3GPP TSG RAN WG1 #96bis

R1- 1904103
Xi’an, China, 8th – 12th April, 2019
Source:
vivo

Title:
PDCCH-based power saving signal/channel design
Agenda Item:
7.2.9.1
Document for:
Discussion and Decision
1. Introduction
In RAN #83 meeting, the work item on NR UE power saving was approved [1]. 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 interleave 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 will further discuss the detailed functions to trigger power saving characteristics and related signal/channel design.

2. Power saving signal/channel design
In UE power saving SI stage, several power saving techniques are proposed, and power saving gain are shown by many sources, which are summarized in TR[2]. According to the WID [1], the power saving siganl should be based on PDCCH. The design of PDCCH-based power signal/channel should consider following use cases.
· Use the PDCCH-based power signal/channel as the wake up signal, with and without DRX
· Use the PDCCH-based power signal/channel as the go-to-sleep signal, with and without DRX
· Use the PDCCH-based power signal/channel as the triggering signal for UE adaptation in RRC-CONNECTED mode
In this section, we will discuss the function of power saving signal and detailed PDCCH design based on these funtionalities. 
1.1. Use the PDCCH-based power signal/channel as the wake up signal
As captured in TR 38.840, 8%-50% power saving gain can be achieved by triggering wake-up signal/channel for CDRX compared to the existing behavior when CDRX is configured. Therefore, it is reasonable to deliver the wake up indication through the power saving PDCCH. For PDCCH based wake up signal design, the following issues need to be further studied,
·  Monitoring occasion of the power saving PDCCH

· Whether the power saving PDCCH is Group based or UE specific

· Other information delivered by power saving PDCCH
For a proper processing time line, the PDCCH based wake up signal need to be monitored preceding the DRX on duration, or at the beginning of the DRX on duration. However, based on the current UE behavior when DRX is configured, UE is not required to monitor PDCCH scrambled with C-RNTI, CS-RNTI, INT-RNTI, SFI-RNTI, SP-CSI-RNTI, TPC-PUCCH-RNTI, TPC-PUSCH-RNTI, and TPC-SRS-RNTI outside the DRX active time, as specified in [TS 38.321]. SI-RNTI and P-RNTI is not affected. Therefore, if UE is required to monitoring the wake up PDCCH before DRX on duration, there will be some RAN2 impact. 

Alternatively, the PDCCH based wake up signal can be monitored at the beginning of the DRX on duration. The scheduling PDCCH for UL and DL transmission can also be monitored during the DRX on duration, if positive PDCCH based wake up signal is detected. There is no change to the RAN2 monitoring behavior outside the DRX active time.
However, monitoring WUS before the DRX ON duration may have other advantages. When a group of UEs are UE-specifically configured with C-DRX with different offset, it is possible for these UEs to share a groups-specific PDCCH for wake up signal, if monitoring WUS before the CDRX ON duration is allowed, which can largely reduce the system overhead.. 
Proposal 1: If DRX is configured, whether the monitoring occasion for the wake up PDCCH is before or inside the DRX on duration should be discussed, and the potential RAN2 impacts should be considered.
According to the PDCCH design in Rel-15, at least 12 bits for DCI payload is needed for polar-coding. To make a full usage of the transmitted DCI bits and limit the overhead of the wake up PDCCH, wake up indication for a group of UEs can be transmitted in a single DCI, and each UE monitor certain bit(s) in the DCI which can be indicated by RRC signaling. This is similar as group-common TPC. It can be realized if the group of UE have aligned/almost aligned C-DRX active time. In case the C-DRX active time is slightly difference among a group of UEs, it is better to allow the PDCCH monitoring before the on duration of at least some of the UEs, as illustrated in Figure 1, which may need to change PDCCH monitoring behavior when CDRX configured, as mentioned above. Besides, for some of the UEs in the group, the wake up duration may be extended and lead to additional power consumption. e.g., UE2 in Figure 1.
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Figure 1: Group based PDCCH when DRX on duration is not aligned for the group of UEs
Alternatively, if UE-specific PDCCH is used for wake up signal, rather than only 1bit wake-up indication, more information can also be included in the wake up PDCCH to further trigger other power saving characteristics,. To reduce the power consumption, wake up PDCCH can be monitored in a narrowband BWP/CORESET, when traffic arrives, the BWP switching indicator in the wake up DCI can be used to trigger UE monitoring in a wider BWP, such that the transmission of data can be finished in a short duration of time. Additionally, the PDCCH monitoring behavior in the on duration period can be further optimized, a subset of the CORESETs/search spaces/RNTIs/DCI formats can be indicated in the wake up PDCCH, and UE is not necessary to monitor all the configured CORESETs/search spaces/RNTIs as configured by RRC signaling. Besides, it has also been identified that power consumption reduction can also be obtained through fast Scell activation/de-activation, maximum MIMO layer number, cross slot scheduling, as summarized in [2]. Considering the fact that, the DCI payload has to be larger than 12bits, other fields can be included in the wake up PDCCH to indicate the UE monitoring behavior in the coming DRX active time. A new DCI format and RNTI can be used for such non-scheduling DCI used for wake up signal and/or triggering UE adaptation
Proposal 2: Following alternatives could be considered for wake up PDCCH.

