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[bookmark: _Ref429645891]Introduction
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#90 meeting [1], some progress regarding the WUS was achieved and the following agreements were made.
	· 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
· Wake-up signal with no DTX
· FFS:
· Information conveyed by the physical signal
· Design of the physical signal



In RAN1#90 meeting [1], further agreements were made for feNB-IoT.
	· For idle mode,
· The power saving signal in a cell supports being applied to FFS between:
a) All the UEs associated to a PO in the cell
b) A group of more than one of the UEs associated to a PO in the cell
c) Both (a) and (b)
· How many POs the power saving signal applies to from the UE perspective is FFS between
· A single PO only
· One or more than one PO (details are FFS)
· How many POs the power saving signal applies to from the eNB perspective is FFS between
· A single PO only 
· One or more than one PO (details are FFS)
· The power saving signal applicable to a UE is sent on the same paging carrier as the associated subsequent physical channel(s)



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 sent with DTX or without DTX, be synchronized using existing signals or not be synchronized using existing signals and whether it should be applied to one or more paging occasions etc.
[bookmark: Proposal_Pattern_Length]Discussion
WUS with/without DTX, with/ without existing synchronization signals
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 mis-match 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 ZadoffChu sequence similar to PSS/SSS, however, it is under progress in RAN1. A WUS can be transmitted with DTX and also with or without prior synchronization with existing sync signals such as PSS/SSS. Thus, there are 4 possibilities. We examine them in some detail individually.
Case 1 WUS with DTX, with existing synchronization: In this case, to read the WUS, the UE must acquire synchronization using existing mechanisms such as reading PSS/SSS and/or MIB depending on the length of the WUS cycle as before. Thus, the power savings gain from sending the WUS come only due to the fact that the WUS needs fewer repetitions for extended coverage case then to read the MPDCCH. In normal coverage case, the WUS adds an overhead since it must be read on top of the existing Paging message and actually consumes additional power. As the WUS is already being synchronized using existing sync signals, the UE can do cell measurements at the same time. The benefit of this approach is that when there is no wake-up signal to transmit, the network can improve the resource utilization by re-using the resource of the WUS and there are no concerns regarding cell measurements. However, as shown in [2], the power savings are non-existent for UEs in normal coverage, which is the key reason for introducing a wake-up signal
[bookmark: _Toc494209191][bookmark: _Toc494324631][bookmark: _Toc494325041][bookmark: _Toc494387789][bookmark: _Toc494395016]In terms of power saving gain, the benefit of WUS with DTX is non-existent for UEs in normal coverage.
Case 2 WUS with DTX without existing synchronization signal: In this case, the WUS can be detected and decoded without using existing synchronization signals, but is sent only when a paging message is actually transmitted. This would mean that network does not send any signal in the WUS occasion. This means there could be potentially a long period of time e.g. assuming a paging frequency probability of 10% and a DRX cycle of 2.56s, a wake-up signal would be received approximately every 23 seconds. This is a very long period of time for the UE and would cause a large timing drift error, thus increasing the probability of both missed detection as well as the false alarm probability. It would also require larger repetitions of the signal in order to compensate for the error, thus increasing power consumption. The benefit of this approach is that the resource usage is relatively low, however it is unclear whether it can meet the desired metrics to enable paging robustness while also reducing power consumption.  
[bookmark: _Toc494209192][bookmark: _Toc494324632][bookmark: _Toc494325042][bookmark: _Toc494387790][bookmark: _Toc494395017]If the WUS and DTX option is used, then the probability of missed detection and False alarm probability both increase due to the larger timing drift error and may require more processing at the UE to overcome.  
Case 3 WUS without DTX with existing synchronization: In this case, a wake-up signal is being sent every cycle while the UE is also using existing synchronization signals. This approach is very high in power consumption as well as resource usage and is not considered. 
[bookmark: _Toc494209193][bookmark: _Toc494324633][bookmark: _Toc494325043][bookmark: _Toc494387791][bookmark: _Toc494395018]WUS without DTX with existing synchronization results in high power consumption.
Case 4 WUS without DTX without existing synchronization signal: In this case, a signal is always sent every wake-up cycle. There are two different signals sent, one to signal that there is no paging message, called the Go-To-sleep signal and one to signal a paging message i.e. the Wake-Up signal. As no prior synchronization is required, this method allows the UE to obtain higher power savings and as the signal is always sent, the signal can also be used for synchronization purposes so that the UE does not lose timing synchronization completely, though at a much lower cost. The trade-off is that there is slightly higher resource usage, but with good power savings as shown in [2], while also meeting the metrics of missed detection and false alarm probability. 
