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1 Introduction
A new, release 19, work item on low-power wake-up signal and receiver (LP-WUS/WUR) was approved, based on the SI outcome. One of the objectives is 
	· [bookmark: _Hlk127365044]To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported.
· For IDLE/INACTIVE modes
· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.

Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3.
Note: The optimization of LP-WUS signal design for idle/inactive mode is prioritized over the optimization for connected mode.
Specify the necessary RAN4 core requirement(s) to support the feature (RAN4).
This objective is to be further refined in RAN#103



In this document, we discuss OOK (OOK-1 and OOK-4) based LP-WUS and LP-SS, describe our view on overlay OFDM sequences over OOK symbols.
2 LP-WUS design
To specify a LP-WUS design applicable for both IDLE/INACTIVE and CONNECTED mode, we need to understand the potential subsequent actions after LP-WUS detection. 
LP-WUS structure and its content
In IDLE/INACTIVE state the LP-WUS can be transmitted used to power up the main receiver before paging/PEI or the transmitter to initiate PRACH directly. In order to avoid false wake-up of the UEs, for the former a sub-grouping of the UEs listening to the same paging DRX-ON can be done, while for the latter individual UEs needs to be woken up separately. In CONNECTED mode, on the other hand, the potential sub-sequent action not only can be related to the monitoring of the next DRX-ON but also whether to advance or delay the DRX-ON monitoring due to jitter in the XR applications. Again, it means different content/sequences are needed to wake-up the UE for different purposes. In the CONNECTED mode, the UE can only be addressed individually. Therefore, the LP-WUS design should at least allow for
· different content/sequences for different sub-sequent actions/purposes, and
· addressing of group of UE or individual UEs, depending on the mode of operation.
This two information can be included as a data field in the LP-WUS structure. Time and frequency multiplexing can further be used to further sub-group the UEs. 
Additionally, to allow for fine synchronization and to prevent the NW from always-on transmission of LP-SS with short periodicity, it is beneficial that the LP-WUS also includes a preamble prior to its data information. Another advantage of adding such a preamble is reduced power consumption at the UE while monitoring for LP-WUS. The LP-WUR first need to only look for the preamble and only continues to detect the data if the preamble is detected. Figure 1 shows the general signal structure used in this contribution containing sequences of length M and L bits, representing preamble and data, respectively, where data part is to indicate the subsequent action by the UE after LP-WUS detection and/or identity of (group) UE. 
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Figure 1 - LP-WUS structure, consisting of two fields, preamble used for synchronization and possibly cell identity purposes and data part to indicate the potential subsequent action or UE (group) identity.
As describe earlier, Time and frequency multiplexing can further be used to further sub-group the UEs. By allowing to transmit the LP-WUS in smaller bandwidths, we can accommodate and address higher number of UEs in the time-frequency grid. We describe this is more detail in our other contributions [2] and [3]. 

[bookmark: _Hlk159185871]Proposal 1 – Support LP-WUS structure with two fields, a preamble field for synchronization and cell identification purposes and a data field for indication of subsequent actions and/or wake-up group identity, depending on state of the operation.

OOK-based LP-WUS
An OOK-based LP-WUS design allows for low-power low-complexity WUR designs with the power consumption in the range of 50 uW to 500 uW. Low-power low-complexity design of a LP-WUR, however, typically leads to a higher noise figure and degraded sensitivity, compared to the main receiver or an OFDM based LP-WUS receiver. Depending on the LP-WUR architecture, the level of power consumption vs noise figure and sensitivity can vary.
Using longer signal sequences containing more total energy and a suitable low power digital base-band processing, we can compensate for the worse performance and therefore allow for low detection error, i.e., miss-detection and false-alarm, probabilities. This lengthening of the signals can also be used for carrying additional information, beyond the pure wake-up trigger, as mentioned earlier. More specifically, we use the structure described in Figure 1 where we transmit sequences selected from sequences such as m-sequences with good correlation properties which allows for low miss detection and false-alarm probabilities. The address spaces of these two sequences are typically much smaller than the M and L bits in the sequences, providing a degree of spreading that reduces error probabilities. 
To tailor LP-WUR/WUS scheme to the NR protocol, the LP-WUS transmission needs to be compliant with the transmission principles of NR, i.e., based on OFDM transmission. In other words, to avoid interfering with the OFDM transmission, the LP-WUS needs to be orthogonal in the same way as OFDM sub-carriers are, despite being based on different modulation principles. Two alternatives OOK-based LP-WUS transmission schemes, namely OOK-1 and OOK-4, are selected after the Rel 18 study period.  
OOK-4 transmission scheme has advantages compared to OOK-1 waveform generation candidates in terms of system overhead, latency and low-power consumption. Assume the LP-WUS is N bits long with BWx transmission bandwidth and Nx the number of transmitted bits in one OFDM symbol. The length of LP-WUS for OOK-4 becomes N/Nx times lower than the one in OOK-1. This results in lower system overhead, delay and total power consumption in OOK-4 compared to OOK-1 candidate. Moreover, OOK-4 is well spread over available SCs which automatically makes it robust against frequency fading. OOK-4 only has a single non-zero amplitude level on the time domain signal, making its PAPR low, particularly compared to OOK-1 where all signal energy is maximally concentrated in time due to setting all available sub-carriers to one. 

