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Introduction
In RAN1#91, the following agreements were made on aspects of NB-IoT Wake Up Signal (WUS) configurations:
Non zero gap between WUS and associated Paging Opportunity
Agreement 
· The non-zero gap from the end of the configured [maximum] WUS duration to the associated PO is configurable
· FFS the minimum duration
· FFS the configuration is explicit or implicitly derived
· There is a non-zero gap from the end of configured [maximum] WUS duration to the associated PO
· FFS: exact value of non-zero-gap
· FFS if it is fixed in spec or configurable explicitly, or known implicitly from other configured parameters

Maximum duration and actual duration of WUS 
Agreement
· The [maximum] duration of WUS is configured in SIB per NB-IoT carrier as one value from a list. FFS if the list:
· depends on Rmax and if so the number of lists specified
· is a single list for all Rmax
Note: the Rmax refers to the one configured for paging
· The [maximum] duration of WUS is configured per NB-IoT carrier 
· FFS: WUS actual transmission duration can be shorter than the configured maximum duration of WUS.
· Alt 1: The actual WUS duration is transmitted aligning to the start of the configured maximum duration of WUS.
· Alt 2: The actual WUS duration is transmitted aligning to the end of the configured maximum duration of WUS.

Enabling or disabling use of WUS 
· The network can enable or disable use of the WUS 
· How UE acquires information on WUS enabling/disabling is up to RAN2 decision

This contribution aims to further discuss some aspects of WUS configuration agreements requiring further study as listed above.

Non zero gap between WUS and associated Paging Opportunity
Figure 1 illustrates the non-zero gap between end of WUS and associated NPDCCH in Paging Opportunity. A non-zero gap is needed for the processing time in the WUS detection baseband module and  inner warming-up time of the baseband modules in the device modem used for the detection of the associated NPDCCH in PO.
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Figure 1. Non-zero gap between end of WUS and associated NPDCCH in PO

Observation 1:  Non-zero gap between end of WUS and associated NPDCCH / PO for idle paging UE needs to be sufficiently long to allow WUS detection processing time and inner warming up in NB-IoT device following WUS detection before NPDCCH detection in associated PO.
Following pre-synchronization stage using NPSS/NSSS and WUS, inner warming up time is needed to obtain accurate coherent combining length and better SNR estimates used in channel estimation and demodulation modules for the detection of NPDCCH. Figure 2 shows considered WUS configurations with the inner warming up phase in the device.   
· Case 1: Pre-Synchronization and inner warming up at every PO 
· Following pre-synchronization in cell-search baseband module, the receiver determines required inner warming up time before NPDCCH for paging can be detected in main baseband module. WUS may be transmitted in between inner warming up.
· Case 2: Inner warming up following WUS detection
· The difference with Case 1 is that the WUS is transmitted and detected before inner warming up.
· Case 3: Pre-Synchronization and inner warming up following WUS detection.
· WUS is transmitted and detected before pre-synchronization in cell-search baseband module.
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Figure 2. Cases for inner-warming up in device
Case 3 with pre-Synchronization and inner warming up following WUS detection is not preferred. It requires more resources for the WUS to allow synchronization and confirmation of cell identity, as was discussed in [1]. 
Case 2 with inner warming up following WUS detection is preferred to Case 1 for higher power consumption reduction. We used a power consumption model using real data log from a NB-IoT product chipset for current and active processing time to evaluate the power consumption reduction. We set DRX cycle 2.56sec, paging rate 10%, and Rmax 256 and 2560 for NB-IoT standalone deployment and NB-IoT inband deployment scenarios respectively. The WUS power consumption reduction gains of inner warming-up time Case 2 compare to Case 1 is about 0% for MCL=144 dB, 34% for MCL=154 dB, and 10% for MCL=164 dB for NB-IoT standalone deployment scenario; or about 38% for MCL=144 dB, 15% for  MCL=154 dB, and 3% for MCL=164 dB for NB-IoT in-band deployment scenario. 
Proposal 1: Following pre-synchronization in cell-search baseband module, receiver completes WUS detection before required inner warming up time to wake main baseband module for detection of NPDCCH for paging and further processing.

