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[bookmark: _Ref493688000]Introduction
In RAN1 #90, the following working assumption regarding preferred power saving candidates was decided  [1] and simulation assessment was agreed [2]:
	The following working assumption was decided based on:
Working assumption:
· 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
Agreements
UE assumptions
	Parameter
	Value

	LO XO frequency drift [ppm/s]
	0.05

	LO XO max frequency error [ppm]
	5

	RTC max frequency error [ppm]
	20


· The relationship between a frequency error, Fe, and corresponding timing drift, ΔT, over a time, T, is ΔT = ±Fe * T (saturated region)
· The relationship between a frequency drift, F’, and corresponding timing drift, ΔT, over a time, T, is ΔT = ±0.5 * F’ * T2 (transient region)
· The RTC is assumed to be uncalibrated with LO XO, i.e., to operate in the saturated region


Operating mode
Power [units/ms]
Total ramp up or ramp down time [ms]
Notes
Idle, deep sleep
0.015/[0.05]

Deep sleep during PSM and eDRX, depending on UE architecture.
Transitions to or from deep sleep
50
200/[25]
Boot, reload memory etc., 
depending on UE architecture.
Transitions to or from light sleep
50
15
Boot, reload memory etc.
· Note: The above parameters apply only to some architectures. It does not mean all the UEs will support it.
efeMTC assumptions
Scenario
A
B
C
eDRX cycle [s]
-
20.48
327.68
DRX cycle [s]
2.56
0.32
0.32
#POs/PTW
1
4
4
Paging rate [%]
10
10
10

· Other scenarios are not precluded
· Paging rates < 10% are encouraged to show the potential gain of the power saving signals
· Timing drift is computed according to the above relationships between frequency error or frequency drift and T is the time from the previous synchronization. T may take different values depending on the chosen synchronization approach and paging rate, Ppaging, e.g., 
· WUS+DTX: T = T(e)DRX / Ppaging
· WUS+GTS: T = T(e)DRX
· Other synchronization approaches are not precluded
· Ppaging is the probability of receiving a Paging message in any PO (within a PTW) and where paging in POs appear with equal probability
· Resynchronization assumptions and resulting power costs should be included in the assessment
· SIBs are assumed to be valid throughout the assessment
· Erroneous detections: 
· WUS misdetection rate <1%
· WUS false alarm impact (for up to ±5 ppm frequency errors when not relying on DL synchronization) should be included in power consumption evaluation result
· WUS false alarm impact from other DL transmission should be included in power consumption evaluation result


	· The above cases should be evaluated for both AWGN and ETU 1
· The following should be described: 
· Information conveyed by the physical signal
· Design of the physical signal
· Impacts from RRM mobility measurements are FFS
efeMTC
· 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
· 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 following bullet provides a common basis for simulation purposes; however the issue will be discussed in RAN1#90bis:
· The power saving signal applicable to a UE is sent on the same narrowband as the first subframe of the associated subsequent physical channel(s) for Paging



