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1	Introduction
In RAN plenary #97, the study item description (SID) on low-power wake-up signal (WUS)/wake-up receiver (WUR) was revised [1]. 
Detailed objectives of the SI are listed below:
	· 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 RAN1#110bis-e, the following agreements were reached related to LP-WUS design:

	Agreement
· For LP-WUS coverage evaluation, the noise figure of LP-WUR is 
· Options : [9, 12, 15, 18, 21, 24], Other values can be reported by companies
· FFS: how to determine the NF option.
· The values provided is for the purpose of studying coverage of LP-WUS, and it can be further revisited depending on the receiver architecture discussion.

Agreement
For the performance evaluations of LP-WUS candidate designs, it is assumed that
· The miss-detection rate (MDR) of LP-WUS [1%],
· The false-alarm rate (FAR) of LP-WUS
· [0.1%, 1%, 10%]
· Other values are not precluded for studying reported by companies
· Note: if LP-WUS for wake-up indication consists of two parts or even multiple parts, the proposed MDR/FAR should take into account the reception performance of the two or more parts jointly
· The above values applied in both RRC CONNECTED and IDLE/INACTIVE mode.
· FFS FAR requirement based on the study outcome of the impact of FAR on power consumption / power saving gain / system overhead
· FFS: Note: FAR should be evaluated both in the absence of gNB transmissions and in the presence of transmissions from gNB. Proponent to provide the details.

Agreement
For evaluation of the coverage of LP-WUS, the methodology and assumptions in R17 CovEnh SI (described in TR38.830) is reused as baseline.
· MIL is used as the metric for LP-WUS coverage evaluation
· urban (2.6GHz/4GHz), rural(700MHz) scenario for FR1 are considered to be evaluated, others (e.g., FR2) are not precluded.
Note: For IoT/wearables devices, refer to R17 Redcap SI TR38.875 if the assumptions differ from TR38.830.
Companies report any other assumptions which differ from the TR38.875/ TR38.830, e.g., Tx and Rx loss
Companies are encouraged to compare LP-WUS with at least PDCCH for paging, PUSCH, others are not precluded. FFS: Target coverage of LP-WUS




In this contribution, we discuss the signal design and procedures of WUS/WUR according to the SID.   
[bookmark: _Ref178064866]2	Discussion
From a network vendor and ecosystem perspective, it is important that the gNB should be able to transmit the LP-WUS using existing gNB hardware and not require any new emissions or compliance requirements. Otherwise, it is difficult to enable widespread WUS support in existing deployments. 
[bookmark: _Toc118693457]It should be possible to generate LP-WUS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
In order to not negatively impact network capacity, it is important that the LP-WUS can be multiplexed with other NR transmissions in time and frequency, and that any unused LP-WUS resources can be reused for dynamic scheduling.
[bookmark: _Toc118693458]It should be possible to multiplex the LP-WUS with other NR transmissions.
[bookmark: _Toc118693459]It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
Regarding coverage, we think it is important from a system perspective that the coverage is not worse than for existing Paging PDCCH. Note that Rel-17 PEI is transmitted using PDCCH and DCI format 2_7.
[bookmark: _Toc118693460]Target the same coverage for LP-WUS as for Paging PDCCH.
Regarding detection performance, for missed detection probability we propose to use similar target for the joint LP-WUS and paging PDCCH as for PDCCH, i.e. ~10-2. The overall power saving gain depends on the LP-WUR monitoring periodicity and the false detection probability of the LP-WUS. Since PDCCH uses a CRC, the false alarm probability of PDCCH is low, ~10-6 (assuming a list-8 polar decoder). Such a low false alarm probability is likely not needed, and instead for WUS we could assume a false alarm probability for 10-3, an order of magnitude lower than the missed detection probability, or determine the target false alarm probability based on the target coverage and power saving gain.

There are several possible candidates for LP-WUS design. Receiving OFDM based signals similar to NR signals such as SSS/CSI-RS with low-power WUR is one option. Other options include multi-carrier OOK, multi-carrier FSK or multi-carrier PSK. Among these options, multi-carrier OOK is based on envelope detection and is expected to provide lower power consumption while it is expected to be higher for OFDM based receivers. 
IEEE 802.11ba ‎[2] uses OFDM-based OOK generation for WUS. Individual OFDM-symbols are either treated as an ON-symbol or as an OFF-symbol. ON-symbols consist of a constant envelope signal, and the transmitter is silent during OFF-symbols. In contrast to the design goals discussed above for LP-WUS, the 802.11ba WUS is not multiplexed with other data transmissions on the same carrier. Similar ON-OFF keying should still be possible to generate and multiplex with other transmissions using selective muting of the LP-WUS subcarriers.
To simplify receiver complexity, Manchester coding is used, where ON and OFF-symbols are transmitted in pairs of either (ON, OFF) or (OFF, ON). This way the receiver can compare the received energy in the first and second half of the pair to make a decision.
A straightforward way of generating OOK WUS is to transmit one bit (0 or 1) per OFDM symbol. In this case, to generate “1” WUS subcarriers carry data while “0” is generated by having zero-power WUS subcarriers. Meanwhile, to achieve a higher data rate, one OFDM symbol can carry multiple WUS bits. For OOK WUS, the goal is to generate a time-domain signal using an OFDM transmitter which is close to an OOK waveform for the WUR.  To ensure a minimum impact on the OFDM transmitter (e.g., gNB) and avoid inter-subcarrier interference, the input to the IFFT (i.e., data in frequency domain) can be optimized such that the output of IFFT can represent a desired time-domain signal. For instance, an OOK signal with a single OOK-symbol per OFDM symbol can be generated by appropriately choosing the input on the REs corresponding to the resources used by the WUS as discussed in ‎[3]. 
[image: ]
[bookmark: _Ref117611815]Figure 1: OFDM-based generation of LP-WUS multiplexed with other NR transmissions.

