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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 #90, 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
· Wake-up signal with no DTX

· FFS:

· Information conveyed by the physical signal

· Design of the physical signal

This document analyzes the performance of the three candidates: Compact DCI, WUS ONLY or GTS/WUS. 
2. Simulation Assumption

All assumptions are based on [2] with the deep sleep using the quick version (i.e. 25ms transition and 0.05 units/ms).
	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
	Drift (us)

	
	
	
	
	20 ppm

	A
	1
	0.000
	2.56 sec
	51.2

	B
	4
	0.320
	20.48 sec
	410

	C
	4
	0.320
	327.68 sec
	6,554


Only ETU 1 channel was simulated.
3. Short DCI

A reduction in the size the DCI carried on MPDCCH has been proposed as a solution to reduce battery life. The assumption is the DCI could reduce MPDCCH decode times by ½.  The following legacy procedure is assumed:
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Based on LLS the following values are used in the analysis:
	MCL
	144
	154
	164

	Average PSS/SSS Det Time (ms)
	eDRX 2.56 sec
	5
	10
	155

	
	eDRX 20.48 sec
	10
	25
	475

	
	eDRX 327.68 sec
	10
	40
	880

	Wait for PO (ms)
	10
	250
	1620

	Legacy DCI
Channel Est & MPDCCH Decode Time
	3
	20
	266

	Short DCI 
Channel Est & MPDCCH Decode Time
	3
	12
	140


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

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

	2.56 sec (A)
	100%
	92%
	82%

	20.48 sec (B)
	100%
	88%
	76%

	327.68 sec (C)
	100%
	94%
	82%


The results show that there is very little improvement for UEs unless they are at 164 dB MCL. 
Observation: Short DCI only improves idle mode power consumption for UEs at 164 dB MCL.

Looking TR 45.820 UE coverage distribution there will be very few UEs that will be in such a bad coverage scenario so a solution to improve battery life over a wider range of coverage should be specified.

Proposal: A short DCI should not be specified as a solution to improve idle mode power consumption. 
4. WUS Only
This section includes the analysis of the solution where 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.  The following diagram shows the UE’s behaviour when a WUS is detected and when it is not (i.e. DTX). 
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Given the UE is not synchronized unless a WUS is detected, the timing error accumulates every time the WUS is NOT detected, and thus the WUS processing time increases every eDRX cycle when WUS is not Detected. Given the 10% paging rate, the average WUS processing time is calculated as:

Ave WUS Processing Time = WUS length + 5.5*timing drift per eDRX cycle
For example, if the WUS length is 4ms and XTAL is 20ppm, the following average WUS processing times are given in the following table:
	DRX
	Drift Per eDRX (ms)
	 Ave WUS Processing Time 

	2.56
	0.05
	4.28

	20.48
	0.41
	6.25

	327.68
	6.55
	40.04


The “Wait for PO” time was set to 300ms to allow the UE time to full wake-up so it can decode the MPDCCH.

The MPDCCH times are based on the legacy MPDCCH decode times shown in section 3.
Given that we agreed that the solution needs to be as reliable as current paging mechanisms, 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 (see appendix II for AWGN results), 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
	99%
	0.0%
	99%
	0.0%
	82%
	N/A

	
	20.48
	99%
	0.0%
	99%
	0.0%
	68%
	N/A

	
	327.68
	99%
	0.0%
	98.7%
	N/A
	53%
	N/A

	48
	2.56
	99%
	0.0%
	99%
	12.0%
	94%
	N/A

	
	20.48
	99%
	0.4%
	99%
	57.0%
	87%
	N/A

	
	327.68
	99%
	2%
	98.8%
	N/A
	78%
	N/A

	240
	2.56
	99%
	1.3%
	99%
	2.7%
	99%
	70.0%

	
	20.48
	99%
	9.9%
	99%
	11.2%
	98.7%
	N/A


As seen from the above table, even with a WUS of 240 PRBs, a 99% WUS Correct Detection is not possible at 164 dB MCL for 20.48 sec (B) or 327sec eDRX (C). The problem is the WUS Timing Error occasions increase beyond 1% before the Good WUS detection hits 99%. For example, below is a graph of Correlation Threshold vs 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 94%. The difference between the WUS Correct Detection (blue dashed) and the Total WUS Detection (black line), is the WUS Timing Errors. The WUS Timing Errors stop the WUS Correct Detection from reaching 100%. 