In this contribution, we describe a power saving scheme that will benefit not only paging but also other idle mode operations, e.g., SI acquisition, RRM measurements, PRACH reading etc.
[bookmark: _Ref178064866]Resynchronization and paging
Benefits with improved resynchronization
[bookmark: _Toc493667705][bookmark: _Toc493765198][bookmark: _Toc493770584][bookmark: _Toc493861732][bookmark: _Toc494182666][bookmark: _Toc494201915][bookmark: _Toc494289922][bookmark: _Toc494299118][bookmark: _Toc494299428][bookmark: _Toc494374834][bookmark: _Toc494456456][bookmark: _Toc494466560][bookmark: _Toc494468009][bookmark: _Toc494480142][bookmark: _Toc494480215][bookmark: _Toc494480697][bookmark: _Toc494480823][bookmark: _Toc494481479][bookmark: _Toc494482267][bookmark: _Toc494482354][bookmark: _Toc494483609][bookmark: _Toc494483752]In a previous contribution [3], it was shown that for longer eDRX periods, sync cost will be a significant component of the power consumption costs for paging. The reason for this is that eMTC relies on LTE’s PSS and SSS signals that, for higher MCLs needs to be averaged over longer periods of time. This averaging is expensive since only 2 symbols out of every 5 subframes (or 5 ms), or less than 3 % of the transmission duration, contains sync information. As a result, sync latency may exceed 2 s for the worst case. Based on the agreed simulation assumptions in [2], it is not beneficial for a UE to enter sleep mode in-between sync occasions, even if the timing uncertainty would be sufficiently small to allow it, due to sleep transition costs exceeding the active mode costs.
[bookmark: _Toc494484021][bookmark: _Toc494484138][bookmark: _Toc494484183][bookmark: _Toc494484288][bookmark: _Toc494484303][bookmark: _Toc494484327][bookmark: _Toc494484347][bookmark: _Toc494484449][bookmark: _Toc494484526][bookmark: _Toc494484588][bookmark: _Toc494484634][bookmark: _Toc494484829][bookmark: _Toc494484953][bookmark: _Toc494485615][bookmark: _Toc494485631][bookmark: _Toc494485716]Using LTE sync for MTC is expensive for higher MCLs due to the 5 ms periodicity of the PSS/SSS.
In addition to paging, also the remaining access operations, e.g., SI acquisition, RRM measurements and PRACH would benefit from improved synchronization performance. All above operations require network synchronization, which is why it would be beneficial that an improved resynchronization functionality benefits all these operations and not only paging. Even more so if the resulting network overhead is considered for such an improved sync signal. Hence, it is sensible to make it a general signal, and not specific to one access operation.
[bookmark: _Toc494485616][bookmark: _Toc494485632][bookmark: _Toc494485717]Many access operations would benefit from improved resynchronization.
The detailed description of the proposed resynchronization signal (RSS) is presented in [4] but a brief description is provided in the section below.
Properties of the RSS
Introducing new network overhead must be done with great care. In this aspect, it is important to realize that there is no one-size-fits-all signal or even one-size-fits-all networks, why some degree of configurability is desirable if not necessary when defining signals with highly varying performance requirements resulting in equally varying overhead. Such configurability would include band location, periodicity, and signal size, e.g., in terms of sequence length or sequence repetitions.
The purpose of the RSS is to provide resynchronization and not initial access. This implies that MIB/SIB is known á priori. Hence the RSS would not require the full PCID range although provisioning for some cell differentiation would be desirable.
In addition to PCID, an important feature of the RSS could be to signal updates of the system information, since the power cost of acquiring this is significant. Such changes appear rarely enough to be represented with a 1-bit toggle flag.
The main drawback with the existing PSS/SSS structure, w.r.t. LTE-MTC performance, is the low grade of sync signal energy per time unit. Furthermore, as stated above, sleep during sync acquisition is uneconomic with the present power consumption assumptions. Hence, the RSS should be contiguous to increase the grade of sync signal energy and to minimize the power cost implications of timing drift, but transmitted rarely enough to not significantly affect system overhead, e.g., prior to paging occasions (POs).
Implications of an RSS on the power saving signal design
The working assumption regarding the power saving signal (PwrSS) is that it may be either a wake-up signal or DTX (WUS) or a go-to-sleep signal or wake-up signal (GUS) for the case with idle mode paging. Concluding that a new resynchronization signal, that is not explicitly targeted at paging, should be introduced has some further consequences on the design of the PwrSS:
1. The UE can assume it is synchronized when attempting to detect the PwrSS, hence there is little use of a PwrSS comprising an extended synchronization sequence. Furthermore, excluding sync functionality from the PwrSS, the PwrSS will be shorter. This in turn could allow for a more frequent use of the PwrSS, e.g., for addressing different UE sets in different PwrSSes. 

