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1 Introduction

During RAN1 #90bis meeting, the following working assumption was made, regarding the use of a wake-up signal in conjunction with a new periodic sync signal to be considered in the event that the UE woke up from sleep state in the same cell it was in prior to going to sleep and used the new sync signal for re-synchronizing itself with the cell so as to reduce synchronization time [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 RAN1 #92 meeting, the following working assumptions were further made regarding the introduction of a new periodic synchronization signal with the wake-up signal [2]:
Working assumption:
On eMTC WUS/sync:

· For eMTC, a new periodic synchronization signal is introduced.
· The new periodic sync signal is configurable (including OFF/ON configuration)

· FFS on the functionality/information provided by the synchronization signal, including 

· whether the additional synchronization signal can provide WUS-related information for a subset or a group of POs

· In case the additional synchronization signal provides WUS-related information, FFS whether there is an additional WUS/DTX signal, which may be separately configured.

· In case the additional synchronization signal does not provide WUS-related information, there is an additional WUS/DTX signal

· System information change notification

· FFS on location of the sync signal

· The new synchronization signal can be used also for non-WUS purposes (e.g. by UEs that need to synchronize after exiting PSM state)

· FFS whether the “new sync signal” can reuse the NB-IoT WUS sequence or a different sequence.

In this contribution, we evaluate the power-saving benefits of a Wake-up signal (WUS) or DTX, with and without a new periodic sync signal. While looking at various options for the new periodic sync signal, we also incorporate the impact of mobility and the resulting system overhead from different alternatives.
2 Wake-up signal options
Over the last few meetings, the following options have been proposed for wake-up signal.

1. WUS/DTX, UE is synchronized prior to decoding WUS using existing synchronization signals

2. WUS/DTX, UE decodes WUS without synchronization with existing synchronization signals 
3. WUS, no DTX, WUS carries 1-bit information (i.e. WUS/GTS), UE decodes WUS without using any existing synchronization signals

4. WUS/DTX, using new periodic sync signal.
In the previous meeting, a working assumption was made that a new periodic synchronization signal would be introduced in efeMTC [2]. Given this working assumption, we do not consider option 1 any further. For option 2, given that WUS/DTX already does have a new synchronization signal to rely on, it does not make sense to add another signal that also includes sync functionality but which is not periodic in nature.
Given the above observations, we focus the rest of this contribution on what is the best way to reduce the synchronization cost i.e. using:

· Option 1: WUS, no DTX, WUS carries 1-bit information (i.e. WUS/GTS), UE decodes WUS without using any existing synchronization signals;
· Option 2: WUS/DTX, using new periodic sync signal.
In either case, the assumption is that to reduce synchronization cost, a synchronization preamble is used. The question is whether it should be a part of the WUS or whether it should be a separate periodic synchronization signal (the new periodic sync signal i.e. RSS). In addition, another question is in either case, should the WUS then reuse the NB-IoT WUS sequence design.
In Figures 1 and 2, we show different possible use cases of the sync signal. In Figure 1, the sync preamble or the RSS could be part of the WUS where the sync preamble allows the UE to gain time/frequency synchronization such that the WUS can be decoded at even eDRX cycles.
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Figure 1:  Illustration of synchronization preamble (RSS) + WUS/GTS together for efeMTC
The RSS carries information as mentioned in our companion contribution [3] that includes the entire Physical Cell ID (PCell-ID) or a large portion of the PCell-ID. Given this information is present in the RSS, then the WUS need not carry the entire cell ID information anymore and can simply have the 1-bit information regarding WUS/GTS and if needed, the group ID related information encoded. This option would work well if we used a 1-shot correlation method for the RSS and the RSS was designed to be long enough to work for the 164 dB MCL case as well.
However, the problem with this option is that the overhead of sending the synchronization signal as part of the wake-up signal can be prohibitively high for the 164 dB MCL case as discussed further later in Section 2.2.
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Figure 2:  Illustration of process flow for WUS or DTX with new periodic sync signal (RSS in the figure)
In Figure 2, the WUS/DTX option with the new periodic sync signal is shown. Note that since we are looking to ensure that the WUS can be decoded relying on the synchronization using the RSS, the UE acquires time/frequency sync good enough that in case the signal requires the UE to wake-up, the UE does not need to perform synchronization using PSS/SSS in order to decode the MPDCCH, which also results in power savings. In Figure 2, the RSS is sent at a periodicity that is meant to serve other UEs in the system in addition to the UEs waking up to listen to the WUS, such as UEs performing RACH. The UE wakes up first to detect the RSS and acquire time/frequency synchronization. It then goes back to light sleep state until it’s time for it to listen to the WUS which is sent only if there is a paging message or else it is DTX. Due to the RSS being available for all UEs in the system, this option consumes fewer resources and the WUS being DTX also consumes fewer resources.

