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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]The study item on UE power saving was conclude in RAN1#96[1] and the work item was approved in RAN#83 meeting. The scope of the work item until June, 2019 is as following [2], which would be further revised/expanded in RAN#84 meeting. 
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.
[bookmark: OLE_LINK54]This contribution discusses the detailed design of PDCCH-based power saving signal/channel triggering UE adaption in RRC_CONNECTED state. 
[bookmark: _Ref129681832]Discussion on PDCCH-based power saving signal/channel
According to the scope in the WID, the PDCCH-based power saving signal/channel is specified to trigger UE adaptation in RRC_CONNECTED mode. Based on the discussions to define the objectives of the WI on UE power saving, there was a common understanding that the wake-up indication is one of the functionalities to be specified. Hence, we propose the following:
Proposal 1: Specify the PDCCH-based power saving signal/channel to indicate at least wake-up indication.
For the PDCCH-based power saving signal/channel, other functionalities, such as skipping of PDCCH monitoring are within the scope of the WID. According to the evaluation in the TR [1], power saving gains of 9%~83% can be obtained. Besides, since the PDCCH skipping is generally applied for small durations, e.g. several slots or milliseconds, it is generally tolerable the associated impact to the transmission latency. For the CA case, it is also beneficial to avoid unnecessary PDCCH monitoring on Scells. According to the study in the TR [1], system level evaluations show 1.82%~24.16% of power saving gain with up to 2.89% latency loss. Further discussions can be found in a companion paper [3].
Besides wake-up and PDCCH skipping, other functionalities of the PDCCH-based power saving signal/channel within the WID scope are the adaption of the number of Rx antenna. As discussed in [4], the use of reduced number Rx antennas to monitor PDCCH provides attractive power saving gains with negligible resource overhead. System level evaluations captured in the TR [1] show about 20% of power saving gain by adaptation of the number of antennas, and the dynamical adaptation of antenna numbers are preferred to reduce the latency impact and UPT impact compared with semi-static adaptation. Detailed discussion is provided in our companion paper [4].
Based on the above analysis, we have the following proposal:
Proposal 2: Specify the PDCCH-based power saving signal/channel for functionalities other than wake-up, such as skipping of PDCCH monitoring and adaption of the number of Rx antennas.
Next we discuss the design of PDCCH-based power saving signal/channel to carry wake-up information. 
CORESET and search space set design for PDCCH based wake-up signaling 
For PDCCH-based WUS, the existing PDCCH structure such as CORESET and search space set can be used, however, the existing configuration parameters of CORESET and search space set for PDCCH-based WUS should be analyzed.
Aggregation levels supported for PDCCH-based WUS
In order to achieve the target detection performance and obtain the link adaptation according to the radio channel quality, the WUS may be transmitted on PDCCH candidates of corresponding different aggregation levels in a search space set, e.g. 1/2/4/8/16. The UE can detect the WUS on PDCCH candidates corresponding to the configured aggregation levels. 
Maximum number of PDCCH candidates when PDCCH-based WUS is introduced 
In general, UE specific PDCCH masked with C-RNTI is only detected during C-DRX active time. WUS can be detected before or at the very beginning C-DRX on duration, and therefore WUS may be detected during C-DRX inactive time.  In this case, on the PDCCH-based WUS occasion, besides WUS, UE may also need to monitor the PDCCH candidates for detecting DCIs scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI, considering detecting of these DCIs are not affected by C-DRX mechanism. The transmission and the number of PDCCH candidates of these DCIs for WUS are expected not to be frequent and large, respectively. So the maximum number of monitored PDCCH candidates per slot in R15 should be kept when PDCCH-based WUS is introduced. Meanwhile, considering the complexity and power consumption of PDCCH-based WUS detection, the number of monitored PDCCH candidates in WUS occasion should not be larger than the maximum number of monitored PDCCH candidates per slot in R15.
Search space set of PDCCH based WUS
The WUS is used to trigger UE monitoring PDCCH in the following one or more DRX cycles, and it is better to configure the WUS occasion close to the first C-DRX cycle. This can reduce the number of UE waking-up times and can reduce the power due to the warm-up of the receiver. Therefore a dedicated search space set is preferred for PDCCH-based WUS. Considering the resource usage, the PDCCH candidates of the dedicated search space set for PDCCH-based WUS can be multiplexed with PDCCH candidates of other search space set, which may depend on the configurations. 