The duration of the inner-warming up time depends on SNR conditions. It can be 0 ms in normal coverage conditions, and up to 40 ms in extreme coverage conditions. The eNB cannot know the SNR experienced at the UE receiver, which depends on propagation conditions. The eNB scheduler cannot configure a non-zero gap sufficient to allow inner warming-up time for a given UE. Further, there is no mechanism for the eNB to vary the non-zero gap dynamically for the idle paging UE. A non-zero gap must be fixed in the specification and based on the worst case propagation conditions  to allow sufficient time for inner warming-up time in the device modem following WUS detection. 
Proposal 2: A non-zero gap is fixed in the specification to allow sufficient time for inner warming-up time in the device modem following WUS detection.
Proposal 3: A non-zero gap has duration greater than inner warming up time of up to ~40 ms and some additional WUS processing time.
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Configuration of [maximum] WUS duration
The value of the maximum number of repetitions for NPDCCH in common search space Type 1, Rmax,  is obtained by the idle paging UE in SIB2 (anchor) or  SIB22 (non-anchor) per NB-IoT carrier is cell specific. The eNB doesn’t know the coverage of idle paging UE and need to schedule NPDCCH associated with a PO with repetitions based on Rmax broadcast for all the UEs in the cell. The UE may proceed to blindly detect up to 8 NPDCCH candidates in common search space type 1 based on assumption for the aggregation level and Rmax. Based on SNR conditions experienced, the UE may terminate early NPDCCH detection to save power consumption.   
Since the eNB doesn’t know coverage of idle paging UE, it needs to schedule WUS with a maximum duration that allow all idle paging UEs in the cell to detect it. The maximum duration of WUS can be configured in SIB2 (anchor) or SIB22 (non-anchor) per NB-IoT carrier as one value from a single list for all Rmax. The UE may blindly detect the WUS. Based on SNR conditions experienced, the UE may terminate early WUS detection to save power consumption 
Observation 2:  Early WUS detection termination can be supported if idle paging UE knows max WUS duration from SIB2 / SIB22. 

The maximum value or repetitions, Rmax, for NPDCCH in common search space Type 1 is 2048. This is very high value that may be required for idle paging UE in extreme coverage at MCL = 164 dB. NPDCCH blind detection requires channel estimation for coherent detection and decoding of the Downlink Control Information (DCI) with reliability in the order of 1%.  A WUS design using ZC sequence of length 59 and repeated twice within a single 1 ms subframe is proposed in [2]. It is shown in that WUS mapped to one 1ms subframe and repeated 32 times can be detected with a missed WUS detection rate in the order of 1% at MCL=164 dB. A relatively much lower number of repetitions is required at MCL=164 dB for reliable WUS detection compare to that for NPDCCH detection because WUS detection can be done non-coherently with a threshold-based detector.  It is proposed that the maximum WUS duration is 32 ms. 
Proposal 4: The maximum WUS duration is 32 ms.

