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[bookmark: _Ref510442278]Introduction
This paper discusses the benefits of signaling for skipping PDCCH occasions when implemented properly, as well as possible implementation options. 
Discussion
The term “scheduling gap” commonly refers to two consecutive scheduling opportunities for a UE in active time. What has been observed in the past studies on data traffic and scheduling pattern is that from UE’s perspective, traffic often is scheduled in clusters in time-domain, with long vacancy of scheduling between two adjacent clusters [3][4]. The scheduling gap may be affected by the scheduler implementation, traffic pattern, deployment scenario, etc. For example, in the FR2 deployment with analog beamforming, TDM-based scheduling may predominantly be used across UEs and the scheduling gap would be prominent.
Observation 1. Schedule gaps are common in data traffic, especially in FR2 deployment.
During a scheduling gap, there is no PDSCH/PUSCH scheduled. Hence it is likely that PDCCH monitoring occasions configured within that gap do not contain any scheduling grant. Without any prior information, UE may waste power keep monitoring PDCCH in vain. Therefore, if such a scheduling gap can be indicated to UE, UE can save power by skipping those PDCCH occasions within the gap and switch to sleep state (See the Appendix for the evaluation of power saving gains).
Observation 2. UE can sleep during scheduling gaps to save power, if they can be signaled in advance.
From the above description, we can see that for such a skipping to work, it is important for UE to know how long it should skip, so that both network and UE know when UE will come out of sleep state and resume monitoring PDCCH. For example, network can signal UE to skip by a DCI (e.g. PDCCH skipping signal discussed in RAN1 [2]), whose payload includes information on how long UE should sleep. Alternatively, network can tell UE a skipping pattern (e.g. skip every third slot) if scheduling gaps are expected to happen periodically. For example, dynamic slot format indicator may also be designed to indicate a more complicated slot/symbol-level skipping pattern. In some cases, if the UE is configured with multiple search space sets in a BWP, some of them can be signaled to be temporarily disabled or enabled. Or, instead of dynamically signaling, network can configure a fixed duration or pattern of skipping or sleep.
Otherwise, if PDCCH skipping signaling (PSS) signaling does not include or is not associated with any duration/pattern of skipping, but just indicates UE to go to sleep, then it has to be used jointly with C-DRX, i.e. its purpose is to put UE into DRX sleep state and UE comes out of sleep at a known time, which is the start of the next DRX on duration. In the RAN1 discussion [2], this is referred to as go-to-sleep (GTS) signaling. However, similar feature already exists in the current DRX procedure – when networks sends UE a DRX MAC CE, UE enters DRX off time. The only difference between GTS and DRX MAC CE is L1 vs L2 signaling. Although L1 based signaling has shorter latency, that advantage has very marginal benefits, because it is at most a few msec and thus insignificant when compared with typical length of DRX cycles [2].
[bookmark: _Toc1163981]Observation 3. Go-to-sleep (GTS) signaling would not offer much benefits over existing DRX MAC CE if it is not capable of indicating duration of a scheduling gap.
Statistics of scheduling gaps suggests that their durations are on a relatively small-time scale. So, they typically can’t be efficiently handled by C-DRX. For these reasons, we think PDCCH skipping signaling (PSS) and C-DRX are good complements of each other – PSS allows UE to sleep through a small period of inactivity with active traffic, while C-DRX is good for UE to sleep through much longer idle period after traffic has stopped. Moreover, this also implies that PSS does not need to be used together with C-DRX, i.e. even if C-DRX is not configured, UE can still take advantage of PSS to save power. Otherwise, if C-DRX is configured, PSS can be used during the active time. In this case, PSS and DRX operation should be independent to each other so that the reception of PSS does not affect the timer states (e.g., inactivity timer).
Observation 4. PDCCH skipping signaling (PSS), if designed properly, is not equivalent to DRX MAC CE and can work without DRX procedure.
Based on the discussion above, we make the following proposals:
Proposal 1.  PDCCH skipping signaling (PSS) should indicate duration or pattern of a scheduling gap.
Proposal 2.  If Proposal 1 is agreed, PSS does not need to be linked to DRX procedure.
[bookmark: _Toc528959577][bookmark: _Toc528959202][bookmark: _Toc528863309][bookmark: _Toc534920371][bookmark: _Toc1163980]Given dynamic nature of scheduling gaps, we think it is evident that PSS should be implemented by L1 signaling.
Proposal 3.  L1 signaling should be used to implement PSS.
Since the proposals above all have impact on RAN1, we should send a LS to RAN1 if they are agreed by RAN2.
Proposal 4.  If the above proposals are agreed, send a LS to RAN1 to inform them the above agreements.
Summary
Based on the above discussions, we recommend RAN2 to adopt the following proposal:
Observation 1. Schedule gaps are common in data traffic, especially in FR2 deployment.
Observation 2. UE can sleep during scheduling gaps to save power, if they can be signaled in advance.
Observation 3. Go-to-sleep (GTS) signaling would not offer much benefits over existing DRX MAC CE, if it is not capable of indicating duration of a scheduling gap.
Observation 4. PDCCH skipping signaling (PSS), if designed properly, is not equivalent to DRX MAC CE and can work without DRX procedure.
Proposal 1.  PDCCH skipping signaling (PSS) should indicate duration or pattern of a scheduling gap.
Proposal 2.  If Proposal 1 is agreed, PSS does not need to be linked to DRX procedure.
Proposal 3.  L1 signaling should be used to implement PSS.  
Proposal 4.  If the above proposals are agreed, send a LS to RAN1 to inform them the above agreements.
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Appendix: Power Saving Evaluation and Results 
System-level simulation parameters
The power models and system-level simulation assumptions for the evaluation are as agreed in [2], which are repeated in the following table just for reference:
	Setting
	Configuration

