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Introduction
As per the Rel-17 UE power saving WID [1], a key aspect of the UE power saving enhancement is connected mode power saving, which is basically continuation of Rel-16 UE power saving WI. In particular, the WID suggests potential extension(s) of Rel-16 DCI-based power saving schemes, including PDCCH monitoring reduction when C-DRX is configured.
In this contribution, we present our views on the UE power saving enhancement for connected mode UEs. The additional power saving gains attained by the proposed PDCCH monitoring reduction schemes, on top of Rel-15 and Rel-16 power saving schemes, are also evaluated based on the agreed evaluation methodology in RAN1 #102-e.
Discussion on connected mode UE power saving
PDCCH monitoring reduction techniques
During Rel-16 UE power saving WI, PDCCH monitoring reduction techniques have been intensively discussed. According to the conclusion in TR 38.840, some PDCCH monitoring adaptation schemes can achieve power saving gains of 9%~83% range, at the expensive of increased latency of 0.1%~75%. Despite the evident gains, no consensus was made on a specific PDCCH monitoring reduction scheme due to divergent views from different companies. As continuation of the Rel-16 effort, we present our views in the following subsections.

Dynamic search space set adaptation
In Rel-16, a dynamic search space set switching mechanism has been introduced in the context of the NR operation with shares spectrum channel access. The primary purpose of the mechanism is allowing more frequent channel access opportunities for the gNB to minimize the risk of losing the medium after gaining the access. Up to two groups of search space sets can be configured, and various explicit or implicit conditions of switching between the two groups are provided (Section 10.4 of TS 38.213). In parallel, in Rel-16 UE power saving WI, a dynamic adaptation mechanism of PDCCH monitoring periodicity was discussed. Even with a decent gain observed, the proposal was not adopted due to divergent views. 
During the discussion on Rel-17 UE power saving WID in RAN #86, however, the similarity between the two mechanisms, i.e., search space set switching and monitoring periodicity adaptation, was noticed. Both mechanisms are intended to dynamically adjust UE’s PDCCH monitoring pattern. A minor difference is in their default PDCCH monitoring behavior; for shared spectrum operation, the default mode is more frequent monitoring, while, for UE power saving, the default mode is less frequent monitoring. Therefore, it was remarked that the Rel-16 search space set switching mechanism may readily be re-purposed for UE power saving, which would minimize the standardization burden.
[bookmark: _Toc54383023]Observation 1: Rel-16 search space set switching feature can be reused for Rel-17 connected-mode power saving.
It is seemingly straightforward, but further in-depth discussion is required to make the existing search space set switching mechanism available for UE power saving. For example, since the mechanism is associated with Rel-16 NR-U UE features, it should be clarified whether it is also applicable for licensed band operation. Also, the search space switching only relies on group-common signaling (DCI format 2_0) for explicit indication, which is sensible since the shared spectrum channel access and COT sharing is group common in nature. On the contrary, power saving is a UE-specific issue, which highly depends on individual UE’s traffic condition. Thus, a new UE-specific signaling mechanism can be considered to enhance the existing Rel-16 search space set switching mechanism. Based on the same principle as Rel-16 power saving schemes, such as the cross-slot scheduling and SCell dormancy adaptation, UE-specific signaling by a scheduling DCI or DCI format 2_6 may be a good candidate. That is, either a new field may be added to the DCI or any existing fields may be repurposed.
[bookmark: _Toc54383025]Proposal 1: A search space set switching mechanism by a scheduling DCI and/or DCI format 2_6 is considered as a Rel-17 connected-mode power saving scheme.
The explicit switching mechanism by scheduling DCI or PDCCH-WUS may either replace or complement the legacy GC-PDCCH-based mechanism. For example, a set of search space set groups may be separately configured for each switching mechanism. This may enable a hierarchical adaptation of PDCCH monitoring behavior as shown in Figure 1.



