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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#89 we agreed the following:
· 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
· The impact of the physical signal/channel, on Idle mode physical layer paging performance (missed paging detection and paging reception latency) should be studied and reported with the physical signal/channel design.
· The current paging mechanism is used as the baseline for evaluation.

This contribution discusses these candidates in terms of eNB resource consumption, paging reliability and battery power.  We also introduce a possible Wake-up-signal sequence.

2. Methods Evaluation
We discuss and evaluate the four candidates identified in RAN1#89, namely:
· Wake-up signal or DTX
· Go-to-sleep signal or DTX
· Wake-up signal with no DTX
· Downlink control information.

We first calculate the total energy consumption for the reference scenario, i.e., a UE monitors the MPDCCH transmission, but does not receive a PDSCH, for idle mode when UE in DRX and eDRX. We then use this value as a baseline for the above candidates.
2.1 Reference Scenario 
The power consumption of the reference scenario in idle mode and for one eDRX cycle is 

 	(1)

As shown in Figure 1 the total energy consumption  is the sum of the energy consumption during the paging transmission window (PTW), and energy consumption of a UE in deep sleep,

.	(2)


[bookmark: _Ref490214743]Figure 1: Idle mode MPDCCH monitoring. In this figure S, M, and D represents sync signal, MPDCCH, and PDSCH, respectively
Where
(3)
In this equation,  denotes the highest number of repetitions to reflect the maximum extended coverage used in a cell,  the number of paging occasions in PTW, and  the percentage that paging belongs to another UE(s). The time spent in a certain operational state and the corresponding power consumption are denoted by  and , respectively. More detailed parameters description can be found in the Appendix. Replacing equations (3) and (2) back in equation (1) we calculate the total power consumption of the reference scenario. 
2.2 Wake Up Signal or DTX (WUS)
In WUS, if a UE detects a configured wake-up signal (WUS) at a predetermined time prior to its paging occasion, it will wake up from DRX and attempt to decode the MPDCCH and, if scheduled, the corresponding PDSCH carrying the paging message [1]. An absence of a WUS (i.e. DTX) means that the UE does not need to wake up from its DRX. Hence, the WUS is only transmitted when there is a potential paging, which in idle mode would be typically rare for MTC.
Observation 1: WUS is only transmitted when there is a potential paging which is expected to be rare for MTC.

On paging reliability, if a WUS is transmitted but the UE misses detecting it then it would lead to a missed page from the network, i.e. WUS is sensitive to miss detection.  In Figure 4 it is shown that a 1% miss detection can be achieved with repetition of 10 OFDM symbols at 144dB MCL.  The results also show that the reliability can be managed via repetitions.  If further reliability is required, the UE can be configured to attempt to decode a MPDCCH if it did not detect a WUS after N consecutive WUS monitoring periods, hence the eNB can at least be sure that it can reach the UE within N WUS (or paging) occasions.
Observation 2: The reliability of WUS can be managed using repetitions of the WUS.
Observation 3: The paging reliability in WUS can be increased by configuring the UE to monitor MPDCCH if the UE fails to detect any WUS for N consecutive WUS occasions.
[bookmark: _GoBack]
For evaluation of power saving, taking into account the energy saving mechanism introduced above, the total energy consumption during one eDRX cycle becomes

	(4)
where 
	(5)

(6)
Again replacing equations (6) and (5) back in (4) we calculate the total power consumption of the wake-up signal technique. 
The percentage of power saving is calculated as 
Power saving . (7)
As shown in Section 4, the amount of energy saving varies depending on the wake-up receiver and wake-up signal design, coverage level, and synchronization procedure. When evaluating the candidate technique, we assume all the candidate techniques use the same wake-up design. 
Observation 4: Power saving using WUS is in the range of 20% at 144 dB MCL and 75% at 164 dB MCL compared to reference. 

2.3 Go To Sleep signal or DTX (GTS)
In using GTS [2], if a UE detects a configured GTS at a predetermined time period prior to its paging occasion, it will skip reading the corresponding MPDCCH and go back to sleep. Otherwise, in an absence of a GTS, the UE will attempt to decode the corresponding MPDCCH and, if scheduled, read the PDSCH for the paging message. Hence missing a GTS would not result in missing a paging message. It is argued [2] that unlike WUS, the network can avoid scheduling a GTS if there is not sufficient resource when there is a paging, at the expense of the UE waking up to read the MPDCCH unnecessarily. However, it is expected [5] that paging in idle mode does not occur very often and hence GTS will result in the eNB transmitting GTS very often in order to save UE power. In contrast WUS is only transmitted whenever a rare paging message occurs.
Observation 5: Paging in idle mode is not expected to be frequent and therefore GTS will consume more eNB resources compared to using WUS, since more number of UEs need to be sent to sleep.

