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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]In the SI stage of power saving discussion, the power saving schemes of reducing PDCCH monitoring were discussed and the following agreements were achieved in [1]:
Agreements:
The power saving schemes to reduce PDCCH monitoring and blind decoding for further studies are as follows,
· Triggering of PDCCH monitoring – dynamic trigger through L1 signal/signaling
· Power saving signal triggering PDCCH monintoring
· Go-to-sleep signaling to skip PDCCH monitoring
· PDCCH skipping - 
· DCI based indication for PDCCH skipping (e.g., indication in DCI content, new SFI state).
· L1 signal/signaling (other than DCI) based triggering  -
· Multiple CORESET/search space configurations 
· Configuration of different PDCCH periodicities with dynamic signaling
· Adaptation of CORSET/search space configuration – DCI/timer/HARQ-ACK based indication 
· Dynamic/semi-persistent CORSET/search space ON/OFF
· Adaptation between DRX ONduration timer and inactivitytimer
· Separated PDCCH monitoring of DL and UL
· L1 signaling triggering to assist  UE in reducing the number of PDCCH blind decoding 
· Reduced PDCCH monitoring on SCell (including cross carrier scheduling)
· Network assistance –  RS is dynamically transmitted based on the need to assist UE performing synchronization, channel tracking, measurements and  channel estimations before PDCCH decoding 
Other power saving schemes for the reduction of PDCCH monitoring and blind decoding are not precluded.
[bookmark: OLE_LINK54]This contribution will analyze the power saving schemes by reducing PDCCH monitoring, which includes DCI based PDCCH skipping and reducing PDCCH monitoring on Scell.
[bookmark: _Ref129681832]Discussion
DCI based PDCCH skipping
When a UE is operating in active time in C-DRX, the legacy behaviour of UE is monitoring PDCCH occasions according to the configurations of search space sets. However, as the arrival of traffic can be burst and sparse, it would be possible that for a UE there is no scheduling during some time duration frequently, and UE may consume most of power in “PDCCH-only” state. If a signaling indicates the UE to skip the PDCCH monitoring for the specific duration, power saving gain is expected.
Therefore, skipping of PDCCH monitoring can introduce power saving benefit. In the existing C-DRX mechanism, DRX command MAC CE is supported to terminate the inactivity timer, based on which UE can stop monitoring PDCCH until the next C-DRX cycle and enter into “sleep” state in advance. However, this fast termination of inactivity timer is a kind of “long term” sleep. If data packets arrives in the remaining time period of the current C-DRX cycle, as UE would not monitor PDCCH until next C-DRX cycle, these packets have to wait until the next C-DRX cycle. This can cause transmission latency and UPT loss.
Based on the above consideration, dynamic DCI signaling indicating UE to skip PDCCH monitoring for a certain small duration is considered, which is generally several milliseconds or slots. Then length of skipping duration makes it more suitable to be carried by DCI instead of a new MAC CE signaling. After this small duration for generally micro-sleep, UE can go back to continue monitoring PDCCH again in active time of current C-DRX cycle for potential packet arrival. This technique is sometimes referred as go-to-sleep (GTS). Moreover, unlike Rel-15 DRX command MAC CE, PDCCH skipping can also work without C-DRX configuration.
Signaling scheme for PDCCH skipping
As an example shown in Figure 1, when no packet can be scheduled for UE, the gNB can send this signaling to indicate the UE to skip PDCCH monitoring during an indicated duration, which will be referred as skipping duration in the rest of this paper. The UE can go back to continue monitoring PDCCH after the end of skipping duration until next PDCCH skipping signal is detected. During active time of DRX cycle, as the UE has already started PDCCH monitoring, and also for the consideration of multiplexing with existing NR signals or channels, DCI-based signaling is a straightforward way for its signaling design. On the other hand, based on the agreements in [2], the false alarm rate for PDCCH skipping signal should be as small as 0.1%, and with 24 bits CRC of DCI, the requirement of false alarm rate can be fully guaranteed. Then compared with DRX command MAC CE, more packets can be scheduled to UE in current DRX cycle when the UE goes back to monitor PDCCH, and gNB can control the total sleep time of UE more flexible to achieve a tradeoff between low traffic latency and UE power saving gain. 
From the evaluation results in [3], significant power saving gain (9%~83%) is observed for the scheme of PDCCH skipping from companies, and the gain is higher for scenarios with larger inactivity timer when C-DRX is configured due to the large reduction of the time distribution of PDCCH-only states.


