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Introduction
Progress in evaluation methodology for UE power saving has been captured in the draft TR [3] submitted and approved in RAN plenary #82. In this contribution, some remaining topics are discussed in Section 2.
A decision is also made at the RAN plenary that evaluation results for UE power saving sub-agenda items should be discussed in this agenda item. In Section 3, evaluation results for the sub-agenda item 7.2.9.2 Potential Techniques for UE Power Saving are presented and discussed.
Most of Section 2 is based on resubmission of R1-1901329 from last meeting (RAN1 AH1901). In Section 3, results are updated if affected by simulation assumption change (if any), and presented in a table format which was agreed in last meeting.

[bookmark: _Ref1156768]Evaluation Methodology
UE Power Modelling
[bookmark: _Ref535006840][bookmark: _Ref1068042]PDCCH-based WUS
In [2], PDCCH-based wake-up signal is discussed. Because UE does not expect to process anything more than PDCCH, either by specialized design or by large guaranteed k0/k2 (for a scheduling DCI), many of the modem hardware blocks do not have to ramp up to full power state. For example, the hardware responsible for PDSCH processing can be left in low power state. Only when a DL scheduling DCI is detected, the remaining hardware blocks need to ramp up fully in preparation for potential PDSCH processing.
Given that a fair amount of optimizations can be applied for PDCCH-WUS, for example, reduced bandwidth, search space, number of candidates, number of Rx antennas, it would be reasonable to expect PDCCH-WUS power consumption can be modelled as a small fraction of the baseline PDCCH power. It is expected that slot-averaged power of not more than 30 (roughly one third of the baseline PDCCH power) would be feasible.
[bookmark: _Toc1159602]Proposal 1: For PDCCH-WUS, the slot-averaged power can be assumed to be at most 30 units.
Also, the deep sleep transition overhead can be reduced from the baseline for the case UE wakes up to monitor PDCCH-WUS but does not detect it. Due to two-stage wake-up as explained in [2], UE does not need to ramp up to full functionality for PDCCH-WUS reception. With some hardware implementation optimization, it may be feasible to assume deep sleep transition energy be optimize to 1/3 of the baseline, i.e. 450/3 = 150 power units * msec.
[bookmark: _Toc1159603]Proposal 2: Deep sleep transition overhead for waking up for PDCCH-WUS, detecting nothing, and going back to deep sleep can be modeled as 1/3 of the baseline, i.e. 150 power units * msec. For the case UE detects PDCCH-WUS, the full baseline overhead should be assumed; Either microsleep power or BWP transition power can be assumed to model the transition from the end of PDCCH-WUS to UE being ready to receive PDSCH.
CSI-RS-based WUS should follow similar power model assumption as PDCCH-WUS.

Power Modeling for I-DRX
When UE operates in Idle states (RRC-IDLE and RRC-INACTIVE), UE might need to perform RRM measurement, cell re-selection if triggered and paging montoring every I-DRX. In particular, NR UE is expected to perform the following key functions:
· Multi-beam monitoring for beam selection
· Loop convergence (e.g., AGC/TTL/FTL and etc.) 
· RRM monitoring/measurement for cell reselection. 
· Paging monitoring during paging occasion
· SIB1 decoding if cell reselection is initiated
· Deep and light sleep
For baseline UE power consumption analysis in I-DRX, we use the power states, agreed power values  and assumed energy for FR1 I-DRX as summarized in Table 1.
[bookmark: _Ref534722454]Table 1: Power states and their power for FR1 I-DRX
	Power state
	Power
	Duration (ms)
	Energy
	Energy Notation

	Loop (AGC, TTL & FTL)
	100
	0.5
	50
	

	Paging (PDCCH-only)
	100
	2
	200
	

	SIB1 decoding (PDCCH+PDSCH)
	300
	1
	300
	

	Neighbor cell search (within SMTC)
	150
	2
	300
	

	L-SSB measurement
	Depending on the # of SSBs to be measured and whether UE is stationary or not
	

	Serving cell SSB/CSI-RS processing
	100
	0.5
	50
	

	Light sleep 1 (between consecutive SSBs for the loops and RRM measurement)
	20
	19.5
	390
	

	Light sleep 2 (gap between PO and the closest SSB)
	20
	10
	200
	

	Light sleep transition
	
	
	100
	

	Deep sleep transition
	
	
	450
	

	Deep sleep
	1
	
	
	

	Note: 
·  is the number of SSBs (one SSB in each SSB set) needed to run AGC/FTL/TTL loops (assuming  in the analysis)
·  is the whole duration other than the deep sleep within an I-DRX


The baseline power consumption for I-DRX is given by

where 
· For statitionay scenarios[footnoteRef:2],  with  (i.e., searving cell SSB processing).  is duration of L SSBs to be measured. [2:  This assumes UE is staying in no reselection area.] 

