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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN #80 meeting, the SID: “Study on UE power saving in NR” was approved [1].
The objective of this SI is as follows. 
	The objective is to study UE power saving framework taking into consideration of latency and performance in NR as well as network impact.  The objective of the UE power saving study includes the 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
b) Study the enhancement of  UE power saving procedure in supporting efficient transition from RRC_CONNECTED to RRC_IDLE/RRC_INACTIVE mode



Several aspects can be considered to save UE power, and solutions with significant gains should be discussed with higher priority. To start the investigation an evaluation model for UE power consumption is needed, as well as the corresponding evaluation methodology. This contribution discusses the evaluation methodology for UE power saving.

[bookmark: _Ref523752768][bookmark: _Ref129681832]Use cases and deployment scenarios 
One objective in the SID is to identify techniques for UE power saving with focus on RRC_CONNECTED mode. Regarding the use cases considered for the study of power saving in RRC_CONNECTED mode, the C-DRX mechanism should be taken as a baseline/assumption, considering C-DRX is already in the specifications and has been widely deployed in LTE for UE power saving. Therefore, different configurations on C-DRX parameters, e.g. the setting of ‘on duration’ timer and inactivity timer length, should be considered in the use cases and be modeled in the evaluation. Another aspect to be considered in the use cases is the traffic model for the power saving study in RRC_CONNECTED mode. As stated in the SID, NR system may be capable of supporting high speed data transport. Therefore, it is expected that user data tends to be bursty and served in very short durations. This bursty traffic gives the possibility to reduce the power consumption for UE by utilizing power efficient modes, e.g. go-to-sleep, use fewer antennas when there is no data or low rate data for the UE, etc. Therefore, at least the bursty traffic needs to be considered in the study and modeled in the evaluation.
Proposal 1: Regarding use cases for the power saving study in RRC_CONNECTED mode, C-DRX and bursty traffic need to be considered and modelled in the evaluation.
Another objective in the SID is to study the UE power consumption reduction in RRM measurements. RRM measurements are closely related to UE mobility. For UEs with low mobility, it may be possible to do RRM measurement less frequently. Therefore, for use cases considered for power saving on RRM measurement, at least UE mobility should be considered and modelled in the evaluation.
Proposal 2: Regarding use cases for the power saving study on RRM measurement, at least UE mobility needs to be considered and modelled in the evaluation.
The power saving study mainly focuses on eMBB application, therefore the typical scenarios for eMBB service should be considered in the study. As shown in Table 1 which as discussed in the offline email discussion [2], dense urban, indoor hotspot and rural macro scenarios are proposed for the study. The three proposed scenarios are all relevant deployment for eMBB service. In the scenario of indoor hotspot, UEs are assumed with low mobility of 3km/h. For this scenario, RRM measurement may be able to be optimized by relaxing the measurement periodicity. This scenario should be discussed in the power saving study on RRM measurements. For the dense urban scenario, 80% of the UEs is deployed indoor with low mobility of 3km/h and more penetration loss is expected for the indoor deployed UEs. When investigating the introduction of power saving signal, the reception performance of introduced signal/channel for power saving purpose of indoor deployed UEs may be the bottleneck of the coverage and needs to be investigated in the study. In both indoor hotspot and dense urban deployment, high frequency spectrum is applicable and the study may need to take into consideration issues in FR2, e.g. beam management, in the design and evaluation of power saving. In the rural macro deployment, the proposed carrier frequency is 700MHz and the FR2 spectrum is not applicable for this scenario. Very high speed UE is assumed for the outdoor deployment. These aspects should be also taken into consideration in the study.
In different scenarios, the impact of a design on power saving gains can be different. A proposed design may have attractive gains in some deployments and may not be useful in some other deployments. Any proposal for power saving mechanism should show the benefit on power saving in at least one of the studied scenarios.
Proposal 3: Three deployment scenarios, dense urban, indoor hotspot and rural macro scenarios, are considered in the study of power saving. Any power saving proposal needs to be proven by power saving gain in at least one of the three deployment scenarios.

