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2.1.1.6 - Other
1 Background
Paging and DRX in Idle mode was discussed during RAN2#92 and the following agreements were made: 

· We assume that NB-IOT shall use the eDRX system solution(s). 
· In NB-IOT an SFN-based short DRX, long DRX (eDRX) with paging transmission window (PTW) is used. 
· NB-IOT supports a short DRX up to X seconds, where X need to be selected to allow RAN repetitions between PO, and to allow CN to trigger retransmissions at PO’s. 

· UE monitors all his PO’s in the PTW

· PTW start, and PO is calculated based on UE-ID
· For the short DRX individual paging cycle is not needed, the defaultPagingCycle of the cell can be used.
· As specified for eDRX, we assume that the extended DRX cycle length and PTW size are negotiated between UE and CN during ATTACH/TAU.
· RAN2 assumes that the CN sends the paging message to the eNodeB just before the PTW of the NB-IOT UE.

Most of the agreements are related to DRX. In this contribution the use of physical channels for paging is discussed further. In RAN1#83 it was agreed that:

· NB-IoT supports a physical downlink control channel, NB-PDCCH

· NB-IoT supports a physical downlink shared channel, NB-PDSCH

But no further details were agreed concerning these physical channels.
First the expected paging load and paging requirements are discussed. Next the use of NB-PDCCH and/or NB-PDSCH for paging is discussed.
2 Expected paging load
In the appendix an attempt is made to evaluate the expected paging load in NB-IOT and a number of observations are made: 
Observation 1: In NB-IOT there is a high number of UEs per cell, but the paging rate per UE is low and most UEs are not paged.

Observation 2: The paging channel needs to be support fluctuation of the average paging load.

Observation 3: Most of the paging messages sent by the eNB are repetitions to support coverage enhancements

Observation 4: The number of paging repetitions differs significantly per CE level. 
Observation 5: The paging load can be increased significantly due to paging re-attempts from the MME in potentially more cells, and with potentially higher CE level.

Observation 6: The risk of "false paging" is reduced when longer DRX is used.

Observation 7: The risk of "false paging" in NB-IOT is low, but cannot be avoided completely i.e. not every NB-IOT device can have its unique paging occasion. 

Observation 8: The average utilization of the paging channel in NB-IOT is expected to be low.

In the following sections the paging requirements and the use of NB-PDCCH and NB-PDSCH for paging are discussed further.
3 Paging requirements
3.1 Normal paging and SI change notification

The paging procedure is used for "normal" paging and SI change notification. A paging procedure may be used for either: 

· UE ID(s)

· UE ID(s) + SI change notification

· SI change notification

It is expected that the signalling load due to SI change notifications is low. (In RAN2 we propose to further decrease the signalling load due to SI change notifications by agreeing that the UE is required to check the barring bitmap in system information before access and that a change of the barring bitmap does not trigger SI change notification, and by agreeing that UEs in long DRX check system information and do not rely on SI change notification.)
Proposal 1:
The paging procedure in NB-IOT supports normal paging, SI change notification as well as simultaneous normal paging and SI change notification.
3.2 UE identity

It is assumed that in NB-IOT the same UE identification for paging is used as in legacy LTE, i.e. use of S-TMSI and IMSI. In most cases the shorter S-TMSI is used for paging, but in some cases the longer IMSI may be needed (e.g. UE context is lost): 

· S-TMSI:
40 bits
· IMSI:

[24..60] bits (i.e. [6..15] digits, each of 4 bits)

Observation 9: The UE identity in the paging message is S-TMSI (40 bits) or IMSI ([24..60] bits). 

3.3 Re-use of LTE/eMTC paging solution

In section 2 it was observed that in NB-IOT the UE is most of the time not receiving a paging message when it monitors its paging occasions. In such case it is efficient when this monitoring activity "just to make sure there is no paging message" is as short as possible, so the UE can go to sleep again. In such scenario it is efficient to use the NB-PDCCH for "checking" and the NB-PDSCH for "receiving" paging because the NB-PDCCH monitoring duration is the shortest:
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Figure 2: The use of NB-PDCCH for "checking" and NB-PDSCH for "receving" paging 
Observation 10:
A combination of NB-PDCCH and M-PDSCH for paging is efficient when the UE monitors paging much more often than a paging message is transmitted at the UE’s paging occasion.

