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1. Introduction
In RAN1 #110e-bis meeting, the agreements given in Appendix D for R18 low-power Wake-up Signal and Receiver for NR was approved [1]. In this contribution, the target use cases, design targets/KPIs, evaluation aspects for R18 LP-WUS/WUR study are firstly discussed. Then we give our views on the power evaluation methodologies for both RRC idle/inactive and connected modes, followed by the initial simulation results. After that, LLS and coverage evaluation methodology for LP-WUS is discussed as well. 
2. Target use cases
As per the R18 LP-WUS/WUR SID [2], the study on Low Power Wake-up Signal or receiver (LP-WUS/WUR) should target for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables. Also, other use cases are not precluded, e.g. XR/smart glasses, smart phones. Table 1 summarizes the use cases for LP-WUR/WUS. For the devices that are out of reach, small form-factor or rechargeable, power saving will become a very crucial requirement for them to extend battery life or standby time. For example, some industrial sensors used for infrastructure, medical implants or security systems are inaccessible and vital, so the battery life of them need to be extended as longer as possible. In addition, mobility of these use case is another design aspect. For IoT devices, the mobility requirement of them should be stationary or nomadic. For wearables, XR devices or smart phones, the mobility requirement for LP-WUS/WUR is 3~100km/h.
[bookmark: _Ref115183329]Table 1. Use cases for LP-WUR/WUS
	Use case
	Power 
	Latency 
	Mobility

	Unreachable, small form-factor or rechargeable sensors
	Last for years
	Within tens of seconds
	Stationary, nomadic 

	Fire alarms sensors
	Last for years
	Within 1 or 2 seconds
	Stationary, nomadic

	Controllers
	Last for years
	Within several seconds
	Stationary, nomadic

	Wearable
	Last for a few weeks
	Within several seconds
	low/medium speed

	XR glasses
	Last for days 
	Within several milliseconds
	low/medium speed

	Smart phone
	Last for days
	Within tens or hundreds of milliseconds
	low/medium speed



Besides, latency sensitive use cases should also be oriented in the study on R18 LP-WUS/WUR. For example, fire shutters and fire sprinklers shall be triggered by the actuators within 1 to 2 seconds. Additionally, XR service has the stringent requirements for both power consumption and latency (e.g., 10ms packet delay budget for XR DL video traffic). 
[bookmark: _Ref115447104]Proposal 1: Capture the following use cases in the TR of LP-WUS/WUR:
· For IoT devices (e.g., sensors and controllers): The battery should last at least few years; Latency would be within several or tens of seconds; For latency sensitive sensors/actuators, the latency requirement is 1 or 2 seconds; The mobility would be stationary or nomadic.  
· For wearable devices: The battery should last a few weeks; Latency need to be within several seconds; Support of low/medium speed is required.
· For XR devices or smart phones: power saving in CONNECTED mode is desirable; Latency which is critical for RRC CONNECTED state need to be in the order of milliseconds; Support of low/medium speed is required.
3. [bookmark: _Ref115156542]Design targets and KPIs
As analysed above, we further discuss the design targets and KPIs of these target use cases from the perspectives of power consumption, latency, etc.
1) KPI 1: Power consumption of LP-WUR
The overall target for the power consumption of LP-WUR is to strive for a longer battery life or standby time of device. For RRC idle/inactive UEs, the average UE power consumption is currently on several or tens of mW. To achieve substantial power saving gain, a reasonable target power consumption of LP-WUR need to be reduced by a factor of 100 to 1000, which is tens or hundreds of μW.
Based on the evaluation provided in section 5.2, to achieve substantial power saving gain, tens or hundreds units of the target relative power of LP-WUR is reasonable. 
[bookmark: _Ref115446976]Observation 1: For RRC idle/inactive UEs, the average UE power consumption for current NR devices is on several to tens of mW.
[bookmark: _Ref115446998]Observation 2: To achieve substantial power saving gain, a reasonable target power consumption of LP-WUR need to be at the level of 1/100~1/1000 of the main receiver, corresponding to tens to hundreds of μW.
[bookmark: _Ref118739706][bookmark: _Ref115447006]Observation 3: When the relative power of LP-WUR is 30~500 units, UE battery life can be increased by 3~43 times compared with legacy UEs.
For IoT case such as industrial sensors, the approximate standby time (without considering any data transmission process) of sensors under different target power consumption of LP-WUR can also be calculated by simple numerical estimation. As shown in Table 2, the standby time can be extended to up to 10 years with the use of a button battery for power supply.
[bookmark: _Ref115185699]Table 2. The standby time by adopting LP-WUR/WUS with the use of a button battery for power supply
	Supported standby time
	Button battery

	
	210mAh (3V)
	950mAh (3V)

	The power consumption of LP-WUR
	30μW
	2.1 years
	9.3 years

	
	100μW
	0.7 years
	3.3 years

	
	200μW
	0.4 years
	1.6 years

	
	500μW
	0.1 years
	0.7 years



[bookmark: _Ref115447016]Observation 4: When the LP-WUR relative power is 30~500 units, the standby time of IoT devices can be extended to up to 10 years with the use of a button battery for power supply.
Since different mapping relationship between absolute power and relative power of LP-WUR will derive different absolute power of LP-WUR. The mapping relationship between absolute power and relative power of LP-WUR needs to be further confirmed. Preliminary, considering 1unit corresponds to 1~3mW and 30~500uW absolute power consumption, a target KPI for LP-WUR power consumption should be lower than 1mW, corresponding to a relative power of less than 1unit. 
[bookmark: _Ref118739859]Proposal 2: The target power consumption for LP-WUR should be lower than 1mW, corresponding to a relative power of less than 1unit. 
2) KPI 2: Latency
The latency caused by adopting LP-WUS/WUR is from receiving LP-WUS to being ready for NR signals/channels reception by main radio, which consists of two parts as follows:
· [bookmark: OLE_LINK14]Wake-up delay:
1) LP-WUS length
2) LP-WUS monitoring cycle
· Main radio transition time:
3) The ramp-up transition time of main radio
4) The sync/resync time of main radio (only for RRC idle/inactive mode)
[bookmark: _Ref115447123]Proposal 3: The latency introduced by LP-WUS/WUR consists two parts: wake-up delay and transition time of main radio.
The LP-WUS length depends on the specific LP-WUS design. And the expected LP-WUS length is expected to be no more than several slots or milliseconds. In this sense, the main contribution of the latency comes from the LP-WUS monitoring cycle and the total transition time of main radio.
For RRC idle/inactive mode, since there are variety of use cases with different latency requirements, it will be difficult to set certain latency targets. The transition time of main radio is relatively fixed. So, the latency will highly depend on the LP-WUS monitoring cycle. To reduce the latency caused by eDRX cycle, the length of LP-WUS monitoring cycle may need to be less than that of eDRX cycle.
For RRC connected mode, since XR is the target use case for RRC connected mode, the target latency should orient to XR service which requires much stringent latency requirements. Considering the PDB of XR DL video traffic is 10ms, the total latency by adopting LP-WUS/WUR should be no more than several milliseconds. In addition, during LP-WUS monitoring, main radio can enter micro or light sleep state, so the additional transition time can up to 3ms (i.e., half of transition time of light sleep).
[bookmark: _Ref118739865][bookmark: _Ref118743624]Proposal 4: Consider the following as the latency target for LP-WUS/WUR:
· For RRC idle/inactive mode
· Wake up delay: depends on the length of LP-WUS monitoring cycle, e.g. hundreds of milliseconds
· Main radio transition time: hundreds of milliseconds
· For RRC connected mode
· Wake up delay: 0 (assuming continuous monitoring of LP-WUS)
· Main radio transition time: 0 (wake-up from micro sleep), or 3ms (wake-up from light sleep)
3) Design target 1: Coverage
The coverage of the LP-WUS should be at least comparable to the NR bottleneck channel for corresponding deployment scenarios. According to [8], PUSCH (for eMBB) is the worst channel in almost all scenarios evaluated. Although the coverage of some channels, e.g., PDCCH and PDSCH can achieve coverage larger than that of PUSCH, the NW deployment is planed according to the bottleneck channel rather than the best channels. Hence, targeting for coverage of LP-WUS comparable to PDCCH/PDSCH is not necessary in practical deployment.
[bookmark: _Ref115447130]Proposal 5: Coverage of the LP-WUS should be comparable to the NR bottleneck channel, i.e. PUSCH.
4) Design target 2: Data rate
For idle UEs, the maximum data rate for paging can be calculated as R = 48 bits (UE ID length) * 32 (UEs per PO) * 4(POs per radio frame)/10ms = 614kbps. While for LP-WUS, highest data rate may not necessary, e.g., full UE ID delivery may be not required. Hence, around 100kbps data rate design target can be considered.
[bookmark: _Ref115447133]Proposal 6: Around 100kbps data rate can be considered as design target for LP-WUS.
4. General consideration for evaluation
In this section, we summarize the evaluation aspects for R18 LP-WUS/WUR study.
· Capacity
Capacity need to be considered for  RRC connected mode. For example, if the latency is impacted by LP-WUS, with the delay bound set by XR traffic assumption, the system capacity (refer to the number of satisifed XR users than can be accomodated) may be impacted.
[bookmark: _Ref118739966]Proposal 7: Capacity impact should be considered for the power evaluation with XR use case in RRC CONNECTED mode. 
· UPT
UPT can be another performance metric for the evaulation with eMBB traiffic as considered in TR 38.840 for RRC connected mode.
[bookmark: _Ref118739971]Proposal 8: UPT can be evaluated as a performance metric as considered in TR 38.840.  
5. Power consumption evaluation
5.1. Evaluation assumptions for RRC idle/inactive mode
In this section, we firstly clarify the following evaluation assumptions which are left to company report according to the agreements on R18 LP-WUS/WUR power evaluation in RRC idle/inactive mode.
· Sync/re-sync time and its corresponding energy consumption of main radio after waked up from ultra-deep sleep
In the last meeting, the ‘Ultra-deep sleep’ power state for main radio has been agreed for evaluation. In the ultra-deep sleep state, almost all the components of UE main radio can be turned off, so that UE will save plenty of power from this, and 0.015 is a reasonable relative power for Ultra-deep sleep state. Meanwhile, longer transition time and more energy will be costed to convert out from the ultra-deep sleep state, compared to that of deep sleep state. As per the agreement of power state for main radio, there are two part of transition time, one is ramp up time and the other is sync/re-sync time. Regarding the ramp-up time, since it only includes the time for tuning on the hardware of main radio e.g., boot, memory load and etc., the ramp up time can be less than 400ms, maybe 100ms is a reasonable value. And for the identification of the latency and corresponding energy consumption for sync/re-sync process when UE’s main receiver is triggered, we provide the following considerations.
· Currently, no requirements defined for the UE initial cell selection and camping
· The delay caused by main receiver sync/re-sync can be approximated by considering the following scenario:
· Connected state intra-frequency measurement without measurement gap, where the total number of sample are about 13 (13 SMTC periods) (5 samples for PSS/SSS detection, 3 samples for time index detection, 5 samples for SSB measurements)	
· The first 5 samples are measured continuously. And after having timing information, the rest samples can be measured discontinuously. 
· Energy consumption for sync/re-sync of main radio
· Energy consumption formula: ContinuouslyMonitoring_SampleNum* p_SSB* t_SSBperiodicity + DiscontinuoulyMonitoring_SampleNum*(p_SSB+t_SSBperiodicity*p_LightSleep +p_TransitionEngryofLightSleep), wherein p_SSB =50 units, p_LightSleep = 20 units, p_TransitionEngryofLightSleep=100 units, t_SSBperiodicity=20ms.
· Considering use 13 samples for the sync procedure, the first 5 samples are measured continuously, then the sync/re-sync time is 260ms and the energy consumption is 9400 units.
[bookmark: _Ref118739974]Proposal 9: For evaluation, the sync/re-sync time for main receiver can be modeled as 260ms and the corresponding energy consumption can be assumed as 9400 units.
With the mentioned additional assumptions on sync/re-sync time and energy of main radio, ramp-up time only includes the time for hardware tuning on e.g., boot, memory load and etc. Hence, 100ms for ramp-up time and 2000 for the corresponding energy seems to be more practical.
[bookmark: _Ref118739713]Observation 5: With the additional assumptions on sync/re-sync time and energy, ramp-up time and energy (only for hardware tuning on) will be more reasonable to set as 100ms and 2000 units.
· Baseline schemes for the comparison with R18 LP-WUS/WUR scheme
To compare the existing R15/16/17 power saving schemes (including I-DRX paging, PEI and eDRX) with R18 LP-WUS/WUR, Table 3 summarizes the power saving schemes to be evaluated for RRC idle/inactive mode.
Table 3. The evaluation power saving schemes for RRC idle/inactive mode.
	Schemes
	Description

