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Introduction
In RAN#97, study item in RP-222644 has been approved. In this contribution we focus on 
	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] 


Waveform
Comparison of waveforms
In RAN1#112 several OOK waveform candidates have been agreed. And it has not been easy to agree on how to compare those. 
	Agreement
· When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS at least
· raw information bit-size
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· FFS: false alarm probability/rate
· FFS: misdetection probability/rate
               are kept [comparable or fixed]. Study at least
· impact of timing error
· impact of frequency error
· impact of phase noise and I/Q imbalance, if applicable
· impact of ADC resolution and sampling rate
· impact of interference
· impact of delay spread
· impact of doppler spread
· Companies to report
· how they modelled SINR
· time/frequency resources (including any guard bands) for the scheme
· false alarm probability/rate and misdetection probability/rate
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
· When comparing waveforms of LP-WUS, consider the impact to gNB for each of the waveform generation schemes. Consider whether there is impact to PAPR and a need for additional hardware for WUS.



False alarm rate
There has been long discussion on how the false alarm rate is modelled.
	· The miss-detection rate (MDR) of LP-WUS 1%,
· The false-alarm rate (FAR) of LP-WUS
· [0.1%, 1%]
· Other values are not precluded for studying, reported by companies
· Further discuss on the following alternatives for FAR target
· Alt 1: FAR target is determined per single WUS attempt/trial,
· Alt 2: FAR target is determined across a reference time duration of one or multiple WUS attempts/trials
· FFS: possible values for reference time durations
· Companies to report details, e.g., receiver behaviour, how to compute MDR, detection threshold
· Companies to report the selected reference time duration values and the associated number of WUS attempts/trials


In our opinion, the Alt1 is a simple model which works well for the case when there is exact number of trials and monitoring periodicity, like in case of PDCCH monitoring. On the other hand, for the case when LP-WUS is continuously monitored, this may not be suitable. To be able to compare agreed waveform schemes with different monitoring patterns, duty cycles or contiguous monitoring, we should define FAR per reference time duration, e.g. 1.28s. Such we can derive FAR probabilities to be full-filled by LP-WUR for different periods as well. 
Proposal-1: Define reference FAR per reference time duration, this then allows to scale target FAR to target duration, e.g. monitoring cycle. 
Time-frequency resource and Total Energy
For the agreed schemes it may be rather easy to compare OOK and FSK schemes, both are based on the same type of frequency segments, with all SCs modulated or all SCs unmodulated. Exception is OOK-3, where only one SC of the segment is modulated. 
The total energy is easy to fix. The energy from SCs set to 0 may be used to increase power on the modulated SC. This will keep average EPRE the same, and such SINR remains comparable. 
The frequency resource Option 2 allows for two different BW, 4RB +2x1 RB-GBs and 8RB + 2x2RB-GB on each side. And length in symbols scales quite nicely from 1, 2, 4, 8, 16, 24 symbols. These options provide already quite good framework for fixing time-frequency resources between OOK and FSK schemes. Figure 1 shows few examples of where fixing “time frequency resource” is possible.  
[image: ]
Figure 1 Examples of 8-bits of raw information payload with fixed time-frequency resources



On the other hand, M=8 OOK-4 may be difficult to compare with OOK-1. Therefore, we suggest that time-frequency resource does not need to be always aligned, however, should be an integer multiple of a base time-frequency cluster. For each, time-frequency cluster, the total power is aligned, this resulting into comparable SINR and link performance. And overhead scales as integer multiple. Cluster could be an agreed block of time-frequency resources shown in Figure 1. 
Proposal-2: Update the following in RAN1#112 agreement: 
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· time/frequency resources (including any guard bands) of a cluster
· number of clusters per scheme is reported along with the results, e.g. 1,2,4 
· total energy of LP-WUS across the time/frequency resource cluster is constant
Synchronization signal(s)
	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 



In our opinion, duty cycle is needed, not just to save power, but also to reduce FAR as much as possible. If probability of false-alarm is P per trial/reference time duration, with every attempt/reference-time time duration the probability of false alarm grows, as shown in Figure 2. Already within 50 attempts, FAR grows from 0.1% to 5%. Overall FAR can be further reduced if detection of preamble is followed by detection of LP-WUS data or other expected signal.  On the other hand, UE will need to search continuously during periodic occurring window, because time synchronisation during sleeps cannot be very accurate. However, shorter the monitoring window for LP-WUS is then smaller the overall FAR.


