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1. Introduction
In Rel-18, a study item was approved for low-power wake-up signal and receiver for NR (WID in RP-222644), and it includes the following objectives.

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



[bookmark: _Hlk131755036]In this contribution, we discuss LP-WUR band support and LP-WUR capabilities relating to coverage and RRM support.

2. Discussion
2.1   LP-WUR Band support
The bands supported by the LP-WUR do not have to be identical to the main radio (MR).   The bands supported by the LP-WUR are likely to be highly dependent on the user-case.  For example, a low-cost static device such a home sensor/meter designed for a specific country, might only support a small subset of bands, whereas a IoT device designed for tracking mobile cargo, could be expected to support multiple bands.
In either use-case, it can sometimes be beneficial to share frontend components (such as the Antenna, BPF, RF switches) between MR and LP-WUR, to:
1. Reduce cost.
2. Minimize footprint.
3. Facilitate faster initial design and roll-out reusing existing main radio elements.





[bookmark: _Ref141971401]Figure 1 Illustration of partly shared components between MR and LP-WUR.

If the supported bands for the LP-WUR are different to those supported by the MR, the hardware reuse approach will be different.  Given these potential band differences, the LP-WUR can be expected to support its own distinct UE capability supported band list.
Observation 1:	The bands supported by the MR and LR maybe identical, distinct, or partially overlapping. 
As indicated by earlier agreements (see figures 2 and 3 below), even within a conventional band, there is the possibility that the LP-WUR supports different bandwidths of LP-WUS depending on the use-case.
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[bookmark: _Ref141972625]Figure 2: RAN1#113 agreement.
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[bookmark: _Ref141972630]Figure 3: RAN1#113 agreement.

Given the possibility that the LR-WUR could support different bands to the MR, a new optional LP-WUR capability is likely to be required to define the list of supported bands.
Observation 2:    	New capabilities specific to the LR-WUR are likely to be specified for attributes such as the  supported bands. 


An additional new UE “LP-WUS bandwidth” capability could be also explored if different LP-WUR devices are to be enabled that support different LP_WUS bandwidths, however a balance must be determined between the range of devices that can be supported and the additional complexity imposed on the network to support a wider range of different devices.


Observation 3:	Adding too many new and different capabilities for the LP-WUR will impose additional complexity on the network.

One aspect having impact to both LP-WUR design as well as the feasibility of LP-WUS deployment is the assumption on frequency location of LP-WUS. In typical licensed band operation, there is lot of flexibility to select the location (and width) of the carrier. Furthermore, adopting an LP-WUS design or LP-WUS architectures that limit or forces the LP-WUS placement on a carrier to a particular location, may:

1. Reduce the attainable peak capacity for NR data users i.e. by fractioning the available DL resources. 
2. Reduce the available spectrum for LP-WUS deployment due to regulatory aspects that can vary geographically.
3. Make avoiding collision with SSBs more difficult, as initial cell selection synchronisation raster locations are limited, and the placement of PCell SSB in carrier is restricted. Furthermore, the possible offsets from SSB to CORESET#0 are also limited, setting further restrictions for the SSB placement. 

Thus, it would not seem practical to consider restrictions for the LP-WUS placement in frequency domain, and the LP-WUR (RF) architecture should support this. Hence, it would seem relevant that the LP-WUS/WUR design would support flexible placement of the LP-WUS in frequency domain. 

Proposal 1: 	LP-WUS design and LP-WUR architecture shall support flexible placement in frequency domain. 


2.2   LP-WUR coverage
The LP-WUR required coverage configuration of highly depends on the functionality of the device. For a low cost, static devices, like sensors, the use-case would typically be in factory environment and could even be connected to local/ private network. For a device like a wearable, the use-case will be different as the device will not be static. For a fully mobile device the assumption could be that the coverage area for the LP-WUR would be close to the same coverage as MR. An example of different receiver/ device types of coverage is illustrated in Figure 4.

The coverage levels supported by different LP-WUR devices are expected to be highly dependent on the use case.   For example, a low-cost static device such a IoT sensor/actuator for a factory environment, might only need a relatively small coverage given the use of a local/private factory network, whereas some package asset tracking device, could be expected to support wider coverage that is at least equivalent to the coverage level of the MR.




