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1. Overview
An access stratum based solution to RLF recovery was proposed in [2]. This paper presents additional arguments for the introduction of context and data fetch procedures. These procedures are a network-only enhancement, and are applicable to Rel-8 UEs also.
In the absence of context fetch, the UE uses NAS recovery (see [2] for details). However, NAS recovery involves extra latency, and also results in the loss of any data that may have been buffered at the prior serving cell. Hence, it is critical to reduce the number of instances when NAS recovery is used. We argue below that reducing the frequency of NAS recovery involves various costs in network operation, and is unfeasible in some cases such as Rel-8 UE mobility in the presence of PCI confusion. Hence, it is desirable to have a solution that recovers from RLF more efficiently.
Overview of benefits of context fetch for RLF recovery

Motivations for the introduction of context fetch are presented below.
Avoids Aggressive Handover triggers: Setting aggressive handover parameters such as short TTT allows early initiation of handover, and reduces the loss rates of handover signalling. Due to the reduced loss rates, RLF becomes less likely and the NAS recovery procedure is invoked only rarely. However, aggressive handover triggers come at the following costs, and details may be found in Section 3.1, and numerical results in [17]:

· Increased handovers, leading to greater over the air signalling and associated interruptions

· Increased backhaul load, due to the transfer of AM data buffers between eNBs

· Difficult to identify specific areas and UEs for which such aggressive triggers are needed

· Need to reset RoHC at each handover for VoIP, with particular effect on link budget limited users.

· In some particularly challenging environments, even the aggressive triggers are not able to reduce the failure rates to within acceptable levels.
When context fetch is available, even if the network is operated in a regime with more failures, the performance degradation is reduced due to the advantages of context fetch over NAS recovery.
Avoids Problems with Multiple eNB preparation: Multiple-eNB preparation is a method to improve handover robustness, and it allows for RRC re-establishment to be successful at a number of neighbour eNBs. This solution presents the following difficulties, and details may be found in Section 3.2. 
· Advance multiple eNB preparation involves the use of greater number of radio resources at the prepared cells, with an average of more than one RNTI being allocated per UE in the network. Multiple cells also need to perform admission control and potentially reserve bandwidth resources for the same UE.
· Re-establishment to a prepared cell may cause AM data buffered at the source cell to be lost.
· Need to fine tune algorithms at the eNB to decide on the cells to be prepared, and to cancel cells that are prepared.

· Need to synchronize the UE context across all prepared cells, and potential for context mismatch between the UE and the prepared cell after re-establishment.
· Multiple eNB preparation is not supported over the S1 interface.

When context fetch is available, these complexities and resource usage issues are eliminated.

Works for dense deployments with femtocells or picocells: For dense deployments with hybrid CSG cells or picocells, there is PCI confusion, i.e. there is more than one neighbour of the macro cell with the same PCI. Further, RAN3 LS indicates PCI confusion exists in macro cells also [4].  It is desirable in such a scenario to support smooth handover for UEs. One method to resolve the confusion and accomplish handover is to require the UE to report the CGI of the target cell prior to handover. However, this method has the following problems, and details may be found in 3.3
· not available for Rel-8 UEs

· has a certain probability of failure for Rel-9 UE that may not be able to read the CGI due to signal strength changes that occur while the UE waits to read SIB1 from the target cell, and then reports it back to the target cell.

For these reasons, the UE may enter RLF as it gets close to a cell with confusing PCI. Since it is unfeasible for the network to prepare many small cells for handover, a more scalable design is to use context fetch to complete the handover. 
Works with Rel8 UEs: Forward handover works with the existing Rel 8 UEs. Moreover, the change needed to support context fetch in the RAN is very minimal, while providing significantly better AS level solution compared to currently available alternatives.

Support of long DRX operations in connected mode: The LTE Rel-8 standard supports long DRX operations in connected mode, similarly to UMTS. However, unlike UMTS where a forward handover procedure (i.e. Cell Update) is used when the UE is in URA_PCH/CELL_PCH/CELL_FACH(w/ DRX) states, LTE relies on the regular - backward - handover to handle the mobility of a connected mode UE in long DRX. The LTE design is lacking compared to the HSPA design in this respect. For instance, if a DRX cycle of 1.28s is configured, there is a high chance that the UE may wake up and loose (not be able to re-acquire) its serving cell, which will result in a connection failure. Introduction of context and data fetch would allow the UE to recover without going through the RRC idle state.
Prior discussions with CT1 and RAN2: An AS stratum solution to the failed RLF recovery has been discussed before in RAN2 ([12], [13]), with the intention of adopting such a solution in a later release. In an LS sent from RAN2 [14], it was recognized that an AS solution should be the most optimal one from a system point of view. This was in response to a CT1 LS [15] stating that AS recovery should be improved as much as possible. Nevertheless, a complete AS solution to the problem was not entertained at that time due to the time constraints for completing Rel-8 and the late phase when this issue was recognized. As a consequence, a NAS solution was adopted in Rel-8 by RAN2, with the intention of providing an AS solution in a future release [14].
2. Context Fetch Description

