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1. Introduction
The efeMTC WID [1] has an objective to improve idle mode paging and/or connected mode DRX:
Study and, if found beneficial for idle mode paging and/or connected mode DRX, specify physical signal/channel that can be efficiently decoded or detected prior to decoding the physical downlink control/data channel.

In RAN #90bis, the following Working assumption was made:

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’ with new periodic sync signal

· ‘Wake-up signal or DTX’ without new periodic sync signal

· Study till the next meeting how to ensure sufficient sync performance.

· Consider potential synergies with the WI objective on Reduced system acquisition time.

· Consider impacts from mobility.

This document analyzes the performance of the three candidates:

· WUS without prior Sync
· WUS with Legacy sync signal
· WUS with new periodic sync signal
· Legacy DCI with new periodic sync signal 

2. Simulation Assumption

All simulation assumptions are based on [2] with the deep sleep using the quicker version (i.e. 25ms transition and 0.05 units/ms sleep power).
	Constants
	 

	RX Power (units)
	100

	Transition Power (units)
	50

	Light Sleep (units/ms)
	1

	To/From Light Sleep Time (ms)
	15

	Deep Sleep (units/ms)
	0.05

	To/From Deep Sleep Time (ms)
	25

	Page %
	10%


The following scenarios were analysed:

	Scenario

	PTW


	DRX
	eDRX Cycle

	
	
	
	

	A
	1
	0.000
	2.56 sec

	B
	4
	0.320
	20.48 sec

	C
	4
	0.320
	327.68 sec


Only ETU 1 channel was simulated with transmit antenna diversity switching every 2ms.
3. WUS without prior Sync 
This section includes the analysis where the WUS provides the synchronization (i.e. no need to synchronization before decoding the WUS).  A WUS is only sent when a paging is sent otherwise PDSCH data can be sent in those resources (i.e. DTX).  NOTE: The LLS always sends random PDSCH data, the signal is never DTX’d.  Appendix I contains details of how the WUS is constructed but at a high level it uses versions of the PSS sent in time and then spread across 6 PRBs in frequency and 2, 4, or 8ms in time.  The following diagrams shows the UE’s behaviour when a WUS is detected and when it is not (i.e. DTX). 
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It was agreed in [2] that the solution needs to be as reliable as current paging mechanisms, thus the WUS Correct Detection probability needs to be 99%.  A WUS Correct Detection must exclude these two types of errors: 

· WUS Missed Detection:  WUS not detected but WUS was sent 

· WUS Timing Error: WUS detected and WUS sent but detected at the wrong time (not with +-10% timing accuracy)
The sum of these two error cases must be <= 1%. Based on this criterion, the correlation thresholds were chosen.
Based on LLS, for the ETU 1 case with TX Diversity, the following table shows the WUS Correct Detection and the Average False Detection:

	WUS Size (PRBs)
	DRX (sec)
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	
	
	WUS Correct Detection
	Average False Detection
	WUS Correct Detection
	Average False Detection
	WUS Correct Detection
	Average False Detection

	24
	2.56
	100%
	0%
	100%
	8%
	77%
	93%

	
	20.48
	100%
	0%
	100%
	45%
	61%
	80%

	
	327.68
	100%
	0%
	98%
	88%
	42%
	90%

	48
	2.56
	100%
	0%
	100%
	0%
	89%
	70%

	
	20.48
	100%
	0%
	100%
	3%
	81%
	91%

	
	327.68
	100%
	0%
	98%
	0%
	63%
	88%


As seen from the above table, even with a WUS of 48 PRBs, a 99% WUS Correct Detection is not possible at 164 dB MCL or at 154dB MCL for scenario C. The problem is the WUS Timing Error occurrences increase beyond 1% before the Good WUS detection hits 99%. For example, below is a graph of Correlation Threshold vs Good Detection for 2.56sec DRX, 164 dB MCL, WUS size=48 PRBs:
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As seen from the above plot, regardless of the detection threshold, the WUS Correct Detection does not go above 89%. The difference between the WUS Correct Detection (blue line) and the Total WUS Detection (red dashed line), is the WUS Timing Errors. The WUS Timing Errors stop the WUS Correct Detection from reaching 100%. 

A longer WUS would help improve detection but a WUS size of 48 PRB is already stretching the UE complexity limits. 
Observation: A practically sized (<48 PRB) WUS signal without prior synchronization cannot be detected with 99% reliability at 164 dB MCL 
Therefore, the UE must be synchronized (via legacy PSS/SS or new sync signal a.k.a. ePSS) before the WUS is decoded.