· Alt. 1: Group Common PDCCH

· Alt. 2: UE specific PDCCH
Proposal 3: The following can be indicated by PDCCH used for wake up signal and/or UE adaptation
· BWP index for UE to monitor scheduling PDCCH in on duration of CDRX

· Subset of CORESETs/search spaces/ RNTIs/DCI formats for UE to monitor scheduling PDCCH
· Scell activation/de-activation
· Max number of DL MIMO layer
· Adaptation of cross slot scheduling
Note that, if DRX is not configured, the new PDCCH can also be used to trigger other adaption behaviors as indicated in DCI. In other words, the wake up PDCCH is not limited to wake up for CDRX on duration.

1.2. Use the PDCCH-based power signal/channel as go-to-sleep signal
The go to sleep signal/channel has also been studied in SI stage. The go-to-sleep signal/channel is used as the indication for allowing UE to go back to sleep state after completion of PDSCH reception to further reduce the UE power consumption, or stop/reduce PDCCH monitoring. As summarize in [2], power saving gain in the range of 9%~83% is observed. The PDCCH based go to sleep can be further studied in the following use cases.
· Use case 1 : DCI indicate to stop PDCCH monitoring in DRX active time
In addition to the wake up signaling for CDRX, go to sleep signaling can be considered to further reduce the power consumption in the on duration period. As illustrated in Figure 2, when receiving DCI based GTS, UE stops the drx-onDurationTimer and drx-InactivityTimer. Rel-15 supports MAC-CE based go to sleep, DCI based scheme can achieve faster sleep and less overhead. Together with the wake up signaling, go to sleep signaling can further reduce UE power consumption when CDRX is configured.
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Figure 2: GTS indication skipping PDCCH monitoring in the DRX active time
· Use case 2: DCI indicate to skip PDCCH monitoring in a time period
DCI-based mechanism can be used to indicate UE skipping PDCCH monitoring, with or without CDRX configured. When receiving GTS, UE skips PDCCH monitoring for a certain period, e.g., the following X slots or X ms. X can be configured by RRC signalling or X is deliverd by GTS PDCCH. If UE does not receive or miss the GTS, UE will monitor PDCCH according to the search space configured to the UE.
In addition, GTS can indicate to reduce PDCCH monitoring. For example, for some UL dorminant services, when there is less DL data to be scheduled, gNB can send GTS to UE and GTS indicates UE to skip monitor DL non-fallback DCI format. Alternatively, UE can be indicated by GTS to reduce the number of search space/CORESET for PDCCH monitoring. Besides, UE can be indicated  by GTS to use a longer PDCCH monitoring periodicity for power saving. 
· Use case 3: DCI indicate to switch PDCCH monitroing periodicities
As summarized by [2], the power saving schemes for reducing PDCCH monitoring shows 5%-85% power saving gains with different detailed schemes comparing to the assumed baseline scheme of Rel-15 PDCCH monitoring. 

For different traffic type, the fixed monitoring periodicity as configured semi-statically by RRC signalling may be not the most power efficient configuration. Therefore, dynamically switching the PDCCH monitoring periodicity through DCI can be introduced to accommodate with different traffic type. According to the evaluation in [3] [4], significant power saving gain can be achieved assuming gaming and FTP mode 3 traffic mode.

Table 1: Power saving gain of dynamically switching PDCCH monitoring periodicity

	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT/Latency


	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note

(include UE throughput)

	Dynamic switching of PDCCH monitoring periodicities by DCI
	0% ~ 83%
	0%-74% (for gaming, and for all UE)
	Average packet Latency: 20.30~0.40 ms;

Latency increase: 0%~140%
	No overhead (use the additional bits in scheduling DCI)
	Numerical simulation; 

Baseline assumption: 

1)Fixed PDCCH monitoring periodicity without CDRX;

2)CDRX;

Traffic: gaming and ftp model 3
	

	
	
	6%-59% (for FTP3, and for UE of 5 percentile SINR)
	Average packet Latency: 37.41~106.62 ms;

Latency increase:

 -90% ~84%
	
	
	

	
	
	3%-80% (for FTP3, and for UE of 50 percentile SINR)
	Average packet Latency: 28.13~101.53 ms;

Latency increase:

 -92% ~115%
	
	
	

	
	
	2%-83% (for FTP3, and for UE of 95 percentile SINR)
	Average packet Latency: 27.26~100.88 ms;
Latency increase:

 -92% ~118%
	
	
	


More specifically, DCI can indicate the PDCCH monitoring periodicity, or different PDCCH monitoring periodicities is configured by RRC and DCI can trigger which PDCCH monitoring periodicity to be used. It is noted that PDCCH monitoring periodicity, duration and offset can be configured per search space by RRC signalling in Rel-15. Compared with RRC based configuration in Rel-15, switching PDCCH monitoring periodicity by DCI can support more dynamic adaptation to the traffic variation. The following use cases for dynamic switching of PDCCH monitoring periodicity can be considered.