Even a 240 PRB length WUS can only support 164 dB MCL for the scenario A (2.56sec). For longer eDRX cycles, an even larger WUS would be needed. 
Note: 240 PRB was chosen because … assuming a 10% paging cycle, 240 PRB WUS Only solution uses the same amount of resources as a 24 PRB GTS/WUS solution.

UE Complexity

The computational requirements to process WUS are approximated proportional to the length of the WUS. In [3], it was calculated that a WUS size of 12 PRS requires approximately the same computational power as legacy PSS/SSS. A WUS size of 240 PRBs will require 20X time computation so this is  not practical. 
Observation: A WUS size of 240 PRBS is not practical from a UE complexity perspective. 

Given the above observation, a WUS size of 48 PRB is already stretching the UE complexity limits. For a WUS size of 48 PRBs, a WUS only solution cannot support any 164 dB MCL scenarios nor scenario C at 154 dB MCL so the following observation can be made:
Observation: A practical WUS solution (<= 48 PRBs) cannot support any scenario at 164 dB MCL nor Scenario C at 154 dB MCL. 

Using the above values, the following battery life improvement (Pcandidate/Preference) was calculated (NS= NOT SUPPORTED):
WUS Size= 24 PRB
	eDRX Cycle
(Scenario)
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	
	
	

	2.56 Sec (A)
	66%
	56%
	NS

	20.48Ssec (B)
	44%
	96%
	NS

	327.68 Sec (C) 
	89%
	NS
	NS


WUS Size= 48 PRB
	eDRX Cycle
(Scenario)
	144 dB 
MCL
	154 dB 
MCL
	164 dB 
MCL

	
	
	
	

	2.56 Sec (A)
	74%
	57%
	NS

	20.48Ssec (B)
	47%
	71%
	NS

	327.68 Sec (C) 
	91%
	NS
	NS


WUS Size= 240 PRB
	eDRX Cycle
(Scenario)
	144 dB MCL
	154 dB MCL
	164 dB MCL

	
	
	
	

	2.56 Sec (A)
	140%
	95%
	53%

	20.48Ssec (B)
	82%
	54%
	NS


NS -> not supported by WUS
From the above results, the following observations can be made:
Observations:  A small WUS works better at lower MCL and lower eDRX Cycles.
Observations:  A large WUS works better at higher MCLs but can degrade battery life at lower MCLs.
5. Gts/wUS 
This section includes the analysis of the solution where a GTS (go to sleep) is sent when no page is coming and a WUS (wake-up-signal) is sent when a paging is coming. Appendix I contains details of how the GTS/WUS is constructed. The WUS is constructed the same for both this solution and the WUS Only solution. The GTS is the complex conjugate of the WUS so that the UE would not need to re-correlate separately for the GTS (i.e. for the same size of signal, the UE complexity of a WUS Only solution is the same as a GTS/WUS solution).

Observation: For the same size of signal, a well-designed GTS/WUS solution has the same UE complexity as the WUS Only solution.
The following diagram shows the UE’s behaviour when a GTS is detected, a WUS is detected, or when UE is not sure – “Unknown” (i.e. when neither the GTS nor the WUS thresholds were exceeded). 
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For all three conditions, the UE will achieve a valid synchronization so unlike the WUS Only solution, the timing error does not accumulate over eDRX cycles so the average GTS/WUS processing time is simply calculated as:

Ave WUS Processing Time = WUS length + timing drift per eDRX cycle

For example, if the GTS/WUS length is 4ms and XTAL is 20ppm, the following average GTS/WUS processing time is given in the following table: 
	DRX
	Drift Per eDRX (ms)
	 Ave GTS/WUS Processing Time 

	2.56
	0.05
	4.05

	20.48
	0.41
	4.41

	327.68
	6.55
	10.55


For the “Unknown” case, the legacy PSS/SSS is used to synchronize so a longer “Wait for PO” time is needed so a “Wait for PO” time was set to 1500 ms to ensure the UE has synchronized before the MPDCCH is sent.

The PSS/SSS Detection times and MPDCCH times uses are based on the legacy PSS/SSS and MPDCCH decode times shown in section 3.

