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1 Introduction

There is a WI objective on wake-up signalling in the approved work items (WI) on Rel-15 enhancements for eMTC [1]. The description is as follows:
Improved power consumption:

· Power consumption reduction for physical channels [RAN1 lead, RAN2, RAN4]
· 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.

So far, the topic has been discussed in two RAN1 meetings and most recently in RAN1#89 where it was agreed that:
· 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.

In this contribution, the RAN2 impact of the above agreements and proposed solutions will be discussed. A contribution on the same topic is submitted to the NB-IoT agenda item with essentially the same content [2].
2 Discussion
In general, this Work Item objective is about improving UE power consumption when monitoring downlink MPDCCH control signalling. This is achieved by reducing the UE reception time, either with an initial signal indicating if the UE needs to continue to read the subsequent MPDCCH transmission (shown for NB-IoT in Figure 1 from R1-1706887), or a shorter version of the MPDCCH transmission itself.
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Figure 1: Schematic illustration of wake-up or go-to-sleep signal.
As seen from the previous agreements in the introduction above, four different candidate solutions have been identified by RAN1. In this section, the pros and cons of each of these solutions will be discussed from RAN2 point of view. From Work Item description both cases of paging in RRC_IDLE and DRX in RRC_CONNECTED could be included, however the latter case is indicated as ‘For Further Study’ by RAN1 and hence the main case considered in the following text will be the paging case. In this text, it is further assumed that it is signalled by the network whether the wake-up/go-to-sleep signal or compact DCI is in use in the cell and that all UEs that are capable of the feature will always use it in those cells.
On a general note, independent on which solution is later adopted, it is desired to minimize the impact to the standard and maintain the layer 3 paging procedure. In the ideal case there is only impact on the eNB to transmit the WUS/GTS signal prior to the Paging Occasion (PO). And there is no impact on the paging formula, paging scheme, CN paging etc: .
Proposal 1 Minimize the Layer 3 paging impact by the introduction of ‘Power consumption reduction for physical channels’.
Obviously the WUS/GTS precedes the Paging Occasion (PO) for which it provides an early indication. A straightforward approach is to have a one-to-one mapping between the WUS/GTS and PO, but other mappings are possible as well. 
2.1 Proposed Solutions

2.1.1 Wake-up signal or DTX

In this solution if a UE detects a wake-up signal (WUS) it will continue to decode MPDCCH as in legacy operation. If the UE detects nothing, then it will go back to sleep. That is, the eNB does not need to transmit anything (i.e. DTX) in the case the eNB does not try to reach the UE. The main benefit of this solution is that the overhead is low since the WUS need only be transmitted in the, relatively speaking, few paging occasions the UE is actually paged. A drawback of this solution is that WUS must be transmitted by the eNB in case there is paging, and perhaps an ongoing transmission has to be interrupted. That is, when there is paging there must already be a transmission gap for the MPDCCH, and with the use of WUS a second transmission gap must be used.  Another drawback is that when a UE is paged the WUS has to be transmitted in all cells where the UE is paged, i.e. eventually in the entire tracking area if the UEs location is completely unknown. 

· Pros:

· Signaled only when there is paging ( low overhead 
· Cons:

· May impact robustness, if WUS is missed the UE will miss paging.

· There is no flexibility for the eNB, i.e. when there is paging, the eNB must send WUS otherwise the UE does not receive the paging message (compared to GTS signal which may be omitted at the expensive of power saving in the UE).
· WUS will have to be sent in all cells where UE is paged (worst case entire Tracking Area) since UE location is not known in RRC_IDLE.
Observation 1 ‘Wake-up signal or DTX’ has low overhead but does not provide scheduling flexibility when there is paging.
Since the WUS is only broadcasted when there is paging for a certain UE, it is beneficial if only the UEs sharing the same PO receive the WUS such that no UEs are waken up to read MPDCCH unnecessarily. I.e. WUS should be made as UE-specific as possible. It would be even better if the WUS only reached UEs which are included in the paging message, but this would be practically impossible without major modification of the current Paging Occasion and Paging Frame calculation.

