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1 Introduction
A new release 18 study item on low-power wake-up signal and receiver was approved in RANP#94e meeting and revised in RANP#97e, with 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. 



In this contribution we address objectives in bullet three and four and discuss aspects related to low-power WUS design and some higher layer protocol changes needed to support LP-WUS.

2 L1 signal design
The low-power wake-up signal (WUS) should be designed to have certain properties:
· The WUS should avoid causing interference to the existing OFDM transmission – this can be achieved by the signal having a similar mapping as OFDM.
· The WUS should have some capacity to carry a minimum amount of information
· The WUS should be decodable in a relatively short time to limit the amount of power consumption of the WUS receiver.
· Using the WUS to acquire some degree of synchronization when waking up from sleep mode is advantageous both for the WUS detection and also power consumption. We do not need to decode SSBs before detecting the WUS for example 
· The WUS structure should be configurable to support different conditions, e.g., coverage level, data capacity etc. 
· The WUS needs to be detectable at the cell edge, where the cell edge may be based on Rel-17 coverage enhancement features
· The WUS should have high detection probability and minimum false alarm rate even in poor radio conditions.

To ensure low power detection and decoding of the WUS, the following additional properties also need to be considered: 
· non-coherent modulation to allow for the low-power design of the receiver,
· compensation for the wake-up receiver performance (sensitivity) loss due to co-channel interference for example.
The signal design types of interest include: 	 
· OFDM-OOK 
· OFDM sequence-based design
What are the pros and cons of those signal designs?
2.1 Interference-free OFDM embedding of OOK Design
To allow for the use of low-power low-complexity WUR design, a simple non-coherent modulation scheme like on-off keying (OOK), frequency shift keying (FSK), or pulse width modulation (PPM) are often used. Among these simple modulation schemes, we consider the use of Manchester coded OOK modulated sequences as they can be detected at extremely low power levels by envelope detectors using excess bandwidth to relax sensitivity to frequency errors (or avoids the use of power-hungry components such as frequency-synthesizer or mixer at the WUR). A consequence of this choice is an inferior sensitivity level, compared to an OFDM-based main receiver. This inevitably leads to higher bit-error rates (BERs), at the same received signal strength.
To compensate for the resulting high BER on the channel, we use longer signal sequences containing more total energy and suitable low power digital base-band processing (DBB), allowing for low detection error probabilities. This lengthening of the signal sequences can also be used for carrying additional information, beyond the pure wake-up trigger. We can use this to embed cell identity and a wake-up group identity, which will significantly reduce unnecessary wake-ups. The sequences may also be chosen from sequences such as m-sequences with good correlation properties resulting in low miss detection and false alarm probabilities
To tailor WUR to the NR L1 design, the WUS transmission needs to be compliant with the transmission principles of the NR, i.e., based on OFDM transmission. In other words, to avoid interfering with the OFDM transmission, the WUS needs to be orthogonal in the same way as OFDM sub-carriers are, despite being based on different modulation principles. For this, the OFDM transmitter can be modified to also transmit OOK modulated sequences designed for non-coherent low-power WUR, on a subset of the carriers, thus embedding the WUS correctly and ensuring orthogonality.
2.2 OFDM-Sequence-based Design 
The WUS can consist of a preamble sequence optionally followed by a data part.  The optionality of the data part depends on how much signalling information the WUS is expected to carry. The preamble part can use sequences such as ZC, Gold etc sequences with high autocorrelation properties to maximise detection probability and low cross correlation to minimise false detection probability. For the data part of the WUS, binary modulation such as OOK can be used but, as this is an amplitude modulation, it is quite susceptible to noise especially at the cell edge. The data part can also use the same sequences as the preamble part where the data can be carried in a cyclic shift or other property or perturbation of the sequence. Carrying the data in properties of the sequence changes the data detection into a sequence detection process which is much more immune to noise and interference than amplitude modulations. The sequence(s) must be deployed in a manner as to allow incoherent detection. Furthermore, as WUS has to be cell-dependent, different sequences for the WUS preamble e.g. using ZC sequences with different roots, have to be deployed to different cells.
Observation 1 – The properties of the signal design are important for low power reception.
Proposal 1 – RAN1 should define evaluation assumptions that allow all WUS signal types to be evaluated.
Proposal 2 – For the L1 LP-WUS signal design, at least the following are considered:
· OFDM-embedded OOK LP-WUS
· OFDM-sequence based LP-WUS

3 Higher layer signalling to support LP-WUS
When the UE is configured with DRX operation, the UE needs to also perform cell measurements to ensure the signal strength of the serving cell is above a certain threshold. If the signal strength of the serving cell does not fulfill a certain requirement (e.g., due to mobility), the UE enters a cell-reselection evaluation procedure. Currently, the signals available for cell re-selection evaluation procedure, i.e., the synchronization signals (SSB) or reference signals of the neighbor cells, can only be measured by the main radio. 
[bookmark: _Hlk115455620]Observation 2 - Currently, the signals available for cell re-selection evaluation procedure, i.e., the synchronization signals (SSB) or reference signals of the neighbor cells, can only be measured by the main radio. 
A use of low-power WUR in addition to the main radio can significantly reduce the cost of channel listening. Performing serving cell and neighbor cell measurement using the existing synchronization signal or reference signals, however, makes the power saving resulting from using low-power WUR very limited or almost negligible. We, therefore, need low-power mechanism to also support measurement and mobility aspects for UEs with low-power WUR.
Proposal 3 – RAN1 studies mechanisms to support mobility and cell re-selection for UEs with low-power WUR. 
The network and UE should be able to reliably monitor the performance of the wake-up signal. If LP-WUS is unreliable in some scenarios, the UE may need to switch on its main receiver in order to rectify the problem, such as by changing cell or reporting a measurement to the network. The network may then be able to change a parameter of the LP-WUS to increase its reliability, for example by increasing the LP-WUS’s transmit power or increasing its sequence length.
Proposal 4 –RAN1 studies mechanisms to monitor the reception reliability of the LP-WUS. 


4	Conclusion 
In this contribution, we have discussed our view on low-power WUS design and aspects related to higher layer signalling. Our observations and proposals are listed below.
Observation 1 – The properties of the signal design are important for low power reception.
Observation 2 – Currently, the signals available for cell re-selection evaluation procedure, i.e., the synchronization signals (SSB) or reference signals of the neighbor cells, can only be measured by the main radio. 
Proposal 1 – RAN1 should define evaluation assumptions that allow all WUS signal types to be evaluated.
Proposal 2 – For the L1 LP-WUS signal design, at least the following are considered:
· OFDM-embedded OOK LP-WUS
OFDM-sequence based LP-WUS
Proposal 3 – RAN1 studies mechanisms to support mobility and cell re-selection for UEs with low-power WUR. 
Proposal 4 –RAN1 studies mechanisms to monitor the reception reliability of the LP-WUS. 
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