configured by the gNB.

Proposal 3: A mechanism to protect against PDCCH-based power saving signal misdetection is studied.

Search space association
A power saving signal can be used to activate certain search spaces during an ON duration by enabling association of the power saving signal with a subset of search spaces. For example, in Figure 2‑5, the WUS is associated to the search space set with SearchSpaceID = 1 and this search space is activated when the WUS is detected. Since each search space defines aggregation level, monitoring periodicity, etc., the power saving signal is used to adapt PDCCH monitoring operation. Therefore, power saving can be achieved by activating the appropriate PDCCH monitoring periodicity. In addition, the number of blind decoding is reduced, contributing to the power saving. 
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[bookmark: _Ref5024901]Figure 2‑5 Association between the power saving signal and search space set

Proposal 4: Association between the power saving signal and search space set is supported.

Coverage extension of the power saving signal
The use of power saving signal is beneficial for all UEs irrespective of the UE coverage level. Considering that a power saving signal can be used to trigger PDCCH monitoring in a UE-specific or a UE-group-specific manner, the coverage of power saving signal should be extended to support various coverage levels. Coverage extension can be achieved by using larger aggregation levels (AL), repetition of the power saving signal, etc.

Since the power saving signal activates a set of search spaces, it is natural to assume that the coverage level of the power saving signal should be at least at the same level as the associated search space. Therefore, the level coverage extension level can be determined by the aggregation level of the associated search space. For example, the power saving signal coverage level could be associated with the maximum PDCCH aggregation level of the configured search spaces for a UE to guarantee that the power saving signal coverage is better than the maximum PDCCH aggregation level configured for the UE.  For example, in Figure 2‑8, the aggregation level of the power saving signal is set to 8 where 8 is the maximum aggregation level of the associated search space.
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[bookmark: _Ref5026106]Figure 2‑8 Determination of WUS CE level based on a maximum PDCCH aggregation level configured for the associated search space

Proposal 5: The coverage level of a PDCCH-based power saving signal is determined by the coverage of the activated search space.

Association with multiple time windows
Since transmission of the power saving signal consumes system resources, it is desirable to reduce its overhead when possible, especially when the number of UEs or UE groups is relatively large. One possible method is to enable association of the power saving signal with multiple time windows. In this context, a time window is an interval over which the power saving signal acts upon. For example, in Figure 2‑6, a WUS is used to wake-up a UE in several ON durations (three consecutive ON durations). In Figure 2‑7, similarly, the GTS is used to indicate to the UE multiple scheduling patterns (two consecutive scheduling patterns). Note that in general, the time windows upon which the power saving signal acts on do not have to be consecutive and may follow a pattern best determined by the gNB.
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[bookmark: _Ref5025239]Figure 2‑6
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[bookmark: _Ref5025289]Figure 2‑7
Proposal 6: The power saving signal can act upon multiple time windows.

UE-group support:
The overhead of the power saving signal transmission on system resources would increase with the number of UEs. To reduce the overhead, when several UEs have similar traffic patterns, this set of UEs can be classified into one group and may be indicated of their power saving mechanism with a single power saving signal, resulting in significant resource savings.
The CRC of a group-common power saving signal may be scrambled with a new RNTI, e.g., PS-RNTI. The index of the UE group may also be inferred from a signal associated with the power saving signal; for example, the DM-RS may be scrambled with a group-specific sequence.
A specific UE or a specific sub-group of UEs within the group may also be indicated using the DCI bits in the payload.

Proposal 7: Group-common power saving signal is supported.

DCI contents
Using a PDCCH-based power saving signal provides relatively high freedom in transmitting a payload with more information using the DCI bits. Some possible information that can be carried within the DCI can be listed as follows: 
· Power saving specific information: For example, if the power saving signal is used to indicate GTS, then it can indicate a scheduling pattern or the number of slots to spend in sleep mode.
· For semi-persistent configured search spaces, it can carry activation/deactivation commands.
· The power saving signal, for example a WUS, can include information related to DRX re-configuration.
· The power saving signal can contain the associated search space IDs.
· The power saving signal can contain UE ID information.

The exact contents of the DCI can be decided after the design of power saving schemes is completed.
Summary
In this contribution, we discuss PDCCH-based power saving signal. Our proposals are as follows: 
Proposal 1: The gap between WUS and ON duration is UE-specific and is based on UE feedback.
Proposal 2: Study to use re-synchronization signal (RSS) transmitted just prior to the start of DRX ON-period to reduce transition time from sleep state.
Proposal 3: A mechanism to protect against PDCCH-based power saving signal misdetection is studied.
Proposal 4: Association between the power saving signal and search space set is supported.
Proposal 5: The coverage level of a PDCCH-based power saving signal is determined by the coverage of the activated search space.
Proposal 6: The power saving signal can act upon multiple time windows.
Proposal 7: Group-common power saving signal is supported.
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Appendix 

Table 2 System level simulation assumptions
	Parameters
	Value

	Layout
	Single layer (macro)

	Inter-BS distance
	200 m

	Carrier frequency
	4 GHz

	System bandwidth =
	100 MHz

	Channel model
	3D Uma

	Bs Tx power
	44 dBm

	Subcarrier spacing
	30 kHz

	Antenna configuration
	4 x 4
32 antenna elements at the gNB
4 antenna elements at the UE

	User distribution
	80% indoor, 20% outdoor
10 UEs per cell

	Scheduler
	Time-domain PF

	DRX configuration
	WUS: Provided in Table 3
GTS: No DRX (2 ms skipping for FTP and 8 ms skipping for IM)
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	FTP traffic
	Instant messaging (IM)

	Model
	FTP model 3
	FTP model 3

	Packet size
	0.5 Mbytes
	0.1 Mbytes

	Mean inter-arrival time
	200 ms
	2 sec

	DRX setting
	{160, 100, 8}
	{320, 80, 10}


		

image1.emf
ON Duration

Sleep

WUS

Wake-up gap

 (ramp-up)

RSS


image2.emf
Periodic Search space 

periodicity (e.g., 1 slot)

GTS

PDCCH monitoring

PDCCH

PDSCH

Sleep

Scheduling patternScheduling pattern


image3.png
gNB side

Potential PDCCH + PDSCH
transmission depending on the
scheduler decision.

No transmission to the UE

>
ON duration
Buffer is empty. Buffer is empty. Buffer is full i
- Buffer is empty.
Send GTS to Send GTS to Potential Send GTS mptv
indicate “sleep k indicate “sleepn  transmission until indicate “sleep k
ms ms the bufferis ms”
emptied.
UE side
I 75 monitoring
[ PocCH monitoring
+ possible PDSCH
“—> Bl vicrossleep

ON duration «
Inactivity timer is running




image4.emf
Periodic Search space 

periodicity (e.g., 1 slot)

Periodic Search space 

periodicity (e.g., 2 slots)

Activation of SP 

search space


image5.png
wus

ON duration
——

OFF duration
—

wus

ON duration
——

SearchspacelD =1
AL={2,4,8)
SearchspacelD =2
AL={1,2}




image6.emf
ON duration

OFF duration

ON duration

WUS WUS

SearchSpaceID = 1

AL = {2, 4, 8}

SearchSpaceID = 2

AL = {1, 2}


image7.emf
ON duration ON duration ON duration

WUS


image8.emf
Periodic Search space 

periodicity (e.g., 1 slots)

GTS

PDCCH monitoring

PDCCH

PDSCH

Sleep

Scheduling patternScheduling pattern