· For mobility scenarios,  with  is intra-frequency measurement and  depends on UE location/channel condition (e.g., cell edge or cell center). In particular,  should account for the facts that neighbor cell measurement might not need performing every I-DRX and SSBs from neighbor and serving cells might be time-aligned. In the analysis, we assume .
·  where is UE speed (m/s) and  is inter-site distance, and  assuming UE performs cell search one every 6 I-DRX cycles.
·  is I-DRX cycle and  is SMTC duration.
·  where is UE speed (m/s) and  is inter-site distance, and 
· 
Based on the model using agreed power modelling parameters, the baseline UE power consumption in I-DRX for FR1 at different UE speed is summaried in Table 2.
[bookmark: _Ref534978865]Table 2: Baseline UE power consumption in I-DRX for FR1  
	Mobility state
	Single SSB
	4 SSBs
	8 SSBs

	Stationary
	2.47
	2.52
	2.60

	3km/h
	2.51
	2.63
	2.71

	30km/h
	2.52
	2.64
	2.72

	120km/h
	2.55
	2.67
	2.74



In the above approach, only the no-page-detected case is assumed. It still offers useful insight because it is analytically more tractable and the case happens majority of the time.

[bookmark: _Ref535007007]Power Modeling for C-DRX
For the access state “CDRX”, typically the UE goes through a complete cycle of modem ramp-up (from deep sleep), PDCCH-only (i.e., tries to decode PDCCH but no grant) for ON duration, modem ramp-down, and deep sleep until the next DRX cycle. In addition, the UE might need to measure SSB or CSI-RS for RRM, and run necessary loop operations such as ADC, FTL and TTL based on SSB and/or TRS before receiving PDCCH. For baseline power consumption in C-DRX, we use the power states, agreed power values and assumed energy as summarized in Table 3.
[bookmark: _Ref534790720]Table 3: Power states and their power for C-DRX
	Power state
	Power
	Duration (ms)
	Energy
	Energy notation

	Loop (AGC, FTL & TTL)
	100
	0.5
	50
	

	PDCCH-only monitoring
	100
	
	100
	

	Serving cell RRM measurement (SSB-based)
	100
	0.5
	50
	

	Neighbor cell search (within SMTC)
	150
	2
	300
	

	Light sleep 2 (between consecutive SSBs for AGC/tracking loops)
	20
	19.5
	390
	

	Light sleep 1 (from a closest SSB to beginning of ON duration)
	20
	10
	200
	

	Light sleep transition
	
	
	100
	

	Deep sleep transition
	
	
	450
	

	Deep sleep
	1
	
	
	


The baseline power for C-DRX when no data is present


· [bookmark: _Hlk984182]If the time/frequency tracking loops are based on the SSB,  . If the time/frequency tracking loops are based on TRS,  .  
· For mobility scenarios,  with  is intra-frequency measurement and  depends on UE location/channel condition (e.g., cell edge or cell center). In particular,  should account for the facts that neighbor cell measurement might not need performing every I-DRX and SSBs from neighbor and serving cells might be time-aligned. In the analysis, we assume .
·  is duration of L SSBs to be measured.
·  assuming UE performs cell search one every 12 C-DRX cycles.
·  is the active time for running operations within an C-DRX
·  and 
If we ussume during C-DRX UE tracks only single SSB, the baseline power for C-DRX with no data is 9.83.
In the above approach, only the no traffic scheduled case (i.e. “empty C-DRX cycles”) is assumed. It still offers useful insight because it is analytically more tractable and the case happens majority of the time for typical traffic scenarios.

Typical EMBB Applications and “Days-of-Use”
For smartphones, DoU usage model is the most relevant to the user’s experience. Typically, a user takes the smartphone with him/her for the day, uses a number of applications, and expects a day (or slightly longer) of battery usage. The DoU usage model defines the types of applications and amount of usage for a typical user throughout a day. This gets mapped to low level modem operations at certain power level (i.e. “power states”), and the DoU profile allows us to derive the time duration for each of those power states. Then, the power consumption averaged over the day (a.k.a DoU power) can be calculated, and the impact of any power saving proposal can be evaluated as a percentage relative to the DoU average power; Equivalently, this is the percentage relative to the battery life (since battery capacity is fixed).
MBB (mobile broadband) use cases on 4G smartphones and networks are mature and very well understood. It is envisioned that despite NR will enable many other use cases, it is still expected to support MBB use cases in an enhanced manner. For 3GPP evolution, this important use case category is referred to as Enhanced Mobile Broadband (EMBB). To characterize EMBB usage, it is important to understand how MBB performs in terms of time usage and power consumption.
The benefit for DoU methodology is that it provides an overall system view on power consumption. Suppose one aspect of the modem operation is optimized and power consumption is reduced. The DoU average power would also reduce, and proportionally, the other contributors to DoU power would increase percentage-wise. This would magnify which next biggest contributor should be optimized. It prevents over-optimization of a single contributor because DoU analysis will show diminishing return.

[bookmark: _Ref525638088]Key Use Cases in Typical DoU Profile
As discussed, the DoU model should have a recommended list of applications, but in the end, only a few representative applications would be studied. It is reasonable to simplify the model to running only the top few applications that either consume the most time duration, or consume the most power (relative to DoU power). 
In #94bis, the following agreement was made:
· Applications including FTP, web-browsing, video streaming, instant messaging, VoIP, gaming, background app sync can be considered for traffic modelling for power saving proposal evaluation.
Above applications can be considered to be constituent of a typical DoU profile.
In #95, the following reference traffic models are agreed:
For FTP, instant messaging, and VoIP application, the following traffic models and DRX configuration should be included for evaluation:
	

	FTP traffic
	Instant messaging
	VoIP

	Model
	FTP model 3
	FTP model 3
	As defined in R1-070674.
Assume max two packets bundled.

