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Introduction
[bookmark: _Hlk510705081]In the context of the Study on UE Power Saving in NR as agreed in [1], mechanisms to achieve savings in the UE power consumption will be analysed, with the aim of enhancing the battery life time. NR achieves higher data rates and lower latency through use of e.g. shorter TTIs, more antennas, and larger bandwidth as compared to 4G LTE, at the cost of an increased complexity in terms of hardware and processing which may result in higher power consumption. Therefore, when developing solutions to address this, it is important to determine their potential impact on the battery life time. In order to evaluate such impact, the UE power consumption model needs to be agreed as part of the evaluation methodology.
In this document we provide our observations and proposals on the UE power consumption model to be used for the study, along with our views on the DRX assumptions and scenarios for system level evaluation of UE power consumption.
Discussion
NR is addressing the use cases of enhanced mobile broadband (eMBB) and ultra-reliable low-latency communication (URLLC). In order to define appropriate assumptions about power consumption states, mobility, DRX, UE capabilities in terms of bandwidth, data rates etc. we observe that the study [1] is focused on, but not limited to, eMBB.

Observation 1: The UE power saving study is focused on, but not limited to, enhanced mobile broadband
UE power consumption modelling
[bookmark: _Ref524963678]We review the UE power consumption model proposed in [2] (see Table 2‑1), which serves as a good starting point. The review will be performed in light of the most recent measurements available on LTE devices [3, 4]. As the measurements were performed in the 2012-2014 timeframe, we should assume that the device power consumption and state transition times have improved since then, due to transistor improvement and general device performance optimization. Also the application of those LTE measurements to NR is to be carefully adjusted, because the NR design (numerology, channel, connection procedures) is rather different from LTE and this will also impact the achievable power and duration values.
Table 2‑1 UE power consumption modelling proposed in [2]
	\
	Power 
[units/slot]
	Ramp u/d
time 
[symbols]
	Notes 
(the power consumption is assumed to be the same 
for every symbol in the slot)

	PDSCH Reception
(small BW)
	[6600]
	
	RF and baseband circuitry (for small BW data processing but full system BW operation and not including PDCCH decoding)

	PDSCH Reception
(Full BW)
	[13200]
	
	RF and baseband circuitry (for full system BW data processing not including PDCCH decoding)

	PDCCH decoding 
	[10000]
	
	PDCCH full blind decoding.  Average power during a slot where UE performs PDCCH processing and no PDSCH is scheduled for this slot. Same-slot scheduling is assumed and UE goes to micro-sleep after 
DCI processing is finished.

	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]
	

	Transitions from 
deep sleep
	[660]
	[3]
	

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

	RRM 
measurements
	[6600]
	
	