The benefit of using a periodically transmitted GUS is significantly decreased, since one of its advantages is to provide a periodic sync and that functionality is now provided elsewhere. Another advantage, to provide a statistically better hypothesis test when deciding whether a WUS or a go-to-sleep signal (GTS) was detected, is easily outweighed by using a fraction of that overhead in a longer WUS sequence. Considering a paging probability of less than 10% and assuming a constant network overhead, it would imply 10 times as many resources could be spent when transmitting a WUS. For a 1% paging probability, the WUS resources would be a hundred times that of the GUS.
[bookmark: _Toc494466561][bookmark: _Toc494468010][bookmark: _Toc494480143][bookmark: _Toc494480216][bookmark: _Toc494480699][bookmark: _Toc494480825][bookmark: _Toc494481481][bookmark: _Toc494482269][bookmark: _Toc494482356][bookmark: _Toc494483611][bookmark: _Toc494483754][bookmark: _Toc494484023][bookmark: _Toc494484140][bookmark: _Toc494484185][bookmark: _Toc494484290][bookmark: _Toc494484305][bookmark: _Toc494484329][bookmark: _Toc494484349][bookmark: _Toc494484451][bookmark: _Toc494484528][bookmark: _Toc494484590][bookmark: _Toc494484636][bookmark: _Toc494484831][bookmark: _Toc494484955][bookmark: _Toc494485617][bookmark: _Toc494485633][bookmark: _Toc494485718]A WUS with sync functionality will require the UE to perform yet another synchronization to be able to perform RRM related measurements in absence of a page.
[bookmark: _Toc493765203][bookmark: _Toc493770590][bookmark: _Toc493861735][bookmark: _Toc494182670][bookmark: _Toc494201927][bookmark: _Toc494289930][bookmark: _Toc494292312][bookmark: _Toc494299121][bookmark: _Toc494299433][bookmark: _Toc494374838][bookmark: _Toc494374870][bookmark: _Toc494374936][bookmark: _Toc494456459][bookmark: _Toc494466596][bookmark: _Toc494480174][bookmark: _Toc494480218][bookmark: _Toc494480710][bookmark: _Toc494480826][bookmark: _Toc494481482][bookmark: _Toc494484012][bookmark: _Toc494484353][bookmark: _Toc494484637][bookmark: _Toc494484958][bookmark: _Toc494485622][bookmark: _Toc494485634][bookmark: _Toc494485719]The power saving signal design can assume prior UE synchronization.
[bookmark: _Toc493765204][bookmark: _Toc493770591][bookmark: _Toc493861736][bookmark: _Toc494182671][bookmark: _Toc494201928][bookmark: _Toc494289931][bookmark: _Toc494292313][bookmark: _Toc494299122][bookmark: _Toc494299434][bookmark: _Toc494374839][bookmark: _Toc494374871][bookmark: _Toc494374937][bookmark: _Toc494456460][bookmark: _Toc494466597][bookmark: _Toc494480175][bookmark: _Toc494480219][bookmark: _Toc494480711][bookmark: _Toc494480827][bookmark: _Toc494481483][bookmark: _Toc494484013][bookmark: _Toc494484354][bookmark: _Toc494484638][bookmark: _Toc494484959][bookmark: _Toc494485623][bookmark: _Toc494485635][bookmark: _Toc494485720]‘WUS or DTX’ should be selected as power saving signal design.
Because of this, the remaining part of this contribution will focus on the design and properties of the WUS.
Wake-up signal properties
In addition to the properties arising from introducing a separate resynchronization signal, there are additional properties that should be considered when designing the WUS. These are mainly related to network requirements, to minimize network overhead, and paging requirements to maximize paging performance.
Network requirements
One requirement that is not included in the signal assessment is network overhead. For a WUS to be widely utilized, it is paramount that network overhead is kept at a minimum. At the same time, it is vital to acknowledge that network requirements may differ, e.g., w.r.t. coverage depth, number of UE paging sets or paging load. Hence, a single WUS design will be unable to suit different network requirements without introducing unnecessary network overhead for many use cases. A means to mitigate that, since the activation of the WUS will anyway be optional, is to allow for a configurable WUS. Hence, in addition to the network opting to enable the WUS, it also configures it to suit the existing network requirements. Depending on the WUS choice, such configuration may include e.g., time/frequency resource utilization, sequence index (e.g., Zadoff-Chu or m-sequence index), e.g., to avoid having neighboring cells transmitting the same sequence in the same time-frequency resource. Furthermore, two options exist for configuring the resource utilization: using a single, longer sequence, in which case the sequence length is configurable, or using a fixed sequence length in which case the number of repetitions of that sequence is configurable.
[bookmark: _Toc493667711][bookmark: _Toc493667758][bookmark: _Toc493765205][bookmark: _Toc493770592][bookmark: _Toc493861737][bookmark: _Toc494182672][bookmark: _Toc494201929][bookmark: _Toc494289932][bookmark: _Toc494292314][bookmark: _Toc494299123][bookmark: _Toc494299435][bookmark: _Toc494374840][bookmark: _Toc494374872][bookmark: _Toc494374938][bookmark: _Toc494456461][bookmark: _Toc494466598][bookmark: _Toc494480176][bookmark: _Toc494480220][bookmark: _Toc494480712][bookmark: _Toc494480828][bookmark: _Toc494481484][bookmark: _Toc494484014][bookmark: _Toc494484355][bookmark: _Toc494484639][bookmark: _Toc494484960][bookmark: _Toc494485624][bookmark: _Toc494485636][bookmark: _Toc494485721]The wake-up signal should be configurable w.r.t. sequence index and resource utilization (sequence length or sequence repetitions) to suit different network requirements.
Configurability, in this case, could be limited such that the different resource utilization alternatives are chosen in relation to a desired detection performance compared to MPDCCH or MPDSCH performance for a certain Rmax value of the cell. Furthermore, due to unclear benefits of WUS for all environments, its enabling should be configurable on a UE basis to not deteriorate both network and UE performance. This is presented in more detail in [5].
[bookmark: _Toc494374841][bookmark: _Toc494374873][bookmark: _Toc494374939][bookmark: _Toc494456462][bookmark: _Toc494466599][bookmark: _Toc494480177][bookmark: _Toc494480221][bookmark: _Toc494480713][bookmark: _Toc494480829][bookmark: _Toc494481485][bookmark: _Toc494484015][bookmark: _Toc494484356][bookmark: _Toc494484640][bookmark: _Toc494484961][bookmark: _Toc494485625][bookmark: _Toc494485637][bookmark: _Toc494485722]Enabling WUS should be configured on a UE basis.
Paging requirements
Further considerations regarding a WUS were also identified at RAN1 #90 (cf. Section 1):
1. The number of POs that the WUS should apply to (both from the UE and eNB perspective), and
