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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A new study item on low-power wake-up signal and receiver for NR was approved in RAN#94e [1] and revised in RAN#97e [2]. The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, and the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 

This contribution includes a discussion on the power consumption model, performance metrics, and evaluation methodology of a low-power Wake-Up Radio (WUR) capable/equipped UE. Initial evaluation of power consumption and latency of the low-power WUS is presented under the assumptions of LP-WUR's full coverage support and uniquely addressed LP-WUS. The low power WUS performance is compared to DRX/eDRX with/without PEI as baseline power saving schemes.

Discussion
Duty-cycled operations in the form of Discontinuous Reception (DRX) and extended Discontinuous Reception (eDRX) are defined for power consumption reduction in NR RRC_IDLE and RRC_INACTIVE states through the reduction of the number of Paging Occasions (POs) monitored by the UE. Further power consumption reduction can be achieved through Paging Early Indication (PEI) in NR RRC_IDLE and RRC_INACTIVE states, which is still subject to the duty-cycled operations. Similar power saving techniques are defined for NR RRC_CONNECTED state in the form of connected mode DRX (C-DRX) and Wake-Up Signal (WUS). Both PEI and WUS can be received by UEs as DCIs over the PDCCH. 
The DRX, eDRX, and C-DRX can provide higher power saving gain by increasing the duty cycle duration at the expense of higher latency to be expected by the UE. PEI and WUS can provide more power saving gain without an impact on latency, but the gain is limited by the power consumption required to decode a DCI over PDCCH. A new WUS that can be received with significantly lower power consumption than existing PEI/WUS designs may enable new trade-off regions of Latency versus Power but will require a dedicated Low-Power Wake-Up Radio/Receiver (LP-WUR) with a simple architecture [3].

Overview of DRX and eDRX
For a UE using DRX in RRC_IDLE or RRC_INACTIVE states, it monitors one PEI occasion (PEI-O) and/or one PO per DRX cycle as shown in Figure 1, based on PEI configuration, where a PEI-O/PO consists of a set of PDCCH monitoring occasions (MOs) and can consist of multiple time slots [4]. The UE initiates RRC Connection Establishment or RRC Connection Resume procedures upon reception of a CN initiated or RAN initiated paging, respectively. If PEI is configured, the UE monitors an associated PO in a DRX cycle only if the PEI is detected and the UE’s corresponding subgroup is indicated in the PEI. 
[image: ]
[bookmark: _Ref114050868]Figure 1: An Example Protocol Flow/Timeline based on DRX Configuration.

For a UE using eDRX in RRC_IDLE or RRC_INACTIVE states, it monitors one PEI-O and/or one PO per eDRX cycle, based on PEI configuration, as shown in Figure 1 if the configured eDRX cycle is no longer than 1024 radio frames [4]. Otherwise, the UE monitors one PEI-O and/or one PO per eDRX cycle, based on PEI configuration, according to a configured DRX cycle during a UE-specific and periodic Paging Time Window (PTW), where the PTW period is determined by the eDRX cycle and the length is configured by upper layers, as shown in Figure 2. The UE initiates RRC Connection Establishment or RRC Connection Resume procedures upon reception of a CN initiated or RAN initiated paging, respectively. If PEI is configured, the UE monitors an associated PO in a DRX/eDRX cycle only if the PEI is detected and the UE’s corresponding subgroup is indicated in the PEI. 
[image: ]
[bookmark: _Ref114051343]Figure 2: An Example Protocol Flow/Timeline based on eDRX  Configuration.

Evaluation Methodology and Initial Results
In the evaluation, the performance of a UE considering the LP-WUS is compared to the performance of DRX/eDRX with/without PEI as baseline power saving schemes. For a UE using a LP-WUR in RRC_IDLE or RRC_INACTIVE states, it may either continuously or periodically monitor for a LP-WUS, as shown in Figure 3 for the continuous monitoring case. The UE may wake-up the main radio and initiate RRC Connection Establishment or RRC Connection Resume procedures upon reception of a CN initiated or RAN initiated paging, respectively. 
[image: ]
[bookmark: _Ref114133424]Figure 3: An Example Protocol Flow/Timeline based on LP-WUS Configuration.

