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1	Introduction
In parallel with NR UE PS WI work on RAN1 topics listed the WID, work continues also on additional topics discussed during the SI [1], to refine conclusions for the TR [4] and perform down-selection for RAN-84. 
In this paper, we discuss issues related to PDCCH monitoring in conjunction with active data transmission and IAT intervals and propose topic prioritization for TR conclusions. 

2	Discussion
2.1	Mechanisms for PDCCH monitoring reduction in Rel-15 and current WID
High-level modeling [3] indicates that PDCCH monitoring during the inactivity timer (IAT), i.e. between traffic data bursts while the IAT is activated, is the dominant eMBB UE energy consumption contributor, consuming over 50% of the total energy. It is therefore well motivated to focus on improvement opportunities in this area, where relative reductions during the active data phase translate into large overall energy consumption reductions.
[bookmark: _Toc7810918]Reducing PDCCH monitoring during IAT is an effective way to reduce overall UE energy consumption.
The main energy is consumed in the PDCCH monitoring phases where a data burst is ended and the UE awaits additional scheduling PDCCHs while the IAT is counting down. This is depicted with the bluish intervals in the Figure. Reducing the time span of bluish intervals or power levels during them are the two main ways of addressing the associated energy consumption.
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Rel-15 contains multiple mechanisms for reducing PDDCH monitoring-related energy consumption. One such mechanism is the possibility to define short and long CDRX configurations, typically operating at 10s or 100s of ms time scale. Configuring the UE with CDRX reduces UE energy consumption incurs additional latency, but by initially invoking short CDRX, the latency impact may be mitigated while the probability of arrival of a new traffic burst shortly after the previous is the largest. The CDRX period and IAT length settings allow the NW to seek a compromise between the energy and latency considerations.
Rel-15 also provides a GTS function via MAC CE whereby the NW can indicate to the UE that no more data is expected during the current active segment and that the NW can terminate the IAT and transfer to CDRX. The mechanism can offer UE PS when the end of traffic segment is well established. However, it incurs a latency on the order of several ms, due to the L2 ACK/NACK required, and the UPT and latency penalty of incorrect indication may be considerable since the UE is sent back to CDRX. This can further exacerbate if the UE has or expect to have additional UL transmissions. 
Further, PDCCH SS configurations may be used to fine-tune monitoring, seeking compromises between the monitoring duty cycle and latency of PDCCH detection. In the Rel-15 setting, a single SS setting must typically be used. Multiple configurations are possible but not a feasible mechanism for rapid adaptation, as reconfiguration via RRC is slow and incurs a high overhead. There is generally no single setting that is optimal for both waiting periods and active data slots.
[bookmark: _Toc4764379][bookmark: _Toc7810919]Rel-15 already provides mechanisms that can reduce power consumption due to PDCCH monitoring without data e.g. DRX MAC command CE, short DRX.
In the SI phase, cross-slot scheduling was prioritized as an effective power saving mechanism. By scheduling PDSCH so that the UE may rely on k0>0, PDCCH monitoring may use a more efficient RX configuration and the UE need not sample additional symbols during the current slot. If the PDCCH indicates a scheduled PDSCH, the UE activates a suitable RX configuration in a future slot, otherwise it can remain in micro-sleep. This reduces the average UE power level during PDCCH monitoring from 100 units to 70 units, a 30% energy consumption reduction. For relatively small values of k0, e.g. k0=1, the UPT impact was evaluated as moderate in the SI.
[bookmark: _Toc7810920]When Cross-slot scheduling is used, UE power consumption during PDCCH monitoring without data is reduced.
Specifying additional improvements in 3GPP requires significant efforts. Given the limited time for the WI, such work is only justified if they add additional, cumulative benefits beyond the Rel-15 baseline and beyond the WI scope as defined up to now. Additional specified PDCCH monitoring improvements must provide clear advantages beyond the existing mechanisms in Rel-15 and already agreed WI features.