2. Number of UEs in a cell that is supported by the same WUS: all, more than one or both.
Regarding the number of POs that a WUS should support, the following alternatives exist:
1. One WUS per PO
2. One WUS per multiple POs
3. One WUS per PTW (for eDRX)
When discussing the above alternatives, it is worth weighing the different considerations:
1. From a network perspective, the more overhead signals, the less system throughput. Also, a simple relationship between WUS and POs is desirable from a higher layer perspective.
2. From a UE perspective, the fewer UEs managed per WUS, the better power performance.
Here it is also worth noting that the WUS size is likely to be significantly shorter than the MPDCCH since, in its simplest form, no information is provided. Hence, the network overhead is negligible compared to the MPDCCH.
Applying the above argumentation on DRX, the following conclusion may be made, valid for both the eNB and UE: 
[bookmark: _Toc494374842][bookmark: _Toc494374874][bookmark: _Toc494374940][bookmark: _Toc494456463][bookmark: _Toc494466600][bookmark: _Toc494480178][bookmark: _Toc494480222][bookmark: _Toc494480714][bookmark: _Toc494480830][bookmark: _Toc494481486][bookmark: _Toc494484016][bookmark: _Toc494484357][bookmark: _Toc494484641][bookmark: _Toc494484962][bookmark: _Toc494485626][bookmark: _Toc494485638][bookmark: _Toc494485723]From a RAN1 perspective, one WUS per PO is preferable for DRX.
Figure 1 shows the difference between alternatives 1 and 3 for the eDRX case.
[bookmark: _Toc494374843][image: ]
[bookmark: _Ref494372352][bookmark: _Toc494374844][bookmark: _Toc494374875]Figure 1: Illustration of, in (a), one WUS per PO, and in (b), one WUS per PTW.
When considering the above options for eDRX, it is worth considering the rationale for a PTW. The PTW was introduced to increase robustness towards mobility. Such a configuration is advantageous in that a mobile UE missing a first PO in one cell can detect a subsequent PO within the same PTW in another cell. This behavior, of course, requires cells to be loosely synchronized such that the UE may detect sync in the new cell. Hence, the main usage of a PTW is to transmit the same information in all POs throughout the PTW, or to transmit information to a UE that anyway may unable to detect the WUS of that eNB. In such a configuration, it makes little sense to allocate PwrSS on a PO basis, but preferably on a PTW basis. Hence, in this respect, the preferred design choice is to transmit one WUS per PTW. However, this is a matter that also affects higher layers and even the CN, why RAN 1 cannot make this decision on its own [5].
[bookmark: _Toc494374845][bookmark: _Toc494374876][bookmark: _Toc494374941][bookmark: _Toc494456464][bookmark: _Toc494466601][bookmark: _Toc494480179][bookmark: _Toc494480223][bookmark: _Toc494480715][bookmark: _Toc494480831][bookmark: _Toc494481487][bookmark: _Toc494484017][bookmark: _Toc494484358][bookmark: _Toc494484642][bookmark: _Toc494484963][bookmark: _Toc494485627][bookmark: _Toc494485639][bookmark: _Toc494485724]From a RAN1 perspective, one WUS per PTW is preferable for eDRX.
With respect to the number of UEs in a cell that are sharing the same PO, the reduced network overhead from using one WUS per PTW (for the eDRX case) and not using WUS for sync, will allow for a more compact WUS design, such that multiple instances may fit in-between RSS and the PTW or PO. Such multiplexing may be possible in either time or frequency or both, depending on the WUS design.
[bookmark: _Toc493765207][bookmark: _Toc493770594][bookmark: _Toc493861739][bookmark: _Toc494182674][bookmark: _Toc494201931][bookmark: _Ref494285580][bookmark: _Toc494289936][bookmark: _Toc494292318][bookmark: _Toc494299127][bookmark: _Toc494299439][bookmark: _Toc494374846][bookmark: _Toc494374877][bookmark: _Toc494374942][bookmark: _Toc494456465][bookmark: _Toc494466602][bookmark: _Toc494480180][bookmark: _Toc494480224][bookmark: _Toc494480716][bookmark: _Toc494480832][bookmark: _Toc494481488][bookmark: _Toc494484018][bookmark: _Toc494484359][bookmark: _Toc494484643][bookmark: _Toc494484964][bookmark: _Toc494485628][bookmark: _Toc494485640][bookmark: _Toc494485725]Different WUS time and/or frequency resources could be used for addressing different UE sets.
It is of course possible to use e.g., cover codes to transmit multiple WUSs in the same time-frequency resource. However, this comes at the expense of reducing transmission power for each WUS within such resource to maintain constant output power why that approach should be avoided.
From Proposal 7, it is straight forward to conclude that a WUS is applied to a (sub)set of UEs associated with a PO in the cell. A special case of this is when all UEs belong to the same set.
[bookmark: _Toc494289937][bookmark: _Toc494292319][bookmark: _Toc494299128][bookmark: _Toc494299440][bookmark: _Toc494374847][bookmark: _Toc494374878][bookmark: _Toc494374943][bookmark: _Toc494456466][bookmark: _Toc494466603][bookmark: _Toc494480181][bookmark: _Toc494480225][bookmark: _Toc494480717][bookmark: _Toc494480833][bookmark: _Toc494481489][bookmark: _Toc494484019][bookmark: _Toc494484360][bookmark: _Toc494484644][bookmark: _Toc494484965][bookmark: _Toc494485629][bookmark: _Toc494485641][bookmark: _Toc494485726]A WUS is applied to a (sub)set of UEs associated with a PO in the cell.
Proposal 7 also limits the need for further information content in the WUS, in turn implying a considerably larger WUS, since different sets of UEs may be allocated to different WUS resources for the same PO.
[bookmark: _Toc494289938][bookmark: _Toc494292320][bookmark: _Toc494299129][bookmark: _Toc494299441][bookmark: _Toc494374848][bookmark: _Toc494374879][bookmark: _Toc494374944][bookmark: _Toc494456467][bookmark: _Toc494466604][bookmark: _Toc494480182][bookmark: _Toc494480226][bookmark: _Toc494480718][bookmark: _Toc494480834][bookmark: _Toc494481490][bookmark: _Toc494484020][bookmark: _Toc494484361][bookmark: _Toc494484645][bookmark: _Toc494484966][bookmark: _Toc494485630][bookmark: _Toc494485642][bookmark: _Toc494485727]No information is conveyed by wake-up signal.
WUS procedures
Generally, it is desired to minimize the impact to the standard and maintain the layer 3 paging procedure. That is MME transmits paging request to the eNB, paging is transparent to the eNB in the sense it does not keep track of the paging once sent, and whether WUS is transmitted to a UE is controlled by eNB, see Figure 2.
[image: ] 
[bookmark: _Ref494467758]Figure 2: Schematic illustration of WUS process

