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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 focus on wake-up signal (WUS) design and the related procedures to support WUS.
L1 signal design
First of all, we would like to discuss some high-level functions that are desirable to be supported by LP WUS/WUR.
DRX operation
The LP WUR can either continuously monitor for WUS, or periodically monitor with a DRX cycle. We think DRX 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 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.
· 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 very conservative 200ppm max frequency error, it translates into a max time drift of 0.256ms after 1.28 second. Assuming the UE could handle 0.256 ms uncertainty by doing a search within this time window, it means the network can transmit sync signals every 1.28 seconds. The overall overhead can be very low (e.g. <0.1%). Of course this aspect still needs further study.
Proposal 1: DRX operation (or periodic monitoring) of WUR should be prioritized in the LP WUS design.

Synchronization
Once periodic monitoring is enabled for WUR, the synchronization may become an issue. If OFDM-based receiver is considered, we can potentially reuse the existing PSS/SSS for synchronization. If OOK or FSK is considered, synchronization signal would be needed to keep the time offset (and frequency offset) at the WUR within a reasonable range, especially if no WUS is received for a long time. Even though a preamble before WUS, if supported, can be used by the UE to do time/frequency offset estimation, a UE may not receive WUS for a very long time, especially for some IoT applications with very low-frequency traffic. If no other signal is provided, the UE clock may drift away too far, which would require the UE to monitor a very large time window for WUS. This can become continuous monitoring once the clock drifts aways for sufficiently long.
Both periodic synchronization signal and the synchronization signal immediately before the WUS (a.k.a. preamble) should be considered. A combination of the two should also be considered, with the periodic signals providing the UE a reference for coarse synchronization, while the preamble allows finer synchronization to facilitate WUS detection.
Proposal 2: Synchronization signal, including periodic synchronization signal and the preamble before WUS, should be studied to support DRX operation of WUR.

Information to be carried for WUR
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 the full UE ID, or a group ID. UEs or UE groups may be additionally separated by using different time/frequency resources when DRX is enabled.
UE-specific WUS would consume more resources and generate more overhead from system perspective, but it 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, it is good to allow some flexibility for gNB configuration, so that the desired tradeoff between overhead and UE power saving can be achieved. In this sense, it is desirable to support both UE-specific and group-common WUS, which can potentially fall into the same framework and be achieved by proper configuration.
Proposal 3: Both UE-specific and group-common WUS should be considered to be supported.
Other than the wake-up indication itself, we think the information carried for WUR should be minimized. It is generally very inefficient to carry information here compared to MR reception. 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.

RRM measurement
RRM measurement to support mobility is another critical aspect to be investigated. The following was agreed in RAN1#111:
Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)

Based on the current specification, serving cell measurement is required to be performed at least once every DRX cycle for DRX cycle of 1.28 seconds or less. The frequency of neighbor cell measurement can be relaxed for stationary UEs and/or UEs not at the cell edge with Rel-16/17 RRM relaxation features. If we keep the RRM measurement requirements as they are for LP WUS, it means that the main radio needs to wake up at least once every DRX cycle. This frequent wake-up of the main radio has very large power overhead due to the large transition energy for the main radio transitioning out of the ultra-deep sleep state. In this case, LP WUS/WUR does not provide any power saving gain, and in fact, it results in even higher/worse power consumption. Therefore, relaxation on the existing RRM measurement requirements is absolutely necessary to make LP WUR useful at all.
However, we should not simply ignore RRM measurement. To compensate for the relaxation of the existing RRM measurement requirements, at least some of the RRM functionality should be supported by LP WUR. Serving cell measurement by LP WUR can be the first step for investigation, as agree in RAN1#111. Neighboring cell measurement should also be considered. Cell ID needs to be embedded in RRM measurement related signals to support such measurement at LP WUR, which can be done e.g. by scrambling.
Given that RRM measurement requirements are RAN4 expertise area, RAN1 should send an LS to RAN4 to trigger their investigation. Note that this does not prevent RAN1 from continuing the study, similar to how the architecture study is done in both WGs. This would avoid the risk that RAN4 may disagree with RAN1’s conclusions later on, if they do not get involved at this stage and provide their input.
Proposal 5: For RRM measurement with LP WUR:
· Existing RRM measurement requirements need to be relaxed.
· Send an LS to RAN4 to investigate the requirements relaxation
· The LS may also ask RAN4 to investigate the possibility of using WUR to perform RRM measurements.