As with the WUS Only solution, the GTS/WUS solution also needs to be as reliable as current paging mechanisms (i.e. 99% reliable). However, the WUS Good Detection in this case doesn’t need to be 99% as the UE can fall back to the “unknown” state and still properly decode the MPDDCH.  However, there are two important error cases to consider to insure this 99% reliability: 
· GTS False Detection: WUS sent but GTS Detected 

· WUS Timing Error: WUS detected and WUS sent but detected at the wrong time (i.e. not with +-10% timing accuracy)

The sum of these two error cases must be <= 1%.  The choice of the correlation thresholds for both the GTS and WUS ensures that the above goal is met. 
Based on LLS, for the ETU 1 case (see appendix II for AWGN results), the following table shows the probability of each case occurring when GTS or WUS is sent:
GTS/WUS Size= 24 PRB
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GTS/WUS Size= 48 PRB
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Note: “??” is the “Unknown” state (‘Unknown” just didn’t fit in the table (). 
As seen from the above table, 164 dB MCL can be supported by the Gts/wUS solution as the GTS Detection probability when WUS is sent and WUS Timing Errors can be kept <=1%.  But as the MCL increases the probability of being in an “Unknown” situation increases (e.g. up to 52% for scenario C with Size=24 PRB).
Observation: A GTS/WUS solution can support all coverage levels (including 164 dB MCL) for all three scenarios. 
Using the above values, the following battery life improvement (Pcandidate/Preference) was calculated:

GTS/WUS Size= 24 PRB
	eDRX Cycle
(Scenario)
	144 dB 
MCL
	154 dB 
MCL
	164 dB 
MCL

	
	
	
	

	2.56 Sec (A)
	69%
	49%
	80%

	20.48Ssec (B)
	49%
	35%
	67%

	327.68 Sec (C) 
	81%
	61%
	64%


GTS/WUS Size= 48 PRB
	eDRX Cycle
(Scenario)
	144 dB 
MCL
	154 dB 
MCL
	164 dB 
MCL

	
	
	
	

	2.56 Sec (A)
	78%
	58%
	34%

	20.48Ssec (B)
	53%
	39%
	34%

	327.68 Sec (C) 
	83%
	64%
	40%


Observations:  A shorter GTS/WUS works better for lower MCL and longer GTS/WUS works better for higher MCL. 
As mentioned in [3], the added benefit of the GTS/WUS solution is that it also greatly improves initial SYNC after PSM wake-up.

Observations:  A GTS/WUS solution also greatly decreases synchronization time and thus saves power for the PSM use case.
GTS/WUS Periodicity and Resource Usage
The periodicity of the GTS/WUS will affect the resources used.  The following table calculates resource used as a % of a 5MHz system:

	Periodicity
(ms)
	GTS/WUS Size (PRBs)

	
	24
	48

	50
	1.9%
	3.8%

	100
	1.0%
	1.9%

	200
	0.5%
	1.0%

	400
	0.2%
	0.5%


The amount of acceptable overhead is subjective but for reference, the current PSS/SSS takes 0.8% of the resources. Although the resource usage goes down with a long period, the WUS paging rate will also go up which will reduce UE power savings. The system could semi-statically adjust the periodicity based on the paging rate for a good balance between resource cost and UE power saving benefit.  Note: it is not expected that all UEs will use the GTS/WUS so a WUS is only sent if a UE that is registered to use the WUS is being paged. This will lower the WUS paging rate.
Observation:  To optimize resource usage, the system could semi-statically adjusted the GTS/WUS periodicity based on the acceptable WUS paging rates.
6. Summary

Comparing battery life performance of the WUS ONLY 48 PRB solution to the GTS/WUS 24 PRB solution:

WUS ONLY Size= 48 PRB
	eDRX Cycle
(Scenario)
	144 dB 
MCL
	154 dB 
MCL
	164 dB 
MCL

	
	
	
	

	2.56 Sec (A)
	74%
	57%
	NS

	20.48Ssec (B)
	47%
	71%
	NS

	327.68 Sec (C) 
	91%
	NS
	NS


GTS/WUS Size= 24 PRB
	eDRX Cycle
(Scenario)
	144 dB 
MCL
	154 dB 
MCL
	164 dB 
MCL

	
	
	
	

	2.56 Sec (A)
	69%
	49%
	80%

	20.48Ssec (B)
	49%
	35%
	67%

	327.68 Sec (C) 
	81%
	61%
	64%


For the supported scenarios, the battery life performance of the GTS/WUS 24 PRB Solution is marginally better than the WUS ONLY 48 PRBs Solution.
Summary WUS ONLY 48 PRB vs Gts/wUS 24 PRB:
	Candidate
	Disadvantages

	WUS ONLY 48 PRB
	Doesn’t support 164 dB MCL

Does not improve PSM use case

Doesn’t support longer DRX well

Higher UE complexity

Marginal worse battery life performance

	Gts/wUS 24 PRB
	5X more system resources 
(but low at <1% increase)


The main issue with WUS ONLY solutions is that it doesn’t support all the scenarios or MCL, regardless of length (i.e. even 240 PRBs). The only disadvantage of the GTS/WUS solution is that it uses more resources. But even if the WUS ONLY size is 240 PRB, where the resource usage is the same, this sill doesn’t support all scenarios and impractical from a UE complexity perspective.  Given the resource usage of the Gts/wUS is fairly low (<1%) for periodicity of 100ms or more, this doesn’t seem like a major issue. Given the above, the following proposal is made:
Proposal: For idle mode power reduction (and PSM power reduction), specify a Gts/wUS solution.

