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1. Introduction
In RAN#75 a new work item (WI) named Further NB-IoT enhancements [1] was introduced. One of the objectives of the WI includes power consumption reduction for physical channels. Specifically, the aim is to study and, if found beneficial, specify for idle mode paging and/or connected mode DRX, physical signal/channel that can be efficiently decoded or detected prior to decoding NPDCCH/NPDSCH.

In  RAN1 #90 the following was agreed [4]: 
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
· Resources which can be used for the physical signal, considering scheduling flexibility, overhead, etc.

Agreements:
· 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 provide our views on the resource allocation and configuration of the wake-up signals (WUS), which resource to monitor, as well as the gap between the WUS and monitored NPDCCH search space, etc.

2. WUS resource configuration
2.1. WUS Repetition Number
For idle mode paging, the UE monitors a set of repetitions for NPDCCH. If a UE needs a large number of repetitions for NPDCCH, it doesn’t make sense to wake up this UE if the transmitted number of repetitions is much smaller. Therefore, the length of the WUS should be scaled according to the actual NPDCCH transmission duration. For example, the eNB configures the maximum number of repetitions (e.g., 16, 64, 256, 1024) for NPDCCH. Accordingly, the UE monitors a set of repetitions based on the value (e.g., Rmax/16=64). Each wake up resource is determined based on the maximum number of repetitions for NPDCCH. The actual transmission of the WUS happens within the wake-up resource, and uses a number of resources that is determined based on the actual number of repetitions used for NPDCCH.
Proposal 1: The WUS resource is determined based on the maximum number of repetitions for NPDCCH.
2.2. WUS for all UEs/UE-groups 
In the section, we focus on the analysis of the WUS/DTX by introducing the concept of UE groups. 
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Figure 1: WUS/DTX for all UEs/UE groups
[bookmark: _Hlk494459369]As shown in Figure 1, the WUS/DTX for all UEs and WUS/DTX for more than one UE group are illustrated. If we assume the total paging probability is  but the paging probability of the i-th UE group is , the eNB tx overhead may increase because some PO may include the paging for more than one UE group. But the power saving from the UE perspective will be reduced. As shown in Figure 1, the UE only starts to detect NPDCCH/NPDSCH for paging after detecting the WUS of the UE group where the UE belongs to. The UE power consumption as a function of the number of UE groups, , is summarized in Table 2. In the following, we assume the paging happens with paging probability of . The false alarm  of WUS detection will have impact on the power consumption. The details of other parameters for power saving evaluation are noted in our parallel contribution [4]. The transmission overhead/detection power for paging and WUS is  / and  /, respectively. Considering the tx/rx power is scaled with the tx/rx time duration, we assume  and .
Table 1: WUS/DTX tx overhead and UE power saving
	
	eNB tx overhead	
	UE power consumption

	No WUS
	
	

	WUS/DTX
	

with 
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Figure 2: WUS/DTX overhead vs. Number of UE groups
[image: ]
Figure 3: WUS/DTX power saving gain vs. Number of UE groups (Rmax=1024, DRX=2.56s)

Assuming different paging probability, we compare the eNB tx overhead and power saving gain of WUS/DTX relative to that of no WUS assuming Scenario A with DRX=2.56s [3]. Figure 2 shows that the overhead is similar to that of no WUS, but only get slightly higher in case of larger total paging probability . In Figure 3, we assume  and Rmax=1024 and false alarm .  It can be seen that the larger number of UE groups increase the power saving gain. Assuming the total paging probability of, the paging is randomly distributed to multiple UE groups and the paging probability per UE group is scaled by the value of . But the large number of  requires more WUS resources, which is a challenge for the WUS signal design (to differentiate different groups with asynchronous reception) as well as eNB overhead.  From Figure 3, we can see that a very large number of UE groups may not be necessary if the total paging is very small. Therefore, we should allow the flexible configuration of the number of UE groups, e.g., based on the parameters, such as the paging probability, the total number of UEs, the number of narrow bands for paging, etc. How to decide the number of UE groups and how to define UE group ID is FFS.

Observation: If WUS is UE-group specific, the paging probability per UE group is reduced, resulting in less power consumption of the NPDCCH/NPDSCH detection for the paging.
Proposal 2: Support flexible WUS configuration for all UEs/UE groups to trade off between the eNB overhead and the power saving gain.

2.3. WUS TDM pattern
In Release 14 NB-IoT, we support the paging on anchor carrier and non-anchor carrier as well. The UE calculates the carrier index based on the UEID, the number of carriers and other higher-layer information.  The power saving signal will be sent on the same paging carrier as the associated subsequent physical channel(s). The anchor carrier includes the NPSS/NSSS/PBCH and SIB1 on the reserved subframes. In Figure 4(a), the WUS on the anchor carrier will use the remaining subframes with no impact on the legacy UEs. For the non-anchor carrier as shown in Figure 4(b), there is no NPSS/NSSS/NPBCH, all the subframes per radio frame can be used for burst transmission of WUS. In the available subframes for WUS, the TDM pattern can be used to multiplex the UE-specific WUSs with repetitions per WUS. Note that alternative methods (e.g. CDM of different groups) would create fluctuations in the received signal power, thus implying that the UE should monitor always for the longest duration and consequently reducing the power savings.
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(a) WUS on anchor carrier
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(b) WUS on non-anchor carrier
Figure 4: WUS/DTX on anchor/non-anchor carrier
It is also possible to use the TDM pattern to switch the antennas on the same antenna port or switch the antenna ports to achieve the transmit diversity for WUS reception. As shown in Figure 5, WUS on subframe 1, 3, 7 is sent on Ant1 and same WUS on subframe 2, 6, 8 is sent on Ant2. We have found that the tx diversity gain by using subframe-by-subframe antenna switching, the required repetition number for WUS is significantly reduced [4].
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Figure 5: TDM for WUS with tx diversity

Proposal 3: Consider TDM between different UE groups for NB-IoT WUS configuration.
Proposal 4: Support transmit diversity for NB-IoT WUS by using subframe-level antenna switching.