	Power model
	FR1 and FR2 baseline (RAN1#94bis agreement)

	System parameters
	DL-only, Dense urban (Table A2.1-1 in TR38.802)

	Traffic model
	FTP model 3 (0.5Mbyte, λ=5)

	UE distribution
	10 UEs per cell, 100% outdoor

	Scheduling
	PF, TDM-based

	C-DRX
	Not configured


We consider both FR1 and FR2 for the evaluation. In particular, some simulation parameters, e.g., those related to analog beamforming, are specific to FR2 and listed in the following table.
	Setting (FR2)
	Configuration

	gNB antenna array
	{M, N, P} = {32, 8, 2}, single panel

	gNB EIRP
	60 dBm = 8 dBi [ant gain] + 10*log10(256) [array gain] + 10*log(256) [tx pwr across elem] + 4 dBm [pwr per el]

	gNB analog BF codebook
	DFT codebook with 66 beams (22 [azimuth] * 3 [elevation])

	UE antenna array
	{M, N, P} = {2, 2, 2}, two panels



Resource utilization
At the first step, we evaluated the average resource utilization (RU) per UE with the given traffic model. As shown in the following table, the resource utilization per UE is about 5%, which gives 50% cell RU (10 UEs per cell). Note that this value is close to the recommended range (10-50%) in TR 36.814.
	Traffic model
	Percentage of average scheduled slots per UE

	Full Buffer
	10.0%

	FTP model 3 (0.5 Mbyte, λ = 5 files/sec)
	5.2%



Power consumption
For power consumption evaluation and comparison, we consider three scenarios in the following table.
	Baseline
	· No cross-slot scheduling ()
· No PDCCH occasion skipping

	Cross-slot scheduling
	· With cross-slot scheduling ()
· No PDCCH occasion skipping

	PDCCH skipping
	· With cross-slot scheduling ()
· With PDCCH occasion skipping


In particular, for PDCCH skipping, we consider both ideal (genie-aided) and practical skipping indication schemes. With the ideal scheme, it is assumed that any empty PDCCH monitoring occasions can be skipped and it thereby serves as the lower limit of power consumption of PDCCH occasion skipping. For the practical scheme, we can enhance the existing SFI framework in Rel-15 for the indication of PDCCH skipping. To be specific, we assume slot-format indication periodicity of 8 slots, and an SFI can indicate one of the skip patterns (Figure 2) for the next 8 slots. 


