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[bookmark: _Ref421460494]In RAN1 #90 meeting, the following working assumptions have been made on the objective of DL channel power efficiency for efeMTC [1]:
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

In this contribution, we provide the physical design details of a wake-up signal with DTX and without DTX, the performance analysis on its missed detection probability, and its impact on power efficiency, latency and reliability as compared to the impact of Paging. The contents of this contribution are based on revisions to previous contribution [2].

Wake-up Signal Design Options
Case 1: 1-bit Wake-up Signal, assuming DL synchronization to the camped-on cell
In this case, the UE acquires DL synchronization using existing synchronization mechanisms which involve detection of PSS and SSS. Thus, decoding/detecting the 1-bit WUS signal would require fewer resources than without prior DL synchronization. However, due to the cost of reading the synchronization signals, the power savings will be low, especially for UEs in normal coverage which do not gain the benefit from fewer repetitions needed for detection of WUS compared to detection of MPDCCH. 
In this contribution, we do not propose a preamble design for this case and use estimates from previous meeting [2] to generate comparison with the wake-up signal preamble design and results. We assume in this case that no separate wake-up receiver (WUR) is being used. The assumptions regarding the use of WUS are listed in Table 5 in the Appendix.

Case 2: 1-bit Wake-up Signal and DTX, assuming no prior DL synchronization to the camped-on cell
In Case 2, we may either use a separate Rx, called WUR, to detect the 1-bit wake-up signal without any prior DL synchronization or use the main receiver to obtain the wake-up signal. One of the main considerations here is that the time spent in downlink synchronization to read the MPDCCH is saved as the WUS can be detected without prior DL synchronization while still satisfying the missed detection probability of 1%.
Since this scenario assumes there is no DL synchronization when the UE wakes to listen for the WUS, then the WUS is designed so that it can also provide timing and frequency synchronization. The WUS function is to signal to the UE that it must wake up to complete its response to a paging request. No wake-up signal is sent during the WUS resource when there is no DL data for all the UEs associated to this WUS epoch. Detection of the presence of a WUS preamble within the WUR epoch window is based on comparison of the preamble detector output against a threshold. 
Given that we have 6 PRBs to use for efeMTC, there may be multiple options on wake-up signal preamble design, we outline 2 design options for wake up signal preambles here:
1. A single length-63 ZC sequence sent over the 6 PRBs of efeMTC repeated over last 11 OFDM symbols of a subframe when considering an efeMTC deployment within an LTE bandwidth. We assume that six sets of root indices 9, 40, 44, 24, 21 and 59 could be used, which can correspond to six different cells or multiple sub-groups of UEs in a cell. If the sequence is detected at a level above the threshold, it is declared present, otherwise it is absent. A cover code based on Barker sequence is applied at the symbol level. 
2. Three length 24 ZC sequences, each coherently combined over 24 subcarriers and then those three detector output are non-coherently combined. In this case, also multiple sequences may be created using different root indices to ensure orthogonality with each other. Each sequence can be specified for a specific sub-group of UEs with WUS capabilities or to specify cell-specific UEs.

Case 3: 1-bit Wake-up Signal and no DTX, assuming no prior DL synchronization to the camped-on cell
In this case, either a Wake-up signal or a Go-to-sleep signal is always sent during the WUS epoch. This is useful for synchronization and estimation purposes. We could potentially use the wake-up signal detection to remain synchronized to the channel and use it as an estimation mechanism, but then need to account for the case if the estimation is incorrect (i.e. a Wake-up-signal is sent, but a Go-to-sleep signal is detected instead and used for further estimation). 
In this case, in terms of preamble structure design, we use the same options as defined above for Case 2:
1. A single length-63 ZC sequence sent over the 6 PRBs of efeMTC repeated over last 11 OFDM symbols of a subframe when considering an efeMTC deployment within an LTE bandwidth. We assume that three sets of root indices {9, 40}, {44, 24} and {21, 59} can be used, which can correspond to three different cells or three sub-groups of UEs in a cell, respectively, with the former root index for “wake-up” and the later root index for “go-to-sleep”. A cover code based on Barker sequence is applied at the symbol level. 
2. Three length 24 ZC sequences, each coherently combined over 24 subcarriers and then those three detector output are non-coherently combined. In this case, also multiple sequences may be created using different root indices to ensure orthogonality with each other. Each sequence can be specified for a specific sub-group of UEs with WUS capabilities or to specify cell-specific UEs.