The power model in [2] is defined in units/slot. Power is a timeless unit and therefore we propose to use instantaneous power, which can then be scaled with symbol length, slot length or any other relevant figure of time to determine the energy consumed. For example, the energy consumed during PDSCH reception can be calculated as instantaneous power multiplied with the slot length, while the energy consumed during wake-up from deep sleep can be calculated as instantaneous power multiplied with the transition time in milliseconds. This timeless unit approach is e.g. useful when applying cross slot scheduling where PDCCH and PDSCH are separated, and when a slot only contains PDCCH and no PDSCH allocation. Furthermore, the slot length (in seconds) depends on the subcarrier spacing, which means the number of units should change accordingly. 
Proposal 1: Use instantaneous power instead of units/slot for the power consumption parameters.
The power model in [2] covers PDSCH reception, PDCCH decoding and a number of power efficient sleep states, in addition to the state transition metrics. However, the UE uplink transmission state is currently completely missing in [2]. This is a critical state as the power consumption at the maximum output power (23 dBm) can be 2-2.5 times higher than the power consumed during PDSCH reception and decoding according to LTE measurements in [3] (see Figure 1). Since as part of the study in [1], power savings techniques targeting at least reduction of uplink control plane transmissions (such as RRM measurement reporting) are in scope, inherently we need to include such transmission state in the evaluation methodology. Furthermore, as the power consumption scales non-linearly with the uplink transmit output power and the number of active transmitters, we therefore propose to model the power consumption as a function of uplink transmit power and number of active transmitters. 
Proposal 2: Include an uplink transmission (active Tx) state in the device power consumption model.
Proposal 3: Model the device power consumption in active Tx state as a function of uplink transmit power and number of active transmitters.
[image: ]
[bookmark: _Ref524950309]Figure 1 Measured supply power consumption at UE as a function of total transmit power for 6 LTE smartphones. Source: Figure 2.5 in [3]
[bookmark: _Hlk525040869]The PDCCH decoding power consumption value is defined to be 10000 units/slot in [2] and shown in Table 2‑1. In LTE, RRC_Connected mode the UE has to blindly perform 44 decoding attempts in the UE-specific search space and the Common Search Space. However, in LTE RRC_Idle the UE only needs to do 6 attempts in the Common Search Space. In NR, for RRC_Connected mode the number of blind decoding attempts that a UE is required to support depends on the applied sub-carrier spacing i.e. {44 at 15 kHz, 36 at 30 kHz, 22 at 60 kHz and 20 at 120 kHz}. In NR RRC_Idle, the UE is required to support 7 blind decodes. As there is quite a large difference in the number of blind decoding attempts required, we propose to separate the PDCCH decoding power consumption value for RRC_Idle and RRC_Connected, such that it can be scaled accordingly. The scaling could follow the scaling methodology for blind decoding proposed in [2], which is shown in Table 2‑3.
Proposal 4: Define the PDCCH decoding power consumption separately for RRC_Idle and RRC_Connected.
In [2] power consumption values for both the light and deep sleep modes are proposed (see Table 2‑1). The power consumption in light sleep is proposed to be 33 units, while the PDSCH reception is 6600-13200 units (depending on bandwidth), i.e. the light sleep is 200-400 times as effective. In LTE the power consumption measured in light sleep is about 2-3 times lower than during PDSCH decoding [3], implying that the proposed model in [2] is 1.5-2 orders of magnitude off. Correspondingly, the proposed deep sleep state in [2] consumes 3 units (for C-DRX), resulting in a PDSCH reception to sleep state power consumption ratio of at least 2200 times. The values in [2] are noted to be based on the assumptions for IoT type of devices. However, it is not evident that similar power levels can be attained in mobile broadband type of devices. In LTE the deep sleep state was measured to be about a factor 70 more efficient (compared to PDSCH reception) [3], so again the model in [2] differs by about 1.5-2 orders of magnitude. Figure 2 is an example of LTE measurements on power consumption in DRX light and deep sleep. Note that for NB-IoT, the Power Save Mode, in which the device is not pageable, has been measured [4] to be about 13000 times more effective than PDSCH. Thus the value is on par with the I-DRX deep sleep value proposed in [2], and therefore it appears also to be too optimistic for eMBB devices. 
Observation 2: The light and deep sleep modes of the power model in [2] appear to be too optimistic, when compared to being 1.5-2 orders of magnitude better than what was measured on LTE.
Proposal 5: Adjust the power consumption values in light and deep sleep modes towards more practical values.

[image: ]
[bookmark: _Ref524950325]Figure 2 Measured supply power for 2 long DRX periods, based on an LTE smartphone. Source: Figure 2.10b in [3]
Furthermore, we observe that the model in [2] proposes quite short transition times from light/deep sleep to active mode. The transition times are required to calculate the correct amount of sleep time. The light sleep to active mode transition time proposed in [2] is 1 symbol. This is optimistic compared with previous LTE measurements [3], where 2.5 ms was measured. For deep sleep [2] proposes 3 symbols, while LTE measurements [3] reported about 10 ms. For both transitions [2] proposes 660 units/slot power consumption, which is also low considering that the device needs to transition from 33/1 units/slot (light/deep sleep level) to 10000 units/slot (PDCCH decoding). Finally, using symbol length as a measure of transition time is not feasible, because the symbol length (in time) depends on the subcarrier spacing in NR, while the hardware wake up time probably does not.
Observation 3: The transition times from light and deep sleep to active mode of the power model in [2] are faster than those observed in LTE and should be defined in units of time, not symbols.
Proposal 6: RAN1 to discuss the transition time values from light and deep sleep to active mode, and the time unit.
In addition, the model in [2] does not consider the time it takes to transition from active to light/deep sleep. In LTE these values were measured to be 1 ms and 10 ms, respectively, and thus we propose to include such parameters. Finally, the model does not include the time it takes for the UE, after powering ON until it enters the normal access state, in which it can receive and transmit data; to do so the UE needs to stabilize the gain control, perform synchronization, do channel estimation and so forth. In LTE this requires more than 15 ms after exiting deep sleep [3], also illustrated in Figure 2. Although, this time is both RAT specific and vendor specific, it cannot be completely omitted, because it significantly impacts the possible amount of sleep time. In LTE the UE can assume that CRS are always present and that the synchronisation signal is provided every 5ms. Thus, if the UE requires re-synchronisation, it can obtain those quickly. In NR, periods for both CSI-RS (incl. TRS) and SSB are under network control. Hence if re-synchronisation is required by the UE prior to moving to PDSCH reception, it should be agreed whether this is accounted for in the transition time (length) or whether the UE is assumed to carry out the related processing during the ‘inactivity’. We therefore propose to discuss how to include a “synchronization time” in the model to account for the time spent in the above procedures.
Proposal 7: Include the transition times from active mode to light and deep sleep states.
Proposal 8: Include a “synchronization time” to account for the duration between the power ON procedure has finished and until data can be transmitted/received by the device in the normal access state and whether the RS periodicity would affect this time.
The RRM measurement’s power consumption value of 6600 units/slot, in Table 2‑1, needs to be clarified as well. It will scale with the measurement bandwidth and the periodicity of the measurements as indicated in Table 2‑2. However,the number of measurements per occasion and whether they are intra- or inter-frequency may also impact the power consumption level. In addition, the power consumption could depend on whether the UE is searching for and measuring SSBs, or measuring CSI-RS. Of course note that UE is not expected to perform L3 CSI-RS mobility measurements outside the active time. We therefore propose to clarify what the RRM measurement value covers. This is important as the measurements required contribute to the baseline power consumption as well as one of the objectives of [1] is to reduce the power consumption during RRM measurements.
Proposal 9: Clarify what type of RRM measurements are covered in the RRM measurements power consumption value 
The power saving signal reception parameter is varied from 0.06 to 6600 units/slot in Table 2‑1. Although it is fair to do a parameter sensitivity analysis as suggested in the table, we observe that a power saving signal level 15 times lower than what can be achied in deep sleep appears not meaningful, even if a different receiver is used. Furthermore, the power values would depend on the signal design (if such is introduced).