In NR Rel-15, for each DL BWP, the maximum number of search space sets that can be configured to a UE is 10. It is considered to be large enough to provide flexibility for gNB to transmit different types of search space sets, e.g. CSS set and USS set. If the dedicated search space set is introduced for PDCCH-based WUS, the maximum number of search space set for each DL BWP can be still 10. 
Proposal 3: Dedicated search space set is supported for PDCCH-based WUS.
· Support 1/2/4/8/16 aggregation levels  for PDCCH-based WUS
· Keep the maximum number of PDCCH candidates the same as that in Rel-15 when PDCCH-based WUS is introduced
· Keep the maximum number (i.e. 10) of search space sets per BWP
CORESET structure of PDCCH-based WUS
In C-DRX mechanism, a UE shall not report CSI reporting to gNB when the UE is not in DRX active time. Therefore, for PDCCH-based WUS it is difficult to obtain link adaptation gain by scheduling. In addition, PDCCH-based WUS may be designed to indicate a group of users as discussed in section 2.6.  Considering these aspects, the associated CORESET for the PDCCH-based WUS is preferred to be configured with interleaved CCE-to-REG mapping and small REG bundle size (such as 2 or 3), which can benefit from the diversity gain. However, if the bandwidth of the BWP of WUS is small for a low detection power consumption, the diversity gain can’t be obtained with a small size of CORESET. The CCE-to-REG mapping type of associated CORESET can depend on gNB configuration.
Multiplexing with other signals/channels
Considering the resource efficiency, PDCCH-based WUS should be multiplexed with normal PDCCHs or PDCCH-based WUS from other UEs, and PDCCH-based WUS should also be multiplexed with other channel as PDSCH.
As specified in NR Rel-15, the dedicated search space set of PDCCH-based WUS should also be associated with a CORESET, and may share the same CORESET with other search space sets. When PDCCH-based WUS is transmitted with other PDCCHs in the same CORESET, the resources of these PDCCHs are mapped with same CCE-to-REG mapping type and REG bundle size, CCEs with different indexes can be mapped to different REGs in the CORESET. If one of PDCCH candidates of PDCCH-based WUS is blocked by other PDCCHs, the network can transmit the PDCCH-based WUS on other unused PDCCH candidates. So the resources used for PDCCH-based WUS can be multiplexed with other PDCCH in the CORESET. 
For PDCCH-based WUS multiplexed with other channel as PDSCH, if the search space set of PDCCH-based WUS is associated with an existing CORESET of normal PDCCHs, the resource of the associated CORESET of normal PDCCHs can be configured to be multiplexed with PDSCH semi-statically or dynamically. Taking the dynamic way as one example, the UE can be indicated whether resource sets of CORESETs are available for PDSCH based on the rate matching indicator field in DCI format. Even though the search space set of PDCCH-based WUS is associated with a dedicated CORESET, the UE can be also indicated that the dedicated CORESET is available as PDSCH resources when there is not any WUS transmitted in the dedicated CORESET. So with existing PDCCH multiplexing mechanism with PDSCH, the resources of PDCCH-based WUS can be available for PDSCH resources dynamically.
Proposal 4: Search space set of PDCCH-based WUS can be associated with a dedicated CORESET or an existing CORESET of normal PDCCHs.
Observation 1: With existing PDCCH multiplexing mechanism with PDSCH, the resources of PDCCH-based WUS can be indicated as available for PDSCH resources.
Configuration of WUS occasion with respect to C-DRX on duration
As in proposal 1, the PDCCH based power saving signal is at least used to carry the wake-up indication before or at the beginning of the on duration of a C-DRX cycle. The occasion of WUS with respect to the associated C-DRX on duration needs to be specified.
It should be noticed that from UE perspective the detection of PDCCH-based WUS would be different from the detection of scheduling DCI in DRX OnDuration and during inactivity timer. For PDCCH-based WUS, the main receiver may work in a low power state, e.g. with smaller number Rx antennas, with limited number of PDCCH candidates and with relaxed requirement on frequency/timing error. Once the WUS indication is detected, the UE can further wake-up to the active state with the full processing capability in C-DRX OnDuration time. Therefore, a gap needs to be introduced and specified between the WUS transmission and the start of PDCCH detection for scheduling DCI to convey the time delay required to warm up the UE main receiver.
Proposal 5: WUS occasion is configured before the start of PDCCH detection of scheduling DCI.
Detection/decoding of PDCCH based WUS
The detection power of the power saving signal needs to be considered in the design of power saving signal. According to the study on UE power saving, it is generally preferred to have low power consumption and low detection complexity for the power saving signal/channel, especially for the power saving signal/channel carrying wake-up information. If the UE needs to use almost the same power as that for detecting a scheduling DCI, the power saving gain shall be eliminated for wake-up signal especially for the cases with a short C-DRX on duration timer.
Proposal 6: Minimize the power consumption due to PDCCH-based power saving signal/channel detection.