[bookmark: _Ref534273200]Figure 1. Illustration of the signaling scheme for PDCCH skipping
The length of the indicated skipping duration can be configured by RRC or can be indicated in DCI, and it increases the traffic latency as much as the length of skipping duration. When the gNB can predict UE traffic more accurately, less latency impact is expected. It may be more difficult to predict the UE traffic when the indicated skipping duration is longer. Therefore, a shorter skipping duration, e.g. several milliseconds or slots, may be preferred by gNB for better latency performance. 
Proposal 1: DCI based skipping signaling of PDCCH monitoring should be specified in Rel-16.
[bookmark: OLE_LINK1]For signalling overhead consideration, it is inversely proportional to the length of skipping duration. A shorter skipping duration may need more frequently transmission of PDCCH skipping signaling. In order to reduce signaling overhead, a group-DCI based signaling for PDCCH skipping can be designed, and the DCI can indicate which UE(s) in the group can skip PDCCH monitoring and/or the corresponding value of skipping duration. 
Proposal 2: Considering the power saving gain, packet latency and resource overhead of signaling, group-DCI based signaling for PDCCH skipping should be supported to reduce PDCCH monitoring.
The monitoring occasions of group-DCI based signaling for PDCCH skipping can reuse the current Rel-15 design as much as possible. One straightforward way is to monitor it periodically, where the periodicity can be configured through the associated search space set. Alternatively, the monitoring occasion can be determined dynamically by the previous PDCCH skipping signaling. In other words, a PDCCH skipping signaling can indicate the information when the UE shall monitor the next PDCCH skipping signaling.
Furthermore, when a UE is configured with CA, to reduce signaling overhead and simplify the signaling design, PDCCH skipping signaling in one serving cell can be used to indicate the UE to skip PDCCH monitoring in other activated serving cells. 
Proposal 3: To reduce signaling overhead and simplify the signaling design, PDCCH skipping signaling on one serving cell can also be used to indicate the UE to skip PDCCH monitoring in other activated serving cells when a UE is configured with CA.
Association between the design of PDCCH skipping signaling and wake-up signaling
As discussed in our companion contribution [4], PDCCH-based power saving signal/channel can be used to indicate wake-up signaling and PDCCH skipping signaling. For these two kinds of power saving information, an essential difference is that, PDCCH skipping signaling is intended for UEs in active state, while wake-up signal (WUS) is intended for UEs in OFF state. In order to reduce signaling overhead and simplify standard efforts, it is better to have a unified PDCCH design which can serve for both of these two purposes. Either an explicit indication in the DCI or an implicit rule for a UE to treat the DCI differently (e.g. relative to UE’s active or OFF state) can be further considered.
Proposal 4: Support a unified design of DCI for PDCCH skipping and WUS.
Since PDCCH-based power saving signal/channel has been achieved as the common understanding for wake-up, it is suggested that WUS-PDCCH can carry information beyond wake-up signaling. The information carried by WUS-PDCCH is supposed for the purpose of a suitable tradeoff between transmission performance and UE power consumption during the “awake” time. Since the length of skipping duration for PDCCH skipping signal is also related to this tradeoff, WUS-PDCCH can also carry this information along with it – which is to say, gNB semi-statically configure multiple PDCCH skipping durations, one of which is indicated by WUS-PDCCH when indicating UE to wake up. Then during the associated “awake” time, PDCCH skipping signaling indicates the skipping of PDCCH monitoring with the duration.
Proposal 5: Consider WUS-PDCCH to carry the information of skipping duration for PDCCH skipping signaling.
PDCCH skipping signaling association with search space set
For each DL BWP of a UE, the UE can be configured to monitor PDCCH candidates in multiple search space sets, and these search space sets can be configured with different types such as CSS or USS. If the UE skips monitoring PDCCH candidates of all the search space sets within skipping duration when PDCCH skipping signaling is detected, the UE will miss some important system information such as SIB or OSI which are scheduled in CSS. One simple solution is that for a UE, the PDCCH skipping signaling can associate with part of search space sets (e.g. USS), and the PDCCH skipping signaling is not valid to those search space sets without the association as illustrated in Figure 2. This consideration is similar as C-DRX mechanism which cannot impact on PDCCH monitoring for DCI formats with scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI. 


Figure 2. UE skip to monitor USS set  in skipping duration

Proposal 6: UE can skip monitoring PDCCH for part of search space sets (e.g. USS set) within skipping duration if the PDCCH skipping signaling is detected.
[bookmark: OLE_LINK14]Consideration on dynamic change of PDCCH monitoring periodicity
Another technique to reduce PDCCH monitoring is dynamically changing of PDCCH monitoring periodicity. Some possible mechanisms could be, for example, configuring multiple PDCCH monitoring periodicities and using dynamic signaling to indicate, or configuring different search space sets/CORESETs with different monitoring periodicities, some of which can be dynamically activated/deactivated. According to the TR [3], similar power saving gain is observed by these two methods (5% - 63.8% for dynamic change of PDCCH monitoring periodicity, and 9% - 83% for PDCCH skipping). For other pros and cons analysis of this technique, comparison to PDCCH skipping is listed in Table 1.
[bookmark: _Ref4179820]Table 1.  Comparison of PDCCH skipping and dynamic change of PDCCH monitoring periodicity
	
	PDCCH skipping
	dynamic change of PDCCH monitoring periodicity

	Robust to miss detection
	· Reliability is not affected.
· A negligible issue on UE power saving by failing to skip a skipping duration.
	· Can cause reliability problem if the indication changing periodicity signaling is miss-detected.
· More PDCCHs (e.g. for data) are possibly missing.