2.1 Proposed signal design

For option 1 (i.e., WUS no DTX or called WUS/GTS), if we look at the RSS combined with WUS/GTS function design, a 6-PRB option in eMTC is preferable to 1-PRB option as this enables the UE to save power by reducing the time spent in active receive state as discussed in our companion contribution [3]. This is a significant power saving compared to the 1-PRB option. The tradeoff here is in terms of UE complexity in processing a 6-PRB wide signal. Considering both objectives of reduced system acquisition time and the wake-up signal, we think it is preferable to use the 6-PRB wide option.
On the other hand, in the option that the RSS and WUS/DTX are two separate sequences, there has been suggestion to also re-use the existing NB-IoT WUS sequence design for the WUS design in eMTC. It is possible to do so, but the disadvantage of using the NB-IoT sequence is that it will have a higher power consumption for extended coverage option due to the longer time required to accumulate the signal vs. the 6-PRB option, and this disadvantage is most evident at high MCLs.
For further details on the specific design of the synchronization signal, please refer to our companion contribution on system acquisition time reduction [3].
For the wake-up signal design, we used a similar sequence construction as that proposed in [3], except that it is based on a length-255 m-sequence. This sizing for the WUS is mapped to 4 symbols and 72 subcarriers, which supports 1 bit to complete the cell ID address space if using an RSS construction spanning 252 cell IDs, and 6 bits of additional data that can be used to signal WUS/GTS and for group IDs. Alternatively, the 7-bit code space of the WUS could be used to encode the last 5 bits of the PCell ID in case the WUS is used as WUS/DTX and the remaining 2 bits for other information such as group ID in case sub-grouping is performed. Although we used the 4-symbol construction for the WUS, we can also construct a 3 symbol WUS construction as shown in Figure 1, though our evaluations are based on the 4-symbol WUS. 
A Monte-Carlo simulation was performed using the frequency domain descriptions for the RSS and WUS. Transformation to the time domain was made by way of a 72 point DFT and square root raised cosine transmit pulse shape with roll-off factor of 0.5. The ETU channel model was employed with a Doppler bandwidth of 1 Hz. Additive Gaussian noise was introduced at the receiver input at a level corresponding to an MCL of 154 dB. Table 1 captures the evaluation parameters for the simulations. 

As shown in Table 1, two DRX cycle values (scenario A and B) were evaluated at 2.56 and 20.48 seconds along with two RSS-to-WUS gaps that were evaluated at 0 and 100 milliseconds. The RSS was not power boosted, but the WUS was boosted by 3 dB. For the DTX condition of WUS, we inserted a random set of 16-QAM symbols in place of the WUS to model other DL transmissions, e.g. PDSCH transmissions at that time.
Table 1: Simulation Parameters 