Performance Metrics and Models
Power consumption is one of the metrics that are going to be used in the evaluation of the LP-WUR. During the evaluation, it can be captured as a battery lifetime or as an average power consumption per transaction cycle, where the transaction cycle is the average time between two consecutive network events (traffic arrivals). The power consumption of the LP-WUR should be considerably lower than the main radio, e.g., around W or less [3], to achieve a target battery lifetime close to or exceed that may be achieved by eDRX, e.g., >10 years for small size and low frequency messages [5], with considerably better UE reachability. Latency is another metric which can be captured/measured as the average time between the arrival of a network event and the reception of a corresponding paging message. For any given DRX configuration, the latency resulting from the consideration of the LP-WUR should be comparable to or better than the DRX scheme at a reasonably small fraction of the power consumption. Other metrics that should be considered for the evaluation of the LP-WUR and associated LP-WUS include network coverage and network resource overhead.

Power Consumption
To evaluate the power consumption of the DRX/eDRX as baseline schemes and the Low-Power Wake-Up Signal (LP-WUS) as a new proposed scheme, the power consumption model specified in Table 1-Table 3 may be considered. The values in Table 1 and Table 2 (except the Standby power/sleep state) are obtained/derived based on [6] where the scaling down to 20 MHz system bandwidth (BW) in Table 1 assumes a scaling factor of 0.4 and a BWP transition power of 50 units. The values considered for the Standby power/sleep state are based on the power consumption model agreed upon in [7] for deep sleep during the PSM and eDRX mode. The power consumption values proposed in Table 3 are based on the examination in our companion contribution [3] and the references therein. The overall power consumption of the UE should be evaluated as the combination of the power consumption associated with the main radio and the LP-WUR.

[bookmark: _Ref114057008]Table 1: UE Power Consumption Model for Main Radio.
	Power State
	Characteristics
	Relative Power [100 MHz BW]
	Relative Power [20 MHz BW]

	Standby
	Power consumption of the main radio when LP-WUR is used for LP-WUS monitoring
	0.015 [0.05]
	0.015 [0.05]

	Deep Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. Accurate timing may not be maintained.
	1 
(Optional: 0.5)
	1 
(Optional: 0.5)

	Light Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	20
	20

	Micro sleep
	Immediate transition is assumed for power saving study purpose from or to a non-sleep state
	45
	45

	PDCCH-only
	No PDSCH and same-slot scheduling; this includes time for PDCCH decoding and any micro-sleep within the slot. 
	100
	50

	SSB or 
CSI-RS processing
	SSB can be used for fine time-frequency sync. and RSRP measurement of the serving/camping cell. TRS is the considered CSI-RS for sync. 
	100
	50

	PDCCH + PDSCH
	PDCCH + PDSCH. 
	300
	120



[bookmark: _Ref114063635]Table 2: UE Power Consumption for Main Radio during the State Transition.
	Sleep type
	Additional transition energy:
(Relative power x  ms) 
	Total transition time 

	Standby
	50x200ms [25ms] = 10000 [1250]
	200 ms [25 ms]

	Deep sleep 
	450
	20 ms

	Light sleep 
	100
	6 ms

	Micro sleep 
	0
	0 ms*

	* Immediate transition is assumed for power saving study purpose from or to a non-sleep state



[bookmark: _Ref114057023]Table 3: UE Power Consumption Model for LP-WUR.
	Power State
	Characteristics
	Relative Power 

