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1 Introduction
The objectives for the UE power saving study were concluded in the previous RAN plenary as following:
1) Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]
a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
(Note: existing UE capabilities are assumed for UE processing timeline)

i)     Network and/or UE assistance information

ii) Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme

b) Study the power saving signal/channel/procedure for triggering adaptation of UE  power consumption characteristics

2) Study the UE power consumption reduction in RRM measurements in synchronous and asynchronous network deployment [RAN1/2]

3)  Study the enhancement of higher layer procedures for UE power saving   [RAN2]
a) Study the enhancement of  UE paging procedure based on the additional power saving signal/channel/procedure

This contribution considers evaluation methodology aspects for the UE power saving SI.
2 Discussion on evaluation methodology for UE power savings
2.1 UE power consumption modelling

TR 38.803 [1] describes the UE power consumption model for RRM. Four different power consumption conditions are defined as shown in Figure 1:
· Deep sleep (Pds): The UE is operating in its lowest power consumption mode, with baseband circuits maintaining timing to the lowest level of accuracy and minimal other baseband activity. RF circuits are not active.
· Light sleep (Pls): The UE in this state has maintained timing using a clock and activity level that allows reception to start with a reasonably small delay. This state represents the UE being ready to start to receive with minimal delay.
· Active RX only (Par): The UE is actively receiving, or attempting to receive a signal. This state is characterised by the RF receiver circuit being active.
· Active TX only (Pat): The UE is actively transmitting a signal.
· Active TX + RX: The UE is actively receiving and transmitting (RX and TX are active). The power consumption in this state is assumed to be the sum of the active RX only power consumption and the active TX only power consumption.

Each of the above states consumes a different level of power and requires a different time duration (e.g., Td2l, Tat2d, Tar2d, Tat2l, and Tar2l) for state transition from one to another as illustrated in Figure 1. Although the relative power consumptions and time durations for the above states are not determined yet in [1], it would be a good starting point to consider at least the above four states for power consumption modelling for the UE power saving SI in Rel-16. 
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Figure 1. Power consumption states for the UE model
In addition to the power states in Figure 1, several detailed power consumption states can be considered to more accurately capture the characteristics of UE power consumption in connected mode. Regarding UE sleep modes, the micro sleep state can be further considered. Considering micro sleep, if the UE does not detect a DL assignment for a slot after PDCCH decoding, the UE can enter a micro-sleep state for that slot until the next PDCCH monitoring occasion (assuming that the UE is not configured to receive other signalling such as CSI-RS or SPS PDSCH). Micro sleep can have a fast state transition time from sleep to active. Depending on how long the UE is in a sleep mode, i.e., one of deep/light/micro sleep can be adjusted by the UE as shown in Figure 2. For example, under long DRX cycle where the inactive time is enough for a UE to sleep long time, the UE can go into deep sleep during inactive time. Likewise, under short DRX cycle, the UE can do light sleep during inactive time. On the active time under DRX operation or on the “normal” state without DRX configuration, the UE can go to micro sleep states when there is no grant. 
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Figure 2. Illustration of UE sleep modes
Active RX states can be further subdivided into PDCCH without grant, PDCCH with DL grant (i.e., PDSCH reception), and measurement. Rel-15 NR specification supports very flexible PDCCH configuration, PDSCH scheduling, and measurements. It would be desirable to simplify the evaluation assumptions as much as possible at the beginning for tractable analysis. For PDCCH decoding, Case 1 of PDCCH monitoring (i.e., slot-level monitoring periodicity), 2-symbol or 3-symbol CORESET, maximum number of BDs, and self-carrier scheduling can be assumed. Regarding PDSCH reception, slot-based scheduling with 12-symbol or 11-symbol length and same-slot scheduling can be assumed as default. For measurement, only SSB-based measurement can be initially considered and it may later be expended to periodic CSI-RS if needed. Relative power consumptions for each state are TBD for now.
It would be good to deprioritize consideration on uplink, i.e., active TX states since power saving in uplink is out of the scope during the SI phase.
Based on above discussion and the summary in email discussions, parameters for power consumption modelling are summarized in Table 1.
Table 1. Power consumption modelling
	\
	Power [units/slot]
	Ramp u/d time [symbols]
	Notes 

	PDSCH reception
	Pdata
	
	RF and baseband circuit. PDSCH mapping type A, same-slot scheduling, fixed symbol length (e.g. 12-symbol or 11-symbol) are assumed.