[bookmark: _Ref142086719]Figure 4 Illustration of the LP-WUR coverage areas.

With the large span of required coverages and the trade-offs with power consumption and device complexity/cost in order to support wider coverage, it is more efficient to define various LP-WUR receiver types as opposed to defining separate capabilities for specific hardware attributes (eg sensitivity, payload, modulation schemes, LP-WUS bandwidths, clock accuracy, RRM measurement support, etc) or defining one reference LP-WUR architecture. These LP-WUR receiver types could be reported to the network as an additional capability.
Proposal 2:	Consider enabling the support of different LP-WUR architectures that are optimised for different use-cases, if feasible from the LP-WUS design and system operation perspectives. 

The LP-WUR capability could be based on receiver types (type 1, 2 3 etc) or alternatively by the sensitivity level for the device. With different LP-WUR types there will also be differences in the optimum structure/configuration of LP-WUS for the receiver. A receiver with only short-range coverage could be an RF envelope receiver as illustrated in Figure 5. The gain setting could be fixed and no AGC would be needed, meaning that the LP-WUS may not require a preamble to support AGC training. 
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[bookmark: _Ref142086143]Figure 5 Illustration of the RF envelope detector receiver type


An example of the mid-range receiver type could be the IF envelope detector receiver as illustrated in Figure 6. For this type of receiver gain control could also be avoided. 


[bookmark: _Ref142086254]Figure 6:   Illustration of the IF envelope detector receiver type

An example of a high-range receiver type, one capable of MR coverage, could be the Zero-IF based architecture (or similar) as illustrated in Figure 7. To have efficient full coverage an AGC would be required, that most likely means the LP-WUS structure would need to support some preamble sequence. This type of receiver might need decode at low sensitivity and the noise figure is likely to be kept relatively low to attain the sensitivity levels required.



[bookmark: _Ref142086769]Figure 7:   Illustration of the zero-IF receiver type

Observation 4:	With knowledge of the LP-WUR capabilities the structure of the LP-WUS/LP-SS can be optimised for the device/use-case.

As example of defining different LP-WUR receiver types by sensitivity, is given below.
· Receiver type 1
· Sensitivity level could be X-dBm measured a 1%BLER
· Receiver type with 1 RX path
· Receiver type 2
· Sensitivity level could be Y-dBm measured a 1%BLER
· Receiver type with 1 RX path
· More could be defined even with more advanced receiver types i.e. 2Rx path

Observation 5:	For the work item phase, RAN1 and RAN4 to evaluate the need to defining a set of LP-WUR radio types to facilitate better power consumption by relaxing the sensitivity requirement.

2.3   LP-WUR Mobility
At the RAN1#113 meeting it was agreed that RRM measurement should be performed on at least the serving cell when necessary. (See the agreement in Figure 8)
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[bookmark: _Ref141950613]Figure 8: RAN1#113 synchronisation and RRM measurement agreement.

To perform RRM measurements the device needs to be able to measure the LP-RSRP/LP-RSRQ or LP-RSSI (depending on the agreed approach for RMM measurements). The accuracy of these measurements will depend on the characteristics of the receiver chain components, such as the stability of the gain in the LNA and the mixer.   The resolution of the ADC will also influence the reported RRM measurement. If the accuracy of the RRM measurements is expected to be as accurate as for the MR, then the LP-WUR receiver gain stability for all gain settings versus temperature needs to be known by the receiver otherwise it is impossible to accurately perform RRM over a range of temperatures.
Observation 6:	For the LP-WUR to perform RRM to the level of accuracy of the MR, the LP-WUR would need to know how it’s gain changes with temperature.

The LP-WUR’s capability to synchronize accurately in time and frequency has significant impacts on the guard bands required and the ability to support mobility.  Figure 9 shows how a LP-WUS preamble-based sync sequence can be used to assist the LP-WUR with timing and frequency synchronization.


Figure 9:  Illustration of a sync sequence

Observation 7: 	To handle timing drift, the LP-WUS must be able to synchronize/adjust the sleep duration and wake-up time. This will require a synchronisation sequence which could be a part of the WUS or already defined part of the NR (SSB or part of the SSB).