3.4 The need for multiplexing (paging multiple UEs at the same time)
Given the low expected paging utilization (see appendix) the need for multiplexing can also be expected to be low at first glance. However it should be noted that that it is difficult to predict the future paging load, especially when there are different parameters involved (repetitions for coverage enhancements, MME paging strategy, see Appendix). Furthermore the average paging load can be expected to fluctuate during short periods of congestion. Some of the aspects influencing the paging load may also be correlated. For example during short periods of high paging load (normal fluctuation) it is possible that most of the UEs to be paged are in bad coverage conditions, and subsequently the CN needs to repeat paging, increase the scope, i.e. paging in more cells, and increase the CE level. UEs in the highest coverage enhancement level require a rather high number of repetitions, and just of few of these UEs not responding immediately can increase the instantaneous load significantly. 
Therefore to be future proof it is proposed to support paging multiplexing.
Proposal 2: 
NB-IOT supports paging multiplexing, i.e. paging multiple UEs at the same time.
The solution to support paging multiplexing is discussed further in section 4. 
4 The use of NB-PDCCH and NB-PDSCH for paging
The paging solution should take into account that the UE is delay tolerant, but it has stringent power saving requirements. In this section the use of NB-PDCCH and NB-PDSCH for paging is discussed more. Based on the analysis of the expected paging load in NB-IOT it is assumed that:
· In most cases a UE is not paged in its Paging Occasion.
· In some cases a UE is paged in its Paging Occasions.
· In rare cases multiple UEs are paged in the same Paging Occasion.
Based on these assumptions, and with the aim to minimize the UE power consumption, the activity to just monitor paging, but not receiving a paging message should be optimized. The NB-PDCCH is expected to require the shortest monitoring duration for the UE to monitor paging, therefore it is proposed to retain the LTE and eMTC paging principle in NB-IOT: 
Proposal 3:
The NB-PDCCH and NB-PDSCH are used for paging in NB-IOT, i.e. the NB-PDCCH can trigger the UE to receive a paging message on NB-PDSCH. 
Similarly as in LTE and eMTC, it is proposed that the UE uses the P-RNTI to monitor paging:
Proposal 4: 
The UE monitors the NB-PDCCH with the P-RNTI for paging.

In case UEs are assigned different P-RNTIs and the UEs monitoring the same Paging Occasion would have a different P-RNTI assigned, in such case the risk of false paging is reduced. However it may be complicated to assign different P-RNTIs to UEs monitoring the same Paging Occasion and perhaps it cannot be guaranteed that all UEs monitoring the same Paging Occasion have a different P-RNTIs assigned (i.e. the risk of false paging is only reduced, not eliminated). It is noted that in NB-IOT only a small fraction of the UEs in the cells is assumed to be paged (20% of 50,000 UEs per cell in TR 45.820 Annex E [1]). Furthermore with UEs in a long DRX the risk of paging is assumed to be low.

For Rel-13 eMTC a flag in the DCI on the M-PDCCH was introduced (S-flag, see Format 6-2 in TS 36.212) to indicate if there is a system information change notification only (and no following paging message on the NB-PDSCH). Paging for system information change (only) is not expected to happen often, but this optimization can be applied to NB-IOT as well. In case there is a system information change indication and no normal paging, the UE only needs to receive the NB-PDCCH (and no paging message on the NB-PDSCH): 
Proposal 5: 
The NB-PDCCH includes a flag in DCI which can indicate system information change notification, i.e. SystemInfoValueTag in MIB has changed. 
There are three different paging scenarios w.r.t. normal paging and SI change:

· Normal paging:



NB-PDCCH + NB-PDSCH

· Normal paging + SI change:

NB-PDCCH + NB-PDSCH (incl. SI change notification)

· SI change:



NB-PDCCH (incl. SI change notification)
If we adopt the same solution for NB-IOT as for Rel-13 eMTC then the paging message on the NB-PDSCH also needs to be able to indicate system information change notification. However, the Rel-13 eMTC solution is designed as it is in order to efficiently be able to indicate not only one SI change notification bit but four different ones: ETWS, CMAS, EAB and other SI change notification. If NB-IOT only needs to support a single SI change notification bit then we can use a single bit in NB-PDCCH for this. In this case it is not really necessary to also include the SI change notification bit in the NB-PDSCH. 
Proposal 6: 
For the SI change notification through the paging mechanism:

· Option A: If only a single SI change notification bit is needed then it can be included in the DCI format for paging.
· Option B: If more SI change notification bits (such as ETWS, CMAS and EAB) are needed then an S-flag can be included in the DCI format for paging and an SI change notification field in the NB-PDSCH for paging.
The paging message on the NB-PDSCH should carry the UE identity for normal paging:
Proposal 7: 
Paging message on NB-PDSCH carries at least one UE ID (one S-TMSI (40 bits) or one IMSI (up to 15 digits = 60 bits).
In LTE a paging message can contain up to 16 paging records, each record including a UE identity (S-TMSI or IMSI). Such high multiplexing level is neither considered feasible nor required in NB-IOT. The following options for paging multiplexing are identified:
· Option 1: Delayed paging, i.e. paging to one or more UEs is delayed until the next Paging Occasion for that/those UEs. This requires the eNB to store paging messages during periods of congestion. Furthermore when a UE is in a long DRX there is a risk that the page is delayed until the next PTW (up to 3 hours). This alternative can partly be considered network implementation.
· Option 2: Multiplexing (a few) UE IDs in paging message on NB-PDSCH. This increases the NB-PDSCH message size and duration to receive the complete message. All UEs monitoring the same Paging Occasion have to receive the larger NB-PDSCH message. See section 4.1 below.
· Option 3: The Paging Occasion is dynamically extended based on the need, e.g. more-to-come indicator on NB-PDCCH (referred to as "resource chaining" in [2]). When the more-to-come indicator is set the UE is required to monitor (the dynamically created) paging occasion following the current paging occasion in addition to the next pre-defined paging occasion according to the paging formula. See section 4.2 below.
4.1 Multiplexing UE IDs in paging message on NB-PDSCH

In this approach the paging message may contain up to a few UE IDs (e.g. 3). When the UE has received the paging message on the NB-PDSCH successfully, and the paging message does not contain a UE ID for that UE, than the UE continues monitoring paging at the next paging occasion (pre-defined by the paging formula), otherwise the UE attempts to go to connected mode.
In case UEs with different CE levels need to be paged at the same time, the paging message need to be broadcasted on the highest CE level of those UEs.
4.2 More-to-come indicator on NB-PDSCH

In this approach an indicator (flag) is introduced in the paging message on the NB-PDSCH. When this flag is TRUE this indicates that another paging message is broadcasted after the repetitions of the current paging message have been completed (i.e. a new paging occasion is dynamically created). In case the UE has not received a paging message addressed to itself, the UE continues to monitor the paging messages on the NB-PDSCH, until either it has received a paging message, or the more-to-come flag is set to FALSE.
In case UEs with different CE levels need to be paged at the same time, the paging message need to be broadcasted on the highest CE level of those UEs (to ensure that all UEs can receive the "more-to-come" indicator on NB-PDSCH).
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Figure 4: Multiple IDs vs More-To-Come flag. 

It is expected that the need for multiplexing will be infrequent and that the paging solution for multiplexing therefore does not need to be optimized. For that reason it is proposed to go with Option 2:
Proposal 8: 
NB-IOT supports multiplexing of more than one UE ID in the paging message on the NB-PDSCH.

5 Summary

In this contribution we discuss physical layer aspects of paging for NB-IOT.
Proposal 1:
The paging procedure in NB-IOT supports normal paging, SI change notification as well as simultaneous normal paging and SI change notification.

Proposal 2: 
NB-IOT supports paging multiplexing, i.e. paging multiple UEs at the same time.