[bookmark: _Ref47470058]Figure 1: Search space set switching by various switching mechanisms

[bookmark: _Ref53943987]PDCCH monitoring skip indication
Indication of PDCCH skipping, or go-to-sleep signal, was discussed in Rel-16 without any conclusion. There are a few outstanding issues identified during the discussion: a) signaling overhead, b) handling potential HARQ retransmission during the indicated skip duration. Fortunately, those issues can easily be addressed by simple enhancements.
First of all, for low-overhead signaling, we can resort to the same principle as Rel-16 power saving schemes, such as the cross-slot scheduling and SCell dormancy adaptation. That is, along with a scheduling grant, a scheduling DCI can also indicate the UE to skip PDCCH monitoring for a certain duration of time, as shown in Figure 2 (b). Further details, such as how to support multiple skip durations and when to start the skip duration may further be discussed during Rel-17.
Also, for handling any potential HARQ retransmission, the UE may keep monitoring PDCCHs at least in a discontinuous manner during the skip duration. Similar to the existing UE behavior for handling HARQ retransmission during the DRX operation, a set of timers (e.g., RTT timer and retransmission timer) may be configured per HARQ process to control the UE’s discontinuous PDCCH monitoring behavior. In this manner, although the overall power saving gain may be compromised by not remaining in sleep for the entire skip duration, the latency performance is never sacrificed.
[bookmark: _Toc54383026]Proposal 2: Scheduling DCI-based PDCCH skip indication is considered as a Rel-17 connected-mode power saving scheme. During the indicated skip duration, the UE can still monitor PDCCH in a discontinuous manner to handle potential HARQ retransmissions. 
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[bookmark: _Ref47471379]Figure 2: (a) Normal PDCCH monitoring, (b) PDCCH skipping indicated by scheduling DCI

Evaluation results
[bookmark: _Ref54271325]System-level simulation parameters
The power models and system-level simulation assumptions for the evaluation are based on TR 38.840. Some new assumptions for Rel-17 are also captured from [2], which are described in the following table:
	Setting
	Configuration

	Power model
	FR1 and FR2 baseline (TR 38.840)

	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
	Proportional fair, TDM-based for both FR1 and FR2

	PDCCH monitoring Periodicity
	FR1
	{1, 2} slot(s)

	
	FR2
	{1, 2, 4} slot(s)

	DRX configuration
	drx-onDurationTimer = 8ms, drx-InactivityTimer = 20ms, drx-LongCycle = 160ms,
drx-ShortCycle = 20ms, drx-ShortCycleTimer = 4

	Cross-slog scheduling
	FR1
	Minimum K0 adapted from 0 to 1

	
	FR2
	Minimum K0 adapted from 0 to 4

	WUS
	Offset to DRX ON = 2ms, power consumption of 70 for FR1 and 122.5 for FR2


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


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%) for FTP model 3 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 the scenarios in the following table.
	Baseline-1
	· No DRX configuration
· No power saving scheme

	Baseline-2
	· DRX configuration (both Long and Short, or Long only)
· No power saving scheme 

	WUS-Long
	· In addition to ‘Baseline-2’
· WUS for Long DRX cycles

	WUS-Short
	· In addition to ‘Baseline-2’
· WUS for both Long and Short DRX 

	Cross-slot scheduling
	· In addition to ‘WUS-Long’
· Cross-slot scheduling adaptation

	PDCCH skip
	· In addition to ‘Cross-slot scheduling’
· PDCCH monitoring skip (Sec. 2.1.2)
· A 3-bit field in DCI indicates skipping of the next up to 7 PDCCH occasions


Note that “Baseline-1” is added only for reference purpose, to represent the worst-case power consumption when none of the Rel-15 or Rel-16 power saving schemes are applied. Another baseline scheme, “Baseline-2”, which has DRX configuration with both Long and Short cycles as described in Section 2.2.1, is used to calculate the power consumption gains of the power saving schemes. For “PDCCH skip”, we assume that the last scheduling DCI of a DL burst can indicate skipping of up to 7 subsequent PDCCH occasions.
In Table 1, Table 2, and Table 3, 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 Baseline-2 are also included as numbers in parentheses.
[bookmark: _Ref54285501]Table 1: Average power consumption (relative gain over Baseline-2 in parentheses)
	PDCCH periodicity
	Baseline-1
	Baseline-2
	WUS-Long
	Cross-slot scheduling
	PDCCH skip
	WUS-Short