	Baseline 1-1: I-DRX Paging without PEI
	Assume low, medium, high SINR cases

	Baseline 1-2: I-DRX Paging with PEI
	Assume low, medium, high SINR cases

	Baseline 2-1: eDRX without PEI
	Assume low, medium, high SINR cases

	Baseline 2-2: eDRX with PEI
	Assume low, medium, high SINR cases

	LP-WUS/WUR
	After receiving the LP-WUS, UE’s main radio will be turned on and the UE is required to monitoring its PO.



· RRM measurement assumption
We assume RRM measurement is performed by LP-WUR, for example, UE can do RRM measurement by beacon signals detected by LP-WUR periodically. And the beacon detection power is assumed to be the same as that of LP-WUR ‘on’ state.
· Additional transition energy and transition time between LP-WUR ‘on’ and ‘off’ states
[bookmark: OLE_LINK2]For LP-WUR power model, transition energy and transition time are needed when the relative power of LP-WUR is higher than 1 unit due to the larger relative power difference for LP-WUR ‘on’ and ‘off’ states. For the transition time from LP-WUR ‘off’ to ‘on’ state, it mainly includes the start and settling time of MCU or DSM. The MCUs boot up for a fixed number of cycles, or a fixed time period, to enable an external oscillator to become stabilized. After that, a DSM will initialize the runtime environment of the device etc. Accordingly, when assuming the stabilization of the digital circuit needs 1024 cycles and the clock is on the order of Msps, the transition time is approximately tens of milliseconds e.g., 10ms or 20ms. And the corresponding transition energy can be calculated as 1/2 *(p_WUROn - p_WUROff) * transition time, wherein p_WUROff =0.001unit, p_WUROn= 1 or 2 or 4 units.
Table 4. Examples of additional transition energy and transition time between LP-WUR ‘on’ and ‘off’ states.
	Transition energy [unit*ms]
	The relative power of LP-WUR [unit]

	
	p_WUROn =1
	p_WUROn = 2
	p_WUROn = 4

	Transition time=10ms
	5
	10
	20

	Transition time=20ms
	10
	20
	40



[bookmark: _Ref118739977]Proposal 10: Additional transition energy and transition time are needed when the relative power of LP-WUR is higher than 1 unit due to the larger relative power difference for LP-WUR ‘on’ and ‘off’ states.
5.2. [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Initial simulation results for RRC idle/inactive mode
Based on the agreed evaluation methodologies for RRC idle/inactive mode provided in Appendix E and the aforementioned additional assumptions, we provide the evaluation results considering the following aspects which will do impact on power and latency performance. For RRC idle/inactive mode evaluation, performance metrics including power consumption, latency are considered. And additional transition time e.g., 20ms and energy of LP-WUR on-off is assumed for 1, 2, 4 units relative power of LP-WUR.  The following aspects are considered in the evaluation
· Baselines: PO monitoring with i-DRX, e-DRX, with or without PEI
· The relative power of LP-WUR: [0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4] units
· Ramp-up time: [100ms, 400ms] and Ramp-up and down transition energy: [2000, 20000]
· The results and analysis can be seen in Appendix B.
· Sync/re-sync time: X= [260ms] and sync/re-sync energy: [9400]
· The false-alarm rate (FAR) of LP-WUS: [0, 0.1%, 1%, 10%]
· Per UE paging rate: [1%, 0.1%, 0.01%, 0.001%]
· The results and analysis can be seen in Appendix B.
· LP-WUS monitoring: 
a) Option 1: continuously monitoring; 
b) Option 2: discontinuously monitoring
The evaluation results are as follows.
1) Comparing with i-DRX, e-DRX, with or without PEI 
To facilitate comparison and analysis, Figure 1  shows the simulation results with different baseline schemes under the fixed parameter configurations as shown in Table 5.
[bookmark: _Ref118403770]Table 5. Fixed parameter configurations for evaluation with different baselines.
	Parameters
	Relative power of LP-WUR
	Ramp-up time and transition energy
	Sync/re-sync time and energy
	FAR of LP-WUS
	LP-WUS monitoring configuration
	Per UE paging rate

	Values
	0.03 unit
	100ms; 2000 *
	260ms; 9400
	1%
	Option 1
	1%


*Note: the value assumed for this simulation is to know the worst case for LP-WUS. It does not necessary mean to a down-selection or intension to it. Other values can be also considered for study. But the power saving gain for LP-WUS may be less than this value.


[bookmark: _Ref118449748][bookmark: _Ref115257283][bookmark: _Ref118447543][bookmark: _Ref118449557]Figure 1.  Initial simulation results of power consumption and latency for different schemes
From these statistical charts, it can be observed that LP-WUR/WUS scheme will achieve the lowest UE power consumption compared to I-DRX paging and eDRX schemes. And 92% and 57% power saving gain can be achieved by LP-WUS/WUR compared to I-DRX paging and e-DRX, respectively. This is because the introduction of LP-WUR enables the UE to enter the ultra-deep sleep state, thereby saving power. Meanwhile, in terms of latency, I-DRX paging scheme will cause the lowest paging latency, closely followed by LP-WUS/WUR, and finally eDRX. And the additional ~360ms latency by adopting LP-WUR/WUS compared to that of I-DRX paging is due to the transition time for UE’s main radio from ultra-deep sleep state to PDCCH monitoring state. Besides, despite eDRX can achieve the similar power saving effect as LP-WUS/WUR, the very large latency caused by it is unacceptable for latency-sensitive use cases. 
Regarding the impact of PEI configuration to power performance, for I-DRX paging scheme, PEI configuration will obtain around 20% power saving gain on top of it. But, less power performance difference will cause by PEI configuration for e-DRX scheme since PEI is used only within PTW. And from latency perspective, PEI will give no impact on it. 
[bookmark: _Ref115447061][bookmark: _Hlk115093507]Observation 6: Comparing with I-DRX paging (with and without PEI), LP-WUR/WUS can largely reduce the UE power consumption (~ 92% power saving gain), with marginal latency increase.
[bookmark: _Ref115447064]Observation 7: Comparing with eDRX (with and without PEI), LP-WUR/WUS can largely reduce the latency (26x), with even lower UE power consumption.
· The trend of power consumption and latency for different schemes
In order to obviously elaborate the trend of power consumption and latency for different schemes, we further provide the following curves in Figure 2  under multiple DRX configurations for I-DRX paging, eDRX and LP-WUS/WUR schemes, respectively. And the duty cycle ratio of LP-WUS/WUR scheme is assumed as 10%. From these curves, it is clear that LP-WUR/WUS scheme can do optimized trade-off between power consumption and latency. 
[bookmark: _Ref118739723]Observation 8: Comparing with I-DRX paging and eDRX, LP-WUR/WUS provides a much better trade-off between latency and power consumption.
[image: ]
[bookmark: _Ref118466242]Figure 2. The trend of power consumption and latency for different schemes
2) The relative power of LP-WUR: [0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4] units
To facilitate comparison and analysis, Figure 3 shows the simulation results with different relative power of LP-WUR under the fixed parameter configurations as shown in Table 6. 
[bookmark: _Ref118404016]Table 6. Fixed parameter configurations for evaluation with different relative power of LP-WUR.
	Parameters
	Baseline: 
	Ramp-up time and transition energy
	Sync/re-sync time and energy
	FAR of LP-WUS
	LP-WUS monitoring configuration
	Per UE paging rate

	Values
	I-DRX paging with PEI
	100ms; 2000
	260ms; 9400
	1%
	Option 1, Option2
	0.01%

	Note: Considering latency sensitive use cases, the configuration for Option 2 is: with [200ms] as the duty cycle, and [2ms] as the active time for monitoring LP-WUS every cycle.




