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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. 

In RAN1#110-bis-e, a set of agreements were reached and are available in Appendix C for reference.
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. 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/group 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. 
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[bookmark: _Ref114051343]Figure 2: An Example Protocol Flow/Timeline based on eDRX  Configuration.

Evaluation Methodology and Performance 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 when LP-WUS carries a UE ID. Other UE behavior details are discussed in Section 2.2.1, performance metrics and models are discussed in Section 2.2.2, additional receiver processing details and use cases are discussed in Section 2.2.3, and evaluation results are presented in Section 2.2.4.
Throughout the rest of the document, the following terminology, as agreed in RAN1#110bis-e, is used
· Main radio (MR): the Tx/Rx module operating for NR signals/channels apart from signals/channel related to low-power wake-up
· LP-WUR (LR): The Rx module operating for receiving/processing signals/channel related to low-power wake-up.
Further, the following terminology for LP-WUS monitoring options can be used interchangeably 
· Option 1: “Continuous” and “Always-on” monitoring
· Option 2: “Discontinuous”, “Periodic”, and “Duty-Cycled” monitoring

[bookmark: _Ref117243629]UE Behavior in Response to a LP-WUS
There are three different options for the behavior of a UE (that are applicable to both LP-WUS monitoring “Option 1” and “Option 2”) in response to the reception of a LP-WUS depending on the content of the LP-WUS and network configuration. The three UE behavior options are
· UE_Behavior (1): LP-WUS carries a unique UE ID and MR is not required to monitor POs.
· UE_Behavior (2): LP-WUS carries a UE group ID and MR is required to monitor legacy POs/PFs.
· UE_Behavior (3): LP-WUS carries a UE group ID and MR is required to monitor newly defined POs/PFs.
UE_Behavior (1), as shown in Figure 3, may result in the best experienced latency under LP-WUS power saving scheme, especially when continuous monitoring mode (Option 1) is used. This is due to the fact that the UE may wake-up the main radio to directly initiate RRC Connection Establishment or RRC Connection Resume procedures upon reception of a CN initiated or RAN initiated paging, respectively, as indicated by the LP-WUS. This UE behavior also eliminates the need to align the LR and MR duty cycles when periodic LP-WUS monitoring is considered. However, this comes at the cost of a large LP-WUS payload size and subsequently a potentially high resource overhead requirement.

[image: ]
[bookmark: _Ref114133424]Figure 3: An Example Protocol Flow/Timeline based on LP-WUS Configuration with UE Addressing.
UE_Behavior (2), as shown in Figure 4, will result in a LP-WUS latency performance that is limited by the legacy DRX cycle, i.e.,  seconds, and will always underperform the DRX power saving scheme in terms of latency. This is due to the fact that the UE will still have to monitor POs using the MR upon wake up in response to the detection of a LP-WUS. However, power saving gain is still expected compared to DRX, i.e., depending on the UE group size, and managed LP-WUS resource overhead is possible due to use of UE group IDs instead of UE unique IDs. Compared to UE_Behavior (1) and based on the UE group size, there will be a power consumption penalty that may limit any power saving gain considering the expected high transition energy from ‘Ultra-deep sleep’ power state. Further, considering ‘always-on’ monitoring of the LP-WUS under UE_Behavior (2) when the LP-WUS is carrying UE group ID(s) may not result in any latency reduction benefit compared to DRX power saving scheme since the MR will still have to monitor POs according to any of the legacy DRX cycles. However, ‘always-on’ monitoring mode may alleviate the need for the LP-WUR to periodically synchronize with the transmitting entities.
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[bookmark: _Ref117665926]Figure 4: An Example Protocol Flow/Timeline based on LP-WUS Configuration with UE Group Addressing.
UE_Behavior (3) may correspond to the definition of shorter RRC IDLE/INACTIVE state DRX cycles, i.e., ms, which may result in a better LP-WUS latency performance compared to UE_Behavior (2) without any impact on power consumption due to the use of LP-WUR and at a managed LP-WUS resource overhead due to the use of UE group IDs. 
Both UE_Behavior (2) and (3) may also apply for the case when the LP-WUS carries a unique UE ID but the MR is still required to monitor POs. However, for a LP-WUS with a low false alarm rate (FAR), it might be unreasonable to mandate MR monitoring of POs after detection of LP-WUS carrying a unique UE ID. That is because PO monitoring by the MR will add to the power consumption without providing any additional information to the UE.
[bookmark: _Ref117848643]Proposal 1: Evaluate the LP-WUR performance for the following LP-WUS design and MR behaviors
· UE_Behavior (1): LP-WUS carries a unique UE ID and MR is not required to monitor POs.
· UE_Behavior (2): LP-WUS carries a UE group ID and MR is required to monitor legacy POs/PFs.
· UE_Behavior (3): LP-WUS carries a UE group ID and MR is required to monitor newly defined POs/PFs.
[bookmark: _Ref117848680]Observation 1: For group-addressed LP-WUS, ‘always-on’ monitoring mode may not result in any latency reduction benefits due to the necessity of MR’s monitoring of legacy POs after LP-WUS detection but may alleviate the requirement for frequent LP-WUR synchronization.
[bookmark: _Ref117848700]Proposal 2: For the evaluation of group-addressed LP-WUS, consider the impact of defining a shorter DRX cycle (<320 ms), i.e., for the MR to monitor POs after waking up due to reception of LP-WUS, on latency and overall paging resource overhead.
[bookmark: _Ref117261177]Performance Metrics and Models
In RAN1#110-bis-e, an initial agreement (see Appendix C: RAN1#110-bis-e Agreements) on the performance metrics to be considered for the evaluation of the LP-WUS is reached.
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 the average relative 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. 
Latency is another metric which can be captured/measured using one or more of the following definitions depending on the UE behavior options discussed in Section 2.2.1 
· Latency_Definition (1): the average time between the arrival of a network event, i.e., data, and the detection of a corresponding LP-WUS. 
· Latency_Definition (2): the average time between the arrival of a network event, i.e., data, and the reception of a corresponding paging message. 
· Latency_Definition (3): the average time between the arrival of a network event, i.e., data, and the transmission of a corresponding PRACH. 
The first latency definition applies to UE_Behavior (1). The second latency definition applies to UE_Behavior (2) and UE_Behavior (3) only when the UE is required to monitor a PO after LP-WUS detection. On the other hand, the third latency definition can be applied to any of the UE behaviors (1-3).
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 can be considered for the evaluation of the LP-WUR and associated LP-WUS include network coverage and network resource overhead.
[bookmark: _Ref117848749]Proposal 3: Consider the average time between the arrival of data at gNB and the UE’s detection of a corresponding LP-WUS as a definition for latency when evaluating performance of a LP-WUS carrying a UE unique ID.
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 ‘Ultra-deep sleep’ power/sleep state) are obtained/derived (according to the latest agreement in RAN1#110-bis-e, see Appendix C: RAN1#110-bis-e Agreements) based on [6] (for eMBB and other cases than IoT and wearables) and [8] (for IoT and wearables) 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 ‘Ultra-deep sleep’ power/sleep state and the power consumption values in Table 3 are based on the latest agreements in RAN1#110-bis-e (see Appendix C: RAN1#110-bis-e Agreements). The wide range of relative power unit values for LP-WUR ‘on’ state will correspond to different LP-WUR architectures with high variability in sensitivity and subsequently coverage. Coverage mismatch between LP-WUS and PDCCH will have an impact on power saving gain expected from the LP-WUR and should be taken into account during the LP-WUS evaluation and comparison between the different LP-WUR architectures. 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: _Ref117848777]Observation 2: Mapping between relative power unit values and LP-WUR coverage ratio/probability, and coverage mismatch, i.e., between LP-WUS and PDCCH, handling needs to be defined for proper evaluation of power saving gains/losses.
[bookmark: _Ref114057008]Table 1: UE Power Consumption Model for Main Radio.
	Power State
	Characteristics
	Relative Power (eMBB)
[20 MHz BW]
	Relative Power (RedCap)
 [20 MHz BW]

	Ultra-deep sleep
	Power consumption of the main radio when LP-WUR is used for LP-WUS monitoring
	[0.015]
	[0.015]

	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)
	0.8

	Light Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	20
	18

	Micro sleep
	Immediate transition is assumed for power saving study purpose from or to a non-sleep state
	45
	31

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

	PDCCH + PDSCH
	PDCCH + PDSCH. 
	120
	120

	Intra-frequency RRM measurement*
	Power consumption of the main radio during intra-frequency neighbor cell measurement
	
	

	Inter-frequency RRM measurement*
	Power consumption of the main radio during inter-frequency neighbor cell measurement
	
	

	* Synchronous SSB transmissions from cells and number of cells for intra-frequency measurement of N=8 are assumed.
 Relative power accounting for measurements only
 Relative power accounting for both measurement and neighbor cell search



[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 

	Ultra-deep sleep
	 [2000]**
	

	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
** Additional transition energy for ‘Ultra-deep sleep’ power state accounts for both ramp-up and ramp-down, it does not account for energy required for (re-)synchronization. 
Total transition time for ‘Ultra-deep sleep’ power state accounts for ramp-up time only, assumptions for (re-) synchronization time are discussed in Section 2.2.3.1



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

	Off
	WUR power consumption when turned off
	 [0.001]*

	On
	WUR power consumption when turned on
	[0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4]*

	* Values are dependent on the studied architectures in AI 9.13.2



Latency
Latency of any of the baseline schemes or the LP-WUS scheme may be evaluated using system level simulations or analytically depending on the use case and corresponding traffic model. For example, the Poisson arrival process may be considered for the IoT/wearables use case where the number of network events, e.g., paging arrivals, within a simulated/evaluation window follow a Poisson distribution and inter-arrival times between the events follow an exponential distribution. To simplify the evaluation for the Poisson arrival process, analytical expressions can be derived for latency (according to Latency_Definition (2) in Section 2.2.2) where a network event, e.g., data arrival, is assumed to arrive uniformly in any transaction cycle, i.e., mean inter-arrival time. The latency of the DRX  and the eDRX  schemes can then 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 (according to Latency_Definition (3) in Section 2.2.2) assuming that the main radio may wake-up on demand without being restricted to any DRX cycle configuration can be expressed as
,
where  represents the RACH occasions (ROs) periodicity which can be as frequent as every frame, i.e., 10ms, according to [3GPP TS 38.211 Section 6.3.3.2]. The second term may be ignored when  and the latency may simply be considered as  which is the expected LP-WUS latency according to Latency_Definition (1) when the LP-WUS carries a UE ID.
The impact of Latency_Definition (3) on the latency evaluation (e.g., based on system level simulation or derived analytic formulas) of DRX and eDRX power saving schemes depends on the time difference between POs and ROs. For simplicity, we can assume that the time difference is fixed and corresponds to one half the RO periodicity.