	Parameter Name
	Units
	Subset Values

	DRX Cycle
	seconds
	2.56, 20.48

	RTC error
	ppm
	20

	Frequency error
	ppm
	5

	Target MCL coverage
	dB
	 154

	WUS Power Boosting
	dB
	 3

	RSS To WUS Gap
	msec
	0, 100


To determine the detection performance, the RSS detector performed a time-frequency search over the TOA and CFO error windows. Within that two dimensional search space a maximum RSS detector response was selected that yielded the offset estimates for the TOA and CFO along with the RSS detected power. These values were passed to the WUS detector for synchronization purposes and to provide for a detection threshold. The probability of missed detection was determined by the ratio of the number of WUS detector outputs that were below the threshold to the total number of WUS simulated. Similarly, the probability of false alarm was determined by the ratio of the number of WUS detector outputs that were above the threshold when the 16-QAM random data replaced the WUS to the total number of WUS simulated. 
For the numbers using 1-PRB WUS, we used the calculation that WUS length is Rmax/16 of the MPDCCH to come up with the WUS length for comparison. 
The results are summarized in Table 2 below. As can be observed, the measured probability of missed detection for all of the test cases met the 1% requirement as did the measured probability of false alarm at the 2% requirement.
Table 2: Results for WUS following the RSS
	Assumption
	Time duration [ms]

	
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	New Periodic Sync Signal (Scenario A and B) with WUS spanning 6 PRBs
	<<1
	1
	Not available

	Re-use 1 PRB NB-IoT WUS 
	<<1
	2
	16


Table 3:  Power Efficiency Results for new periodic sync signal (Pcandidate/Pref)

	DRX Cycle

Scenario A, 2.56 sec
	144 dB MCL
	154 dB MCL
	164 dB MCL
	DRX Cycle

Scenario B, 20.48 sec
	144 dB MCL
	154 dB MCL
	164 dB MCL

	RSS+WUS/DTX (6-PRBs) 
RSS periodicity = 100 ms
	95%
	47%
	Not done
	RSS+WUS 
Sync signal period = 100 ms
	83%
	32%
	Not done

	RSS+WUS/DTX(1-PRB WUS)
	95%
	48%
	-
	RSS+WUS(1-PRB WUS)

	83%
	33%
	-

	WUS preamble +WUS/GTS
	76%
	38%
	Not done
	WUS preamble +WUS/GTS
	67%
	25%
	Not done


The evaluations included the impact of the timing/frequency estimation error due to inaccuracies in detecting/decoding the new sync signal, which will also have an impact on the WUS detection performance. Note that here we assumed light sleep for the UE between DRX cycles, however if we assume deep sleep and a separate WUR then the savings for WUS preamble + WUS/GTS become much higher as shown in previous contributions [4], which can be up to 70% savings for UEs in 144 dB and 154 dB coverage. The reason for better power savings for the WUS preamble + WUS/GTS is because of the lower power being lost in the transition from sleep to active state that must be done when using the RSS as a means for synchronization. If the assumption is that the UE need not wake up to perform synchronization with RSS or it must do so once only every N DRX cycles, then the power savings for the RSS option would also go higher.
Observation 1: 
· Evaluation results show that when the WUS or DTX is used with new periodic sync signal as a synchronization signal, up to 17% power savings may be achieved for UEs in normal coverage, depending on the DRX cycle.

Observation 2: 
· Evaluation results show that WUS/GTS with a WUS preamble shows double the power savings at 144 dB than WUS + RSS for both scenarios A and B, i.e. 33% vs. 17%, but the savings are not significantly higher at 154 dB coverage level. 
Observation 3: 
· Using a 1-PRB WUS vs. 6-PRB WUS does not affect power savings performance at lower MCLs, but may have more impact at higher MCL levels.
Proposal 1:
· For the new power saving signal, use a periodic sync signal either in conjunction with the WUS or as a separate signal to achieve power savings for efeMTC UEs. 

Proposal 2: 

· Use the new periodic sync signal (if introduced) for cell measurements.

2.2 System overhead analysis

From TR 45.820, the traffic model for network command shows the total number of DL-initiated sessions generated per sector per day as expressed below:
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= 52547 * 2.24 = 117706 sessions/day = 117706/86400 = 1.36 sessions/second,
where 
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 is the number of MSs configured per sector (see Annex E.1 of TR 45.820).
Given that the average rate of paging message is 1.36 messages/second, the wake-up signal needs to be transmitted at an average rate of 1.36/seconds. Taking the duration of WUS from Table 2, Table 4 captures the absolute overhead of using a WUS or DTX option, with and without prior DL synchronization. It also captures the overhead of a WUS without DTX assuming a DRX cycle of 5.12 seconds and assuming that WUS is distributed over 7 different POs in that interval (5.12 seconds * 1.36 = 6.9 messages over 5.12 seconds).