	PDCCH decoding
	Pcontrol
	
	Full PDCCH blind decoding, same-slot scheduling, self-carrier scheduling, slot-level monitoring periodicity, and 2-symbol or 3-symbol CORESET are assumed.

	Micro sleep
	PMS
	
	Maintaining accurate timing by keeping RF frequency reference active and Baseband processing and controller in standby mode. If there is no grant after PDCCH decoding, UE goes into micro sleep.

	Light sleep
	PLS
	
	Corresponds to maintaining accurate timing by keeping RF frequency reference active

	Deep sleep
	PDS
	
	Lowest power consumption mode, with baseband circuits maintaining timing to the lowest level of accuracy and minimal other baseband activity. RF circuits are not active.

	Transition from light sleep
	PLS2a
	TLS2a
	

	Transitions from deep sleep
	PDS2a
	TDS2a
	

	Transitions from micro sleep
	PMS2a
	TMS2a
	

	Power saving signals reception
	PPS
	
	

	RRM measurement
	Pmeasure
	
	


Proposal 1: Study power consumption modelling based on Table 1.
2.2 Parameters for power consumption adaptation
UE power consumption characteristics, e.g., power consumption scaling according to frequency, time, antenna, DRX configuration, and UE processing timeline should be reflected adequately for the evaluation purpose. It would be desirable to use simplified models for power consumption adaptation in order to get a tractable simulation results. 
In [2] and [3], the power consumption characteristics in RF and BB according to bandwidth are well captured, respectively, and are realistic. It is shown that the power scaling for bandwidth is close to linear. This property can be applied to scenarios for both BWP and CA operation. 
The UE power consumption increases as the number of active antennas increases. The power scaling characteristics depending on the number of active antennas would be different in RF and BB. In addition, power scaling for the number of antennas will heavily rely on implementation. For example, if an additional antenna activation requires the UE to turn on an additional RF chain, power consumption in RF will be doubled. Therefore, it would be preferable to just capture the power consumption ratio for each of the number of active antennas (2 and 4). The single antenna can be a baseline.
PDCCH monitoring periodicity/duration can dynamically change to reduce UE power consumption. For the change of periodicity, after a UE received a corresponding indication, the UE can know in advance when to monitor PDCCH. Therefore, for adjustment of PDCCH monitoring periodicity, after obtaining the indication, the UE can benefit from a change in periodicity (when it becomes longer). However, for the change of CORESET duration, as shown in Figure 3, since the UE needs to receive in the corresponding symbols and perform channel estimation before performing blind decoding for DCI formats, the change of CORESET duration affects only the reception and channel estimation part and does not affect the number of decoding operations.   

Observation 1: A UE can benefit from full reduction in power consumption from adaption in PDCCH monitoring periodicity. 

Observation 2: PDCCH reception time can be reduced by reducing CORESET duration by a factor that is approximately linear to the CORESET duration. 

As shown in Figure 3, reducing PDCCH BDs will reduce the decoding time and will not have impact on the reception and channel estimation part or to the parsing when DCI formats are successfully decoded. Therefore, the processing power for FFT and channel estimation/compensation can be roughly equal to CORESET duration plus a small processing time (e.g., FFT, channel estimation, demodulation and equalization) of one symbol. If assuming serial blind decoding operations, the time for BD can be assumed to be linear to the number of blind decoding operations. However, this is up to UE implemtation. If a UE can support fully parallel BD operation, reducing the number of BD operation will not reduce the decoding time. 