	Off
	WUR power consumption when turned off
	2e-5 [up to 0.003]*

	On
	WUR power consumption when turned on
	0.005 [up to 0.15]*

	* Exact value will be dependent on the studied architecture


Proposal 1: A set of relative power values and corresponding low-power receiver characteristics, e.g., sensitivity, needs to be defined for proper evaluation of power saving gains/losses.
Latency
Latency of any of the baseline schemes or the LP-WUS scheme may be evaluated using system level simulations where the number of network events within the simulated window follow, e.g., a Poisson distribution, and inter-arrival times between the events follow, e.g., an exponential distribution based on the parameters of the evaluated use case/traffic model. Alternatively and to simplify the initial evaluation, analytical expressions can be derived for latency where uniform arrival of network events within any transaction cycle is considered. The latency of the DRX  and the eDRX  schemes can be derived, respectively, as [see appendix A]
 ,
 ,
whereas the latency of the LP-WUR  can be derived, assuming that the main radio is still restricted to a DRX cycle configuration, as [see appendix B]
,
where  and  represent the DRX cycle duration, the eDRX cycle duration, the time required to process the LP-WUS and wake-up the main radio, and the Paging Time Window duration, respectively. Alternatively, the latency of the LP-WUR may simply be considered as  assuming that the main radio may wake-up on demand without being restricted to any DRX cycle configuration.

Coverage and Resource Overhead
Network coverage of the LP-WUR will depend on the considered receiver architecture and corresponding signal design. The receiver architecture (see companion contribution in [3]) and corresponding signal design (see companion contribution in [8]), e.g., waveform and coding, will define the noise figure (NF), bandwidth, and minimum SNR requirement to be included in the link budget/coverage analysis of the LP-WUR. Depending on the use case and the L-1 and higher layer protocols/procedures considered for the LP-WUR, there can be a considerable impact on power consumption and power saving gain based on the support of full network coverage or limited network coverage for the LP-WUR. 
Proposal 2: If LP-WUR’s full coverage is not a target design, a model capturing LP-WUR’s limited coverage scenario and the behavior/protocol of LP-WUR/Main Radio need to be defined for proper evaluation of the LP-WUS/WUR power saving gain.
Similarly, network resource overhead required to support LP-WUS/LP-WUR may depend on the LP-WUR architecture and its in-band interference rejection/selectivity capability (see companion contribution in [3]), e.g., ability of the LP-WUR to reliably detect a LP-WUS that is multiplexed in-band with other LP-WUSs or NR signals. Network resource overhead will also depend on the LP-WUR’s supported data rate and LP-WUS design/structure, e.g., number of information bits and coding.
Proposal 3: A set of signal design options and corresponding time/frequency resource requirements needs to be defined for proper evaluation of the network resource overhead in support of LP-WUS/WUR  
Assumptions (Receiver Processing Details) and Use Case
The fundamental receiver processing timelines in RRCC_IDLE and RRC_INACTIVE states for the DRX, eDRX, LP-WUS power saving schemes are shown in Figure 1, Figure 2, and Figure 3, respectively. Additional details on the assumptions on the receiver processing timeline for paging reception are shown in Figure 4 and Figure 5. In Figure 4, the number of SSB bursts processed, PO monitoring duration, SSB burst processing duration for intra-frequency measurements, and intermediatory sleep states are shown for three different SINR cases (low, medium, and high) when PEI is not configured/supported. Figure 5 show similar information in addition to the PEI-O monitoring duration and location when PEI is configured/supported.
[image: ]
[bookmark: _Ref114146566]Figure 4: Assumptions on Receiver Processing for Paging Reception Per DRX (eDRX if  frames) Cycle without PEI Configuration.

[image: ]
[bookmark: _Ref114146572]Figure 5: Assumptions on Receiver Processing for Paging Reception Per DRX (eDRX if  frames) Cycle with PEI Configuration.