2.4. WUS Occasion 
We propose that a group of WUS resource occasions is configured with a certain periodicity. In each occasion, there are one or more WUS resources configured. UE determines the WUS resource to monitor based on UE group ID/Rmax etc. The WUS indicates the presence or absence of NPDCCH for a group of subframes. For example, in Fig. 1, the WUS resources shown in a particular colour indicate the presence / absence of NPDCCH on subframes of the same colour.  
The motivation for having multiple WUS resources per occasion is as follows. If the paging probability system wide itself is very low (e.g. only 1 occasion out of 10 have any paging present), we can just configure one WUS resource in each occasion. All UEs would wake up in the occasion if any UE got paged. However, since this is infrequent UE would still save power. On the other hand, if every occasion has at least one UE being paged, with just one WUS resource in each occasion, all UEs will be on all the time – no power saving (actually extra power consumed for WUS resource monitoring). It is hence important to split UEs into different WUS resources.
Another advantage of grouping WUS into occasions is that it can alleviate fragmentation issue. With WUSR occasions at certain periodicity, it would be guaranteed that WUSR would not cause further fragmentation to the medium. For NB-IOT, due to the need for repetition (Rmax) for deep coverage UEs, contiguous transmission is often needed and fragmentation should be minimized for scheduling efficiency. Typically, WUS occasion periodicity cannot be too small and the additional latency should be acceptable because idle mode paging is usually not extremely time-critical.



Figure 6: Configuration of wake-up signal resource

Proposal 5: Wake up signal resource occasions are configured with certain periodicity, at least for idle mode paging. In each occasion, multiple wake up signal resources can be configured which all correspond to the same set of subframes. Different UEs may monitor different wake up signal resources within the same occasion.

2.5. Gap between WUS and NPDCCH 
[bookmark: _GoBack]Grouping WUSs into occasions may result in different time delays between the WUS to its respective start of ON duration across UEs. At the same time, the required time between the WUS and NPDCCH may heavily depend on the UE architecture. For instance, a UE architecture with a dedicated WUS receiver detecting for WUS while the full baseband modem is in deep sleep may need to load the necessary software to process NPDCCH, which can take several tens (or hundreds) of milliseconds. A second UE may implement the WUS in the same baseband modem as regular NPDCCH, and thus may be able to almost immediately switch to NPDCCH monitoring.
 To accommodate flexible UE architecture, the eNB requires the reporting of the UE capability related to the WUS reception, including the required processing time between WUS and NPDCCH, which may be depending on the WUS receiver architecture discussed in a parallel contribution [6]. With the knowledge of the reported min processing time, the UE could be configured to detect the NPDCCH with a latency after the WUS no less than the min processing time. 
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Figure 7: Time gap between WUS and NPDCCH
Note that, for idle mode paging, a group of UEs would share the same WUS resource. Thus, the setting of gap between WUS and NPDCCH has to be cell-specific (or at least UE-group specific). By using the capability information, the network can decide this parameter based on statistics of the required processing time (for instance, choosing the maximum processing time across all UEs)
Proposal 6: The gap between WUS and NPDCCH is configured based on the UE capability of processing time. 

3. Summary
The observations and proposals made in this contribution are summarized below.
Proposal 1: The WUS resource is determined based on the maximum number of repetitions for NPDCCH.
Observation: If WUS is UE-group specific, the paging probability per UE group is reduced, resulting in less power consumption of the NPDCCH/NPDSCH detection for the paging.
Proposal 2: Support flexible WUS configuration for all UEs/UE groups to trade off between the eNB overhead and the power saving gain.
Proposal 3: Consider TDM between different UE groups for NB-IoT WUS configuration.
Proposal 4: Support transmit diversity for NB-IoT WUS by using subframe-level antenna switching.
Proposal 5: Wake up signal resource occasions are configured with certain periodicity, at least for idle mode paging. In each occasion, multiple wake up signal resources can be configured which all correspond to the same set of subframes. Different UEs may monitor different wake up signal resources within the same occasion.
Proposal 6: The gap between WUS and NPDCCH is configured based on the UE capability of processing time. 
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Appendix: Power Models Used for Simulation
The power models and simulation assumptions to be used for analysing the power savings were also agreed in [5] and are shown in Table A1-A2 below. Note that these models are used to obtain a rough estimate of power savings and may not represent the actual power consumption/savings. 
Table A1: Power model [5]
	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.,
depending on UE architecture.


Table A2: Scenarios for feNB-IoT [5]
	Scenario
	A
	B
	C

	eDRX cycle [s]
	-
	20.48
	327.68

	DRX cycle [s]
	2.56
	1.28
	1.28

	#POs/PTW
	1
	4
	4

	Paging rate [%]
	10
	10
	10
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