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In Rel-15, a work item (WI) for enhancement of NB-IoT is agreed. The objective is to further enhance the performance of NB-IoT by further reducing latency and power consumption, improving measurement accuracy, enhancing NPRACH reliability and range, and reducing system acquisition time etc. [1]. To further reduce the UE power consumption, it is agreed to design a physical signal/channel that can be efficiently decoded or detected prior to decoding NPDCCH/NPDSCH. In RAN1#90bis, the following working assumptions and agreements are made regarding different aspects of the wake-up signal [2]
Agreements:
· Working assumption: WUS/DTX is adopted for the power saving signal for IDLE mode paging;
· The UE is configured with a transmission duration of WUS by higher layers
· The WUS signal may be decoded with or without relying on prior synchronization
· Whether the UE needs to acquire (further) synchronization using NPSS/NSSS to decode the NPDCCH following the WUS is FFS
· The power saving of using existing synchronization signal to achieve sync and using WUS for synchronization should be compared.
· For RAN#78 timeline, RAN4 can assume the UE is synchronized prior to the WUS
· After RAN#78, RAN1 and RAN4 will conduct additional work to allow the assumption that the UE is not synchronized prior to the WUS (with the same WUS signal design) for 144 dB MCL; and will study to allow the assumption that the UE is not synchronized prior to the WUS (with the same WUS signal design) for 154, 164 dB MCL
· Status of work on ‘Relaxed monitoring for cell reselection’ in RAN2/4 should be considered
Agreements:
· RAN1 assumes that introduction of WUS does not alter PO/PF definition
· At least in a UE’s DRX cycle:
· WUS supports at least being applied to all the UEs monitoring WUS associated to a PO in a NB-IoT carrier;
· FFS: eNB can configure WUS being applied to a group of more than one of the UEs associated to a PO in a NB-IoT carrier.
· Send LS to request RAN2 input on feasibility of UE groups for WUS. 

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).
Agreements: 
· At least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle. 
· Include in the LS to RAN2, to request input on the feasibility of WUS applying to more than one PO in a PTW for eDRX case. 
And following agreements is made regarding the detailed design of the signal and specific aspects which need to be determined:
Agreements:
· [bookmark: _Hlk498614934]WUS signal is at least cell-specific;
· FFS scrambling of WUS including time varying scrambling
· [bookmark: _Hlk498606401]Long ZC sequence based signal is considered as the starting point for WUS signal:
· FFS: whether the sequence can span over multiple subframes
· FFS: whether accumulated multiplication is applied between sub-sequences from the long ZC sequence to reduce the impact of frequency error;
· FFS: Support transmit diversity for NB-IoT WUS 
· FFS: NSSS like signal is used as the wake-up signal

In this contribution, we further discuss detailed design of Wake-Up Signal (WUS). This is a resubmission of R1-1719357. 
Design of Wake-up Signal
Design Criteria 
In our companion paper [9], we pointed out that the WUS neither can be used for measurement nor for providing synchronization functions. Therefore, the function of the WUS should be to indicate whether there is a paging DCI in a PO. Hence, the procedure of the UE for using WUS should be as illustrated in Figure 1. 



1. UE in DRX



1. UE in eDRX
[bookmark: _Ref494274220]Figure 1 Illustration of the WUS procedures

As we can see from the illustration, the UE should have acquired synchronization when processing the WUS. Hence, there is no need for the WUS to support synchronization function. We have discussed this in detail in our companion paper [9]. 
Moreover, as there is only a single type-1 CSS configured per cell, the WUS should be either dimensioned for UE with worst coverage level in the PO or in the cell. Therefore, the length of the WUS should not be too long so not to block the transmission of other channels and to have minimum possible power consumption. Otherwise, it would be in contrast of the whole idea of having a wake-up indication signal. 
The coverage of the current NPDCCH is given in Table 1. 