In that respect, it is understood that the paging process with WUS would work as below. A more detailed description is found in [5].
1. Whether WUS should be used for a UE, and any UE-specific WUS-configuration, if needed, is negotiated between UE and MME.
2. The eNB broadcasts whether WUS is used in the cell and the WUS common (cell-specific) configuration in SI.
3. The UE monitors paging with WUS if configured for the UE and supported in the current cell.
4. At some point in time, DL data for the UE arrives at the Serving GW.
5. The MME finds the UE-context and constructs the paging request which is sent to the eNB.
6. The eNB receives paging request from MME. If both eNB and WUS are configured to use WUS, the eNB will transmit the WUS prior to PO.
7. The UE detects WUS, continues to read MPDCCH and the associated paging message in MPDSCH.
RSS+WUS power saving performance
Based on the above conclusions, the following paging scheme is proposed:
1. Network synchronization by use of the resynchronization signal (if necessary)
2. Attempting to detect WUS
3. If WUS detected, decode MPDCCH
Due to sync always being performed, timing drift will never exceed one paging cycle. Also, in average, the UE will not need to search the whole timing uncertainty window, but only half of it, since that is where the sync will be detected. Hence, for a timing drift of ±1 ms, in average, only 1 ms will need to be searched. 
Power cost model
In addition to the operations in the above, three-stage paging scheme, the power cost model will also include sleep costs and sleep tramp-up and ramp-down costs. These are all described in detail below.
Resynchronization costs, Cresync, are calculated as