[bookmark: _Ref118466835][bookmark: _Ref118466828]Figure 3.  The performance of LP-WUS/WUR scheme with different relative powers of LP-WUR.
According to Figure 3, the most intuitive observation is that the obtained power saving gain by LP-WUR/WUS scheme will reduce with the increase of relative power of LP-WUR. Besides, when relative power of LP-WUR is higher than 1 unit, compared to I-DRX paging scheme, not much power saving gain will be achieved by LP-WUS/WUR scheme especially for continuously LP-WUS monitoring case. However, when adopting discontinuously LP-WUS monitoring (shorten to LP-WUS DRX), more power consumption can be reduced with the increase of relative power of LP-WUR. For example, when the relative power of LP-WUR is 4 units, by using LP-WUS with DRX, around 94% power saving gain can be achieved at the expense of latency increase with hundreds of milliseconds compared to continuously LP-WUS monitoring. In addition, the latency performance of the evaluated schemes is not provided since it will not be impacted with different relative power of LP-WUR.
[bookmark: _Ref118739726]Observation 9: The larger relative power of LP-WUR, less power saving gain will obtain by LP-WUR/WUS scheme.
[bookmark: _Ref118739730]Observation 10: When relative power of LP-WUR is higher than 1 unit, compared to I-DRX paging scheme, not much power saving gain will be achieved by LP-WUS/WUR scheme especially for continuously LP-WUS monitoring case.
[bookmark: _Ref118739733]Observation 11: Discontinuous LP-WUS monitoring can significantly reduce the power consumption of LP-WUS monitoring especially for the cases with high relative power of LP-WUR.
3) LP-WUS monitoring configuration: Duty-cycled LP-WUS with various duty cycle length and ratio 
To analysis the impact of different LP-WUS monitoring configurations to power and latency performance, we provide the following evaluated LP-WUS monitoring configurations under the fixed parameter configurations as shown in Table 7.
· [200ms, 400ms, 600ms, 800ms, 1s, 2s] as the period for an on-and-off cycle, and duty cycle ratio is [1%].
· [1s] as the period for an on-and-off cycle, and duty cycle ratio is [1%, 10%, 20%, 40%, 60%, 100%].
[bookmark: _Ref118446615]Table 7. Fixed parameter configurations for evaluation with different LP-WUS monitoring configurations.
	Parameters
	Baseline: 
	Ramp-up time and transition energy
	Sync/re-sync time and energy
	FAR of LP-WUS
	Relative power of LP-WUR
	Per UE paging rate

	Values
	I-DRX paging with PEI
	100ms; 2000
	260ms; 9400
	1%
	0.03, 2 units
	0.1%





[bookmark: _Ref118466976][bookmark: _Ref118466991] Figure 4. The power and latency performances of LP-WUS/WUR scheme with different DRX cycle lengths.
Based on the results shown in Figure 4, with fixed duty cycle ratio, power consumption of LP-WUS scheme are close for different LP-WUR DRX cycle lengths. When relative power of LP-WUR is 2 units, power consumption of LP-WUS scheme decreases slightly as the length of LP-WUR DRX cycle increases. And for latency performance of LP-WUS schemes, it will increase with the length of DRX cycles. 
[bookmark: _Ref118739747]Observation 12: With fixed duty cycle ratio, different LP-WUR DRX cycle lengths have no or less impact on the power consumption of LP-WUS scheme.


[bookmark: _Ref118474887]Figure 5. The power and latency performances of LP-WUS/WUR scheme with different duty cycle ratios.
As shown in Figure 5 , it is obvious that the trend of power consumption of LP-WUS scheme will give different results with different relative power of LP-WUR. When relative power of LP-WUR is 0.03unit, the power consumption of LP-WUS scheme changes very little with the increase of duty cycle ratio. However, when relative power of LP-WUR becomes larger e.g., 2 units, power consumption will sharply increase as duty cycle ratio increases. It verified that the DRX configuration will bring great benefits to power consumption of LP-WUS scheme only when the relative power of LP-WUR is large. Besides, from latency perspective, with the decrease of duty cycle ratio, latency performance will become worse. However, latency performance also depends on the duty cycle length. It still will be acceptable for latency-sensitive use cases when the duty cycle is short enough e.g., 200ms.
[bookmark: _Ref115447078][bookmark: _Ref118739751]Observation 13错误!未指定顺序。: Latency will be increased by DRX configuration for LP-WUS monitoring. And the impact of it on latency will be reduced with the decrease of DRX cycle and the increase of duty cycle ratio.
4) The false-alarm rate (FAR) of LP-WUS: [0, 0.1%, 1%, 10%]
Table 8. Fixed parameter configurations for evaluation with different FAR.
	Parameters
	Baseline: 
	Ramp-up time and transition energy
	Sync/re-sync time and energy
	LP-WUS monitoring configuration
	Relative power of LP-WUR
	Per UE paging rate

	Values
	I-DRX paging with PEI
	100ms; 2000
	260ms; 9400
	Option2
	0.03units
	0.1%

	Note: Considering latency sensitive use cases, the configuration for Option 2 is: with [200ms] as the duty cycle, and [2ms] as the active time for monitoring LP-WUS every cycle.





[bookmark: _Ref118474980]Figure 6.  The power and latency performances of LP-WUS/WUR scheme with different FRA.
Figure 6 shows the power consumption and latency results of LP-WUS/WUR scheme with different FAR. With the increase of FAR, the power consumption of LP-WUS scheme will increase, but the latency of it will be less impacted. When FAR is 10%, the power consumption of LP-WUS increases by 7.4 times of that when FAR is 1%. 
[bookmark: _Ref118739755]Observation 14: With the increase of FAR, the power consumption of LP-WUS scheme will increase, but the latency of it will be less impacted.
[bookmark: _Ref118739760][bookmark: _GoBack]Observation 15: The power consumption of LP-WUS scheme when FAR is 10% is 7.4 times higher than that when FAR=1%. 
5.3. Evaluation assumptions for RRC connected mode
As mentioned earlier, XR service with stringent requirements on both power consumption and latency is one of the target use cases for RRC connected mode. Per the discussion in R17/18 XR, one of the identified pain point issues is XR data packets having a wide range of unpredictable jitter. UE has to perform intensive PDCCH monitoring in the entire jitter range in order to receive the scheduling of XR traffic timely and avoid packet loss caused by exceeding the PDB (e.g., 10ms for XR video traffic). However, the existing R15/16/17 power saving schemes (including R17 PDCCH monitoring adaptation) can only reduce partial unnecessary PDCCH monitoring by switching the periodicity of PDCCH monitoring, but cannot completely avoid it. In this regard, the motivation to study LP-WUS/WUR in RRC connected mode is to further reduce the unnecessary power consumption caused by uncertain jitter. 
[bookmark: _Ref115447081]Observation 16: The motivation to study LP-WUS/WUR in RRC connected mode for XR service is to reduce the excessive PDCCH monitoring due to unpredictable jitter.
As shown in Figure 7(b), enhanced C-DRX, i.e. aligned C-DRX cycle to XR traffic periodicity is adopted. To further reduce the unnecessary PDCCH monitoring during the jitter range (covered by DRX on duration), LP-WUS monitoring occasions (MOs) can be configured within DRX active time. And UE will firstly detect LP-WUS on the LP-WUS MOs from the beginning of the DRX on duration. When XR traffics arrive at the network side, LP-WUS will be sent to wake up the UE. After detecting the LP-WUS, the UE just start to monitor PDCCH. Compared to the existing R17 search space set group (SSSG) switching depicted in Figure 7 (a), by replacing the PDCCH monitoring on the sparse SSSG with LP-WUS detection, UE will have the opportunity to maintain longer sleep therefore achieve power savings.


[bookmark: _Ref118475025][bookmark: _Ref115259053]Figure 7.  Working procedure for LP-WUS/WUR based jitter handling
The power model of LP-WUR agreed in the last meeting can also be adopted for power evaluation in RRC connected mode. Moreover, to guarantee the latency requirement of XR traffic, main radio need to enter micro or light sleep state rather than the ultra-deep sleep state during LP-WUS monitoring. Accordingly, the latency caused by LP-WUS detection will be 0 or 3ms. And the total power consumption of LP-WUR and main radio will be close to that of micro or light sleep state i.e., 45 or 20 power units, which is less than half of the power consumption of PDCCH monitoring (i.e., 100 power units).
[bookmark: _Ref118739981][bookmark: _Ref115447209]Proposal 11: For R18 LP-WUS/WUR power evaluation in RRC connected mode, during the LP-WUS monitoring by separate receiver, the power state of main radio can be micro or light sleep.
Besides, eMBB is another typical target use case for applying LP-WUS in RRC connected mode. Taken FTP model 3 as an example, by means of LP-WUS monitoring, UE can be woken up once data traffic arrives at the gNB side so that the long latency caused by CDRX cycle (e.g., 160ms or 320ms) can be avoided. In this sense, the transmission delay of data traffic can be reduced deeply by applying LP-WUS monitoring, which is conducive to improving the performance of UE perceived throughput accordingly.
5.4. Initial simulation results for RRC connected mode
[bookmark: OLE_LINK1][bookmark: _Hlk118127528]In the following evaluation, performance metrics including power consumption, latency, capacity, UPT are considered. Besides, both XR traffic and eMBB traffic are evaluated, the detail evaluation methodologies and assumptions can be found in TR 38.838 and 38.840, respectively.
· Evaluation for XR traffic model (refer to TR38.838 and the agreed jitter model in R18 XR SI)
[bookmark: _Hlk115443791]Based on the R17 and R18 XR power evaluation methodologies and assumptions, we further evaluate power consumption and system capacity of different cases. And the detailed configurations can be founded in Appendix C. Note that for capacity results of LP-WUS/WUR scheme (combined with main receiver light sleep) corresponding to the UE satisfaction metric with both 95% and 99% packet successful rate are shown. Evaluations for both low load and high loads are given, corresponding to 5 and 10 UEs per cell, respectively.


Figure 8.  Power saving gain and system capacity results for R17 PDCCH monitoring adaption and LP-WUS/WUR schemes


[bookmark: _Ref118475086][bookmark: _Ref115270619]Figure 9.  Power saving gain and system capacity results for R17 PDCCH monitoring adaption and LP-WUS/WUR schemes
According to the results shown in Figure 9, compared to always-On scheme (no DRX configuration), R17 PDCCH monitoring adaptation scheme can obtain 10~19% power saving gain, while LP-WUS monitoring schemes can achieve about 25% or 30% power saving gain, meaning up to 15% additional power saving gain. 
[bookmark: _Hlk115443602]For both low load ang high load cases, comparing to R17 PDCCH monitoring adaptation scheme, LP-WUS/WUR schemes with main radio enters micro sleep during LP-WUS monitoring can bring {6%~15%} additional UE power saving gain with no capacity loss. 
In addition, for low load case, comparing to R17 PDCCH monitoring adaptation scheme, LP-WUS/WUR schemes with main radio enters light sleep during LP-WUS monitoring can bring {10%~22%} additional UE power saving gain with 10% (UE satisfaction metric as 99% packet successful rate) or no (UE satisfaction metric as 95% packet successful rate) capacity loss. But, for high load case, LP-WUS/WUR schemes with main radio enters light sleep during LP-WUS monitoring can achieve similar additional UE power saving gain with as that in low load, but the capacity loss is significant. 
In this sense, the LP-WUS monitoring combined with main receiver micro sleep can be applied to all the cases, while the combination with main receiver light sleep are mainly useful for low load scenarios. Moreover, it can be observed that the larger jitter range, the more additional power saving gain can be obtained by LP-WUS/WUR. 
[bookmark: _Ref115459362][bookmark: _Ref115447084]Observation 17: Compared to the existing R15/16/17 power saving schemes, LP-WUS monitoring combined with main receiver micro sleep can bring {6%~15%} additional UE power saving gain with no capacity loss in both low load and high load cases.
[bookmark: _Ref115459364]Observation 18: Compared to the existing R15/16/17 power saving schemes, LP-WUS monitoring combined with main receiver light sleep can bring {10%~22%} additional UE power saving gain, with acceptable capacity loss at least in low load case.
· Evaluation for general eMBB traffic model (refer to TR 38.840)
Based on FTP model 3 traffic model (200ms mean arrival interval) and its corresponding CDRX configuration provided in TR 38.840, we further evaluate UE perceived throughput (UPT) and power consumption with the following schemes:
· Always-On (baseline): Without adopting any power saving mechanism.
· C-DRX: 
	DRX cycle (ms)
	drx-onDurationTimer (ms)
	drx-InactivityTimer(ms)

	160
	8
	100



· C-DRX +DCI format 2_6: the time gap between DCI format 2_6 and DRX onduration is 3ms, and the DCI format 2_6 monitoring duration is 2ms.
· R17 PDCCH monitoring adaptation + C-DRX +DCI format 2_6: PDCCH skipping duration is 100ms, SSSG with PDCCH monitoring every slot.
· LP-WUS + PDCCH skipping: During PDCCH skipping duration, the UE performs continuous LP-WUS monitoring. Once detecting LP-WUS, UE will start PDCCH monitoring after a wake-up delay e.g., 0ms, 3ms, or 10ms (which corresponds to the ramp-up delay of main receiver from micro/light/deep sleep states).  The assumptions on the relative power of LP-WUR is 0.03unit and LP-WUS monitoring is continuous.