Overall, the WUS solution is a good candidate when a UE is rarely paged i.e. the paging load is low.
2.1.2 Go-to-sleep signal or DTX

In this solution, if a UE detects a go-to-sleep signal (GTS) it will go back to sleep. If the UE detects nothing, it will continue to decode MPDCCH as in legacy operation. This means that the network can at any point in time omit transmitting the GTS. However, to have the full UE power consumption gain the GTS would have to be transmitted in every paging occasion (PO) in which there is no paging, which adds to the system overhead. The main benefits of the GTS solution are that it is robust and will never have a higher probability for missed paging than legacy operation, that it is flexible for the network and ongoing transmissions would not have to be broken up. But perhaps most importantly, the GTS could only be transmitted in cells where it is believed that the UE is located, e.g. the last known cell. A possible network implementation could only transmit GTS to stationary UEs in the last known cell to limit GTS signalling overhead.
· Pros:

· Does not impact paging reliability, i.e. robustness, if GTS is missed the UE will continue to decode MPDCCH.

· Flexible for NW, eNB can omit GTS at any point without risk of lost paging, i.e. breaking up ongoing transmissions may not be needed. 

· In case of stationary UEs the GTS signalling could be lmited to last known cell.
· Cons:

· Must be signalled in all POs when there is no paging for full PC gain ( higher overhead when paging load is low.

Observation 2 ‘Go-to-sleep signal or DTX’ can potentially be used in the last know cell for stationary UEs only.
Since GTS needs to be broadcast when there is no paging for a UE, which increases the system overhead since most often there is no paging for a UE, it is beneficial if the GTS is received by a larger group of UEs, i.e. common to more UEs. However, when there is paging for any UE in the group, the other UEs will not see any power consumption gain for this occasion.
2.1.3 Wake-up signal with no DTX

In this solution, an explicit signal is always transmitted telling the UE whether it should wake-up or go-to-sleep (i.e. the title is somewhat misleading in our understanding). That is, the network never has the option not to transmitting anything. In the physical layer this may have advantages when it comes to misdetection rate but from a RAN2 point of view this solution has all the disadvantages compared to the previous solutions. That is, since UEs rely on the detection of this signal it must be sent in all POs (of any UE) and in every single cell of the the Tracking Area since the UE location is unknown to the network and there might be a UE in a cell. Further, the UE behavior is unclear if the UE would not detect the signal. A reasonable approach would be that the UE would continue to decode MPDCCH, but in this case any of the previous solutions could be used instead and would provide less overhead. Last, network behavior is not specified in 3GPP but in this case eNB would have to transmit the WUS/GTS before every PO, independent of whether there is paging for the UE or not.
· Pros:

· Robust & low misdetection rate since signal is always sent
· Cons:

· Signal must always be transmitted in all POs and all cells of the Tracking Area ( highest overhead of all solutions.
· Not flexible for NW, eNB must always transmit signal. 

· I.e. there will be breaking up ongoing transmissions and scheduling restrictions. 

· Unclear UE behavior if signal is not detected in a cell.
Due to the severe drawbacks and the high overhead the following is therefore proposed: 

Proposal 2 Exclude ‘Wake-up signal with no DTX’ solution from the list of candidate solutions due to the large system overhead increase.
If it is later shown that the other solutions cannot provide sufficiently low misdetection rate this could however be reconsidered.
2.1.4 Compact Downlink Control Information

In this solution, a more compact DCI format is used in the regular MPDCCH paging occasions. That is, the information in the DCI is reduced and some things are pre-configured (e.g. the timing relation to the NPDSCH containing the paging message). The main benefit of this solution is that it would have limited impact on RAN2 specifications, nothing would need to be monitored by UEs in addition to the legacy Paging Occasions and Paging Frames. The main drawback is that if a 16 bit CRC still is used the power consumption reduction may be negligible. That is, reducing the DCI content from 23 bits to 10 bits would with a 16 bit CRC reduce the total size from 39 to 26 bits. (If RAN1 would conclude that an 8 bit CRC could be utilized instead the total DCI content would at least be reduced to less than 50% the gains larger). 
Although gains could be limited, it would be ensured that system overhead would always be reduced and not increased as in the other solutions.
Further, some UE vendors prefer WUS/GTS since only a more simple/smaller part of the receiver would be needed, for compact-DCI the full receiver chain must be turned on.
· Pros:

· System overhead is reduced when compact DCI can be used for all UEs being paged instead of increased with WUS/GTS.
· Cons:

· If a 16 bit CRC still needs to be used the benefit is not that big, i.e. 39 ( 26 bit DCI size.
· Bigger gains if RAN1 concludes a smaller CRC is sufficient.
· Full receiver chain must be turned on in UEs.
Observation 3 Compact DCI has the potential to decrease system overhead, but power consumption gain may be limited.
2.2 Other RAN2 aspects

2.2.1 Wake-up signal occurrence

An open issue with the previous solutions that rely on a new physical signal (WUS/GTS) is when this new signal would be signaled before the PO. Would the timing relation be fixed or variable? How much before the PO could further depend to the coverage enhancement the UE is in. If the timing relation is fixed, the time offset between WUS/GTS and PO would have to be long enough to fit WUS detection at highest coverage enhancement which would cause unnecessarily long latency for the majority of UEs which are in much better coverage. If the timing offset is variable, how would eNB know the CE-level of the UE?
Observation 4 The timing offset between WUS/GTS and Paging Occasion is an open issue.

2.2.2 Power-Saving Mode and Extended DRX Adoptions
The main purpose of this WI-objective is to reduce the UE power consumption. UEs for which low power consumption is of interest are typically configured with power-saving mode (PSM) or extended DRX (eDRX). Therefore, it is interest to discuss how WUS and GTS would work with PSM and eDRX.
2.2.2.1 eDRX

eDRX is simply providing much longer DRX-cycles and hence longer battery life than regular DRX operation; up to 43min for eMTC. The main difference from regular DRX operation is perhaps the use of the paging time window (PTW). That is, to increase robustness for mobility etc. the UE monitors several POs within PTW which occurs every eDRX cycle. Inside the PTW the UE applies the regular DRX cycle and the length of the PTW is configurable. Without any adoption, the WUS/GTS would be transmitted before each MPDCCH monitoring within the PTW using the regular DRX cycle. This is illustrated in Figure 2.
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However, in case the network has no paging for the UE it would be beneficial for UE power consumption to be able to notify the UE about this ahead of the entire PTW. This is illustrated in the Figure 2. In this case, is the UE does not receive the WUS or does receive the GTS before the PTW, it can go back to sleep and omit monitoring any of the POs within the PTW.

Proposal 3 Consider transmitting WUS/GTS before eDRX Paging Time Window to maximize UE power consumption gain.

Due to UE mobility (i.e. UE misses first POs in PTW) and UEs having overlapping PTWs, and UEs sharing POs it may not be possible to have a single WUS/GTS per PTW. In any case from the UE side, the UE could potentially go to sleep for the remainder of the PTW, once it has received the GTS. 

Further, the are two aspects to consider above; the UE requirements and the network signalling. If it is important to minimize the signalling overhead the solution with only one WUS/GTS per PTW as shown in Figure 2 is the best option. If however higher robustness is required, WUS could in addition be transmitted also per PO (Figure 2) and mobile UEs (i.e. waking up in a new cell) could be required to monitor those as well. To minimize the UE power consumption, UEs waking up in the same cell could in either case be required to monitor only the WUS/GTS before the PTW.

2.2.2.2 PSM

Power-saving mode (PSM) was introduced in Rel-12 and is a feature which can provide very long battery life for UEs with infrequent data exchange and no need for quick downlink reachability. PSM works by for most of the time keeping the UE in a power efficient sub-state to RRC_IDLE in which all AS functionality is switched off (almost power-off but no re-attach needed). After a connection, the UE will be sent to this power saving state after a certain time in RRC_IDLE mode, controlled by the configurable parameter the active time (T3324), and the UE will return from this state either upon UL data transmission or periodic TAU (T3412). This is illustrated by the upper part of Figure 3.

Using WUS/GTS with PSM would in a hands-off approach result in what is shown in Figure 3, WUS or GTS would be transmitted prior to each PO inside the Active Time window. The purpose of the Active Time is to provide downlink reachability in the PSM solution. That is, if the network has data for the UE after the preceding periodic TAU or uplink data transmission, it can page the UE during the Active Time. If however the network knows already that there is no downlink data for the UE it is much better for the UE consumption if the UE can omit monitoring paging during the entire Active Time. WUS/GTS could then in principle be signalled to the UE prior to the Active Time as illustrated in Figure 3. However, since there is already NAS signalling in place for the configuration of PSM, no new physical WUS/GTS signal would be required. Moreover, PSM is activated by the UE requesting a value for the Active Time T3324 upon every attach and TAU. The network accepts PSM by providing the specific value for the Active Time T3324. This means that the network can always override the requested value from the UE and in case there is no downlink data for the UE the network can just set the Active Time T3324 to zero.

