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1 Introduction

The purpose of this paper is to discuss and compare eDRX concepts within the scope of the Work Item (WI) RAN enhancements for extended DRX in LTE [1]. The paper compares timer and System Frame Number (SFN) extension based solutions for both Radio Resource Control (RRC) idle and connected modes. It further identifies some commonalities between the compared solution approaches in idle mode and proposes a paging window based mechanism as a framework for the WI. Finally, some possible solution alternatives are outlined for system information acquisition in both idle and connected mode.
2 Discussion

2.1 Idle Mode DRX
For long DRX cycles, the fact that UE might miss a page at cell change becomes more of a problem. UE may be asleep when changing cell, and at wake up for the paging realizes that it is in a new cell. In this new cell, the paging message might already have been transmitted. For DRX cycles of 1-2 seconds, this is typically compensated by a repetition of the paging message at some later PO. But if the DRX cycle is several minutes, a paging repetition at the end of the DRX cycle will considerably increase the expected UE response time. An obvious solution to this problem is to transmit additional paging messages with a short time interval at the end of each long DRX cycle, e.g. by introducing  a paging transmission window (PTW) mechanism where the paging messages are repeated over several paging occasions (PO within the PTW), as captured in the proposals below and illustrated in Figure 1..
Proposal 1 Introduce a window mechanism where the paging messages can be repeated more often than in the long paging cycle.
Proposal 2 eNB repeats the paging messages within the window whenever it is aware of the eDRX configuration.

[image: image1]
Figure 1: Paging Transmission Window

The problem of extended DRX cycle then boils down to the question how to control the window mechanism for eDRX and how to compute the paging occasions. Since there are no obvious benefits of changing the computation of paging occasions, it is proposed that the legacy formula for the computation of paging occasions is applied within the paging window but the UE is not required to listen to paging occasions that are outside of the paging window.
Proposal 3 The computation of paging occasions within the paging windows are based on the current formulae, i.e no change on the paging occasion computation.
Proposal 4 If the UE is configured with eDRX, it is not required to listen to normal paging occasions outside of the paging window.
The rest of the discussion relates to the question how the UE knows the paging occasion when using extended paging cycles. This is based on an assumption that the above-described window mechanism is used. The intention of the discussion is not to elaborate any details but instead compare the advantages and disadvantages of different design principles and propose a way forward. In general, there are two ways of controlling occasion of the paging slot; timers and SFN and these principles will be compared below.
Alternative 1: SFN based solution

The current paging mechanism is based on SFN and therefore an SFN extension could be a natural way of extending the paging cycles. The extension bits could be introduced, e.g. in the system information block (SIB) type 1 which is acquired when the UE camps on the cell. The advantages of the solution are:
· The SFN extension solution reuses and extends the existing concept and therefore it is the simplest solution both from the standardization and implementation point of view.
· An SFN extension improves the paging capacity because the paging resources are more efficiently multiplexed. This should be useful especially for machine type communication where a large number of UEs is envisioned.
The disadvantages of the solution are:
· eNBs need to be synchronized at some level such that the paging windows are sufficiently overlapped within the same tracking area in order to ensure that the UEs do not miss paging messages when they move between cells.

· Even though the SFN extension improves the multiplexing of paging resources, it also means that the paging occasions of different UEs may have long separation in time. If all UEs need to paged, e.g. in case of a warning message, SFN extension may result in an unacceptable long time until all UEs can be reached.
· If the UE enters a cell that does not implement the SFN extension, it most likely becomes unreachable because the UE does not listen to all paging occasions whereas the legacy eNB assumes that the UE is reachable on all paging occasions. In other words, the eNB normally sends the paging message in the first possible paging occasion while there are no guarantee that the eDRX configured UE listens to that paging occasion because it may still be sleeping. If all UEs need to be paged, e.g. due to a public warning message, this kind of behaviour is problematic because all UEs need to be reachable.
Alternative 2: Timer based solution
The Timer-based solution relies on timers in the UE and network (MME). The UE is preferably configured with extended I-DRX and PTW timer values via NAS procedures, and the timers in UE and MME are started at successful completion of NAS procedures (e.g. attach, registration). The timer based solution is illustrated in Figure 2.
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Figure 2: CN handling of paging trigger
The advantages of the solution are:
· The solution has limited impact on RAN because the cells do not need to be synchronized but the eNBs should, however, be aware of the configuration so that they can repeat paging messages within the window.
· There are no ambiguities regarding paging occasions and therefore the UE is reachable in all cells including legacy ones. So the MME controls when the paging starts (based on the timer) and the eNBs only forward paging messages from the MME. The control is in the CN and the forwarding does not require any changes to the eNB and therefore a legacy eNB is able to page the eDRX UE.  It should, however, be noted that a legacy eNB does not make any repetitions and therefore the UE may still miss a paging message when it moves to/from such cells.
· It is possible to control the time that it takes to page all UEs, e.g. several UEs can be concentrated within the same paging window such that the whole population of UEs can be paged reasonably fast, e.g. in case of a warning message.