The stationary devices may experience very different coverage conditions depending on their installation. Some of these devices may experience normal coverage, others may experience deep or extreme coverage. 
For paging, the intelligent eNB can moderate repetitions of paging messages based on the last paging transmission from the core network. The intelligent eNB will know the paging attempt number and for smart paging there can be a configuration to only attempt the last coverage level the first time and other coverage levels at re-attempts. It is proposed that the coverage class level handling in paging procedure is used for WUS
Observation 3: The intelligent eNB knows the WUS attempt number and for smart WUS transmission there can be a configuration to only attempt WUS transmission based on the last coverage class level the first time and other coverage levels at re-attempts. 
Proposal 5: The coverage class level handling in paging procedure can be re-used for WUS without modification.
An important class of NB-IoT UEs are used for smart metering. These UEs are typically stationary over their lifetime for up to 10 years. RAN2 is discussing UE differentiation based on UE-specific information that may be beneficial for the eNB for Uu operation, including periodic communication parameters, stationary indication, traffic profile, and power consumption profile, with a high predictability/reliability and a fine granularity.  This requires the WUS UE capability is given from the MME to the eNB during paging procedure so the eNB can know whether to use WUS or not.  If there is a dedicated WUS configuration, this needs to be stored in the MME and provided to the eNB during the paging procedure. For such configuration if any, UE differentiation parameters could possibly be applied. A dedicated WUS configuration could be handled as UE paging capability, where RAN configures the UE but adds this configuration to the paging information container sent to MME such that the MME can provide it at paging. Further details and aspects of UE differentiations can be found in [3].
Observation 4:  The indication of the coverage class level assumption for WUS transmission for stationary devices during the paging procedure if agreed in RAN2 could be used by intelligent eNB.  

To save resource utilization for WUS, the intelligent eNB schedule can only transmit the WUS with the required number of repetitions smaller than the maximum number of WUS repetitions to allow reliable WUS detection – i.e. the eNB can transmit the WUS with an actual duration that is smaller than the maximum WUS duration.  This will not have any impact on device assuming it uses early WUS detection termination. 
Proposal 6: The actual WUS duration can be less than the maximum WUS duration based on eNB assumption for UE coverage class and assuming early WUS detection termination in the UE.

For example, assume maximum number of repetitions is 32 as indicated by SIB. Further assume only 16 WUS repetitions needed for UE1 and UE2, with an actual WUS duration of 16 ms that is shorter than the maximum WUS duration of 32 ms. The intelligent eNB scheduler could schedule WUS with 16 repetitions for UE1 and schedule WUS with 16 repetitions for UE2, instead of scheduling WUS with maximum number of repetitions for UE1 and UE2 .This achieves a 100% WUS resource saving. In another example, assumes UE1 requires 16 WUS repetitions, and UE2, UE3, UE4, UE5 require 4 WUS repetitions. This achieves a 400% WUS resource saving. The eNB will need to configure a WUS common search space for UE1, UE2, UE3, UE4, and UE5 with some rules for the blind detection of WUS candidates, as these UEs receive their associated WUS on a shared resource.   
Observation 5:  WUS Search Space is needed if actual WUS transmission is shorter than maximum WUS duration. 

Enabling or disabling WUS  
In Section 3, it was proposed the coverage class level handling in paging procedure can be re-used for WUS without modification. In case WUS is detected before the inner warming-up time as shown in Case 2 in Figure 2, the power consumption reduction in baseband processing compare to early NPDCCH detection termination without WUS for idle paging UEs in normal coverage is about 2% for MCL=144 dB, 35% for MCL=155 dB, 55% for MCL=35% for standalone NB-IoT deployment scenario; or about 35% for  MCL=144 dB, 47% for MCL=154 dB, 78% for MCL=164 dB for inband NB-IoT deployment scenario. The power consumption reduction for baseband processing with WUS compared to NPDCCH early termination baseline are summarized in Table 1 and Table 2.  

	
	MCL=144 dB
	MCL=154 dB
	MCL=164 dB

	NPDCCH early termination (baseline)
	1.0x
	1.0x
	1.0x

	WUS case 1
	0.98x
	0.99x
	0.54x

	WUS case 2
	0.98x
	0.65x
	0.45x


Table 1. Power consumption reduction for baseband processing in NB-IoT standalone deployment scenario – DRX cycle=2.56s, paging rate 10%, Rmax=256.

	
	MCL=144 dB
	MCL=154 dB
	MCL=164 dB

	NPDCCH early termination (baseline)
	1.00x
	1.0x
	1.0x

	WUS case 1
	1.03x
	0.68x
	0.25x

	WUS case 2
	0.65x
	0.53x
	0.22x


Table 2. Power consumption reduction for baseband processing in NB-IoT inband deployment scenario – DRX cycle=2.56s, paging rate 10%, Rmax=2560
Observation 6:  The WUS power consumption reduction gains in baseband processing depend on NB-IoT deployment and coverage conditions experienced at the idle paging UE.