[bookmark: _Toc494206329][bookmark: _Toc494325044][bookmark: _Toc494387792][bookmark: _Toc494209194][bookmark: _Toc494324634][bookmark: _Toc494325045][bookmark: _Toc494387793][bookmark: _Toc494395019][bookmark: _GoBack]WUS without existing synchronization achieves good power saving for UEs in normal coverage areas as well as in extended coverage and may also serve as a reference signal for synchronization purposes. 
Further performance analysis in terms of paging miss rate and power consumption would be require to decide which option is better for WUS. Since such analysis is in progress in RAN1, it can be up to RAN1 to decide whether or not the WUS is transmitted with DTX.
[bookmark: _Toc494059456][bookmark: _Toc494060708][bookmark: _Toc494065076][bookmark: _Toc494206330][bookmark: _Toc494209206][bookmark: _Toc494324645][bookmark: _Toc494325056][bookmark: _Toc494387804][bookmark: _Toc494395030]It is up to RAN1 to decide whether or not the WUS is transmitted with DTX.
Mobility
As described in previous section 2.1, UE may need to read the PSS/SSS every legacy DRX cycle to be synchronized with the serving cell and perform periodic cell measurements to ensure it meets the threshold criteria of its current serving cell and to detect mobility. 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 occasion. 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.
[bookmark: _Toc494065074][bookmark: _Toc494206327][bookmark: _Toc494209195][bookmark: _Toc494324635][bookmark: _Toc494325046][bookmark: _Toc494387794][bookmark: _Toc494395020]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.
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 mobility while using the WUS.
Option # 1: WUS using existing synchronization
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 savings gain of the WUS because the time required to acquire synchronization using existing sync signals is long and uses a lot of energy.
Option # 2: 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 and in every x, say fourth, WUS cycle, UE performs frequency measurements. In this case, the trade-off is a delay in detection of mobility with power savings gain. But this option could be used for WUS with DTX without using existing synchronization i.e. Case 2 as described in section 2.1.
Option # 3: Cell specific WUS
In this option, WUS sequence is transmitted in different time and frequency resource for different cell such that UE is able to identify that the UE is still synchronized with the current serving cell. Also, instead of using the different resource, a cell specific WUS sequence can be transmitted. However, the UE is not sure whether this is the best cell or there is any other best neighbor cell. For this reason, UE may need to perform frequency measurement at a regular interval. The benefit of this option is that UE would be able to detect early if UE has moved to a different cell.
Option # 4: WUS payload
A payload can be designed for the WUS and the payload can carry the physical cell ID. If the UE is able to read the physical cell ID and it matches with the stored cell ID, it is synchronized with the current serving cell. UE may still need to perform the frequency measurement at a regular interval to make sure it camps in the best cell.
[bookmark: _Toc494065075][bookmark: _Toc494206328][bookmark: _Toc494209196][bookmark: _Toc494324636][bookmark: _Toc494325047][bookmark: _Toc494387795][bookmark: _Toc494395021]Reading PSS/SSS every WUS cycle is power consuming. Other methods such as cell specific WUS and WUS payload to reduce power consumption due to synchronization can be further explored.
[bookmark: _Toc494065081][bookmark: _Toc494206335][bookmark: _Toc494209207][bookmark: _Toc494324646][bookmark: _Toc494325057][bookmark: _Toc494387805][bookmark: _Toc494395031]Power efficient methods of synchronization other than reading PSS/SSS every WUS cycle are further studied.
WUS occasion calculation
In the LTE specification TS 36.304, the paging frame (PF) is calculated using the following formula.
SFN mod T = (T div N)*(UE_ID mod N)
Where SFN is system frame number, UE_ID  is UE identification derived from IMSI, N = min(T, nB), nB is an idle mode DRX parameter and T is value of DRX cycle in number of radio frames.
After determining the Paging Frame (PF), an index (i_s) is calculated as i_s = floor (UE_ID/N) mod Ns, where Ns = max (1, nB/T). The index (i_s) is mapped to a subframe pattern for PO which is either subframe 0 or 4 or 5 or 9.