[bookmark: _Ref118475127]Figure 10. UPT results of evaluation schemes
UPT results of all schemes are shown in Figure 10 and Table 9 provides the UPT loss/gain compared with always-On/C-DRX schemes. Apparently, compared to existing power saving schemes, LP-WUS can achieve higher UPT gain, especially for cases with low wake-up delay under LP-WUR scheme. The existing power saving schemes increase the traffic latency, thus reduced UPT while achieving power saving. Therefore, by applying advanced UE power saving schemes such as DCI format 2_6, the power saving gain will be further increased, with the cost of increased latency, or decreased UPT. It can be seen that even with LP-WUR scheme provides significantly higher UTP than any of the existing UE power saving schemes (and their combinations). It can also be seen that with LP-WUR scheme (wake-up latency 0ms case), the same UPT as always-on schemes can be achieved. 
[bookmark: _Ref118446723]Table 9. UPT loss/gain compared to always-On/C-DRX
	Schemes
	UPT loss compared to always-On
	UPT gain compared to C-DRX

	C-DRX
	60.93%
	-

	C-DRX + DCI 2_6
	62.11%
	-3.00%

	R17 PDCCH monitoring adaptation + C-DRX + DCI 2_6
	68.09%
	-18.31%

	LP-WUS scheme (wake-up delay 0ms)
	0.00%
	155.98%

	LP-WUS scheme (wake-up delay 3ms)
	25.98%
	89.47%

	LP-WUS scheme (wake-up delay 10ms)
	57.20%
	9.57%




[bookmark: _Ref118475148]Figure 11. Power saving gain results for evaluation schemes
According to the results shown in Figure 11  compared to always-On scheme, all schemes have a higher power saving gain. Comparing to C-DRX scheme, LP-WUR schemes with main radio enters light/deep sleep can bring {16.82% /34.55%} additional UE power saving gain. Comparing to C-DRX + DCI format 2_6 scheme, LP-WUR schemes with main radio enters light/deep sleep can bring {15.86% /33.59%} additional UE power saving gain. Compared with R17 PDCCH monitoring adaptation + C-DRX + DCI 2_6 scheme, LP-WUR schemes with main radio enters light/deep sleep during LP-WUS monitoring can bring {9.64% /27.37%} additional UE power saving gain.
Through the UPT loss and power evaluation of the above schemes, it can be found that LP-WUR scheme can achieve the best performance for both UPT and power saving. 
[bookmark: _Ref118739774]Observation 19: Compared with any existing UE power saving schemes including their combinations, LP- WUS monitoring with PDCCH skipping can achieve the best performance from both UPT and power saving perspective. 
5.5. System resource overhead calculation
In order to study the system resource overhead by LP-WUS, we perform the following resource overhead calculation by means of the following assumptions:
· The bandwidth of LP-WUS is 4.32MHz +2RB (30kHz) = 5.04MHz.
· The duration of LP-WUS is 2 slots.
· Paging I-DRX cycle is 1.28s.
· Per UE paging rate is 1%;
· For RRC idle/inactive mode, UE number per cell is assumed to be 100. And assuming the sent LP-WUS resources for each UE is not overlapped;
· For RRC connected mode, UE number per cell is assumed to be 10. And assuming the sent LP-WUS resources for each UE is not overlapped;
· XR video with 16.67ms (30FPS) traffic periodicity and eMBB FTP3 with 200ms mean arrival interval are assumed for RRC connected mode.
Hence, the resource overhead ratios of LP-WUS to the overall system resource are:
Table 10. The resource overhead ratio to the overall system resource for RRC idle/inactive and connected modes.
	Resource overhead ratio
	RRC Idle/inactive mode
	RRC Connected mode

	
	
	XR traffic
	eMBB traffic

	20MHz, 30KHz SCS
	0.02%
	-
	-

	100MHz, 30KHz SCS
	0.004%
	3.08%
	0.26%



[bookmark: _Ref118739777]Observation 20: The resource overhead ratio of LP-WUS over entire system resource is marginal.
6. Link performance and coverage evaluation
1. 
2. 
3. 
4. 
5. 
6. 
In RAN1#110bis-e, MIL was agreed as the metric for coverage comparison between LP-WUS and legacy NR channels. In CovEnh SI, MPL/ISD is derived based on MIL, which is used to reflect the absolute coverage range of the physical channel. Since MPL/ISD provides additional information of the achievable coverage by LP-WUS, it is therefore suggested to adopt MPL/ISD as additional metric in coverage evaluation.
[bookmark: _Ref115447212][bookmark: _Ref118739985][bookmark: _Hlk115185114]Proposal 12: In addition to MIL, MPL/ISD is adopted as the metric in coverage evaluation.
To achieve the same MIL as PUSCH, certain target receiver sensitivity should be achieved. In [3], The MIL is defined as: 

To achieve comparable coverage between LP WUS and PUSCH, MIL of LP-WUS should be no less than MIL of PUSCH, and targeting receiver sensitivity for LP-WUS can be derived accordingly.


For PUSCH 1Mbps for 2.6GHz Urban, the representative MIL value is 139.66dBm [3]. Thus, Receiver sensitivity for LP-WUS should be lower than -81. to achieve comparable coverage. The Receiver sensitivity for LP-WUS should be lower than ~-81dBm to achieve comparable coverage as PUSCH with 1Mbps data rate in Urban scenario.
[bookmark: _Ref115447088]Observation 21: About -81 dBm Receiver sensitivity is required for LP-WUS, to achieve same coverage as PUSCH 1Mbps in 2.6GHz Urban scenario.
6.1. Assumptions in coverage Evaluation
The coverage of LP-WUS depends on many factors, including data rates, waveform, signal bandwidth and duration, receiver type, and receiver parameters. We will discuss how these parameters impacts the coverage in this section.
· Waveform
For waveform of LP-WUS, the OOK, ASK, etc., based waveform which can be decoded with low power components, e.g., envelop detector, is widely used for ultra-low power receivers. Each waveform may associate with certain kind of receiver structure, and have different performance on certain aspects, e.g., interference suppression. Hence, the waveform of LP-WUS should be reported in coverage evaluation. 
· Coding
For OOK based wave form, some line coding, e.g., Manchester coding are usually used to avoid consecutive zeros. Hence, one information 0/1 symbol is composed of two chips. Furthermore, repetition of the symbol waveform may be considered within a WUS channel to ensure the reliability of LP-WUS. The coding scheme should be reported for each evaluated case. 
· Data rate and LP-WUS channel structure
Like legacy channels, LP-WUS with different data rates means different detection performance and coverage. Hence, the data rate should be one important parameter which should be reported in coverage evaluation. 


[bookmark: _Ref115013117]Figure 12.  Example of a LP-WUS channels structure
The channel structure for LP-WUS highly depends on how many information bits are delivered. As discussed in [4], sequence-based LP-WUS can be considered if limited information bits are conveyed. While control information payload may be required if a few tens of bits would be delivered. For LP-WUS with control information payload, the sync sequence part at the beginning may still needed considering accurate timing maintenance cannot be expected in WUR. Longer sync sequence field lead to better timing acquisition performance and higher detection reliability at the expense of lower actual data rate. 
Note that, if the LP-WUS is composed of multiple parts, e.g., preamble, control information, and CRC bits/symbols, the data rate should be calculated counting all the overhead for a WUS transmission.  
· Signal bandwidth/guard band
OOK signal with different bandwidth means different power allocation and overhead for LP-WUS channel. Hence, the channel bandwidth should be reported. To ensure reliability of LP-WUS channel, enough signal bandwidth should be allocated, while excessive overhead should be avoided. Around 1.4MHz ~ 4MHz Signal bandwidth can be considered as baseline for LP-WUS evaluation. 
· Filter/Adjacent subcarrier interference/Frequency error
Since the LP-WUS channel may not occupied whole channel bandwidth, FDM multiplexing between LP-WUS and existing DL channels may be required for better coexistence. While the WUR radio typically demodulate the LP-WUS in time domain, the FDMed DL signals would be present as adjacent subcarrier interference (ASCI) to LP-WUR. Typically, an IF LPF/BPF can be included in WUR in some receiver structure, e.g. the heterodyne architecture with IF envelope detection, to suppress the adjacent subcarrier interference. Legacy DL channel, e.g., PDSCH, can be FDMed with the LP-WUS channel to model the interference from adjacent subcarriers. For example, the PDSCH can be mapped on RBs not used for LP-WUS and guard band, and the EPRE ratio between LP-WUS and that of PDSCH can be further evaluated.