Coverage and Resource Overhead
Network coverage of the LP-WUR will depend on the considered receiver architecture and corresponding signal design. The receiver architecture and corresponding signal design, 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. 
If LP-WUR’s full coverage is decided to be a target design, the power saving gain from the LP-WUR is expected to be low with potential restriction on the LP-WUR’s ‘always-on’ monitoring mode due to the expected high LP-WUR’s power consumption during the ‘on’ power state, i.e., considering a single LP-WUR’s receiver (RX) mode of operation. On the other hand, if LP-WUR’s full coverage is decided not to be a design target, the power saving gain during the LP-WUR’s operation is expected to be high even with the ‘always-on’ monitoring mode. However, when the LP-WUR is out-of-coverage, the UE might have to switch to the MR and forego any power saving gain. The overall power saving gain, in that case, will depend on the UE’s mobility pattern with worst case scenario being for UEs that are almost stationary and reside at/close to the cell edge. 
Alternatively, the UE might balance between power saving gain and coverage by considering two or more RX modes of operation for the LP-WUR where, e.g., an ultra-low power RX mode is used in good coverage scenarios to achieve the maximum power saving gain and a low-power RX mode is used in bad coverage scenarios to achieve a reasonable power saving gain without sacrificing coverage. The two or more RX modes of operation may require the same or different signal design. If the same signal design is considered for the LP-WUR’s RX modes of operation, switching between the RX modes of operation can be transparent to the network. However, if different signal design is considered, switching cannot be transparent to the network and may need to be reported. Otherwise, there will be impact on both latency and resource overhead.
The different schemes for handling LP-WUR coverage can then be summarized as follows
· Coverage_Scheme (1): LP-WUR full coverage without RX mode of operation switching.
· Coverage_Scheme (2): LP-WUR limited coverage with switching to MR during out-of-coverage.
· Coverage_Scheme (3): LP-WUR full coverage with RX mode (e.g., two or more) switching.
· Coverage_Scheme (3-A): RX modes of operation consider the same signal design.
· Coverage_Scheme (3-B): RX modes of operation consider different signal designs.
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, 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, LP-WUS design/structure, e.g., number of information bits and coding, and LP-WUS functions, e.g., group-based paging. The LP-WUS functions will determine the frequency of transmissions. For example, UE-based paging might imply more frequent transmissions than group-based paging (depending on the transmission criteria). Further, LP-WUS transmission in support of measurements maybe periodic, e.g., periodic beacon transmissions.
[bookmark: _Ref117842520][bookmark: _Ref117848881]Proposal 4: Consider the following LP-WUR coverage handling schemes for evaluation of the LP-WUS/WUR power saving gain and network resource overhead.
· Coverage_Scheme (1): LP-WUR full coverage without RX mode of operation switching.
· Coverage_Scheme (2): LP-WUR limited coverage with switching to MR during out-of-coverage.
· Coverage_Scheme (3): LP-WUR full coverage with RX mode (e.g., two or more) switching.
· Coverage_Scheme (3-A): RX modes of operation consider the same signal design.
· Coverage_Scheme (3-B): RX modes of operation consider different signal designs.
[bookmark: _Ref117848905]Observation 3: LP-WUS design options/functions and mapping to time/frequency resource requirements need to be defined for proper evaluation of the network resource overhead in support of LP-WUS/WUR.  
[bookmark: _Ref117836959]Receiver Processing Details and Use Cases
The fundamental receiver processing timelines in RRC_IDLE and RRC_INACTIVE states for the DRX, eDRX, LP-WUS power saving schemes are shown in Figure 1, Figure 2, and Figure 3/Figure 4, respectively. More details on the receiver processing timeline are described in Section 2.2.3.1 and use cases/traffic models considered during the LP-WUS/WUR evaluation are described in Section 2.2.3.2.
[bookmark: _Ref117602407]Processing Timeline
Additional details on the assumptions on the receiver processing timeline for paging reception during a DRX cycle (i.e., for DRX power saving scheme or during DRX cycle in PTW for the eDRX power saving scheme) are shown in Figure 5 and Figure 6 without PEI and with PEI, respectively. In Figure 5, the number of SSB bursts processed, PO monitoring duration, SSB burst processing duration for inter-frequency measurements, and intermediate sleep states are shown for three different SNR cases (low, medium, and high) when PEI is not configured/supported. Further, depending on the group paging rate/probability, either PDCCH only or PDCCH/PDSCH decoding is considered during paging reception. Figure 6 show similar information in addition to the PEI-O monitoring duration and location when PEI is configured/supported.
[image: ]
[bookmark: _Ref114146566]Figure 5: Assumptions on Receiver Processing for Paging Reception Per DRX (eDRX if  frames) Cycle without PEI Configuration.

[image: ]
[bookmark: _Ref114146572]Figure 6: Assumptions on Receiver Processing for Paging Reception Per DRX (eDRX if  frames) Cycle with PEI Configuration.

The LP-WUR processing timeline depends on multiple factors including the LP-WUS content and UE behavior in response to reception of the LP-WUS as discussed in Section 2.2.1 (i.e., whether LP-WUS is addressed to a UE or a UE group, and whether the MR is required to monitor POs or not), the LP-WUR’s mode of monitoring (i.e., ‘duty-cycled’ or ‘always-on’ monitoring), the criteria for the transmission of the LP-WUS when it is addressed to a UE group under LP-WUR’s ‘always-on’ monitoring mode, and the RRM measurement assumptions.
The criteria for LP-WUS transmission when it is addressing a UE group under ‘always-on’ monitoring mode will result in a trade-off between power saving gain and the latency experienced by each UE within the group. For the purpose of power saving gain evaluation, we may consider an average number of LP-WUS transmissions in a transaction cycle as the ratio between the group paging rate and the UE paging rate, which is approximately equivalent to the number of UEs per paging group for low enough UE/group paging rates, subsequently resulting in no impact on experienced latency compared to uniquely UE addressed LP-WUSs.
[bookmark: _Ref117848990]Observation 4: For LP-WUS addressing a UE group, there is a trade-off between power saving gain and latency that is dependent on the criteria for LP-WUS transmission when ‘always-on’ (or short ‘duty-cycled’) monitoring mode is considered.
[bookmark: _Ref117849002]Proposal 5: For power saving gain and latency evaluation, define a criterion for LP-WUS transmission, e.g., at every UE paging arrival, when LP-WUS is addressing a UE group and ‘always-on’ (or short ‘duty-cycled’) monitoring mode is considered.  
For RRM measurements, the MR, the LP-WUR, or a combination of both may be considered for measurements while the LP-WUR is used to monitor LP-WUSs. Therefore, we may consider any of the following four different options for power saving gain evaluation
· Meas_Option (1): MR performs serving cell and intra/inter-frequency measurements.
· Meas_Option (2): LP-WUR performs serving cell measurements and MR performs intra/inter-frequency measurements.
· Meas_Option (3): LP-WUR performs serving cell and intra-frequency measurements and MR performs inter-frequency measurements.
· Meas_Option (4): LP-WUR performs serving and intra/inter-frequency measurements.
When the MR is being considered for RRM measurements, i.e., Meas_Option (1-3), we can assume that the MR is configured, e.g., for measurement purposes only, with eDRX. However, to avoid any impact on the experienced latency by the UE, the LP-WUR should keep track of at least a tracking/notification area level beacon that can be transmitted with higher periodicity, e.g., a DRX cycle, which may be selected based on a target resource overhead. For a maximum LP-WUR’s power saving gain, the eDRX cycle may be selected as the largest value, i.e., eDRX cycle of 10485.76 seconds, and measurements may be performed for 4 DRX cycles within the PTW. Other values may also be considered depending on the use case. Further, we may assume that the MR can skip measurements in an eDRX cycle if it has recently woken up by a LP-WUS, either uniquely or group addressed based on the (re-)synchronization timeline assumptions discussed below for a MR transitioning from the ‘Ultra-deep sleep’ power state.
[bookmark: _Ref117842583][bookmark: _Ref117849021]Proposal 6: For LP-WUR power consumption evaluation, consider the following RRM measurement options
· Meas_Option (1): MR performs serving cell and intra/inter-frequency measurements.
· Meas_Option (2): LP-WUR performs serving cell measurements and MR performs intra/inter-frequency measurements.
· Meas_Option (3): LP-WUR performs serving cell and intra-frequency measurements and MR performs inter-frequency measurements.
· Meas_Option (4): LP-WUR performs serving and intra/inter-frequency measurements.
[bookmark: _Ref117849066]Observation 5: Power saving gain from LP-WUR will be limited, if any, compared to DRX power saving scheme when the MR is still configured to perform RRM measurements according to the DRX cycle.
[bookmark: _Ref117849083]Proposal 7: For RRM measurement purposes only when LP-WUR is actively monitoring for LP-WUS, consider a MR configured with an eDRX cycle of, e.g., [10485.76] s, and a PTW of length, e.g., 4 DRX cycles.
[bookmark: _Ref117849090]Proposal 8: Consider LP-WUR monitoring of at least a tracking and/or a RAN notification area level beacon that is transmitted with reasonable periodicity to alleviate the impact of MR’s low periodicity RRM measurements on latency.
During the evaluation of eDRX and LP-WUS power saving schemes, the (re-)synchronization timeline shown in Figure 7 is considered following similar assumptions as proposed in [9] where the MR performs PSS/SSS search upon transitioning from ‘Ultra-deep sleep’ state for a duration of [40, 80, 120] ms at a relative power consumption corresponding to inter-frequency measurement and search, i.e., 150 units, followed by PBCH DMRS acquisition for [1, 2, 3] SSB periods, depending on the SNR case, i.e., [high, medium, low].
[image: ]
[bookmark: _Ref117690881]Figure 7: Assumptions on MR Processing during Ramp-up and (Re-)Synchronization after Waking-up from ‘Ultra-deep sleep’ Power State. 