	Packet size
	0.5 Mbytes
	0.1 Mbytes
	

	Mean inter-arrival time
	200 ms
	2 sec
	

	DRX setting
	Period = 160 ms
Inactivity timer = [100] ms
	Period = 320 ms
Inactivity timer = 80 ms

	Period = 40 ms
Inactivity timer = 10 ms


Note: For ON duration setting, following reference DRX configurations as previously agreed.
There is also the following agreement providing recommendation for traffic model for the remaining applications:
· For web-browsing, video streaming, and gaming applications, the traffic models and the delay requirements defined in R1-070674 can be used in the evaluation. The parameters (e.g. packet size) may be updated to be in line with EMBB traffic requirements.
· For background app sync application, for power consumption evaluation purpose, it can be assumed that idle mode operations (inclusive of page detection, RRM, deep sleep and transition overhead) contributes to X% of the use case power. The remaining portion is contributed by intermittent RRC connections due to background activities (FFS: value of X)
· Companies should report the assumptions made in the evaluation
In this contribution, we will discuss some analysis and proposed update to the web-browsing traffic model based on the recommended reference [1].

[bookmark: _Ref528930915]FTP Traffic
The following is the time duration and power distribution based on the agreed traffic model. The C-DRX scenario is {DRX cycle, DRX inactivity timer} = {160 msec, 100 msec}, with ON duration = 8 msec.
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SYNCH state refers to periodic synchronization which is performed at an interval of every 500 msec. TRS and CSI processing is performed at the start of ON duration. For the case WUS is supported, WUS would indicate to the UE to skip the ON duration if the scheduler queue is empty right before the WUS occasion. PDCCH-only (ON duration) refers to the PDCCH monitoring before any grant is detected within ON duration. Once a grant is detected and DRX inactivity timer starts, the PDCCH monitoring would be accounted as “PDCCH-only”.

Power state characteristics
Average power: ~43 power units
Majority power consumption is due to PDCCH monitoring, especially during DRX inactivity time.

[bookmark: _Ref535005049]Web Browsing / Interactive Content Pull
Traffic characteristics
For web browsing traffic modelling, the user behaviour is usually modelled to request several web pages (i.e. packet call) with different inter-arrival time for user reading the web page. A user requested web page will be downloaded from the web server and be viewed by the users. After finishing the downloading process of one web page, a page reading period takes place while the user is viewing the content of the web page. 
A typical web page usually consists of a Hypertext document with links to other objects that make up the whole web page. A web page consists of a main object, which defines the basic structure of the web page and contains the links to the fllowing embedded objects after parsing time of main object. The web-browser shall parse the main objects for additional references to embeded impage files such as images, scripts, flash on the tops and sides of the page as well as the stylized buttons. The embedded objects can be a number of embedded object with different size.
Web-browsing traffic can be generalized to “interactive content pull” which covers a relatively wide range of usage scenarios in which the user is actively browsing for, and consuming, content via browsers or other web-centric applications. These may include for example HTTP web browsing, usage of online maps, browsing of social networking pages, and general app usage.

[image: ]D
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Figure 1: Web page and objects in a typical Web Browsing traffic model [4]
Traffic model
According to [1][4], the main parameters describing the web-browsing model are:
· The main size of an object SM
· The size of an embedded object in a page SE 
· The number of embedded objects ND
· Reading time D
· Parsing Time for the min page TP
Table 4: Web Browsing traffic modeling parameters
	Parameter
	Statistical Characterization

	Main Object Size SM
	Truncated Lognormal Distribution
Mean=10710 Bytes, Standard Deviation=25032 Bytes, Minimum=100 Bytes, Maximum=2 Mbytes (Before Truncation)


PDF:  , 

	Embedded Object Size SE
	Truncated Lognormal Distribution
Mean=7758 Bytes, Standard Deviation=126168 Bytes, Minimum=50 Bytes, Maximum=2 Mbytes (Before Truncation)


PDF:  , 

	Number of Embedded Objects per Page =ND
	Truncated Pareto Distribution
Mean=5.64, Maximum=53 (Before Truncation)



PDF:  , , 
Note: Subtract k from the generated random value to obtain ND

	Reading Time D
	Exponential Distribution
Mean=30 seconds (updated to 4 seconds for our evaluation)


PDF: , 

	Parsing Time TP
	Exponential Distribution
Mean=0.13 seconds


PDF: , 


Inter-arrival distributions for sessions (left figure) and objects (right figure):
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[bookmark: _Toc1159597]Observation 1: It is important to consider different arrival characteristics among sessions and objects for web-browsing traffic modeling.
The modeled throughput time profile has close resemblance to real web page traffic throughput:
	[image: ]
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[bookmark: _GoBack][bookmark: _Toc534307314][bookmark: _Hlk534988842]It should be noted that when end user receives one web page, end user may take various time to read this page based on the user’s interests. During the reading time, the UE may also parallelly process the protocol overhead after receiving one web page. So in some scenarios, the reading time can be presented by a relavie smaller value since user may have no interests on this web page. In our evaluation and modelling, reading time with mean value of 4 sec is assumed.
[bookmark: _Toc1159604]Proposal 3: For the recommended web-browsing traffic model based on R1-070674, the reading time parameter should be adjusted, e.g. 4 seconds.