Waveform
For the waveform candidates, the following was agreed in RAN1#111:
Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance

The WUS design directly impacts the wake-up receiver architecture and the corresponding power consumption. In our companion contribution [2], our evaluation results show that the power saving gain is not sensitive to the power consumption of LP WUR, as long as it is sufficiently low (e.g. 10 mW or less). This implies that we may not necessarily need to push down the power consumption of WUR to a very low level, such as hundreds of uW. It is more important to look at all the trade-offs, instead of focusing on achieving a very low power consumption. We should keep this in mind when we discuss different candidates for WUS.
For MC-OOK/ASK, there are mainly three alternatives being discussed (as illustrated in Figure 1).
· (a) MC-OOK, or OFDM-OOK (similar as defined in 802.11ba)
· The input sequence theoretically speaking can be any sequence, mapping to a number of subcarriers, and ‘1’ is represented when there is a sequence transmitted.
· To carry multiple bits per OFDM symbol, 
· Option 1: different bits map to different set of subcarriers, and each bit can be separately detected using an OOK receiver. This adds complexity on the receiver, and it also requires guard band in between.
· Option 2: use a larger SCS for WUS, so that multiple WUS symbols can fit into one regular OFDM symbol. This would require a separate processing chain for WUS at the transmitter and the output is then superpositioned with regular NR signal, which increases the transmitter complexity. In addition, WUS may create interference to regular NR signal.
· Option 3: use different power levels (ASK) on these subcarriers for different information bits. E.g. 3 levels plus no transmission can be used to carry 2-bit information. However, this creates more challenges for the receiver when determining the threshold for different levels.
· None of the options seems very attractive.
· (b) DFT-S-OFDM-OOK
· (c) CP-OFDM based least-square approximation
· (b) and (c) are quite similar, except that the filters applied to the OOK signal are different.
· Multiple bits per OFDM symbol can be supported easily, as the OOK signal consists of a bit sequence, and the information bits or encoded bits (if coding is applied) can be fed into the sequence directly.
· However, with shorter duration for each bit, the detection is more challenging and it also becomes more sensitive to the time offset.
· DFT-S-OFDM-OOK is more implementation friendly due to the ease of DFT operation, while the filter in (c) is more complicated.
Generally speaking, some guard band is necessary between WUS and the NR signals on other subcarriers, to allow the LP WUR to filter out the signal for envelope detection.
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(a) MC-OOK or OFDM-OOK                                       (b) DFT-S-OFDM-OOK
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(c) CP-OFDM based least-square approximation
Figure 1 Different options for MC-OOK/ASK
For MC-FSK, bit ‘0’ and ‘1’ maps to two different subcarriers, as shown in Figure 2(a). To carry multiple bits, more subcarriers are needed, and a 2-bit case is shown in Figure 2(b). The spacing between two subcarriers should be sufficiently large to allow the LP WUR to filter out each subcarrier for detection purpose.
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(a) MC-FSK, single-bit                                       (b) MC-FSK, 2-bit
Figure 2 MC-FSK
For legacy OFDM-based signals/channels, the more promising signal in our view is to use sequence-based signal, such as SSS-like signal or ZC sequence-based signal. The WUS signal generation is very similar to MC-OOK, except that a particular sequence is transmitted on the multiple subcarriers. At the receiver side, the LP WUR would need to perform a correlation with the interested sequence, instead of a simple envelope detection as for OOK. For SSS-like sequence, an FFT is still necessary as the sequence correlation needs to be performed in frequency domain. For ZC sequence, the correlation can be potentially done in time domain and FFT may be skipped.
With legacy OFDM-based sequence, different sequences may be used for different UEs or UE groups, and cell ID may be embedded in the sequence via scrambling.
[image: Shape