Figure 2 Probability of FAR after Xs trial

Proposal-3: Capture in TR: Support of a LP-WUS monitoring duty cycle is beneficial for reduction of false-alarm rate at the LP-WUR. 
	Agreement
Study synchronisation signal used by LP-WUR, if needed, based on 
· Option 1: aperiodic signal transmitted as part of LP-WUS
· FFS: Whether the signal can additionally be transmitted separately from LP-WUS 
· Option 2: periodic signal transmitted separately from LP-WUS
· Option 3: Option1 + Option2



In the last meeting we agreed to study a need for synch signal for LP-WUS (LP-SS) and whether signal should be periodic or aperiodic. All companies, but one, see a benefit form introducing LP-SS signal. In our opinion, the main motivation for synch signal is to enable detection of serving cell presence, as further discussed in RRM section. Another motivation of LP-SS would be to track and correct timing drift due to RTC instability after period of sleep. Or to adjust frequency error of VCO, such as ring-oscillator when WUR is active. 
LP-SS should be a signal which is known, cell-specific and always present. An aperiodic signal cannot serve as a primary synchronization signal, because if no WUS is transmitted by gNB, UE’s timing may drift so that signal is never received. Surely, if UE monitors continuously, there is no issue, but in this case full-filling target FAR and power consumption may be a challenge.
Observation-1: Synchronization signal for LP-WUS is beneficial to ensure that LP-WUS can hear the camping cell and to correct timing and frequency offset when LP-WUR is ON. Such signal should be known to UE, cell-specific and always present. Option2 is a baseline.
When it comes to information carried along with the LP-SS, a frame number (10bits) could be beneficial such that LP-WUR can keep track of frame timing. Another beneficial information could be an identification of the cell or identification of a LP-WUS configuration, such that UE can detect whether it is still listing to the same cell or not. 
Observation-2: Along with LP-SS additional information could be sent to assist LP-WUR, such as SFN and/or cell identification.

A periodicity of LP-SS should depend on the (in)stability of RTC clock which was agreed to be +-20ppm. This means 1ms timing error each 50 s. At the same time, a LP-WUR should wake-up at least once a second to keep latency low. And at least for low mobility cases, RRM measurement of serving cell once a 50s measurement could be sufficient. LP-SS transmitted once a 50s would have insignificant impact on the gNB power consumption and overhead.  

Observation-3:  LP-SS periodicity of 50s could be sufficient for RRM measurement of serving cell in low mobility case, as well as, to keep timing within 1ms precision, At the same time impact on gNB power consumption and overhead would be insignificant. 

In addition, an aperiodic preamble transmitted before LP-WUS data could help to correct frequency offset and AGC. Preamble preceding LP-WUS data should be supported. 

Observaton-4: Aperiodic preamble preceding LP-WUS data is beneficial for AGC settling and would further improve timing and frequency synchronization of WUR.
Content of LP-WUS
In the last meetings companies discussed also what should be content of LP-WUS. The majority view has been that UE ID (39 bits per ID in Idle and 24bits in Inactive mode) would be infeasible to support with broadcast due to low sensitivity of LP-WUS. And, majority seemed to prefer sub-group indication, used e.g. in PEI. On the other hand, it could be feasible to transmit small number of UE IDs to users closer to cell as a separate information. 

Observation-5: When determining baseline information size for LP-WUS, for the purpose of simulations, candidate values could be 1,2,4,8,16 bits, these corresponding to number of sub-groups indicated in the LP-WUS.

Observation-6: When determining additional information size for LP-WUS, for the purpose of simulations, candidate values could be N*39 or N*24, where 39 corresponds to bit-size of NR UE ID in Idle, 24 corresponds to bit-size of NR UE ID in Inactive and N is max number of UE IDs indicated by the LP-WUS.  