Observation 3: Assuming serial processing, PDCCH decoding time can be reduced with reduction of number of BDs.
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Figure 3. PDCCH decoding
Regarding DRX configuration, the power scaling can be simply characterized based on the number of DRX cycles that the UE wakes-up to monitor PDCCH. 

Based on above discussion and the summary in the email discussions, parameters for power consumption adaptation are summarized in Table 2.
Table 2. Power consumption adaptation

	\
	Power [units/slot]
	Adaptation time [symbols]
	Notes

	Antenna adaptation
	N*P0 for N Tx/Rx
	TBD
	P0 is the power consumption for single Tx/Rx for reference power.

	PDCCH blind decoding
	B/44 * P + β
	3
	B is the number of PDCCH blind decoding comparing to 44 blind decodings, β is the processing power of FFT and channel estimation/compensation before blind decoding. β is equal to CORESET duration plus processing time for one symbol.  

NOTE: it is assuming serial decoding.

	Adaptation in frequency
	F/BW * PBW + ∆
	TBD
	F is the bandwidth of narrow band BWP comparing to full bandwidth BW. The value ∆ is the adjustment factor.

	DRX ON triggered by power saving signal
	D/DTotal
	TBD
	D is the number of DRX cycle that UE waked up comparing to total number of periodic DRX cycle DTotal


Proposal 2: Study power consumption adaptation modelling based on Table 2.
2.3 UE traffic modelling
For evaluation purpose, FTP model 1 or 3 could be a starting point for the UE traffic model. Additional bursty UE traffic model for various service types can also be considered. In [4], based on the real field tests, the characteristics of different traffic types (VoIP, streaming, and gaming) are well captured. General characteristic are provided in Table 3.
Table 3. Characteristics of three types of traffic
	
	VoIP
	Web browsing
	Gaming

	Data arrival rate
	low
	high
	middle

	Data size
	small
	big
	middle

	DRX configuration
	short DRX
	long DRX
	short DRX


Proposal 3: FTP model 1 or 3 can be a starting point for UE traffic model.
Proposal 4: Study additional bursty UE traffic model based on Table 3.
2.4 Evaluation methodology for UE power saving
2.4.1 General
On UE states

According to WID, UE power saving study is focused on RRC_CONNECTED mode. Therefore, it is desirable to evaluate RRC_CONNECTED state with high priority. Paging does not need to be considered in the initial evaluations.
Proposal 5: RRC_CONNECTED mode is prioritized for evaluation.
On evaluation scenarios
To determine the power saving gain on top of the existing DRX operation and configurations enabled in Rel-15, the evaluation needs to be performed at least considering following four scenarios: 

· Scenario 1: without DRX configuration and without power saving schemes/signals
· Scenario 2: with DRX configuration and without power saving schemes/signals
· Scenario 3: without DRX configuration and with power saving schemes/signals
· Scenario 4: with DRX and with power saving schemes/signals
Proposal 6: Adopt following four evaluation scenarios:
· Scenario 1: without DRX configuration and without power saving schemes/signals

· Scenario 2: with DRX configuration and without power saving schemes/signals

· Scenario 3: without DRX configuration and with power saving schemes/signals

· Scenario 4: with DRX and with power saving schemes/signals

On detailed power consumption modelling
There have been discussions about the power assumption modeling for power saving signaling/channels. Different power saving receiver architecture may have different power for power saving signal reception. For example, a UE can turn off the main baseband part to save more power if a separate receiver is used, e.g., sequence based wake up signaling. With more power saving receiver architecture, longer transition time is needed since UE needs to reload/open the baseband for DL receptions.  In LTE NB-IoT and eMTC, the gap between WUS to PO is 40ms for DRX and {40ms, 240ms, 1s, 2s} for eDRX where, with some receiver architecture, more time is needed to reload and resync before (M/N)PDCCH reception. Assuming the same scaling factors (i.e., ((240ms ~ 2s)/40ms)*[3] symbols = [18 ~ 150] symbols), [18 ~ 150] symbols can be considered for as ramp up time with corresponding ‘power saving’ receiver if [3] symbols are assumed for a ‘normal’ receiver. 

