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[bookmark: OLE_LINK13]In this paper, the UE reporting information is discussed and recommended from RAN1’s perspective. Some further evaluations and discussions are provided for the PDCCH monitoring reduction.
[bookmark: _Ref129681832]Discussion
On UE reporting information from RAN1’s perspective
In the WID [1], there is a NOTE for UE assistance information.
	NOTE: additional UE assistance information for RAN1-specific power saving techniques to indicate what setting of parameters related to this Work Item will lead to power savings for the UE can be included if agreed in RAN1.  


This section discusses two kinds of potential UE assistance/capability information, which are used as the set of parameters to be used by RAN1-specific power saving techniques.
Preferred minimum offset(s) between PDCCH-WUS and On Duration
It is agreed in RAN1 #98bis that Rel-16 reuses the existing search space configuration to configure the PDCCH monitoring occasions for WUS, and UE monitors the PDCCH-WUS during a “window” before the start of DRX On Duration, in which the start of the “window” is determined by the higher layer parameter PS_offset. Based on the agreement, the range of WUS monitoring should be effectively ended with an offset before the start of the DRX On duration to ensure UE with sufficient time for preparing for PDCCH monitoring at the DRX ON. Therefore, an offset does actually exist between the end of the “window” to the start of ON duration. To facilitate the discussion, this offset before the DRX On Duration is referred as “WUS ending offset” in the discussion.
	Agreements:
UE starts monitoring the PDCCH with CRC scrambled by PS-RNTI at the configured PS_offset before the start of DRX ON until the end of the configured range of monitoring.   
· The “PS_offset” is a new higher layer parameter  
· (Working assumption) the range of monitoring is derived based on existing parameters, e.g., duration and  monitoringSymbolsWithinSlot, in SearchSpace IE without any change 
· [bookmark: OLE_LINK21]Note: the value of “range” is smaller than that of PS_offset, e.g., to ensure UE with sufficient time for preparing for PDCCH monitoring at the DRX ON
Search space is configured for the indication of monitoring DCI with CRC scrambled by PS-RNTI.
· Reuse the existing search space configuration with all or subset of parameters, e.g., the periodicity and the offset
· FFS: The restriction in the  supported periodicity, the aggregation level and the number of blind decoding for the new DCI with CRC scrambled by PS-RNTI

Conclusion:
With the above agreement, it is understood that the search space(s) for WUS PDCCH reuses the existing SS IE (i.e., no new SS IE). 


During the “WUS ending offset” before the DRX On duration, the UE shall at least receive and process the power saving channel to obtain the carried power saving information and other preparation before the DRX On duration. It is obvious that this “WUS ending offset” should be sufficient for the UE to finish the above tasks. However, different UE may have different implementation and may have different processing capabilities (or in other words different processing speed). Therefore, the UE can report its preferred value of “minimum WUS offset” for the minimum value of the “WUS ending offset”.
Besides, it is still under discussion whether the PDCCH-WUS can also indicate A-CSI measurement/reporting. If the UE is triggered to perform CSI report, a lager “minimum WUS offset” would be desired than the minimum ending offset in case only Wake-up indication is indicated. In addition, the benefit of WUS is that the UE can detect the WUS at a “half-awake” state. After the UE is indicated to wake up, the UE can then transit from “half-awake” to “full-awake” state. The time the UE needs to finish the transition may also depend on the sleep type. For example, if the UE is in deep sleep, more time is needed than the case of micro sleep. 
[bookmark: OLE_LINK11][bookmark: OLE_LINK6]Therefore, the UE may report multiple values, each of which corresponds to a combination of different functionalities. For example, the UE can report three values, in which the first value is for “wake-up/go-to-sleep” only, and the second is for “wake-up/go-to-sleep” and “SCell dormancy/non-dormancy indication”, and the last is for “wake-up/go-to-sleep” and “SCell dormancy/non-dormancy indication” and “A-CSI report”. 
A straight forward procedure to configure WUS monitoring occasion(s) should be that: 1) the UE reports its desired “minimum WUS offset” value(s), and then 2) the gNB configures the search space set(s) that are specified for WUS monitoring, the power saving functionalities supported by the WUS, and the parameters of PS_offset and “WUS ending offset”. The PS_offset and the “WUS ending offset” are to determine the window within which UE monitors the PDCCH-WUS. 
Since the “minimum WUS ending offset” mainly depends on UE’s processing capability, it is preferred to include this information in UE’s capability reporting message.  
Preferred CC grouping information
It has been agreed in RAN1 #98bis that the L1 based SCell dormancy indication can be sent on the PCell in PDCCH-WUS. A bitmap in the WUS DCI in which 1 bit per group of configured SCell(s) is used for the indication. 
	Agreements:
· For the L1 based Scell dormancy indication sent on primary cell outside active time in WUS PDCCH
· The explicit information field in DCI is a bitmap with up to X1 bits and 1 bit per group of configured Scells
· Each Scell group can have one/multiple Scells and up to X1 Scell groups are configured via RRC. 
· The Scell group configuration is independent from the Scell group configuration for dormancy indication within active time (if supported) 
· X1 = [5]
· Note: X1 is upper bound.
· Note: Number of bits used for explicit information field in WUS PDCCH is based on configuration