where Wactive, Tresync and Tdrift is active state power consumption, resync time and timing drift, respectively. Here it should be noted that for the average timing drift, only half of that needs to be considered, assuming an even detection within the timing drift window.
[bookmark: _Ref493855545]Table 1: Timing drifts for the assessed scenarios.
	Scenario
	Timing drift [ms]

	A
	0

	B
	0.41

	C
	6.6



The wake-up signal costs, CWUS, are calculated straightforwardly as

where TWUS represents the WUS duration.
Similarly, the MPDCCH costs, CMPDCCH are calculated as
 
where the MPDCCH duration, TMPDCCH, depends on the MPDCCH size and the number of repetitions required for the given MCL, see Table 3, and Ppaging is the paging rate.
Light sleep power costs, Clight, in-between POs in a PTW in an eDRX cycle, are calculated as

where Wlight, TDRX and NPO/PTW are light sleep power, DRX duration and number of POs per PTW, respectively. 
UE sleep state transition costs, Ctransit, are calculated as

where Wsleep ramp, Tlight ramp and Nlight ramp are the sleep transition power, light sleep ramping up or ramp down time and number of light sleep ramp up or ramp down occasions, respectively. The corresponding parameters are defined for deep sleep.
Finally, deep sleep costs, Cdeep, are calculated as

with Wdeep and TeDRX being deep sleep power and eDRX period, respectively.
The total power cost per (e)DRX cycle fo the proposed paging scheme, Cproposed, is then given by

The values for the above parameters for the different scenarios are presented in Table 2 - Table 4 below. It is furthermore assumed that the different signals and channels presented above appear consecutively and contiguously, i.e., no additional light sleep occasions are introduced.
Figure 3 presents an illustration of the presented scheme for the eDRX case, also including the different UE states w.r.t. power consumption.