Power state characteristics
The following is the time duration and power distribution based on the above proposed traffic model. The C-DRX scenario is {DRX cycle, DRX inactivity timer} = {160 msec, 100 msec}, with ON duration = 8 msec.
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Average power: ~12 power units.
PDCCH-only state is the highest contributor to DoU power. One difference with FTP is that the traffic is more bursty and large proportion of PDCCH-only power is due to during ON duration.

Instant Messaging
Traffic model
The instant messaging traffic modelling is introduced as several instant messages arrival to one user with inter-arrival time between two messages. Typically, the size of the instant message is determined by the Pareto distribution. The inter-arrival time between two messages can be modelled as the Lognormal distribution. 
For simplicity, the instant messaging traffic modelling can be recognized as a parameterized FTP traffic model. In our power modelling for instant messaging applications, FTP traffic model from Section 2.2.1.1 is used with inter-arrival time set to 2 second. The payload size is reduced to 0.1 Mbytes. 

Power state characteristics
The following is the time duration and power distribution based on the agreed traffic model. The C-DRX scenario is {DRX cycle, DRX inactivity timer} = {160 msec, 100 msec}, with ON duration = 8 msec.
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Average power: ~6 power units
PDCCH-only state is the highest contributor to DoU power. C-DRX (empty cycles) is the next most significant contributor

[bookmark: _Ref525861120]Background App Sync
Traffic characteristics
The background app sync traffic is quite similar to instant messaging traffic. A main difference is that longer inter-arrival time between each sync can be expected for background app sync traffic modelling.

Example time and power breakdown per state based on LTE field logs
	[image: ]
(Contributors other than I-DRX and C-DRX are too small to be seen in above time chart but they are not zero)
	[image: ]


Background app sync is an application that the user does not “consciously” use. It takes place when the user leaves his/her phone unattended, during which the UE spends majority of the time in idle mode, but regularly establishes RRC connection with the network because the apps need to communicate with the servers.
Although I-DRX takes majority of the time, in terms of power contribution, it is roughly only half. The other half is contributed by active states when the apps running in the background causes the UE to establish RRC connections for data exchange with the servers intermittently. For the test example shown, on average one connection every few minutes is observed. However, if the number of apps running in the background is more, the connection rate can be several times higher.
[bookmark: _Toc1159598]Observation 2: When a smartphone is in standby (i.e. no user interactions but the apps are running in the background and intermittently perform small data sync with the servers), significant power consumption is due to intermittent RRC connections for these background activities.
For the test example shown, the remaining half of the power is contributed by three main I-DRX activities: (i) deep sleep, (ii) the overhead of being active and performing page detection, (iii) the extra power consumption for neighbor cell search and measurements. About 18% power is consumed by the overhead of waking up and performing page detection. About 12% power is consumed for neighbor cell search and measurements. In this example LTE field test, there are 2 intra-frequency neighbors and 1 inter-frequency neighbor. S_serv is below S_intra and S_non_intra.
[bookmark: _Toc1159599]Observation 3: To extend smartphone standby time, it is important to also consider optimizations for intermittent RRC connections due to background activities.
Further analysis shows that typically, for the power associated with intermittent RRC connections, roughly a quarter of the time is spent in establishing RRC connections. This signaling overhead can be reduced if UE camps on RRC_INACTIVE mode instead of RRC_IDLE mode.

Overall DoU Power
The overall DoU power can be computed as the time-weighted average of all use case power. The time weight is the percentage of time the UE spends running the use case (or application).

where .

If the battery capacity allotted for modem operation is known, the overall DoU power can be directly translated to the battery life. For example, in the example, DoU power is 13mA. If the battery budget for the modem is 400mAHr (the rest of the capacity budgeted for other components of the smartphone), this means about 30 hours of operation is the target.
Finally, the distinction between modem DoU power vs smartphone DoU power should be clarified. The latter includes other parts of the smartphone, for example, the display, application processor, GPU, etc, whereas the former includes just the cellular modem and associated chipsets. When we talk about DoU power in the context of this contribution, the context is always the modem DoU.
[bookmark: _Toc1159600]Observation 4: Time weights can be assigned to the applications based on real-life typical usage. The weighted-average of DoU power contribution across the applications is the overall DoU power for the UE.
[bookmark: _Toc1159601]Observation 5: Overall DoU power has a direct relationship to UE battery life and can be considered as a comprehensive evaluation metric for power saving gain.

[bookmark: _Ref1156836]Evaluation Results
This section intends to capture evaluation results for power saving techniques discussed in other sub-agenda items.