Figure 13.  Illustration of WUS channel multiplexing with NR DL channels
The lower power receiver is typically equipped with low power consumption and low accuracy oscillator, e.g., ring oscillator, the accuracy is far worse than the high-power consumption oscillators used in main receiver. Typically, the frequency offset of a ring oscillator is about 200ppm. According to AI 9.13.2, BPF or LPF should be implemented in the receiver to reject ASCI. Considering the frequency uncertainty at WUR, the bandwidth of the filter needs to be wider than the signal bandwidth to make sure the desired LP-WUS signal is kept, while adjacent subcarrier interference is blocked. 
To avoid interference between LP-WUS and FDMed DL channels, guard band should be reserved on each side of LP-WUS bandwidth, the guard band size depends on the LPF/BPF characteristics in WUR, which should be reported in the coverage evaluation.
[bookmark: _Ref115447242]Proposal 13: For modeling adjacent subcarrier interference in LLS, PDSCH can be mapped on RBs not used for LP-WUS and guard band.
[bookmark: _Ref118739783][bookmark: _Ref115447094]Observation 22: For some receiver structure, e.g., the heterodyne architecture with IF envelope detection, IF BPF/LPF can be modeled to suppress the adjacent subcarrier interference.
· Sampling rate/ADC bit-width
The OOK/ASK based waveform is detected based on amplitude of samples in time domain, the number of samples used for symbol determination directly impact the performance of LP-WUS. The sampling rate of digital unit in WUR is lower compared with legacy NR receivers which support tens or hundreds MHz channel bandwidth. Around 4/2/1/0.5MHz sampling rate can be assumed in evaluation.
For LP-WUR, the most popular candidate waveform is OOK, and the information is delivered simply through signal amplitude, i.e., on/off. Theoretically, the on/off state can be easily detected by a comparator followed by envelop detector. However, if the interference is strong enough, the comparator cannot work well, and the detection performance will be greatly degraded in high SINR region. If multi-bit ADC is used instead of comparator, more information can be subtracted, and better performance can be achieved. Bearing in mind that, due to limitation by complexity and low power consumption, ADC with long bit length may not preferable. Hence, a 1-bit comparator or 2/4-bits ADC can be assumed in the evaluation. The ADC bit-width can be reported for the evaluated cases.
· Noise Figure
For the evaluation of legacy NR DL channels, 7dB noise figure is assumed for the main receiver. While for WUR, for reduced power consumption, separated components are used which are inferior to those in main radio. 15dB noise figure can be assumed for MIL calculation, which means 8dB worse than the main radio.
Based on the discussions above, the parameters for reporting in coverage evaluation for LP-WUS is summarized as follows. These parameters can be further restricted based on the output of AI 9.13.2 and AI 9.13.3.
[bookmark: _Ref118740482]Proposal 14: Following assumptions should be reported for coverage evaluation for LP-WUS, and can be further restricted based on output of AI 9.13.2 and AI 9.13.3.
· LP-WUS Channel/signal design, e.g., Sync (X chips) + data (Y bits) + CRC (Z bits), etc.;
· Resource allocation, i.e., bandwidth and duration.
· Waveform, e.g., OOK/ASK;
· Coding scheme;
· Assumptions on adjacent interference channels, e.g., power and resource allocation;
· Guard band for LP-WUS;
· BPF/LPF for adjacent interference Rejection;
· Receiver structure, e.g., Heterodyne architecture with IF envelope detection;
· Sampling rate and ADC bit-width;
· Assumed FAR.
Some preliminary simulation results are provided in Appendix D. 
7. Conclusion
In this contribution, the target use cases, applicable RRC states, design targets/KPIs and evaluation methodologies for R18 LP-WUS/WUR study are discussed with the following observations and proposals:
Observation 1: For RRC idle/inactive UEs, the average UE power consumption for current NR devices is on several to tens of mW.
Observation 2: To achieve substantial power saving gain, a reasonable target power consumption of LP-WUR need to be at the level of 1/100~1/1000 of the main receiver, corresponding to tens to hundreds of μW.
Observation 3: When the relative power of LP-WUR is 30~500 units, UE battery life can be increased by 3~43 times compared with legacy UEs.
Observation 4: When the LP-WUR relative power is 30~500 units, the standby time of IoT devices can be extended to up to 10 years with the use of a button battery for power supply.
Observation 5: With the additional assumptions on sync/re-sync time and energy, ramp-up time and energy (only for hardware tuning on) will be more reasonable to set as 100ms and 2000 units.
Observation 6: Comparing with I-DRX paging (with and without PEI), LP-WUR/WUS can largely reduce the UE power consumption (~ 92% power saving gain), with marginal latency increase.
Observation 7: Comparing with eDRX (with and without PEI), LP-WUR/WUS can largely reduce the latency (26x), with even lower UE power consumption.
Observation 8: Comparing with I-DRX paging and eDRX, LP-WUR/WUS provides a much better trade-off between latency and power consumption.
Observation 9: The larger relative power of LP-WUR, less power saving gain will obtain by LP-WUR/WUS scheme.
Observation 10: When relative power of LP-WUR is higher than 1 unit, compared to I-DRX paging scheme, not much power saving gain will be achieved by LP-WUS/WUR scheme especially for continuously LP-WUS monitoring case.
Observation 11: Discontinuous LP-WUS monitoring can significantly reduce the power consumption of LP-WUS monitoring especially for the cases with high relative power of LP-WUR.
Observation 12: With fixed duty cycle ratio, different LP-WUR DRX cycle lengths have no or less impact on the power consumption of LP-WUS scheme.
Observation 13: Latency will be increased by DRX configuration for LP-WUS monitoring. And the impact of it on latency will be reduced with the decrease of DRX cycle and the increase of duty cycle ratio.
Observation 14: With the increase of FAR, the power consumption of LP-WUS scheme will increase, but the latency of it will be less impacted.
Observation 15: The power consumption of LP-WUS scheme when FAR is 10% is 7.4 times higher than that when FAR=1%.
Observation 16: The motivation to study LP-WUS/WUR in RRC connected mode for XR service is to reduce the excessive PDCCH monitoring due to unpredictable jitter.
Observation 17: Compared to the existing R15/16/17 power saving schemes, LP-WUS monitoring combined with main receiver micro sleep can bring {6%~15%} additional UE power saving gain with no capacity loss in both low load and high load cases.
Observation 18: Compared to the existing R15/16/17 power saving schemes, LP-WUS monitoring combined with main receiver light sleep can bring {10%~22%} additional UE power saving gain, with acceptable capacity loss at least in low load case.
Observation 19: Compared with any existing UE power saving schemes including their combinations, LP- WUS monitoring with PDCCH skipping can achieve the best performance from both UPT and power saving perspective.
Observation 20: The resource overhead ratio of LP-WUS over entire system resource is marginal.
Observation 21: About -81 dBm Receiver sensitivity is required for LP-WUS, to achieve same coverage as PUSCH 1Mbps in 2.6GHz Urban scenario.
Observation 22: For some receiver structure, e.g., the heterodyne architecture with IF envelope detection, IF BPF/LPF can be modeled to suppress the adjacent subcarrier interference.
Observation 23: With the increase of paging rate, the power consumption of LP-WUS scheme will increase.
Observation 24: With the increase of rump-up time/energy, the power consumption and latency of LP-WUS scheme will all increase.
Proposal 1: Capture the following use cases in the TR of LP-WUS/WUR:
· For IoT devices (e.g., sensors and controllers): The battery should last at least few years; Latency would be within several or tens of seconds; For latency sensitive sensors/actuators, the latency requirement is 1 or 2 seconds; The mobility would be stationary or nomadic.  
· For wearable devices: The battery should last a few weeks; Latency need to be within several seconds; Support of low/medium speed is required.
· For XR devices or smart phones: power saving in CONNECTED mode is desirable; Latency which is critical for RRC CONNECTED state need to be in the order of milliseconds; Support of low/medium speed is required.
Proposal 2: The target power consumption for LP-WUR should be lower than 1mW, corresponding to a relative power of less than 1unit.
Proposal 3: The latency introduced by LP-WUR/WUS consists two parts: wake-up delay and transition time of main radio.
Proposal 4: Consider the following as the latency target for LP-WUS/WUR:
· For RRC idle/inactive mode
· Wake up delay: depends on the length of LP-WUS monitoring cycle, e.g. hundreds of milliseconds
· Main radio transition time: hundreds of milliseconds
· For RRC connected mode
· Wake up delay: 0 (assuming continuous monitoring of LP-WUS)
· Main radio transition time: 0 (wake-up from micro sleep), or 3ms (wake-up from light sleep)
Proposal 5: Coverage of the LP-WUS should be comparable to the NR bottleneck channel, i.e. PUSCH.
Proposal 6: Around 100kbps data rate can be considered as design target for LP-WUS.
Proposal 7: Capacity impact should be considered for the power evaluation with XR use case in RRC CONNECTED mode.
Proposal 8: UPT can be evaluated as a performance metric as considered in TR 38.840.
Proposal 9: For evaluation, the sync/re-sync time for main receiver can be modeled as 260ms and the corresponding energy consumption can be assumed as 9400 units.
Proposal 10: Additional transition energy and transition time are needed when the relative power of LP-WUR is higher than 1 unit due to the larger relative power difference for LP-WUR ‘on’ and ‘off’ states.
Proposal 11: For R18 LP-WUS/WUR power evaluation in RRC connected mode, during the LP-WUS monitoring by separate receiver, the power state of main radio can be micro or light sleep.
Proposal 12: In addition to MIL, MPL/ISD is adopted as the metric in coverage evaluation.
Proposal 13: For modeling adjacent subcarrier interference in LLS, PDSCH can be mapped on RBs not used for LP-WUS and guard band.
Proposal 14: Following assumptions should be reported for coverage evaluation for LP-WUS, and can be further restricted based on output of AI 9.13.2 and AI 9.13.3.
· LP-WUS Channel/signal design, e.g., Sync (X chips) + data (Y bits) + CRC (Z bits), etc.;
· Resource allocation, i.e., bandwidth and duration.
· Waveform, e.g., OOK/ASK;
· Coding scheme;
· Assumptions on adjacent interference channels, e.g., power and resource allocation;
· Guard band for LP-WUS;
· BPF/LPF for adjacent interference Rejection;
· Receiver structure, e.g., Heterodyne architecture with IF envelope detection;
· Sampling rate and ADC bit-width;
· Assumed FAR.
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Appendix A – Processing timeline for the schemes in RRC idle/inactive mode
The assumed processing timelines of I-DRX paging, eDRX and LP-WUS/WUR schemes.


Appendix B – Other evaluation results for RRC idle/inactive mode
The evaluation results from per UE paging rate and ramp-up time/energy aspects are given as follows. 
5) Per UE paging rate: [1%, 0.1%, 0.01%, 0.001%]
To facilitate comparison and analysis, Figure 14 shows the simulation results with different per UE paging rate under the fixed parameter configurations as shown in Table 11.
[bookmark: _Ref118446806]Table 11. Fixed parameter configurations for evaluation with different baselines.
	Parameters
	Baseline 
	Relative power of LP-WUR
	Ramp-up time and transition energy
	Sync/re-sync time and energy
	FAR of LP-WUS
	LP-WUS monitoring configuration

	Values
	I-DRX paging with PEI
	0.03 unit
	100ms; 2000
	260ms; 9400
	1%
	Option 1





[bookmark: _Ref118475215]Figure 14. The power and latency performances of LP-WUS/WUR scheme with different paging rate.
Figure 14 shows the power consumption and latency results of LP-WUS/WUR scheme with different paging rate. With the increase of paging rate, the power consumption of LP-WUS scheme will increase. When paging rate is 1%, the power consumption is 1.7 times higher than that when paging rate is 0.001%. 
[bookmark: _Ref118739786]Observation 23: With the increase of paging rate, the power consumption of LP-WUS scheme will increase.
6) Ramp-up time: [100ms, 400ms] and corresponding Ramp-up/down transition energy: [2000, 20000]
To facilitate comparison and analysis, Figure 15 shows the simulation results with different ramp-up time/energy under the fixed parameter configurations as shown in Table 12.
[bookmark: _Ref118446833]Table 12. Fixed parameter configurations for evaluation with different baselines.
	Parameters
	Baseline 
	Relative power of LP-WUR
	Paging rate
	Sync/re-sync time and energy
	FAR of LP-WUS
	LP-WUS monitoring configuration