The WUS radio frame where the WUS epoch lies can be calculated using similar formula as used for the legacy paging frame (PF) calculations. In this case, the parameters to be considered to determine the legacy PF are UE ID, DRX cycle T and parameter nB. Since the subframes 0, 4, 5 and 9 are already occupied by the legacy POs, either new subframes for example, subframe 1, 2 and 6 can be defined as WUS occasion or the paging subframes 0 or 4 or 5 or 9 can be reused without overlapping with the legacy POs (the resource allocation for WUS has not been discussed yet in RAN1, so it’s not clear if it’s possible to overlap legacy POs with WUS) or same legacy paging subframe can be used with different resource elements (REs). However, this depends on the design of the WUS and its resource usage which is up to RAN1 to decide.
[bookmark: _Toc494059449][bookmark: _Toc494060701][bookmark: _Toc494065067][bookmark: _Toc494206320][bookmark: _Toc494209197][bookmark: _Toc494324637][bookmark: _Toc494325048][bookmark: _Toc494387796][bookmark: _Toc494395022]For WUS occasion, new subframes can be defined or the legacy paging subframes 0 or 4 or 5 or 9 can be reused without overlapping with the legacy POs or same legacy paging subframe can be used with different resource elements (REs). However, this depends on the design of the WUS and its resource usage which is up to RAN1 to decide.
A WUS capable UE can be configured over a non-anchor paging carrier where the WUS is transmitted. This non-anchor carrier is not used for the legacy paging process. In this case, legacy paging occasion calculation can be reused for the WUS occasion where the wake up or go to sleep WUS sequences are transmitted.
[bookmark: _Toc494059450][bookmark: _Toc494060702][bookmark: _Toc494065068][bookmark: _Toc494206321][bookmark: _Toc494209198][bookmark: _Toc494324638][bookmark: _Toc494325049][bookmark: _Toc494387797][bookmark: _Toc494395023]A non-anchor paging carrier can be reserved for WUS notification and legacy PO/PF calculation can be reused for WUS notification.
Since UEs are in IDLE mode and the eNB has no context of the UE, the eNB cannot identify the UE from UE_ID provided by the MME in S1AP paging message as the UE_ID is the truncated version of the IMSI. The eNB also does not store the S-TMSI or IMSI. For this reason, if a new UE_ID were to be used for calculation of the PO, then the UE_ID would have to be provided so by the MME using a different calculation than currently used. The UE_ID for example may be derived by the UE ID used in the WUS occasion calculations needs to be same as UE_ID used for legacy paging occasion calculation.
[bookmark: _Toc494059451][bookmark: _Toc494060703][bookmark: _Toc494065069][bookmark: _Toc494206322][bookmark: _Toc494209199][bookmark: _Toc494324639][bookmark: _Toc494325050][bookmark: _Toc494387798][bookmark: _Toc494395024]The UE ID used in the WUS occasion calculations needs to be same as UE_ID used for legacy paging occasion calculation.
[bookmark: _Toc494059457][bookmark: _Toc494060709][bookmark: _Toc494065077][bookmark: _Toc494206331][bookmark: _Toc494209208][bookmark: _Toc494324647][bookmark: _Toc494325058][bookmark: _Toc494387806][bookmark: _Toc494395032]Legacy paging frame calculation is reused to calculate the WUS notification radio frame.
[bookmark: _Toc494059458][bookmark: _Toc494060710][bookmark: _Toc494065078][bookmark: _Toc494206332][bookmark: _Toc494209200][bookmark: _Toc494324640][bookmark: _Toc494325051][bookmark: _Toc494387799][bookmark: _Toc494395025]It is up to RAN1 to define subframe for the WUS occasion where the wake up/go to sleep notification is transmitted.
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. Or the notion of paging time window could be utilized here and the start of the PTW and the DRX cycle used within the PTW could be different from the wake-up signal cycle. The DRX cycle within the PTW would then provide an offset as DRX cycles start with the OFF period first. 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 in one of the NAS parameter exchanges with the MME. It is understood that the paging message is delayed by at least the WUS offset time unit or by the start of the Paging Time window to which the WUS applies.
[bookmark: _Toc494059452][bookmark: _Toc494060704][bookmark: _Toc494065070][bookmark: _Toc494206323][bookmark: _Toc494209201][bookmark: _Toc494324641][bookmark: _Toc494325052][bookmark: _Toc494387800][bookmark: _Toc494395026]Due to the delay in switching on the main baseband circuitry, WUS solution incurs the paging delay of at least WUS offset time unit.
