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



In this contribution, we discuss wake-up signal (WUS) design and the related procedures to support WUS based on previous agreements.
The update compared to R1-2307304 is in Section 2.3.1, where we include a few more cases for link level simulations for both OOK-3 and OFDM-based signal.
L1 signal design
Duty cycle operation
The LP WUR can either continuously monitor for WUS, or periodically monitor with a DRX cycle. The following was agreed in RAN1#112:
Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 

We think DRX operation or duty cycle operation should be prioritized in the study for the following reasons:
· For the purpose of power saving, continuous monitoring could only make sense if the power consumption of WUR is so low that continuous monitoring does not result in too much additional power consumption. If the power consumption of WUR is ~1 mW (or higher), the power consumption of continuous monitoring is on similar order as the deep sleep state of MR, which may not provide attractive power saving. Even if much lower power consumption for WUR is possible to provide significant power saving, it comes with cost on other aspects such as sensitivity and overhead.
· Continuous monitoring creates challenge for false alarm. As the UE constantly detects for WUS (or preamble), the probability for false alarm within a fixed duration can be much higher. Alternatively, if the overall probability for false alarm is reduced to a satisfactory level, it leads to performance degradation in missed detection rate.
· DRX operation allows UEs to be multiplexed in time for WUS monitoring. If WUS cannot carry a unique UE ID (48 bits as in paging record), DRX operation provides an additional dimension in time domain to multiplex UEs, while continuous monitoring would require the UE ID or group ID to be carried as part of the WUS. This provides flexibility for network configuration. It could also allow few UEs to be allocated to the same group (if UE-specific WUS is not used), which reduces the probability of MR being waken up due to other UEs.
· Latency is considered as one of the potentially advantages for continuous monitoring. However, the wake-up time needed for MR is already 400 ms, and additional enhancements would not bring too much gain. If latency is a concern, a smaller duty cycle can be configured, instead of continuous monitoring. Note that the MR takes a significant amount of time to ramp up (400 ms assumed in the model), this ramp-up time can be the dominating factor in latency, and there is not much difference in latency between a small duty cycle and continuous monitoring.
· One potential disadvantage of DRX operation is that the network may need to transmit additional signals (e.g. periodic sync signal) to assist the UE in time/frequency synchronization. The corresponding overhead needs to be considered. The overhead depends on how frequent such signals need to be transmitted. If we take time offset as an example, assuming a relatively large frequency error of 10ppm, it translates into a time drift of roughly 12.8us after 1.28 second. Even if we assume the sync signal needs to be transmitted once every 160ms to bring down the time drift to 2us, the overall overhead is still very low (e.g. <0.1%). Therefore we do not think it is a problem.
Proposal 1: Duty cycle operation of WUR should be supported in the LP WUS design.
Information to be carried for WUR
For the content of LP-WUS, the following was agreed:
Agreement
· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g. UE-group, -subgroup or -ID
· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.

The bare minimum information that needs to be received by the LP WUR is the wake-up indication that tells a UE whether the main radio should wake up or not. Depending on the design and configuration, WUS can carry a single-bit information (0 vs 1), or multiple bits. LP-WUS can also be UE-specific (targeting for a particular UE) or group-common (targeting for a group of UEs). UEs or UE groups may be additionally separated by using different time/frequency resources when DRX is enabled. When a single-bit information is carried in WUS, different UEs or UE groups would be configured with different time/frequency resources for WUS monitoring.
For paging purpose, there are a large number of UEs in the network and a UE typically needs to be paged in multiple cells due to the unknown location of the UE. This may make UE-specific WUS too resource consuming and cause too much overhead from system perspective. Due to this reason, at least the group-common LP-WUS should be supported, and the network should have some flexibility in configuration to achieve the desired tradeoff between the overhead and wake-up probability.  On the other hand, UE-specific WUS allows maximum UE power saving as it avoids the unnecessary wake-up due to other UEs in the same group. From design point of view, if it does not introduce much additional work, it can be good to also support UE-specific indication, which provides more flexibility to the network. This can be potentially achieved by supporting both UE-specific and group-common WUS under the same framework but via different configurations.
Proposal 2: For idle/inactive UEs, group-common LP-WUS is supported. Whether UE-specific indication can also be supported via proper configurations can be further considered.
It is useful to carry cell information in LP-WUS (e.g. cell ID) via e.g. payload or scrambling. This allows the UE to differentiate the signals transmitted from different cells.
Proposal 3: For idle/inactive UEs, the cell ID should be carried/embedded in the LP-WUS.
Other than the wake-up indication itself, we think the information carried for WUR should be minimized. Due to the low power consumption requirement, it is generally very inefficient to carry information here compared to MR reception. On the other hand, the overhead to wake up main radio is large, while performing some additional function using MR once it wakes up typically does not lead to much additional power consumption. Unless the benefit can be clearly justified, we should avoid adding information here.
Proposal 4: The additional information carried for WUR should be avoided or minimized.
WUS Design
In the previous meetings, we agreed to study WUS candidates including MC-OOK, MC-FSK and OFDM-based signals/channels. For OFDM-based signals/channels, the proponents are generally considering sequence-based design, such as SSS-like sequence or ZC sequence.
WUS link level performance
In this section, we provide some link level simulation results for OOK-3 and OFDM-based signal with gold sequence. The assumed WUS bandwidth is ~5MHz including the guard bands. Table 1 provides the link level simulation assumptions that are common to both OOK-3 and sequence-based WUS.
· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
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Table 1 Common link-level simulation assumptions for OOK-3 and sequence-based WUS
	MT-WUS Parameter
	Value