 In addition, with some receiver architecture, low sampling rate clock is used for power saving. In such case, resynchronization is needed after opening the main baseband part. Therefore, the power for transitions from deep sleep is expected to be much higher. The power for RRM measurement ([6600]) can be assumed for transitions from deep sleep for power saving receiver. 

Therefore, an update as shown in Table 4 in red is proposed to be added.

Proposal 7: Use Table 4 as the starting point for power assumption modelling for power saving signalling/channel evaluation. 
Table 4 Power consumption modeling for power saving signaling/channel
	\
	Power [units/ slot]
	Ramp u/d
time [symbols]
	Notes 
( the power consumption is assumed to be the same for every symbol in the slot)

	micro sleep
	[66]
	
	Maintaining accurate timing by keeping RF frequency reference active and
Baseband processing and controller in standby mode.

	Light sleep
	[33]
	
	Corresponds to maintaining accurate timing by
keeping RF frequency reference active.

	I-DRX Deep sleep
	1
	
	Deep sleep for  DRX/eDRX in RRC_IDLE/RRC_INACTIVE mode
UE is not required to maintain DL synchronization

	C-DRX Deep sleep
	[3]
	
	Deep sleep for  DRX in RRC_CONNECTED mode
UE is not required to maintain DL synchronization

	Transitions  from light sleep
	 [660]
	 [1]
	The power saving reception is assumed as [6600]

	Transitions from deep sleep
	[6600]

 or [660]
	[18-150] or [3]
	Depending on the power saving receiver
 architecture

	Power Saving signals Reception
	[0.06-6 or 6600]
	
	Depending on the power saving receiver
 architecture


On performance metric
There are two aspects for power consumption reduction based on SID: 
a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
b) Study the power saving signal/channel/procedure for triggering adaptation of UE  power consumption characteristics

For the adaptation of characteristics, the study should include the system impact for each characteristic:

· Adaptation in frequency domain

· BLER performance difference needs to be compared since frequency diversity may be impacted with smaller BW.

· Adaptation in antenna domain

· BLER performance difference needs to be provided due to the loss of spatial diversity.

· Achievable user data rate.  
· Adaptation of PDCCH monitoring
· Analysis of blocking rate or additional scheduling delay is needed. 

· BLER performance is not expected to change (not considering adaptation in frequency domain.)

Proposal 8: BLER performance can be evaluated for adaptation in frequency domain and antenna domain. 
For the potential power saving signals/channels, based on the study in LTE eMTC [4] and NB-IoT [5], the performance metrics in Table 5 can  be considered as a starting point. For DCI based solution, BLER can be treated as Miss detection rate and the false detection rate for DCI based solution can be calculated based on the length of CRC. The calculation of power efficiency shall take into account of additional power for the detection of power saving signalling/channel if followed by a PDCCH based on the traffic model, e.g., percentage of the DCI transmission rate. 
Table 5 Performance Metric for power saving signalling/channel
	Performance Metric
	Unit

	Power efficiency
	% (reduced power consumption)

	Miss detection rate
	% (expressed as 100 – percentage of successful detection events)

	False detection rate
	% (expressed as percentage of false detection events)

	System overhead
	% (expressed as used part of all REs per radio frame)


Proposal 9: Adopt Table 5 for the performance metrics of power saving signals/channel for LLS. Other metrics are not precluded. 

2.4.2 On link level simulation
As indicated in the SID, the UE power saving study focuses on the RRC_CONNECTED mode. Therefore, there is no need to consider LO XO frequency drift when not relying on DL synchronization. Table 6 can be a starting point of evaluation assumptions for LLS. 