[bookmark: _Toc115449110][bookmark: _Toc115449112][bookmark: _Toc115449113]An OOK signal can be generated using an OFDM transmitter by suitable setting of the input of the IFFT in the frequency domain.  

Let  be the number of subcarriers used for WUS generation. As an example,  subcarriers are used for frequency domain input to the IFFT block denoted by  ,   with  being the index of the first subcarrier. The output of an N-point IFFT is the time domain samples of length :   (see Figure 1). The objective is to find optimal input values  for which the output  is as close as possible to a desired output . One example of  is an OOK sequence. In addition, there can be some constraint on the input values  from implementation and power spectral density perspective.

where  is a loss/error function.  
Within one OFDM symbol, one or multiple OOK bits can be transmitted which can be determined based the coverage. Also, Manchester coding scheme might be considered due its synchronization benefits. With Manchester coding, bit 1 is mapped to e.g., [0, 1] and bit 0 is mapped to [1,0].
As an example, we consider generating one WUS information bit per OFDM symbol with Manchester coding. Figure 2 shows the time domain OFDM-based OOK generation representing WUS sequence [0,1] within one OFDM symbol. As we can see, the approximation error depends on the number of subcarriers used for generating WUS. For example, as shown in this figure,  the OOK approximation becomes more accurate by using 36 subcarriers compared to 12 subcarriers.  


[image: ]
[bookmark: _Ref115268676]Figure 2: Time domain OFDM-based OOK generation (one OFDM symbol).

While employing LP-WUR can provide significant power saving for the UE, its performance is also susceptible to false alarm events for which the main radio is mistakenly woken up. Since the main radio consumes a considerable amount of energy for ramping up/down, false alarm events can result in additional UE power consumption (or even negative power saving gain) or in some cases, be the dominant contributing factor for overall main radio power consumption. If LP-WUR results in high false alarm rate, employing it in some cases not only may not have any benefit, but it can also drain the UE battery. To cope with this issue, it is important to minimize the false wakeup events.
In general, false wakeups are caused due to false alarms and false paging as defined below: 
· False alarm: PHY-layer effect of WUS incorrectly being detected when there is none (single UE effect).
· False paging: HL-effect of WUS to one UE unnecessarily waking up other UEs sharing the same WUS resource (multi-UE effect). 
To reduce false wakeups, LP-WUS multiplexing/separation techniques can be employed. For example, enhancements for UE grouping, different LP-WUS time-frequency resources, or using multiple duty-cycle configurations for LP-WUR operation can be considered.   
UE sub-grouping is one option to reduce the risk of false paging to other UEs in the same PO. For example, sub-groups can be assigned to the UEs by the NW either randomly or based on UE individual characteristics, such as, UE type (e.g., RedCap, eMBB), UE mobility patterns, UE traffic patterns, paging probability, etc. In Rel-17 PEI, UEs monitoring the same PO can be divided into one or more subgroups based on CN assignment or UE_ID.  

[bookmark: _Toc118693461]Study solutions for reduction of false wakeup events for efficient LP-WUR operation (e.g., UE subgrouping).

The main radio is generally expected to be in sleep during LP-WUR operation. It is not clear whether the LP-WUR will be able to maintain synchronization with the network during long periods where the UE is not paged. Given this, it needs to be investigated if there is need for additional synchronization signals that the LP-WUR can use to stay synchronized or whether existing signals are sufficient.
In IEEE 802.11ba ‎[2], WUR Beacon frames are transmitted periodically by a WUR AP and used by a WUR UE to maintain time synchronization to support the WUR duty cycle operation. In addition, there is a WUR-Sync field transmitted together with every WUS transmission.
If an additional synchronization signal is needed for LP-WUS/WUR operation, the synchronization signal may be transmitted either in conjunction with the LP-WUS or separately from LP-WUS. 

[bookmark: _Toc118693462]Study the need for additional synchronization signals for LP-WUR or whether existing signals are sufficient.
3	Conclusion
[bookmark: _In-sequence_SDU_delivery]In this contribution, we made the following proposals:
Proposal 1	It should be possible to generate LP-WUS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
Proposal 2	It should be possible to multiplex the LP-WUS with other NR transmissions.
Proposal 3	It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
Proposal 4	Target the same coverage for LP-WUS as for Paging PDCCH.
Proposal 5	Study solutions for reduction of false wakeup events for efficient LP-WUR operation (e.g., UE subgrouping).
Proposal 6	Study the need for additional synchronization signals for LP-WUR or whether existing signals are sufficient.
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N-point IFFT
𝐾 subcarriers used for frequency domain input
𝑋	 𝑙 , 𝑙 = 𝑎,… ,𝑎 + 𝐾 − 1, for WUS
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Subcarrier index 	𝑎 + 𝐾 − 1



Time domain output of length 𝑁 ∶
𝑌 𝑛 , 𝑛 = 0,… , 𝑁 − 1
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