Proposal 3:
The NB-PDCCH and NB-PDSCH are used for paging in NB-IOT, i.e. the NB-PDCCH can trigger the UE to receive a paging message on NB-PDSCH. 

Proposal 4: 
The UE monitors the NB-PDCCH with the P-RNTI for paging.

Proposal 5: 
The NB-PDCCH includes a flag in DCI which can indicate system information change notification, i.e. SystemInfoValueTag in MIB has changed. 
Proposal 6: 
For the SI change notification through the paging mechanism:

· Option A: If only a single SI change notification bit is needed then it can be included in the DCI format for paging.

· Option B: If more SI change notification bits (such as ETWS, CMAS and EAB) are needed then an S-flag can be included in the DCI format for paging and an SI change notification field in the NB-PDSCH for paging.

Proposal 7: 
Paging message on NB-PDSCH carries at least one UE ID (one S-TMSI (40 bits) or one IMSI (up to 15 digits = 60 bits).

Proposal 8: 
NB-IOT supports multiplexing of more than one UE ID in the paging message on the NB-PDSCH.
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7 Appendix: Paging load

7.1 Expected external paging load

To estimate the paging load in a NB-IOT cell the traffic model as described in TR 45.820 Annex E is used [1]. According to traffic model 20% of the UEs (20% of 50,000 = 10,000 UEs/cell) are paged according to the Network Command traffic model:

	Percentage
	Page inter-arrival
	Pages/day/UE
	Weighted
	

	40%
	1 day
	1
	0,4
	

	40%
	2 hours
	12
	4,8
	

	15%
	1 hour
	24
	3,6
	

	5%
	30 min
	48
	2,4
	

	
	
	Average pages/day/UE
	11,2
	

	
	
	Average pages/day/cell
	112000
	10000 pageable UEs/cell

	
	
	Average pages/second/cell
	1,3
	


The expected paging load per UE in NB-IOT is significantly lower than the paging load observed for smartphones in current networks. But the expected number of NB-IOT UEs per cell is high and the network should also support temporary fluctuations of the average paging load e.g. during peak hours: 

Observation 1: In NB-IOT there is a high number of UEs per cell, but the paging rate per UE is low and most UEs are not paged.

Observation 2: The paging channel needs to be support fluctuation of the average paging load.

7.2 Coverage enhancements

NB-IOT needs to support Coverage Enhancements (CE), but not every UE is expected to require the same CE level. Based on the modelling assumptions in TR 45.820 [1] an estimation of the UE distribution in different CE levels can be made: 

· 88% in basic coverage (MCL < 144 dB): 


requiring almost no paging repetitions

· 9% in robust coverage (144 dB < MCL < 154 dB): 
requiring few paging repetitions

· 3% in extreme coverage (154 dB < MCL < 164 dB): 
requiring many paging repetitions
The number of required paging repetitions depends on the physical layer design, but for discussion sake some numbers are assumed in the table below: 
	UE distribution
	eNB #repetitions
	weighted
	

	88%
	1
	0,9
	

	9%
	10
	0,9
	

	3%
	50
	1,5
	

	100%
	
	3,3
	average #paging repetitions eNB


From this simple calculation it is observed that the eNB repeats every paging message 3.3 times. Furthermore a large difference in the number of paging repetitions needed per CE level can be observed:
Observation 3: Most of the paging messages sent by the eNB are repetitions to support coverage enhancements

Observation 4: The number of paging repetitions differs significantly per CE level. 

7.3 MME paging strategy

In case the UE does not respond to the first paging attempt from the MME, then the MME is likely to retry and potentially widen the scope, i.e. try more or different cells to page. For the MME paging strategy there is a clear trade-off between the paging latency and the paging capacity, i.e. the paging response latency is decreased when more cells are paged the first time. However in NB-IOT there is low mobility and many UEs are assumed to be stationary, i.e. this fact can be used in the paging strategy of the MME. However in NB-IOT there is a (small) risk that the UE is paged with a CE level lower than the UE is in, which may cause the paging attempt to fail. This may cause the network to repeat the paging with a higher CE level. 