Details of the context fetch based solution are provided in [2], where this solution is compared with the NAS based recovery that is part of Rel-8. Under this solution, if the target cell is not prepared, it may fetch the UE context and data by sending a “context and data fetch” backhaul message to the source cell. This way, the RRC Connection can be re-established and Idle State may be avoided. This solution has the following advantages

· Reduced latency because the UE does not have to set up a fresh connection

· Delivery of data buffered at the source when RLF happened, and also of data in the pipe from SGW to source.
· No Idle State transition for many RLF cases, because re-establishment has much greater chance of succeeding
· Reduced load of TAU or other NAS messages to the CN (see [13])
· No change to UE: This solution works with Rel-8 UEs also.

The details of the context fetch solution are shown below, with the new message shown in red. In this message, the target eNB includes the source C-RNTI (from step 3). The new Context and Data Fetch Request message may be sent either over X2-AP or S1-AP to initiate the context transfer from the source to target eNB.  
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Figure 1: Context Fetch Solution

3. Details of advantages of context fetch solution and comparison to other solutions
Handover Trigger Settings

Results are presented by Qualcomm [5], [17] and Nokia/NSN [7], [7] with a variety of RRC configurable parameter settings. It is shown that under challenging environments, setting of rapid measurement report triggers reduces the number of handover failures. Such rapid triggers include setting the time-to-trigger (TTT) to 0ms, and the reporting offset to 1dB. However, such aggressive handover settings come at the following costs.

Increase in handover rate: As the results in [17] show, setting of rapid triggers causes an increase in the rate of handovers, sometimes to an average inter-handover duration of 2s. This is a cause of concern because 

(1) Handovers cause extra over the air and backhaul signaling load,

(2) Handovers increase the backhaul usage due to transfer of buffers between cells (e.g. for AM bearers such as TCP). The buffer at the source eNB can be substantial, as much as full TCP window worth of data. Excessive transfer of this buffer can significantly increase the load on the backhaul.
(3) A handover is likely to result in a few dropped packets (for UM bearers such as VoIP). Further, for VoIP there is a RoHC reset, resulting in a full UDP/IP header being sent over the air. This is particularly harmful for link-budget limited users.
While there is an unavoidable trade-off between the handover rate and the handover failure rate, a robust system design should attempt to deliver low failure rates with reasonable targeted handover rates. In [17], we show the results of simulation and field test data that shows the inverse correlation between the handover rate and handover failures. In all cases, there is no “good” setting of parameters that would provide both low handover failure events without causing excessive handover events.
Loss of robustness: Tuning of network parameters at different cell locations, and for different UEs depending on the mobility individual mobility environments is difficult to accomplish in a reliable manner. For the above reason, it is desirable to have robust performance not only at the optimal parameter settings, but rather throughout a range of settings. 

The need for avoiding fast handovers and the difficulty of setting appropriate handover parameters is already acknowledged (NSN [18]):

“In order to avoid ping-pong handovers in varying radio environment, a hysteresis has been added into the HO mechanism. The hysteresis delays a HO decision to make sure the reasons are not only momentary. However, due to the delay, the user stays connected to a sub-optimal cell for a certain time, i.e. HO is not optimal. The balance between avoidance of ping-pong HO, necessary robustness and optimality is very difficult to be set manually and depends on local and particular conditions that may even vary in time.”

Multiple Cell Preparation
Baseline cell preparation method
One mechanism for cell preparation that is clearly supported by the Release 8 specification is the following

a) Source eNB makes a decision to initiate handover procedures, based on measurement report from the UE, typically event A3 (target > source + offset).
b) Source cell initiates handover procedures, by sending a Handover Required message to the target eNB, over S1 or X2.
c) All cells of the target eNB may be considered to be prepared for handover.