Evaluation methodology and metrics 
Performance metrics need to be defined to evaluate the solutions proposed in the study item. In our view, at least the following metrics should be defined in the study of power saving mechanism.
1) Scaled power efficiency
The metric on evaluating power consumption reduction is essential to be defined for comparing the power saving gains of different proposals in the study. Regarding the details on the definition of the power consumption metrics and the detailed evaluation methodology, it is proposed to consider the scaled power efficiency  as the metric, where  is the energy consumed by the proposed solution and  is the energy consumption of the legacy baseline. Both  and   are calculated based on the same reference time period. During the reference time period, UE may be in different power states due to different processing on UE. A UE power model is used to define power consumption level for different UE power states. 
To illustrate the methodology, Figure 1 shows an example of the reference time duration and how to calculate the energy consumed in the reference time duration. The activity timer is assumed 0  for simplicity of illustration. Taking the UE procedure in legacy C-DRX as the baseline solution, the reference time duration is with one C-DRX cycle length. In the baseline, the UE always wake-up regardless whether there is scheduling during the corresponding C-DRX. Therefore,  can be calculated as:

where  and  are the power consumption values in relative units for reception state and sleep state in UE power consumption model, respectively. The time for the different parts can be obtained by link level simulation and C-DRX parameter setting. In UE power model, the sleep state (including light sleep and deep sleep mode) and reception state can be defined (see section 5), and the power consumption value in the relative unit for each defined state are defined. 
The energy in the reference time duration, , can be calculated using similar methodology based on the detailed design. If new signal/channel is introduced for power saving, link level simulation is needed to obtain the required reception time for the proposed signal/channel with the target miss-detection rate under different geometry/SNR assumption. The false alarm rate can be also obtained from link level simulation, which may increase the probability of waking up for a given C-DRX cycle.  Based on the link level simulation, the reception time, false alarm rate of the proposed signal/channel for power saving, PDCCH and PDSCH can be obtained and taken as the input for calculating  .
[image: ]
[bookmark: _Ref525512138]Figure 1 Example of reference time duration for the evaluation methodology (inactivity timer is 0)
In the evaluation for power consumption metric, UEs under different geometries may need to be investigated and the geometries investigated can be obtained based on the system level investigation. For example, the average power efficiency in the cell and the power efficiency of 5%-tile coverage UE can be reported to evaluate the gain on power consumption reduction, based on the CDF of UE geometry obtained from system level evaluation.
2) Latency increment due to power saving mechanism
To reduce power consumption, a number of mechanisms are proposed by utilizing power saving signal or adapting to the bursty traffic in time/frequency/antenna domains. By doing some sort of adaptation, additional delay may occur. Therefore, the latency for delivery of the data in the buffer needs to be investigated and compared for the different proposed solutions.
3) Metric on Network impact
The network impact is an essential metric to be considered. UE power saving mechanisms may reduce the transmission efficiency. Different metrics may be defined for different proposals for evaluation of the network impact. For example, if a power saving signaling/channel is introduced, the used network resources for transmitting the power saving signal need to be investigated for evaluation of the network impact. For the proposal by adapting the number of antennas or the bandwidth part, the transmission efficiency in terms of transmission power may be impacted, and it should be investigated.
Still taking the power saving signal as an example, the network resource used for power saving signal/channel for UEs at different SNR/geometry can be obtained from link level evaluation. And the system level network resource overhead can be calculated based on the CDF of SNR/geometry and the link level evaluation results.
Proposal 4: The following metrics are considered in the evaluation of power saving mechanisms in the study:
· Scaled power efficiency , where   and   are the energy consumption in the same reference time period for the proposed candidate and the legacy baseline, respectively.
· Latency increment due to the introduction of power saving mechanisms.
· Network impact, which can defined differently depending on the specific UE power saving mechanism.

Simulation assumptions 
For link level evaluation, the following factors should be considered: channel model, carrier frequency, bandwidth, antenna, UE speed, and etc. For link budget, typical factors such as scenario, UE dropping, Tx power, and UE noise figure, are considered.
[bookmark: _Ref525651394]Table 1 Consideration on link level simulation and link budget
	Case
	case1
	case2
	case3

	Scenario
	Indoor hotspot
	Dense Urban
	Rural macro

	UE dropping
	100%indoor UE
	20%outdoor UE
80%indoor UE
	50%outdoor UE
50%indoor UE

