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1. [bookmark: _Toc120549591]Introduction
In last RAN1 meeting, the following agreements were achieved [1] regarding the L1 signal design and procedure for low power WUS:
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

Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI

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)

In this contribution, the design of low power wake-up signal (LP-WUS) to reduce power consumption and related procedure will be discussed.
2. Discussion 
2.1 Waveform and modulation
According to the agreement of last meeting, the candidate waveforms of LP-WUS includes MC-ASK, MC-FSK and OFDMA-based. OFDMA-based waveform needs the smallest change to current gNB transmitter, however, the LP-WUR should have the similar capability as MR which is not a good solution for LP-WUS/LP-WUS design. MC-ASK is the easiest method which represents the signal status by different amplitude and the LP-WUS receiver design can also be simplified to support envelope detection without local oscillator (LO) which also reduce power consumption and cost in some stage. Compared with MC-ASK, the receiver architecture of MC-FSK is more complicated, thus, we think MC-ASK can be considered as the first priority of LP-WUS waveform study.
Proposal 1. MC-ASK (OOK) waveform can be considered as the first priority of LP-WUS study.
However, how to improve the ability to resist on noise and enhance the reliability of MC-ASK is still need to be considering. One remarkable approach is to use Manchester Encoding to prevent the loss of clock synchronization and analog link bit errors from low frequency shifts. The ON and OFF-symbols are transmitted in pairs of either (ON, OFF) or (OFF, ON) which is helpful to estimate the accurate detection of the state of signal per unit time and avoid missing detection. The LP-WUS receiver can compare the received energy in the first and second half of the pair to make a decision, which can reduce the cost and enhance the reliability.
Proposal 2. Manchester Encoding can be the candidate method to enhance the reliability of MC-ASK(OOK) based LP-WUS.
Considering the cost of transmitter structure, the LP-WUS need to co-existing with the legacy NR signal to reuse the existing gNB transmitter hardware. Therefore, it is necessary to study how to integrate them together and minimize the interference between them. According to the agreement of last meeting, it is recommended to study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, here are two mainstream options can be considered. 
Option 1: Generate the LP-WUS by DFT-s-OFDM





Assuming the ideal time domain signal MC-ASK based LP-WUS is {}={} which each  presents value 0 or 1, in order to guarantee the coexistence with the legacy NR, firstly, transfer {} to a frequency domain signal{Xn} by DFT, then, using up-sample method to spread spectrum the {Xn} into {Xm} coexist with the legacy NR signal sub-carrier size M. After that, convert the spread spectrum signal {Xm} into time domain signal through IFFT and obtain {} which can be generated to the legacy NR signal and transmit together although using the different modulation method.
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[bookmark: _Ref115250434]Figure 1: DFT-s-OFDM transmission structure 

It is easy for gNB to generate the DFT-s-OFDM based MC-ASK LP-WUS as it just adds pre-coding before IFFT similar to NR UL waveform. This approach can provide the low PAPR which is helpful to transmit signal efficiently. The sub-carrier size M need to be studied according to the simulation result analysis. Besides, zadoff-chu also a general up-sample sequence which has been used in LTE/NR OFDM modulation process, it is also be considered as a candidate up-sample sequence option.
Option 2: Generate the LP-WUS by CP-OFDM with least square approximation solution
This option is aim to generate an approximation LP-WUS signal x’ by CP-OFDM with least square function as close as possible to the ideal LP-WUS time domain signal . The main idea suggested in [2] is to that,  is an initial ideal time-domain LP-WUS signal, in order to obtain the output signal x’ which could coexist with legacy NR OFDM symbol size, first up-sample x to M bit signal  which match to the legacy OFDM sub-carrier ,then, use the shaping block based on OFDM modulator with the least square function could be used to transfer the time domain signal  to frequency domain signal , then the output time domain signal x’ could be obtained by IFFT which is close to the initial target signal x. Mathematically represent as following:

 
where F is the matrix corresponds to the delicate LP-WUS sub-carriers  
x
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Figure 2: CP-OFDM transmission with least square solution structure 
This method is helpful to avoid interfering with simultaneous OFDM transmission on other sub-carriers. It is also need to determine the M size which may impacted to the emission power. However, compared with option1, this method is more complicated due to the calculation of F matrix.
Proposal 3. Two options can be considered to generate MC-ASK(OOK) waveform of LP-WUS.
· Option 1: using DST-s-OFDM.
· Option 2: using CP-OFDM with least square approximation.
2.2 Structure
LP-WUS is a dedicated signal which used for waking up UE in ultra-deep sleep mode with less power consumption, therefore, it is recommended to simplify the structure as much as possible while satisfying the basic function. Here are propose two options for LP-WUS structure:
· Option1: Sequence based
· Option2: Payload based
For option 1, the different LP-WUS sequences can be used to wake different UE-groups or POs. It is hard for LP-WUS to expand more function based on this structure as its limited sequence size/number. Sync or system information may hard to be delivered correctly by LP-WUS sequence. The benefit of this structure is it is the very simple but the information conveyed may be limited.
For option 2, this structure can convey more information compared with option 1, e.g., convey Group ID or UE ID to identity the target UE for waking up. This structure is useful in many aspects although it may cost more network overhead than the option1. The size of each part of the structure is also need to be studied.
Proposal 4. Two options of LP-WUS structure can be further studied：
· Option1: Sequence based.
· Option2: Payload based.
2.3 Synchronization
In order to meet the requirement of low cost and low power consumption of LP-WUR, the simple structure of LP-WUS receiver may lead to the clock drift, which also affect the synchronization with gNB. Therefore, it is recommended to study how to keep the LP-WUS synchronization. In general, two options can be considered: 
· Option 1: Dedicated synchronization signal (LP-SS)
· Option 2: LP-WUS supports sync function
[bookmark: _GoBack]For option 1, propose a new dedicated synchronization signal LP-SS which transmits periodically. The function of this signal is to help UE adjust its timing to receive the LP-WUS signal. Due to the quality of components, the error will increase over the time. Although the time clock can be reset when the time error exceeds the tolerance, it is hard to completely avoid mismatch the LP-WUS. Therefore, propose a dedicated LP-SS signal and broadcast it periodically can improve this problem instantly. For example, the original maximum frequency error Fe always existing in transmission, which may lead to increase of time drift, ΔT = ±Fe * T. Over the time T the time gap become T ±ΔT. When LP-SS be applied, the frequency F’ is smaller than the Fe  as UE can synchronized in-time. And the time drift is ΔT = ±0.5 * F’ * T2. LP-SS could help in resetting the clock decrease the timing ambiguity around the WUS monitoring occasions with more strictly criteria and avoid the full mismatch.
For option 2, LP-WUS supports synchronization by setting the sync partition in its structure. This method has been applied in IEEE.802.11.ba and also be described as the option 2 of the chapter 2.2. If LP-WUS sequence contains the sync partition, it could adjust the time error by itself, the WUR need to be monitored all the time in advance. The drawback of this option is the WUR need to be detected all the time, which leads to more power consumption. Otherwise, it may lead to the full miss match due to the big time drift.
Therefore, it is recommended to compare the network overhead, power consumption and the accuracy of detection of these two methods in further study to find a suitable approach to help LP-WUS synchronization.
Proposal 5. Two options of LP-WUS synchronization methods can be further studied:
· Option1: Dedicated synchronization signal (LP-SS).
· Option 2: LP-WUS supports sync function.
2.4 Function and procedure
The objective of LP-WUS is reducing the power consumption with low latency. Different from the previous Rel-16/17 UE power saving signals design which using the same receiver as main radio, the Rel-18 LP-WUS is an independent signal which aim to bring the better power saving performance. 
In Rel-16/17, UE power saving techniques are specified for RRC RRC_IDLE/RRC_INACTIVE states and RRC_CONNECTED state, including, Rel-16 DCP, Rel-17 PEI and Rel-17 PDCCH skipping/SSSG switching. Regarding the Rel-18 LP-WUS, the function in IDLE/RRC_INACTIVE and RRC_CONNECTED state should also be discussed separately.
[bookmark: _Hlk118388987]2.4.1 RRC_IDLE/RRC_INACTIVE state
When UE in RRC_IDLE/RRC_INACTIVE state, paging it the basic function which can help UE wake up in the correct timing. How to paging based on LP-WUS and how to joint with other legacy power saving method is still need to be studied. There are two options for paging monitoring using LP-WUS as shown below:
· Option 1: LP-WUS carries UE-ID to trigger MR wakeup for RACH
· Option 2: LP-WUS carries Group-ID to trigger MR waking up for receiving paging
For option 1, LP-WUS carries the UE-ID directly. LP-WUS itself supports paging message delivery and  each UE can wake up its MR if comparing UE-ID conveyed in the LP-WUS matches to its own ID. Then, the MR will initiate PRACH directly to establish the RRC connection. Based on this option, no need for MR receiving paging PDCCH anymore. This option can reduce the paging latency and provides the best UE power saving but needs the LP-WUS to carry large payload size.