[bookmark: _Ref489382089]Performance Analysis
For the performance analysis of all the use cases described in Section 2, we use the power model described from previous meeting in [2] to generate comparison with the wake-up signal preamble and results. We have included the power model in 
Table 5 in the Appendix. The details for the physical layer assumptions regarding the use of WUS in this case are listed in Table 4 in the Appendix. We analyse each case for the missed detection and false alarm performance and then use the results to further examine the energy efficiency and latency performance.
Note: The evaluations for Scenario C were not done as it was judged too difficult to meet the fine timing/estimation with the large time drift error. The energy efficiency analysis shows evaluations for Scenario B i.e. 20.48s eDRX cycle, but the results are estimates based on 2.56s numbers and need to be verified.

Performance for Case 1 
In Case 1, given the reliance on legacy mechanisms to synchronize with the control channel, we assume that the UE does not have a separate specialized WUR, and that it uses its existing efeMTC receiver to acquire DL synchronization as usual, but instead of reading the MPDCCH, it reads the WUS, which being simpler to read than the MPDCCH, allows it to decode the signal faster. If the WUS is present, then it checks the MPDCCH, otherwise it skips monitoring the MPDCCH.
As mentioned in previous section, we do not present a physical layer design for the wake-up signal in this case, we use the estimated results from [3][4] as shown in Table 1 below.

[bookmark: _Ref490250236][bookmark: _Ref494487490]Table 1: WUS performance for Case 1: with DL synchronization to the camped-on cell
	Assumption
	Time duration [ms]

	
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	WUS duration
	1
	2
	16



Assuming that a Paging message arrives at the PO being monitored for the WUS every x% of DRX cycles, where x = 0.1%, 1%, 10%, the reference use case is analyzed where the UE monitors the MPDCCH continuously. The results include the following possibilities:
1. No P-RNTI is present during the PO, and no WUS is absent during the WUS allocation.
2. P-RNTI is present 1% or 10% of the time, the Paging message does not contain the NAS identity of the UE, and WUS is present.
3. P-RNTI is present 1% or 10% of the time, the Paging message does contain the NAS identity of the UE, and WUS is present.
4. No P-RNTI is present during the PO, but WUS is falsely detected.

There is no explicit distinction between the possibilities outlined in 2 and 3 in the analysis. However, if multiple sync patterns were used to signal sub-groups of WUS, then this could have an impact on lowering the energy consumption due to WUS. The energy consumption is calculated as specified in [5] using Table 5 from the Appendix and the numbers for Case 1 as specified in Table 1 above. 
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a: Case1: 0.1% Paging Prob. b: Case 1:  1% Paging Prob.         c: Case 1: 10% Paging Prob. 
[bookmark: _Ref490236229]Figure 1: Illustration of power saving for case 1

Observation 1: As shown in Figure 1a, for UEs in 144dB MCL, due to the overhead of acquiring DL synchronization, the energy savings are worse than paging as there is no gain during synchronization and in addition to monitoring the MPDCCH, the UEs also have to wake up to listen for the WUS. Without a separate WUR or without assuming that decoding the WUS uses lower power than that for the MPDCCH, we then find that for normal coverage UEs, the energy consumption actually increases due to the additional cost of detecting the Wake-up signal when a Paging message is received.
Observation 2: In Case 1, significant power saving gains are mostly seen in the case of extreme coverage enhancement conditions as shown in Figure 1b, where the gains are about 30% for a UE in MCL 164 dB and less, about ~20% for UEs in MCL 154 dB. 
As can be seen from above, as the paging frequency increases, the gains go down. We expect that the gains will improve as the WUS associated to less UEs by sub-grouping UEs, thus reducing the probability of the UE waking up to listen to a paging message not meant for itself. However, the major conclusion from this case is that UEs in normal coverage areas will see little or no power savings using this option.

Latency Analysis: For latency analysis, we define latency to be the delay between the arrival of DL data and the UE decoding the MPDCCH.
For Paging, latency = Paging Cycle/2 + Time to read MPDCCH
For WUS latency, the eNB may not know the UE’s coverage level, so the maximum number of repetitions of the WUS must be used before the eNB can send the PO. This may thus add a delay of 64ms + an additional DRX cycle delay where the PO will be sent.
In general, this delay will not be very different for different types of WUS and thus this option doesn’t necessarily have a big latency advantage over others.
Observation 3: No significant latency advantage is gained by using WUS w/ DL synchronization option

Reliability: In terms of reliability, if we assume a missed detection probability of 1% is achieved with the numbers cited above, then if the target MPDCCH BLER is 0.01, a probability of missed detection of 0.01 implies that the probability of missed detection after correctly detecting the wake-up signal is (1-0.01)*0.01=0.0099 which is added to the probability of missed detection of the wake-up signal with thus a probability of lost MPDCCH to be equal to 0.01 + 0.0099≈ 0.02.