Table 4:  Absolute resource overhead due to wake-up signal at different MCLs

	Type of wake-up signal
	Absolute wake-up signal overhead [%]

	
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	WUS with prior DL synchronization
	0.14
	0.28
	2.20

	WUS without prior DL synchronization
	0.14
	1.36
	13.6

	WUS no DTX without prior DL synchronization, 5.12 seconds
	0.19
	0.19
	18.59


Observation 4: 
· The absolute overhead of WUS even without DTX option is small for coverage levels up to 154 dB, but rises sharply for the 164 dB MCL use case. 

For the new sync signal, the system overhead is constant at a given period and depends on the periodicity of the new sync signal. It can also be made configurable, depending on the number of UEs configured with wake-up signalling capability in the system. For a 1.4 MHz system bandwidth, Table 5 captures the overhead of the new periodic sync signal.
Table 5: Absolute overhead of new periodic sync signal for 1.4 MHz bandwidth
	Periodicity
(ms)
	New Periodic Sync Signal (164 MCL)

	50
	7.91%

	100
	4.17%

	200
	2.1%

	500
	0.8%


Observation 5:
· The absolute overhead of the new periodic sync signal is dependent on the periodicity and is high at periods of 50 ms periods, but is low at periods of 200 ms and above. There is a trade-off between this periodicity of the sync signal and power savings, particularly for eDRX cycles, which must be compared to get a fair comparison.
2.3 WUS configuration

For the wake-up signal configuration, there was a discussion regarding whether the WUS should be configured to be sent at the start of the maximum configured duration or towards the end of its configured maximum duration. Given the uncertainty of the start location if the WUS is aligned with the end of the configured maximum duration, this would negate a large percentage of the power savings for the UE, particularly if the WUS is designed to be read without using prior synchronization, especially for shorter DRX cycles to gain power savings. Thus, we would like to confirm the working assumption regarding the alignment of the wake-up signal towards the start of the configured maximum duration.
Proposal 3: 

· Confirm the working assumption that the WUS transmission relative to associated PO of subgroup of UEs is aligned to the start of the configured maximum duration of WUS.
In the previous meeting, there has been a discussion regarding the non-zero gap from the end of the configured maximum duration of the WUS until the start of the associated PO. It was left as FFS whether the non-zero gap is explicitly or implicitly derived. Let us consider the explicit option. In this case, the UE is provided with the explicit information regarding the start location of the WUS, the maximum duration of the WUS as well as the non-zero gap. The associated PO to this WUS will then be the one immediately following the gap. If the gap is not explicitly defined, and if this gap is too small for the UE to for example switch between low-power receiver to the main receiver, then the UE will not be able to use this capability adequately. On the other hand, if the gap is configured as too large, then it may cause other issues such as additional power consumption as the UE spends time in light sleep state to read the PO or additional latency in finally obtaining the PO. Of the two problems, however, not being in time to be able to receive the PO is a more serious issue and thus, it might be better for the non-zero gap to be explicitly defined, rather than implicitly derived by the UE. Having the gap explicitly defined allows the UE to determine the amount of time it has and by extension, the power saving states it ought to be in to be able to receive the MPDCCH and adapt accordingly, if necessary. If the non-zero gap is implicitly derived, there is also a possibility that it may change from one cycle to another depending on the maximum duration of the WUS. 
Proposal 4: 

· The non-zero gap from the end of the configured maximum duration of the WUS until the start of its associated PO should be explicitly defined to be within a minimum value.
3 Conclusion

In summary, we share our view on the WUS sequence design and WUS configuration. Based on the discussion presented, we summarize our views using the following observations and proposals. 
Observation 1: 

· Evaluation results show that when the WUS or DTX is used with new periodic sync signal as a synchronization signal, up to 17% power savings may be achieved for UEs in normal coverage, depending on the DRX cycle.