The Active Time with PSM is intended to handle potential DL data after TAU or DL data as a response to UL data. After the UE goes to Idle it continue to monitor paging for potential DL data. This is different from paging during the PTW with eDRX, i.e. typically the MME knows if there is paging prior to the PTW start, i.e. WUS/GTS would be set according to the presence of paging. For the Active Time the UE is kept awake because there “could” be paging. In case the NW knows or expect further DL data, the NW can also keep the UE in connected mode.  In case the NW knows that there is no further DL data, it would be benefical if the Active Time could be dynamically configure zero (i.e. go to sleep). 
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Figure 2: Schematic illustration of wake-up signal for power-saving mode.
3 Conclusion

Based on the discussion in section 2 the following proposals and observations are made:
Proposal 1
Minimize the Layer 3 paging impact by the introduction of ‘Power consumption reduction for physical channels’.
Observation 1
‘Wake-up signal or DTX’ has low overhead but does not provide scheduling flexibility when there is paging.
Observation 2
‘Go-to-sleep signal or DTX’ can potentially be used in the last know cell for stationary UEs only.
Proposal 2
Exclude ‘Wake-up signal with no DTX’ solution from the list of candidate solutions due to the large system overhead increase.
Observation 3
Compact DCI has the potential to decrease system overhead, but power consumption gain may be limited.
Observation 4
The timing offset between WUS/GTS and Paging Occasion is an open issue.
Proposal 3
Consider transmitting WUS/GTS before eDRX Paging Time Window to maximize UE power consumption gain.
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5 Appendix

Apart from the agreements quoted above, RAN1 has made several agreements on how to evaluate the power consumption gains in this WI-objective. These are listed below for future reference.
5.1 RAN1 agreements from RAN1#88bis
So far, the topic has been discussed in two RAN1 meetings and in the first, RAN1#88bis, the following has been agreed for eMTC:

· Techniques to be evaluated:

· Wake-up signal/channel (either relying or not relying on DL synchronization)

· Go-to-sleep signal/channel (either relying or not relying on DL synchronization)

· Compact DCI

· Reduced-bandwidth MPDCCH

· Dynamic USS periodicity

In R1-1706704 further agreements were made on evaluation assumptions and power efficiency.
The agreed assumptions in R1-1706704 for evaluation of the power efficiency is quoted below for reference:
· The UE power consumption at PSS/SSS (when applicable), PBCH (when applicable) MPDCCH reception should be evaluated for one or more of the following scenarios:
· Idle mode and/or Connected mode
· eDRX and/or DRX, with assumed DRX cycle declared.
· These assumptions will impact the modeled time/frequency drift (see table on slide 3).
· The reference scenario is a UE that monitors the MPDCCH transmission, but is not receiving a PDSCH. This includes both idle and connected mode. In idle mode a page for another UE is present in 0% and X % of the cases.
· The power consumption PREF for the reference scenario should be calculated and used as baseline in the evaluations.
· X should be reported.
· Simple example for connected mode: 
· Assumptions: 164 dB coupling loss, Connected mode with freq. error of 30 Hz, The UE ramps up from light sleep to decode a single MPDCCH transmission and then ramps down to light sleep.
	Activity
	Cost
	Comment

	Ramp up
	50 units/ms * 15 ms = 750 units
	Assuming 50 units/ms during 15 ms

	Sync
	100 unit/ms * 2 ms = 200 units
	Sync

	Decode MPDCCH
	100 units/ms * 64 ms = 6400 units
	Assuming 64 MPDCCH repetitions.

	Ramp down
	50 units/ms*15 ms = 750 units
	Assuming 50 units/ms during 15 ms

	PREF
	8100 units
	Reference power consumption


· The impact on power consumption from adding the candidate solution to the reference scenario should be evaluated and reported. 
· The power consumption PCANDIDATE when implementing the candidate technique should be calculated
· The metric to report is PCANDIDATE/PREF
As a way forward the following has further been agreed [3]:

Agreement:

· 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.
Figure 2: Illustration of the possible use for WUS/GTS with eDRX.








� Note that eNB is in control before the UE is released to RRC_IDLE, and potential DL transmission must take place before then if T3324=0. Alternatively, the UE is released quickly and a non-zero T3324 applied.
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