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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 #89, the following was agreed:

· A physical signal/channel indicating whether the UE needs to decode subsequent physical channel(s) is introduced, at least for idle mode paging. Candidates for the signal/channel are:
· Wake-up signal or DTX
· Go-to-sleep signal or DTX

· Wake-up signal with no DTX

· Downlink control information

· FFS whether synchronization to the camped-on cell is assumed for detecting/decoding WUS/GTS, depending on the (e)DRX cycle length

· Design details are FFS
· Connected mode DRX is FFS
This document analyzes the above signal/channel candidates and includes an analysis of the battery life performance for the Wake-up Sign with No DTX candidate. 
2. Signal/Channel Candidates

This section will analyze the following signal/channel candidates as agreed in RAN#89:
· Wake-up signal or DTX
· Go-to-sleep signal or DTX

· Wake-up signal with no DTX

· Downlink control information

Downlink Control Information Candidate
A reduction in the size the DCI carried on MPDCCH has been proposed but this will not make a large difference in the UE power consumption since system re-acquisition (e.g. symbol timing, frequency offset, and channel estimation) takes most of the time and power. For example, the maximum decoding time of the MPDCCH is 256 ms (assuming the maximum 256 repeats) but from [5] the decoding of the PSS used to re-acquisition will take 2.4 second at the 90th%’tile - a factor of ten higher.  Given this, the chosen candidate solution should not require system re-acquisition before decoding. And given the MPDCCH does require this, using the DCI is not a good candidate.
Observation:  System re-acquisition (e.g. symbol timing, frequency offset, and channel estimated), which is required before decoding of the MPDCCH, requires significate power which makes using the MPDCCH a poor candidate.
Signal Background
Given a solution which doesn’t require system re-acquisition is needed, it is assume the new paging indication will be a signal (e.g. Zadoff-chu) and not a channel (e.g. decodable bits).  Signals generally have two performance properties: missed detection rates and false positive rates. By adjusting thresholds, these two properties can be adjusted but in general the missed detection rate is much higher than the false positive rate. 
“Wake Signal or DTX” Candidate
It is important that the page indication solution be able to support similar success rates to that of MPDCCH (e.g. 99% success). For such a high success rate to be possible, the UE should fall-back to legacy mode (e.g. stay awake and decode MPDCCH) unless the UE is very confident that it can sleep and skip MPDCCH decoding.  For the “Wake Signal or DTX” candidate, the failure case is when the UE missed detects the Wake signal as a DTX which unfortunately can occur often (e.g. 10% of the time) which makes this option not desirable. 

Observation: The “Wake Signal or DTX” is not a desirable candidate as the miss detection rate will result in low paging success rates.
“Sleep Signal or DTX” Candidate
For the “Sleep Signal or DTX” option, the failure case is when a false positive occurs (e.g. UE declares a “Sleep signal” was sent when in fact nothing was sent (i.e. DTX)). The false positive rate of the “Sleep Signal” should be very low (e.g. <1%) so good paging performance is possible.  Given paging rates are typically in the order of 10%, it means the eNB will need so send a “Sleep Signal” 90% of the time which requires a higher level of overhead (e.g.  9X) what the “Wake Signal or DTX” candidate would use. The other issue with this option if there is a page and thus eNB DTX’s, the UE would need to used legacy method to re-acquire the system which would use more battery power.
Observation: The “Sleep Signal or DTX” will have good paging performance but will require a higher level of overhead and will have higher UE power consumption. 
“Wake-up signal with no DTX” Candidate
The “Wake-up Signal with no DTX” candidate can also be thought of as the “Wake-up or Sleep Signal” candidate as the eNB will either send a “wake signal” or a “sleep signal” (never DTX). Like the “Sleep Signal or DTX” candidate, this candidate can provide good paging performance. This option has the highest level of overhead (i.e. +10% over the “Sleep Signal or DTX” option) but this candidate has two other large advantages: 
1. Early Detection: To accommodate UEs in deep coverage the signals will need to be multiple subframes long. If eNB is DTX’ing, the UE will need to stay awake trying to decode the signal for a long time before giving up, which will consume more battery life. If a signal is always sent and the UE is not in the worst coverage scenario, the UE will likely decode the signal with confidence early, thus saving battery life. 
2. Improve System Acquisition: The signal can be designed similarly to the PSS but with two phases (Sleep and Wake). Given the UE can count on the signal always being there, the signal can also be used to improve system acquisition for PSM. See companion document [5] for more details on system acquisition reduction. Using this signal to improve both idle mode performance and PSM performance will reduce overhead compared to two separate signals.
Observation:  The “Wake-up signal with no DTX” candidate uses the most resource (~+10% over “Sleep or DTX” option), can provide good paging performance, has the best battery life performance, and also improves system acquisition for PSM. 