	FR1
	1
	110.37
	27.05
	25.07 (7.31 %)
	24.30 (10.16 %)
	23.66 (12.53 %)
	23.22 (14.18 %)

	
	2
	84.29
	25.12
	23.68 (5.75 %)
	23.32 (7.16 %)
	23.03 (8.35 %)
	22.32 (11.17 %)

	FR2
	1
	184.07
	37.56
	35.91 (4.39 %)
	33.17 9 (11.69 %)
	29.12 (22.46 %)
	31.94 (14.95 %)

	
	2
	122.44
	32.41
	31.43 (3.03 %)
	30.18 (6.87 %)
	28.35 (12.54 %)
	28.98 (10.60 %)

	
	4
	91.62
	29.75
	29.13 (2.07 %)
	28.63 (3.76 %)
	27.89 (6.26 %)
	27.49 (7.59 %)



[bookmark: _Ref54285503]Table 2: Median power consumption (relative gain over Baseline-2 in parentheses)
	PDCCH periodicity
	Baseline-1
	Baseline-2
	WUS-Long
	Cross-slot scheduling
	PDCCH skip
	WUS-Short

	FR1
	1
	108.00
	23.57
	21.52 (8.71 %)
	20.79 (11.79 %)
	20.19 (14.35 %)
	19.45 (17.50 %)

	
	2
	81.59
	21.79
	20.42 (6.27 %)
	20.04 (8.01 %)
	19.73 (9.46 %)
	18.76 (13.90 %)

	FR2
	1
	182.00
	34.19
	32.62 (4.60 %)
	29.90 (12.56 %)
	25.88 (24.31 %)
	28.22 (17.47 %)

	
	2
	119.58
	29.51
	28.50 (3.44 %)
	27.22(7.78 %)
	25.33 (14.18 %)
	25.90 (12.26 %)

	
	4
	88.40
	26.90
	26.34 (2.08 %)
	25.79 (4.11 %)
	24.99 (7.10 %)
	24.46 (9.06 %)



[bookmark: _Ref54285506]Table 3: 5th percentile power consumption (relative gain over Baseline-2 in parentheses)
	PDCCH periodicity
	Baseline-1
	Baseline-2
	WUS-Long
	Cross-slot scheduling
	PDCCH skip
	WUS-Short

	FR1
	1
	102.37
	9.99
	8.44 (15.45 %)
	8.18 (18.12 %)
	7.95 (20.34 %)
	7.54 (24.49 %)

	
	2
	75.20
	9.18
	8.05 (12.35 %)
	7.92 (13.76 %)
	7.81 (14.93 %)
	7.37 (19.70 %)

	FR2
	1
	177.08
	14.09
	12.37 (12.24 %)
	11.65 (17.32 %)
	10.60 (24.81 %)
	10.85 (23.00 %)

	
	2
	112.84
	12.49
	11.60 (7.15 %)
	11.13 (10.93 %)
	10.43 (16.51 %)
	10.42 (16.59 %)

	
	4
	80.72
	11.41
	10.88 (4.62 %)
	10.65 (6.63 %)
	10.31 (9.61 %)
	10.02 (12.22 %)



From the results in the above tables, the additional power saving gain of the scheduling DCI-based PDCCH skip indication, on top of Rel-15 and Rel-16 power saving schemes, is evident. With PDCCH periodicity of 1 slot, the average power saving gains of PDCCH skip relative to Baseline-2 are 12.5% for FR1 and 22.5% for FR2. Thus, the added gains on top of Rel-16 power saving schemes (i.e., WUS and cross-slot scheduling adaptation) are 2.3% and 10.8% for FR1 and FR2, respectively. Normally, the gain of PDCCH skip is more pronounced in FR2 due to the higher PDCCH processing power than FR1, and the gain diminishes with increasing PDCCH periodicity since the portion of PDCCH monitoring power consumption reduces. It is also noteworthy that, depending on situations, WUS for both Long and Short DRX cycles can also provide similar or higher gains compared to PDCCH skip.
In Table 4, Table 5, and Table 6 below, the same evaluation is repeated assuming DRX configuration with the Long-cycle only. It is observed that, by not requiring to wake up for Short DRX cycles, the overall power consumption is reduced, by up to 13% for FR1 and 27% for FR2 (at the expense of the latency increase). In this case, the added gains of PDCCH skipping on top of Rel-16 power saving schemes amount to 1.2% to 9.0% for FR1 and FR2, respectively.