	Robust to false alarm
	· Quite low probability if assuming DCI-based signaling is used
· Skipping duration is applied for several milliseconds, which might be acceptable if the false alarm happens.
	· Quite low probability if assuming DCI-based signaling is used
· Can cause reliability problem if  the false alarm happens.
· More PDCCHs (e.g. for data) are possibly missing.

	Signaling overhead
	· Signaling overhead depends on how frequently gNB indicates to skip PDCCH monitoring and how to design the signaling.
· gNB can decide not to transmit it if there is an overhead issue.
	· Signaling overhead depends on how frequently gNB needs to change the PDCCH monitoring periodicity.
· Possibly lower than PDCCH skipping signaling


Based on the power saving gains and the analysis above, we have the following observation.
Observation 1: DCI based signaling indicating the skipping of PDCCH monitoring is more advantageous in reliability than indicating the change of PDCCH monitoring periodicity.
DCI based PDCCH monitoring reduction in CA
[bookmark: OLE_LINK34]In Rel-15, if a UE is configured with CA, the UE shall monitor PDCCH for PCell and activated SCells. When there is no traffic, UE power consumption is mostly due to monitoring of PDCCH and some optimizations can be done for PDCCH-only monitoring for SCell. When there is traffic, the eNB can activate SCells to provide higher throughput. Traffic changes and it may happen that some SCells remain active over a period of time when there is no traffic, e.g. for bursty traffic. This leads to unnecessary power consumption. Therefore, it is practically beneficial to optimize PDCCH monitoring in CA case.
Reducing the number of cells on which PDCCH is monitored can reduce “PDCCH-only” monitoring for activated SCells. For example, the UE can first monitor PDCCH only on PCell and doesn’t monitor PDCCH on SCells even if the SCells are activated. At this stage, the UE can keep a low power consumption level by only monitoring PDCCH on PCell. When a PDCCH is detected to schedule data, the traffic probably arrives in the next a period of time. During this period the UE can monitor PDCCH on both PCell and SCells for higher throughput. To terminate the monitoring on SCells, a timer can be used, i.e. the UE can stop to monitor PDCCH on SCell(s) if the timer expires. 


Figure 4. An example for the DCI based reduction of PDCCH monitoring on SCells

An example is shown in Figure 4, where the baseline (the upper half) is to always monitor PDCCH on the SCell as required in Rel-15. The optimized scheme (the lower half) is to monitor SCell triggered by DCI.
When C-DRX is configured, this scheme can work together with C-DRX. In this case, InactivityTimer can be re-used as the timer to control the termination of SCell monitoring. Then no new signaling or timer will be introduced. The only impact to the spec is to define some new procedures in CA, which will save standardization efforts.
Observation 2: The DCI based scheme for PDCCH monitoring reduction in CA has small impact to specifications.
[bookmark: OLE_LINK63]The evaluation results show that 3.91%~24.16% power saving gain can be obtained with up to 2.5% latency loss for (1 UE, 4 CC) case; 1.82%~12.23% power saving gain can be obtained with up to 2.89% latency loss for (1 UE, 2 CC) case; and 2.73%~16.11% power saving gain can be obtained with up to 2.62% latency loss for (10 UE, 4 CC) case. Detailed results can be found in [3].
The general procedure for the scheme of PDCCH monitoring reduction in CA is as following:
· gNB configures and activates at least one SCell to the UE; 
· UE monitors PDCCH for PCell and doesn’t monitor PDCCH for activated SCell(s) at first;
· UE starts to monitor PDCCH for both PCell and activated SCell(s) triggered by the received DCI on PCell, while at the same time a timer (e.g. InactivityTimer if C-DRX is configured) starts.
· UE stops monitoring PDCCH on SCell(s) if a timer (e.g. InactivityTimer if C-DRX is configured) expires.
Proposal 7: Support the DCI based scheme for PDCCH monitoring reduction in CA.
Conclusions
Based on the discussions and analyses, we have the following observation and proposals:
Proposal 1: DCI based skipping signaling of PDCCH monitoring should be specified in Rel-16.
Proposal 2: Considering the power saving gain, packet latency and resource overhead of signaling, group-DCI based signaling for PDCCH skipping should be supported to reduce PDCCH monitoring.
Proposal 3: To reduce signaling overhead and simplify the signaling design, PDCCH skipping signaling on one serving cell can also be used to indicate the UE to skip PDCCH monitoring in other activated serving cells when a UE is configured with CA.
Proposal 4: Support a unified design of DCI for PDCCH skipping and WUS.
Proposal 5: Consider WUS-PDCCH to carry the information of skipping duration for PDCCH skipping signaling.
Proposal 6: UE can skip monitoring PDCCH for part of search space sets (e.g. USS set) within skipping duration if the PDCCH skipping signaling is detected.
Proposal 7: Support the DCI based scheme for PDCCH monitoring reduction in CA.
Observation 1: DCI based signaling indicating the skipping of PDCCH monitoring is more advantageous in reliability than indicating the change of PDCCH monitoring periodicity.
[bookmark: _GoBack]Observation 2: The DCI based scheme for PDCCH monitoring reduction in CA has small impact to specifications.
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