	UE speed
	3km/h
	3km/h for indoor;
30km/h for outdoor
	3km/h for indoor;
120km/h for outdoor

	channel model
	TDL(LOS/NLOS)

	carrier frequency (FR1)
	4G
	4G
	700M

	carrier frequency (FR2)
	26G
	26G
	N/A

	System bandwidth
	10MHz, 80MHz

	total transmission power per TRxP
	21dBm
	26dBm
	26dBm

	UE noise figure
	7 dB

	antenna configuration 
	1TX4RX, 2TX2RX, 2TX4RX

	Numerology 
	30kHz for FR1, 120kHz for FR2


For system level evaluation, similar to link level case, both FR1 and FR2 should be evaluated. Besides, TDD and FDD should also be evaluated. To address the function of power saving signal/channel, C-DRX needs to be considered, where the configuration of DRX cycle, onDuration timer value, inactivity timer value, HARQ RTT timer value, and retransmission timer value should be discussed. However, the system level evaluation depends on the detailed solution. Therefore, it’s better to determine the potential solutions first, then we can evaluate the performance based on the metrics and simulations.

UE power consumption modeling
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]The amount of power consumption for a UE depends on many factors, such as PDCCH monitoring, DRX/C-DRX configuration, bandwidth, bandwidth part (BWP), carrier aggregation (CA), operating frequency band, MIMO layers, antenna number, HARQ timeline, and so on. It is beneficial to model the power consumption in different cases. However, considering the effort and time needed for testing, selecting some typical testing cases may be more reasonable, as long as performance gain can be evaluated based on the selected testing cases. 
[bookmark: _Ref523752774]Transition between different working states
From UE’s perspective, if a UE can know it will not transmit/receive any signal in the following period, it can transit into a “sleep” state for power saving. Depending on the length of the period, the UE may transit into different “sleep” states. The following working states can be defined for a UE: 
· Deep sleep, most of the modules of the UE is turned off and the power consumption is similar to the minimum chipset power. For example, when the UE is in IDLE mode, and is configured with a DRX cycle that are long enough (e.g. 1.28s), it can be in deep sleep state to save power.
· Light sleep, more power is consumed since less modules are turned off than the deep state. It takes shorter time to transit from light sleep state to awake state than that from deep sleep state to awake state.
· Awake, the normal working state for a UE. For example, when the UE is receiving PDCCH and/or PDSCH, it is in awake state.
There are two cases of state transition:
· Transition between awake and deep sleep. If a UE knows it will not transmit or receive signals for a period that are long enough, e.g. in DRX cycle of IDLE mode, it can transit from awake state to deep sleep state. When it need to transmit or receive signal again, it can return to awake state. The time needed for transition from sleep is longer than that for transition to sleep, since it usually takes more time to turn on modules than to turn off modules. So in Table 2, the transition time for from sleep to awake and that for from awake to sleep are separately discussed.
· Transition between awake and light sleep. If the UE knows it will not transmit or receive signals for a while but the duration is not long enough to transit to deep sleep state, e.g. in short C-DRX cycle of CONNECTED mode, it can transit from awake state to light sleep state. When it need to transmit or receive signal again, it can return to awake state. Similar to deep sleep, the time needed for transition from sleep is longer than that for transition to sleep, , the transition time in Table 2 are also separately discussed
If there is only a short time without transmitting/receiving, which is not long enough for either of the two transitions, the UE will stay in awake state. The transition among the three working states is shown in Fig. 2. 


[bookmark: _Ref523755871]Fig. 2 The transition among the three working states.
Observation 1: The UE may transit between awake state and light sleep state, and between awake state and deep sleep state.
Power consumption model
According to the discussions in the above sections, the testing cases shown in Table 2 are proposed to be considered.
[bookmark: _Ref523755850]Table 2 Reference power consumption model
	Testing case
	Energy consumption [units/ms]

	Transition time [ms]
	Notes

	Deep sleep
	A
	-
	Similar to the minimum chipset power, where most of the modules are turned off.

	From awake to deep sleep
	B1
	B2
	The power is the average power during the transition

	From deep sleep to awake
	C1
	C2
	The power is the average power during the transition

	Light sleep
	D
	-
	Sleep power during short gap when it is not long enough to go into deep sleep.

	From awake to light sleep
	E1
	E2
	The power is the average power during the transition

	From light sleep to awake
	F1
	F2
	The power is the average power during the transition

	PDCCH only
	H1

	-
	The UE only monitors PDCCH, but is not scheduled with DL/UL data. 
Single carrier (20MHz), PDCCH, 4Rx, full number of BD.

