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There has been discussion on wake-up signal (WUS) as a solution to power consumption reduction for downlink physical channel in RAN1. In the last RAN1#90bis meeting, the following agreements were made for efeMTC.
	For idle mode,
· In specifying a power saving physical signal to indicate whether the UE needs to decode subsequent physical channel(s) for idle mode paging, select a candidate among the following power saving physical signals:
·  ‘Wake-up signal or DTX’ with new periodic sync signal
·  ‘Wake-up signal or DTX’ without new periodic sync signal
· Study till the next meeting how to ensure sufficient sync performance.



In RAN1#91 meeting, further agreements were made for efeMTC.
	For idle mode,
· At least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle
· There is at least one WUS parameter determined by at least SI for at least IDLE_MODE UE.
· The [maximum] WUS length in a cell is configurable
· Further study the benefits of potential diversity methods in WUS design
· Further study the benefits of potential inter-cell interference randomization methods in WUS design
· Working assumption
· At least in a UE’s DRX cycle, how the UE knows the WUS time location, is:
· A WUS has a time location which is configurable with respect to the associated PO(s) location(s)
               Send LS (R1-1721278) capturing WUS features to RAN2


In this contribution, we discuss the pros and cons of the functional aspects of the Wake-Up Signal (WUS) i.e. whether it should be synchronized using existing signals or using new signals and whether it should be applied to one or more paging occasions etc.
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Synchronization for WUS
In legacy paging mechanism, a UE is notified of paging by sending a Paging message when the UE is monitoring MPDCCH in the paging occasion. If there is no notification required, then no Paging message is sent. In that case there is no DCI encoded with the Paging identifier P-RNTI in the MPDCCH, then it can go to sleep and wake up in the next paging occasion. Before monitoring the MPDCCH in the PO, UE needs to be synchronized with the network. This can be done by acquiring the synchronization signals i.e. PSS/SSS. When the DRX cycle is short, for example 640 ms, this level of synchronization is sufficient. When the DRX cycle is longer, for example larger than 2.56s, to avoid possible mismatch in system frame number (SFN) level due to clock drift during the OFF period, the UE may additionally read MIB. In addition, the UE has to measure the serving cell RSRP every DRX cycle to determine if it meets the measurement thresholds of its existing serving cell and to ensure it has other options in case it does not. 
When a WUS is used, UE monitors MPDCCH with P-RNTI in the legacy paging occasion only if the WUS indicates the possibility of the paging message arrival as shown in figure 1.

 
Figure 1 Wake up signal (WUS) with no DTX
A WUS can be a signal based on a Zadoff-Chu or some pseudo-random sequence similar to PSS/SSS. A WUS can be transmitted with DTX and also with or without prior synchronization with existing sync signals such as PSS/SSS. 
When a UE is configured with WUS without DTX, UE would be able to synchronize with the network by ensuring that it is able to detect the WUS at the designated occasions. It could also determine mobility from its serving cell, if the WUS is designed to be cell-specific. This can be done by picking different WUS/GTS sequences for neighboring cells that are orthogonal in nature. Or by ensuring that the WUS is sent at different time/frequency slots in each cell, so that when the UE moves from one cell to another, it will not be able to find the WUS at the same location unless it acquires system information.
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However, to determine whether or not the UE meets the criteria for cell reselection, it also has to read the physical cell ID and the corresponding cell specific reference signals. As provided in [2], if the UE needs to read PSS/SSS and CRS of the serving cell every DRX cycle, the gain of using WUS would be minimal. The following options can be considered for handling synchronization/mobility while using the WUS.
Option # 1: WUS/DTX using existing synchronization signals
In this option, UE synchronizes with the network and checks the frequency measurement criteria before reading the WUS notification. However, this option diminishes the power saving gain of the WUS because the time required to acquire synchronization using existing sync signals is long and uses a lot of energy, especially for UEs at 144dB coverage levels. In addition this option prevents the UE from entering a very low power saving state during the OFF duration due to the requirement to maintain frequency and time synchronization with the existing sync signals.
Option # 2: WUS/DTX with relaxed frequency measurement 
In this option, UE reads PSS/SSS to synchronize and perform the frequency measurement every x WUS cycles where x is an integer value. For example, UE wakes up to receive the WUS sequence (which is DTX if no paging message is present) and in every x WUS cycle, UE performs frequency measurements. In this case, the trade-off is a delay in detection of mobility with power saving gain. But this option could be used for WUS/DTX option without using existing synchronization signals. This is because the idea is that the UE would achieve synchronization using existing sync signals for the purpose of frequency measurements. However this option would not be useful for longer DRX cycles such as 20.48 seconds as relaxed frequency measurements would cause the UE to be out of sync for too long. In fact, for long DRX cycles, WUS/DTX without existing synchronization would cause a huge overhead in the WUS signal to be decoded properly.
