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[bookmark: _Ref421460494]During the last RAN1 meeting, the following agreements were made [1] and specified regarding the study of introduction of Wake-Up Signals (WUS) for the improvement of power efficiency and latency reduction in feNB-IoT.
· 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

In this contribution, we delve deeper into the physical layer design considerations for the Wake-up Signal (WUS) and its possibilities with or without prior DL synchronization to the camped-on cell and whether it is sent with DTX or without DTX. We then analyse the various options in terms of missed detection probabilities and the resource usage of the resulting signal design. We also compare the performance of WUS in terms of power efficiency, latency and reliability to Paging.  

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 NPSS and NSSS. As it is meant to convey 1-bit information, it will use fewer resources than the NPDCCH. Thus, decoding/detecting the 1-bit WUS using a threshold-based detection would require fewer resources than without prior DL synchronization. We expect a low probability of missed detection in this case as the UE has waveform synchronization and channel state information sufficient to demodulate synch patterns within the WUS, we only look at the case where the wake-up signal is sent when there is a paging message and it is not sent otherwise. We do not consider the no DTX option for this case. Thus, the resource usage is low. However, due to the cost of reading the synchronization signals, the power savings are lower, particularly for the normal coverage case.  
In this contribution, we do not go deeper into the signal design for this case and use the numbers presented during the previous meeting in [2] and [3] to examine the performance of this option. 

Case 2: 1-bit Wake-up Signal and DTX, assuming no prior DL synchronization to the camped-on cell
In this scenario, the assumption is that there is no DL synchronization when the UE wakes to listen for the WUS, the WUS preamble provides timing estimation. 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. Detection of the presence of a WUS within the wake-up receiver (WUR) epoch window is based on comparison of the preamble detector output against a threshold, as elaborated below. 
For the purpose of explanation, a generic WUR block diagram is given in Figure 1. Prior to entering the sleep state, the WUR establishes a timer block that generates a WUS search strobe to start the WUR epoch. When in the sleep state this strobe initiates the filling of the burst buffer across the epoch interval. This allows the WUR to execute a time-frequency search across a two dimensional window that spans the time of arrival (TOA) and carrier frequency offset (CFO) uncertainties. A non-coherent detection of the WUS preamble is performed at each TOA step - CFO step and that power sample is stored in the corresponding time-frequency detection grid location. 


[bookmark: _Ref490256147][bookmark: _Toc489348976][bookmark: _GoBack][bookmark: _Ref489345356]Figure 1: Generic block diagram of the wake-up receiver

A candidate WUS preamble, based on Zadoff-Chu (ZC) sequences is selected as the wake-up signal. The basic structure of the preamble is shown graphically in Figure 2. The preamble spans 12 subcarriers and 11 OFDM symbols wherein a length 11 ZC sequence defines the frequency domain symbol phases across 11 of the 12 subcarriers in a single OFDM symbol. The twelfth subcarrier has a zero-valued frequency domain symbol yielding a null at that subcarrier in the transmitted waveform. To fill out the preamble span across OFDM symbols each successive OFDM symbol is assigned the next successive root of the length 11 ZC sequence. There are nine roots for this sequence (root 2 through root 10) and the sequential ordering is shown. This ordering is restarted at the tenth OFDM symbol using root 2 and root 3 to fill out the 11 OFDM symbols. A final step in the construction of the preamble is to apply a cover code. For this an 11-bit Barker sequence is used by multiplying each frequency domain symbol in one OFDM symbol by the Barker sequence bit assigned to that OFDM symbol, as shown.

[bookmark: _Ref489382688]Figure 2: A graphical representation of the basic structure for the candidate WUS preamble.
The construction shown in Figure 2 defines the structure of the preamble matched filter. In section 3, we analyse the performance of the preamble structure defined here. 

Case 3: 1-bit Wake-up Signal and no DTX, assuming no prior DL synchronization to the camped-on cell
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). We may need to use a weighted estimation technique to smooth out errors.
This scenario assumes that a WUS preamble is always sent at the WUR epoch. Two preambles are used to signal either “Wake up” or “Go to sleep”. The two preambles used for this case are Preamble W for “Wake up” and Preamble S for “Go to sleep.” The preamble structure depicted in Figure 2 and an orthogonal structure to it will suffice for these two preambles as they are orthogonal. This means that the basic WUR shown in Figure 1 can be reused with slight modification as shown in Figure 3.



[bookmark: _Ref489519675][bookmark: _Ref490234654]Figure 3: Basic wake-up receiver with processing blocks for Case 3.

[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 7 in the Appendix. The physical layer assumptions regarding the use of WUS in this case are listed in Table 6 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.