For the initial evaluation, the “Factories of the Future” vertical domain and the “Process Automation” application area are considered. In the “Process and Asset Monitoring” use cases, a large number of industrial wireless sensors are used to provide insight into the process and environmental conditions. These sensors are typically constrained in terms of size, complexity, and/or power consumption, whereas service performance requires an end-to-end latency of less than 100 ms and a battery lifetime of more than 5 years [5], [9]. Therefore, the “Process and Asset Monitoring” use cases seem reasonable for the initial evaluation of the LP-WUR. 
Although the traffic in “Process and Asset Monitoring” use cases is defined in [9] as predominantly mobile originated, the same transfer interval, i.e., transaction cycle (average inter-arrival time), is considered for the initial evaluation of the LP-WUR’s power consumption and latency. The list of parameters and corresponding values considered during the initial evaluation is shown in Table 4 where a fixed total relative power consumption of 3000 [unit.ms] is considered for each of the RRC connection durations, i.e., per transaction cycle.
[bookmark: _Ref114233419]Table 4: List of Initial Evaluation Parameters and Values
	Parameter
	Definition / Description
	Value

	T
	Transaction Cycle – average inter-arrival time.
	60 (s)

	A
	DRX Cycle.
	1.28 (s)

	B
	eDRX Cycle.
	61.44 (s)

	PTW
	Paging Time Window - on period/duration of eDRX cycle when eDRX cycle is  radio frames.
	10.24 (s)

	
	Total relative power for each RRC connection duration.
	3000 (unit.ms)

	BW
	System Bandwidth.
	20 (MHz)

	D
	Total time required to process a LP-WUS and wake-up the main radio (i.e., from standby power state).
	101 (ms)


Proposal 4: A set of use cases and corresponding traffic models and power saving schemes parameters needs to be defined for proper evaluation/comparison with power consumption and latency of LP-WUS.
Initial Results on Power Consumption and Latency
In Figure 6 and Table 5, the power consumption and saving gain (+) /loss (-) of the LP-WUS is compared to that of DRX and eDRX schemes, at the three cases of SINR {low, medium, high}, when the LP-WUR is assumed to be continuously monitoring for the LP-WUS at a power consumption of W. It is also assumed that the LP-WUS can be detected at the same power consumption in all three SINR cases, i.e., LP-WUR has the same coverage as the main radio at the considered power consumption. It is noted that the LP-WUS/WUR can provide a significant power saving gain  compared to DRX schemes with and without PEI configuration but provides a power saving loss  compared to eDRX schemes with and without PEI configuration. 
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(a) Low SINR. 					(b) Medium SINR. 					(c) High SINR.
[bookmark: _Ref114469223]Figure 6: Power Consumption Comparison of LP-WUS and DRX/eDRX schemes.

[bookmark: _Ref114469234]Table 5: Power Saving Gain of LP-WUS Compared to DRX/eDRX schemes.
	Power Saving Scheme
	Low SINR
	Medium SINR
	High SINR

	
	Power [units/s]
	Gain [%]
	Power [units/s]
	Gain [%]
	Power [units/s]
	Gain [%]

	LP-WUS
	-
	331.61
	-
	331.61
	-
	331.61
	-

	DRX
	w/o PEI
	2858.59
	88.4
	2778.13
	88
	1891.41
	82.5

	
	w/ PEI
	2301.8
	85.6
	2293.2
	85.5
	1738.13
	80.9

	eDRX
	w/o PEI
	316.64
	- 4.7
	314.02
	- 5.6
	285.15
	- 16.3

	
	w/ PEI
	298.51
	- 11
	298.23
	- 11.2
	280.16
	- 18.4



Observation 1: LP-WUS can provide a significant power saving gain of  compared to DRX but may provide a power saving loss of  compared to eDRX.

In Figure 7 and Table 6, the latency and latency reduction (+)/increase (-) of the LP-WUS is compared to that of DRX and eDRX schemes for the two cases when the main radio is assumed to be restricted and not restricted to a DRX cycle of the same duration as in the DRX scheme. It is noted that the LP-WUS/WUR can provide a significant latency reduction  compared to DRX and eDRX schemes but there may be a latency increase penalty of  compared to DRX scheme when the main radio, that is associated with the LP-WUR, is restricted to a DRX cycle of a similar duration to the DRX scheme.
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[bookmark: _Ref114478129]Figure 7: Latency Comparison of LP-WUS and DRX/eDRX schemes (Main Radio is DRX Restricted).