[bookmark: _Ref117673438]Use Case and Traffic Models
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], [7]. 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 [7] 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 are based on the TR 38.875 [8] heart beat traffic model, as agreed in RAN1#110-bis-e, and is shown in Table 4.
[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.
	5.12 (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 ‘ultra-deep sleep’ power state).
	581 (ms)

	
	Per group paging probability per DRX cycle 
	0.1



In Figure 8, the power consumption of the LP-WUS is compared to that of DRX and eDRX schemes, at the three cases of SNR {low, medium, high}, when the LP-WUR is assumed to be continuously monitoring for the LP-WUS at a relative power consumption of . It is also assumed that the LP-WUS can be detected at the same power consumption in all three SNR cases, i.e., LP-WUR has the same coverage as the main radio at the considered power consumption. Further, the LP-WUS is assumed to carry uniquely addressed UE IDs (i.e., UE_Behavior (1)) and RRM measurements are carried by the LP-WUR without requiring any additional power consumption. Note that the significant difference in power consumption between the ‘High’ SNR and other SNR cases is mainly due to the additional synchronization and RRM measurement (e.g., intra/inter-frequency) requirements as indicated in Figure 5-Figure 7.
[image: ][image: ][image: ]
(a) Low SNR. 					(b) Medium SNR. 					(c) High SNR.
[bookmark: _Ref117692985]Figure 8: Power Consumption Comparison of LP-WUS and DRX/eDRX schemes.

In Figure 9, the latency of the LP-WUS is compared to that of DRX and eDRX schemes for the case when the main radio is assumed to be restricted to a DRX cycle (i.e., Latency_Definition (2)) of the same duration as in the DRX scheme. 
[image: ]
[bookmark: _Ref117693002]Figure 9: Latency Comparison of LP-WUS and DRX/eDRX schemes (Main Radio is DRX Restricted).
Other use cases, as evaluated in Section 2.2.4, can be captured by the baseline traffic model (see Appendix C: RAN1#110-bis-e Agreements) where the Per UE paging rate  is defined as any of the values in the set  within duration . The relationship between the group paging rate  and  is defined as

where  defines the number of UEs in the group. For the evaluation results in Section 2.2.4, we set the duration  second and derive the per UE Group paging probability per DRX cycle  in DRX power saving scheme as

For eDRX power saving scheme, we derive the per UE Group paging probability for the first DRX cycle in PTW  as

whereas the per UE Group paging probability for the rest of DRX cycles in the PTW  is set as .
[bookmark: _Ref117849115]Proposal 9: Define the baseline traffic model (Option 1), agreed upon in RAN1#110-bis-e, as a Poisson Arrival Process where inter-arrival times are exponentially distributed for proper evaluation of latency.
[bookmark: _Ref117849127]Proposal 10: Set the duration  to unit time, e.g., , and derive the UE Group Paging Probability per DRX cycle  in DRX power saving scheme, per first DRX cycle in PTW , and per rest of DRX cycles in PTW  as
· 
· 
· 
where A, B, and PTW are the DRX cycle, eDRX cycle, and PTW length, respectively.
[bookmark: _Ref117695316]Evaluation Results
For the set of results in this section, we consider the list of parameters, schemes, and corresponding values/options defined in Table 5. Note that the results shown do not account for additional power consumption expected from LP-WUS false alarms.
[bookmark: _Ref117773755]Table 5: List of Evaluation Parameters, Schemes, and Corresponding Values/Options
	Parameter/Identifier
	Definition / Description
	Value/Option

	A
	DRX Cycle.
	1.28 (s)

	B
	eDRX Cycle.
	{61.44s}  (s)

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

	L_wus
	WUS transmission duration
	1 (ms)

	X
	Total time required to wake-up the main radio (i.e., from ‘ultra-deep sleep’ power state).
	580 (ms)

	N
	Number of UEs per paging group 
	10

	PC_model
	MR power consumption model (“eMBB” or “RedCap”) based on Table 1 and Table 2
	“RedCap”

	
	Relative power of the LP-WUR ‘on’ power state based on values in Table 3.
	[0.005/0.02/0.05/0.2/0.5/1/2]

	LP-WUS_Content
	The content of the LP-WUS can either be “UE ID” (corresponding to UE_Behavior (1)) or “UE Group ID” (corresponding to UE_Behavior (2))
	{“UE ID”, “UE Group ID”}

	Monitoring_Mode
	The monitoring mode of the LP-WUR which can either be “duty-cycled” or “always-on”
	{“always-on”, “duty-cycled”}

	Latency_Definition
	Definition of latency considered where “Option2” [“Option1”] is used when MR is [not] required to monitor POs after LP-WUS detection.
	“Option1/2”

	Coverage_Scheme
	The assumption on LP-WUR coverage and handling of coverage mismatch, if any, Based on Proposal 4. where “Option1” refers to LP-WUR full coverage and “Option2” refers to LP-WUR limited coverage.
	{“Option1”}

	Coverage_Probability
	The assumption on the probability that the LP-WUR remains in coverage for all options of Coverage_Scheme except “Option1”.
	80%

	Group_Paging_Criteria
	The criteria for UE group addressed LP-WUS transmission when ‘always-on’ (or short ‘duty-cycled’) monitoring is considered.
	“at every UE paging arrival”

	Meas_Option
	The RRM measurement options as defined in Proposal 6, e.g., “Option1” refers to MR performing serving cell & intra/inter-frequency measurements.
	“Option1”

	MR_Meas_Config
	eDRX cycle (B_meas) and number of DRX cycles (M) per PTW [B_meas, M] considered by the MR for RRM measurement purposes only when LP-WUR is monitoring for LP-WUS.
	[61.44s, 4 cycles]

	
	Per UE paging rate within duration  second.
	



Results for “always-on” Monitoring
In this section, results for ‘always-on’ LP-WUS monitoring are presented where the assumptions in Table 5 are considered for the two cases when the LP-WUS is carrying a ‘UE ID’ and a ‘UE group ID’.
Latency, according to Latency_Definition (1) and (2) and under ‘always-on’ monitoring mode, is evaluated in Table 6, where LP-WUS latency is shown to be close to that of the DRX power saving scheme, and to result in a reduction of ~98% compared to eDRX power saving scheme when Latency_Definition (1) is used, i.e., LP-WUS is carrying ‘UE ID’. On the other hand, LP-WUS latency is shown to exceed twice that of the DRX power saving scheme, but result in a reduction of ~94% compared to eDRX power saving scheme when Latency_Definition (2) is used, i.e., LP-WUS is carrying ‘UE group ID’.

[bookmark: _Ref117842988]Table 6: Latency % Reduction/Increase of LP-WUS (‘UE ID’, ‘UE group ID’, ‘always-on’) Compared to DRX/eDRX schemes.
	Power Saving Scheme
	Latency [s]
	1Reduction (+) / Increase (-) [%]
	2Reduction (+) / Increase (-) [%]

	LP-WUS
	-
	11.53
	20.581
	-
	-

	DRX
	w/o PEI
	0.64
	-139.1
	9.2

	
	w/ PEI
	0.64
	-139.1
	9.2

	eDRX
	w/o PEI
	25.92
	94.1
	97.8

	
	w/ PEI
	25.92
	94.1
	97.8

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


[bookmark: _Ref117849263]Observation 6: For LP-WUS, carrying ‘UE ID’ and in ‘always-on’ monitoring mode, latency (without accounting for miss-detections) is close to that of DRX and only represents about 2% of the eDRX power saving scheme.
[bookmark: _Ref117849271]Observation 7: For LP-WUS, carrying ‘UE group ID’ and in ‘always-on’ monitoring mode, latency (without accounting for miss-detections) can be more than twice that of DRX, but only represents about 6% of the eDRX power saving scheme.

 “UE ID” LP-WUS 
In Table 7, the power saving gain of LP-WUS, when carrying ‘UE ID’ and under ‘always-on’ monitoring mode assumption, compared to DRX and eDRX power saving scheme under PEI configuration is shown for the three SNR cases {low, medium, high} and for the LP-WUR ‘on’ power state relative power values in the set . It is noted that two-digit power saving gain is only viable for relative power values < 1 unit at the high SNR case. More details on the results are available in (Appendix D: Results for “UE ID” LP-WUS and “always-on” Monitoring). 
[bookmark: _Ref117842966]Table 7: Power Saving Gain of LP-WUS (‘UE ID’, ‘always-on’) Compared to DRX/eDRX with PEI.
	
	
	0.005
	0.02
	0.05
	0.2
	0.5
	1
	2

	SNR
	
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX

	Low
	1%
	78.6
	12
	77.9
	9.2
	76.6
	3.6
	69.8
	-24.4
	56.1
	-80.5
	33.4
	-173.9
	-11.9
	-360.7

	
	0.1%
	78.6
	12.7
	77.9
	9.9
	76.5
	4.1
	69.4
	-24.6
	55.3
	-82
	31.8
	-177.7
	-15.1
	-369

	
	0.01%
	78.3
	10.9
	77.6
	8
	76.2
	2.2
	69.1
	-26.9
	55
	-84.9
	31.4
	-181.7
	-15.8
	-375.2

	
	0.001%
	78.3
	10.7
	77.6
	7.8
	76.1
	1.9
	69.1
	-27.1
	54.9
	-85.3
	31.3
	-182.2
	-15.8
	-376

	Med
	1%
	83.5
	18.4
	82.8
	15
	81.5
	8.2
	74.6
	-25.6
	61
	-93.3
	38.2
	-206.1
	-7.4
	-431.7

	
	0.1%
	83
	16.3
	82.3
	12.8
	80.9
	5.9
	73.9
	-28.8
	59.8
	-98.3
	36.3
	-214.1
	-10.7
	-445.7

	
	0.01%
	82.7
	14.2
	82
	10.7
	80.6
	3.6
	73.6
	-31.5
	59.4
	-101.9
	35.8
	-219.1
	-11.3
	-453.5

	
	0.001%
	82.7
	13.9
	82
	10.4
	80.6
	3.4
	73.5
	-31.9
	59.4
	-102.3
	35.8
	-219.7
	-11.4
	-454.5

	High
	1%
	83.4
	16.2
	82.3
	10.8
	80.2
	-0.1
	69.4
	-54.4
	47.9
	-163.1
	12
	-344.3
	-59.7
	-706.6

	
	0.1%
	82.3
	11
	81.2
	5.4
	79
	-5.8
	67.8
	-61.7
	45.6
	-173.7
	8.5
	-360.2
	-65.7
	-733.4

	
	0.01%
	82
	8.4
	80.8
	2.7
	78.6
	-8.7
	67.4
	-65.4
	45.1
	-178.9
	7.9
	-368.1
	-66.6
	-746.4

	
	0.001%
	81.9
	8
	80.8
	2.4
	78.6
	-9.0
	67.4
	-65.9
	45
	-179.6
	7.8
	-369.1
	-66.7
	-748.1


[bookmark: _Ref117849283]Observation 8: For LP-WUS, carrying ‘UE ID’, in ‘always-on’ monitoring mode and at ‘on’ power state relative power of 1 unit, LP-WUS power consumption (without accounting for false alarms) approaches that of DRX with PEI and 4-5 times that of the eDRX with PEI power saving schemes at high SNR.
[bookmark: _Ref117849295]Proposal 11: For LP-WUS, carrying ‘UE ID’, in ‘always-on’ monitoring mode, consider LP-WUR architectures corresponding to ‘on’ power state relative power  unit. 