Observation 1 –OOK-4 has lower system overhead and can be detected with shorter delay using lower power LP-WUR, compared to OOK-1 candidates. Furthermore, OOK-1 only has a single non-zero amplitude level on the time domain signal, making its PAPR low.    

Proposal 2 – Support OOK-4 transmission mechanism to embed LP-WUS within OFDM transmissions without creating interference to other OFDM transmissions.
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Figure 2 – Block diagram of modified OFDM transmitter (similar to OOK-4 transmission mechanism)[4]

Figure 2 shows a block diagram of the modified OFDM transmitter, including the two blocks used to create the embedded WUS, similar to OOK-4 transmission scheme. The first block (A) is a sectioning block creating sections of the target LP-WUS and is only used if the length of the LP-WUS becomes longer than one OFDM symbol. The WUS shaping block (B) then shapes each LP-WUS section so that the resulting signal as output from the OFDM modulator becomes as close to the target LP-WUS as possible using the designated sub-carriers. Step (C) to (D) adds CPs to maintain orthogonality in channels with time dispersion. 

	LP-WUS design parameters
	Values
	Notes

	(Np, Nd)
	 (4,4)
	M=63 bits, L=63 bits, corresponding to total 8 OFDM symbols 

	WUS duration(us)
	0.52 msec
	LP-WUS of 8 symbols @ SCS 15e3 is 500us.

	No. of bits per OFDM symbol
	16 bits
	

	LP-WUS SCS
	15 kHz
	

	Main signal SCS
	15 kHz
	

	No. of REs used for LP-WUS transmission
	64
	

	LP-WUS Bandwidth
	1.08 MHz
	

	Bit rate
	240 kbps
	Manchester coded OOK

	Guardband width
	240 kHz
	4 REs @ SCS 15e3 at each side

	LP-WUR Parameters/characteristics
	Values
	Notes

	Zero-IF architecture
	yes
	-

	LP-WUR BW
	1.08 MHz
	Butterworth, order of 2

	ADC
	1-bit
	

	Noise figure
	12 dB
	


Table 1 - OOK-based LP-WUS and LP-WUR design parameters
In table 1 we list the design parameters of a studied OOK-based LP-WUS and some of the important properties of the LP-WUR. This LP-WUS design has the following characteristics:
· Kasami sequences of equal length M and L of 63 bits are selected to represent 504 cell identities and 16 group identities. This translates to spreading factors of 7 and 16 for the two parts of the 126-bit LP-WUS, which has a total time duration of 0.52 msec. 
· The LP-WUS occupies 8 OFDM-symbols, 64 REs with carrier frequency spacing of 15 kHz. 
· When performing this simulation, we have taken into account a drift compensation, chosen cautiously to be 10 times that of the ultra-deep sleep of the main receiver. A signal-to-noise ratio of 13dB are required for the TDL-C channel, to reach 98.6% detection and 10-5 false-alarm rate.

	Channel/Signal
	MIL (dB) 

	PUSCH, msg3
	146.27

	OOK-based LP-WUS
	146.09 @ SNR of 13dB


Table 2 - Comparison of MIL for OOK-based LP-WUS and PUSCH, msg 3.

Observation 2 – With a LP-WUR design having a relatively poor LP-WUR BW properties and a 1-bit ADC, the OOK-based LP-WUS can reach the PUSCH, msg3 coverage. This is aligned with the “Note” in the WIs objectives and the conclusion made in the TR 38.369. 

Using repetition, we can further improve the coverage for the devices and reach beyond the PUSCH coverage. With this, however, the LP-WUR needs to be on for a longer time period resulting in total higher power consumption,.