2.2	Further improvement proposals
Additional approaches, e.g. PDCCH skipping [2] where the UE is instructed by the NW to skip some PDCCH occasions on a 1-10 ms time scale, have been proposed as additional means for UE PS. One challenge with such approaches, as with the GTS mentioned above, is that they require reliable trigger information by the NW. Such trigger info may come from e.g. round-robin scheduler delays that are predictable by a gNB, however, those are relatively rare in realistic non-full buffer scenarios since the scheduler occupancy rarely exceeds one user. Another possible trigger source is next traffic burst arrival prediction, which, however is often unreliable due to the stochastic nature of data arrival from the higher layers. The DL or UL buffer state info is typically not a sufficient input to predict future traffic burst delays. Input from the application layer, e.g. smartphone app update or other signaling patterns, could conceivably be used, if proper cross-layer integration is provided, but the predictions may nevertheless not be reliable if a mix a apps with different traffic patterns contributes to data burst generation. Due to the potentially large delay and UPT impact, if the monitoring skipping trigger is erroneous, approaches with unreliable triggers should be discouraged.
[bookmark: _Toc7810921]Unreliable signaling mechanisms for controlling PDCCH monitoring cause adverse NW impact.
To obtain UE PS without relying on potentially unreliable trigger signals, e.g. traffic gap prediction, and without incurring instances of significant delays if monitoring is unnecessarily interrupted, one approach is to use event-based monitoring mode adaptation. For example, the UE may be configured in a power-efficient mode with sparse SS monitoring and cross-slot scheduling in the gaps between traffic bursts. Upon first active data slot of a burst, the UE switches to a denser SS and/or same-slot scheduling mode and remains in that mode for a predetermined number of slots or SS occasions, unless a new data burst arrives, or a DCI-command is provided by the NW. This allows fast monitoring mode switching without signaling overhead while the impact of mis-prediction is limited to a single active data slot arrival.
[bookmark: _Toc4764487][bookmark: _Toc4764488][bookmark: _Toc4764490][bookmark: _Toc4764491][bookmark: _Toc4764492][bookmark: _Toc4764493][bookmark: _Toc7810924]Additional methods for reducing UE power consumption due to PDCCH monitoring should only be considered if they provide a reliable mechanism that gives significant gains beyond Rel-15 approaches.
Another avenue for robust PS is to redefine how a trigger for monitoring skipping should be interpreted. Instead of an end-of-burst (EOB) indicator, which is hard to predict as discussed above), UE assistance may be concern permissible latency given currently active apps. This input may then be used as a criterion for PDCCH monitoring adaptation – activate/deactivate, sparse/dense monitoring modes, etc. Even if new data bursts arrive during UE inactive periods, they may be delayed and delivered with a slight delay that do not interfere with UE application layer functions.
2.3	Comparison of different proposals
As mentioned above, two main approaches to reduce PDCCH monitoring power consumption in IAT are PDCCH skipping as well as PDCCH monitoring periodicity adjustment. Nevertheless, before going through comparing these schemes, one should note that within the current C-DRX configuration, it is possible to define a shorter IAT and thereby reduce the PDCCH monitoring without affecting much the UPT if the parameters defined properly. Therefore, in addition to the above discussions, any scheme intending to reduce IAT PDCCH monitoring power consumption beyond cross-slot scheduling, should take the possibility of defining shorter IAT into account, and show clear advantage on top of that.  
[bookmark: _Toc7810922]Shorter IAT can be configured for the UE to reduce PDCCH monitoring power consumption with low impact on UPT. 
In addition to the points raised before, in any case as agreed in the RAN#83 meeting, any PDCCH based power saving mechanism should be associated with the C-DRX and do not duplicate them. As such if PDCCH skipping mechanism in any shape need to be considered, it should also be associated with the C-DRX. 
There are pros and cons for both flavours of DCI-based PDCCH monitoring adaptation: PDCCH skipping (PDCCH-skip) is only applicable during data transmissions, while PDCCH periodicity switching (PDCCH-switch) could also be applied during the ON duration when there is no traffic:
PDCCH-skip and PDCCH-switch have different properties and may fulfil different use cases. 
Both PDCCH monitoring adaptation flavours however require further study how they can be configured by the gNB, e.g. how many slots can be skipped without impacting the delay requirements, and how long periodicity can be configured (or why is this periodicity then not configured from the start). Potentially the UE may provide assistance information about the short access delay that is tolerated when PDCCH is skipped or switched. It is pointed out that the gNB is aware of the instantaneous DL buffer size, and instantaneous UL buffer size via BSR reporting. However, when both UL and DL buffers are empty, it is not clear for what time duration a gap will last, and whether the gNB should send a PDCCH skip command, and what PDCCH skip duration should be indicated. Furthermore, it is pointed out that the gNB has already the option to use DRX command. In case the gNB has difficulty to decide when to apply the DRX command, it seems that the use of a finer time granularity PDCCH skip command is even more complicated.
The PDCCH monitoring periodicity adaptation can have itself two flavours: a) dynamic signalling for SS adaptation, or PDCCH monitoring periodicity adaptation, b) event-based adaptation, e.g., an scheduling DCI means to move to high periodicity, and a timer can be used after the last HARQ ACK after which the UE moves to lower periodicity, or a PDCCH based signal is used to indicate the change. In the table below, we compare these options from different aspects. Note that, we assume, PDCCH monitoring periodicity is lower than or the same as the PDCCH skipping gap. Furthermore, we consider PDCCH monitoring occasions are overlapping between the high and low periodicity modes. 
	