Description automatically generated with medium confidence]
Figure 3 OFDM-based sequence
Other than the three types of waveforms/signals discussed above, another waveform, called multi-tone WUS (MT-WUS), is proposed for further study. This in some sense is a combination of OOK and FSK.
The basic idea is to allocate a set of tones to a UE or a UE group, and these tones should be monitored to detect the presence of a WUS. The set of tones allocated by the network to LP-WUS are divided in M groups of N tones each. Each UE is allocated one tone in each group for WUS, with a total of M tones, as shown in Figure 4 (assuming M=2). Using multiple tones per device, instead of a single tone, makes the signaling more robust to fading. The tones allocated to a UE may or may not be equally spaced. If the tones are equally spaced by Df Hz then the total bandwidth assigned to the WU system is BW=N*M*Df Hz.
The proposed multi-tone LP-WUS can be simply generated using the existing OFDM-based transmitter, as shown in Figure 5. 
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Figure 4 Concept of Multi-Tone WUS
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Figure 5 Multi-Tone WUS Signal Generation
At receiver side, MT-WUS allows for low complexity receiver design. The transmitted signal can be detected using non-coherent detectors that do not require any complex channel equalization procedure. In Figure 7, a possible WUR architecture block diagram is provided. A Zero-IF RF architecture is used as RF-FE that then converts the received signal in digital domain to perform the WUS detection. After the ADC for I/Q samples generation a digital filter may be used to suppress possible non-intended signal, e.g. jammers or other NR signaling. The digital non-coherent detector represented here uses a set of M Goertzel filters [3] (M=2 in the example above), that allow to compute the DFT coefficients in specific frequency of interest, with lower complexity compared to FFT algorithm. The Goertzel processing used in the non coherent detector does not require any relation to pow(2) number of samples, which also simplifies the processing compare to FFT based detectors. An example of such Goertzel filter based receiver is provided in the appendix. The frequency domain samples are then used to detect the signal, e.g., by comparing the combined energy across M tones with a threshold. Note that with MT-WUS, a few tones can be potentially used as pilot tones for synchronization purpose.
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Figure 6 LP WUR Block Diagram for MT-WUS
As an example, we assume a total LP-WUS BW of 5MHz. To keep the signaling as simple as possible and to maximize the tone separation for improved resilience to channel and receiver impairments, we choose the LP-WUS configuration as shown in Table 1, which is further illustrated in Figure 8.
Table 1 Parameters for the MT-WUS example
	MT-WUS Parameter
	Value

	LP-WUS symbol length
	66.67us 

	M, number of tone groups
	2

	N, number of tones per tone group
	3

	Df, tone spacing
	720 kHz

	Total used bandwidth by WUS
	4.32 MHz

	Total allocated bandwith for WUS
	5 MHz
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Figure 7 MT-WUS example in 5MHz bandwidth
In the following we provide some simulation results of the proposed approach based on the following assumptions using a non-coherent detector using Goertzel processing.
· Channel models: AWGN, TDL-A 30ns 11Hz and TDL-C 300ns 11Hz. 
· The probability of missed detection and false alarm is set as: PMD = 1% , PFA = 0.1%. A sampling rate of Fs=10MHz is assumed, which helps reducing complexity and power consumption at ADC block. 
· Frequency offset: 4kHz
· Integrated phase noise: -3 dBc
· The phase noise is modeled using the same profile proposed in [4] and the integrated phase noise value is further increased by 3dB.

In Table 2, the required SNR to achieve the required MDR and FAR is provided. The SNR value is given in relation to the allocated WU-BW, in the example 5MHz, and in the processed band, M times the Geortzel filter band (M*30kHz=60kHz in our example). The SNR conversion formula is as follows:
Required SNR in allocated BW [dB] = Required SNR in processed BW + 10*log10(60kHz/5MHz)

Table 2 Required SNR for the example MT-WUS
	Num of
Served UEs
	Channel Model 

	Required SNR in processed BW [dB] 

	Required SNR in allocated BW[dB] 