OFDM-based LP-WUS
An OFDM-based LP-WUS design can have the following advantages:
· There is more capacity to carry more signalling information, e.g., for use in identifying UEs or UE groups 
· The RRM measurements regime does not have to change too drastically – measurements such as RSRP and RSRQ can be carried out on the existing PSS/SSS signalling.
· An OFDM LP-WUS can more easily deal with frequency and time offsets because it has to incorporate means of detecting and correcting these since a coherent receiver is needed.
· An OFDM LP-WUR operates in WUS windows as an OFDM LP-WUS would have similar coverage to the main signal and so can easily be detected within a short time window, this is particularly when the UE is within the coverage of PDCCH.

An OFDM LP-WUR, however, consumes more power than an OOK-based LP-WUR because of the need for coherent reception and I, Q processing. Power consumption can be mitigated by:
Reducing the bandwidth of the LP-WUS compared to the bandwidth of the component carrier. The lower sampling rate engenders less power consuming DSP for the LP-WUR. It is expected that while the OFDM LP-WUR power consumption reduces drastically compared to its main receiver, its power consumption can still be more than several times higher than an OOK-based LP-WUR.
Modulating the OFDM symbols of the LP-WUS with known quadrature sequences and carrying the signalling data in some property of the modulating sequences instead of using QAM modulation of the OFDM subcarriers. This allows decoding of the signalling without the need for channel estimation, de-mapping, FEC etc.
Concentrating the whole LP-WUS in a few OFDM symbols so that the LP-WUR is only ON for a short time. This is particularly beneficial as the OFDM based LP-WUS can reach the coverage of PDCCH coverage without any need for repetition, compared to the OOK-based LP-WUS.


Figure 3: Sequence carried on each OFDM symbol for OFDM-based LP-WUS
Figure 3 illustrates how the dot product of a Cazac S(k) and m-sequence P(k) can be used to modulate LP-WUS OFDM symbols. By choosing P(k) based on the cell ID, the LP-WUS transmitted can be made cell-specific. 
	Condition
	Values
	Notes

	(Np, Nd)
	 (4,8)
	Number of preamble and data symbols

	WUS duration(us)
	500
	WUS of (4,8) symbols @ SCS 30e3 is 500us.

	LP-WUS SCS
	30kHz
	

	Main signal SCS
	15kHz
	

	L
	144
	Res

	CP
	2.34us
	Dependent on symbol duration @ 30kHz SCS

	LP-WUS Bandwidth
	4.32MHz
	

	Guardband width
	320kHz
	D = 11 Res

	LP-WUR Bandwidth
	5MHz
	


Table : Configuration parameters for an OFDM-based LP-WUS
Table 1 illustrates the design parameters of an OFDM-based LP-WUS whose frequency domain symbols are in accordance with Figure 3. The LP-WUS has the following key characteristics:
· Comprised of 12 OFDM symbols – the first Np = 4 symbols carry the WUS preamble which does not carry any data. The preamble is used for synchronisation and identification of the cell. The next Nd = 8 symbols carry the LP-WUS signalling in a cyclic shift of the symbol in the time domain. Each symbol can carry up to 7 bits of signalling in this manner. Each of the Nd symbols can either carry a unique 7 bits signalling or some can be repetitions of others for coverage enhancement reasons. If all 7 Nd bits of data are not needed and coverage extension is not needed, the number of signalling symbols Nd can be reduced. The preamble can also fulfil the synchronisation requirements for LP-SS by transmitting the preamble at regular intervals with/without any signalling symbols. The transmission cycle of the preamble can be configured to match the shortest possible DRX ON cycle. At the end of every LP-SS cycle, the gNB assesses whether it has a LP-WUS to send to a group of Ues. If it does, then the signalling symbols of the LP-WUS are transmitted after the preamble. If the gNB does not have a LP-WUS for transmission to any group of UEs, then the gNB transmits only the preamble symbols and stops until the next cycle.
· With the above parameters, the LP-WUR operates on the same bandwidth as is used by the SSBs. The LP-WUR can therefore also be used to carry out RRM measurements on legacy SSBs. In this case, the SSBs can be used as LP-SS too.
Options for overlaying OFDM sequences with OOK
The length of the OOK-based LP-WUS can be made longer if it is required for the LP-WUS coverage to match the main signal (e.g., PDSCH) coverage, i.e, going beyond the PUSCH coverage. This contrasts significantly with the duration required to detect a LP-WUS based on OFDM as only a few OFDM symbols are required to carry all the signalling information and meet the same coverage as the main signal. So, while the envelope detection based LP-WUR for an OOK-based LP-WUS consumes only a smaller amount of power per OFDM symbol, the total power consumed over the full duration of an OOK-based LP-WUS with similar coverage to the main signal may be close to that consumed by an OFDM-based LP-WUR which detects the LP-WUS only over a short time.
From the SI, the desire to overlay OFDM and OOK in the LP-WUS arises because some UEs with a higher battery capacity may want to receive the LP-WUS over only a few OFDM symbols whilst small form factor UEs with lower power density batteries may be content with receiving the LP-WUS over an extended period as the power consumption per OFDM symbol is minimal. So, the desire is to transmit both an OFDM-based and an OOK-based LP-WUS at the same time for UEs to choose which to detect in accordance with their capabilities.