[bookmark: _Ref528960233]Pre-wake-up window for C-DRX enhancement
This section is for the power consumption analysis of the pre-wakeup-window technique, introduced in [2].
A simple analysis can verify the benefit of using PWU windows over the conventional SSB-based scheme. The analysis is based on the power models agreed in RAN1#94bis, and the assumptions are shown in the table below.
	Setting
	Configuration

	Power model
	FR1 baseline (RAN1#94bis agreement)

	C-DRX
	      1. 160msec cycle, 8msec ON duration
      2. 320msec cycle, 10msec ON duration

	Measurement resources
	

· SSB-based: y ~ Unif (0, 20msec)
· PWU window: y = 0 slots


For the resources for measurement, it is assumed that the SSB-based scheme uses only one SSB burst (20msec periodicity) of 2 slots, closest to the ON duration. Therefore, the time offset between the SSB burst and the ON duration is uniformly random between 0 and 20msec. For PWU window, 2-slot TRS burst is placed right before each ON duration. It is further assumed that the UE selects a legitimate sleep state (dep, light, or micro sleep) depending on the length of sleep-eligible duration, and the transition overhead is accordingly applied. In the following table, the C-DRX power consumption for the SSB-based and PWU window schemes are compared; from the results in the table, the power-saving benefit of using PWU windows is clearly demonstrated.
	Slot-average power
	C-DRX configuration (cycle, ON duration)

	
	(160msec, 8msec)
	(320msec, 10msec)

	SSB-based (baseline)
	11.11
	6.67

	PWU window
	9.38
(15.6% reduction from baseline)
	5.81
(12.9% reduction from baseline)


The power saving gains in the above table are summarized in the following table, according to the format agreed in RAN1 AH1901.
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT /
Latency

	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	Pre-wake-up window
	5.8 to 9.4%
	C-DRX config (cycle, on dur.)
(160ms, 8ms): 9.4%
(320ms, 10ms): 5.8%
	
	Additional CSI-RS/TRS transmission in PWU window
	Baseline: SSB-based scheme
Traffid model: PDCCH-monitoring only
	



[bookmark: _Ref528960346]Cross-slot scheduling and PDCCH occasion skipping
This section provides system-level power-saving evaluation for cross-slot scheduling and PDCCH occasion skipping [2].

System-level simulation parameters
The power models and system-level simulation assumptions for the evaluation are as agreed in RAN1#94bis, which is 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, as already viewed in [2], we can rely on 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.
The average power saving gains of cross-slot scheduling and PDCCH skipping are summarized in Table 8 to be captured in the TR.
[bookmark: _Ref1128577]Table 8: Power consumption summary 
	Power saving scheme
	Pwer saving gain
	Power saving gain for each configuration
	UPT/
Latency
	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	FR1, cross-slot scheduling
	6.9% to 25.8%
	For PDCCH period
1 slot:  25.8%
2 slots: 17.5%
4 slots: 11.0%
8 slots: 6.9%
	For PDCCH period
1 slot: 88.1ms
2 slot: 88.3ms
4 slot: 88.8ms
8 slot: 89.8ms
	
	SLS, FTP3, no DRX
	· Gain in average power consumption
· Baseline latency: 87.6ms (PDCCH period 1 slot)

	FR2, cross-slot scheduling
	9.6%  to  27%
	For PDCCH period
1 slot:  27.0%
2 slots: 20.9%
4 slots: 14.7%
8 slots: 9.6%
	For PDCCH period
1 slot: 22.0ms 
2 slot: 22.1ms
4 slot: 22.2ms
8 slot: 22.5ms
	
	SLS, FTP3, no DRX, 
	· Gain in average power consumption
· Baseline latency: 21.9ms (PDCCH period 1 slot)

	FR1, PDCCH skipping
	Ideal indication: 
11.4 to 47.3%

	For PDCCH period
1 slot:  47.3%
2 slots: 31.5%
4 slots: 19.3%
8 slots: 11.4%
	For PDCCH period
1 slot: 88.1ms
2 slot: 88.3ms
4 slot: 88.8ms
8 slot: 89.8ms
	
	SLS, FTP3, no DRX,, genie-aided PDCCH skipping indication
	· Gain in average power consumption
· Baseline latency: 87.6ms (PDCCH period 1 slot)

	
	SFI-based indication:
7.8%  to 44.6%
	For PDCCH period
1 slot:  44.6%
2 slots: 28.5%
4 slots: 16.0%
8 slots: 7.8%
	For PDCCH period
1 slot: 88.1ms
2 slot: 88.3ms
4 slot: 88.8ms
8 slot: 89.8ms
	Signaling overhead: skipping indication (SFI)
	SLS, FTP3, no DRX, , SFI-based PDCCH skipping indication with periodicity of 8 slots
	

	FR2, PDCCH skipping
	Ideal indication: 
21.4 to 67%
	For PDCCH period
1 slot:  67.0%
2 slots: 50.7%
4 slots: 34.4%
8 slots: 21.4%
	For PDCCH period
1 slot: 22.0ms 
2 slot: 22.1ms
4 slot: 22.2ms
8 slot: 22.5ms
	
	SLS, FTP3, no DRX, , genie-aided PDCCH skipping indication
	· Gain in average power consumption
· Baseline latency: 21.9ms (PDCCH period 1 slot)

	
	SFI-based indication:
11.9 to 62.3%
	For PDCCH period
1 slot:  62.3%
2 slots: 44.4%
4 slots: 26.4%
8 slots: 11.9%
	For PDCCH period
1 slot: 22.0ms 
2 slot: 22.1ms
4 slot: 22.2ms
8 slot: 22.5ms
	Signaling overhead: skipping indication (SFI)
	SLS, FTP3, no DRX, , SFI-based PDCCH skipping indications with periodicity of 8 slots.
	