Usually, to detect a PDCCH, a UE shall first do the channel estimation, and then demodulate and blind decode each candidate in the search space set. A DCI is detected when the CRC is correctly verified for a PDCCH candidate. The blind demodulation and decoding of every PDCCH candidate consumes UE power. If the DMRS sequence of PDCCH can be used to early terminate the demodulation and decoding of some PDCCH candidates where the WUS DCI does not transmit, the UE power consumption can be reduced. For example, if the DMRS of PDCCH is specific with respect to the expected WUS DCI, the UE can firstly do DMRS presence detection to exclude PDCCH candidates that are not expected to transmit the WUS DCI. This is especially useful for a good coverage UE to early terminate the modulation and blind decoding of PDCCH candidates where the expected WUS DCI is not transmitted. Once the DMRS of a PDCCH candidate is detected to be present, the UE further demodulates and blindly decodes the corresponding DCI on the PDCCH candidate.
One straightforward way to make the DMRS specific with respect to the expected WUS DCI is to introduce WUS related information into the initialization seed of the DMRS scrambling. 
Proposal 7: Adopt WUS-specific PDCCH DMRS initialization to differentiate from legacy PDCCH DMRS. 
Performance of PDCCH-based power saving signal/channel
Link level detection performance can be investigated to show the miss-detection rate and false alarm performance of power saving signal. If the wake-up indication is miss-detected, the UE would skip the whole C-DRX cycle and the scheduling of data would be lost. This would impact the service QoS. Therefore, the performance of miss-detection rate is a more critical metric for the power saving signaling that is designed to carry ‘wake-up’ information. For the power saving signal to indicate wake-up, a false alarm shall not impact the scheduling of data and a false detection would merely impact the overall power saving gains. In the study item, the BLER target is set to 0.1% for the wake-up signaling. 
Proposal 8: 0.1% BLER is used as the target miss-detection rate for the PDCCH based wake-up signaling.
The link level simulation assumption was agreed in RAN1#94bis and RAN1#95, which can be found in the Appendix A. It is proposed that the link level simulation assumption is used in the work item work.
Proposal 9: Link level simulation assumptions used during the study item are used for the link level evaluation for PDCCH based power saving signal/channel. 
Group-specific signaling or UE-specific signaling
Generally speaking, power saving signal/channel is for saving UE power consumption at the expense of signaling overhead. If the PDCCH based power saving signal/channel is UE specific, the indication will be more accurate and a particular UE should be indicated (e.g. to wake-up or sleep), however with larger signaling overhead. On the other hand, if the PDCCH based power saving signal/channel is group specific, the signaling overhead will be smaller. For the group specific WUS, a UE may be assigned with some designated bits in the DCI payload to indicate whether to wake-up in the associated C-DRX on duration. Typically the designated bits for the UE are not shared with other UEs. However, this can be controlled by gNB through assignment of WUS bits in the group DCI.
For UE specific PDCCH-based power saving signal/channel, if a large number of UEs need to be indicated in a cell, it will cause larger resource overhead. On the other hand, the PDCCH-based power saving signal/channels will possibly be blocked due to the resource contention with PDCCH-based power saving signal/channel of other UEs or with normal PDCCH(s). The group PDCCH-based power saving signal/channel can resolve the issue in this case, and a group of UEs can be configured to monitor the same PDCCH-based power saving signal/channel. 
As for DCI size design, an important design principle is to minimize the resource overhead while keeping robust performance. Considering that only Rel-15 PDCCH channel coding and payload interleaver are considered in the WID and that the minimum payload size of Rel-15 DCI is 12bits, if only a single UE is targeted for the DCI, which may only carry 1-bit for the basic purpose to indicate wake-up, the overhead is relatively large. Other functionalities can be enabled together with the WUS as discussed in Section 2.7 and in [3]. Also a group-specific DCI to carry WUS indication of multiple UEs can be considered to reduce the signaling overhead and specification impact. For the group-specific DCI it is preferred to have the same DCI format size as the DCIs scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI. Furthermore, C-DRX mechanism can’t impact on PDCCH monitoring for DCI formats with CRC scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI. This means, even UE is not in DRX active time, the UE shall monitor PDCCH for DCI with CRC scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI. Therefore, UE may need to monitor the above DCI formats and WUS DCI simultaneously in the same slot. Therefore, to reduce the UE detection complexity and power consumption, WUS DCI is also preferred to have the same size with DCI formats scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI. 