The per group indication is due to the fact that the RF chains used for serving different set of component carriers (CC) are different, and the number of RF chains that are turned on greatly impacts UE power consumption. For example, UE can turn off the RF chain(s) and the related modules to save power if all the carriers related to the RF chain are indicated to switch to dormancy behavior. For the network, it would be a good decision to group the carriers sharing the same RF chain on UE in the same group and to indicate the dormancy behavior for this group of SCells with 1 bit indication. Therefore, SCell dormancy indication per SCell group give a proper tradeoff between the UE power saving gain and the bit overhead occupied in DCI format 3_0. 
In Figure 1, for example, if CC1 and CC2 are activated, the power consumption shall be lower than that for the case when CC1 and CC3 are activated. This is because that UE can turn on a small RF bandwidth or use a small number of RF chains for simultaneously serving CC1 and CC2, while a larger RF bandwidth or a larger number of RF chains shall be used to serve CC1 and CC3 at the same time. 
[image: ]
[bookmark: _Ref16068312]Figure 1 Example of CC grouping for power saving based on UE implementation
However, the hardware parts used for serving different sets of component carrier(s) mainly depend on UE implementation. Thus, UE can report assistance information about the CC grouping to help the network to make an appropriate SCell group configuration. 
The procedure of reporting CC grouping information can be as follows: 1) First, UE is configured with multiple component carriers by the network as legacy configuration; 2) Second, UE reports the assistance information about the suggested grouping of configured SCells to the network; 3) Third, the network can configure the Scell groups based on the reported UE assistance information when adaptation of dormancy behaviour is configured for the UE. Then, based on the traffic and SCell group configuration, the network can activate/deactivate SCells and indicate the SCell dormancy behaviour per group for the activated SCells through the SCell bitmap. Note that UE only needs to report the CC grouping assistance after UE is configured multiple carriers or after reconfiguration of Scells. 
In addition to the grouping assistance for the SCells, the UE can also report the information of the SCell(s) that share the same hardware parts with the PCell. Since UE always needs to monitor PDCCH at least the WUS PDCCH on the PCell, when only a small number of SCell(s) are needed to be activated, it would be better for UE power saving to activate the SCell(s) that are in the same group with the PCell and put other SCell groups into deactivated state or dormancy behaviour. 
For example, in Figure 2, three CC groups are reported by a UE: the SCell group #1 contains only SCell CC2, the SCell group #2 contains SCells CC3 and CC4, and CC group #0 contains the PCell CC1 and SCell CC2 (i.e., SCell group #1).  According to the power model [2], the power consumption of 2CC is 1.7 times of the power consumption of 1CC, and the power consumption of 4CC in the worst case of CA is 3.4 times of the power consumption of 1CC in downlink. For the worst case, the UE implementation regarding RF part can be shown in Figure 2, in which the RF is separated between CC1/CC2 and CC3/CC4. Based on such implementation, if CC1+CC3 are activated together, more power is consumed than the case when CC1+CC2 are activated.
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[bookmark: _Ref16068227]Figure 2 Indicating PDCCH monitoring per recommended CC-group in wake-up signals
Proposal 1: The following parameters are supported to be reported as UE capability/assistance information:
· Preferred minimum ending offset(s) between the end of the “window” for PDCCH-WUS monitoring and the associated ON duration
· Preferred CC grouping information for adaptation of dormancy behaviour.
On PDCCH monitoring reduction
When a UE is operating without C-DRX, or within the active time of C-DRX, UE shall monitor PDCCH occasions according to the configuration of search space sets. However, as the arrival of traffic can be bursty and sparse, it would be possible that for a UE there is no frequent scheduling during some duration, and UE may consume much power in “PDCCH-only” state. If a signaling indicates the UE to skip the PDCCH monitoring for a specific duration, power saving gain is expected.
Therefore, skipping of PDCCH monitoring can achieve power saving benefit. In the existing C-DRX mechanism, DRX command MAC CE is supported to terminate the inactivity timer, which triggers the UE to enter into the “sleep” state and stop monitoring PDCCH until the next C-DRX cycle. However, this termination of inactivity timer with DRX command MAC CE is a kind of “long term” sleep. If data packets arrive 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 causes transmission latency and UPT loss.
Based on the above consideration, dynamic signaling indicating UE to skip PDCCH monitoring for a certain duration is considered. The skipping duration is generally several milliseconds or slots. Considering the skipping duration is small, L1 signaling instead of a new MAC CE signaling is more appropriate to be used for the indication. After the skipping duration during which the UE would likely be in micro-sleep, the UE can go back to continue monitoring PDCCH again in active time of current C-DRX cycle for potential packet arrival. Moreover, unlike Rel-15 DRX command MAC CE, dynamic PDCCH skipping can also work without C-DRX configuration.
Further evaluation of PDCCH skipping
From the evaluation results of many companies in TR 38.840 [2], significant power saving gain (9%~83%) is observed for the scheme of PDCCH skipping due to the large reduction of the time distribution of PDCCH-only states.
In this section, we further compare the scheme of dynamic PDCCH skipping with the scheme of current DRX command MAC-CE based terminating of the inactivity timer in terms of power consumption and UE perceived throughput (UPT). In our simulations, traffic model of FTP model 3 is simulated under DRX configurations as agreed in [3] with packet size 0.5 Mbytes and packet arrival rate 200ms. FR1 UE power model is assumed as agreed in RAN1 #94bis [4], the evaluation methodology of slot-level relative power consumption as agreed in RAN1#95 [5] is adopted.