 “UE Group ID” LP-WUS 
In Table 8, the power saving gain of LP-WUS, when carrying ‘UE group ID’ and under ‘always-on’ monitoring mode assumption, compared to DRX and eDRX power saving scheme under PEI configuration is shown for the three SNR cases {low, medium, high} and for the LP-WUR ‘on’ power state relative power values in the set . It is noted that two-digit power saving gain for per UE paging rate  is only viable for relative power values < 1 unit at the high SNR case. On the other hand, two-digit power saving gain for per UE paging rate  is only viable for relative power values < 0.5 units at the medium and high SNR cases. 
[bookmark: _Ref117845912]Table 8: Power Saving Gain of LP-WUS (‘UE group ID’, ‘always-on’) Compared to DRX/eDRX with PEI.
	
	
	0.005
	0.02
	0.05
	0.2
	0.5
	1
	2

	SNR
	
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX

	Low
	1%
	0.5
	-309.7
	-0.2
	-312.5
	-1.6
	-318.1
	-8.4
	-346.1
	-22
	-402.2
	-44.7
	-495.6
	-90.1
	-682.4

	
	0.1%
	77.7
	9
	76.9
	6.1
	75.5
	0.3
	68.5
	-28.4
	54.4
	-85.8
	30.9
	-181.5
	-16
	-372.8

	
	0.01%
	78.5
	11.7
	77.8
	8.8
	76.4
	3
	69.3
	-26.1
	55.1
	-84.1
	31.6
	-180.9
	-15.6
	-374.5

	
	0.001%
	78.3
	10.8
	77.5
	7.8
	76.2
	2
	69.1
	-27
	54.9
	-85.2
	31.4
	-182.1
	-15.8
	-375.9

	Med
	1%
	25.5
	-263.7
	25.9
	-267.1
	24.5
	-273.9
	17.7
	-307.7
	4
	-375.4
	-18.8
	-488.2
	-64.4
	-713.8

	
	0.1%
	82.8
	15.1
	82.1
	11.6
	80.7
	4.7
	73.6
	-30.1
	59.5
	-99.5
	36
	-215.3
	-11
	-446.9

	
	0.01%
	82.9
	15.2
	82.2
	11.7
	80.8
	4.6
	73.7
	-30.5
	59.6
	-100.9
	36
	-218.1
	-11.1
	-452.6

	
	0.001%
	82.7
	14
	82
	10.5
	80.6
	3.5
	73.5
	-31.7
	59.4
	-102.2
	35.8
	-219.6
	-11.3
	-454.4

	High
	1%
	32.6
	-240.4
	31.5
	-245.8
	29.4
	-256.7
	18.6
	-311
	-2.9
	-419.7
	-38.8
	-600.9
	-110.5
	-963.2

	
	0.1%
	82.8
	13.3
	81.6
	7.7
	79.4
	-3.5
	68.3
	-59.5
	46
	-171.4
	8.9
	-358
	-65.3
	-731.1

	
	0.01%
	82.2
	9.7
	81.1
	4.1
	78.9
	-7.3
	67.7
	-64
	45.4
	-177.5
	8.1
	-366.7
	-66.3
	-745.1

	
	0.001%
	82
	8.2
	80.8
	2.5
	78.6
	-8.9
	67.4
	-65.7
	45.1
	-179.4
	7.8
	-368.9
	-66.7
	-748


[bookmark: _Ref117849315]Observation 9: For LP-WUS, carrying ‘UE group ID’ (group size 10), in ‘always-on’ monitoring mode and at ‘on’ power state relative power of 1 unit, LP-WUS power consumption (without accounting for false alarms) approaches that of DRX with PEI and 4-5 times that of the eDRX with PEI power saving schemes at high SNR and per UE paging rate .
[bookmark: _Ref117849328]Observation 10: For LP-WUS, carrying ‘UE group ID’ (group size 10), in ‘always-on’ monitoring mode and at per UE paging rate (s), LP-WUS power consumption is close to or exceeds that of DRX/eDRX power saving schemes with PEI configuration at low SNR.

Results for “duty-cycled” Monitoring
In this section, results for ‘duty-cycled’ LP-WUS monitoring are presented. In addition to the assumptions in Table 5, the LP-WUR is assumed to have the same duty-cycle as the MR with a 10%, i.e., 128ms, on duration. The presented results are for the two cases when the LP-WUS is carrying a ‘UE ID’ and a ‘UE group ID’.

 “UE ID” LP-WUS 
In Table 9, the power saving gain of LP-WUS, when carrying ‘UE ID’ and under ‘duty-cycled’ monitoring mode assumption, compared to DRX and eDRX power saving scheme under PEI configuration is shown for the three SNR cases {low, medium, high} and for the LP-WUR ‘on’ power state relative power values in the set . It is noted that, opposed to ‘always-on’ monitoring, two-digit power saving gain is viable for relative power values  units at all SNR cases compared to DRX. 
[bookmark: _Ref118098358]Table 9: Power Saving Gain of LP-WUS (‘UE ID’, ‘duty-cycled’) Compared to DRX/eDRX with PEI.
	
	
	0.005
	0.02
	0.05
	0.2
	0.5
	1
	2

	SNR
	
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX

	Low
	1%
	78.8
	12.7
	78.7
	12.4
	78.6
	11.8
	77.9
	9
	76.5
	3.4
	74.3
	-5.9
	69.7
	-24.6

	
	0.1%
	78.8
	13.4
	78.7
	13.1
	78.5
	12.6
	77.8
	9.7
	76.4
	4
	74.1
	-5.6
	69.4
	-24.7

	
	0.01%
	78.5
	11.6
	78.4
	11.3
	78.3
	10.7
	77.5
	7.8
	76.1
	2
	73.8
	-7.7
	69.1
	-27

	
	0.001%
	78.4
	11.4
	78.4
	11.1
	78.2
	10.5
	77.5
	7.6
	76.1
	1.8
	73.7
	-7.9
	69
	-27.3

	Med
	1%
	83.7
	19.2
	83.6
	18.8
	83.5
	18.2
	82.8
	14.8
	81.4
	8
	79.1
	-3.3
	74.6
	-25.8

	
	0.1%
	83.2
	17.2
	83.1
	16.8
	83
	16.1
	82.3
	12.6
	80.9
	5.7
	78.5
	-5.9
	73.8
	-29

	
	0.01%
	82.9
	15
	82.8
	14.7
	82.7
	14
	82
	10.5
	80.6
	3.4
	78.2
	-8.3
	73.5
	-31.7

	
	0.001%
	82.9
	14.8
	82.8
	14.4
	82.7
	13.7
	82
	10.2
	80.6
	3.2
	78.2
	-8.6
	73.5
	-32.1

	High
	1%
	83.7
	17.6
	83.6
	17
	83.4
	15.9
	82.3
	10.5
	80.1
	-0.4
	76.5
	-18.5
	69.4
	-54.7

	
	0.1%
	82.6
	12.4
	82.5
	11.8
	82.2
	10.7
	81.1
	5.1
	78.9
	-6.1
	75.2
	-24.8
	67.8
	-62.1

	
	0.01%
	82.2
	9.7
	82.1
	9.2
	81.9
	8
	80.8
	2.3
	78.5
	-9
	74.8
	-27.9
	67.4
	-65.8

	
	0.001%
	82.2
	9.4
	82.1
	8.8
	81.9
	7.7
	80.7
	2
	78.5
	-9.4
	74.8
	-28.3
	67.3
	-66.2


[bookmark: _Ref118099990]Observation 11: For LP-WUS, carrying ‘UE ID’ in ‘duty-cycled’ monitoring mode, power consumption can be significantly lower than that of DRX with PEI and comparable to that of the eDRX with PEI power saving schemes at ‘on’ power state relative power < 1 unit.

 “UE Group ID” LP-WUS 
In Table 10, the power saving gain of LP-WUS, when carrying ‘UE group ID’ and under ‘duty-cycled’ monitoring mode assumption, compared to DRX and eDRX power saving scheme under PEI configuration is shown for the three SNR cases {low, medium, high} and for the LP-WUR ‘on’ power state relative power values in the set . It is noted that two-digit power saving gain for per UE paging rate  is viable for relative power values  2 units only at medium and high SNR cases. 
[bookmark: _Ref118099184]Table 10: Power Saving Gain of LP-WUS (‘UE group ID’, ‘duty-cycled’) Compared to DRX/eDRX with PEI.
	