[bookmark: _Ref494275220]Table 1 Performance of NPDCCH
	
	Stand-alone
	In-band

	Number of Reps
	1
	8
	128
	1
	4
	32
	256

	Supported Coupling Loss (dB)
	147.6 
	154.7
	165.2
	139.5
	145.8
	155.3
	164.6



From the results given in Table 1 and the traffic model in [8], we can observe that by using 1 repetition, the NPDCCH can cover around 90% of the UEs in a cell for the standalone deployment, and around 80% of the UEs for the in-band case.  Based on previous RAN1 discussions, it became clear that according UE implementation, UE does not need to always continue monitoring the NPDCCH candidates up to Rmax. For a good UE implementation, we can assume the UE can do early termination of NPDCCH decoding based on the measured RSRP and/or the decoding performance of other channels. The same principle applies for the WUS. Therefore, if the WUS length is long, it would increase the cost at the network side, and a UE may not be benefit from it. In next section we will see that evaluation results also confirm this conclusion.
[bookmark: _Ref498711513]A long WUS which provides sync capability, increases the overhead at the network side, and the UE may not be benefit from it. Hence, it may not achieve the expected power saving for the WUS. 
Sequence Design 
Based on the design criteria discussed in Section 2.1, we would like to have a WUS that should be as short as possible. It is desired to reduce the specification effort to finish the work item on time, and also Zadoff-Chu sequence is already proven to be a reliable choice for synchronization purposes in many systems including NB-IoT and LTE. Therefore, in case the WUS does not support synchronization, the ZC sequence is confirmed to be the only option as the baseline design. The ZC sequence is defined as

where the ‘L’ denotes the sequence length. However, it is expected that the WUS should be sent prior to the PO in a continuous manner, it is not necessary to use a short sequence that map to the available REs in one subframe, as discussed in [4]. A longer ZC sequence offers more benefits, e.g., easy to detect, and more roots of the ZC sequence, ‘u’ in the above formula, are available for interference randomization among the cells. The reason that a short ZC sequence is used for NSSS is that transmission of NSSS was periodic with the length of one subframe at each period. But this is not the case for the WUS. 
[bookmark: _Toc498608694][bookmark: _Ref498711579][bookmark: _Ref498711581]The Zadoff-Chu sequence is used for WUS.
As further discussed in [5], a WUS search space can be used to reduce the resource usage at the network as well as reduce the UE monitoring effort. Therefore, we can consider using a Zadoff-Chu sequence that spans one or several subframes as the basic unit in the WUS search space. 
[bookmark: _Ref498711588]Long ZC sequence which can span one or several subframes can be used as the basic unit of the WUS search space.
Since it is likely that using transmit diversity increases the performance of the WUS, it would be beneficial to use transmit diversity for the feature.
[bookmark: _Toc498608684][bookmark: _Toc498536275][bookmark: _Ref498711526][bookmark: _Ref498711530]Using transmit diversity for the WUS will likely improve performance.
Evaluations
Evaluation assumptions
The evaluations are done based on the assumption agreed in [3]. Specific details of the link level simulation assumptions are shown in table 5 in the appendix. Furthermore, the time/frequency drift in each scenario for both the WUS that relies on system synchronization (i.e. NPSS/NSSS), and WUS that does not rely on system sync is shown in table 6 in the Appendix. 
For the sake of evaluations, we assume that the length of the WUS that does not support sync capability, is 1/16 of the Rmax value for CSS as justified in [10]. Furthermore, we adopt the length of the WUS that provide sync from simulation results in [7] for standalone deployments, which is restated here in table 2 as follow.
Table 2 length of WUS signal that provides sync
	Length of the WUS signal which provides Sync
	Scenario A
	Scenario B
	Scenario C

	Standalone 144dB MCL
	1 [ms]
	1 [ms]
	1 [ms]

	Standalone 164dB MCL
	181 [ms]
	200 [ms]
	212 [ms]