Observation:  Synchronization before decoding of the WUS is at least required for high MCL.
If the UE can accurately estimate the level of coverage, the UE could then autonomously decide if it can use the WUS for synchronization in good coverage (i.e. skip sync) or do sync prior to WUS decoding in bad coverage. The problem is that it is very difficult for the UE get a coverage estimate to make this decision before the UE is synchronized (i.e. chicken and egg problem).
Observation:  If the UE can’t obtain an accurate coverage estimate before synchronization, then synchronization before decoding of the WUS is required for all MCLs.
If WUS is to be used without prior synchronization, the ability for the UE to determine accurate coverage levels before synchronization should be confirmed by RAN4. 

Proposal: Confirm with RAN4 if UEs can determine accurate coverage level before synchronization.
The following battery life improvement (Pcandidate/Preference) was calculated for the WUS without prior Sync solution:
WUS size 24 PRB:

	eDRX Cycle
(Scenario)
	144 dB 
MCL
	154 dB 
MCL
	164 dB 
MCL

	
	
	
	

	2.56 Sec (A)
	30%
	27%
	NA

	20.48Ssec (B)
	66%
	77%
	NA

	327.68 Sec (C) 
	84%
	NA
	NA


WUS size 48 PRB:

	eDRX Cycle
(Scenario)
	144 dB 
MCL
	154 dB 
MCL
	164 dB 
MCL

	
	
	
	

	2.56 Sec (A)
	36%
	25%
	NA

	20.48Ssec (B)
	85%
	59%
	NA

	327.68 Sec (C) 
	140%
	NA
	NA


From the above results the following observation can be made:

Observation: For MCLs where 99% reliability can be obtained, battery life performance is mostly improved.
4. PSS/SSS with WUS
This section evaluates the solution of using legacy PSS/SSS with WUS.  The following diagrams shows the UE’s behaviour when a WUS is detected and when it is not (i.e. DTX). 
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Based on LLS the following Legacy PSS/SSS detection times will be used for the battery life calculation:
	PSS/SSS Detection Time
	144dB MCL
	154dB MCL
	164dB MCL

	50%'tile detection time (ms)
	10
	40
	880

	99%'tile detection time (ms)
	40
	580
	4800


Based on LLS, the following Channel Estimation and MPDCCH decode times will be used for the battery life calculation:

	
	144dB MCL
	154dB MCL
	164dB MCL

	Channel Est & 
MPDCCH Decode Time (ms)
	3
	20
	266


 “Wait for WUS” - since 99% detection is required the UE must wake up early enough to make sure it is synchronized 99% of the time. “Wait for WUS” is the difference between the 99% detection time and the 50% detection.

“Wait for PO” – this was set to 100ms. 
Based on LLS, for the ETU 1 case with TX antenna diversity, the following table shows the WUS Correct Detection and the False Detection:

	WUS Size
(PRBs)
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	
	WUS Correct Detection
	False Detection
	WUS Correct Detection
	False Detection
	WUS Correct Detection
	False Detection

	12
	99%
	6.4%
	99%
	60%
	99%
	97%

	24
	100%
	0%
	100%
	0%
	100%
	75%

	48
	100%
	0%
	100%
	0%
	100%
	49%


As seen from the above table, unlike the case where synchronization is NOT obtained before WUS decoding, 99% 99% correct detection is possible for all scenarios and MCLs.

Observation:  Synchronization before decoding of the WUS supports 99% reliable detection for all scenarios and MCL evaluated
Using the above values, the following battery life improvement (Pcandidate/Preference) was calculated:
	
	WUS Size: 12 PRB
	

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	121%
	111%
	101%

	20.48
	116%
	114%
	103%

	327.68
	107%
	108%
	103%

	
	
	
	

	
	WUS Size: 24 PRB
	

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	124%
	101%
	98%

	20.48
	119%
	83%
	96%

	327.68
	109%
	90%
	96%

	
	
	
	

	
	WUS Size: 48 PRB
	

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	129%
	105%
	93%

	20.48
	131%
	91%
	83%

	327.68
	114%
	94%
	84%


From the above results the following observation can be made:

Observation: Battery life is worse at 144dB MCL and only marginally better at 154 and 164dB MCL 
5. ePSS with MPDCCH
This section evaluates the solution of using a new sync signal a.k.a. ePSS (see appendix I) with the legacy MPDCCH.  The following diagram models the UE’s behaviour: 
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In some cases, to reach 99%’tile synchronization more than one ePSS is needed. The following figure shows this case where 2 ePSS are needed for synchronization and how the UE can go into light sleep waiting for the next ePSS:
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A ePSS periodicity of 100ms is assumed for this evaluation.
Based on LLS with assumption from [2], the following ePSS detection times were determined:

ePSS Size 12 PRBs:
	 
	DRX
	144dB
	154dB
	164dB

	ePSS 50%’tile 
detection time (ms)
	2.56 sec
	2 
	2 
	202 

	
	20.48 sec
	2 
	2 
	302 

	
	327.68 sec
	4 
	4 
	504 

	ePSS 99%’tile
detection time (ms)
	2.56 sec
	2 
	100 
	1,500 

	
	20.48 sec
	102 
	202 
	2,302 

	
	327.68 sec
	104 
	204 
	3,304 


ePSS Size 24 PRBs:

	 
	DRX
	144dB
	154dB
	164dB

	ePSS 50%’tile 
detection time (ms)
	2.56 sec
	4
	4
	104

	
	20.48 sec
	4
	4
	104

	
	327.68 sec
	6
	6
	206

	ePSS 99%’tile 
detection time (ms)
	2.56 sec
	4
	0
	700

	
	20.48 sec
	4
	4
	904

	
	327.68 sec
	6
	106
	1,506


ePSS Size 48 PRBs:

	 
	DRX
	144dB
	154dB
	164dB

	ePSS 50%’tile 
detection time (ms)
	2.56 sec
	8
	8
	8

	
	20.48 sec
	8
	8
	8

	
	327.68 sec
	10
	10
	10

	ePSS 99%’tile 
detection time (ms)
	2.56 sec
	8
	0
	300

	
	20.48 sec
	8
	8
	408

	
	327.68 sec
	10
	110
	610


“Wait for PO” - since 99% detection is required the UE must wake up early enough to make sure it is synchronized 99% of the time. The “Wait for PO” is the difference between the 99% detection time and the 50% detection in the above table.

Using the above values, the following battery life improvement (Pcandidate/Preference) was calculated:
	
	ePSS Size: 12 PRB
	

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	31%
	36%
	26%

	20.48
	64%
	69%
	57%

	327.68
	83%
	82%
	62%

	
	
	
	

	
	ePSS Size: 24 PRB
	

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	34%
	38%
	25%

	20.48
	65%
	70%
	56%

	327.68
	84%
	82%
	60%

	
	
	
	

	
	ePSS Size: 48 PRB
	

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	39%
	42%
	24%

	20.48
	68%
	72%
	55%

	327.68
	85%
	83%
	58%


From the above results the following observation can be made:

Observations: Significant battery life Improvements for all scenarios and MCLs 
6. ePSS with WUS

This section evaluates the solution of using a new sync signal a.k.a. ePSS (see appendix I) with the WUS.  The following diagrams models the UE’s behaviour: 
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A ePSS periodicity of 100ms is assumed for this evaluation.

The ePSS detection times are the same as those used in Section 5:  ePSS with MPDCCH.

 “Wait for WUS - since 99% detection is required the UE must wake up early enough to make sure it is synchronized 99% of the time, “Wait for WUS” is the difference between the 99% detection time and the 50% detection in the above table.

“Wait for PO” – this is set to 100ms.

The WUS Correct Detection and the False Detection rates are the same as those in Section 4: PSS/SSS with WUS.
Using the above values, the following battery life improvement (Pcandidate/Preference) was calculated:
	
	WUS and ePSS Size: 12 PRB

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	52%
	47%
	27%

	20.48
	79%
	83%
	61%

	327.68
	90%
	90%
	66%

	
	
	
	

	
	WUS and ePSS Size: 24 PRB

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	57%
	57%
	24%

	20.48
	84%
	62%
	53%

	327.68
	93%
	83%
	59%

	
	
	
	

	 
	WUS and ePSS Size: 48 PRB

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	69%
	46%
	19%

	20.48
	99%
	62%
	40%

	327.68
	100%
	78%
	46%


From the above results the following observations can be made:

Observation: Significant battery life Improvements for all scenarios and MCLs 
7. Summary

WUS with prior synchronization doesn’t work at high MCL and may not work a low MCL (TBD). PSS/SSS with WUS provides no battery life savings. The two remain candidates are “ePSS with MPDCCH” and “ePSS with WUS” which both require a new re-sync signal a.k.a. ePSS. Given this the following observation and proposal are made:
Observation: a new re-synchronization signal will significantly improve battery life in idle mode