	
	0.005
	0.02
	0.05
	0.2
	0.5
	1
	2

	SNR
	
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX
	DRX
	eDRX

	Low
	1%
	0.6
	-309
	0.5
	-309.3
	0.4
	-309.9
	-0.3
	-312.7
	-1.6
	-318.3
	-3.9
	-327.6
	-8.4
	-346.3

	
	0.1%
	77.8
	9.6
	77.8
	9.4
	77.6
	8.8
	76.9
	5.9
	75.5
	0.2
	73.1
	-9.4
	68.5
	-28.5

	
	0.01%
	78.7
	12.4
	78.6
	12.1
	78.4
	11.5
	77.7
	8.6
	76.3
	2.8
	74
	-6.9
	69.2
	-26.3

	
	0.001%
	78.5
	11.4
	78.4
	11.2
	78.2
	10.6
	77.5
	7.7
	76.1
	1.9
	73.8
	-7.8
	69
	-27.2

	Med
	1%
	26.7
	-262.9
	26.6
	-263.3
	26.5
	-263.9
	25.8
	-267.3
	24.4
	-274.1
	22.2
	-285.4
	17.6
	-307.9

	
	0.1%
	82.9
	15.9
	82.9
	15.6
	82.7
	14.9
	82
	11.4
	80.6
	4.5
	78.3
	-7.1
	73.6
	-30.3

	
	0.01%
	83.1
	16
	83
	15.7
	82.9
	15
	82.2
	11.4
	80.8
	4.4
	78.4
	-7.3
	73.7
	-30.8

	
	0.001%
	82.9
	14.9
	82.8
	14.5
	82.7
	13.8
	82
	10.3
	80.6
	3.3
	78.2
	-8.5
	73.5
	-32

	High
	1%
	32.9
	-239.1
	32.8
	-239.6
	32.6
	-240.7
	31.5
	-246.1
	29.3
	-257
	25.7
	-275.1
	18.6
	-311.3

	
	0.1%
	83
	14.6
	82.9
	14.1
	82.7
	13
	81.6
	7.4
	79.4
	-3.8
	75.6
	-22.5
	68.2
	-59.8

	
	0.01%
	82.5
	11.1
	82.4
	10.5
	82.2
	9.4
	81
	3.7
	78.8
	-7.6
	75.1
	-26.6
	67.6
	-64.4

	
	0.001%
	82.2
	9.6
	82.1
	9
	81.9
	7.8
	80.8
	2.2
	78.5
	-9.2
	74.8
	-28.2
	67.4
	-66.1


[bookmark: _Ref118099998]Observation 12: For LP-WUS, carrying ‘UE group ID’ (group size 10), in ‘duty-cycled’ monitoring mode and at per UE paging rate (s), LP-WUS power consumption is close to or exceeds that of DRX/eDRX power saving schemes with PEI configuration at low SNR.
[bookmark: _Ref117849338]Proposal 12: For further evaluation of LP-WUS carrying ‘UE group ID’ (group size 10):
· Consider only ‘duty-cycled’ monitoring mode for LP-WUR architectures corresponding to ‘on’ power state relative power  unit.
· Consider only ‘duty-cycled’ monitoring mode for per UE paging rate  at medium and high SNR.
· Consider optimization of LP-WUR processing timeline for per UE paging rate  specifically at low SNR.
· Consider both ‘always-on’ and ‘duty-cycled’ monitoring modes for LP-WUR architectures corresponding to ‘on’ power state relative power  unit and use cases corresponding to per UE paging rate fors.
[bookmark: _Ref129681832]Conclusion
The contribution discussed performance evaluation metrics, evaluation assumptions, and presented results for the comparison between LP-WUS/WUR and DRX/eDRX power saving schemes. The contribution presented the following proposals and observations.
UE Behavior in Response to a LP-WUS
Proposal 1: Evaluate the LP-WUR performance for the following LP-WUS design and MR behaviors
· UE_Behavior (1): LP-WUS carries a unique UE ID and MR is not required to monitor POs.
· UE_Behavior (2): LP-WUS carries a UE group ID and MR is required to monitor legacy POs/PFs.
· UE_Behavior (3): LP-WUS carries a UE group ID and MR is required to monitor newly defined POs/PFs.
Observation 1: For group-addressed LP-WUS, ‘always-on’ monitoring mode may not result in any latency reduction benefits due to the necessity of MR’s monitoring of legacy POs after LP-WUS detection but may alleviate the requirement for frequent LP-WUR synchronization.
Proposal 2: For the evaluation of group-addressed LP-WUS, consider the impact of defining a shorter DRX cycle (<320 ms), i.e., for the MR to monitor POs after waking up due to reception of LP-WUS, on latency and overall paging resource overhead.

Performance Metrics and Models
Proposal 3: Consider the average time between the arrival of data at gNB and the UE’s detection of a corresponding LP-WUS as a definition for latency when evaluating performance of a LP-WUS carrying a UE unique ID.
Observation 2: Mapping between relative power unit values and LP-WUR coverage ratio/probability, and coverage mismatch, i.e., between LP-WUS and PDCCH, handling needs to be defined for proper evaluation of power saving gains/losses.
Proposal 4: Consider the following LP-WUR coverage handling schemes for evaluation of the LP-WUS/WUR power saving gain and network resource overhead.
· Coverage_Scheme (1): LP-WUR full coverage without RX mode of operation switching.
· Coverage_Scheme (2): LP-WUR limited coverage with switching to MR during out-of-coverage.
· Coverage_Scheme (3): LP-WUR full coverage with RX mode (e.g., two or more) switching.
· Coverage_Scheme (3-A): RX modes of operation consider the same signal design.
· Coverage_Scheme (3-B): RX modes of operation consider different signal designs.
Observation 3: LP-WUS design options/functions and mapping to time/frequency resource requirements need to be defined for proper evaluation of the network resource overhead in support of LP-WUS/WUR.

Processing Details, Use Cases, and Traffic Models
Observation 4: For LP-WUS addressing a UE group, there is a trade-off between power saving gain and latency that is dependent on the criteria for LP-WUS transmission when ‘always-on’ (or short ‘duty-cycled’) monitoring mode is considered.
Proposal 5: For power saving gain and latency evaluation, define a criterion for LP-WUS transmission, e.g., at every UE paging arrival, when LP-WUS is addressing a UE group and ‘always-on’ (or short ‘duty-cycled’) monitoring mode is considered.
Proposal 6: For LP-WUR power consumption evaluation, consider the following RRM measurement options
· Meas_Option (1): MR performs serving cell and intra/inter-frequency measurements.
· Meas_Option (2): LP-WUR performs serving cell measurements and MR performs intra/inter-frequency measurements.
· Meas_Option (3): LP-WUR performs serving cell and intra-frequency measurements and MR performs inter-frequency measurements.
· Meas_Option (4): LP-WUR performs serving and intra/inter-frequency measurements.
Observation 5: Power saving gain from LP-WUR will be limited, if any, compared to DRX power saving scheme when the MR is still configured to perform RRM measurements according to the DRX cycle.
Proposal 7: For RRM measurement purposes only when LP-WUR is actively monitoring for LP-WUS, consider a MR configured with an eDRX cycle of, e.g., [10485.76] s, and a PTW of length, e.g., 4 DRX cycles.
Proposal 8: Consider LP-WUR monitoring of at least a tracking and/or a RAN notification area level beacon that is transmitted with reasonable periodicity to alleviate the impact of MR’s low periodicity RRM measurements on latency.
Proposal 9: Define the baseline traffic model (Option 1), agreed upon in RAN1#110-bis-e, as a Poisson Arrival Process where inter-arrival times are exponentially distributed for proper evaluation of latency.
Proposal 10: Set the duration  to unit time, e.g., , and derive the UE Group Paging Probability per DRX cycle  in DRX power saving scheme, per first DRX cycle in PTW , and per rest of DRX cycles in PTW  as
· 
· 
· 
where A, B, and PTW are the DRX cycle, eDRX cycle, and PTW length, respectively.

Evaluation Results for Power Consumption and Latency
Observation 6: For LP-WUS, carrying ‘UE ID’ and in ‘always-on’ monitoring mode, latency (without accounting for miss-detections) is close to that of DRX and only represents about 2% of the eDRX power saving scheme.
Observation 7: For LP-WUS, carrying ‘UE group ID’ and in ‘always-on’ monitoring mode, latency (without accounting for miss-detections) can be more than twice that of DRX, but only represents about 6% of the eDRX power saving scheme.
Observation 8: For LP-WUS, carrying ‘UE ID’, in ‘always-on’ monitoring mode and at ‘on’ power state relative power of 1 unit, LP-WUS power consumption (without accounting for false alarms) approaches that of DRX with PEI and 4-5 times that of the eDRX with PEI power saving schemes at high SNR.
Proposal 11: For LP-WUS, carrying ‘UE ID’, in ‘always-on’ monitoring mode, consider LP-WUR architectures corresponding to ‘on’ power state relative power  unit.
Observation 9: For LP-WUS, carrying ‘UE group ID’ (group size 10), in ‘always-on’ monitoring mode and at ‘on’ power state relative power of 1 unit, LP-WUS power consumption (without accounting for false alarms) approaches that of DRX with PEI and 4-5 times that of the eDRX with PEI power saving schemes at high SNR and per UE paging rate .
Observation 10: For LP-WUS, carrying ‘UE group ID’ (group size 10), in ‘always-on’ monitoring mode and at per UE paging rate (s), LP-WUS power consumption is close to or exceeds that of DRX/eDRX power saving schemes with PEI configuration at low SNR.
Observation 11: For LP-WUS, carrying ‘UE ID’ in ‘duty-cycled’ monitoring mode, power consumption can be significantly lower than that of DRX with PEI and comparable to that of the eDRX with PEI power saving schemes at ‘on’ power state relative power < 1 unit.
Observation 12: For LP-WUS, carrying ‘UE group ID’ (group size 10), in ‘duty-cycled’ monitoring mode and at per UE paging rate (s), LP-WUS power consumption is close to or exceeds that of DRX/eDRX power saving schemes with PEI configuration at low SNR.
Proposal 12: For further evaluation of LP-WUS carrying ‘UE group ID’ (group size 10):
· Consider only ‘duty-cycled’ monitoring mode for LP-WUR architectures corresponding to ‘on’ power state relative power  unit.
· Consider only ‘duty-cycled’ monitoring mode for per UE paging rate  at medium and high SNR.
· Consider optimization of LP-WUR processing timeline for per UE paging rate  specifically at low SNR.
· Consider both ‘always-on’ and ‘duty-cycled’ monitoring modes for LP-WUR architectures corresponding to ‘on’ power state relative power  unit and use cases corresponding to per UE paging rate fors.
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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 .