[bookmark: _Ref493847049]Figure 3: Illustration of proposed signal transmission sequence, and associated UE modes and their respective power consumption. A solid line represents the best-case outcome during a paging occurrence whereas a dashed line represents the worst-case outcome for the proposed paging scheme. Notably, the worst-case outcome is also the case for legacy paging scheme w.r.t. MPDCCH decoding needs to be attempted at all POs in the PTW.
Legacy power cost model
The legacy power cost is calculated from a two-stage paging scheme:
1. Network resynchronization using PSS and SSS (if necessary)
2. Decoding MPDCCH for paging
Here it should be noted that without any further information regarding the presence of a paging message, the UE must attempt to detect a paging message at all POs within a PTW. Hence, the more POs/PTW, the higher the paging cost for the legacy paging scheme.
The sync cost may be expressed as

where Nsync is the number of PSS/SSS sequences that needs to be combined to detect sync, Tsync is the duration of PSS and SSS, i.e., 2 symbols or 142 µs, and 1/Fsync denotes the PSS/SSS periodicity, which in LTE’s case, is 5 ms.
MPDCCH reception is calculated as before with the exception that Ppaging = 1. Also sleep costs are assumed to be unchanged from what is previously presented. This results in the following cost function for the legacy paging scheme,

Signal performance requirements
When assessing the performance of the above paging scheme, the following assumptions for the different signals are made. For the resynchronization signal, assumptions are based on PSS/SSS sync performance at the studied SNR levels and are accounting for the fact that a more coherent detector may be used for contiguous signal detection. Below the coherence gain is assumed to be 2, i.e., half as many symbols would be required, see Table 2. It should further be noted that RSS sizes differ for different MCLs. There are several arguments why such a model is chosen. First, is the question of what size then should be selected. The 164 dB MCL case is unlikely to be deployed in all networks, why the resulting RSS size would be overly pessimistic. Second, by properly designing the WUS, it will be possible for the UE to detect the RSS prior to the whole signal being received. Hence, from a UE power savings perspective, a shorter RSS is quite reasonable.
[bookmark: _Ref493855558]Table 2: Assumed synchronization signal lengths for assessed MCLs at the 90th percentile.
	MCL [dB]
	# symbols for non-coherent detection
	# symbols for coherent detection
	# RBs for coherent detection
	Sync length, Tresync, [ms]

	144
	40
	20
	2
	2

	154
	40
	20
	2
	2

	164
	460
	230
	17
	17


 
 The MPDCCH repetitions and durations, partly from [3], are presented in Table 3.
[bookmark: _Ref494119863][bookmark: _Ref494112203]Table 3: Number of repetitions and total length for MPDCCH, DCI format 6-2. Italicized figures imply estimated values.
	MCL [dB]
	# repetitions for MPDCCH, DCI format 6-2
	MPDCCH length, TMPDCCH, [ms]

	144
	1
	1

	154
	17
	17

	164
	400
	400



The assumed WUS signal performance is based on the 1-bit compact DCI MPDCCH performance in [3] but scaled to reflect the less amount of information comprised in the WUS signal. The scaling is performed linearly with the information content allowing for some margin, ending up with 1 symbol WUS per subframe of compact DCI. The resulting WUS lengths are presented in Table 4. It is of course debatable whether this is an accurate scaling figure or not. The truth of the matter is that it matters only marginally for the results due to the WUS configurability such that the WUS never exceeds what is required from the UE with any larger margin. Like the RSS, it may be argued that the WUS length should be designed for the worst case. Also for the WUS that is not considered a reasonable argument since 164 dB MCL is considered a corner case that far from all networks will support. Besides, from a power assessment perspective, it is possible for a UE to detect the WUS from receiving only a fraction of it, provided the WUS is properly designed.
[bookmark: _Ref493855582]Table 4: Wake-up signal requirements for sufficient performance.
	MCL [dB]
	# symbols
	# RBs
	WUS length, TWUS, [ms]