Proposal: Specify a new re- synchronization signal. 
Below is a table showing comparing the battery life gain of the “ePSS with WUS” over the “ePSS with MPDCCH”
(Power of ePSS with WUS)/(Power of ePSS with MPDCCH):

	eDRX Cycle
	144 dB
	154 dB
	164 dB 

	2.56
	171%
	151%
	98%

	20.48
	129%
	89%
	95%

	327.68
	110%
	101%
	98%


The above shows that “ePSS with WUS” often has worse performance than “ePSS with MPDCCH”.
Given this, consideration should be made to change this working assumption and not specify a WUS signal:

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’ with new periodic sync signal

· ‘Wake-up signal or DTX’ without new periodic sync signal

Proposal: Consider changing the working assumption and NOT specify a “Wake-up signal or DTX”

8. Conclusions
WUS without prior sync solution:
Observation: A practically sized (<48 PRB) WUS signal without prior synchronization cannot be detected with 99% reliability at 164 dB MCL 

Observation:  Synchronization before decoding of the WUS is at least required for high MCL.

Observation:  If the UE can’t obtain an accurate coverage estimate before synchronization, then synchronization before decoding of the WUS is required for all MCLs.

Proposal: Confirm with RAN4 if UEs can determine accurate coverage level before synchronization.
Observation: For MCLs where 99% reliability can be obtained, battery life performance is mostly improved.
PSS/SSS with WUS solution:

Observation:  Synchronization before decoding of the WUS supports 99% reliable detection for all scenarios and MCL evaluated

Observation: Battery life is worse at 144dB MCL and only marginally better at 154 and 164dB MCL
ePSS with MPDCCH solution:

Observations: Significant battery life Improvements for all scenarios and MCLs 

ePSS with WUS solution:

Observation: Significant battery life Improvements for all scenarios and MCLs 

Summary:

Observation: a new synchronization signal will significantly improve battery life in idle mode

Proposal: Specify a new re-synchronization signal. 

Proposal: Consider changing the working assumption and NOT specify a “Wake-up signal or DTX”
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Appendix I: WUS Construction

The following figure is an example of a WUS of size 12 PRBs:
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As seem from the above diagram, the WUS is constructed by sending PSS sequences in time and then spreading them across 6 PRBs in frequency.  Note that the location of the WUS doesn’t need to be in the center 6 PRBs, they do not need to be 6 PRB wide, and they do not need to be contiguous. 

A GTS would be the complex conjugate of the WUS so that the UE would not need to re-correlate to look for GTS (i.e. UE complexity of WUS is the same as GTS/WUS).

Appendix II: Legacy Battery Life 

This appendix outlines the legacy PSS/SSS with MPDCCH idle mode behaviour and battery life calculation.  The following diagrams shows the UE’s behaviour when using PSS/SSS for sync and MPDCCH for paging: 

[image: image8.emf]Deep Sleep Light Sleep- Wait for PO Deep Sleep

From Sleep

To Sleep

PSS/SSS 

Detection

To Sleep

MPDCCH Decode

From Sleep


Based on LLS the following Legacy PSS/SSS detection times were used:

	PSS/SSS Detection Time
	144dB MCL
	154dB MCL
	164dB MCL

	50%'tile detection time (ms)
	10
	40
	880

	99%'tile detection time (ms)
	40
	580
	4800


Based on LLS, the following Channel Estimation and MPDCCH decode times:

	
	144dB MCL
	154dB MCL
	164dB MCL

	Channel Est & 
MPDCCH Decode Time (ms)
	3
	20
	266


 “Wait for PO” - since 99% detection is required the UE must wake up early enough to make sure it is synchronized 99% of the time, “Wait for PO” is the difference between the 99% detection time and the 50% detection.

The following power values (units*msec) were calculated:
	eDRX Cycle
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	Sleep
	Sync
	Decode
	Total
	Sleep
	Sync
	Decode
	Total
	Sleep
	Sync
	Decode
	Total

	2.56 
	123
	6500
	300
	6923
	96
	8540
	2000
	10636
	0
	95920
	26600
	122520

	20.48 
	1019
	6500
	5701
	13220
	992
	8540
	12501
	22032
	768
	95920
	110901
	207589

	327.68 
	16379
	6500
	5701
	28580
	16352
	8540
	12501
	37392
	16128
	95920
	110901
	222949


WUS Timing Errors