[bookmark: _Toc494059459][bookmark: _Toc494060711][bookmark: _Toc494065079][bookmark: _Toc494206333][bookmark: _Toc494209209][bookmark: _Toc494324648][bookmark: _Toc494325059][bookmark: _Toc494387807][bookmark: _Toc494395033]A WUS offset is defined to determine when the legacy paging occasion is monitored for the paging after the WUS notification.
WUS grouping
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 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 sequences in the same WUS notification radio frame (e.g., 2 groups of UEs with 2 different sequences). However, this may create some challenges in meeting the missed detection probability and false alarm probability metrics. However, it is resource efficient, as we will be using the same resource to send 2 different WUSs. 
[bookmark: _Toc494059453][bookmark: _Toc494060705][bookmark: _Toc494065071][bookmark: _Toc494206324][bookmark: _Toc494209202][bookmark: _Toc494324642][bookmark: _Toc494325053][bookmark: _Toc494387801][bookmark: _Toc494395027]Further resource partitioning for the WUS grouping is not resource efficient.
Option # 2: Assign different WUS sequences for different UE groups within the same WUS occasion. n 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.
[bookmark: _Toc494059454][bookmark: _Toc494060706][bookmark: _Toc494065072][bookmark: _Toc494206325][bookmark: _Toc494209203][bookmark: _Toc494324643][bookmark: _Toc494325054][bookmark: _Toc494387802][bookmark: _Toc494395028]Different WUS sequences can be used to different group of UEs to reduce the false notification.
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]It is up to RAN1 if any payload in the WUS is possible to carry the group ID for the wake up notification.
[bookmark: _Toc494059460][bookmark: _Toc494060712][bookmark: _Toc494065080][bookmark: _Toc494206334][bookmark: _Toc494209210][bookmark: _Toc494324649][bookmark: _Toc494325060][bookmark: _Toc494387808][bookmark: _Toc494395034]UE ID used for the legacy paging calculations are further divided into groups to reduce the false notification in the WUS occasion.
[bookmark: _Toc478131478][bookmark: _Toc478158690][bookmark: _Toc478131479][bookmark: _Toc478158691]Summary 
Based on the above discussion, we have following observations:
Observation 1 In terms of power saving gain, the benefit of WUS with DTX is non-existent for UEs in normal coverage.
Observation 2 If the WUS and DTX option is used, then the probability of missed detection and False alarm probability both increase due to the larger timing drift error and may require more processing at the UE to overcome.
Observation 3 WUS without DTX with existing synchronization results in high power consumption.
Observation 4 WUS without existing synchronization achieves good power saving for UEs in normal coverage areas as well as in extended coverage and may also serve as a reference signal for synchronization purposes.
Observation 5 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 6 Reading PSS/SSS every WUS cycle is power consuming. Other methods such as cell specific WUS and WUS payload to reduce power consumption due to synchronization can be further explored.
Observation 7 For WUS occasion, new subframes can be defined or the legacy paging subframes 0 or 4 or 5 or 9 can be reused without overlapping with the legacy POs or same legacy paging subframe can be used with different resource elements (REs). However, this depends on the design of the WUS and its resource usage which is up to RAN1 to decide.
Observation 8 A non-anchor paging carrier can be reserved for WUS notification and legacy PO/PF calculation can be reused for WUS notification.
Observation 9 The UE ID used in the WUS occasion calculations needs to be same as UE_ID used for legacy paging occasion calculation.
Observation 10 It is up to RAN1 to define subframe for the WUS occasion where the wake up/go to sleep notification is transmitted.
Observation 11 Due to the delay in switching on the main baseband circuitry, WUS solution incurs the paging delay of at least WUS offset time unit.
Observation 12 Further resource partitioning for the WUS grouping is not resource efficient.
Observation 13 Different WUS sequences can be used to different group of UEs to reduce the false notification.
Observation 14 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.	It is up to RAN1 to decide whether or not the WUS is transmitted with DTX.
Proposal 2.	Power efficient methods of synchronization other than reading PSS/SSS every WUS cycle are further studied.
Proposal 3.	Legacy paging frame calculation is reused to calculate the WUS notification radio frame.
Proposal 4.	A WUS offset is defined to determine when the legacy paging occasion is monitored for the paging after the WUS notification.
Proposal 5.	UE ID used for the legacy paging calculations are further divided into groups to reduce the false notification in the WUS occasion.
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