	1

	AWGN
	9.02
	-10.19

	
	TDL-A 30ns 11Hz
	20.02
	0.81

	
	TDL-C 300ns 11Hz
	17.42
	-1.79

	2

	AWGN
	9.02
	-10.19

	
	TDL-A 30ns 11Hz
	20.22
	1.01

	
	TDL-C 300ns 11Hz
	18.02
	-1.19




Proposal 6: In addition to MC-OOK, MC-FSK and legacy OFDM-based signal, multi-tone WUS as proposed is also included for further study.
WUS related procedures
Enabling and disabling of LP WUS
The first level of enabling and disabling of LP WUS is on the cell level, where the gNB may notify the UEs whether LP WUS is enabled in the cell via broadcast signaling such as SIB.
However, there could also be enabling and disabling of LP WUS for a specific UE, especially if the WUS coverage is not as good as the cell coverage. This means WUS may need to be disabled when the UE moves out of the WUS coverage and then enabled again when the UE moves back into the WUS coverage.
· Option 1: the UE determines whether to enable or disable WUS 
· E.g. the UE may make decision based on the mobility, serving cell signal strength/quality, the traffic pattern, and/or some other information available at the UE.
· The network may provide some configuration parameters for the UE to make the decision, e.g. the threshold for RSRP and/or speed.
· The UE may or may not notify the gNB about the decision change.
· If the UE notifies the gNB, the gNB has the up-to-date information on the need to transmit WUS for the UE, and may stop transmitting WUS if it is not enabled at the UE. But this requires additional communications between the gNB and the UE, which consumes UE power and system overhead. It is also additional complexity for the gNB to track the status of each individual UE.
· If the UE does not notify the gNB, the gNB would need to transmit both WUS and the legacy paging, as it does not know whether WUS/WUR is enabled at the UE or not.
· Option 2: gNB determines whether to enable or disable WUS for a UE based on UE report.
· The gNB may configure what the UE needs to measure and report and when to report.
· Compared to Option 1, it requires more signaling exchange for the report, which consumes additional UE power.
Both options should be studied in our view.
Proposal 7: Study the mechanisms to enable and disable LP WUS/WUR for a UE, including the following two options:
· Option 1: the UE determines whether to enable or disable WUS/WUR
· Option 2: gNB determines whether whether to enable or disable WUS/WUR for a UE based on UE report
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. UE procedures after receiving WUS needs to be defined.
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, 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.
Observation: Transmitting PRACH directly after receiving WUS may not be desirable due to the overhead associated with the false alarm.
Procedures for connected UEs
For connected UEs, LP WUS can potentially replace PDCCH monitoring to allow the main radio to stay in sleep state longer. We think at least the following procedures should be studied.
Proposal 8: At least the following procedures should be studied for LP WUS/WUR for connected UEs:
· UE procedures for transitioning into and out of WUS monitoring
· The interaction with C-DRX, i.e., the procedures with or without C-DRX
· The interaction with other UE power saving features, such as R16 WUS, R17 PDCCH skipping, and R17 SSSS switching
· RLM procedures


Conclusion
In contribution, we have discussed WUS design and related procedures, and proposed the following:
Proposal 1: DRX operation (or periodic monitoring) of WUR should be prioritized in the LP WUS design.
Proposal 2: Synchronization signal, including periodic synchronization signal and the preamble before WUS, should be studied to support DRX operation of WUR.
Proposal 3: Both UE-specific and group-common WUS should be considered to be supported.
Proposal 4: The additional information carried for WUR should be avoided minimized.
Proposal 5: For RRM measurement with LP WUR:
· Existing RRM measurement requirements need to be relaxed.
· Send an LS to RAN4 to investigate the requirements relaxation
· The LS may also ask RAN4 to investigate the possibility of using WUR to perform RRM measurements.
Proposal 6: In addition to MC-OOK, MC-FSK and legacy OFDM-based signal, multi-tone WUS as proposed is also included for further study.
Proposal 7: Study the mechanisms to enable and disable LP WUS/WUR for a UE, including the following two options:
· Option 1: the UE determines whether to enable or disable WUS/WUR
· Option 2: gNB determines whether whether to enable or disable WUS/WUR for a UE based on UE report
Observation: Transmitting PRACH directly after receiving WUS may not be desirable due to the overhead associated with the false alarm.
Proposal 8: At least the following procedures should be studied for LP WUS/WUR for connected UEs:
· UE procedures for transitioning into and out of WUS monitoring
· The interaction with C-DRX, i.e., the procedures with or without C-DRX
· The interaction with other UE power saving features, such as R16 WUS, R17 PDCCH skipping, and R17 SSSS switching
· RLM procedures
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Appendix
Example of a 3-tone Goertzel receiver
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