For the dynamic PDCCH skipping scheme, a simple rule is assumed for the PDCCH skipping signaling in the simulation: when DL buffer of a UE is empty (DL-transmission-only is assumed), gNB indicates the UE to skip PDCCH monitoring occasions for a skipping duration. The skipping duration used in our simulation is: 2ms, 4ms, 8ms or 16ms, each of which is configured and evaluated separately. For the DRX command MAC-CE based terminating of the inactivity timer scheme, the following scheduling strategy is assumed for the scheduling of a packet which contains DRX command MAC-CE: during the DRX active time, when DL buffer of a UE is empty, and if there are no data packets that arrived for the UE within a certain time t, the packet which contain DRX command MAC-CE can be scheduled to indicate the UE to terminate the inactivity timer. The value of t can be determined as: , the parameter T is the duration of inactivity timer, and  () is a scaling factor to control the time duration for triggering the PDCCH skipping indication. The value of used in our simulation is: 0, 0.2, 0.5 or 0.8.
Figure 3 shows the simulation results of the trade-off between average UPT and power consumption for the above two PDCCH skipping schemes. The average UPT and power consumption are shown as the relative percentage to average UPT and power consumption of legacy C-DRX operation without any PDCCH skipping scheme configured (as baseline).
[image: ]
Figure 3. Simulation results of DRX command MAC-CE and dynamic PDCCH skipping schemes
As shown in Figure 3, a larger power saving gain can be obtained by a larger skipping duration for dynamic PDCCH skipping or a smaller scaling factor for MAC CE based termination at the cost of more UPT loss. It is also observed that dynamic PDCCH skipping scheme can provide about 12% more power saving gain than DRX command MAC-CE scheme with the same UPT. DRX command MAC-CE scheme increases 25%- 30% UPT loss with the same power saving gain. 
Observation 1: Dynamic PDCCH skipping scheme can provide more power saving gain than DRX command MAC-CE scheme for the same UPT.
Signaling design for PDCCH skipping
The dynamic PDCCH scheme is illustrated in Figure 4. When no packet is scheduled for the UE, the gNB can send this signaling to indicate the UE to skip PDCCH monitoring during an indicated skipping duration. The UE can go back to continue monitoring PDCCH after the end of the skipping duration until the 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 [3], 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. 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 flexibly to achieve a tradeoff between low traffic latency and UE power saving gain. 
The length of the indicated skipping duration can be configured by RRC or can be indicated directly in DCI. The traffic latency is increased at most to 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. 
[image: ]
[bookmark: _Ref534273200]Figure 4. Illustration of the signaling scheme for PDCCH skipping
Proposal 2: DCI based signaling of skipping PDCCH monitoring should be specified.
For signalling overhead consideration, it is inversely proportional to the length of the skipping duration. A shorter skipping duration may need more frequent transmissions of PDCCH skipping signaling. In order to reduce the 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 3: 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.
Search space set associated with PDCCH skipping signaling
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 may 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 a 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 5. This consideration is similar as C-DRX mechanism which cannot impact on PDCCH monitoring for DCI formats with CRC scrambled by SI-RNTI, RA-RNTI, TC-RNTI and P-RNTI. 
[image: ]
Figure 5. UE skip to monitor USS set in skipping duration