[bookmark: _Ref535731877]Power Saving Evaluation of Wake-Up Signaling
The objective is to quantify the relative power saving with and without wake-up signalling. PDCCH-based wake-up signalling is assumed and the evaluation should be applicable to any one of the design options discussed in [2].
[bookmark: _Hlk528885050]Single user simulation focusing on DL data modelled with FTP traffic, instant messaging traffic, and web-browsing traffic has been performed. The UE power model is based on the model endorsed in [3]. The simulation targets FR1 and adopts the reference configuration and assumptions as agreed.
[bookmark: _Hlk528885097]A subset of the recommended C-DRX configurations is exercised:
1. C-DRX cycle 40msec, inactivity timer 10 msec, On duration: 4 msec
2. C-DRX cycle 160msec, inactivity timer 100 msec, On duration: 8 msec
3. C-DRX cycle 320msec, inactivity timer 80 msec, On duration: 10 msec
The channel condition is assumed to be ideal and the peak MCS and max RB allocation is assumed, same as the assumption made in the calibration exercise. Data is always received and decoded correctly on the first transmission; Hence HARQ retransmission and associated timers are not applied. Short DRX is assumed to be disabled.
[bookmark: _Hlk528885143]The traffic model definition and parameters are as proposed and defined in [3]. For web-browsing traffic, the model described in Section 2.2.1.2 is used. UL traffic and UL feedback impact are omitted for simplification.
The proposed scheme with PDCCH-WUS (please refer to Section 2.1.1 for power modeling assumptions) is compared against the following baseline cases without wake-up signaling:
Case #1 “Reference ON duration”: The reference ON duration as agreed in [3] is used for the baseline; All longer than 1 slot.
Case #2 “1-slot ON duration”: ON duration for the baseline is reduced to 1 slot. This is the shortest ON duration that is configurable and should result in the lowest power for a given DRX configuration.

In the simulation, it is assumed that UE always performs CSI processing in the slot before the first scheduled PDSCH, and every 8 msec thereafter until there is no more traffic. It is also assumed that in case WUS is detected, there is a gap of 3 milliseconds (i.e. 6 slots) to the first schedulable slot (for CSI and/or PDSCH). The purpose of this gap is for further wake-up of the modem to get ready for potential PDSCH and/or CSI processing; Microsleep power is assumed during this gap. It is also assumed that UE performs synchronization every 160 msec. Also, very good serving cell condition is assumed and no neighbor cell measurement and search is performed.
For illustration of the timeline and power profile for above cases, please refer to the Appendix.
Please refer to Section 2.1.1 for discussion of why sleep transition overhead can potentially be reduced for PDCCH-WUS.

	[bookmark: _Hlk892864][image: ]
	Latency increase:
{40, 10}: 13%
{160, 100}: 4%
{320, 80}: 2%
Percentage of empty
C-DRX cycles:
{40, 10}: 98%
{160, 100}: 95%
{320, 80}: 91%
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	Latency increase:
{40, 10}: 13%
{160, 100}: 3%
{320, 80}: 1%
Percentage of empty
C-DRX cycles:
{40, 10}: 89%
{160, 100}: 72%
{320, 80}: 52%
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	Latency increase:
{40, 10}: 14%
{160, 100}: 4%
{320, 80}: 2%
Percentage of empty
C-DRX cycles:
{40, 10}: 98%
{160, 100}: 93%
{320, 80}: 86%



It can be seen that the relative power saving is significant and can be substantial. To consider optimization for the baseline, it is also assumed that ON duration is configured to be only 1 slot. This is the lowest power possibly achieved with existing C-DRX to constitute comparison with wake-up signaling scheme. Even with this, the power saving gain still holds and can be significant. 
It can also be observed that when the DRX configuration and traffic pattern results in lower percentage of empty CDRX cycles, the gain of WUS reduces. The example is DRX {320, 80} with FTP traffic, for which the relative power saving is only 3% if compared to the 1-slot ON duration baseline.
In terms of additional latency, for longer DRX cycles (e.g. 160ms, 320ms), the relative increase is only a few percent and is negligible. Intuitively, this makes sense as DRX already contributes to most of the latency. For shorter DRX cycles (e.g. 40ms), the increase can be higher percentage in the teens, but still relatively mild. Power saving gain is typically also higher for shorter DRX cycles.
In terms of extra resource usage, the percentage of empty C-DRX cycles is a good indicator. PDCCH-WUS would require additional PDCCH resource for the case the UE is served during the C-DRX cycle. For the case the UE is not served, there is no additional PDCCH usage because PDCCH-WUS does not need to be transmitted. UE-specific PDCCH-WUS is assumed for this interpretation.
The metrics for this power saving scheme are summarized in the following table, the format of which was agreed in RAN1 AH1901.
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT /
Latency
	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	PDCCH-based WUS triggering UE wakeup 
	3-64%
	Highlights:

Web browsing /w DRX (160, 100)
(#1) 35%
(#2) 25%

FTP /w DRX (160, 100)
(#1) 10%
(#2) 5%

FTP /w DRX (40, 10)
(#1) 50%
(#2) 31%

IM /w DRX (320, 80)
(#1) 21%
(#2) 11%


	Latency increase:

Web browsing /w DRX (160, 100)
4%

FTP /w DRX (160, 100)
3%

FTP /w DRX (40, 10)
13%

IM /w DRX (320, 80)
2%
	Percentage of DRX cycles requiring one additional PDCCH as WUS:

Web browsing /w DRX (160, 100)
5%

FTP /w DRX (160, 100)
28%

FTP /w DRX (40, 10)
11%

IM /w DRX (320, 80)
14%
	Method: Numerical simulation

FR1. DL-only.
Sync every 160 msec.

Traffic model: Web browsing, FTP, IM 

DRX configuration (40,10) (160,100) (320, 80)

DRX ON duration assumption for baseline:
(#1) Reference config 
(#2) 1-slot (minimum power)

WUS power model:
~1/3 of baseline
(See Section 2.1.1)

UE SINR assumption: Peak MCS, throughput
	CSI  measurements in pre-processing before the 1st PDSCH reception



Additional information on average power consumption (in power units) and how the percentage gain can be computed.
	
	Web browsing /w DRX (160, 100)
	FTP /w DRX (160, 100)
	FTP /w DRX (40, 10)
	IM /w DRX (320, 80)

	Baseline (#1)
	8.7
	44.0
	39.6
	9.0

	Baseline (#2)
	7.5
	41.8
	28.6
	8.0

	WUS (~1/3 energy)
	5.6
	39.7
	19.8
	7.1

	WUS (~1/10 energy)
	5.0 (11% less)
	39.0 (1.7% less)
	16.8 (15% less)
	6.8 (4.2% less)



The results for WUS power model assuming a lower energy than proposed in Section 2.1.1 is also shown in the last row in above table. The percentage within parentheses is the relative reduction from the proposed WUS power model assuming ~1/3 energy w.r.t. to the baseline. The results suggest that the overall average power for the use case is not very sensitive to the WUS energy once it is sufficiently low. This “diminishing gain” effect is discussed more in our companion paper [2].


[bookmark: _Ref535730768]SCell Dormancy Power Saving Evaluation 
Simulation setting:
	Setting
	Configuration

	Power model
	FR2 baseline (RAN1#95 agreement)

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

	Simulation Length 
	1 second 

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

	Number of gNB/cells
	57

	UE distribution
	10 UEs per cell, 100% outdoor

	Number of Component Carriers
	4 CC

	SCell
Dormant State Transition Delay, (T)
	T = {1, 6} SLOTS
Type 1 BWP transition time is 6 slots for 120 kHz SCS based on TS 38.133. 
T=1 slot is to model the shortest delay (e.g. if supported by semi-persistent search space activation/deactivation scheme)

	Scheduling
	PF, TDM-based

	C-DRX
	Not configured

	Cross-slot scheduling 
	K0>0

	PDCCH Monitoring Periodicity 
	{1, 2, 4, 8}
Note: Same PDCCH Monitoring Periodicity is assumed across all 4 CCs


We consider FR2 for the evaluation with the simulation parameters for analog beamforming presented in the following table.
	Setting 
	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


Based on models and simulation parameters presented above, we evaluated the power consumption for the FR2 4CC configuration with and without SCell dormancy adaptation. The details of this proposal and two signaling/configuration schemes were presented in our companion paper [2]. 
For the baseline simulations, SCell is in activated state (and not in dormant state) for the entire length of the simulation. The search spaces on all CCs are active, the PDCCHs are continuously monitored based on the configured PDCCH monitoring periodicity. The other case is with SCell dormancy. There are two schemes to implement the signaling for SCell dormancy adaptation. First, by dormant BWP and the latency for switching into and out of SCell dormant state is essentially the BWP transition delay. Another scheme is by semi-persistent search space configuration. In this scheme, the semi-persistent search space configuration is only applied to the 3 SCELLs and not the PCELL which is considered the anchor carrier. The SCells are usually in dormant state, and they are only fully activated when there is upcoming data transmission on the SCells.  The SCell transition (from dormant state to activated state) occurs T slots before data arrival on the SCell. In practice, the activation delay is useful, especially, in scenarios involving potential RF bandwidth change and/or baseband hardware ramp-up before data transmission commences on the SCell. For transitioning to SCell dormant state, a time duration of T slots is observed after which if no data is received, the transition back to dormant BWP occurs, or alternatively, the search space is deactivated and the PDCCH monitoring on that cell is discontinued. Also, we assume the activation of the search space on the SCells is genie aided. 
In Table 9, Table 10 and Table 11  below, the average, median and 5th percentile power consumption and power saving gains for the Baseline and SCell dormancy are presented. 	