On paging reliability, if GTS is not transmitted, but the UE falsely detects a GTS, then the UE may miss a paging message, i.e. network resources in GTS are sensitive to false alarm (as compared to WUS being sensitive to miss detection).   Similar to WUS, this reliability can be managed.
Observation 6: The reliability of GTS can be managed via repetitions.

On power saving, T GTS is similar to the WUS technique, the UE needs to monitor the channel for go-to-sleep signals at a predetermined time period prior to its paging occasion. This means that GTS follows similar signaling as depicted in Fig. 2 and therefore have the same power consumption calculation as (4). However, unlike WUS, it is the GTS miss detection that lead to extra energy cost at the UE . This will change (5), (6) to 
, (8)
and
(9)

The cost of miss detection is much lower than the other energy costs and therefore negligible. Assuming that the cost of WUS false-alarm is negligible, from UE perspective, this technique hqs the same range of power saving as the WUS. 
Observation 7: The power saving in GTS is expected to be similar to that in WUS.

2.4 Wake Up Signal with no DTX (GUS)
In wake-up signal with no DTX technique, i.e. Go To Sleep & Wake Up Signal (GUS), a configured wake-up signal [3] is always transmitted at predefined periods prior to a paging occasion. This signal indicates to the UE whether to Go to Sleep or Wake Up.  The rationale behind this proposal is to avoid miss detection.  However, this requires the eNB to transmit GUS for every paging occasion, which would consume eNB resources.
Observation 8: Wake-up signal with no DTX consumes more downlink resources compared to WUS and GTS since it needs to be transmitted for every paging occasion.

On paging reliability, a paging message is missed if the UE wrongly decodes an indication to Wake Up as an indication to Go to Sleep.  The GUS sequence must therefore provide at least two indications compared to one indication in GTS & WUS, which may consume higher number of repetitions.
Observation 9: Since GUS sequence needs to twice the number of indications compared to those in GTS & WUS, it may consume larger number of repetitions.

On power saving, GUS is similar to the WUS and GTS techniques, i.e., the UE needs to monitor the channel for the signal at a predetermined time period prior to its paging occasion. Therefore, this technique similar to the other two approaches follows the same power calculation as (4). However, unlike WUS and GTS, both false-alarm and missed detection have impact on total power consumption. This changes (5) and (6) to

, (10)
and
(11)

In wake-up signal with no DTX, the energy cost of miss and false-alarm is much lower than the other energy costs and therefore negligible. From the UE perspective, the amount of energy saving is at the same range as the ones in WUS and GTS. 
Observation 10: The power saving in GUS is expected to be similar to that in WUS.

2.5 Downlink control information 
In [4], it is proposed that a compact downlink control information (DCI) that uses less bits than the existing DCI for paging (DCI Format 6-2), which is achieved by removing the resource allocation, repetition number for PDSCH and MPDCCH and reducing the CRC to 8 bits is used to improve on idle paging power consumption. The argument is that a reduced DCI size would reduce the required number of repetitions thereby saving UE power.  For a 10 MHz system bandwidth, compact DCI has roughly half the number of bits compared to that in DCI Format 6-2 (i.e. 28 bits vs 12 bits).
Whilst compact DCI does not require additional eNB resources to signal an indication prior to the paging occasion as the other techniques, removing the resource allocation field would, however, means that the PDSCH needs to be fixed.  In [4] it is proposed that PDSCH uses the same narrowband as MPDCCH. This may increase blocking of MPDCCH and restricts scheduler flexibility.  Also removing MPDCCH repetition would lead to wrong starting subframe for the PDSCH.
Observation 11: Compact DCI would restrict scheduler flexibility and may increase MPDCCH blocking. It can also lead to wrong starting subframe for PDSCH.

On paging reliability, reducing the CRC to 8 bits will increase the false alarm rate thereby reducing the paging reliability.
Observation 12: Compact DCI can increase false alarm rate thereby reducing the paging reliability.