	Values
	I-DRX paging with PEI
	0.03 unit
	1%
	260ms; 9400
	1%
	Option 1





[bookmark: _Ref118475253]Figure 15. The power and latency performances of LP-WUS/WUR scheme with different rump-up time/energy.
Figure 15 shows the power consumption and latency results of LP-WUS/WUR scheme with different rump-up time/energy. With the increase of rump-up time/energy, the power consumption and latency of LP-WUS scheme will all increase. When rump-up time is 0.4s, the power consumption of LP-WUS is 2.2 times higher than that when rump-up time is 0.1s.
[bookmark: _Ref118739829]Observation 24: With the increase of rump-up time/energy, the power consumption and latency of LP-WUS scheme will all increase.
Appendix C – Evaluation assumption for RRC connected mode
The detail configurations for R17 PDCCH monitoring adaptation and LP-WUS/WUR schemes are illustrated as below.
R17 PDCCH monitoring adaptation scheme includes both PDCCH skipping indication and SSSG switching indication, and its key assumptions are listed below:
· Default/sparse SSSG: do PDCCH monitoring in every two slots;
· Dense SSSG: do PDCCH monitoring in every slot. 
· Two candidate PDCCH skipping durations: 4ms and 6ms. 
· Enhanced DRX (i.e., aligning DRX cycle with non-integer traffic periodicity) is configured and the length of DRX onduration is equal to the jitter range.
For LP-WUS/WUR scheme, the key assumptions are introduced below:
· The LP-WUS monitoring is performed within DRX onduration.
· The main receiver enters into the micro sleep when doing LP-WUS monitoring.
· [bookmark: _Hlk115443745]The total relative power for LP-WUS monitoring is assumed as 45 or 20 power units (i.e., the main radio enters micro or light sleep). 
· And the latency from receiving LP-WUS to be ready for PDCCH monitoring is set to 1 slot. 
· R17 PDCCH skipping indication is adopted. And three candidate PDCCH skipping durations are 2ms, 4ms and 6ms respectively.
· Enhanced DRX (i.e., aligning DRX cycle with non-integer traffic periodicity) is configured and the length of DRX onduration is equal to the jitter range.
· [bookmark: _Hlk115443759]System capacity is assumed as the maximum number of users per cell with at least 90% of UEs being satisfied. And a UE can be regarded as a satisfied UE if more than 99% or 95% of packets are successfully transmitted within a given air interface PDB.
[bookmark: _Ref1208685]Table 13. Simulation assumption for FR1 Indoor Hotspot scenario
	Parameter
	value

	Scenarios
	Indoor Hotspot, 12 nodes in 50 m x 120 m

	Channel model
	InH

	Carrier frequency
	4GHz

	Bandwidth 
	100 MHz, 1.72% Guard Band

	Subcarrier spacing
	30 KHz

	Frame structure
	DDDSU (S: 10D:2G:2U)

	BS Antennas 
(M,N,P,Mg,Ng;Mp,Np)
	For 32T: (4,4,2,1,1;4,4), (dH,dV) = (0.5, 0.5)λ

	UE Antennas 
(M,N,P,Mg,Ng;Mp,Np)
	2T/4R, (M, N, P, Mg, Ng; Mp, Np) = (1,1/2,2,1,1;1,1/2), 
(dH, dV) = (0.5, N/A) λ

	BS antenna pattern
	Ceiling-mount pattern, 5 dBi

	UE antenna pattern
	Omnidirectional, 0 dBi

	BS Power
	24 dBm per 20MHz

	UE max Power
	23 dBm

	UE Power
	Max Tx power: 23 dBm, (P0 = -80, alpha = 0.8)

	ISD
	20 m

	BS height
	3 m

	UE height
	1.5 m

	Noise Figure
	BS:5 dB, UE:9 dB

	Max MCS
	256QAM

	Device deployment
	100% indoor

	Down-tilt
	90 degrees

	BS receiver
	MMSE-IRC

	UE receiver
	MMSE-IRC

	Channel estimation
	Realistic

	Target BLER
	10%

	UE speed
	3 km/h



Table 14. The DL video traffic models with 60 FPS adopted in R17 XR SI
	Traffic model
	VR/AR
	VR/AR

	Data rate (Mbps)
	30
	45

	Packet size distribution
	Truncated Gaussian distribution

	Mean packet size (Bytes)
	62500
	93750

	STD of packet sizes (Bytes)
	6562
	9844

	Maximum packet size (Bytes)
	93750
	140625

	Minimum packet size (Bytes)
	31250
	46875

	Packet arrival interval (ms)
	16.67
	16.67

	PDB (ms)
	10

	Jitter distribution
	Truncated Gaussian distribution

	Jitter Mean (ms)
	0

	Jitter STD (ms)
	2 or 5

	Jitter Range (ms)
	[-4, +4], [-6, +6] or [-8, +8]


[bookmark: OLE_LINK9]Appendix D – Evaluation Results on Coverage for LP-WUS
In the evaluation results shown in Appendix C, some common parameters are assumed, provided as follows
· Carrier frequency: 2.6GHz
· Channel model: TDL-C 300ns
· Channel structure: 
· Config-1: Preamble (16 chips) + data (32 bits) + CRC (8 bits), where data and CRC bits are Manchester coded.
· Config-2: Sequence only (32 chips)
· Data rate: one OFDM symbol for one on/off chip
· Channel bandwidth: 20MHz (50RB with 30kHz SCS)
· LP-WUS channel bandwidth: 4.32MHz (12 RB with 30kHz SCS)
· Guard band: 1 RB with 30kHz SCS
· Filter bandwidth: 5-th order Butterworth with 4.32MHz bandwidth and 2.16 MHz cut-off frequency
· Adjacent subcarrier interference: mapped on RBs not used for LP-WUS and guard band; EPRE of LP-WUS vs EPRE of PDSCH = 1:1.
· Sampling rate: 3.84MHz
· ADC bit-width: 4 bits
MIL comparison between NR channels (PUSCH and broadcast PDCCH), and LP-WUS with two configurations, are provided for Urban 2.6GHz scenario and 700MHz for Rural in Figure 16 and Figure 17. The MIL of LP-WUS reuse the same calculation defined in Rel-17 CovEnh SI. The MIL of PUSCH and broadcast PDCCH refers from the representative MIL values in [3], which are derived from company input.
As shown in following figure, LP-WUS config-1, which is composed of Preamble (16 chips) + data (32 bits) + CRC (8 bits), can achieve MIL higher than PUSCH, while still worse than broadcast PDCCH. While LP-WUS config-2, which indicate 1-bit wake-up indication through appearance or DTX of a length-32 sequence, can achieve comparable MIL as broadcast PDCCH. 

   
[bookmark: _Ref118740663]Figure 16. MIL comparison between PUSCH/PDCCH and LP-WUS for Urban 2.6GHz

[bookmark: _Ref118740665]Figure 17. MIL comparison between PUSCH/PDCCH and LP-WUS for Rural 700MHz
Detailed MIL calculation for LP-WUS for the two configurations, are provided in the following attachment which is calculated according to the template provided in [3]. 


Appendix E – Agreements of RAN1#110e-bis meeting

	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
5) 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.
6) 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.
· MIL is used as the metric for LP-WUS coverage evaluation
· 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 



Power consumption [unit]


I-DRX paging without PEI	I-DRX paging with PEI	eDRX  without PEI	eDRX with PEI	LP-WUR	2.7690068129342054	2.1900754935265532	0.52315390867305855	0.48688114708233182	0.22682082649869978	


Latency [s]


I-DRX paging without PEI	I-DRX paging with PEI	eDRX  without PEI	eDRX with PEI	LP-WUR	0.63296878658192635	0.63296878658192635	26.481288786578613	26.481288786578613	1.0030337300322765	


Power consumption [unit]

LP-WUR w/o DRX	
5.0000000000000001E-3	0.03	0.5	4	2.0928123721562913E-2	4.5928122471563158E-2	0.51592809897157066	4.0471779239716179	LP-WUR w/ DRX	
5.0000000000000001E-3	0.03	0.5	4	1.6968311266046806E-2	1.7220251675717557E-2	2.1956731377527603E-2	0.257228388731432	I-DRX paging w/ PEI	
5.0000000000000001E-3	0.03	0.5	4	2.19	2.19	2.19	2.19	Relative power of LP-WUR [unit]





Power consumption [unit]

relative power of LP-WUR 0.03 unit	
Duty cycle 0.2s	Duty cycle 0.4s	Duty cycle 0.6s	Duty cycle 0.8s	Duty cycle 1s	Duty cycle 2s	I-DRX paging w/ PEI	0.11594627917325438	0.11592868435211111	0.11590730686519954	0.11570551620202217	0.11578148370272176	0.1154144185184308	2.1900003832666939	relative power of LP-WUR 2 unit	
Duty cycle 0.2s	Duty cycle 0.4s	Duty cycle 0.6s	Duty cycle 0.8s	Duty cycle 1s	Duty cycle 2s	I-DRX paging w/ PEI	0.25275189459961578	0.20250747185585646	0.18530082843938134	0.17727197867758257	0.17176197733467469	0.161170145375546	



Latency [s]
relative power of LP-WUR is 0.03 or 2 units

Latency [s]	
Duty cycle 0.2s	Duty cycle 0.4s	Duty cycle 0.6s	Duty cycle 0.8s	Duty cycle 1s	Duty cycle 2s	I-DRX paging w/ PEI	1.1252686214084358	1.2084686214083018	1.276308621408204	1.4107086214084992	1.4759886214078135	1.9687886214078452	0.61358274603154617	


Power consumption [unit]

relative power of LP-WUR 0.03 unit	
Duty cycle ratio 0.01	Duty cycle ratio  0.1	Duty cycle ratio 0.2	Duty cycle ratio 0.4	Duty cycle ratio 0.6	Duty cycle ratio 1	I-DRX paging w/ PEI	0.11578148370272172	0.11834275589927644	0.12129664284812097	0.12702933468849864	0.13280172197503748	0.14441733569271459	2.19	relative power of LP-WUR 2 unit	
Duty cycle ratio 0.01	Duty cycle ratio  0.1	Duty cycle ratio 0.2	Duty cycle ratio 0.4	Duty cycle ratio 0.6	Duty cycle ratio 1	I-DRX paging w/ PEI	0.17176197733467483	0.34826739968334003	0.54506927308824471	0.93973499220667445	1.3366765455498411	2.1343968205435551	



Latency [s]
relative power of LP-WUR is 0.03 or 2 units

Latency [s]	
Duty cycle ratio 0.01	Duty cycle ratio  0.1	Duty cycle ratio 0.2	Duty cycle ratio 0.4	Duty cycle ratio 0.6	Duty cycle ratio 1	I-DRX paging w/ PEI	1.4759886214078135	1.3979086214078151	1.3070286214078193	1.1892686214078247	1.0919886214078296	1.0203086214078385	0.61358274603154639	


Power consumption [unit]

Power consumption [unit]	
FAR 0%	FAR 0.1%	FAR 1%	FAR 10%	I-DRX paging w/ PEI	2.5583958274078566E-2	3.4658730062847809E-2	0.11594627917325429	0.86131114706574619	2.1900003832666957	


Latency [s]