The Reference clock stability also affects the tolerable frequency offset. If the frequency offset exceeds the guard-band then the performance of the LP-WUR decoding will be degraded. This degradation can be mitigated with a few different methods:
· Set the required frequency offset to be less than the guard-band 
· This should account for the filter performance for the LP-WUR and thereby ensure that the decoding is not affected by NR data.
· Send the WUS with a smaller bandwidth and lower encoding. 
· This effectively creates a larger guard band for devices with poor reference clock sources/tracking.  
· There could be a new UE capability or LP-type specific level, of the reference clock accuracy for the device 
· Such a value could be defined in terms of ppm and be generic across frequency bands. 
· Network knowledge of this value could help the network determine the best frequency and guard bands for the device. 
· For a device with frequency adjustment algorithm included this could also be indicated either as a separate capability or part of a wider type definition. 

Observation 8:   	The LP-WUR frequency accuracy can be improved by having frequency correction algorithm implemented in the device or having a static max. frequency offset indicated to the network as a capability.

Proposal 3:	RAN1 to send an LS to RAN4 asking RAN4 to evaluate the feasibility for the LP-WUR to perform RRM measurements with LP-WUS/LP-SS/SSB 

3. Conclusion
In this contribution, we have discussed LP-WUR band support compared to the MR and LP-WUR capabilities relating to coverage and RRM support.  From those discussions we have the following observations and proposals:

Observation 1:	The bands supported by the MR and LR maybe identical, distinct, or partially overlapping. 

Observation 2:    	New capabilities specific to the LR-WUR are likely to be specified for attributes such as the  supported bands. 

Observation 3:	Adding too many new and different capabilities for the LP-WUR will impose additional complexity on the network.

Observation 4:	With knowledge of the LP-WUR capabilities the structure of the LP-WUS/LP-SS can be optimised for the device/use-case.

Observation 5:	For the work item phase, RAN1 and RAN4 to evaluate the need to defining a set of LP-WUR radio types to facilitate better power consumption by relaxing the sensitivity requirement.

Observation 6:	For the LP-WUR to perform RRM to the level of accuracy of the MR, the LP-WUR would need to know how it’s gain changes with temperature.

Observation 7: 	To handle timing drift, the LP-WUS must be able to synchronize/adjust the sleep duration and wake-up time. This will require a synchronisation sequence which could be a part of the WUS or already defined part of the NR (SSB or part of the SSB).

Observation 8:   	The LP-WUR frequency accuracy can be improved by having frequency correction algorithm implemented in the device or having a static max. frequency offset indicated to the network as a capability.

These proposals can also be considered as recommendations for the TR.
Proposal 1: 	LP-WUS design and LP-WUR architecture shall support flexible placement in frequency domain. 

Proposal 2:	Consider enabling the support of different LP-WUR architectures that are optimised for different use-cases, if feasible from the LP-WUS design and system operation perspectives. 

Proposal 3:	RAN1 to send an LS to RAN4 asking RAN4 to evaluate the feasibility for the LP-WUR to perform RRM measurements with LP-WUS/LP-SS/SSB.
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At least for IDLE/Inactive mode, at least one BW-size <=SMHz is recommended to be supported

for FR1

o Other BW sizes are not precluded
o if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
o LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs
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Agreement
For the LP WUR architectures analysis, in addition to LP-WUS detection, consider the following functions when
necessary:

o Synchronization signal processing and time/frequency synchronization for LP-WUR

o RRM measurement at least for the serving cell
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Include the following in the reply LS to RAN4:
For LP-WUS/WUR evaluation purpose, RANI has not included the case when the WUS/WUR is same as NR channel
bandvwidth. As the starting point for link level simulations for LP-WUS, RANI has agreed on the following for gB.

channel BW and LP-WUS BIV:
gNB Channel BV 20MHz, FFS other values
Option 1

- 5MHz including subcarriers for guard band

- 4.32MH? (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
LP-WUS BW Option 2:

- {216, 4.32) MHz including subcarriers for guard band

- 1.44MHz, 2.88MHz (e.{4, 8} RBs) for LP-WUS transmission for 30kHz SCS
FFS: other options are up to companies to report

GB is symmetrically placed on each side of LP-WUS