Furthermore, in CA scenario, it is not power efficient if Scell is always keep activated with fixed short PDCCH monitoring periodicity. In this case, the PDCCH monitoring periodicity can be dynamically changed based on the DCI indication from the Pcell. When large amount of data arrived, the PDCCH monitoring in Scell can be switched to a short periodicity to make sure data is transmitted with low latency, when the arrival of data is less frequent, the PDCCH monitoring in Scell can be switched to long periodicity to save power (e.g., dormant BWP). Both power saving gain and low traffic latency can be achieved with dynamically switched PDCCH monitoring periodicity in Scell triggered by DCI based signalling in Pcell.

Proposal 4: The following schemes are considered for PDCCH based GTS design

· PDCCH based GTS to indicate UE skip the current DRX onduration (i.e. stop drx-onDurationTimer and drx-InactivityTimer)

· PDCCH based GTS to indicate UE skipping PDCCH monitroing for a time period

· PDCCH based GTS to indicate UE to reduce PDCCH monitoring, e.g. reduced number of search space/CORESET/DCI formats, longer montiroing periodicity, etc.
Proposal 5: UE can be indicated by DCI to switch the PDCCH monitoring periodicities.
In RRC connected, UE continously monitors the scheduling DCI. Thus, it is straightforward to deliever the GTS indication by a sheduling DCI without additional overhead. If more than simple go-to-sleep function is targeted for GTS design, e.g. indicating adapatation of PDCCH parameters, frequency adaptations,etc should be supported by GTS. The GTS design based on non-scheduling DCI can be considered.
Proposal 6: Both scheduling DCI and non-scheduling DCI can be considered for go to sleep signaling.
· Additional DCI field in scheduling DCI used as GTS to stop/skip/reduce PDCCH monitoring

· A non-scheduling DCI can be used as GTS to stop/skip/reduce PDCCH monitoring
In Rel-15, the non-fallback DCI format for UL scheduling (format 0-1) and DL scheduling (format 1-1) are configured simultaneously by one search space, which means both formats are monitored by the UE if configured. However, in some cases, the traffic arrival rate for DL and UL are quite different. Thus the monitoring of both DL and UL non-fallback DCI with the same periodicity will double the UE blind decodes when the size of the two DCI formats are different. Therefore, it is beneficial to decouple the DCI format 0-1 and 1-1 monitoring. With the introducing of go to sleep signaling, indicating different skipping parameter for each DCI format can be realized. For example, if the UL data arrives less frequently compared with the DL data, UE can skipping DCI format 0-1 more frequently based on GTS PDCCH indication.
Proposal 7: Decouple the DCI format 0-1 and 1-1 monitoring can be realized by skip DCI format 0-1 or DCI format 1-1 as indicated by GTS PDCCH.
1.3. A unified DCI format design for wakeup, GTS and UE adaptation in RRC CONNECTED mode
As discussed in previous section, as one option, the power saving PDCCH could be UE specific non-scheduling DCI and used for wake up, GTS and UE adaptation in RRC CONNECTED mode. Since at least 12 bits should be contained in a DCI using Rel-15 PDCCH coding chain, a unified DCI format can be considered to support wake up, GTS and UE adaptations in time/frequency/antenna domains. A new RNTI can be defined for the power saving PDCCH. An example of DCI format for power saving PDCCH is shown in Table 2. The presence and or size of each DCI filed can be configured by RRC based on the intended use cases.
Table. 2 DCI content for UE specific adaptation DCI format

	DCI field 
	Function

	WUS/GTS
	1: wake up
0: go to sleep

	BWP indicator
	Indication of BWP switching, e.g. when wake up is indicated, the target BWP for monitoring PDCCH, or adaptation of BWP during active time

	PDCCH monitoring parameter
	Dynamically indicate UE the PDCCH monitoring parameter, including CORESETs/search spaces/ periodicity/DCI formats.

	Scell activation/deactivation
	The Scell(s) to be activated or deactivated.