RRM Measurements: There is no impact on cell measurements in Case 1 as WUS is not used for synchronization and thus, all the energy spent for cell measurements during Idle for mobile UEs needs to be expended here and will not be saved using WUS. 

Observation 4: In summary for Case 1 using a WUS with existing DL synchronization shows 30-35% energy savings for UEs in extended coverage mode and almost no impact on UEs in normal coverage and has low impact on latency and reliability as well as cell measurements.

[bookmark: _Ref489520904]Performance for Case 2
As mentioned in Section 2, two different sequence structures were considered, 1) a single long ZC sequence of length-63 over 11 OFDM symbols and another shorter ZC sequence of length 23 repeated across 3 different chunks and non-coherently combined from three different detector output. 
The required SNR and MCL for WUS detection (with large residual timing estimation error) are given by Table 2 for the long sequence. As can be observed, 11 OFDM symbols are needed to achieve MCL of ~144 dB. Note that the gain is not proportionally scaled with larger number of symbols, due to the fact that a different false alarm threshold is set for different number of WUS symbols. 
[image: C:\Users\yeqiaoya\Downloads\altmany-export_fig-e1b8666\ETU-Terror80-fo4.5-withSearchWindow-diff-fa-NSF1.jpg]
[bookmark: _Ref489967178]Figure 2. The WUS detection performance, where solid curves correspond to the sequence detection results, and the dashed curves correspond to the results with timing estimation error within a certain duration (~5us in this example) in addition to sequence detection. Different false alarm thresholds are used for different number of symbols. 

[bookmark: _Ref480730889][bookmark: _Ref494488195]Table 2. The required SNR and MCL for WUS detection 
	Misdetection=1%, 
False alarm = 2%
	WUS with length-63 ZC sequence, ETU-1Hz

	Number of symbols
	1
	4
	11

	SNR (dB)
	4.4
	0
	-2.5

	MCL (dB)
	137.06
	141.46
	143.96



Table 3: Example of link budget calculation
	Physical channel name
	WUS

	Transmitter
	 

	(0) Max Tx power(dBm)
	46

	(1) Actual Tx power (dBm)
	36.79

	Receiver
	 

	(2) Thermal noise density (dBm/Hz)
	-174

	(3) Receiver noise figure (dB)
	9

	(5) Occupied ch bandwidth (Hz)
	1080000

	(6) Effective noise power
= (2) + (3) + 10 log((5))  (dBm)
	-104.67

	(7) Required SINR (dB)
	-2.50

	(8) Receiver sensitivity
= (6) + (7) (dBm)
	-107.17

	(9) Baseline MCL
= (1) - (8) (dB)
	143.96



Energy Efficiency:
For the energy efficiency analysis, the assumption in this case is that a separate WUR may be used. With similar assumptions on paging message arrivals, the case includes the following possibilities:
1. No P-RNTI is present during the PO, and no WUS is absent during the WUS allocation.
2. P-RNTI is present 1% or 10% of the time, the Paging message does not contain the NAS identity of the UE, and WUS is present.
3. P-RNTI is present 1% or 10% of the time, the Paging message does contain the NAS identity of the UE, and WUS is present. 
4. No P-RNTI is sent during PO, no WUS is sent, however there is a false alarm event and the UE reads the MPDCCH (2% False Alarm probability).

The following Figures 3a, 3b, show the power consumption benefits of WUS vs. Paging using the long sequences.
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a: Case 2- Long Sequence: 1% Pg. Freq.         b: Case 2-Long Sequence: 10% Pg. Freq.
Figure 3: Energy efficiency analysis using Case 2 with the Long Sequence option.

Observation 1: In Case 2, using the Long Sequence design, when only 1% of DRX cycles actually have a paging message, the 1-bit WUS with no DL synchronization provides significantly better energy savings i.e. 85% - 10x to UEs in all coverage conditions than Case 1 where the WUS must acquire DL synchronization. The numbers are higher in this evaluation due to the decrease in the assumption of time from deep sleep to Active from 500ms to 200ms in [5].
Observation 2: As the frequency of a UE receiving a paging message not meant for itself increases, there is an increase in power consumption penalty paid when using a 1-bit WUS as it must wake up many times to check the MPDCCH even if the paging frequency for itself for its own traffic is a couple of hours.
To improve the energy savings gain as the frequency of paging increases, the WUS may be targeted towards a smaller group than the one monitoring a given PO within a Paging Time window, which can be accomplished using multiple sequences.