1. Separate OFDM and OOK WUS Symbols
The OFDM and OOK LP-WUS use different transmission resources. This can be done by multiplexing the two signals either in time or frequency as illustrated in Figure 2(a) and Figure 2(b), respectively. For the time multiplexing of Figure 2(a), the OOK LP-WUR based on envelop detection can use the energy of the REs of the preceding OFDM LP-WUS section within its bandwidth to initialise its gain controllers etc.
[image: ]
Figure 4: Time and frequency multiplexing options for OOK-OFDM LP-WUS Overlay
Separating resources of OFDM and OOK WUS symbols double the number of resources that are needed for LP-WUS transmission. However, these resources are not necessarily used at the same time as the LP-WUS are not always transmitted and the occupancy of the resources also depends on the number of UEs supporting OOK-based LP-WUR or OFDM-based LP-WUR in the cell.
2. Superpose OFDM and OOK WUS Symbols
The time domain OFDM symbol is superposed with the time domain template of the ON/OFF keying symbol before transmission. Without Manchester coding for the OOK, only ON symbols are superposed with OFDM symbols – as illustrated in Figure 5. 
[image: ]
Figure 5: Superposition of OFDM and OOK-based LP-WUS
As superposition with OFDM symbols is done only in the ON OOK symbols, the envelope detector of the OOK LP-WUR will still detect an envelope only for ON OOK symbols. For the OFDM LP-WUR, the OFDM receiver will be preceded with an envelope detector – only for OFDM symbols with a significant envelope are subjected to further OFDM processing.
When Manchester coding is applied to the OOK and the SCS of the OFDM LP-WUS symbol is larger than that used by the OOK, then the OFDM symbol duration has only a fraction of the time domain samples of the OOK symbol. Only the high amplitude part of the OOK symbol is superposed with the LP-WUS time domain OFDM symbol as illustrated in Figure 6in which the SCS of the OFDM symbol is double the SCS of the OFDM based of the OOK symbol.
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Figure 6: Superposition of OFDM and MC-OOK based LP-WUS
With Manchester coding applied to the OOK, to determine OOK ON/OFF, it is expected that the envelope detector of the OOK LP-WUR will detect whether the energy envelope is in the first or second half of the OOK symbol. For the OFDM LP-WUR, the OFDM receiver will be preceded with this ON/OFF envelope detector – then the OFDM receiver processes the relevant half of the symbol to detect the LP-WUS and extract the embedded signaling therein. 
In each case, the OOK envelope detector of the LP-WUR can just ignore the superposition. The OFDM receiver of the LP-WUR needs to first determine the OOK bit (with the relevant envelope detector for example) before it can process the OFDM signal.
Discussion
During the study period, it was concluded that the target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3. For the coverage within PUSCH coverage, OOK-based LP-WUS and OFDM-based LP-WUS have similar signal length, i.e., a few OFDM symbols, however, the power consumption of the LP-WUR to detect the LP-SS and LP-WUS is several to ten times higher than the OFDM-based LP-WUR, which leads to a total lower power consumption at the UE. However, if the UE needs to operate in between PUSCH and PDCCH coverage, repetition is needed for OOK-based LP-WUS but this is not needed for OFDM-based LP-WUS. In this condition, the total power consumption of the two LP-WUS design can become comparable. The disadvantage of such repetition in an OOK-based LP-WUS is that it results in higher LP-WUS transmission latency and low resource and spectrum efficiency.  As mentioned earlier, some UEs with a higher battery capacity may want to receive the LP-WUS over only a few OFDM symbols whilst small form factor UEs with smaller batteries capacity may be content with receiving the LP-WUS over an extended period as the power consumption per OFDM symbol is minimal. So, the desire is to transmit both an OFDM-based and an OOK-based LP-WUS at the same time for UEs to choose which to detect in accordance with their capabilities.
Observation 3 – There is a trade-off between using OOK-based LP-WUS and OFDM-based LP-WUS in terms of the number of resources, delay and the total power consumption. While the OOK-based LP-WUS leads to lower power consumption than the OFDM based LP-WUS, particularly where the UE operates in the coverage area below PUSCH coverage, the number of resources and the latency increases for the OOK-bases LP-WUS to coverage areas beyond PUSCH coverage.
Proposal 3 – Support to transmit both an OFDM-based and an OOK-based LP-WUS at the same time for UEs to choose which to detect in accordance with their capabilities.
3 LP-SS design
During the study phase, the following conclusions were made on synchronization and RRM measurement.
At least for a LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionalities: (a) RRM measurements by LP-WUR, if supported (b) At least coarse time synchronization of LP-WUR. (c) At least coarse frequency synchronization of LP-WUR. Periodic LP-SS coverage should be equal or better than that of LP-WUS. 
Based on the RAN1 study and evaluation methodology, UE power saving gain cannot be observed if the existing Rel-18 MR RRM measurement periodicity for serving and neighbour cells are applied and UE MR enters in ultra-deep sleep during LP LP-WUS monitoring, therefore
·  MR serving and neighbour cell measurement with further time domain relaxation than that is allowed in Rel-18 specification for IDLE/INACTIVE and/or
· at least serving cell RRM offloaded from MR to LR are beneficial. 
RAN4 confirmed that the evaluation methodology on that the RRM measurement can be offloaded to LP-WUR for IDLE/INACTIVE mode. RAN2 has studied and concluded the feasibility for RRM measurement relaxation (including no measurement) for serving cell by MR and neighboring cell by MR at least if RRM measurement on LR for serving cell is feasible/supported.
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Figure 7 – LP-SS structure consisting of two cell ID fields
In order to use LP-SS for both synchronization and RRM measurement (at least serving cell) purposes, the LP-SS needs to contain information related to its cell ID. To allow for low-power reception using OOK-based LP-SS, we propose to again use sequences from m-sequence family with good auto- and cross correlation properties. To enable as many cell ID number required by NR, we propose a LP-SS design based on OOK-4 transmission scheme where the LP-SS contains two fields. The combination of two sequences allows to fulfill the number of cell ID needed in NR. Similar to the LP-WUS the address spaces of these two sequences are much smaller than the P and Q bits in the sequences, providing a degree of spreading that reduces error probabilities and improve on the LP-SS coverage. For example, by using the 63 Kasami sequences we can have access to xx number of sequences. Using the combination of this, for instance 503 of them in the first field and 16 remaining in the second field we can fulfil the number cell ID required in NR. 
Proposal 4 – Support LP-SS structure with two fields using OOK-4 transmission structure and sequences from m-sequence family with good auto- and cross correlation properties.