Proposal 4: PDCCH skipping signaling can indicate UE to skip monitoring PDCCH in a pre-defined/pre-configured set of the search space sets (e.g. USS set) within the skipping duration, and the monitoring of other search space sets (e.g. CSS) are not impacted by PDCCH skipping signaling.
[bookmark: _GoBack]Joint operation for PDCCH skipping signaling and wake-up signaling
As agreed in [6], 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 inside Active time, while wake-up signal (WUS) is intended for UEs outside Active time. In order to reduce signaling overhead and simplify standard efforts, it is better to have a same DCI format which is designed for serving both 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 5: The same DCI format carries WUS indication outside Active time is reused to indicate PDCCH skipping inside Active time.
It is suggested that WUS-PDCCH can also carry other power saving information besides wake-up signaling. The information carried by WUS-PDCCH is for the purpose of a suitable tradeoff between transmission performance and UE power consumption after the UE wakes up. 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 configures multiple PDCCH skipping durations, one of which is indicated by WUS-PDCCH when indicating UE to wake up. Then during the associated Active time, PDCCH skipping signaling indicates the skipping of PDCCH monitoring with the duration.
Proposal 6: Consider WUS-PDCCH to carry the information of skipping duration for PDCCH skipping signaling.
[bookmark: OLE_LINK14]Comparison of PDCCH skipping and adaptation of PDCCH monitoring periodicity
Another technique to reduce PDCCH monitoring is dynamically changing the PDCCH monitoring periodicity. Possible mechanisms can be, for example, configuring multiple PDCCH monitoring periodicities and using a dynamic indication, or configuring different search space sets/CORESETs with different monitoring periodicities, some of which can be dynamically activated/deactivated. According to TR 38.840 [2], 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). Table 1 gives the analysis on the pros and cons of the adaptation of PDCCH monitoring periodicity and PDCCH skipping.
[bookmark: _Ref4179820]Table 1.  Comparison of PDCCH skipping and dynamic change of PDCCH monitoring periodicity
	
	PDCCH skipping
	Dynamic adaptation of PDCCH monitoring periodicity

	Impact on UE scheduling due to miss detection
	· The scheduling and transmission of data for the UE is not affected during the indicated skipping duration.
· UE power consumption cannot be saved during the indicated skipping duration.
	· May cause issue for UE scheduling when the indication of the change of SS periodicity is miss-detected.
· More PDCCHs (e.g. for data) are possibly missed compared with PDCCH skipping.

	Impact on UE scheduling due to false alarmed detection
	· Low false alarm rate is expected if DCI-based signaling is used
· The skipping duration is applied for a short time duration, e.g. several milliseconds, which might be acceptable even if the false alarm happens.
	· Low false alarm rate is expected if DCI-based signaling is used
· May cause issue for UE data scheduling due to the false changing of SS monitoring periodicity.
· More PDCCHs (e.g. for data) are possibly missed.

	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 2: DCI based indication of PDCCH skipping can operate with better robustness compared with the adaptation of PDCCH monitoring periodicity.

Conclusions
In this contribution, UE assistance information is discussed. And we have the following observations and proposals:
Observation 1: Dynamic PDCCH skipping scheme can provide more power saving gain than DRX command MAC-CE scheme for the same UPT.
Observation 2: DCI based indication of PDCCH skipping can operate with better robustness compared with the adaptation of PDCCH monitoring periodicity.
Proposal 1: The following parameters are supported to be reported as UE capability/assistance information:
· Preferred minimum ending offset(s) between the end of the “window” for PDCCH-WUS monitoring and the associated ON duration
· Preferred CC grouping information for adaptation of dormancy behaviour. 
Proposal 2: DCI based signaling of skipping PDCCH monitoring should be specified.
Proposal 3: 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 4: PDCCH skipping signaling can indicate UE to skip monitoring PDCCH in a pre-defined/pre-configured set of the search space sets (e.g. USS set) within the skipping duration, and the monitoring of other search space sets (e.g. CSS) are not impacted by PDCCH skipping signaling.
Proposal 5: The same DCI format carries WUS indication outside Active time is reused to indicate PDCCH skipping inside Active time.
Proposal 6: Consider WUS-PDCCH to carry the information of skipping duration for PDCCH skipping signaling.
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