	NR subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns, Doppler 11Hz

	Antenna configuration
	1 Tx/1 Rx

	Time offset
	Ideal, 2 us, 3us, or random between 0 and 10us

	Frequency offset
	Ideal, or 10kHz (3.85ppm for 2.6GHz)

	Integrated phase noise
	None, or -6dBc

	Sampling rate
	30.72M samples/sec

	ADC
	Ideal

	Filter
	Ideal

	Interference
	No ACI or ASCI or other cell interference modeled

	FAR
	1%

	MDR
	1%



OOK-3
In the simulations, we assume a total LP-WUS BW of 5MHz. The parameters for OOK-3 are provided in Table 2. With these parameters, each WUS uses 16 tones (one tone in each tone group), and 4 WUS signals can be multiplexed within 5MHz bandwidth. The simulations are performed based on the following assumptions using a non-coherent detector using Goertzel processing followed by tone energy detection (refer to [2] for details). The required SNR is summarized in Table 3 for different cases. The corresponding link level curves are plotted in Figure 2. Note that SNR is defined as the total transmit power of the WUS signal divided by the noise power over 16 30kHz subcarriers.
Table 2 Additional link-level simulation assumptions for OOK-3
	MT-WUS Parameter
	Value

	M, number of tone groups
	16

	N, number of tones per tone group
	4

	Df, tone spacing
	60 kHz

	Total used bandwidth by WUS
	4.32 MHz



Table 3 Required SNR for OOK-3
	Case
	Required SNR [dB] 
	SNR degradation compared to ideal case (dB)

	1-symbol, ideal
	-1.1
	

	2-symbol, ideal
	-3.1
	

	2-symbol, 2us time offset
	-3.1
	0

	2-symbol, 3us time offset
	-2.8
	0.3

	2-symbol, 4us time offset
	-2.4
	0.7

	2-symbol, random [0, 10]us time offset
	-1.8
	1.3

	2-symbol, 10kHz frequency offset and phase noise
	-1.1
	2

	2-symbol, 13kHz (5ppm@2.6GHz) frequency offset
	0
	3.1



[image: A graph showing different colored lines

Description automatically generated]
Figure 1 Link level performance for OOK-3

Observation 1: OOK-3 is not very sensitive to time offset. A 2us/3us/4us time offset results in 0/0.3/0.7 dB degradation, respectively.
This is similar to the other OOK schemes because energy detection is used on the interested tones, and phase information is not used at the receiver.
Observation 2: OOK-3 is sensitive to frequency offset relatively speaking. A 10kHz frequency offset (and -6 dBc integrated phase noise) results in 2 dB degradation. A 13kHz (5ppm@2.6GHz) frequency offset (without phase noise) results in 3.1 dB degradation.

OFDM-based signal (gold sequence)
For OFDM-based signal, we consider length-127 gold sequence. The simulation assumptions are provided in Table 4, and the required SNR is summarized in Table 5 for different cases. The corresponding link level curves are plotted in Figure 2. Note that SNR is defined as the total transmit power of the WUS signal divided by the noise power over 12 RBs (assumed bandwidth for the filter with 1-RB guard band on each side). 

Table 4 Additional link-level simulation assumptions for sequence-based WUS
	MT-WUS Parameter
	Value

	Sequence
	Length-127 gold sequence 
1 symbol, or 2 symbols with repetitions

	Number of RBs (without guard band)
	11 (3.96MHz)

	Receiver
	Time-domain correlation with 24 time offset hypotheses



Table 5 Required SNR for 1% MDR for sequence-based WUS
	Case
	Required SNR [dB] 
	SNR degradation compared to ideal case (dB)