If WUS is sent periodically, but the WUS is not used as a reference signal (to save additional effort from RAN2/RAN4) then instead it relies on existing sync signals. The cons are lower power savings gain as well as delayed detection of mobility, but simpler implementation.   
Option # 3: Re-Synchronization signal (RSS) with WUS/DTX
In this option, a new periodic synchronization signal is also broadcast by the cell that is used as a reference signal by all UEs. In addition to WUS in its occasion, a UE also has to receive the synchronization signal periodically to determine whether to wake up to perform frequency measurements. This signal may replace the legacy serving cell measurements. The disadvantage of this option is that every UE has to measure this synchronization signal periodically. This would cause UE to wake up twice in every DRX cycle, once for the WUS in its occasion and again to receive the synchronization signal. This would also require additional resources, but is less overhead intensive compared to WUS/GTS option as this signal can be used by all UEs for sync purposes instead of being repeated to all the UEs who are monitoring the WUS. It has the potential to provide better power savings than what we currently have.
Option # 4: WUS/GTS signal
In this option, if there is nothing to notify UE of any paging, the cell does not transmit the WUS but may transmit GTS which allows the UE to remain synchronized and also if the GTS is cell-specific, then it can be used to determine if the UE has moved to a different cell and in that case switch the main modem on to perform cell reselection procedure in order to camp in a new cell. UE can also detect the energy of the GTS to determine whether to perform the serving cell measurement. 
The benefit of this option is that the UE sees very high power saving gain as it does not have to rely on existing sync signals to decode the WUS. It is also able to detect mobility. The con of this approach is that there may be potentially high system overhead if the WUS/GTS are sent for UEs at 164dB coverage level as this would require large number of repetitions for UEs which would be dedicated to the UEs monitoring the WUS alone. So, the system overhead could be quite large. In this option, to allow power saving benefits for UEs at 164 dB, a UE at 164 dB could first use the existing sync signals for synchronization and then decode the WUS instead of decoding the MPDCCH, which would also provide high power savings to UEs at 164 dB level, while preventing high system overhead. .
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WUS offset
When a UE receives wake up notification in WUS, it may take some time for the UE to actually be synchronized enough to receive the Paging message. And if it were to use a separate low-power wake-up receiver, then it also needs some time to switch on the main baseband circuitry. A WUS offset may need to be defined based on the time required for UE to be ready for reading PDCCH after receiving the notification of paging in the WUS. After the WUS offset is elapsed, the UE starts monitoring the earliest legacy paging occasion to read the PDCCH. The WUS offset can be configured by dedicated RRC signaling based on UE capability or it could also be a parameter defined as default for all UEs and if some UEs need to negotiate it differently, then could do so. It is understood that the paging message is delayed by at least the WUS offset time unit.
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WUS grouping
In RAN2 # 100 meeting, following was agreed.
Send LS to RAN1 R2-1714008 “From RAN2 perspective, it is feasible to configure the WUS to be applied to a group of UEs associated to one PO. It should be noted that some companies have raised concerns about the benefit and added complexity”.
Legacy paging PO/PF calculations are distributed over the UEs based on the UE ID provided by the MME over S1AP paging message. Since the UE ID is derived from permanent ID called IMSI, same UE ID needs to be used for the WUS notification frame calculation. Therefore the distribution of UEs over the WUS occasion is same as that of over the legacy PO. This would mean the number of UEs monitoring the legacy PO is same as the number of UEs monitoring the WUS occasion. 
It is possible that the UEs are further divided into groups based on the same UE ID and the number of UEs waking up for paging message not meant for itself (i.e. false paging) is reduced. For example, the range of UE ID is 0 to 1023. Consider total number of UEs is 1024, paging DRX cycle T = 256 and parameter nB = T. In this scenario, four UEs simultaneously monitors a WUS occasion. Then a WUS notification would wake up all four UEs in a WUS occasion. If we divide the UE IDs into two groups, then only two out of four UEs would wake up for paging monitoring. The grouping of the UEs based on the legacy UE IDs can be done in the following ways.
Option # 1: Sending multiple WUS messages in a single WUS occasion 
In this option, different group of UEs are assigned different resources in the same WUS notification radio frame (e.g., 2 groups of UEs with 2 different resource). However, this option is not resource efficient. 
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Option # 2: Assign different WUS sequences for different combinations of UE groups within the same WUS occasion. 