RRM measurement relaxations
	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)
Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· companies to report assumption of signal used for measurements



R17 supports RRM measurement relaxations of up to 6-fold. Normally, a UE shall perform neighbor cell-search every DRX, or eDRX cycle, but with RRM measurements relaxations defined in R17, if e.g. static criterion is met, UE can perform such only every 6th DRX/eDRX cycle instead. However, in LTE LPWA, RRM measurements are relaxed even further, up to once a 24h. In (industrial) IoT or measuring type of IoT, sensors are often placed on static object. There is almost 100% probability that after wake-up, UE finds the same cell. 
As we show in [R1-2303537], RRM measurements relaxation is necessary to achieve average energy consumption smaller than 1% of MR consumption. RRM measurements becomes a dominant energy consumption contributor, when paging rate is low and FAR is low.
Obsevation-7: For overall energy consumption of WUR and MR, RRM measurements performed by MR become dominant energy consumption contributor when paging rate and FAR is low.
Regarding measurement metric, level of received power could be obtained from AGC. However, in our opinion ADC would be needed to ensure measurement precision. And for signal quality, ADC would be essential. 
On the other hand, each LP-WUR architecture agreed so far will be able to determine/detect whether serving cell signal is present or not. In other words, if LR can detect presence of e.g. LP-SS of the cell, it will hear also the corresponding LP-WUS. If UE would not hear LP-SS it would wake-up MR instead. MR then can perform RRM and re-selection.  The service cell detection procedure performed by LP-WUR could be similar to RLF procedure.
It is expected that coverage of LP-WUS will be smaller than that of the cell. Therefore, loss of LP-SS would happen before the cell is lost in MR. This is why we believe impact on mobility performance of MR should be insignificant. 
Observation-8: Feasibility of LP-SS receive signal power and signal quality may depend on whether ADC and AGC is part of the receive architecture.
Observation-9: Every agreed architecture will be capable to determine whether LP-SS has been detected in know occasion or not. 
The remaining open question is how to identify cell/tracking area. In our opinion, LR should not try to identify a tracking area. It would be MR which performs re-selection when needed. For identification of serving cell, LP-SS could be a m-Sequence used in NR SSS signal. It is a good candidate for OOK waveform, because it contains ones and zeros. This would enable identification of a cell. SSS design supports 336 different sequences. 
Proposal-4: For LP-SS consider m-Sequence, as a candidate OOK signal.
LP-WUS bandwidth
	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



In our opinion, BW of LP-WUS should not be configurable. It would increase complexity of LP-WUR. However, if FR2 is supported, BW for FR1 and FR2 could be different, since separate HW is needed anyway. And, we clearly do not see need to differentiate BW based on RRC modes.
Observation-10: Configurability of LP-WUS BW would increase LP-WUR complexity. Target a single BW size.  Different BW for FR2, if supported, could be considered.
When it comes to zero-IF architectures using ring-oscillator, its precision can be 200ppm. This creates uncertainty of LP-WUS location in baseband. At 4 GHz this uncertainty already translates to 0.8MHz, while at 1GHz this is 0.2MHz. This being one another factor determining the LP-WUS BW. Design must take into account that LP-WUS receiver may receive only part of LP-WUS due to frequency shift.  
Observation-11: LP-WUS BW requirement should take into account a frequency error of the receiver.
Higher layer aspects
Some UEs in the network will NOT be able to benefit from LP-WUS, for example users on the cell edge (LP-WUS poor sensitivity), users with moderate or high mobility. In addition, LP-WUS will not be supported by all R18 UEs. Therefore, we think that a UE in favorable conditions for LP-WUS. e.g. smartwatch sitting on the table overnight, would sub-scribe for LP-WUS monitoring in a particular cell. 
Observation-12: A UE should subscribe for reception of LP-WUS in a camping cell.
After receiving LP-WUS trigger, there are 3 possible procedures for waking up MR  
Direct PRACH transmission: This makes sense only if a UE is wakened up with UE ID in LP-WUS and FAR is kept low, while WUR monitors with periodicity lower than iDRX . This would decrease the latency of wake-up time.
Paging monitoring: procedures may be similar to those of PEI to PO, except that gap between PO and LP-WUS must include large wake-up time of MR from MICO deep sleep. PO and LP-WUS would be often in different DRX cycle.
PEI monitoring: we hardly see any benefit from using PEI in between LP-WUS and PO. Adding additional monitoring  in-between to procedure will increases MDR, latency and degree of synchronization needed for PEI is similar to that of PO.
Therefore, RAN1 should study transition to paging monitoring as baseline. And if UE ID signaling is supported in LP-WUS, at least as optional feature of LP-WUS, RAN1 should study transition to directly sending PRACH. 

Proposal-5: After MR is waken-up by LR, study the transition of MR from MICO deep sleep to 
· PO monitoring 
· transmitting directly PRACH, if including an UE ID in LP-WUS is deemed feasible.
Conclusions 
In this contribution we discussed issues related to LP-WUS signal design and had observations and proposals:
Proposal-1: Define reference FAR per reference time duration, this then allows to scale target FAR to target duration, e.g. monitoring cycle. 