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 feNB-IoT receiver to acquire DL synchronization as usual, but instead of reading the NPDCCH, it reads the WUS, which being simpler to read than the NPDCCH, allows it to decode the signal faster. If the WUS is present, then it checks the NPDCCH, otherwise it skips monitoring the NPDCCH.
As mentioned in previous section, we do not present a physical layer design for the wake-up signal in this case. Instead, we use the estimated results from [2] and [3] as shown in Table 1 below. 
[bookmark: _Ref490235738]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
	20



Assuming that a Paging message arrives at the PO being monitored for the WUS every x% of DRX cycles, where x = 1%, 10%, the reference use case described in [5] is analysed where the UE monitors the NPDCCH continuously. The results include the following possibilities:
1. No P-RNTI is present during the PO, 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, 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, WUS is present 

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 6 from the Appendix and the numbers for case 1 as specified in Table 1 above. 
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a: Case 1:  1% of DRX cycles with P-RNTI         b: Case 1: 10% of DRX cycles with P-RNTI
[bookmark: _Ref490236229]Figure 4: Illustration of power saving for case 1

Observation 1: As shown in Figure 4, for UEs in 144 dB 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 NPDCCH, the UEs also have to wake up to listen for the WUS.  
Observation 2: In case 1, significant power saving gains are mostly seen in the case of extreme coverage enhancement conditions, where the gains are about 45% for a UE in MCL 164 dB and less, about ~20% for UEs in MCL 154 dB. 
We expect that the gains will improve as the WUS uses multiple sync patterns to signal different groups of 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 NPDCCH.
For Paging, latency = Paging Cycle/2 + Time to read NPDCCH
For WUS, latency = Wake_up epoch/2 + Time to read WUS + Time offset to wake up the main Rx to read the NPDCCH (if using the WUR) + Time offset between WUS decode and Paging Time Window (variable) + Time to read the NPDCCH.
Assuming a wake-up epoch of 2.56 seconds and using the numbers from Table 7 in the Appendix, Table 2 shows the latency impact with and without using a specialized WUR for different MCL.
[bookmark: _Ref490236345]Table 2: Latency impact of WUS
	
	Delay [s]

	
	144 dB
	154 dB
	164 dB

	Paging
	1.281
	1.344
	2.304

	WUS
	1.282 + x
	1.346 + x
	2.324 + x

	% Added latency 
	< 1 %
	< 1%
	< 1 %



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 NPDCCH 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 NPDCCH to be equal to 0.01 + 0.0099≈ 0.02.
Mobility: There is no impact on mobility or 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 3: Case 1 shows energy savings for UEs in extended coverage mode and has low impact on latency and reliability as well as cell measurements.

[bookmark: _Ref489520904]Performance for Case 2
The environment for evaluating the WUS preamble detection in Case 2 comprises these assumptions and salient requirements:
· WUS spans 12 contiguous subcarriers with a subcarrier spacing of 15 kHz
· TOA uncertainty window is 1.6 OFDM symbols based on a ±20 ppm variation of the RTC driving the WUR epoch counter
· CFO uncertainty is ±1.3 subcarriers based on a ±20 ppm variation of the WUR local oscillator and a carrier frequency of 900 MHz
· ETU channel model has a Doppler spread of 1 Hz 

For the purpose of this analysis a “correct detection” of the WUS preamble is declared using a stringent criterion that the maximum power over all of the bins in the preamble time-frequency detection grid must be located at the on-time and on-frequency bin. The simulation results for the preamble structure presented in section 2.2 give the following results in Table 3 for a target missed detection probability < 1% and a false alarm probability < 2%.

[bookmark: _Ref490237157]Table 3: WUS parameters for Case 2: w/o DTX and no DL synchronization to the camped-on cell
	Signal
	Time duration [OFDM symbols/ms]

	
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	WUS 
	11/1
	110/10
	1100/100


	Notes:
1. WUS Numbers for 154 dB and 164 dB were not produced through simulations, but were calculated by using the results obtained for MCL 144 dB.
2. The simulation results also do not capture the extended RTC/CFO errors for the case when the WUS does not arrive every epoch, though our estimates suggest that there may not be a big 	performance degradation expected, but this remains to be verified.

For the energy efficiency analysis, the assumption in this case is that a separate WUR may be used as described in [2]. With similar assumptions on paging message arrivals, the case includes the following possibilities:
1. No P-RNTI is present during the PO, 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, 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, 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 NPDCCH (2% False Alarm probability).

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 7 from the Appendix and the numbers for case 1 as specified in Table 3 above.
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a: Case 2:  1% of DRX cycles with P-RNTI         b: Case 2: 10% of DRX cycles with P-RNTI
[bookmark: _Ref490237438]Figure 5: Illustration of power saving for case 2
Observation 1: In the case the WUS without prior DL synchronization, the energy savings for UEs in normal coverage increase from 0 to 72% when paging frequency is 1%, even accounting for a false alarm probability impact of 2%.  
Observation 2: For UEs in extended coverage, case 2 provides excellent energy savings from 80%-90%, depending on paging frequency and how often the UE must check the NPDCCH. These gains reduce as the number of paging messages not meant for a UE increases, as can be observed by comparing Figure 5a and Figure 5b. 
We expect that the gains will improve even more as the WUS uses multiple sync patterns to signal different groups of UEs, thus reducing the probability of the UE waking up to listen to a paging message not meant for itself.
Latency Analysis:
For latency analysis, 
Table 5 shows the latency of receiving a paging message using WUS and without a WUS. 
For Paging, latency = Paging Cycle/2 + Time to read NPDCCH
For WUS, latency = Wake_up epoch/2 + Time to read WUS + Time offset to wake up the main Rx to read the NPDCCH (if using separate WUR) + Time offset between WUS decode and Paging Time Window (variable) + Time to read the NPDCCH.
Assuming a wake-up epoch of 2.56 seconds and using the numbers from Table 6 in the Appendix, Table 4 shows the latency impact with and without using a specialized WUR for different MCL.
The latency impact of Case 2 appears to be much higher than that of Case 1 for two reasons, 1) The WUS duration for Case 1 is rather optimistic as it’s not been completely examined. 2) There is no accounting for a separate WUR in the Case 1 analysis and hence there may be some additional delay (due to hardware details) that may result in this case, but it would not exceed a few seconds, which should still be well within the range of fulfilling most application requirements.