In this option, UE IDs are divided into different groups. Different WUS sequences are used for the different group of UEs to notify the indication of paging in the WUS occasion. For example, suppose each group of UEs monitoring a given legacy PO is divided into 2 groups and each is assigned its own sequence. At any given WUS occasion, then the UE may receive a Go-To-Sleep notification or it may receive WUS sequence for group 1, of WUS sequence for group 2, or a WUS sequence signifying both groups have a paging message. This way, the frequency of wake-ups for POs can be reduced by half. Note that it is up to network how to decide the grouping of UEs as it may depend on the paging rate of the UEs.
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Option # 3: Group Indication in WUS payload
In this option also, UE IDs are divided into groups. The WUS consists of an initial preamble (i.e. identifying common sequence) and also a payload. In the payload of the WUS, the group ID is indicated so that only the UEs belonging to the group ID in the WUS occasion receive the notification and start to monitor the legacy paging. However, it is up to RAN1 to decide whether there are enough resources to design such a payload.
[bookmark: _Toc494059455][bookmark: _Toc494060707][bookmark: _Toc494065073][bookmark: _Toc494206326][bookmark: _Toc494209204][bookmark: _Toc494324644][bookmark: _Toc494325055][bookmark: _Toc494387803][bookmark: _Toc494395029][bookmark: _Toc506306053][bookmark: _Toc506382951][bookmark: _Toc506383171][bookmark: _Toc506469397][bookmark: _Toc506472230][bookmark: _Toc506477272][bookmark: _Toc506477438][bookmark: _Toc506489374]It is up to RAN1 if any payload in the WUS is possible to carry the group ID for the wake up notification.
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WUS for each PO
In RAN2 # 100 meeting, following point was noted.
RAN2 could not agree on the feasibility to apply one wake-up signal to multiple POs in a PTW. It would need further discussions to reach an agreement in R2.

When a WUS indicates the possibility of paging message, UE wakes up to read the legacy paging message in legacy PO. If UE supports extended DRX (eDRX), UE will monitor the WUS only during PTW and go to sleep for the long eDRX sleep period. It is possible that a WUS is sent once in a PTW or once in a multiple POs. In this case, if a WUS signal indicates UE to wake up for possible paging, UE wakes up to monitor the paging in all the pre-defined number of POs or the all the POs within the PTW. If there is no WUS or there is GTS, UE does not monitor the signal for all the predefined number of POs or all POs within the PTW. The benefit of this approach is that UE may be able to save power further by not monitoring the WUS for multiple POs or for whole PTW period. It also provides scheduling flexibility to the network.
However, there are some consequences of this approach.
1. It is generally the case that multiple UEs are monitoring the same occasion for WUS. If there is WUS present in the occasion, it may not be intended for several UEs. In this case, all the UEs would wake up and monitor the several POs or all POs within PTW unnecessarily consuming more power.
2. Generally in the enhanced coverage, the gap between the POs or WUS occasions could be larger because of the repetitions. If the WUS is not present or GTS is present, there is chance that UE lose the synchronization or skip measurements with the serving cell as UE would sleep for several POs. 
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Based on the above discussion, we have following observations:
Observation 1 When a UE is configured with WUS without DTX, UE can use the WUS as a reference signal to detect mobility from current serving cell, if the signal is designed to be cell-specific.
Observation 2 Reading PSS/SSS every WUS cycle or relaxed frequency measurement is power consuming. The re-synchronization approach may help keep UE synchronized at lower system overhead, but also lowers UE power saving considerably as shown in [3]. The WUS/GTS option provides high power saving and its overhead can be reduced if it is limited to UEs at 144 and 154 dB coverage level.
Observation 3 Due to the potential delay in switching on the main baseband circuitry, WUS solution incurs the paging delay of at least WUS offset time unit.
Observation 4 Further resource partitioning for the WUS grouping is not resource efficient.
Observation 5 Different WUS sequences can be used to different group of UEs to reduce the false notification.
Observation 6 It is up to RAN1 if any payload in the WUS is possible to carry the group ID for the wake up notification.
Based on the observations and discussion, we propose:
Proposal 1.	To provide high power saving at the UE and to ensure the UE can detect when it is not within adequate coverage for WUS or within its serving cell,  WUS/GTS signal (i.e., option 4) is used.
Proposal 2.	A WUS offset is defined to determine when the legacy paging occasion is monitored for the paging after the WUS notification.
Proposal 3.	UE IDs that are used for the legacy paging calculations are further divided into groups to reduce the false notification in the WUS occasion.
Proposal 4.	Wake-up signal is applied to each legacy PO regardless of PTW.
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