[bookmark: _Ref535681825]Table 9: Average power consumption (relative gain over baseline in parentheses)
	PDCCH periodicity
	Baseline
(Scell Always Active)
	SCell dormancy
(Shortest delay)
T = 1 Slot
	SCell dormancy (Type 1 BWP transition latency)
T = 6 Slots

	1
	453.62
	301.07 (33.63%)
	305.18 (32.72%)

	2
	326.14
	251.40 (22.92%)
	252.85 (22.47%)

	4
	262.39
	226.05 (13.85%)
	226.14 (13.82%)

	8
	230.52
	213.42 (07.42%)
	212.70 (07.73%)



[bookmark: _Ref535681831]Table 10: Median power consumption (relative gain over baseline in parentheses)
	PDCCH periodicity
	Baseline
(Scell Always Active)
	SCell dormancy
(Shortest delay)
T = 1 Slot
	SCell dormancy (Type 1 BWP transition latency)
T = 6 Slots

	1
	446.43
	292.67 (34.44%)
	297.58 (33. 49%)

	2
	318.15
	244.04 (23.29%)
	245.15 (22.95%)

	4
	254.04
	216.83 (14.65%)
	216.96 (14.60%)

	8
	221.90
	203.49 (08.30%)
	202.91 (08.56%)



[bookmark: _Ref535681836]Table 11: 5th percentile power consumption (relative gain over baseline in parentheses)
	PDCCH periodicity
	Baseline
(Scell Always Active)
	SCell dormancy
(Shortest delay)
T = 1 Slot
	SCell dormancy (Type 1 BWP transition latency)
T = 6 Slots

	1
	425.93
	248.92 (41.56%)
	250.88 (41. 10%)

	2
	295.19
	212.19 (28.11%)
	212.96 (27.86%)

	4
	229.87
	191.77 (16.57%)
	191.64 (16.63%)

	8
	197.19
	179.86 (08.79%)
	179.64 (08.90%)


These results show that power saving gains from the Scell dormancy proposal could be as high as 33%. As expected, with increasing PDCCH monitoring periodicity, the power consumption reduces as well as the power saving gains derived from the Scell dormancy proposal. The results also show that the gain is not very sensitive to the transition delay T = {1 or 6} slot from SCell dormant state to fully activated state.
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT /
Latency

	Estimated Overhead
	Evaluation methodology/baseline assumption
	Note
(include UE throughput)

	SCell Dormancy
	7.4 to 33.6%
	Highlights:

Transition Delay=1 slot
For PDCCH period
1 slot:  33.6%
2 slots: 22.9%
4 slots: 13.9%
8 slots: 07.4%

Transition Delay=6 slots
For PDCCH period
1 slot:  32.7%
2 slots: 22.5%
4 slots: 13.8%
8 slots: 07.7%
	

Average latency
20.4ms




Average latency
20.7ms
	
Signalling overhead due to transition commands
	Method: SLS 
FR2. DL-only, No CDRX

Traffic model: FTP Model 3


	· Gain in average power consumption.
· Baseline latency: 20.3ms
· Additional latency id due to transition delay



Conclusion
In this contribution, the following observations and conclusions are made:
Observation 1: It is important to consider different arrival characteristics among sessions and objects for web-browsing traffic modeling.
Observation 2: When a smartphone is in standby (i.e. no user interactions but the apps are running in the background and intermittently perform small data sync with the servers), significant power consumption is due to intermittent RRC connections for these background activities.
Observation 3: To extend smartphone standby time, it is important to also consider optimizations for intermittent RRC connections due to background activities.
Observation 4: Time weights can be assigned to the applications based on real-life typical usage. The weighted-average of DoU power contribution across the applications is the overall DoU power for the UE.
Observation 5: Overall DoU power has a direct relationship to UE battery life and can be considered as a comprehensive evaluation metric for power saving gain.

Proposal 1: For PDCCH-WUS, the slot-averaged power can be assumed to be at most 30 units.
Proposal 2: Deep sleep transition overhead for waking up for PDCCH-WUS, detecting nothing, and going back to deep sleep can be modeled as 1/3 of the baseline, i.e. 150 power units * msec. For the case UE detects PDCCH-WUS, the full baseline overhead should be assumed; Either microsleep power or BWP transition power can be assumed to model the transition from the end of PDCCH-WUS to UE being ready to receive PDSCH.
Proposal 3: For the recommended web-browsing traffic model based on R1-070674, the reading time parameter should be adjusted, e.g. 4 seconds.

Appendix
[bookmark: _Ref528836472]Illustration of WUS Power Analysis Timeline
Description of the cases:
Case #0: The baseline is without wake-up signalling, and the proposed scheme is with PDCCH-WUS. The active power level for detecting PDCCH-WUS is about 1/3 of the baseline PDCCH-only in ON duration. Reduction in sleep-transition overhead for waking-up to detect WUS is not assumed.
Case #1: “Reference ON duration baseline”. Same as Case #0 but also assumes reduction in sleep-transition overhead for waking-up to detect WUS is feasible in implementation, and the reduction can be about 2/3 of baseline.
Case #2: “1-slot ON duration baseline”. Same as Case #1 but with a modified baseline such that DRX ON duration is reduced to 1 slot. This is the shortest ON duration that is configurable and should result in the lowest power for a given DRX configuration.
In the evaluation, only Case #1 and #2 are used.








	Legend:


	y-axis is proportional to instantaneous power consumption
x-axis represents time.
(Not completely to scale)
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