	144
	1
	0.071
	0.071

	154
	12
	0.857
	0.86

	164
	240
	17.1
	17.1



Power savings results
Results for the power savings with the above presented design in relation to legacy MPDCCH DCI format 6-2 are presented for paging rates of 1 % and 10 %, respectively. The fast transition time architecture is used for deep sleep, with deep sleep power of 0.05 power units (p.u.)/ms and a ramp up or ramp down time of 25 ms.
Figure 4 shows the performance for a 10 % paging rate, for all three assessed MCLs. For Scenario A, and for lower MCLs, very little difference exists due to MDPCCH decoding is relatively inexpensive and no synchronization is necessary. For higher MCLs, MPDCCH decoding becomes more expensive and the benefit with the WUS starts to show. Scenarios B and C shows better gains with the WUS due to the additional need for synchronization and the more required sleep transitions from attempting to decode all MPDCCHs when no paging occurs. For 10 % paging rate, gains up to 85 % are possible. For this case, the absolutely dominating cost is MPDCCH decoding, why the paging rate will severely affect power performance.
[image: ]
[bookmark: _Ref494185363]Figure 4: Performance gain for the proposed paging scheme vs legacy at 10 % paging rate.
Figure 5 shows the corresponding performance as Figure 4 but for a 1 % paging rate. Here, even further gains are possible due to the reduced likelihood for needing to decode MPDCCH for the proposed scheme compared to the constant need of the legacy scheme.
[image: ]
[bookmark: _Ref494185488]Figure 5: Performance gain for the proposed paging scheme vs legacy at 1 % paging rate.
Figure 6 presents the power distribution between the different tasks in a sleep cycle for 154 dB MCL for a 10 % paging rate, corresponding to the grey bars in Figure 4. As is evident from Scenario A in the figure, very little further power savings can be achieved since 93 % of the power is already spent either in light sleep or sleep transition. Based on Scenario B, it can be concluded that there is a strong need for better sleep transition methods since 62 % of the power is spent on sleep transitions, which is independent of any paging scheme. Scenario C, on the other hand, shows the importance of better deep sleep power saving architectures since 72 % of the power is spent in the deep sleep state. It is worth noting that for all three cases few if any of the dominant power consumers has anything to do with the selected power saving scheme.
[bookmark: _GoBack][image: ][image: ][image: ][image: ]
[bookmark: _Ref493866304]Figure 6: Power distribution for scenarios A, B, and C, for 154 dB MCL.
Conclusion
In Section 2 we made the following observations:
Observation 1	Using LTE sync for MTC is expensive for higher MCLs due to the 5 ms periodicity of the PSS/SSS.
Observation 2	Many access operations would benefit from improved resynchronization.
Observation 3	A WUS with sync functionality will require the UE to perform yet another synchronization to be able to perform RRM related measurements in absence of a page.

Based on the discussion in Section 2 we propose the following:
Proposal 1	The power saving signal design can assume prior UE synchronization.
Proposal 2	‘WUS or DTX’ should be selected as power saving signal design.
Proposal 3	The wake-up signal should be configurable w.r.t. sequence index and resource utilization (sequence length or sequence repetitions) to suit different network requirements.
Proposal 4	Enabling WUS should be configured on a UE basis.
Proposal 5	From a RAN1 perspective, one WUS per PO is preferable for DRX.
Proposal 6	From a RAN1 perspective, one WUS per PTW is preferable for eDRX.
Proposal 7	Different WUS time and/or frequency resources could be used for addressing different UE sets.
Proposal 8	A WUS is applied to a (sub)set of UEs associated with a PO in the cell.
Proposal 9	No information is conveyed by wake-up signal.
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