	Max number of DL MIMO layers
	Indication of max number of DL MIMO layers

	TDRA table/k0 indication
	Dynamically enable/disable cross slot scheduling


Proposal 8: Wake up signal, go-to-sleep signal, UE adataptions in RRC connected mode can be used jointly or independently. 
Proposal 9:  For RRC connected UEs, a unified DCI format can be considered for power saving PDCCH to trigger UE wake up, go-to-sleep, and/or different type of adaptation behaviors for UE power saving.
3. Evaluation of PDCCH based power saving signal

As discussed in section 2.1, the power saving PDCCH can be UE specific or group common specific. If only few bits are conveyed through UE specific DCI, and the DCI is padded to 12 bits, the DCI detection can be implemented similar to sequence detection, which is less complex compared with polar code decoding. For example, if only 2 bits are transmitted in DCI, UE can be aware of all 4 candidate coded bit sequences, and get the 4 candidate modulated symbols based on the RNTI (for CRC attachment and scrambling), and AL. Thus, UE can treat the PDCCH decoding as sequence detection, like PBCH-DMRS blind detection. Similar to the sequence based triggering, only correlation is needed at receiver for power saving, the models like channel estimation, detection, polar decoding is not involved. This specific PDCCH format is named as ‘DCI sequence’.
In this section, the performance of both sequence based detection and polar decoding for PDCCH are evaluated, the simulation results are shown in Fig.3. The simulation parameters are given in Table 3.
Table 3 Simulation parameters for miss-detection performance of power saving signal

	Simulation parameters
	values

	Bandwidth
	20 MHz

	Channel model
	TDL-C Low 100ns 10Hz 1X2

	Subcarrier spacing
	30 kHz

	Target false alarm rate 

for sequence based PDCCH detection
	0.1%

	PDCCH payload
	12 bits

	PDCCH aggregation level
	2 or 4
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Figure 3: Performance of PDCCH based and sequence based power saving signal.

As illustrated in Figure.3, the performance of sequence based signaling can achieve better performance compared with PDCCH. However, the PDCCH based signaling can also deliver more bits (at least 12 bits) compared with sequence based signaling. When only one or two bits is conveyed through PDCCH, the performance of DCI sequence is much better than the PDCCH detected through polar decoding with the same aggregation level(AL=2). Besides, if more bits is transmitted through sequence, the performance will get worse.

Observation 1: If only a few valid bits are conveyed in DCI, PDCCH can be decoded by sequence-based detection, for which the performance is better than the detection through polar decoding.
4. Conclusion

In this contribution, we focus on the power saving characteristics and the corresponding PDCCH design, and have the following proposals:
Proposal 1: If DRX is configured, whether the monitoring occasion for the wake up PDCCH is before or inside the DRX on duration should be discussed, and the potential RAN2 impacts should be considered.
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Proposal 2: Following alternatives could be considered for wake up PDCCH.

· Alt. 1: Group Common PDCCH

· Alt. 2: UE specific PDCCH
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Proposal 3: The following can be indicated by PDCCH used for wake up signal and/or UE adaptation
· BWP index for UE to monitor scheduling PDCCH in on duration of CDRX

· Subset of CORESETs/search spaces/ RNTIs/DCI formats for UE to monitor scheduling PDCCH
· Scell activation/de-activation

· Max number of DL MIMO layer

· Adaptation of cross slot scheduling
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Proposal 4: The following schemes are considered for PDCCH based GTS design

· PDCCH based GTS to indicate UE skip the current DRX onduration (i.e. stop drx-onDurationTimer and drx-InactivityTimer)

· PDCCH based GTS to indicate UE skipping PDCCH monitroing for a time period

· PDCCH based GTS to indicate UE to reduce PDCCH monitoring, e.g. reduced number of search space/CORESET/DCI formats, longer montiroing periodicity, etc.
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Proposal 5: UE can be indicated by DCI to switch the PDCCH monitoring periodicities.
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Proposal 6: Both scheduling DCI and non-scheduling DCI can be considered for go to sleep signaling.
· Additional DCI field in scheduling DCI used as GTS to stop/skip/reduce PDCCH monitoring

· A non-scheduling DCI can be used as GTS to stop/skip/reduce PDCCH monitoring
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Proposal 7: Decouple the DCI format 0-1 and 1-1 monitoring can be realized by skip DCI format 0-1 or DCI format 1-1 as indicated by GTS PDCCH.
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Proposal 8: Wake up signal, go-to-sleep signal, UE adataptions in RRC connected mode can be used jointly or independently. 
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Proposal 9:  For RRC connected UEs, a unified DCI format can be considered for power saving PDCCH to trigger UE wake up, go-to-sleep, and/or different type of adaptation behaviors for UE power saving.
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Observation 1: If only a few valid bits are conveyed in DCI, PDCCH can be decoded by sequence-based detection, for which the performance is better than the detection through polar decoding.
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