The MME can use the Cell ID of the cell the UE was in last time when it was in connected mode. Furthermore the Paging Attempt Count can be used to increase the CE level with a next paging attempt. The paging strategy is up to network implementation, but for discussion sake a possible paging strategy is discussed further:

1. The MME first pages the UE in the last known cell and CE level as indicated the S1 Context Release (Global Cell ID and Coverage Enhancement (CE) level).
2. In case the UE does not respond to the first paging attempt of the MME, then the MME repeats the paging and widens the scope. However the scope is widened conservatively (e.g. few neighbouring cells are added) and the CE level may be increased.

3. In case the UE does not respond to the second attempt, a final third attempt is made in all cells of the registered Tracking Area (TA) of the UE, potentially with the highest CE level.

Assuming the paging strategy above, an attempt can be made to estimate the additional paging load due to MME paging strategy:
	
	Paging scope
	Probability
	Number of cells
	Paging load

	1st attempt
	Last Known Cell (LKC)
	90,0%
	1
	0,9

	2nd attempt
	LKC + neighbours
	9,9%
	5
	0,5

	3rd attempt
	all cells of registered TA
	0,1%
	100
	0,1

	
	
	
	
	1,5


The additional paging load can be significantly when the first paging attempt of the MME is not very likely to succeed. 

Observation 5: The paging load can be increased significantly due to paging re-attempts from the MME in potentially more cells, and with potentially higher CE level.

7.4 Risk of false paging 

A "false" page is referred to the case when multiple UEs monitor the same Paging Occasion and a UE receives a paging message for another UE (i.e. UE ID in paging message does not match the UE's ID). The risk of false paging depends on the number of UEs monitoring the same Paging Occasion, the paging rate per UE (e.g. 11.2 pages/day/UE for NB-IOT), and the DRX cycle length.
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Figure 1: Distribution of UEs over different Paging Occasions.  
The Paging Occasions are distributed based on the UE ID and DRX cycle length (i.e. DRX mod ID). In case the DRX cycle length is the same, the total numbers of UEs in the cell are distributed over N Paging Occasions, where N = DRX cycle length / Paging sub-frame duration. In case of a short DRX (e.g. 1 sec) there are more UEs monitoring the same Paging Occasion, compared to the case of a long DRX (e.g. 1 hour) where fewer UEs are monitoring the same Paging Occasion. 

Observation 6: The risk of "false paging" is reduced when longer DRX is used.

When the UE is in short DRX the UE is more likely to receive paging for another UE compared to a long DRX. However a UE in short DRX may have more relaxed power consumption requirements (e.g. may not run on a battery). 

NOTE: it is here assumed that there is a coupling between the configured DRX cycle length and the expected paging inter-arrival time of the UE, i.e. DRX cycle << paging inter-arrival time.

Even though not every UE in NB-IOT will be paged (e.g. 20% only), there are still a lot of UEs per cell and to ensure that each UE has its own unique paging occasion may be complicated with a mix of UEs in short and long DRX. 

Observation 7: The risk of "false paging" in NB-IOT is low, but cannot be avoided completely i.e. not every NB-IOT device can have its unique paging occasion. 

7.5 Paging channel utilization

The NB-PDCCH and NB-PDSCH are not only used for paging, i.e. the average utilization of these physical channels for paging should be kept low.
To estimate the paging channel utilization the paging frame duration (Paging Occasion duration) is needed. It is expected that the paging frame duration is a few milliseconds (e.g. 1-3 ms). Assuming that a single paging occasion occupies one 1-3 ms frame duration results in a cell paging capacity of 333 - 1,000 pages/sec/cell. 

Assuming an average paging load of 1.3 pages/sec/cell, and an increased paging load due to eNB repetitions for coverage enhancements of a factor of 3.3 and an increased paging load due of MME re-attempts of a factor of 1.5 give an average paging load of 8.4 pages/sec/cell, which means 1% - 2.5% utilization of the paging capacity.

Observation 8: The average utilization of the paging channel in NB-IOT is expected to be low.
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