Proposal 10: Group-specific signaling is supported for PDCCH based WUS.
Proposal 11: Payload size of group DCI based WUS can be aligned with the size of DCI formats scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI.
Information carried by PDCCH-based WUS
One benefit of the PDCCH-based power saving signal/channel is more flexible to carry information bits for multiple purposes. For the PDCCH-based power saving signal/channel that carries WUS indication, it can further convey PDCCH skipping signaling, even though it is intended for UEs in active state which is different from the wake-up signal targeting for UEs in OFF state. A unified design of the DCI for WUS and PDCCH skipping is also possible by either an explicit indication in the DCI to understand the DCI correctly or an implicit rule for a UE to interpret the DCI differently (e.g. relative to UE’s active or OFF state). The unified design of wake-up signaling and PDCCH skipping signaling with the same DCI format is mainly motivated from less standardization efforts. 
Proposal 12: The same DCI format is preferred for wake-up and PDCCH skipping indication to reduce standardization efforts.
Besides PDCCH skipping signaling, other information can also be conveyed in the PDCCH-based power saving signal/channel  including the switching indication of cross-slot scheduling or same-slot scheduling and/or the length of skipping duration for PDCCH skipping signaling which can be used to dynamically trade-off between transmission performance and UE power consumption after wake-up. Another kind of information which is used to reduce the PDCCH-based WUS signaling overhead can be considered. For example, the DCI can carry information for skipping the WUS detection occasions for the next one or several C-DRX cycles, which makes the WUS adaptive from one to several C-DRX cycles. 
Proposal 13: Support the following information carried by WUS-PDCCH: 
· Switching indication of cross-slot scheduling or same-slot scheduling
· Skipping duration for PDCCH skipping signaling
· Indication for skipping the WUS detection occasions to reduce signaling overhead
Conclusions
This contribution discusses on the design of PDCCH-based power saving signal/channel to indicate the wake-up information, and other purposes of PDCCH-based power saving signal/channel are also discussed including PDCCH skipping. Based on the discussions, we have the following observation and proposals.
Proposal 1: Specify the PDCCH-based power saving signal/channel to indicate at least wake-up indication.
Proposal 2: Specify the PDCCH-based power saving signal/channel for functionalities other than wake-up, such as skipping of PDCCH monitoring and adaption of the number of Rx antennas.
Proposal 3: Dedicated search space set is supported for PDCCH-based WUS.
· Support 1/2/4/8/16 aggregation levels for PDCCH-based WUS
· Keep the maximum number of PDCCH candidates the same as that in Rel-15 when PDCCH-based WUS is introduced
· Keep the maximum number (i.e. 10) of search space sets per BWP
Proposal 4: Search space set of PDCCH-based WUS can be associated with a dedicated CORESET or an existing CORESET of normal PDCCHs.
Proposal 5: WUS occasion is configured before the start of PDCCH detection of scheduling DCI.
Proposal 6: Minimize the power consumption due to PDCCH-based power saving signal/channel detection.
Proposal 7: Adopt WUS-specific PDCCH DMRS initialization to differentiate from legacy PDCCH DMRS. 
Proposal 8: 0.1% BLER is used as the target miss-detection rate for the PDCCH based wake-up signaling.
Proposal 9: Link level simulation assumptions used during the study item are used for the link level evaluation for PDCCH based power saving signal/channel. 
Proposal 10: Group-specific signaling is supported for PDCCH based WUS.
[bookmark: _GoBack]Proposal 11: Payload size of group DCI based WUS can be aligned with the size of DCI formats scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI.
Proposal 12: The same DCI format is preferred for wake-up and PDCCH skipping indication to reduce standardization efforts.
 Proposal 13: Support the following information carried by WUS-PDCCH: 
· Switching indication of cross-slot scheduling or same-slot scheduling
· Skipping duration for PDCCH skipping signaling
· Indication for skipping the WUS detection occasions to reduce signaling overhead
Observation 1: With existing PDCCH multiplexing mechanism with PDSCH, the resources of PDCCH-based WUS can be indicated as available for PDSCH resources.
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Appendix-A: link level simulation assumption
Simulation assumptions
	SCS
	30k

	UE speed
	3km/h,120km/h

	Channel model
	‘CDL-C’ (assumption in the agreement)

	Delay spread
	100ns

	Carrier frequency
	4GHz

	Frequenc offset
	+/-0.1 ppm

	Time offset
	1 CP

	Antenna
	gNB & UE: (1,1,2) with omni-directional antenna element


Assumptions for DCI based power saving signal
	CORESET Bandwidth
	48RB

	DCI length
	[??]

	CRC length
	24bit

	Aggregation level
	1,2,4,8,16

	DMRS channel estimation
	‘real’

	Corset symbol
	2

	Mapping type
	‘Interleaved’

	REG bundle size
	2
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