Latency [s]	
FAR 0%	FAR 0.1%	FAR 1%	FAR 10%	I-DRX paging w/ PEI	1.1217427460318932	1.1043537367799541	1.1252686214084349	1.0663146900111695	0.61358274603154639	


Power saving gain (compared to always-On) in low load case

Power saving gain vs. AlwaysOn	
R17 PDCCH monitoring adaptation	LP-WUS/WUR 
scheme (micro sleep)	LP-WUS/WUR 
scheme (light sleep)	R17 PDCCH monitoring adaptation	LP-WUS/WUR 
scheme (micro sleep)	LP-WUS/WUR 
scheme (light sleep)	R17 PDCCH monitoring adaptation	LP-WUS/WUR 
scheme (micro sleep)	LP-WUS/WUR 
scheme (light sleep)	Jitter range: ±4ms	Jitter range: ±6ms	Jitter range: ±8ms	0.2336	0.29709999999999998	0.34100000000000003	0.18729999999999999	0.28260000000000002	0.3483	0.1464	0.27839999999999998	0.36599999999999999	


System capacity in low load case


Power saving gain vs. AlwaysOn	
always-On	R17 PDCCH monitoring adaptation	LP-WUS/WUR
scheme (micro sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 95%)	R17 PDCCH monitoring adaptation	LP-WUS/WUR
scheme (micro sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 99%)	LP-WUS/WUR
scheme (light sleep,95%)	R17 PDCCH monitoring adaptation	LP-WUS/WUR
scheme (micro sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 95%)	Jitter range: ±4ms	Jitter range: ±6ms	Jitter range: ±8ms	1	1	1	0.89439999999999997	0.99439999999999995	1	1	0.87219999999999998	0.99439999999999995	1	1	0.87639999999999996	0.99439999999999995	


Power saving gain (compared to always-On) in high load case

Power saving gain vs. AlwaysOn	
R17 PDCCH monitoring adaptation	LP-WUS/WUR 
scheme (micro sleep)	LP-WUS/WUR 
scheme (light sleep)	R17 PDCCH monitoring adaptation	LP-WUS/WUR 
scheme (micro sleep)	LP-WUS/WUR 
scheme (light sleep)	R17 PDCCH monitoring adaptation	LP-WUS/WUR 
scheme (micro sleep)	LP-WUS/WUR 
scheme (light sleep)	Jitter range: ±4ms	Jitter range: ±6ms	Jitter range: ±8ms	0.1928	0.251	0.29220000000000002	0.14960000000000001	0.24079999999999999	0.30259999999999998	0.10979999999999999	0.24110000000000001	0.32340000000000002	


System capacity in high load case


Power saving gain vs. AlwaysOn	
always-On	R17 PDCCH monitoring adaptation	LP-WUS/WUR
scheme (micro sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 95%)	R17 PDCCH monitoring adaptation	LP-WUS/WUR
scheme (micro sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 95%)	R17 PDCCH monitoring adaptation	LP-WUS/WUR
scheme (micro sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 99%)	LP-WUS/WUR
scheme (light sleep, 95%)	Jitter range: ±4ms	Jitter range: ±6ms	Jitter range: ±8ms	0.92500000000000004	0.92220000000000002	0.92220000000000002	0.54169999999999996	0.82779999999999998	0.92159999999999997	0.92200000000000004	0.53610000000000002	0.82250000000000001	0.91010000000000002	0.91110000000000002	0.55120000000000002	0.8256	


UE perceived throughput  [Mbps]

UE perceived throughput  [Mbps]	
always-On	C-DRX	C-DRX+DCI 2_6	R17 PDCCH monitoring adaptation+C-DRX+DCI 2_6	LP-WUR scheme (wake-up delay 0ms)	LP-WUR scheme (wake-up delay 3ms)	LP-WUR scheme (wake-up delay 10ms)	535	209	202.73	170.73	535	396	229	


Power saving gain compared to always-On


C-DRX	C-DRX+DCI 2_6	R17 PDCCH monitoring adaptation+C-DRX+DCI 2_6	LP-WUR scheme (wake-up delay 0ms)	LP-WUR scheme (wake-up delay 3ms)	LP-WUR scheme (wake-up delay 10ms)	0.52194019200136565	0.5315013881613383	0.59374030778118991	0.44010416583940326	0.69009519168528477	0.86741939435948734	


Power consumption [unit]

Power consumption [unit]	
Paging rate 0.001%	Paging rate 0.01%	Paging rate 0.1%	Paging rate 1%	I-DRX paging w/ PEI	0.13526564214566267	0.13592328944892823	0.14441703782838533	0.22682082649869978	2.19	


Latency [s]

Latency [s]	
Paging rate 0.001%	Paging rate 0.01%	Paging rate 0.1%	Paging rate 1%	I-DRX paging w/ PEI	0.99406360165371765	0.98779703413315512	1.0203086214078385	1.0030337300322765	0.6464890413134996	


Power consumption [unit]

Power consumption [unit]	
Rump-up time 0.1s	Rump-up time 0.4s	I-DRX paging w/ PEI	0.22682082649869978	0.50368522139977501	2.1900754935265532	


Latency [s]

Latency [s]	
Rump-up time 0.1s	Rump-up time 0.4s	I-DRX paging w/ PEI	1.0030337300322765	1.2884737300311124	0.63296878658192635	


MIL performance of LP-WUS((Urban 2.6GHz) ) 

PUSCH 1Mbps DDDDDDDSUU	
139.66	PDCCH AL16	
149.54	LP-WUS Config1	
145.48551779057738	LP-WUS Config2	
149.19551779057741	


MIL performance of LP-WUS((Rural 700MHz) ) 

PUSCH 100kbps	
144.76	PDCCH AL16	
157.16	LP-WUS Config1	
148.71430524338075	LP-WUS Config2	
152.42430524338079	
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LPWUS-Link-Budget of R1-2211030.xlsx
Urban(2.6GHz)

		Urban(2.6GHz)		vivo		vivo

		Channel for evaluation		LP-WUS Config1		LP-WUS Config2

		System configuration 

		Carrier frequency (GHz)		2.60		2.60

		BS antenna heights (m)		25.00		25.00

		UT antenna heights (m)		1.50		1.50

		Cell area reliability (%)		99%		99%

		Lognormal shadow fading std deviation (dB)		7.00		7.00

		Pathloss model(select from LoS or NLoS)		NLOS 		NLOS 

		Target error rate (BLER/MDR etc.)		1% iBLER		1% iBLER

		Company reporting Assumptions for LP-WUS/WUR

		False alarm rate (FAR)		<0.1%		<1%

		Channel Structure (e.g., Sync + data + CRC, sequence only, etc.)		sync: 16 chips
data: 32bits(64 chips)
CRC: 8 bits (16 chips)		Sequence only: 32 chips


		Number of information bits delievered		32		1

		Waveform (e.g., OOK/ASK/FSK)		OOK		OOK

		Coding Scheme (e.g., Manchester,… etc)		Manchester 1/2		N/A

		Frequency Domain Allocation (MHz)		4.32		4.32

		Guard band (MHz)
Note: frequency gap between LP-WUS and other DL signal 		0.72		0.72

		Time Domain Allocation (Y ms)		3.43		1.143

		Efficiency(bit/s/Hz)		0.0018510806		0.0001735894

		Adjacent subcarrier interference		PDSCH mapped on resources other than that for WUS and guard band;
same power density as WUS		PDSCH mapped on resources other than that for WUS and guard band;
same power density as WUS

		Receiver structure, e.g., 
- RF envelope detection
- Heterodyne architecture with IF envelope detection
- Homodyne/zero-IF architecture with baseband envelope detection		Heterodyne architecture with IF envelope detection		Heterodyne architecture with IF envelope detection

		Frequency error/drifts (ppm or ppm/s)		N/A		N/A

		ADC bit-width		4		4

		Sampling rate (MHz)		3.84		3.84

		Parameters for BB BPF/LPF		5th Order Butterworth with 4.32MHz bandwidth and  with cutoff frequency at approximately 2.16 MHz 		5th Order Butterworth with 4.32MHz bandwidth and  with cutoff frequency at approximately 2.16 MHz 

		Others Assumptions if not list above

		Transmitter

		(1) Number of transmit antenna elements.		192.00		192.00

		(2) Number of transmit TxRUs
Note: this row is void (left empty) for uplink		64.00		64.00

		(2a) Number of transmit chains modelled in LLS		1.00		1.00

		(3) Total transmit power (dBm) 
Note: total transmit power for system bandwidth 		46.01		46.01

		(3a) System bandwidth for downlink, or occupied bandwidth for uplink (Hz)		100000000.00		100000000.00

		(3b) Power Spectrum Density = (3) - 10 log( (3a) / 1000000 )  (dBm/MHz) 
Note: For FR1 downlink, (3b) should satisfy the following: 
  For 4GHz frequency, 24 and 33
  For 2.6 GHz frequency, 33
  For 700MH and 2GHz frequency, 36
Note: For FR2 downlink, the following should be satisfied:
   40 dBm for 100 MHz Urban scenario,
   23 dBm for 100 MHz Indoor scenario.
Note: no PSD constraint for uplink		33.00		33.00

		(3c) bandwidth used for the evaluated channel  (Hz)
Note: (3c) is identical to the number of PRBs assigned to the channel evaluated.
          for uplink, (3a) = (3c) 		4320000.00		4320000.00

		(3bis) Total transmit power for occupied bandwidth    =  (3b) + 10 log ( (3c) / 1000000 ) (dBm)		39.35		39.35

		(4) total antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter = (4a) - (4b)  (dB)		10.12		10.12

		(4a) antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter
       =   (4c) + 10 log ( (1) / (2) ) (dB)  for downlink, and
       =   (4c) + 10 log ( (1) / (2a) ) (dB)   for uplink		12.77		12.77

		(4b) antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of transmitter (dB)		2.65		2.65

		(4c) gain of antenna element (dBi) 		8.00		8.00

		(5) total antennna gain at antenna gain component 2  of transmitter = (5a) - (5b)  (dB)
Note: zero for uplink		10.06		10.06

		(5a) antenna gain at antenna gain component 2 of transmitter = 10 log( (2)/(2a)) (dB)
Note: zero for uplink		18.06		18.06

		(5b) antena gain correction factor at antenna gain component 2 of transmitter (dB)
Note: zero for uplink		8.00		8.00

		(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)		3.00		3.00

		(9) EIRP = (3bis) + (4) + (5) – (8) dBm		56.54		56.54

		Receiver

		(10) Number of receive antenna elements		1.00		1.00

		(10a) Number of receive receive TxRUs
Note: this row is void (empty) for downlink		-		-

		(10b) Number of receive chains modelled in LLS		1.00		1.00

		(11)  total antenna gain at antenna gain component 3 & antenna gain component 4 of receiver = (11a) - (11b)  (dB) 		0.00		0.00

		(11a) antenna gain at antenna gain component 3 & antenna gain component 4 of receiver 
    =  (11c) + 10 log (  (10)/(10a) )     (dB) for uplink
    =  (11c) + 10 log (  (10)/(10b) )     (dB) for downlink		0.00		0.00