Observation 4: A “power saving signal reception” of 0.06 units/slot is not meaningful, because it is lower than what can be achieved in deep sleep.

Proposal 10: The lowest value of the “power saving signal reception” should be clarified.

Table 2‑2 is a summary of our observations regarding Table 2‑1, and contains our proposals for the UE power consumption model, based on LTE measurements.

[bookmark: _Ref525809407]Table 2‑2 Proposed UE power consumption modeling, based on LTE measurements
	\
	Power 
[units/slot]
	Ramp u/d
time 
[symbols]
	LTE measurement – proposed for the NR model [units]
	Comments

	PDSCH Reception
(small BW)
	[6600]
	
	10000
	10000 units are selected as baseline for 20 MHz LTE PDSCH decoding. Scaling with BW is FFS

	PDSCH Reception
(Full BW)
	[13200]
	
	
	

	PDCCH decoding 
	[10000]
	
	
	Define the PDCCH decoding power consumption separately for RRC_Idle (7 blind decoding) and RRC_Connected (20-44 blind decodings).

	PUSCH 
transmission
	N/A
	
	10000-25000
	Depends on the uplink transmit power (0-23 dBm for the proposed power consumption values) and number of active transmitters

	Micro sleep
	[66]
	
	5000-8000
	Micro sleep is assumed to be in between light sleep and PDSCH decoding power level

	Light sleep
	[33]
	
	3300-5000
	The LTE light sleep level is about ½-1/3 of the PDSCH decoding power, independently of RRC state

	I-DRX Deep sleep
	1
	
	140
	The LTE deep sleep level is about 1/70 of the PDSCH decoding power, independently of RRC state

	C-DRX Deep sleep
	[3]
	
	
	

	Transitions  from 
light sleep
	 [660]
	[1]
	7500 units, 2.5 ms
	The transition power is estimated to be the average of light sleep and PDSCH decoding. The transition time must be in time, not symbols.

	Transitions from 
deep sleep
	[660]
	[3]
	5000 units, 10 ms
	The transition power is estimated to be the average of deep sleep and PDSCH decoding. The transition time must be in time, not symbols.

	Transition to light sleep
	N/A
	N/A
	7500 units, 1 ms
	The transition power is estimated to be the average of light sleep and PDSCH decoding

	Transition to deep sleep
	N/A
	N/A
	5000 units, 10 ms
	The transition power is estimated to be the average of deep sleep and PDSCH decoding

	Synchronization 
time after deep 
sleep
	N/A
	
	15 ms
	Accounts for the duration between the power ON procedure has finished and until data can be transmitted/received by the device in the normal access state. 

	Power Saving 
signals Reception
	[0.06-6 or 6600]
	
	140-5000
	Deep sleep set as minimum power consumption, light sleep as maximum

	RRM measurement
	[6600]
	
	10000
	Depends on measurement bandwidth, periodicity, number of measurements per occasion, intra- or inter-frequency, and whether CSI-RS or SSB is measured.