On power saving, since coherent detection is required for DCI, the UE needs to achieve synchronization after a long DRX, which can be 850 ms [6], before it can decode any DCI and if only the sparsely located PSS/SSS are available, this would consume a lot of UE battery power for every paging occasion.  In contrast a WUS signal that can be detected non-coherently would not require prior sync.  The compact DCI having roughly half the number of bits compared to DCI Format 6-2 would require roughly half the number of repetitions.  Using the baseline model and half the number of repetitions the power saving is 0% and 13% with respect to the baseline at 144 dB and 164 dB MCL respectively.
Observation 13: Power saving using compact DCI is 0% and 13% with respect to the baseline at 144 dB and 164 dB MCL respectively.

2.6 Summary
Table 1 summarises the power saving at the UE, eNB resource consumption and reliability of the candidate techniques:
[bookmark: _Ref490051558]Table 1: Summary of candidates
	Parameters
	WUS
	GTS
	GUS
	Compact DCI

	Additional eNB resources
	Low
	Mid
	High
	None but reduces eNB scheduler flexibility

	Reliability
	Can be managed via repetitions
	Can be managed via repetitions
	Expected to required higher repetitions to achieve 1% false alarm than WUS & GTS
	Low due to reduced CRC size

	Power saving with reference to baseline @ 164 dB MCL
	75%
	75%
	75%
	13%




Comparing the candidate methods, it can be concluded that WUS uses the least additional eNB, the desired paging reliability can be managed using repetitions and better power saving compared to compact DCI.  It should be appreciated that further reliability can be achieved by requiring a UE to monitor MPDCCH if it did not detect N consecutive WUS occasions.
Proposal 1: Introduce a WUS to indicate whether the UE needs to decode subsequent physical channel(s), at least for idle mode paging.

3. WUS Sequence Design & Performance
The wake-up signal should be designed with certain properties:
· OFDM based mapping to allow using the same transmitter as legacy LTE transmission,
· carries a minimum of information, in order to be decoded in a short time interval,
· is used to acquire synchronization when waking up from sleep mode, and 
· configurable structure to support different condition, e.g., coverage level, 
· provides good correlation properties and detection probabilities

and for low-power receiver the following additional properties are needed to be considered: 
· non-coherent modulation to allow for the low-power design of the receiver,
· compensates for the wake-up receiver performance (sensitivity) loss

In [1], it is proposed that the WUS can consists of a preamble sequence followed by an information part as shown in Figure 2.  The preamble part is to enable the WUS to be detected non-coherently, i.e. without the need for prior synchronization thereby saving UE power from having to sync with sparsely located PSS/SSS.  The information part may contain additional information if required if the preamble part itself does not provide sufficient information.
[image: ]
[bookmark: _Ref490224469][bookmark: _Ref490050168]Figure 2: WUS preamble and info parts

Proposal 2: The WUS should be non-coherently detected without the need of prior synchronization.
In the frequency domain, consider the sequence X(k):

where, P(k) is a PN sequence, Z(k) is the Zadoff-Chu sequence for  where  is the number of sub-carriers used for the WUS preamble.  We use a ZC length of 63, i.e. NSC=63.  In the time domain, the WUS preamble wm(k) for symbol m is:

where x(k) is the inverse Fourier transform of X(k) and  is a frequency shift component for preamble symbol m.  This frequency shift is added to mitigate interference by setting am=0 for odd symbol index and  for even symbol index where n is an integer and S is the subcarrier spacing, i.e.:



Each preamble symbol, is then prefixed by a cyclic prefix of  samples.  6 shows an example WUS preamble with 8 repetitions, i.e. m=0, …, 7.  Here the 63 length sequence X(k) is centred around the DC subcarrier, where the DC subcarrier is zeroed.  The WUS preamble with repetition R can be therefore group into pairs, where each pair {wm(k), wm+1(k)} consists of a frequency shifted and non-frequency shifted sequence.  There are therefore R/2 pairs in a WUS preamble.  The PN sequence P(k) can be initialised to a different value for each of these pairs so that the start of the WUS preamble can be detected by the UE.
[image: ]
[bookmark: _Ref490057344]Figure 3: WUS preamble with 8 repetitions

We perform simulation using the simulation assumptions in the Annex A, which follow those in [5].  We use a receiver that consists of R/2 pairs of auto-correlators, where the outputs are summed for peak detection.  The miss detection rate against number of repetitions are shown in 7 for MCL of 144 dB.  For 1% miss detection rate the number of WUS preamble repetitions required are 10 OFDM symbols at 144 dB MCL.
[bookmark: _Ref490063085][image: ]
[bookmark: _Ref490249514]Figure 4: Miss detection rate vs repetitions for MCL 144 dB