Observation 2: 

· Evaluation results show that WUS/GTS with a WUS preamble shows double the power savings at 144 dB than WUS + RSS for both scenarios A and B, i.e. 33% vs. 17%, but the savings are not significantly higher at 154 dB coverage level. 

Observation 3: 

· Using a 1-PRB WUS vs. 6-PRB WUS does not affect power savings performance at lower MCLs, but may have more impact at higher MCL levels.

Observation 4: 

· The absolute overhead of WUS even without DTX option is small for coverage levels up to 154 dB, but rises sharply for the 164 dB MCL use case. 

Observation 5:

· The absolute overhead of the new periodic sync signal is dependent on the periodicity and is high at periods of 50 ms periods, but is low at periods of 200 ms and above. There is a trade-off between this periodicity of the sync signal and power savings, particularly for eDRX cycles, which must be compared to get a fair comparison.

Proposal 1:
· For the new power saving signal, use a periodic sync signal either in conjunction with the WUS or as a separate signal to achieve power savings for efeMTC UEs. 

Proposal 2: 

· Use the new periodic sync signal (if introduced) for cell measurements.

Proposal 3: 

· Confirm the working assumption that the WUS transmission relative to associated PO of subgroup of UEs is aligned to the start of the configured maximum duration of WUS.
Proposal 4: 

· The non-zero gap from the end of the configured maximum duration of the WUS until the start of its associated PO should be explicitly defined to be within a minimum value.
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Appendix A: Simulation Assumptions
Table 6: Power model

	Operating mode
	Power [units/ms]
	Total ramp up or

 ramp down time [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/[0.05]
	
	Deep sleep during PSM and eDRX,
depending on UE architecture.

	Transitions to or from

 light sleep
	50
	15(5/10)
	Boot, reload memory etc.

	Transitions to or from deep sleep
	50
	200 (20/180)/[25]
	Boot, reload memory etc.,
depending on UE architecture.


Table 7: Evaluation Scenarios

	Scenario
	A
	B
	C

	eDRX cycle [s]
	-
	20.48
	327.68

	DRX cycle [s]
	2.56
	1.28
	1.28

	#POs/PTW
	1
	4
	4

	Paging rate [%]
	10
	10
	10

	Time Drift(us) (+/- 5ppm for LS) (+/-20ppm for DS)
	25.6
	820
	13107.2


Table 8: Time Durations for Reference case and WUS

	Assumption
	Time duration [ms]

	
	MCL 144 dB
	MCL 154 dB
	MCL 164 dB

	Synchronization and cell measurement time
	10
	40
	620

	MPDCCH Decoding and Channel Est.
	3
	20
	260

	WUS or DTX duration w/ existing sync 
	11
	21
	161

	WUS or DTX duration w/o existing sync
	1/1/NS
	1/1/NS2
	100/100/NS 2

	Time duration between WUS Reception & MPDCCH Decoding
	200
	200
	200


Notes for the table:

1. The numbers for WUS w/ existing sync are based on Rmax/16 assumption

2. The numbers for WUS w/o existing sync are based on assumption of no DTX. If the WUS is DTX, then due to the higher uncertainty windows at longer DRX cycles, the results are likely to be much worse.
3. For Scenarios C, the timing drift was judged too large to achieve target mis-detection and false alarm rates, based on preliminary results.

Table 9. Simulation assumptions 
	Parameter
	Value

	System bandwidth
	10 MHz

	Frame type
	FDD

	Band
	Band 8 (900 MHz)

	Carrier frequency
	900 MHz

	Antenna configuration
	1Tx, 1Rx

	Channel model
	ETU-1Hz

	Max freq. error
	±[5] ppm (4.5kHz)

	BS power
	46 dBm

	UE noise figure
	9 dB

	Max RTC error
	±20ppm

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