The disadvantages of the solution are:
· The solution introduces a conceptually new mechanism and therefore there are complexity impacts both from the standardization and implementation point of view, e.g. the UE needs to maintain DRX synchronization with the CN. It should be noted that (arguably) this kind of synchronization is already introduced by the Rel-12 Power Saving Mode (PSM) solution.
· If a too large population of UEs is concentrated on the same paging window, it may be difficult to reach all UEs. However, the number of UEs within the same paging window can be controlled by the MME and therefore it should be possible to avoid this scenario but, anyway, it requires some effort.
It is evident that both solutions have their advantages as well as disadvantages and therefore a selection between these two alternatives does not seem very obvious. However, one important difference between them is the UE reachability within a network that has legacy eNBs and, with that respect, the timer based solution has some benefits when compared to the SFN extension solution because all eNBs are not always (or cannot be) upgraded to support all features of the latest standard version.
On the other hand, the UE could also follow the legacy DRX cycle as soon as it discovers that the cell does not support SFN extension. Apart from the adverse impact on the battery lifetime which also makes the usefulness of eDRX somewhat questionable, it would also require an indication of SFN extension support from the network side and further couple the eDRX feature to supported RAN functionality.
The handling of eDRX configured UEs within legacy cells are of some relevance because it is expected to have an impact on key performance indicators. If there are UEs that cannot always be reachable, the paging success rate is expected to impair. Moreover, if there are UEs that do not respond to paging, the CN might need to repeat the paging messages within a larger geographical area which increases the paging load.
Observation 1 If eDRX configured UEs are allowed to become unreachable, the paging success rate is expected to impair.

Observation 2 Upon an unsuccessful page, the CN might need to repeat the paging within a larger geographical area which in turn increases the paging load.
It is therefore proposed to adopt the timer based solution. 
Proposal 5 Adopt the timer based solution as a technique to extend the DRX cycle.
2.2 Connected Mode DRX
The scope of the WI also includes extended DRX cycle for connected mode. It is possible to envision several non-trivial mobility-related problems with extended DRX in connected mode but since mobility enhancements are outside of the WI scope, the discussion is based on an assumption that the UE stays in the same cell.

Similar to idle mode, the DRX cycle could be extended by using an SFN extension. The extension bits could again be placed, e.g. in the SIB1. The computation of OnDuration times would need to be slightly revised in order to allow longer DRX cycle. This would be a straightforward solution for connected mode DRX both from the standardization and the implementation point of view. Apart from the slight rework of the formulae and the relatively small overhead caused by the SFN extension, no obvious downsides are foreseen.
The extended DRX cycle could also be based on a window mechanism combined with a timer as discussed for the idle mode. If the UE stays connected to the same cell, the SFN wraps around at the same time in both sides of the radio interface and the DRX cycle could be extended by counting the number of times when the SFN cycle wraps around. To keep the UE and eNB synchronized, the number of times when the SFN wraps around needs to be configurable by using dedicated signalling. Upon the reception of the DRX configuration, the UE would know in what SFN cycle the OnDuration occurs. The advantage of the solution is that it does not need any SFN extension. An alternative to the counting of SFN wraparounds, could be a a timer that is started upon the reception of RRCConnectionReconfiguration including the DRX configuration. This would then determine where the OnDuration occurs.
The downside is that the UE always needs some time to process the received RRC message and therefore there could be ambiguities on the SFN cycle count between the eNB and UE. In principle, this should not be a big problem because the eNB implementation could refrain from sending DRX configurations close to the SFN boundary. 
It seems that the SFN extension is a cleaner solution than the timer based solution for the connected mode even though the timer based solution is technically feasible as well. Since it is generally desirable to avoid introduction of two different types of solutions to the same problem, it would at least be preferable to make use of similar kind of concepts for both modes if possible. It is therefore proposed to use the same approach for connected mode as for the idle mode based on what is agreeable for idle mode (or vice versa). It should be noted that further comparisons may still be needed and the solutions could also be different if such an approach can be reasoned.
Proposal 6 Use a similar kind of DRX solution (either timer or SFN extension based) for connected mode as for idle mode.
2.3 System Information acquisition
The DRX cycle extension both in idle and connected mode has an impact on the system information acquisition. The purpose of this section is to discuss some possible solutions. 