4 Conclusion
In this contribution, we have discussed our views on LP-WUS and LP-SS design and made the following observation and proposals.
Observation 1 –OOK-4 has lower system overhead and can be detected with shorter delay using lower power LP-WUR, compared to OOK-1 candidates. Furthermore, OOK-1 only has a single non-zero amplitude level on the time domain signal, making its PAPR low.    
Observation 2 – With a LP-WUR design having a relatively poor LP-WUR BW properties and a 1-bit ADC, the OOK-based LP-WUS can reach the PUSCH, msg3 coverage. This is aligned with the “Note” in the Wis objections and the conclusion made in the TR 38.369. 
Observation 3 – There is a trad-off between using OOK-based LP-WUS and OFDM-based LP-WUS in terms of the number of resources, delay and the total power consumption. While the OOK-based LP-WUS leads to lower power consumption than the OFDM based LP-WUS, particularly where the UE operates in the coverage area below PUSCH coverage, the number od resources and the latency increases for the OOK-bases LP-WUS to coverage beyond PUSCH coverage.
Proposal 1 – Support LP-WUS structure with two fields, a preamble field for synchronization and cell identification purposes and a data field for indication of subsequent actions and/or wake-up group identity, depending on state of the operation.
Proposal 1 – Support LP-WUS structure with two fields, a preamble field for synchronization and cell identification purposes and a data field for indication of subsequent actions and/or wake-up group identity, depending on state of the operation.
Proposal 3 – Support to transmit both an OFDM-based and an OOK-based LP-WUS at the same time for UEs to choose which to detect in accordance with their capabilities.
Proposal 4 – Support LP-SS structure with two fields using OOK-4 transmission structure and sequences from m-sequence family with good auto- and cross correlation properties.
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