[bookmark: _Ref117667454]Appendix C: RAN1#110-bis-e Agreements
	Agreement
For evaluation, 1 Rx chain for LP-WUS receiver is baseline.

Agreement
Both RRC IDLE/INACTIVE and CONNECTED modes are to be studied as part of the LP-WUS/WUR SI. 
· FFS: Further prioritization if needed during the study item.

Agreement
Take the following power model for main radio for evaluation in LP-WUS/WUR SI,
· For IoT and wearable cases, reuse TR38.875 power model as baseline.
· For eMBB and other cases, reuse TR38.840 power model as baseline.
· Introduce ‘Ultra-deep sleep’ power state for main radio of UEs with LP-WUS receiver 
· FFS: The details of ‘Ultra-deep sleep’ power state

Agreement
· The following power models are used ‘Ultra-deep sleep’ power state for main radio for evaluation
	Power State
	Relative Power (unit)
	Ramp-up and down transition energy (Note1):
(unit multiplied by ms)
	Ramp-up time
	Time for sync/re-sync

	Ultra-deep sleep
	[0.015]
	[2000 ~ 40000]
· Study to converge on candidate numbers to use for evaluation
· FFS: other values and reported by companies.
· FFS: down-selection of the values, 
· companies are encouraged to provide details for down-selection
	[400ms], FFS: 100ms
	X


 Note1: 
· Ramp-up time may consist of the procedure for [main radio hardware tune on e.g., boot, memory load and etc.], 
· Time for sync/re-sync consists of the procedure for [main radio to re-synchronization with the serving gNB etc.],
· FFS: X and whether/how to have different values depending on other factors, e.g., signal-to-noise ratio
· Companies can report the assumption of X in the initial evaluation.
· Ramp up and down energy includes power for ramp-up and ramp-down. Energy consumption for sync/re-sync is separately calculated.
· The total time for main radio transition from ultra-deep sleep to active/micro sleep state is the sum of ramp-up time and time for sync/re-sync. 
· FFS whether/how to define ramp-down time, whether to separately describe the ramp-down energy consumption
Note 2: the power state transitions in this table refer to transitions between ultra deep sleep state and active / micro sleep state.
Note 3: The values inside of ‘[ ]’ are to be used as starting point of future study on LP-WUS

Agreement
· The following power model for LP-WUR/WUS evaluation is considered,
· Relative power unit for LP-WUR ‘off’ state, i.e., the LP-WUR does not perform monitoring: 
· [0.001]
· Relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring: 
· [0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4]
· Other values are not precluded to be evaluated.
· FFS: Mapping from values to a LP-WUR architecture or LP-WUR mode of operation
· No additional transition energy and transition time between ‘on’ and ‘off’ state as start point, FFS any transition energy and transition time if needed.
Note1: A unit of power is defined to be the same for main receiver and LP-WUS receiver.
Note2: the values provided is for the purpose of studying power saving gain, and the values can be further revisit and categorization depending on the receiver architecture discussion.
Note3: For LP-WUR ‘on’ state, more than one values within the above range may be used for evaluation (e.g. for a single LP-WUR architecture)
FFS: LP-WUR power consumption values for FR2.

Agreement
For R18 LP-WUS/WUR power evaluation in RRC connected mode, the following can be considered, 
· XR traffic model with evaluation methodologies and assumptions captured in TR 38.838. 
· eMBB traffic model with evaluation methodologies and assumptions captured in TR 38.840
· Heartbeat traffic models in 3GPP TR 38.875.
· Other models are not precluded.
Company to further provide the followings,
· Parameters (e.g., frame rate, data rate, jitter range, DRX configurations and etc if needed.)
· How to use LP-WUS, e.g., LP-WUS to trigger/adapt PDCCH monitoring
· Other details if any

Agreement
· For LP-WUS coverage evaluation, the noise figure of LP-WUR is 
· Options : [9, 12, 15, 18, 21, 24], Other values can be reported by companies
· FFS: how to determine the NF option.
· The values provided is for the purpose of studying coverage of LP-WUS, and it can be further revisited depending on the receiver architecture discussion.

Agreement
For the performance evaluations of LP-WUS candidate designs, it is assumed that
· The miss-detection rate (MDR) of LP-WUS [1%],
· The false-alarm rate (FAR) of LP-WUS
· [0.1%, 1%, 10%]
· Other values are not precluded for studying reported by companies
· Note: if LP-WUS for wake-up indication consists of two parts or even multiple parts, the proposed MDR/FAR should take into account the reception performance of the two or more parts jointly
· The above values applied in both RRC CONNECTED and IDLE/INACTIVE mode.
· FFS FAR requirement based on the study outcome of the impact of FAR on power consumption / power saving gain / system overhead
· FFS: Note: FAR should be evaluated both in the absence of gNB transmissions and in the presence of transmissions from gNB. Proponent to provide the details.

Agreement
For system impact analysis, the following performance metrics are considered to be provided,
	Performance Metric
	Note

	System overhead
	expressed as percentage of used part of all REs for LP-WUS (including guard band or time or others resource used for LP-WUR if any) among all resources
Other assumptions related to the system overhead analysis can be reported, e.g., the LP-WUR raw data rate evaluated in the coverage evaluations.

	FFS: Capacity impact
	[Evaluate the system capacity impact due to introducing of LP-WUS]

	FFS: NW power consumption / Energy Efficiency
	[Impact of LP-WUS/WUR operation on gNB energy consumption as performance metric in system impact analysis.]


 
For power and latency evaluation of the LP-WUS, the following performance metrics are considered to be provided.
	Performance Metric
	Note

	Power consumption
	Relative power consumption in units. The power consumption includes main radio and LP-WUR. For comparison, the relative power consumption and evaluation period for baseline schemes should also be provided, as well as the power saving gain (i.e., percentage of power consumption reduction of the proposed power saving scheme from the baseline scheme).

	Latency
	For IDLE/INACTIVE state, the latency is the time interval between the data arrival time at the gNB and the time of the first PO UE can [monitor/detect] the paging message
· FFS: if UE is not required to monitor a PO after wake-up, e.g., latency is the time interval between the data arrival time at the gNB and the time UE transmits the PRACH after LP-WUS detection.
· sync/re-sync for main radio is included
For CONNECTED state, TBD

	FFS: UPT
	FFS
Note: it is for connected mode purpose.


· Companies to report baseline scheme, e.g., PO monitoring with i-DRX, e-DRX, with or without PEI
· Companies to report the power consumption / power saving gain considering the FAR impact , latency considering MDR impact
· Other performance metrics (e.g., mobility) can be reported by companies (if any)

Agreement
The following is assumed for RRC IDLE/INACTIVE evaluation,
	Parameters
	Value

	i-DRX cycle length
	1.28s and other values not precluded and reported by companies, consider both with PEI/ without PEI

	e-DRX cycle length
	20.48s, 61.44s and other values not precluded, company to report which value(s) are used.  Note: ‘ultra-deep sleep’ state can be assumed for eDRX whenever necessary for baseline UE

	Number of POs in Paging Frame 
	1

	Number of DRXs per PTW
	4

	Number of SSB before PO / PEI
	1, 2 or 3, (used for e.g., AGC adjustment, T/F tracking, serving cell and intra-F measurement)
company to report which value(s) are used
Note: the assumptions is for MR wakes from ‘Deep sleep’

	Sync/re-sync after ultra-deep sleep
	companies to report the timeline of sync/re-sync and X value, X is the time for sync/re-sync

	RRM Measurement
	Company to report whether and how the RRM measurement is assumed, e.g., whether RRM performed by main radio or LP-WUR, whether RRM is relaxed or not.

	LP-WUS monitoring
	Option 1: continuously monitoring
Option 2: discontinuously monitoring, with [T] ms as the period for complete an on-and-off cycle, and [D] ms as the active time for monitoring LP-WUS every cycle.

	Traffic
	Option 1 (baseline):
Per UE paging rate (R_E)= [1%] or [0.1%] or [0.01%] or [0.001%] within duration Y, [FFS Y is an i-DRX cycle length or an absolute time duration length]
· R_G denotes as the group paging rate and R_E denotes as UE paging rate, and 1-R_G=(1-R_E)^N, where N is the number of UEs in the group, and N is [TBD] 
· FFS: how (R_G, R_E) for e-DRX derived from 
 
FFS: Option 2 (optional):
 Reusing TR 38.875 heart beat traffic model
	Model
	FTP3

	Packet size
	100 Bytes

	Mean inter-arrival time
	60s (per UE paging rate≈2%)


 
Model RRC connection phase power consumption as follows,
	RRC connection duration
	[30ms]

	Relative energy consumption of RRC connection block (Relative power x ms)
	[3000]


 
Other options are not precluded can be reported by companies.

	Others
	Reported by companies


 
Agreement
For evaluation of the coverage of LP-WUS, the methodology and assumptions in R17 CovEnh SI (described in TR38.830) is reused as baseline.
1. MIL is used as the metric for LP-WUS coverage evaluation
2. urban (2.6GHz/4GHz), rural(700MHz) scenario for FR1 are considered to be evaluated, others (e.g., FR2) are not precluded.

Note: For IoT/wearables devices, refer to R17 Redcap SI TR38.875 if the assumptions differ from TR38.830.
· Companies report any other assumptions which differ from the TR38.875/ TR38.830, e.g., Tx and Rx loss.
· Companies are encouraged to compare LP-WUS with at least PDCCH for paging, PUSCH, others are not precluded. FFS: Target coverage of LP-WUS




[bookmark: _Ref117849600]Appendix D: Results for “UE ID” LP-WUS and “always-on” Monitoring
Table 11: Power Saving Gain of LP-WUS [] Compared to DRX/eDRX schemes.
	 