[bookmark: _Ref114478137]Table 6: Latency % Reduction/Increase of LP-WUS Compared to DRX/eDRX schemes.
	Power Saving Scheme
	Latency [s]
	1Reduction (+) / Increase (-) [%]
	2Reduction (+) / Increase (-) [%]

	LP-WUS
	-
	10.834
	20.101
	-
	-

	DRX
	w/o PEI
	0.64
	-30.3
	84.2

	
	w/ PEI
	0.64
	-30.3
	84.2

	eDRX
	w/o PEI
	21.5467
	96.1
	99.5

	
	w/ PEI
	21.5467
	96.1
	99.5

	Note1: main radio is restricted to a DRX cycle of the same duration as the DRX scheme.
Note2: main radio is not restricted to a DRX cycle and scheduling latency is assumed to be 0 [s].
Note3: PEI configuration does not impact latency.



Observation 2: Despite the slight power saving loss, LP-WUS can provide a significant latency reduction of  compared to eDRX power saving scheme.
Observation 3: LP-WUS may suffer latency increase/penalty of  for a DRX cycle-restricted main radio but can provide latency reduction of  for a non DRX cycle-restricted main radio compared to DRX power saving scheme.
Observation 4: LP-WUS/WUR can enable a new power consumption vs. latency trade-off region that may not be achievable by either of the DRX and the eDRX power saving schemes.

[bookmark: _Ref129681832]Conclusion
The contribution discussed performance evaluation metrics, evaluation assumptions, and presented initial results for the comparison between LP-WUS/WUR and DRX/eDRX power saving schemes. The contribution presented the following proposals and observations.
Performance Metrics and Models
Proposal 1: A set of relative power values and corresponding low-power receiver characteristics, e.g., sensitivity, needs to be defined for proper evaluation of power saving gains/losses.
Proposal 2: If LP-WUR’s full coverage is not a target design, a model capturing LP-WUR’s limited coverage scenario and the behavior/protocol of LP-WUR/Main Radio need to be defined for proper evaluation of the LP-WUS/WUR power saving gain.
Proposal 3: A set of signal design options and corresponding time/frequency resource requirements needs to be defined for proper evaluation of the network resource overhead in support of LP-WUS/WUR  

Assumptions and Use Case
Proposal 4: A set of use cases and corresponding traffic models and power saving schemes parameters needs to be defined for proper evaluation/comparison with power consumption and latency of LP-WUS.

Initial Results for Power Consumption and Latency
Observation 1: LP-WUS can provide a significant power saving gain of  compared to DRX but may provide a power saving loss of  compared to eDRX.
Observation 2: Despite the slight power saving loss, LP-WUS can provide a significant latency reduction of  compared to eDRX power saving scheme.
Observation 3: LP-WUS may suffer latency increase/penalty of  for a DRX cycle-restricted main radio but can provide latency reduction of  for a non DRX cycle-restricted main radio compared to DRX power saving scheme.
Observation 4: LP-WUS/WUR can enable a new power consumption vs. latency trade-off region that may not be achievable by either of the DRX and the eDRX power saving schemes.
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Appendices
Appendix A: Latency of DRX and eDRX Schemes 
Given the assumption of uniform arrival of network events within a transaction cycle, the average latency of the DRX scheme can be derived as
 
 ,
whereas the average latency of the eDRX scheme can be derived as
 
,
where network events arrival is uniform in , i.e., , with probability  and uniform in , i.e., , with probability .

Appendix B: Latency of LP-WUS 
Considering the uniform arrival of network events within a transaction cycle, the time required to process the LP-WUS and wake-up the main radio , and the restriction of the main radio to the DRX configuration, the average latency of the LP-WUS can be derived as
    
where  and .
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