For option2, LP-WUS can replace the PEI by waking up MR as the paging indicator, when MR received a positive LP-WUS indicator, it will start receive paging PDCCH. The LP-WUS can carrier per-group information that each occasion is associated with one or more POs. LP-WUS on this option also need to carry more than one 1 bit information and require high transition rate. It is worth to study and evaluate the payload and the power saving gain of different options.
Proposal 6. For UE in RRC_IDLE/RRC_INACTIVE state, two options of LP-WUS waking up methods can be further studied:
· Option 1: LP-WUS carries UE-ID triggers MR wake up for RACH.
· Option 2: LP-WUS carries Group-ID trigger MR waking up for receiving paging.
[bookmark: _Hlk118389355]2.4.2 RRC_CONNECTED state
Rel-16 DCP and Rel-17 PDCCH skipping/SSSG switching is used to indicate UE the PDCCH monitoring adaptation to reduce the PDCCH monitoring power consumption. For LP-WUS in RRC_CONNECTED state, the similar function can be provided. But there are also some restrictions and different designs in previous solutions, e.g., the Rel-17 PDCCH skipping/SSSG switching can only be used within DRX, the Rel-16 DCP is a group-common DCI, but Rel-17 PDCCH skipping/SSSG switching is UE-specific DCI. Since we design a new LP-WUS in Rel-18 to replace this function, a joint design for LP-WUS is needed to reduce the work load and spec impacts. For example, the Rel-18 LP-WUS can be used independent from DRX configuration, and whether the LP-WUS in RRC_CONNECTED state is based on UE-group or UE-specific can be further studied.
Proposal 7. For UE in RRC_CONNECTED state, LP-WUS is used to indicate UE whether to monitor PDCCH or not similar to Rel-16 DCP and Rel-17 PDCCH skipping/SSSG switching and strive a joint LP-WUS design for all functions.
2.5 Coverage
The structure of LP-WUS receiver is simpler than the general main radio receiver, which only retains the basic components to satisfy the core receiver functions. The design concept also lead to the worse sensitivity of LP-WUR receiver than the general main radio receiver. As a consequence, the coverage gap exists between LP-WUS and NR signal/channel. Although the coverage performance between the LP-WUR and the main radio is difficult to match due to the poor receiver sensitivity of LP-WUR, the gap still needs to be catch up as much as possible. The bigger of the coverage gap between LP-WUR and MR is, the easier it is to trigger the UE status changes, which may lead to the increase of power consumption.
Proposal 8. Coverage of LP-WUS/WUR should be comparable with the main radio.
Due to the coverage gap between LP-WUR and MR can not be avoided, when UE is within the coverage range of MR and outside the coverage range of LP-WUR, it existing the coverage hole for LP-WUS. How to handle the partial coverage issue of LP-WUS needs to be further studied. It is reasonable to consider how to trigger the transition between LP-WUS and other UE power saving techniques. For example, when UE located at the cell center, the LP-WUR and MR can be received at the same time, the UE could apply the LP-WUS by setting the LP-WUS as the first-priority power-saving method in this situation. When UE mobiles from the cell center to the cell edge, due to the weaker coverage of LP-WUS, it is reasonable to set a decision scheme to help UE switch the power saving function. This method suggests to set the RSRP and RSRQ tolerance threshold value of LP-WUR. When the measured value is lower than the threshold, it means UE at the coverage hole and need to apply other power saving techniques such as PEI or DRX. Then, UE could switch to the normal status and switch off the LP-WUR until the measurement RSRP/RSRQ value reach to the LP-WUR threshold in the next measurement cycle. If the measurement value back to the threshold, which represents UE could apply the LP-WUS rather than other power saving techniques. This method can help UE always on the suitable power-saving mode to overcome the coverage hole between LP-WUR and MR.
Proposal 9. LP-WUS jointly applied with other paving saving technique to overcome the coverage hole issue.
3. Conclusions
In this contribution, some considerations of L1 signal design and procedure for low power WUS are discussed and the following proposals are made.
Proposal 1. MC-ASK (OOK) waveform can be considered as the first priority of LP-WUS study.
Proposal 2. Manchester Encoding can be the candidate method to enhance the reliability of MC-ASK(OOK) based LP-WUS.
Proposal 3. Two options can be considered to generate MC-ASK(OOK) waveform of LP-WUS.
· Option 1: using DST-s-OFDM.
· Option 2: using CP-OFDM with least square approximation.
Proposal 4. Two options of LP-WUS structure can be further studied：
· Option1: Sequence based.
· Option2: Payload based.
Proposal 5. Two options of LP-WUS synchronization methods can be further studied:
· Option1: Dedicated synchronization signal (LP-SS).
· Option 2: LP-WUS supports sync function.
Proposal 6. For UE in RRC_IDLE/RRC_INACTIVE state, two options of LP-WUS waking up methods can be further studied:
· Option 1: LP-WUS carries UE-ID triggers MR wake up for RACH.
· Option 2: LP-WUS carries Group-ID trigger MR waking up for receiving paging.
Proposal 7. For UE in RRC_CONNECTED state, LP-WUS is used to indicate UE whether to monitor PDCCH or not similar to Rel-16 DCP and Rel-17 PDCCH skipping/SSSG switching and strive a joint LP-WUS design for all functions.
Proposal 8. Coverage of LP-WUS/WUR should be comparable with the main radio.
Proposal 9. LP-WUS jointly applied with other paving saving technique to overcame the coverage hole issue.
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