	
	Power Saving Scheme
	Low SNR
	Medium SNR
	High SNR

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

	0.005
	1%
	LP-WUS
	-
	470.34
	-
	1.53
	361.85
	-
	1.53
	231.16
	-
	1.53

	
	
	DRX
	w/o PEI
	2520.34
	81.3
	0.64
	2459.09
	85.3
	0.64
	1600
	85.6
	0.64

	
	
	
	w/ PEI
	2202.76
	78.6
	0.64
	2194.88
	83.5
	0.64
	1394.11
	83.4
	0.64

	
	
	eDRX
	w/o PEI
	553.17
	14.9
	25.92
	457.99
	21
	25.92
	286.27
	19.3
	25.92

	
	
	
	w/ PEI
	535.24
	12
	25.92
	443.31
	18.4
	25.92
	276
	16.2
	25.92

	
	0.1%
	LP-WUS
	-
	455.95
	-
	1.53
	361.34
	-
	1.53
	238.48
	-
	1.53

	
	
	DRX
	w/o PEI
	2496.84
	81.7
	0.64
	2435.59
	85.2
	0.64
	1594.13
	85
	0.64

	
	
	
	w/ PEI
	2129.04
	78.6
	0.64
	2128.21
	83
	0.64
	1347.68
	82.3
	0.64

	
	
	eDRX
	w/o PEI
	549.12
	17
	25.92
	453.94
	20.4
	25.92
	285.26
	16.4
	25.92

	
	
	
	w/ PEI
	522.54
	12.7
	25.92
	431.83
	16.3
	25.92
	268.01
	11
	25.92

	
	0.01%
	LP-WUS
	-
	460.41
	-
	1.53
	365.98
	-
	1.53
	242.22
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.34
	81.5
	0.64
	2433.09
	85
	0.64
	1593.51
	84.8
	0.64

	
	
	
	w/ PEI
	2121.19
	78.3
	0.64
	2121.11
	82.7
	0.64
	1342.74
	82
	0.64

	
	
	eDRX
	w/o PEI
	547.25
	15.9
	25.92
	452.07
	19
	25.92
	284.79
	14.9
	25.92

	
	
	
	w/ PEI
	516.67
	10.9
	25.92
	426.52
	14.2
	25.92
	264.31
	8.4
	25.92

	
	0.001%
	LP-WUS
	-
	460.93
	-
	1.53
	366.5
	-
	1.53
	242.63
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.09
	81.5
	0.64
	2432.84
	84.9
	0.64
	1593.44
	84.8
	0.64

	
	
	
	w/ PEI
	2120.4
	78.3
	0.64
	2120.39
	82.7
	0.64
	1342.24
	81.9
	0.64

	
	
	eDRX
	w/o PEI
	547.01
	15.7
	25.92
	451.83
	18.9
	25.92
	284.73
	14.8
	25.92

	
	
	
	w/ PEI
	515.92
	10.7
	25.92
	425.84
	13.9
	25.92
	263.84
	8
	25.92



Table 12: Power Saving Gain of LP-WUS  Compared to DRX/eDRX schemes.
	 
	
	Power Saving Scheme
	Low SNR
	Medium SNR
	High SNR

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

	0.02
	1%
	LP-WUS
	-
	485.95
	-
	1.53
	376.85
	-
	1.53
	246.16
	-
	1.53

	
	
	DRX
	w/o PEI
	2520.34
	80.7
	0.64
	2459.09
	84.7
	0.64
	1600.01
	84.6
	0.64

	
	
	
	w/ PEI
	2202.76
	77.9
	0.64
	2194.88
	82.8
	0.64
	1394.11
	82.3
	0.64

	
	
	eDRX
	w/o PEI
	553.17
	12.2
	25.92
	457.99
	17.7
	25.92
	286.27
	14
	25.92

	
	
	
	w/ PEI
	535.24
	9.2
	25.92
	443.31
	15
	25.92
	276
	10.8
	25.92

	
	0.1%
	LP-WUS
	-
	470.95
	-
	1.53
	376.34
	-
	1.53
	253.48
	-
	1.53

	
	
	DRX
	w/o PEI
	2496.84
	81.1
	0.64
	2435.59
	84.5
	0.64
	1594.13
	84.1
	0.64

	
	
	
	w/ PEI
	2129.04
	77.9
	0.64
	2128.21
	82.3
	0.64
	1347.68
	81.2
	0.64

	
	
	eDRX
	w/o PEI
	549.12
	14.2
	25.92
	453.94
	17.1
	25.92
	285.26
	11.1
	25.92

	
	
	
	w/ PEI
	522.54
	9.9
	25.92
	431.83
	12.8
	25.92
	268.01
	5.4
	25.92

	
	0.01%
	LP-WUS
	-
	475.41
	-
	1.53
	380.98
	-
	1.53
	257.22
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.34
	80.9
	0.64
	2433.09
	84.3
	0.64
	1593.51
	83.9
	0.64

	
	
	
	w/ PEI
	2121.19
	77.6
	0.64
	2121.11
	82
	0.64
	1342.74
	80.8
	0.64

	
	
	eDRX
	w/o PEI
	547.25
	13.1
	25.92
	452.07
	15.7
	25.92
	284.79
	9.7
	25.92

	
	
	
	w/ PEI
	516.67
	8
	25.92
	426.52
	10.7
	25.92
	264.31
	2.7
	25.92

	
	0.001%
	LP-WUS
	-
	475.93
	-
	1.53
	381.5
	-
	1.53
	257.63
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.09
	80.9
	0.64
	2432.84
	84.3
	0.64
	1593.44
	83.8
	0.64

	
	
	
	w/ PEI
	2120.4
	77.6
	0.64
	2120.39
	82
	0.64
	1342.24
	80.8
	0.64

	
	
	eDRX
	w/o PEI
	547.01
	13
	25.92
	451.83
	15.6
	25.92
	284.73
	9.5
	25.92

	
	
	
	w/ PEI
	515.92
	7.8
	25.92
	425.84
	10.4
	25.92
	263.84
	2.4
	25.92

	0.05
	1%
	LP-WUS
	-
	515.95
	-
	1.53
	406.85
	-
	1.53
	276.16
	-
	1.53

	
	
	DRX
	w/o PEI
	2520.34
	79.5
	0.64
	2459.09
	83.5
	0.64
	1600.01
	82.7
	0.64

	
	
	
	w/ PEI
	2202.76
	76.6
	0.64
	2194.88
	81.5
	0.64
	1394.11
	80.2
	0.64

	
	
	eDRX
	w/o PEI
	553.17
	6.7
	25.92
	457.99
	11.2
	25.92
	286.27
	3.5
	25.92

	
	
	
	w/ PEI
	535.24
	3.6
	25.92
	443.31
	8.2
	25.92
	276
	-0.1
	25.92

	
	0.1%
	LP-WUS
	-
	500.95
	-
	1.53
	406.34
	-
	1.53
	283.48
	-
	1.53

	
	
	DRX
	w/o PEI
	2496.84
	79.9
	0.64
	2435.59
	83.3
	0.64
	1594.13
	82.2
	0.64

	
	
	
	w/ PEI
	2129.04
	76.5
	0.64
	2128.21
	80.9
	0.64
	1347.68
	79
	0.64

	
	
	eDRX
	w/o PEI
	549.12
	8.8
	25.92
	453.94
	10.5
	25.92
	285.26
	0.6
	25.92

	
	
	
	w/ PEI
	522.54
	4.1
	25.92
	431.83
	5.9
	25.92
	268.01
	-5.8
	25.92

	
	0.01%
	LP-WUS
	-
	505.41
	-
	1.53
	410.98
	-
	1.53
	287.22
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.34
	79.7
	0.64
	2433.09
	83.1
	0.64
	1593.51
	82
	0.64

	
	
	
	w/ PEI
	2121.19
	76.2
	0.64
	2121.11
	80.6
	0.64
	1342.74
	78.6
	0.64

	
	
	eDRX
	w/o PEI
	547.25
	7.6
	25.92
	452.07
	9.1
	25.92
	284.79
	-0.9
	25.92

	
	
	
	w/ PEI
	516.67
	2.2
	25.92
	426.52
	3.6
	25.92
	264.31
	-8.7
	25.92

	
	0.001%
	LP-WUS
	-
	505.93
	-
	1.53
	411.5
	-
	1.53
	287.63
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.09
	79.7
	0.64
	2432.84
	83.1
	0.64
	1593.44
	81.9
	0.64

	
	
	
	w/ PEI
	2120.4
	76.1
	0.64
	2120.39
	80.6
	0.64
	1342.24
	78.6
	0.64

	
	
	eDRX
	w/o PEI
	547.01
	7.5
	25.92
	451.83
	8.9
	25.92
	284.73
	-1.0
	25.92

	
	
	
	w/ PEI
	515.92
	1.9
	25.92
	425.84
	3.4
	25.92
	263.84
	-9.0
	25.92



Table 13: Power Saving Gain of LP-WUS  Compared to DRX/eDRX schemes.
	 
	
	Power Saving Scheme
	Low SNR
	Medium SNR
	High SNR

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

	0.2
	1%
	LP-WUS
	-
	665.95
	-
	1.53
	556.85
	-
	1.53
	426.16
	-
	1.53

	
	
	DRX
	w/o PEI
	2520.34
	73.6
	0.64
	2459.09
	77.4
	0.64
	1600.01
	73.4
	0.64

	
	
	
	w/ PEI
	2202.76
	69.8
	0.64
	2194.88
	74.6
	0.64
	1394.11
	69.4
	0.64

	
	
	eDRX
	w/o PEI
	553.17
	-20.4
	25.92
	457.99
	-21.6
	25.92
	286.27
	-48.9
	25.92

	
	
	
	w/ PEI
	535.24
	-24.4
	25.92
	443.31
	-25.6
	25.92
	276
	-54.4
	25.92

	
	0.1%
	LP-WUS
	-
	650.95
	-
	1.53
	556.34
	-
	1.53
	433.48
	-
	1.53

	
	
	DRX
	w/o PEI
	2496.84
	73.9
	0.64
	2435.59
	77.2
	0.64
	1594.13
	72.8
	0.64

	
	
	
	w/ PEI
	2129.04
	69.4
	0.64
	2128.21
	73.9
	0.64
	1347.68
	67.8
	0.64

	
	
	eDRX
	w/o PEI
	549.12
	-18.5
	25.92
	453.94
	-22.6
	25.92
	285.26
	-52
	25.92

	
	
	
	w/ PEI
	522.54
	-24.6
	25.92
	431.83
	-28.8
	25.92
	268.01
	-61.7
	25.92

	
	0.01%
	LP-WUS
	-
	655.41
	-
	1.53
	560.98
	-
	1.53
	437.22
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.34
	73.7
	0.64
	2433.09
	76.9
	0.64
	1593.51
	72.6
	0.64