In a typical NB-IoT receiver implementation, the main contributor to power consumption is the RF receiver module. The baseband processing accounts for less than half the power consumption. In normal coverage, NPDCCH does not need to be repeated whereas the NPDCCH may need to be repeated several hundreds of times for idle paging UEs in deep or extreme coverage. For these reasons, the WUS signal is relatively less beneficial in terms of overall power consumption reduction for idle paging UEs in normal coverage than in deep or extreme coverage. If the eNB knows that all ide paging UEs in the cell may be likely to experience normal coverage conditions, it may be better for the eNB to disable the WUS feature and indicate this via SIB.
Observation 7:  The WUS signal impact on overall power consumption reduction gains for idle paging UE in normal condition is less significant than for idle paging UEs in deep or extreme coverage.
Proposal 7: WUS is disabled in the cell if eNB expects they are only UEs in normal coverage.

Conclusion
In this contribution, we further discussed aspects of WUS configuration agreements. The following observations and proposals were made.
Observation 1:  Non-zero gap between end of WUS and associated NPDCCH / PO for idle paging UE needs to be sufficiently long to allow WUS detection processing time and inner warming up in NB-IoT device following WUS detection before NPDCCH detection in associated PO.
Proposal 1: Following pre-synchronization in cell-search baseband module, receiver completes WUS detection before required inner warming up time to wake main baseband module for detection of NPDCCH for paging and further processing.
Proposal 2: A non-zero gap is fixed in the specification to allow sufficient time for inner warming-up time in the device modem following WUS detection.
Proposal 3: A non-zero gap has duration greater than inner warming up time of up to ~40 ms and some additional WUS processing time.
Observation 2:  Early WUS detection termination can be supported if idle paging UE knows max WUS duration from SIB2 / SIB22. 
Proposal 4: The maximum WUS duration is 32 ms.
Observation 3: The intelligent eNB knows the WUS attempt number and for smart WUS transmission there can be a configuration to only attempt WUS transmission based on the last coverage class level the first time and other coverage levels at re-attempts. 
Proposal 5: The coverage class level handling in paging procedure can be re-used for WUS without modification.
Observation 4:  The indication of the coverage class level assumption for WUS transmission for stationary devices during the paging procedure if agreed in RAN2 could be used by intelligent eNB.  
Proposal 6: The actual WUS duration can be less than the maximum WUS duration based on eNB assumption for UE coverage class and assuming early WUS detection termination in the UE.
Observation 5:  WUS Search Space is needed if actual WUS transmission is shorter than maximum WUS duration. 
Observation 6:  The WUS power consumption reduction gains in baseband processing depend on NB-IoT deployment and coverage conditions experienced at the idle paging UE.
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Proposal 7: WUS is disabled in the cell if eNB expects they are only UEs in normal coverage.
References
[1] [bookmark: _Ref481672677]R1-1719590, On synchronization aspects for NB-IoT Wake Up Signal, MediaTek, RAN1#91, November 2017
[2] R1-1801684, NB-IoT Wake Up Signal, MediaTek, RAN1#92, February 2018
[3] R2-1802602, Discussion on UE differentiation, MediaTek, RAN2#101, February 2018
image1.png
Wus | PF/IPO NPDCCH

Non-zero gap !




image2.png
wake up

Light/deep/ e o -
deeper sleep AGC Paging.

sync_ | [inner warming up

Case 1: Pre-Sync and inner warming up at every PO

wake up
Light/deep/ re T
deeper sleep Ace | | e ||| e || pesing

Case 2: Inner warming up when WUS is detected

wake up
Light/deep/ Pre- oner
deeper sleep ot | T A Paging

Case 3: Pre-Sync and inner warming up when WUS is detected