[bookmark: _Ref528960113]Figure 2. PDCCH occasion skipping patterns
In Table 5, Table 6 and Table 7, the average, median, and 5th percentile power consumption of different scenarios are compared. Also, in the same tables, the percentage power saving gains relative to the baseline are also included as numbers in parentheses.
[bookmark: _Ref528960136]Table 5: Average power consumption (relative gain over baseline in parentheses)
	PDCCH periodicity
	Baseline
	Cross-slot scheduling
	PDCCH skipping
(Ideal indication)
	PDCCH skipping
(SFI-based indication)

	FR1
	1
	110.37
	81.92 (25.78%)
	58.22 (47.25%)
	61.00 (44.64%)

	
	2
	84.29
	69.55 (17.49%)
	57.76 (31.47%)
	60.26 (28.51%)

	
	4
	71.25
	63.37 (11.06%)
	57.52 (19.27%)
	59.89 (15.95%)

	
	8
	64.74
	60.27 (06.90%)
	57.38 (11.37%)
	59.72 (7.75%)

	FR2
	1
	184.07
	134.29 (27.04%)
	60.81 (66.96%)
	69.42 (62.29%)

	
	2
	122.44
	96.90 (20.86%)
	60.36 (50.70%)
	68.12 (44.36%)

	
	4
	91.62
	78.20 (14.65%)
	60.09 (34.41%)
	67.45 (26.38%)

	
	8
	76.21
	68.86 (9.64%)
	59.89 (21.41%)
	67.16 (11.88%)



[bookmark: _Ref528960145]Table 6: Median power consumption (relative gain over baseline in parentheses)
	PDCCH periodicity
	Baseline
	Cross-slot scheduling
	PDCCH skipping
(Ideal indication)
	PDCCH skipping
(SFI-based Indication)

	FR1
	1
	108.00
	79.20 (26.67%)
	55.20 (48.89%)
	58.11 (46.19%)

	
	2
	81.59
	66.80 (18.13%)
	54.87 (32.75%)
	57.56 (29.45%)

	
	4
	68.40
	60.60 (11.40%)
	54.68 (20.06%)
	57.24 (16.32%)

	
	8
	61.80
	57.50 (6.96%)
	54.57 (11.70%)
	57.10 (7.61%)

	FR2
	1
	182.00
	131.60 (27.69%)
	      57.20 (68.57%)
	66.05 (63.71%)

	
	2
	119.58 
	93.89 (21.48%)
	56.87 (52.44%)
	64.93 (45.70%)

	
	4
	88.40
	75.05 (15.10%)
	56.68 (35.88%)
	66.44 (27.38%)

	
	8
	72.79
	65.63 (9.84%)
	56.54 (22.32%)
	64.20 (11.80%)



[bookmark: _Ref528960155]Table 7: 5th percentile power consumption (relative gain over baseline in parentheses)
	PDCCH periodicity
	Baseline
	Cross-slot scheduling
	PDCCH skipping
(Ideal indication)
	PDCCH skipping
(SFI-based indication)

	FR1
	1
	102.37
	72.73 (28.95%)
	48.03 (53.08%)
	49.90 (33.95%)

	
	2
	75.20
	60.26 (19.87%)
	47.92 (36.28%)
	49.67 (33.95%)

	
	4
	61.59
	54.02 (12.29%)
	47.86 (22.29%)
	49.60 (19.47%)

	
	8
	54.81
	50.90 (7.13%)
	47.83 (12.73%)
	49.56 (9.60%)

	FR2
	1
	177.08 
	125.20 (29.30%)
	48.62 (72.54%)
	54.49 (69.23%)

	
	2
	112.84 
	86.76 (23.11%)
	48.52 (57.00%)
	54.19 (51.98%)

	
	4
	80.72
	67.52 (16.35%)
	48.44 (40.00%)
	54.03 (33.06%)

	
	8
	64.66
	57.92 (10.43%)
	48.39 (25.16%)
	53.95 (16.56%)


From the results in the above tables, the power saving benefit of cross-slot scheduling and PDCCH occasion skipping is evident. With PDCCH periodicity of 1 slot, the relative power saving of cross-slot scheduling is 25.8% for FR1 and 27.0% for FR2. Additional gain can be added on top by applying PDCCH skipping, which leads to 45% for FR1 and 62% for FR2, with SFI-based indication. The gain is more prominent in FR2 due to the higher PDCCH processing power than FR1. As expected, the gain usually diminishes with increasing PDCCH periodicity since the portion of PDCCH monitoring power consumption reduces. However, still a decent gain (~10%) is obtained by cross-slot scheduling and PDCCH skipping with PDCCH periodicity of 8 slots.
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