	
	
	
	w/ PEI
	2121.19
	69.1
	0.64
	2121.11
	73.6
	0.64
	1342.74
	67.4
	0.64

	
	
	eDRX
	w/o PEI
	547.25
	-19.8
	25.92
	452.07
	-24.1
	25.92
	284.79
	-53.5
	25.92

	
	
	
	w/ PEI
	516.67
	-26.9
	25.92
	426.52
	-31.5
	25.92
	264.31
	-65.4
	25.92

	
	0.001%
	LP-WUS
	-
	655.93
	-
	1.53
	561.5
	-
	1.53
	437.63
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.09
	73.7
	0.64
	2432.84
	76.9
	0.64
	1593.44
	72.5
	0.64

	
	
	
	w/ PEI
	2120.4
	69.1
	0.64
	2120.39
	73.5
	0.64
	1342.24
	67.4
	0.64

	
	
	eDRX
	w/o PEI
	547.01
	-19.9
	25.92
	451.83
	-24.3
	25.92
	284.73
	-53.7
	25.92

	
	
	
	w/ PEI
	515.92
	-27.1
	25.92
	425.84
	-31.9
	25.92
	263.84
	-65.9
	25.92

	0.5
	1%
	LP-WUS
	-
	965.95
	-
	1.53
	856.85
	-
	1.53
	726.16
	-
	1.53

	
	
	DRX
	w/o PEI
	2520.34
	61.7
	0.64
	2459.09
	65.2
	0.64
	1600.01
	54.6
	0.64

	
	
	
	w/ PEI
	2202.76
	56.1
	0.64
	2194.88
	61
	0.64
	1394.11
	47.9
	0.64

	
	
	eDRX
	w/o PEI
	553.17
	-74.6
	25.92
	457.99
	-87.1
	25.92
	286.27
	-153.7
	25.92

	
	
	
	w/ PEI
	535.24
	-80.5
	25.92
	443.31
	-93.3
	25.92
	276
	-163.1
	25.92

	
	0.1%
	LP-WUS
	-
	950.95
	-
	1.53
	856.34
	-
	1.53
	733.48
	-
	1.53

	
	
	DRX
	w/o PEI
	2496.84
	61.9
	0.64
	2435.59
	64.8
	0.64
	1594.13
	54
	0.64

	
	
	
	w/ PEI
	2129.04
	55.3
	0.64
	2128.21
	59.8
	0.64
	1347.68
	45.6
	0.64

	
	
	eDRX
	w/o PEI
	549.12
	-73.2
	25.92
	453.94
	-88.6
	25.92
	285.26
	-157.1
	25.92

	
	
	
	w/ PEI
	522.54
	-82
	25.92
	431.83
	-98.3
	25.92
	268.01
	-173.7
	25.92

	
	0.01%
	LP-WUS
	-
	955.41
	-
	1.53
	860.98
	-
	1.53
	737.22
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.34
	61.7
	0.64
	2433.09
	64.6
	0.64
	1593.51
	53.7
	0.64

	
	
	
	w/ PEI
	2121.19
	55
	0.64
	2121.11
	59.4
	0.64
	1342.74
	45.1
	0.64

	
	
	eDRX
	w/o PEI
	547.25
	-74.6
	25.92
	452.07
	-90.5
	25.92
	284.79
	-158.9
	25.92

	
	
	
	w/ PEI
	516.67
	-84.9
	25.92
	426.52
	-101.9
	25.92
	264.31
	-178.9
	25.92

	
	0.001%
	LP-WUS
	-
	955.93
	-
	1.53
	861.5
	-
	1.53
	737.63
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.09
	61.7
	0.64
	2432.84
	64.6
	0.64
	1593.44
	53.7
	0.64

	
	
	
	w/ PEI
	2120.4
	54.9
	0.64
	2120.39
	59.4
	0.64
	1342.24
	45
	0.64

	
	
	eDRX
	w/o PEI
	547.01
	-74.8
	25.92
	451.83
	-90.7
	25.92
	284.73
	-159.1
	25.92

	
	
	
	w/ PEI
	515.92
	-85.3
	25.92
	425.84
	-102.3
	25.92
	263.84
	-179.6
	25.92



Table 14: Power Saving Gain of LP-WUS  Compared to DRX/eDRX schemes.
	 
	
	Power Saving Scheme
	Low SNR
	Medium SNR
	High SNR

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

	1
	1%
	LP-WUS
	-
	1465.95
	-
	1.53
	1356.85
	-
	1.53
	1226.16
	-
	1.53

	
	
	DRX
	w/o PEI
	2520.34
	41.8
	0.64
	2459.09
	44.8
	0.64
	1600.01
	23.4
	0.64

	
	
	
	w/ PEI
	2202.76
	33.4
	0.64
	2194.88
	38.2
	0.64
	1394.11
	12
	0.64

	
	
	eDRX
	w/o PEI
	553.17
	-165
	25.92
	457.99
	-196.3
	25.92
	286.27
	-328.3
	25.92

	
	
	
	w/ PEI
	535.24
	-173.9
	25.92
	443.31
	-206.1
	25.92
	276
	-344.3
	25.92

	
	0.1%
	LP-WUS
	-
	1450.95
	-
	1.53
	1356.34
	-
	1.53
	1233.48
	-
	1.53

	
	
	DRX
	w/o PEI
	2496.84
	41.9
	0.64
	2435.59
	44.3
	0.64
	1594.13
	22.6
	0.64

	
	
	
	w/ PEI
	2129.04
	31.8
	0.64
	2128.21
	36.3
	0.64
	1347.68
	8.5
	0.64

	
	
	eDRX
	w/o PEI
	549.12
	-164.2
	25.92
	453.94
	-198.8
	25.92
	285.26
	-332.4
	25.92

	
	
	
	w/ PEI
	522.54
	-177.7
	25.92
	431.83
	-214.1
	25.92
	268.01
	-360.2
	25.92

	
	0.01%
	LP-WUS
	-
	1455.41
	-
	1.53
	1360.98
	-
	1.53
	1237.22
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.34
	41.7
	0.64
	2433.09
	44.1
	0.64
	1593.51
	22.4
	0.64

	
	
	
	w/ PEI
	2121.19
	31.4
	0.64
	2121.11
	35.8
	0.64
	1342.74
	7.9
	0.64

	
	
	eDRX
	w/o PEI
	547.25
	-165.9
	25.92
	452.07
	-201.1
	25.92
	284.79
	-334.4
	25.92

	
	
	
	w/ PEI
	516.67
	-181.7
	25.92
	426.52
	-219.1
	25.92
	264.31
	-368.1
	25.92

	
	0.001%
	LP-WUS
	-
	1455.93
	-
	1.53
	1361.5
	-
	1.53
	1237.63
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.09
	41.6
	0.64
	2432.84
	44
	0.64
	1593.44
	22.3
	0.64

	
	
	
	w/ PEI
	2120.4
	31.3
	0.64
	2120.39
	35.8
	0.64
	1342.24
	7.8
	0.64

	
	
	eDRX
	w/o PEI
	547.01
	-166.2
	25.92
	451.83
	-201.3
	25.92
	284.73
	-334.7
	25.92

	
	
	
	w/ PEI
	515.92
	-182.2
	25.92
	425.84
	-219.7
	25.92
	263.84
	-369.1
	25.92

	2
	1%
	LP-WUS
	-
	2465.95
	-
	1.53
	2356.85
	-
	1.53
	2226.16
	-
	1.53

	
	
	DRX
	w/o PEI
	2520.34
	2.2
	0.64
	2459.09
	4.2
	0.64
	1600.01
	-39.1
	0.64

	
	
	
	w/ PEI
	2202.76
	-11.9
	0.64
	2194.88
	-7.4
	0.64
	1394.11
	-59.7
	0.64

	
	
	eDRX
	w/o PEI
	553.17
	-345.8
	25.92
	457.99
	-414.6
	25.92
	286.27
	-677.6
	25.92

	
	
	
	w/ PEI
	535.24
	-360.7
	25.92
	443.31
	-431.7
	25.92
	276
	-706.6
	25.92

	
	0.1%
	LP-WUS
	-
	2450.96
	-
	1.53
	2356.34
	-
	1.53
	2233.48
	-
	1.53

	
	
	DRX
	w/o PEI
	2496.84
	1.8
	0.64
	2435.59
	3.3
	0.64
	1594.13
	-40.1
	0.64

	
	
	
	w/ PEI
	2129.04
	-15.1
	0.64
	2128.21
	-10.7
	0.64
	1347.68
	-65.7
	0.64

	
	
	eDRX
	w/o PEI
	549.12
	-346.3
	25.92
	453.94
	-419.1
	25.92
	285.26
	-683
	25.92

	
	
	
	w/ PEI
	522.54
	-369
	25.92
	431.83
	-445.7
	25.92
	268.01
	-733.4
	25.92

	
	0.01%
	LP-WUS
	-
	2455.41
	-
	1.53
	2360.98
	-
	1.53
	2237.22
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.34
	1.6
	0.64
	2433.09
	3
	0.64
	1593.51
	-40.4
	0.64

	
	
	
	w/ PEI
	2121.19
	-15.8
	0.64
	2121.11
	-11.3
	0.64
	1342.74
	-66.6
	0.64

	
	
	eDRX
	w/o PEI
	547.25
	-348.7
	25.92
	452.07
	-422.3
	25.92
	284.79
	-685.6
	25.92

	
	
	
	w/ PEI
	516.67
	-375.2
	25.92
	426.52
	-453.5
	25.92
	264.31
	-746.4
	25.92

	
	0.001%
	LP-WUS
	-
	2455.9
	-
	1.53
	2361.5
	-
	1.53
	2237.63
	-
	1.53

	
	
	DRX
	w/o PEI
	2494.09
	1.5
	0.64
	2432.84
	2.9
	0.64
	1593.44
	-40.4
	0.64

	
	
	
	w/ PEI
	2120.4
	-15.8
	0.64
	2120.39
	-11.4
	0.64
	1342.24
	-66.7
	0.64

	
	
	eDRX
	w/o PEI
	547.01
	-349
	25.92
	451.83
	-422.6
	25.92
	284.73
	-685.8
	25.92

	
	
	
	w/ PEI
	515.92
	-376
	25.92
	425.84
	-454.5
	25.92
	263.84
	-748.1
	25.92
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