Table 6 Evaluation assumption for LLS

	Parameters
	Values

	UE speed
	3km/h

	channel model
	TDL(LOS/NLOS)

	carrier frequency (FR1)
	4G

	carrier frequency (FR2)
	26G

	System bandwidth
	10M/52 RB (FR1)

100M/132RB (FR2)

	Subcarrier Spacing 
	15 kHz (FR1)

120 kHz (FR2)

	antenna configuration 
	2TX/4RX (FR1/FR2)

	Frequency stability
	0.1 ppm


Proposal 10: Use Table 6 as the starting point of evaluation assumptions for LLS.
2.4.3 On system level simulation

By means of SLS, the impact from power saving gains can be estimated in terms of throughput, latency, network energy consumption. In addition, the performance metric for energy efficiency can be further considered as defined by the ratio between throughput and total consumed energy. The overhead in time/frequency resources caused by transmitting power saving signals should also be reflected. 
Regarding deployment scenarios, indoor hot spot and dense urban can be prioritized. Regarding frequency range, both FR1 and FR2 should be studied with equal priority. Regarding CA/DC, single cell is evaluated with high priority and then CA/DC can be further considered with equal priority. RRC_CONNECTED mode can be prioritized. Focus can be on the network-assisted power saving schemes, e.g., WUS, dynamic PDCCH adaptation, dynamic BWP switching, dynamic antenna activation, etc.

Based on above discussion and the summary in email discussions, parameters for SLS are summarized in Table 7.
Table 7. Parameters for system level simulation

	Item
	Parameters

	Performance metric
	Through, network energy consumption, energy efficiency

	simulation
	Monte Carlo, 10000samples

	scenario
	NR indoor hotspot, dense urban, 12TRPs, 10UEs per TRP

	Bandwidth
	FR1,10MHz, FR2 100 MHz

	Duplex
	TDD,FDD; DL only

	TDD configuration
	FFS

	Traffic type
	FTP model 1 or 3, 
0.5Mbytes and λ: [0.5, 1, 1.5, 2, 2.5]  as the starting point
 and FFS: bursty traffic arrival model (e.g., Pareto) for gaming, web browsing, messaging, VoIP

	traffic load
	extreme ligth:1e-6;  light load:0.1,0.2; medium load:0.4; high load: 0.8

	DRX configuration
	40ms, 160 ms, 1280 ms

	DRX on-duration
	10ms, 100ms for FDD;20ms,200ms for TDD;

	DRX inactivity timer
	10ms,100ms for TDD;20ms,200ms for FDD;

	Power saving scheme
	Network-assisted schemes and FFS for UE-assisted schemes


Proposal 11: Use Table 7 as the starting point of evaluation assumptions for SLS.
3 Conclusion

This contribution considered evaluation methodologies for UE power saving. Following proposals were made:
Proposal 1: Study power consumption modelling based on Table 1.
Proposal 2: Study power consumption adaptation modelling based on Table 2.
Proposal 3: FTP model 1 or 3 can be a starting point for UE traffic model.

Proposal 4: Study additional bursty UE traffic model based on Table 3.
Proposal 5: RRC_CONNECTED mode is prioritized for evaluation.
Proposal 6: Adopt following four evaluation scenarios:
· Scenario 1: without DRX configuration and without power saving schemes/signals

· Scenario 2: with DRX configuration and without power saving schemes/signals

· Scenario 3: without DRX configuration and with power saving schemes/signals

· Scenario 4: with DRX and with power saving schemes/signals

Proposal 7: Use Table 4 as the starting point for power assumption modelling for power saving signalling/channel evaluation. 
Proposal 8: BLER performance can be evaluated by LLS for adaption in frequency domain and antenna domain. 
Proposal 9: Adopt Table 5 as performance metric for power saving signalling/channel for LLS. Other metrics are not precluded. 
Proposal 10: Use Table 6 as the starting point of evolution assumption for LLS.
Proposal 11: Use Table 7 as the starting point of evolution assumption for SLS.
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