In scenario A, the time/frequency drift within each DRX cycle is less than a CP length, therefore the cost of synch timing can be negligible, especially when UE relies on DL reference signals and the system sync signals for maintaining synchronization. Hence, we assume that the cost for synchronization in this scenario is zero.
In case UE is relying on WUS for synchronization, the amount of the time/frequency drift could be larger depending on the actual paging rate. The reason is if there is no actual paging, there would be no WUS that UE can use for frequency/time correction, and subsequently the drift will proceed until the next actual paging occurs. Since the synchronization time is negligible in scenario A, we further assume that the WUS with/without sync have the same sizes, so that we have a fair comparison. However, for the sake of simplifying in calculations, we set the value of the WUS with sync to 1 ms in case the actual value for WUS without sync is fraction of a subframe. This is also more reasonable since, WUS with sync would be larger than when it does not provide any synchronization function, although the impact of this difference is insignificant in terms of power consumption. 
In regard with actual paging message, we perform the evaluations for the following two cases:
· Case 1) NPDCCH is not scrambled with P-RNTI and therefore no paging message is transmitted.
· Case 2) NPDCCH is scrambled with P-RNTI with an occurrence rate that equals to the paging rate, as this would be the probability that actual paging message is being transmitted to the UE. 
Evaluation Results
The detail of the evaluation results of power consumption are shown in the appendix, section 6.2 for two different design options, namely WUS that provides synchronization capability (WUS with sync) and WUS that relies on the NPSS/NSSS for synchronizations (WUS without sync).
The power efficiency of different scenarios is show in Tables 3 and 4 for 144dB and 164dB MCL respectively. 
Table 3 Evaluation of power efficiency for WUS with/without sync for 144dB MCL
	Standalone-144dB

	PCANDIDATE
/PREFERENCE
	Scenario A
	Scenario C

	
	Case 1
	Case 2
	Case 1
	Case 2

	WUS without sync
	97,27%
	97,56%
	99,67%
	99,70%

	WUS with sync
	100,00%
	100,26%
	70,69%
	70,76%



Table 4 Evaluation of power efficiency for WUS with/without sync for 164dB MCL
	Standalone-164dB