A straightforward solution is that the UE reads system information always before access. If the connected mode DRX cycle is longer than the default paging cycle, the UE is required to read valueTag from SIB1 before access. If the idle mode paging cycle is longer than the default paging cycle, the UE is required to read valueTag from SIB1 before access. The advantages of the solution are:

· There is no need to change anything related to system information (SI) change procedures.

· The eNB does not need to be aware of the UE’s paging cycle when there is no incoming paging message.

The disadvantages of the solution are:

· There is an adverse impact on the battery lifetime due to SIB1 acquisition.
· The UE access is concentrated to occur just after SIB1 transmission
· In case the paging configuration changes, the UE does not monitor paging because it is not aware of the change.
Another possibility is that the UE monitors SI change notification once every extended paging cycle both in connected and idle modes. The advantages of this solution are;

· The procedure would be similar as today except that the paging cycle would be longer.

· Some changes are needed to modification boundaries etc, but on general level the logic is somewhat similar to legacy. 
The disadvantages are:
· The eNB can change system information only once per extended paging cycle. This applies for all UEs in the system, indirectly also legacy UEs.
· The eNB needs to know the paging cycles of all connected and idle mode UEs which may be located in the cell. It is generally impossible for the network to know idle mode UE locations and therefore this solution needs to be based on the worst case assumption.
It is worth to note that any modification to system information change procedures needs to be known by the UE and therefore an indication is needed from the network side to provide the UE information whether or not such a change is implemented by the eNB. Similarly, it should be possible for the idle mode eDRX UE to acquire system information updates even if it enters a legacy cell.
One issue to note is that the SI Acquisition mechanism is also discussed in the context of the Coverage Enhancend/Low Cost MTC UEs. It can be assumed that Coverage Enhanced UEs would be configured with eDRX. Thus a mechanism should be considered together.

Proposal 7 Compare the advantages and disadvantages of different SI acquisition schemes

Proposal 8 Aim for one SI acquisition solution for CE/LC MTC UEs and eDRX UEs

3 Conclusion

In section 2 we made the following observations:
Observation 1
If eDRX configured UEs are allowed to become unreachable, the paging success rate is expected to impair.
Observation 2
Upon an unsuccessful page, the CN might need to repeat the paging within a larger geographical area which in turn increases the paging load.


Based on the discussion in section 2 we propose the following:
Proposal 1
Introduce a window mechanism where the paging messages can be repeated more often than in the long paging cycle.
Proposal 2
eNB repeats the paging messages within the window whenever it is aware of the eDRX configuration.
Proposal 3
The computation of paging occasions within the paging windows are based on the current formulae, i.e no change on the paging occasion computation.
Proposal 4
If the UE is configured with eDRX, it is not required to listen to normal paging occasions outside of the paging window.
Proposal 5
Adopt the timer based solution as a technique to extend the DRX cycle.
Proposal 6
Use a similar kind of DRX solution (either timer or SFN extension based) for connected mode as for idle mode.
Proposal 7
Compare the advantages and disadvantages of different SI acquisition schemes
Proposal 8
Aim for one SI acquisition solution for CE/LC MTC UEs and eDRX UEs
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