7. Conclusions
Short DCI:

Observation: Short DCI only improves idle mode power consumption for UEs at 164 dB MCL.

Proposal: A short DCI should not be specified as a solution to improve idle mode power consumption. 

WUS ONLY:

Observation: A WUS size of 240 PRBs is not practical from a UE complexity perspective. 

Observation: A practical WUS solution (<=48 PRBs) cannot support any scenario at 164 dB MCL nor Scenario C at 154 dB MCL.
Observations:  A small WUS works better at lower MCL and lower eDRX Cycles.
Observations:  A large WUS works better at higher MCLs but can degrade battery life at lower MCLs.

GTS/WUS:

Observation: For the same size of signal, a well-designed GTS/WUS solution has the same UE complexity as the WUS Only solution.

Observation: A GTS/WUS solution can support all coverage levels (including 164 dB MCL) for all three scenarios.
Observations:  A shorter GTS/WUS works better for lower MCL and longer GTS/WUS works better for higher MCL. 

Observations:  A GTS/WUS solution also greatly decreases synchronization time and thus saves power for the PSM use case.

Observation:  To optimize resource usage, the system could semi-statically adjust the GTS/WUS periodicity based on the acceptable WUS paging rates.
Summary WUS ONLY 48 PRB versus GTS/WUS 24 PRB:
	Candidate
	Disadvantages

	WUS ONLY 48 PRB
	Doesn’t support 164 dB MCL

Does not improve PSM use case

Doesn’t support longer DRX well

Higher UE complexity

Marginal worse battery life performance

	Gts/wUS 24 PRB
	5X more system resources 

(but low at <1% increase)


Proposal: For idle mode power reduction (and PSM power reduction), specify a GTS/WUS solution.
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Appendix I: GTS/WUS Construction

The following figure is an example of a WUS or GTS 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 AWGN Results
WUS ONLY Solution:

Based on LLS, for the AWGN case, the following table shows the WUS Correct Detection and the WUS 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
	99%
	0.0%
	99%
	0.0%
	99%
	0.0%

	
	20.48
	99%
	0.0%
	99%
	0.0%
	99%
	0.0%

	
	327.68
	99%
	0.0%
	99%
	0.0%
	99%
	0.0%

	48
	2.56
	99%
	0.0%
	99%
	0.0%
	99%
	0.0%

	
	20.48
	99%
	0.0%
	99%
	0.0%
	99%
	0.0%

	
	327.68
	99%
	0.0%
	99%
	0.0%
	99%
	0.0%


Gts/wUS Solution:

Based on LLS, for the AWGN case, the following table shows the probability of each case when GTS or WUS is sent:

GTS/WUS Size= 24 PRB
[image: image8.png]144.dB MCL 154dB MCL 164.dB MCL
eDRX Cycle. WUs sent GTS sent WUs sent GTS sent WUs sent GTS sent
(scenario)
wus | ars | . fwus | et | o fwus | GTs | | wus|GTs |, |wus|eTs | . | wus|GTs |
Det | Det Det | Det Det | Det Det | Det Det | Det Det | Det
2.565ec(a) | 99% | 0.1% | 0.9% [ 0.1% | 99% | 0.9% | 99% [ 0.1% [ 0.9% | 0.1% | 99% | 0.9% | 99% | 0.1% | 0.9% | 0.1% | 99% | 0.9%
20.4855ec (8) | 99% | 0.1% | 0.9% | 0.1% | 99% | 0.9% | 99% | 0.1% | 0.9% | 0.1% | 99% | 0.9% | 99% | 0.1% | 0.9% | 0.1% | 99% | 0.9%
327.68 Sec (C) | 99% | 0.1% | 0.9% | 0.1% | 99% | 0.9% | 99% | 0.1% | 0.9% | 0.1% | 99% | 0.9% | 99% | 0.1% | 0.9% | 0.1% | 99% | 0.9%





GTS/WUS Size= 48 PRB
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