UE power consumption adaptation
[2] proposes also UE power consumption adaptation methods as shown in Table 2‑3. It contains 5 parameters related to adaptation of antenna, frequency, decoding etc. The scaling parameters are linear with an addition of adjustment factors. This is a good starting point, but to add further flexibility we propose the model should be able to distinguish between base power consumption and additional power consumed due to e.g. antenna adaptation and PDCCH decoding. 
[bookmark: _Ref525026392]Table 2‑3 UE power consumption adaptation proposed in [2]
	
	Power [units/symbol]
	Adaptation 
time [symbols]
	Notes

	Antenna adaptation 
	N/4 * P + δ
	
	N is the number of Rx or Tx antenna comparing to 4 Rx/T.  The value δ is the adjustment factor

	PDCCH blind decoding 
	B/44 * P + Δ
	[3]
	B is the number of PDCCH  blind decoding 
comparing to 44 blind decoding, Δ
is the processing power of FFT and  channel estimation/compensation before blind decoding

	Adaptation in Frequency 
	F/BW* P+ Δ
	[14]
	F is the bandwidth of narrow band BWP
 comparing to full bandwidth BW.  The value Δ is the adjustment factor

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

	Adaptation in Time
	
	
	Modeling of cross-carrier scheduling



Proposal 11: The modelling methodology needs to distinguish between a device base power consumption state, where the device is RRC_Connected, but not actively transmitting/receiving data, and active data transfer states.

The BWP adaptation time in [2] is set to 14 symbols (=1 slot). However that should be aligned with adaptation times discussed in RAN4, where current assumptions are 3-17 slots (for Type 2, type 1 is TBD) depending on the assumed sub-carrier spacing [5]. Given this high switching latency it is also necessary to consider the likelihood of using BWP adaptation, because it impacts overall system performance. 
Proposal 12: The BWP/frequency adaptation time needs to be aligned with RAN4.

Simulation assumptions
In [2] the proposed RRC_Connected mode DRX settings are as given in Table 2‑3. It is not clear whether all combinations of the 3 parameters need to be simulated or grouped in sets with one DRX cycle, one on-duration, and one inactivity-timer. We propose the latter as e.g. a combination of 40 ms DRX cycle and an on-duration of 100/200 ms seems unrealistic. Furthermore, we propose to reduce the maximum DRX cycle to 320 ms, because it provides an acceptable call-setup delay. Finally, the drx-RetransmisisonTimer parameter is not specified in [2] as is evident from Table 2‑3.
[bookmark: _Ref525724074]Table 2‑4 RRC_Connected mode DRX settings proposed in [2] 
	DRX cycle
	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;



Proposal 13: RAN1 to discuss RRC_Connected Mode DRX settings, including a maximum DRX cycle of 320 ms, and whether to group the parameters.

Proposal 14: Include DRX retransmissionTimer in RRC_Connected Mode DRX simulation assumptions.

In the system configuration of the proposed evaluation methodology of [2] the RRC_Idle mode DRX cycle is set to 10.24 s for case 1. We observe this time to be very long and significantly impact the experienced latency in any eMBB use case and particularly in the indoor hotspot scenario. We propose to reduce the RRC_Idle mode DRX cycle to 640 ms.

Proposal 15: The RRC_Idle mode DRX cycle of 10.24 s is too long for eMBB use cases, particularly in indoor scenarios, and should be reduced to 640 ms.

In [2] 3 scenarios are proposed for system level simulation; indoor hotspot, dense urban, and rural macro. We assume the UE energy saving gains will mainly depend on the DRX settings, RRM measurement configuration, and the uplink transmit power (depending on the coverage). Therefore, it is meaningfull to include at least two scenarios with different cell size/coverage. The power saving signal sensitivity may be low, and therefore coverage is also important for this part of the evaluation. Based on the need for different coverage scenarios, we propose to limit the UE energy saving methodology to the rural macro and indoor hotspot scenarios.
Proposal 16: Limit the system level simulations to the rural macro and indoor hotspot scenarios.
In context of the RRM measurements, the scenarios in [2] does not include any assumptions. It is necessary to determine the used mobility measurement configuration at least for the intra-frequency scenario. This would include the SSB periodicity, SMTC configuration and if any additional measurements are to be carried out by the UE, e.g. CSI-RS based beam or mobility measurements. The latter would affect the power consumption mainly during the active time, while SSB based measurements could occur also outside the active time. As it is more likely that the intial cell selection would be carried out on bands in FR1, SSB period may need to be at least 20ms. Thus to account for this in the evaluations we propose to adopt a period of 20ms for SSB(s) and SMTC for FR1 in both dense urban and rural macro (if both are included evaluation). For indoor hotspot, in FR1, while the SSB period should be kept unchanged, the SMTC period could be relaxed to 40ms. Another parameter affecting the needed RRM measurements is the number of SSBs to consider. From evaluation modelling perspective it would be easiest to consider the number of slots over which the UE needs to carry out the measurements. For rural macro scenario, considering one slot (i.e. 1 or 2 SSBs) could seem sufficient, while for dense urban and indoor, four slots (at max 8 SSBs) could be considered for FR1. These could be further adjusted based on evalutions on mobility performance. The above consideration assumes synchronized deployment, but for example for rural scenario assynchronous scenario could be considerd in addition. These numbers are important, because they impact the RRM measurement power consumption, which is in the scope of the study item [1]. We therefore propose RAN1 to discuss the number of SSB and SMTC configuration.
Proposal 17: Introduce SSB and SMTC configuration to the evaluation assumptions at least for RRM measurement purposes.