Proposal-2: Update the following in RAN1#112 agreement: 
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· time/frequency resources (including any guard bands) of a cluster
· number of clusters per scheme is reported along with the results, e.g. 1,2,4 
· total energy of LP-WUS across the time/frequency resource cluster is constant
Proposal-3: Capture in TR: Support of a LP-WUS monitoring duty cycle is beneficial for reduction of false-alarm rate at the LP-WUR. 
Observation-1: Synchronization signal for LP-WUS is beneficial to ensure that LP-WUS can hear the camping cell and to correct timing and frequency offset when LP-WUR is ON. Such signal should be known to UE, cell-specific and always present. Option2 is a baseline.
Observation-2: Along with LP-SS additional information could be sent to assist LP-WUR, such as SFN and/or cell identification.

Observation-3:  LP-SS periodicity of 50s could be sufficient for RRM measurement of serving cell in low mobility case, as well as, to keep timing within 1ms precision, At the same time impact on gNB power consumption and overhead would be insignificant. 

Observaton-4: Aperiodic preamble preceding LP-WUS data is beneficial for AGC settling and would further improve timing and frequency synchronization of WUR.

Observation-5: When determining baseline information size for LP-WUS, for the purpose of simulations, candidate values could be 1,2,4,8,16 bits, these corresponding to number of sub-groups indicated in the LP-WUS.

Observation-6: When determining additional information size for LP-WUS, for the purpose of simulations, candidate values could be N*39 or N*24, where 39 corresponds to bit-size of NR UE ID in Idle, 24 corresponds to bit-size of NR UE ID in Inactive and N is max number of UE IDs indicated by the LP-WUS.  
Obsevation-7: For overall energy consumption of WUR and MR, RRM measurements performed by MR become dominant energy consumption contributor when paging rate and FAR is low.
Observation-8: Feasibility of LP-SS receive signal power and signal quality may depend on whether ADC and AGC is part of the receive architecture.
Observation-9: Every agreed architecture will be capable to determine whether LP-SS has been detected in know occasion or not. 
Proposal-4: For LP-SS consider m-Sequence, as a candidate OOK signal.
Observation-10: Configurability of LP-WUS BW would increase LP-WUR complexity. Target a single BW size.  Different BW for FR2, if supported, could be considered.
Observation-11: LP-WUS BW requirement should take into account a frequency error of the receiver.
Observation-12: A UE should subscribe for reception of LP-WUS in a camping cell.

Proposal-5: After MR is waken-up by LR, study the transition of MR from MICO deep sleep to 
· PO monitoring 
· transmitting directly PRACH, if including an UE ID in LP-WUS is deemed feasible.
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  Introduction   In RAN #9 7 , study item  in  RP - 2226 44   has been approved .   In this contribution we focus on   

Study and evaluate wake - up signal designs to support wake - u p receivers [RAN1, RAN4]   Study and evaluate L1   procedures and higher layer   protocol c hanges needed to support the wake - up signals [RAN2,  RAN1]    
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  Waveform   2.1   Comparison of waveforms   In  RAN1#112   several  OOK   waveform   candidates   have been agreed.  And it has not been easy  to agree on how to  compare   those.    

Agreement      When evaluating and/or comparing link performance of MC - ASK, MC - FSK, and CP - OFDMA waveforms of LP - WUS at  least   o   raw information bit - size   o   [time/frequency  resources (including any guard bands), if applicable]   o   [total energy of LP - WUS across the time/frequency resources]   o   FFS: false alarm probability/rate   o   FFS: misdetection probability/rate                                 are kept [comparable or fixed]. Study at least   o   impact of  timing error   o   impact of frequency error   o   impact of phase noise and I/Q imbalance, if applicable   o   impact of ADC resolution and sampling rate   o   impact of interference   o   impact of delay spread   o   impact of doppler spread      Companies to report   o   how they modelled SINR   o   time/frequency resources (including any guard bands) for the scheme   o   false alarm probability/rate and misdetection probability/rate   o   power consumption of the MR if  false alarm probability/rate   not fixed across MC - ASK, MC - FSK, and CP - OFDMA waveforms      When comp aring waveforms of LP - WUS, consider the impact to gNB for each of the waveform generation schemes.  Consider whether there is impact to   PAPR and a need for additional hardware for WUS.  

  False alarm rate  