The baseline cell preparation method has the following two problems

UL Measurement Report Loss: The source is unable to prepare the target cell if the measurement report form the UE is lost. The reference here is to the measurement report that causes the source eNB to initiate the handover procedure.
DL HO Command Loss: If the UL measurement report is successful, but the HO command is lost, and the UE re-establishes at an eNB that is different from the eNB of the reported cell, then the re-establishment fails.
These shortcomings of the baseline cell preparation solution could potentially be addressed by enhanced cell preparation techniques. We discuss below some such techniques, and point out problems associated with them.
Preparation of cells in multiple eNBs
Preparation of cells in multiple eNBs improves handover robustness if the UE happens to re-establish at an eNB that is different from the eNB of the cell that the UE reported in the measurement report.
S1 Case: The preparation of cells in multiple eNBs is not allowed by the S1-AP specification [3], as quoted below. For example, the S1 interface does not include transaction IDs that could be used by the MME and source to track the success/response of several transactions.
8.4.1

Handover Preparation

8.4.1.1

General
The purpose of the Handover Preparation procedure is to request the preparation of resources at the target side via the EPC. There is only one Handover Preparation procedure ongoing at the same time for a certain UE.
X2 Case: The X2 interface allows the source eNB to prepare multiple eNBs. In this case, the eNB begins to forward data (for AM bearers) to multiple cells at the time it sends the handover command to the UE. This has the following issues
· Does not address the problem that preparation would not be performed if the UL measurment report that triggers the handover is lost.

· Extra use of backhaul resources for data forwarding and X2 signalling with multiple eNBs
· Need to fine tune algorithms at the eNB to decide on the cells to be prepared, and to cancel cells that are prepared but where the UE does not re-establish.

Summary: Multiple cell preparation is feasible in networks with X2, but with some overheads, and not feasible in networks with S1 only. Multiple cell preparation does not address the problem that preparation would not be done if the UL measurement report that triggers the handover is erased.
Preparation of cells in advance of handover trigger

The preparation cells in advance of handover may be done by the eNB, for example, using event A4 (target better than a network specified threshold). In this case, the preparation is not accompanied by forwarded data.

Such preparation will be useful if the measurement report from the UE that actually triggers handover (critical MRM) is lost. In such a case, the UE will be able to re-establish successfully, and will not have to go through RRC Idle.
However, the preparation of cells in advance has the following issues:

Resource Usage:
- Use of resources at several non-serving eNBs, for potentially long time periods. These resources include the RNTI and radio bearer resources allocated at the target.
- Extra use of backhaul resources for signaling with multiple eNBs.
- Extra use of over the air resources to send the early measurement reports.
Data loss:
- In case the critical MRM is lost, there is no clear way to perform data forwarding from the source cell. This results in loss of the data buffered at the source cell, and will be particularly disruptive for TCP based applications.
Complexity:
- Need to modify the admission control algorithms to take into account the allocated resources at eNBs that are prepared but not serving the UE.
- Need to update the bearer state at other eNBs if there is a NAS update after advance preparation is performed
- Need to introduce mechanisms to detect and correct potential context mismatch between the UE and the prepared cell after re-establishment. Such mechanisms are not supported in Release 8.
- Not allowed on S1, and requires the support of X2
- Need to fine tune algorithms at the eNB to decide on the cells to be prepared, and to cancel cells that are prepared but where the UE does not re-establish.
Summary: The preparation of cells in advance of the handover trigger has several problems, rendering the solution essentially impractical.
Deployments with HeNB and Pico-cells
For a Rel-8 UE, there is no reliable mechanism for PCI confusion resolution and a UE moving close to a cell with confusing PCI may encounter RLF. PCI confusion is likely to be common in dense deployments of closed or hybrid access HeNBs, as well as pico cell deployments. In this case the source eNB would not be able to uniquely identify the cell that the Rel-8 UE is getting close to, and whether the UE is allowed access at the cell. This problem can easily be addressed by using context and data fetch to complete the handover. 
In case the cell with confusing PCI is a closed CSG cell, note that a Rel-8 UE performs suitability check during cell search for RLF, and this includes checking the CSG allowed status of the cell. 
Thus, adding context fetch can allow the support of inbound mobility for Rel-8 UE to closed or hybrid mode HeNBs and to pico cells. Without forward handover, inbound mobility for Rel-8 UEs would be difficult to address.
For a Rel-9 UE, UE assisted CGI reporting may be used to resolve confusion. However, this procedure includes considerable delay, during which the UE has higher probability of encountering RLF as it moves closer to the target cell.

· UE sends a MRM indicating strong strength from a confusing cell

· Network instructs the UE to report the CGI

· UE reads the CGI

· UE sends SR to get uplink resource, and then sends the CGI to the serving cell

This process can take a few hundred ms, during which the source cell SINR may degrade further, significantly increasing the probability of RLF. It is important to note that at the time UE sent the MRM, the source cell SINR was already several dB weaker than the target cell. Context fetch allows successful re-establishment at the target cell in this case.
4. Conclusion

Context fetch improves LTE mobility performance and allows for more efficient network operation for Rel-8 and Rel-9 UEs under various scenarios, including challenging mobility environments where RLFs are likely, and also for HeNBs where PCI confusion is prevalent. Context fetch should be adopted as an access stratum solution for RLF recovery.
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