	PDCCH Skipping
	PDDCH periodicity adaptation option a
	PDDCH periodicity adaptation option b

	Robustness to miss detection
	A miss detection leads to higher UE power consumption
No impact on UPT
	A miss detection from high to low periodicity leads to higher UE power consumption but no impact on UPT.
A miss detection from low to high periodicity leads to UPT loss.
	A miss detection from high to low periodicity leads to higher UE power consumption but no impact on UPT.
A miss detection from low to high periodicity leads to UPT loss.

	Signalling overhead
	High on the NW side
	High but still lower than PDCCH skipping
	Limited as events trigger adaptation rather than explicit signalling

	UE/group specific
	UE specific as signalling gaps are mostly UE specific
	Can work in both cases
	Can work in both cases (in case signalling is used to move the UE from high to low periodicity)

	Signalling gap prediction dependency
	Dependent on scheduling gaps and difficult to predict by gNB
	Do not necessarily rely on scheduling gaps rather on the events
	Do not necessarily rely on scheduling gaps rather on the events


Based on the discussed items in the table above, we can make the below observation.
[bookmark: _Toc7810923]For PDCCH skipping, predicting scheduling gaps may be needed. For PDCCH periodicity switching, predicting scheduling gaps may not be necessary. 

[bookmark: _Toc1059717][bookmark: _Toc1087382][bookmark: _Toc1087660]Conclusion
The following observations and proposals are made in this paper: 
Observation 1	Reducing PDCCH monitoring during IAT is an effective way to reduce overall UE energy consumption.
Observation 2	Rel-15 already provides mechanisms that can reduce power consumption due to PDCCH monitoring without data e.g. DRX MAC command CE, short DRX.
Observation 3	When Cross-slot scheduling is used, UE power consumption during PDCCH monitoring without data is reduced.
Observation 4	Unreliable signaling mechanisms for controlling PDCCH monitoring cause adverse NW impact.
Observation 5	Shorter IAT can be configured for the UE to reduce PDCCH monitoring power consumption with low impact on UPT.
Observation 6	For PDCCH skipping, predicting scheduling gaps may be needed. For PDCCH periodicity switching, predicting scheduling gaps may not be necessary.

Proposal 1	Additional methods for reducing UE power consumption due to PDCCH monitoring should only be considered if they provide a reliable mechanism that gives significant gains beyond Rel-15 approaches.


[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref523917687]RP-181463, “New SID: Study on UE Power Saving in NR”, CATT, CMCC, vivo, CATR, Qualcomm, MediaTek, 3GPP TSG RAN Meeting #80
Chairman notes, RAN1 #96, Athens
R1-1905468, “Power saving considerations from high-level modeling”, Ericsson, RAN1 #96bis, Xi’an
TR 38.840, “Technical report -- NR UE Power Saving SI”

	4/4	