	Single carrier without MIMO 
	10MHz
	G11, G21
	-
	Single carrier with different working bandwidth (BWP), 
PDCCH+PDSCH
Single layer, 
peak rate or peak rate/2, 
Note that the two values in one entry are used for BB part and RF part separately.

	
	80MHz
	G12, G22
	-
	

	RRM measurements 
	J
	-
	Serving cell
Intra-frequency
Inter-frequency

	CA
	Intra band
	K11
K21
	-
	2CC: 10MHz*2,
PDCCH+PDSCH, 
Single layer
peak rate or peak rate/2, 
Note that the two values in one entry are used for BB part and RF part separately.

	
	Inter band
	K21
K22
	-
	

	MIMO
	2×2
	L11
L21
	-
	Single carrier (20MHz)
PDCCH+PDSCH
peak rate or peak rate/2, 
Note that the two values in one entry are used for BB part and RF part separately.

	
	4×4
	L21
L22
	-
	

	Pre-sync
	M1
	M2
	When a UE is from a long-time sleep (e.g., deep sleep), synchronization is needed, while it may not be needed for short-time sleep (e.g., light sleep). And the time M2 needed for perform synchronization depends on the SNR.


For a UE, its communication function can be generally divided into two parts: radio frequency (RF) part and baseband (BB) part. For the RF part, it mainly includes the RF integrated circuit (RFIC), the power amplifier (PA), the low noise amplifier (LNA), the filter, and the switch, wherein the phase locked loop (PLL), the upconverter and the downconverter are integrated in the RFIC. For the BB part, it mainly includes the modem, the analog baseband (ABB), and the related parts of the SOC (memory, system IO and etc), wherein digital to analog converter (DAC) and analog to digital converter (ADC) are integrated in the ABB. When a UE is ON, its RF part is used to process the analog signal from the BB part and transmit the processed signal through antennas, and convey the analog signal from antennas to the BB part. And the BB part performs encoding/decoding, modulation/demodulation and DA/AD conversion of the signal to/from the RF. 
According to the objectives of this SI, solutions for power saving in frequency domain and spatial domain should be studied. To address the power saving gains of the potential solutions in frequency domain and spatial domain, the RF part and the BB part may be modeled separately for the convenience of the evaluation. For example, if for some method the UE knows that it will not be scheduled for several slots, it can turn off its RF part while its BB part is still running since the duration without scheduling is not long enough for the ramp-down and ramp-up of the BB part. For the evaluation of this method, the saved power should be only the RF part instead of considering both RF and BB. If the power consumption is modeled with a single value for BB part and RF part for any method, it may be difficult to evaluate how much power is saved.
Proposal 5: The following testing cases should be considered for UE power saving evaluation:
· Deep sleep
· From awake to deep sleep
· From deep sleep to awake
· Light sleep
· From awake to light sleep
· From light sleep to awake
· PDCCH only 
· Single carrier
· RRM in IDLE
· CA
· MIMO
· Pre-sync
It is worth noting that the exact values of power consumption for the testing cases depends on the specific implementation and different implementations may have different values. Thus, more discussion is needed to converge to the values.

Conclusion
In this paper, the evaluation methodology for UE power saving is provided. The following proposals and observations are made. 
Observation 1: The UE may transit between awake state and light sleep state, and between awake state and deep sleep state.
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Proposal 1: Regarding use cases for the power saving study in RRC_CONNECTED mode, C-DRX and bursty traffic need to be considered and modelled in the evaluation.
Proposal 2: Regarding use cases for the power saving study on RRM measurement, at least UE mobility needs to be considered and modelled in the evaluation.
Proposal 3: Three deployment scenarios, dense urban, indoor hotspot and rural macro scenarios, are considered in the study of power saving. Any power saving proposal needs to be proven by power saving gain in at least one of the three deployment scenarios.
Proposal 4: The following metrics are considered in the evaluation of power saving mechanisms in the study:
· Scaled power efficiency , where   and   are the energy consumption in the same reference time period for the proposed candidate and the legacy baseline, respectively.
· Latency increment due to the introduction of power saving mechanisms.
· Network impact, which can defined differently depending on the specific UE power saving mechanism.
Proposal 5: The following testing cases should be considered for UE power saving evaluation:
· Deep sleep
· From awake to deep sleep
· From deep sleep to awake
· Light sleep
· From awake to light sleep
· From light sleep to awake
· PDCCH only 
· Single carrier
· RRM in IDLE
· CA
· MIMO
· Pre-sync
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