	PCANDIDATE
/PREFERENCE
	Scenario A
	Scenario C

	
	Case 1
	Case 2
	Case 1
	Case 2

	WUS without sync
	25,60%
	39,37%
	79,78%
	82,27%

	WUS with sync
	25,60%
	39,37%
	69,68%
	72,45%



We can observe from the results that in scenario A, there is no considerable difference in terms of power consumption efficiency between two designs i.e. WUS with and without sync. The reason is we assume that the length of the signals in scenario A are the same, and the synchronization time is negligible.
In scenario C however, we can see that WUS with sync can reach extra gain of about 30% compared to WUS without sync in 144dB MCL, while it requires 16 times more resource as the same time which is a significant overhead to the system. In case of 164dB MCL, the WUS with sync can achieve extra gain of about 10%, while in this case the overhead is 26 times more which is much larger than overhead in 144dB MCL. 
[bookmark: _Ref498711540]In scenario C, WUS with sync can achieve higher power consumption efficiency compared to WUS without sync of about 10% to 30%, depending on the coupling loss. However, the overhead is about 16 to 26 times larger for WUS with sync. In scenario A, the gain is more or less the same for both WUS with/without sync. 
[bookmark: _Ref498711554]The largest power consumption gain is achieved in scenario A, about 75%, where the DRX cycle is short, and MCL is large i.e. 164dB. 
Although the evaluations are done for standalone deployment, we are expecting to have the same figures for power saving gain between WUS with/without sync for in-band deployment. However, in the in-band anchor carrier, the WUS length is expected to be considerably larger, since the power level for the anchor PRB is 8 dB lower in the in-band case compared to the standalone case. Furthermore, in in-band, at least 30% of the resources are used for periodic signal/channels including NPSS/NSSS/PBCH. In addition to this, some of the REs in each subframe are reserved for LTE signals/channels which make the situation even worse.
According to the simulation results the required time for synchronization using NPSS/NSSS for in-band in 164dB MCL is about 1284 ms, while this value is at about 264ms for standalone deployment, for the link level simulations that is run based on assumptions in table 5. Therefore, the length of the WUS signal with sync for in-band would be scaled approximately with the above same factor compared to standalone design. And we cannot afford to have a WUS design that blocks other transmissions this long. As we explained in the previous section this is to the contrary of the whole design of the WUS which requires that it would be short signal for indication of paging.
In case of non-anchor carrier, although there are more resources available compared to anchor carrier, however there is no power boosting compared to the anchor carrier situation, therefore we cannot foresee that the problem would be alleviated for non-anchor carrier. 
[bookmark: _Ref498711564]From the evaluation results we observe that in high MCLs and standalone deployment, the overhead of a WUS design that provides sync capability is considerably large and would cause the blocking of other channels for long duration. Which is to the contrary of a short signal design for WUS. The situation is considerably worse for in-band deployment.   
Conclusions
Based on the discussions, we have the following proposals and observations regarding the WUS functions. 
Observation 1: A long WUS which provides sync capability, increases the overhead at the network side, and the UE may not be benefit from it. Hence, it may not achieve the expected power saving for the WUS.
Observation 2: Using transmit diversity for the WUS will likely improve performance.
Observation 3: In scenario C, WUS with sync can achieve higher power consumption efficiency compared to WUS without sync of about 10% to 30%, depending on the coupling loss. However, the overhead is about 16 to 26 times larger for WUS with sync. In scenario A, the gain is more or less the same for both WUS with/without sync.
Observation 4: The largest power consumption gain is achieved in scenario A, about 75%, where the DRX cycle is short, and MCL is large i.e. 164dB.
Observation 5: From the evaluation results we observe that in high MCLs and standalone deployment, the overhead of a WUS design that provides sync capability is considerably large and would cause the blocking of other channels for long duration. Which is to the contrary of a short signal design for WUS. The situation is considerably worse for in-band deployment.
Proposal 1: The Zadoff-Chu sequence is used for WUS.
Proposal 2: Long ZC sequence which can span one or several subframes can be used as the basic unit of the WUS search space.
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Appendix
 Assumptions
Table 5	Link layer simulation assumptions
	Parameter
	Value

	BS TX antenna configuration
	1Tx for standalone

	BS power
	43 dBm for stand-alone

	System BW
	180 kHz

	Band
	900 MHz

	Channel model 
	TU 1

	Doppler spread 
	1 Hz

	LO XO frequency drift, when not relying on DL synchronization (light sleep)
	±0.05 ppm/s

	LO XO maximum frequency error, when not relying on DL synchronization (light sleep)
	±5 ppm

	LO XO frequency error, when relying on DL synchronization (receive)
	±50 Hz 

	RTC maximum frequency error (deep sleep)
	±20 ppm

	UE RX antenna configuration
	1 Rx

	UE NF
	5 dB

	Coupling loss
	144, 164 dB



Table 6 Time/frequency error calculation for different scenarios
	Scenario
	eDRX cycle [s]
	DRX cycle [s]
	#of POs per PTW
	Paging rate [%]
	WUS support sync cycle [s]
	Time Error (not Relying on sync) [s]
	Freq Error (not Relying on sync) [s]
	Time Error (Relying on sync) [s]

	 A
	0
	2,56
	1
	10
	25,6
	5,80E-06
	1152
	1,64E-07

	 B
	20,48
	1,28
	4
	10
	204,8
	2,05E-03
	4500
	4,10E-04

	C
	327,68
	1,28
	4
	10
	3276,8
	3,28E-02
	4500
	6,55E-03



Table 7 Length different channels/signals for standalone deployment
	Signal Time- Standalone
	144dB
	154dB
	164dB

	WUS length (not providing sync) 
	0,0625 [ms]
	0,5 [ms]
	8 [ms]

	Rmax 
	1 [ms]
	8 [ms]
	128 [ms]

	PDSCH length 
	4 [ms]
	24 [ms]
	192 [ms]

	Sync length (90% UEs) 
	84 [ms]
	104 [ms]
	264 [ms]