		(11b) antena gain correction factor at antenna gain component 3 & antenna gain component 4 of receiver (dB)		0.00		0.00

		(11c) gain of antenna element (dBi)		0.00		0.00

		(11bis) total antenna gain at antenna gain component 2  of receiver = (11bis-a) - (11bis-b) (dB)
Note: zero for downlink		0.00		0.00

		(11bis-a) antenna gain at antenna gain component 2 of receiver = 10 log( (10a)/(10b)) (dB)
Note: zero for donwlink		0.00		0.00

		(11bis-b) antena gain correction factor at antenna gain component 2 of receiver (dB)
Note:  zero for downlink		0.00		0.00

		(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)		1.00		1.00

		(13) Receiver noise figure (dB)		15.00		15.00

		(14) Thermal noise density (dBm/Hz)		-174.00		-174.00

		(15) Receiver interference density (dBm/Hz) 		-169.30		-169.30

		(16) Total noise plus interference density        = 10 log (10^(( (13) + (14))/10) + 10^((15)/10))    (dBm/Hz)		-158.61		-158.61

		(18) Effective noise power = (16) + 10 log((3c))   (dBm)		-92.26		-92.26

		(19) Required SNR (dB)		0.31		-3.40

		(20) Receiver implementation margin (dB)		2.00		2.00

		(21) H-ARQ gain (dB)
Note: Only applicable if HARQ is not considered in LLS		0.00		0.00

		(22) Receiver sensitivity = (18) + (19)  + (20) – (21)  (dBm)		-89.95		-93.66

		(22bis) MCL = (3bis)  - (22) + (5) + (11bis)   (dB)		139.36		143.07

		(23) Hardware link budget, a.k.a MIL  = (9) + (11) + (11bis) − (12) − (22)   (dB)
Note: MIL can also be derived by (22bis) + (4) – (8) + (11) − (12)		145.49		149.20

		Calculation of available pathloss

		(25) Shadow fading margin  (function of the cell area reliability and lognormal shadow fading std deviation ) (dB)		7.56		7.56

		(26) BS selection/macro-diversity gain (dB)		0.00		0.00

		(27) Penetration margin (dB)		26.25		26.25

		(28) Other gains (dB) (if any please specify)		0.00		0.00

		(29) Available path loss = (23) – (25) + (26) – (27) + (28)   (dB)		111.68		115.39

		Range/coverage efficiency calculation

		(30) Maximum range (based on (29) and according to the system configuration section of the link budget) (m)		198.74		247.28

		Reference NR channels		Representative MIL values referred from TR 38.830 (dBm)

		PUSCH 1Mbps DDDDDDDSUU		139.66

		PDCCH AL16		149.54

		xxx

		* others channels can be added if necessary



MIL performance of WUS((Urban 2.6GHz) ) 



PUSCH 1Mbps DDDDDDDSUU	

139.66	PDCCH AL16	

149.54	LP-WUS Config1	

145.48551779057738	LP-WUS Config2	
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Rural(700MHz)

		Rural(700MHz)		vivo		vivo

		Channel for evaluation		LP-WUS Config1		LP-WUS Config2

		System configuration 

		Carrier frequency (GHz)		0.70		0.70

		BS antenna heights (m)		35.00		35.00

		UT antenna heights (m)		1.50		1.50

		Cell area reliability (%)		99%		99%

		Lognormal shadow fading std deviation (dB)		7.00		7.00

		Pathloss model(select from LoS or NLoS)		NLOS 		NLOS 

		Target error rate (BLER/MDR etc.)		1% iBLER		1% iBLER

		Company reporting Assumptions for LP-WUS/WUR

		False alarm rate (FAR)		<0.1%		<1%

		Channel Structure (e.g., Sync + data + CRC, sequence only, etc.)		sync: 16 chips
data: 32bits(64 chips)
CRC: 8 bits (16 chips)		Sequence only: 32 chips


		Number of information bits delievered		32		1

		Waveform (e.g., OOK/ASK/FSK)		OOK		OOK

		Coding Scheme (e.g., Manchester,… etc)		Manchester 1/2		N/A

		Frequency Domain Allocation (MHz)		4.32		4.32

		Guard band (MHz)
Note: frequency gap between LP-WUS and other DL signal 		0.72		0.72

		Time Domain Allocation (Y ms)		3.43		1.143

		Efficiency(bit/s/Hz)		0.0018510806		0.0001735894

		Adjacent subcarrier interference		PDSCH mapped on resources other than that for WUS and guard band;
same power density as WUS		PDSCH mapped on resources other than that for WUS and guard band;
same power density as WUS

		Receiver structure, e.g., 
- RF envelope detection
- Heterodyne architecture with IF envelope detection
- Homodyne/zero-IF architecture with baseband envelope detection		Heterodyne architecture with IF envelope detection		Heterodyne architecture with IF envelope detection

		Frequency error/drifts (ppm or ppm/s)		N/A		N/A

		ADC bit-width		4		4

		Sampling rate (MHz)		3.84		3.84

		Parameters for BB BPF/LPF		5th Order Butterworth with 4.32MHz bandwidth and  with cutoff frequency at approximately 2.16 MHz 		5th Order Butterworth with 4.32MHz bandwidth and  with cutoff frequency at approximately 2.16 MHz 

		Others Assumptions if not list above

		Transmitter

		(1) Number of transmit antenna elements.
		64.00		64.00

		(2) Number of transmit TxRUs
Note: this row is void (left empty) for uplink		64.00		64.00

		(2a) Number of transmit chains modelled in LLS		1.00		1.00

		(3) Total transmit power (dBm) 
Note: total transmit power for system bandwidth 		46.01		46.01

		(3a) System bandwidth for downlink, or occupied bandwidth for uplink (Hz)		100000000.00		100000000.00

		(3b) Power Spectrum Density = (3) - 10 log( (3a) / 1000000 )  (dBm/MHz) 
Note: For FR1 downlink, (3b) should satisfy the following: 
  For 4GHz frequency, 24 and 33
  For 2.6 GHz frequency, 33
  For 700MH and 2GHz frequency, 36
Note: For FR2 downlink, the following should be satisfied:
    40 dBm for 100 MHz Urban scenario,
    23 dBm for 100 MHz Indoor scenario.
Note: no PSD constraint for uplink		33.00		33.00

		(3c) bandwidth used for the evaluated channel  (Hz)
Note: (3c) is identical to the number of PRBs assigned to the channel evaluated.
          for uplink, (3a) = (3c) 		4320000.00		4320000.00

		(3bis) Total transmit power for occupied bandwidth    =  (3b) + 10 log ( (3c) / 1000000 ) (dBm)		39.35		39.35

		(4) total antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter = (4a) - (4b)  (dB)		5.35		5.35

		(4a) antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter
       =   (4c) + 10 log ( (1) / (2) ) (dB)  for downlink, and
       =   (4c) + 10 log ( (1) / (2a) ) (dB)   for uplink		8.00		8.00

		(4b) antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of transmitter (dB)		2.65		2.65

		(4c) gain of antenna element (dBi) 		8.00		8.00

		(5) total antennna gain at antenna gain component 2  of transmitter = (5a) - (5b)  (dB)
Note: zero for uplink		18.06		18.06

		(5a) antenna gain at antenna gain component 2 of transmitter = 10 log( (2)/(2a)) (dB)
Note: zero for uplink		18.06		18.06

		(5b) antena gain correction factor at antenna gain component 2 of transmitter (dB)
Note: zero for uplink		0.00		0.00

		(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)		3.00		3.00

		(9) EIRP = (3bis) + (4) + (5) – (8) dBm		59.77		59.77

		Receiver

		(10) Number of receive antenna elements
		1.00		1.00

		(10a) Number of receive receive TxRUs
Note: this row is void (empty) for downlink		-		-

		(10b) Number of receive chains modelled in LLS		1.00		1.00

		(11)  total antenna gain at antenna gain component 3 & antenna gain component 4 of receiver = (11a) - (11b)  (dB) 		0.00		0.00

		(11a) antenna gain at antenna gain component 3 & antenna gain component 4 of receiver 
    =  (11c) + 10 log (  (10)/(10a) )     (dB) for uplink
    =  (11c) + 10 log (  (10)/(10b) )     (dB) for downlink		0.00		0.00

		(11b) antena gain correction factor at antenna gain component 3 & antenna gain component 4 of receiver (dB)		0.00		0.00

		(11c) gain of antenna element (dBi)		0.00		0.00

		(11bis) total antenna gain at antenna gain component 2  of receiver = (11bis-a) - (11bis-b) (dB)
Note: zero for downlink		0.00		0.00

		(11bis-a) antenna gain at antenna gain component 2 of receiver = 10 log( (10a)/(10b)) (dB)
Note: zero for donwlink		0.00		0.00

		(11bis-b) antena gain correction factor at antenna gain component 2 of receiver (dB)
Note:  zero for downlink		0.00		0.00

		(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)		1.00		1.00

		(13) Receiver noise figure (dB)		15.00		15.00

		(14) Thermal noise density (dBm/Hz)		-174.00		-174.00

		(15) Receiver interference density (dBm/Hz) 		-169.30		-169.30

		(16) Total noise plus interference density        = 10 log (10^(( (13) + (14))/10) + 10^((15)/10))    (dBm/Hz)		-158.61		-158.61

		(18) Effective noise power = (16) + 10 log((3c))   (dBm)		-92.26		-92.26

		(19) Required SNR (dB)		0.31		-3.40

		(20) Receiver implementation margin (dB)		2.00		2.00

		(21) H-ARQ gain (dB)
Note: Only applicable if HARQ is not considered in LLS		0.00		0.00

		(22) Receiver sensitivity = (18) + (19)  + (20) – (21)  (dBm)		-89.95		-93.66

		(22bis) MCL = (3bis)  - (22) + (5) + (11bis)   (dB)		147.36		151.07

		(23) Hardware link budget, a.k.a MIL  = (9) + (11) + (11bis) − (12) − (22)   (dB)
Note: MIL can also be derived by (22bis) + (4) – (8) + (11) − (12)		148.71		152.42

		Calculation of available pathloss

		(25) Shadow fading margin  (function of the cell area reliability and lognormal shadow fading std deviation ) (dB)		5.13		5.13

		(26) BS selection/macro-diversity gain (dB)		0.00		0.00

		(27) Penetration margin (dB)		12.50		12.50

		(28) Other gains (dB) (if any please specify)		0.00		0.00

		(29) Available path loss = (23) – (25) + (26) – (27) + (28)   (dB)		131.08		134.79

		Range/coverage efficiency calculation

		(30) Maximum range (based on (29) and according to the system configuration section of the link budget) (m)		2394.28		2986.80

		Reference NR channels		Representative MIL values referred from TR 38.830 (dBm)

		PUSCH 100kbps		144.76

		PDCCH AL16		157.16

		xxx

		* others channels can be added if necessary



MIL performance of WUS((Rural 700MHz) ) 
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