	1-symbol, ideal
	-1.3
	

	2-symbol, ideal
	-3.9
	

	2-symbol, 2us time offset
	-2.5
	1.4

	2-symbol, 3us time offset
	-0.8
	3.1

	2-symbol, 10kHz frequency offset and phase noise
	-2
	1.9

	2-symbol, 13kHz (5ppm) frequency offset
	-1.1
	2.8
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Figure 2 Link level performance for sequence-based WUS
Observation 3: Sequence-based WUS is sensitive to time offset relatively speaking. A 2us time offset results in 1.4 dB degradation, and a 3us time offset results in 3.1 dB degradation.
Observation 4: Sequence-based WUS is sensitive to frequency offset and phase noise relatively speaking. A 10kHz frequency offset and -6 dBc integrated phase noise results in 1.9 dB degradation. A 13kHz (5ppm@2.6GHz) frequency offset (without phase noise) results in 2.8 dB degradation.
This is similar as (or slightly better than) OOK-3.
Discussion of different candidates
It is generally understood that there is different tradeoff for different kind of WUS design, in terms of power consumption, performance and overhead etc.
Relatively speaking, OOK-1/2/4, OOK-3 and FSK are more robust against time offset and phase noise, while sequence-based WUS is less robust. OOK-1/2/4 and FSK are more robust against frequency offset, while OOK-3 and sequence-based WUS are less robust. More robustness against time offset and frequency offset may translate into lower power consumption for LP-WUR.
From performance point of view, OOK-3 and sequence-based WUS require lower SNR than OOK-1/2/4 and FSK, if TO/FO are controlled within a certain range. This may translate into better coverage and/or less overhead.
In reality, there are a diverse range of use cases and devices that have different requirements on power consumption, latency, and mobility, etc. It is challenging to have one solution that fits the need of all use cases. It can be beneficial to consider a signal design that can accommodate different types of UE receivers. For the WUS candidates under study, the MC-OOK and sequence-based design can be easily harmonized to support both OOK-based receiver and a sequence-based receiver. Consider Figure 3 which shows a diagram that is mostly common for the basic MC-OOK design (OOK-1) and sequence-based design. For OOK-1, there are no specific requirements on what symbols are carried on the M SCs. As long as some signal is transmitted, the UE with OOK-based receiver can detect the signal. On the other hand, for sequence-based design, a specific sequence needs to be transmitted for the UE to detect. The harmonized WUS design would be that a specific sequence is carried on the M SCs, so that both the UE with OOK-based receiver and the UE with sequence-based receiver can detect the WUS. Within this context, even OOK-3 may be considered as a special case of sequence which only uses a subset of subcarriers within the bandwidth. Such harmonized design can leave flexibility to UE implementation in terms of what type of receiver to implement, considering the use cases and requirements. For a very power-sensitive UE that can tolerate relatively long transition time, OOK-based receiver can be implemented. For a somewhat less power-sensitive but more delay-sensitive UE (e.g. smartphone, XR devices), sequence-based receiver can be used. This can achieve better coverage for wide area deployment and/or less overhead, with the cost of higher power consumption. These UE may also go into deep sleep state instead of ultra-deep sleep state for faster wake-up. (Note that in our companion contribution [3], the power saving gain was shown to be substantial even if the MR goes into deep sleep state.)
The most basic form of such harmonized signal would have no additional information carried in the sequence, and the sequence is only used to improve the link level performance. As a further enhancement, if multiple candidates are available for sequence selection, the selected sequence can potentially carry additional information that can be detected by sequence-based receiver. Needless to say, the most essential part of the information (e.g. group ID) needs to be carried in the MC-OOK modulation, so that the OOK-based receiver can operate properly. Additional information that can be carried in the sequence can include e.g. additional bits for subgroup indication, SI modification notification, etc. The information can be used to additionally reduce the wake-up probability for the UE with more capable WUR.
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Figure 3 Harmonized WUS design for OOK-based receiver and sequence-based receiver
Proposal 5: Consider a harmonized WUS design that can be detected by both OOK-based receiver and sequence-based receiver, by defining the sequence used to generate the MC-OOK signal.
· This provides flexibility to UE implementation to accommodate different use cases/requirements in terms of performance/power consumption/latency/mobility tradeoff.
WUS related procedures
For physical layer procedures, options have been identified and agreed for the following aspects:
· Activation and deactivation of LP-WUS for both idle/inactive UEs and connected UEs
· Function of LP-WUS for connected UEs
We think the existing agreements are sufficient for the purpose of completing the SI and no further discussion is needed. Additional details and down-selection of the options can be discussed in the WI phase (if approved). However, for idle/inactive UEs, the interaction of LP-WUS with the paging procedure has not been discussed too much and no agreement has been made so far.
Procedures for idle/inactive UEs
As discussed in Section 2.1, we think DRX operation should be supported for LP WUS. Periodicity and offset can be configured for WUS monitoring. One issue that needs to be considered is how to define the WUS monitoring occasions, considering the possibility of multiple beams (even in case of FR1). There can be multiple WUS monitoring occasions defined, each corresponding to a beam. But a simpler approach would be to define a single monitoring time window, and the gNB can transmit WUS from different beams within this window. 
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Figure 3 Illustration for a WUS monitoring window
Proposal 6: For LP-WUS monitoring with duty cycle operation, consider defining periodicity, offset and ON duration for the monitoring window.
After receiving WUS, the UE can wake up to monitor PEI or paging DCI (in case of a group-common WUS) or transmit PRACH directly (in case of a UE-specific WUS). 
· For the latter (transmitting PRACH directly), false alarm needs to be very carefully considered, because the overhead for a false wake-up is very large in terms of both UE power consumption and system resource overhead. Due to this reason, waking up to monitor PEI or paging DCI may be preferable.
· It needs some consideration on whether PEI monitoring after receiving LP-WUS. PEI serves two purposes: (1) an early indication of paging so that MR can go back to sleep immediately if there is no paging; (2) subgroup indication. The first function can be fully replaced by LP-WUS, while the second function can also be replaced by LP-WUS if the concept of subgroup indication is also defined for LP-WUS. Therefore, PEI monitoring after receiving LP-WUS can be unnecessary.
· For paging DCI monitoring, the most straightforward way is to follow the legacy monitoring occasions. However, this may create unnecessary delay. To reduce the delay, the UE could start PDCCH monitoring after an offset from WUS monitoring/detection (which allows the main radio to turn on and prepare), without having to wait for the legacy PO. Procedures can be defined accordingly. This would allow the periodicity of LP-WUS monitoring to be configured smaller than the legacy paging cycle and provides latency reduction.
[image: Diagram