Table 4: Latency impact of WUS vs. paging
	
	Delay [s]

	
	144 dB
	154 dB
	164 dB

	Paging
	1.281
	1.344
	2.304

	WUS
	1.782
	1.854
	2.904

	% Added latency w.r.t. Paging
	< 39 %
	< 27%
	< 26 %




In terms of reliability, if we assume a missed detection probability of 1% is achieved with the numbers cited above, then the overall reliability of receiving a page is the same as that shown in case 1. 
Observation 3: Comparing the performance of WUS with no prior DL synchronization vs. a WUS synchronized with DL shows the former outperforms significantly (70% better energy savings for UEs in normal coverage area and 40-60% better for UEs in extended coverage area). 

Proposal 1: 
· Consider a candidate physical signal design that does not need to acquire DL synchronization from camped-on cell for Idle state for the wake-up signal.

Observation 4: The proposed wake-up signal preamble structure for Case 2 meets target missed detection probability requirements in extended coverage areas.
[bookmark: _Ref490237627]
Proposal 2: 
· Consider the proposed wake-up signal preamble structure for case 2 as a candidate solution for the wake-up signal design.

Table 5: Latency impact of WUS vs. paging
	
	Delay [s]

	
	144 dB
	154 dB
	164 dB

	Paging
	1.281
	1.344
	2.304

	WUS
	1.782
	1.854
	2.904

	% Added latency w.r.t. Paging
	< 39 %
	< 27%
	< 26 %



Reliability:
As the signal designed in figure 3 has been analysed for a target Missed detection probability of 1%, the analysis for reliability remains the same as in Case 1. Basically Case 2 also shows reliability close to that achieved by monitoring NPDCCH alone.
RRM measurements: If it is desired that the UE also perform RRM measurements during Idle mode while waking up to listen to Paging, then in this case the UE may also have to wake up to perform RRM measurements, which would then require the UE to give up the energy saving gains acquired through not having to perform DL synchronization and measurement of those signals. 
There is no impact on mobility or 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 5: Case 1 has low impact on latency and reliability, but the energy saving gains may need to be studied further when taking cell measurements into account. 

Performance for Case 3
Performance analysis of Case 3 follows directly from that of Case 2 since the simulation results are all based on Monte-Carlo runs of Preamble W and Preamble S configured as in Figure 2. The only difference is that the Case 3 detection flag is tri-state instead of binary so that it can indicate the three conditions of “Preamble W detected”, “Preamble S 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 RRM measurements and thus continue to get the full benefit of the power savings without having to resort to acquire DL synchronization for RRM measurements alone. 

Proposal 3: 
· As UE energy savings are the primary goal of this WID, the option offered in Case 3, i.e. a WUS without DTX that can be acquired without prior DL synchronization, provides the most energy savings gain among the options explored with low latency impact and low impact on paging reliability and should be further investigated in detail for cell edge performance etc. 

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: 
· Consider a candidate physical signal design that does not need to acquire DL synchronization from camped-on cell for Idle state for the wake-up signal.

Proposal 2: 
· Consider the proposed wake-up signal preamble structure for case 2 as a candidate solution for the wake-up signal design.

Proposal 3: 
· As UE energy savings are the primary goal of this WID, the option offered in Case 3, i.e. a WUS without DTX that can be acquired without prior DL synchronization, provides the most energy savings gain among the options explored with low latency impact and low impact on paging reliability and should be further investigated in detail for cell edge performance etc. 
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Appendix A: Simulation Assumptions
[bookmark: _Ref490235620]Table 6. Simulation assumptions as agreed in Error! Reference source not found.
	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
	±[20] ppm (±18kHz)

	BS power
	46 dBm

	UE noise figure
	9 dB

	Max. RTC drift without DL synchronization
	±[20] ppm

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



[bookmark: _Ref490235600]Table 7: Power consumption assumptions for I-eDRX and WUR
	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
	500 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
	100, 140, 1000 ms
	Time spent acquiring DL synchronization reading PSS/SSS for efeMTC Rx for different MCL targets

	Trx_pdcch
	1,  64, 1024
	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
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