4.   Conclusion
In this contribution we observe the following:
Observation 1: WUS is only transmitted when there is a potential paging which is expected to be rare for MTC 
Observation 2: The reliability of WUS can be managed using repetitions of the WUS.
Observation 3: The paging reliability in WUS can be increased by configuring the UE to monitor MPDCCH if the UE fails to detect any WUS for N consecutive WUS occasions.
Observation 4: Power saving using WUS is in the range of 20% at 144 dB MCL and 75% at 164 dB MCL compared to reference. 
Observation 5: Paging in idle mode is not expected to be frequent and therefore GTS will consume more eNB resources compared to using WUS, since more number of UEs need to be sent to sleep.
Observation 6: The reliability of GTS can be managed via repetitions.
Observation 7: The power saving in GTS is expected to be similar to that in WUS.
Observation 8: Wake-up signal with no DTX consumes more downlink resources compared to WUS and GTS since it needs to be transmitted for every paging occasion.
Observation 9: Since GUS sequence needs to twice the number of indications compared to those in GTS & WUS, it may consume larger number of repetitions.
Observation 10: The power saving in GUS is expected to be similar to that in WUS.
Observation 11: Compact DCI would restrict scheduler flexibility and may increase MPDCCH blocking. It can also lead to wrong starting subframe for PDSCH.
Observation 12: Compact DCI can increase false alarm rate thereby reducing the paging reliability.
Observation 13: Power saving using compact DCI is 0% and 13% with respect to the baseline at 144 dB and 164 dB MCL respectively.

We therefore propose the following:
Proposal 1: Introduce a WUS to indicate whether the UE needs to decode subsequent physical channel(s), at least for idle mode paging.
Proposal 2: The WUS should be non-coherently detected without the need of prior synchronization.
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6. Annex A: WUS Sequence Simulation Assumptions
Table 2 shows the simulation assumptions used to the WUS performance.
[bookmark: _Ref490063632]Table 2: Simulation assumptions
	Parameters
	Values

	BS Tx Antenna
	2 Tx

	System BW
	10 MHz

	Band
	Band 8 (900 MHz)

	Channel Model
	AWGN

	Doppler spread
	1 Hz

	Time/freq drift
	0.05 ppm/s

	DRX cycle
	1.28 seconds

	Freq error
	30 Hz

	UE Rx antenna
	1 Rx

	UE NF
	9 dB







7. Annex B: Power Saving Assumptions
[bookmark: _Ref490223203]Table 3: Parameter description and corresponding nominal values
	Variable
	Value
	Description

	
	150/14 msec
	UE’s receiver ramp-up/ramp-down time from/to deep sleep

	
	14/6 msec 
	UE’s receiver ramp-up/ramp-down time from/to light sleep

	
	MCL= 144
	1/10 msec [7]
	Synchronization time when UE wakes up from deep sleep/light sleep 

	
	MCL=164
	850/85 msec [7]
	

	


	MCL = 144
	WuRx-I
	2/14 msec
	Time duration of Wake-up signal/go-to-sleep/wake-up signal with no DTX

	
	
	WuRx-II
	1 msec
	

	
	MCL = 164
	WuRx-I
	2 msec
	

	
	
	WuRx-II
	10 msec
	

	
	MCL = 144
	1 msec
	Paging occasion length

	
	MCL = 164
	96 msec
	

	
	10.24 sec
	Paging transmission window length

	
	43.69 min
	eDRX-cycle length

	
	1.28 sec
	DRX-cycle length

	
	50/50 mW
	Receiver ramp-up/ramp-down power consumption in deep sleep

	
	50/50 mW
	Receiver ramp-up/ramp-down power consumption in light sleep

	
	WuRx-I
	90 mW
	Receiver power consumption

	
	WuRx-II
	0.1 mW
	

	
	100 mW
	Receiver power consumption

	
	0.015/1 mW
	Deep sleep/light sleep power consumption

	
	Calculated using PTW, eDRX and DRX 
	Number pf paging occasions in one PTW

	
	0
	Percentage that paging belongs to another UE(s) in one PTW

	
	Reflected in paging occasion
	Number of repetition to reflect maximum extended coverage

	
	1%
	WUS/GTS/WUS-no-DTX false-alarm probability

	
	1%
	WUS/GTS/WUS with no DTX miss detection probability
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