Detailed Evaluation results 
	[bookmark: _Hlk498636886]Standalone-144dB-Scenario A- Case 1

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/down light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref  %

	WUS without sync
	0
	750
	0
	6,25
	0
	0
	2544,9375
	0
	3301,1875
	97,27%

	Reference scenario
	0
	750
	0
	0
	100
	0
	2544
	0
	3394
	100,00%

	[bookmark: _Hlk498643531]WUS including sync   
	0
	750
	0
	100
	0
	0
	2544
	0
	3394
	100,00%



	Standalone-144dB-Scenario A- Case 2

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/down light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref

	 WUS without sync
	0
	750
	0
	6,25
	10
	40
	2539,9375
	0
	3346,1875
	97,56%

	Reference scenario
	0
	750
	0
	0
	100
	40
	2540
	0
	3430
	100,00%

	WUS including sync   
	0
	750
	0
	100
	10
	40
	2539
	0
	3439
	100,26%



	Standalone-144dB-Scenario C- Case 1

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/down light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref

	[bookmark: _Hlk498637677]WUS without sync
	10000
	0
	8400
	6,25
	0
	0
	5035,9375
	4835,4
	28277,5875
	99,67%

	Reference scenario
	10000
	0
	8400
	0
	100
	0
	5035
	4835,4
	28370,4
	100,00%

	WUS including sync   
	10000
	0
	0
	100
	0
	0
	5119
	4835,4
	20054,4
	70,69%



	Standalone-144dB-Scenario C- Case 2

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/down light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref

	[bookmark: _Hlk498637749]WUS without sync
	10000
	0
	8400
	6,25
	10
	40
	5030,9375
	4835,4
	28322,5875
	99,70%

	Reference scenario
	10000
	0
	8400
	0
	100
	40
	5031
	4835,4
	28406,4
	100,00%

	WUS including sync   
	10000
	0
	0
	100
	10
	40
	5114
	4835,4
	20099,4
	70,76%



	Standalone-164dB-Scenario A- Case 1

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/down light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref

	WUS without sync
	0
	750
	0
	800
	0
	0
	2537
	0
	4087
	25,60%

	Reference scenario
	0
	750
	0
	0
	12800
	0
	2417
	0
	15967
	100,00%

	WUS including sync   
	0
	750
	0
	800
	0
	0
	2537
	0
	4087
	25,60%



	Standalone-164dB-Scenario A- Case 2

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/down light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref

	WUS without sync
	0
	750
	0
	800
	1280
	1920
	2217
	0
	6967
	39,37%

	Reference scenario
	0
	750
	0
	0
	12800
	1920
	2225
	0
	17695
	100,00%

	WUS including sync   
	0
	750
	0
	800
	1280
	1920
	2217
	0
	6967
	39,37%



	Standalone-164dB-Scenario C- Case 1

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/donw light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref

	WUS without sync
	10000
	0
	26400
	800
	0
	0
	4848
	4835,4
	46883,4
	79,78%

	Reference scenario
	10000
	0
	26400
	0
	12800
	0
	4728
	4835,4
	58763,4
	100,00%

	WUS including sync   
	10000
	0
	0
	21200
	0
	0
	4908
	4835,4
	40943,4
	69,68%



	Standalone-164dB-Senario C- Case 2

	Power in [units]
	Ramp UP/down deep sleep
	Ramp UP/donw light sleep
	Sync
	WUS Detection
	CSS Monitoring
	Paging Message decoding
	DRX light sleep
	eDRX deep sleep
	Total
	Pcan/Pref

	WUS without sync
	10000
	0
	26400
	800
	1280
	1920
	4528
	4835,4
	49763,4
	82,27%

	Reference scenario
	10000
	0
	26400
	0
	12800
	1920
	4536
	4835,4
	60491,4
	100,00%

	WUS including sync   
	10000
	0
	0
	21200
	1280
	1920
	4588
	4835,4
	43823,4
	72,45%
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