[bookmark: _Ref54382112]Table 4: Average power consumption (Long DRX only, relative gain over Baseline-2 in parentheses)
	PDCCH periodicity
	Baseline-1
	Baseline-2
	WUS-Long
	Cross-slot scheduling
	PDCCH skip

	FR1
	1
	110.37
	23.68
	20.41 (13.79 %)
	20.07 (15.22 %)
	19.79 (16.42 %)

	
	2
	84.29
	22.16
	19.50 (11.98 %)
	19.36 (12.62 %)
	19.25 (13.15 %)

	FR2
	1
	184.07
	27.48
	25.11 (8.61 %)
	23.44 (14.69 %)
	20.97 (23.67 %)

	
	2
	122.44
	23.90
	22.13 (7.43 %)
	21.42 (10.39 %)
	20.38 (14.76 %)

	
	4
	91.62
	22.08
	20.63 (6.58 %)
	20.40 (7.62 %)
	20.06 (9.15 %)



[bookmark: _Ref54382114]Table 5: Median power consumption (Long DRX only, relative gain over Baseline-2 in parentheses)
	PDCCH periodicity
	Baseline-1
	Baseline-2
	WUS-Long
	Cross-slot scheduling
	PDCCH skip

	FR1
	1
	108.00
	20.14
	17.11 (15.02 %)
	16.79 (16.64 %)
	16.52 (17.99 %)

	
	2
	81.59
	18.77
	16.31 (13.13 %0
	16.20 (13.69 %)
	16.12 (14.16 %)

	FR2
	1
	182.00
	24.00
	22.02 (8.25 %)
	20.35 (15.23 %)
	17.87 (25.53 %)

	
	2
	119.58
	20.56
	19.15 (6.90 %)
	18.46 (10.21 %)
	17.46 (15.10 %)

	
	4
	88.40
	18.82
	17.75 (5.69 %)
	17.54 (6.81 %)
	17.23 (8.47 %)



[bookmark: _Ref54382116]Table 6: 5th percentile power consumption (Long DRX only, relative gain over Baseline-2 in parentheses)
	PDCCH periodicity
	Baseline-1
	Baseline-2
	WUS-Long
	Cross-slot scheduling
	PDCCH skip

	FR1
	1
	102.37
	11.14
	6.03 (45.84 %)
	5.92 (46.84 %)
	5.83 (47.68 %)

	
	2
	75.20
	10.18
	5.81 (42.89 %)
	5.76 (43.37 %)
	5.72 (43.77 %)

	FR2
	1
	177.08
	12.96
	9.07 (30.00 %)
	8.36 (35.45 %)
	7.32 (43.50 %)

	
	2
	112.84
	10.89
	7.93 (27.15 %)
	7.62 (29.99 %)
	7.16 (34.19 %)

	
	4
	80.72
	9.81
	7.34 (25.18 %)
	7.23 (26.28 %)
	7.07 (27.91 %)



[bookmark: _Toc54383024]Observation 2: Scheduling DCI-based PDCCH skip indication provides ~10% additional power saving gain over Rel-15 and Rel-16 power saving schemes, including DRX with Short and Long cycles, WUS, and cross-slot scheduling adaptation.

Conclusions
Observation 1: Rel-16 search space set switching feature can be reused for Rel-17 connected-mode power saving.
Observation 2: Scheduling DCI-based PDCCH skip indication provides ~10% additional power saving gain over Rel-15 and Rel-16 power saving schemes, including DRX with Short and Long cycles, WUS, and cross-slot scheduling adaptation.

Proposal 1: A search space set switching mechanism by a scheduling DCI and/or DCI format 2_6 is considered as a Rel-17 connected-mode power saving scheme.
Proposal 2: Scheduling DCI-based PDCCH skip indication is considered as a Rel-17 connected-mode power saving scheme. During the indicated skip duration, the UE can still monitor PDCCH in a discontinuous manner to handle potential HARQ retransmissions.
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