Description automatically generated]
Figure 4 Illustration for paging DCI monitoring after receiving LP-WUS
Observation 5: Transmitting PRACH directly after receiving WUS may not be desirable due to the overhead associated with the false alarm.
Observation 6: PEI monitoring after receiving LP-WUS may not be necessary.
Proposal 7: For paging DCI monitoring after WUS reception, consider starting the monitoring after an offset from WUS monitoring/detection, without waiting for the legacy PO.
Moreover, in our companion contribution [3], the power saving gain was shown to be significant even if the MR goes into deep sleep state. This is especially useful for the devices/applications that cannot tolerate the long transition time for ultra-deep sleep state. We propose to consider it in the LP WUS design.
Proposal 8: The case where MR enters deep sleep state instead of ultra-deep sleep state should also be supported in LP WUS design.
Conclusion
In contribution, we have discussed WUS design and related procedures, and proposed the following:
Proposal 1: Duty cycle operation of WUR should be supported in the LP WUS design.
Proposal 2: For idle/inactive UEs, group-common LP-WUS is supported. Whether UE-specific indication can also be supported via proper configurations can be further considered.
Proposal 3: For idle/inactive UEs, the cell ID should be carried/embedded in the LP-WUS.
Proposal 4: The additional information carried for WUR should be avoided or minimized.
Observation 1: OOK-3 is not very sensitive to time offset. A 2us/3us/4us time offset results in 0/0.3/0.7 dB degradation, respectively.
Observation 2: OOK-3 is sensitive to frequency offset relatively speaking. A 10kHz frequency offset (and -6 dBc integrated phase noise) results in 2 dB degradation. A 13kHz (5ppm@2.6GHz) frequency offset (without phase noise) results in 3.1 dB degradation.
Observation 3: Sequence-based WUS is sensitive to time offset relatively speaking. A 2us time offset results in 1.4 dB degradation, and a 3us time offset results in 3.1 dB degradation.
Observation 4: Sequence-based WUS is sensitive to frequency offset and phase noise relatively speaking. A 10kHz frequency offset and -6 dBc integrated phase noise results in 1.9 dB degradation. A 13kHz (5ppm@2.6GHz) frequency offset (without phase noise) results in 2.8 dB degradation.
Proposal 5: Consider a harmonized WUS design that can be detected by both OOK-based receiver and sequence-based receiver, by defining the sequence used to generate the MC-OOK signal.
· This provides flexibility to UE implementation to accommodate different use cases/requirements in terms of performance/power consumption/latency/mobility tradeoff.
Proposal 6: For LP-WUS monitoring with duty cycle operation, consider defining periodicity, offset and ON duration for the monitoring window.
Observation 5: Transmitting PRACH directly after receiving WUS may not be desirable due to the overhead associated with the false alarm.
Observation 6: PEI monitoring after receiving LP-WUS may not be necessary.
Proposal 7: For paging DCI monitoring after WUS reception, consider starting the monitoring after an offset from WUS monitoring/detection, without waiting for the legacy PO.
Proposal 8: The case where MR enters deep sleep state instead of ultra-deep sleep state should also be supported in LP WUS design.
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