Proposal 1
· Support wake-up signal for efeMTC.
· Consider a wake-up signal design which does not require DL synchronization. 
· A wake-up signal that does not require prior DL synchronization shows significant power saving (60-10x power savings as compared to a wake-up signal that uses prior DL synchronization).
· The wake-up signal structure could be either a long sequence or broken down into N chunks across the 6 PRBs and non-coherently combined to take advantage of the narrower channel frequency correlation characteristics.

Performance for Case 3
Performance analysis of Case 3 follows directly from that of Case 2 since the sequence structures are similar. The only difference is that instead of detecting the absence of the desired wake-up signal using the threshold, there is a match against the set of candidate signals and if neither of them get a high enough correlation. In other words, the Case 3 detection flag is tri-state instead of binary, so that it can indicate the three conditions of “Preamble WUS detected,” “Preamble GTS detected” or “below threshold”. This means that the average detection error probability in Case 2 is now interpreted as an erroneous detection state probability in Case 3. With this new definition, all of the performance values presented in Section 3.2 in Table 2 are the same for this case.
Given the same number of resources for Case 3 as in Case 2, the analysis for energy savings gain and latency and paging reliability remain the same as in Case 2. 
The difference in Case 2 and Case 3 is in the amount of resource usage as the WUS resource is always utilized and cannot be re-used for other purposes and its impact on RRM measurements. As there is always a signal present at a fixed location, the UE can use the WUS with no DTX for measurements in order to detect whether the UE is still within the same cell or not (UEs in adjacent cells are unlikely to have WUS overlapping in time and frequency given the large wake-up epoch intervals) and thus continue to get the full benefit of the power savings without having to resort to acquire DL synchronization for cell measurements alone. 
Observation 1: The option offered in Case 3, i.e. a WUS with no DTX that can be acquired without prior DL synchronization, provides the most energy savings gain among the options explored, and  has low latency impact and low impact on paging reliability. 

Proposal 2: 
· Consider the WUS with no DTX and no prior DL synchronization as the design for WUS in efeMTC.

Conclusions
In summary, we conclude that WUS can provide significant power savings at very low latency, especially for IoT applications where DL reachability is desirable and where the DL traffic is somewhat infrequent. We summarized our views in the following proposals:
Proposal 1
· Support wake-up signal for efeMTC.
· Consider a wake-up signal design which does not require DL synchronization. 
· A wake-up signal that does not require prior DL synchronization shows significant power saving (60-10x power savings as compared to a wake-up signal that uses prior DL synchronization), particularly for UEs in normal coverage, which experience no power savings with the no DL synchronization option.
· The wake-up signal structure could be either a long sequence or broken down into N chunks across the 6 PRBs and non-coherently combined to take advantage of the narrower channel frequency correlation characteristics.

Proposal 2: 
· Consider the WUS with no DTX and no prior DL synchronization as the design for WUS in efeMTC.
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Appendix A: Simulation Assumptions

[bookmark: _Ref490250093]Table 4. Simulation assumptions as agreed in [5]
	Parameter
	Value

	System bandwidth
	10 MHz

	Frame type
	FDD

	Band
	Band 8 (900 MHz)

	Carrier frequency
	2.0 GHz

	Antenna configuration
	1Tx, 1Rx

	Channel model
	ETU-1Hz

	Max freq. error
	±[5] ppm (4.5kHz)

	BS power
	46 dBm

	UE noise figure
	9 dB

	CFI
	3

	Number of repetitions
	1, 4, 11

	Performance metric
	Misdetection probability of 1%, and false alarm probability of 2%



[bookmark: _Ref490249307]
[bookmark: _Ref494483067]Table 5: Power consumption assumptions for I-eDRX and WUR
Note: * The Rmax values are estimates and not fully analysed for all channel impairments

	Operating mode
	Power [units/ms]
	Notes

	Receive
	100
	RF and baseband circuitry

	Light sleep
	1
	Corresponds to maintaining accurate timing by keeping RF frequency reference active.

	Idle, deep sleep
	0.015
	Deep sleep during PSM and eDRX

	WUR Receive
	90
	WUR RF and baseband circuitry

	Trx_wakeup_ds
	200 ms
	Boot, reload memory for efeMTC Rx BB , wake up time from Deep Sleep state

	Trx_wakeup_ls
	10 ms
	Time to wake up efeMTC Rx from light sleep

	Trx_sync
	40, 80, 620 ms
	Time spent acquiring DL synchronization reading PSS/SSS for efeMTC Rx for different MCL targets

	Trx_pdcch
	1,  16, 256
	Number of repetitions  for reading MPDCCH for PO depending on different MCL targets

	Twakeup_wur
	10 ms
	Time to wake up WUR BB and associated RF

	Twur_1bit *
	1, 2, 16
	Number of repetitions  for WUS, when using a 1-bit WUS with DL synchronization
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