As noted above, UE could be configured to perform also other types of measurements in RRC_Connected. Most likely UE will be required to carry out the RLM monitoring related activity and also CSI-RS based CSI acquisition and beam management related measurements. As these will have an impact to the UE power consumption, it would be good to dicuss how to account these in the evaluation. It could be considered that RLM evaluations are included to general RRM measurements, discussed above, but e.g. beam management measurements would need to be considered separatly.  

Observation 5: In addition to RRM measurements, RLM and CSI related measurements would need to be considered.

The simulation assumptions in [2] propose to include the FTP1 and FTP3 traffic models. We assume the UE energy saving gains will mainly depend on the use of DRX and the number of scheduled users. Therefore, we propose to limit the simulated traffic model to FTP1.
Proposal 18: Limit the system level simulations to the FTP1 traffic model.
Conclusion
In this contribution we have reviewed the UE power consumption estimation of [2]. Based on the latest LTE measurements we have the following proposals and observations. 
Proposal 1: Use instantaneous power instead of units/slot for the power consumption parameters.
Proposal 2: Include an uplink transmission (active Tx) state in the device power consumption model.
Proposal 3: Model the device power consumption in active Tx state as a function of uplink transmit power and number of active transmitters.
Proposal 4: Define the PDCCH decoding power consumption separately for RRC_Idle and RRC_Connected.
Proposal 5: Adjust the power consumption values in light and deep sleep modes towards more practical values.
Proposal 6: RAN1 to discuss the transition time values from light and deep sleep to active mode, and the time unit.
Proposal 7: Include the transition times from active mode to light and deep sleep states.
Proposal 8: Include a “synchronization time” to account for the duration between the power ON procedure has finished and until data can be transmitted/received by the device in the normal access state and whether the RS periodicity would affect this time.
Proposal 9: Clarify what type of RRM measurements are covered in the RRM measurements power consumption value 
Proposal 10: The lowest value of the “power saving signal reception” should be clarified.
Proposal 11: The modelling methodology needs to distinguish between a device base power consumption state, where the device is RRC_Connected, but not actively transmitting/receiving data, and active data transfer states.
Proposal 12: The BWP/frequency adaptation time needs to be aligned with RAN4.
Proposal 13: RAN1 to discuss RRC_Connected Mode DRX settings, including a maximum DRX cycle of 320 ms, and whether to group the parameters.
Proposal 14: Include DRX retransmissionTimer in RRC_Connected Mode DRX simulation assumptions.
Proposal 15: The RRC_Idle mode DRX cycle of 10.24 s is too long for eMBB use cases, particularly in indoor scenarios, and should be reduced to 640 ms.
Proposal 16: Limit the system level simulations to the rural macro and indoor hotspot scenarios.
Proposal 17: Introduce SSB and SMTC configuration to the evaluation assumptions at least for RRM measurement purposes.
Proposal 18: Limit the system level simulations to the FTP1 traffic model.
Observation 1: The UE power saving study is focused on, but not limited to, enhanced mobile broadband
Observation 2: The light and deep sleep modes of the power model in [2] appear to be too optimistic, when compared to being 1.5-2 orders of magnitude better than what was measured on LTE.
Observation 3: The transition times from light and deep sleep to active mode of the power model in [2] are faster than those observed in LTE and should be defined in units of time, not symbols.
Observation 4: A “power saving signal reception” of 0.06 units/slot is not meaningful, because it is lower than what can be achieved in deep sleep.
Observation 5: In addition to RRM measurements, RLM and CSI related measurements would need to be considered.
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