3.  “Wake-up Signal with no DTX” Performance
In this section, the improvement in battery life of the “Wake-up Signal with no DTX” candidate using the ePSS proposal found in [5] is discussed but more details can be found in [4].
For evaluation, the following assumptions are made:

	Constants
	 

	Rx Power (units)
	100

	Light Sleep (units)
	1

	Deep Sleep (units)
	0.015

	Wake from Deep Sleep (ms)
	25 ms

	Page %
	10%

	ePSS Size (PRBs)
	48

	ePSS Period (ms)
	100


The Rx Power (units), Light Sleep (units) and Deep Sleep (units) come from the agreed assumptions in [3].

The “To/From Deep Sleep Time (ms)” is set at 25ms which assumes the UE uses an XIP (execute in place) and static RAM architecture (not a UE architecture based on DDR RAM where code must be copied from flash to RAM).
Reference (Legacy)
For the baseline/reference case, the following steps are assumed:

1. Wake from Deep Sleep 

@ Rx Power Units

2. Symbol timing using PSS/SSS 
@ Rx Power Units 
3. Wait for PO 


@ Light Sleep 
4. Channel estimation & Decode PO 
@ Rx Power Units

5. Deep Sleep for eDRX duration 
@ Deep Sleep Units
As agreed in RAN 1 #88bis, a 5ppm XTAL is to be considered when the device is in sleep mode so the longest sleep time where symbol timing is maintained is 720ms (3.6us/5ppm) (from [2]) thus for all eDRX cycles, step #2: symbol acquisition needs to be performed.
The following values were used for steps 2, 3, and 4 in this evaluation:
	MCL
	144
	154
	164

	#2 Average Sync (PSS/SSS) Time (ms)
	10
	40
	880

	#3 Wait for PO Time (ms)
	10
	250
	1620

	#4 Channel Est. & MPDCCH Time (ms)
	3
	20
	266


“Wake-up Signal with no DTX” Case
For this evaluation of “Wake-up Signal with no DTX” battery performance, an ePSS Size=48 PRBs and period=100ms was used. This configuration was shown in [5] to strike a good balance between acquisition time and resource usage.

For the ePSS case, the following steps are assumed:

1. Wake from Deep Sleep  

@ Rx Power Units

2. Symbol timing using ePSS 

@ Rx Power Units

if (ePSS=Wake or ePSS NOT detection) then

3. Wait for PO 


@ Light Sleep 
4. Channel est.  & Decode PO 
@ Rx Power Units 
5. Deep Sleep for eDRX duration 
@ Deep Sleep Units

The following values were used for steps 2,3,4 (values in ms):

	MCL
	144
	154
	164

	#2 Average Sync (ePSS) Time 
    (less ePSS Search Window)
	1
	6
	16

	#3 Wait for PO
	100
	100
	400

	#4 Channel Est & MPDCCH Time
	3
	20
	266


Note: for the 164 dB MCL, four copies of the ePSS are need for acquisition
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Comparison of Legacy vs ePSS
The following table calculates the battery life improvement as (Plegacy-PePSS)/PePSS:
	eDRX Cycle
	MCL (dB)

	
	144
	154
	164

	2.56 sec
	44%
	157%
	442%

	5.12 sec
	43%
	155%
	441%

	10.24 sec
	42%
	151%
	440%

	20.48 sec
	39%
	145%
	436%

	40.96 sec
	35%
	133%
	430%

	81.92 sec
	29%
	114%
	418%

	2.73 min
	21%
	89%
	395%

	5.46 min
	13%
	61%
	356%

	10.92 min
	7%
	37%
	297%

	21.85 min
	2%
	20%
	223%

	43.69 min
	0%
	9%
	148%


As seen from the above table:

· The improvement when MCL = 144 dB is marginal because system acquisition is already fast 

· The biggest gain comes from when MCL≥ 154 dB and when eDRX cycles are short.
Observation: The amount of battery life improvement from ePSS depends on the MCL and eDRX cycle but at high MCLs, there is a significant improvement (up to 440%). 
Proposal: Select the “Wake signal with no DTX” candidate for the physical signal indicating whether the UE needs to decode subsequent physical channel(s).

4. Conclusions
Observations:
·  System re-acquisition (e.g. symbol timing, frequency offset, and channel estimated), which is required before decoding of the MPDCCH, requires significate power which makes using the MPDCCH a poor candidate.
· The “Wake Signal or DTX” is not a desirable candidate as the miss detection rate will result in low paging success rates.

· The “Sleep Signal or DTX” will have good paging performance but will require a higher level of overhead and will have higher UE power consumption. 

· The “Wake-up signal with no DTX” candidate uses the most resource (~+10% over “Sleep or DTX” option), can provide good paging performance, has the best battery life performance, and also improves system acquisition for PSM. 

· The amount of battery life improvement from ePSS depends on the MCL and eDRX cycle but at high MCLs, there is a significant improvement (up to 440%). 

Proposal: Select the “Wake signal with no DTX” candidate for the physical signal indicating whether the UE needs to decode subsequent physical channel(s).
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