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Discussion
1 Introduction
In the last RAN2 meeting, several schemes that aim at improving the performance of a RRC connection re-establishment procedure were discussed. This issue is important in that a larger number of RLFs are expected as more pico cells are deployed in HetNet. Such an increase in the number of RLFs will cause frequent RRC connection re-establishment attempts. Consequently, the interruption time due to the RRC connection re-establishment should be reduced. In this context, we investigate several RRC connection re-establishment schemes and evaluate their performance.
2 Discussion
In the last RAN2 meeting, several schemes that aim at improving the performance of a RRC connection re-establishment procedure were discussed. As explained in [1], the following interruption time per RRC connection re-establishment is required.
· Prepared RRC connection re-establishment: 250 ms

· SIB acquisition = 200 ms

· Random access + RRC procedure delay = 50 ms

· Unprepared RRC connection re-establishment: 450 ms

· SIB acquisition = 200 ms

· Random access + RRC procedure delay = 50 ms

· Cell selection + NAS recovery = 200 ms

Therefore, from the perspective of the interruption time, the RRC connection re-establishment towards prepared cells is advantageous to a UE that declares RLF. In this context, some contributions suggested that a network makes a set of cells to be prepared with the UE’s context.
In addition, [2] proposed that the prepared cells are informed to the UE explicitly in a dedicated RRC message, and the UE uses those cells to select a target cell for RRC connection re-establishment. In this scheme, a serving eNB of the UE determines a set of cells to be prepared on the basis of the measurement report that is periodically sent by the UE. By letting the UE know the prepared cells, the UE can perform the prepared RRC connection re-establishment without experiencing the additional delay caused by cell selection and NAS recovery.

The schemes mentioned above are reasonable in that the interruption time can be reduced. However, the following drawbacks need to be considered further.
First, it is possible that the strongest cell among the UE’s neighbour cells at the time when the UE declares RLF is not a prepared cell. It is because the wireless channel is always varying and the update of the prepared cell list is performed intermittently. Therefore, if the UE selects a target cell for RRC connection re-establishment based on the prepared cell list, the non-strongest cell can be selected as a target cell. This kind of mismatch between a prepared cell and the strongest cell can be avoided by frequently updating the prepared cell list. However, it requires a huge amount of signalling overhead due to the periodic measurement report (UE → serving eNB) and the announcement of the prepared cell list (serving eNB → UE).

Next, if the UE performs the RRC connection re-establishment towards the prepared but non-strongest cell, it can happen that (i) the UE performs handover to the strongest cell immediately after the RRC connection re-establishment towards the non-strongest target cell is completed or (ii) the UE’s RLF timer (i.e. T310) starts because the non-strongest target cell offers bad channel quality to the UE.
To avoid the undesired situations mentioned above, an additional operation of the UE can be considered based on the current eNB’s operation. It works as follows.
· eNB operation: The serving eNB selects a set of cells among the UE’s neighbour cells and makes them to be prepared. The selection of the prepared cells can be based on the mobility of the UE (e.g. the last visited cell) or the measurement report sent by the UE (e.g. the strongest neighbour cell). Then, the serving eNB informs the UE of the prepared cells explicitly.

· UE operation: The UE now has the information about the prepared cells.
(1) Operation for RLF avoidance

· If there is a prepared cell whose RSRQ is greater than a certain threshold in the prepared cell list, the UE performs the RRC connection re-establishment towards that cell.

· If there is no cell whose RSRQ is greater than the threshold in the prepared cell list, the UE performs the RRC connection re-establishment towards any un-prepared cell whose RSRQ is greater than the threshold.

(2) Operation for short time-of-stay (ToS) avoidance

· The UE selects the strongest cell (denoted by Aprepared) among the prepared cells and that (denoted by Bun-prepared) among the un-prepared cells.

· If the RSRP of Aprepared is stronger than the RSRP of Bun-prepared, the UE performs the RRC connection re-establishment towards Aprepared that is the prepared and strongest cell.
· If the RSRP of Aprepared is weaker than the RSRP of Bun-prepared and the difference between these two RSRP values is greater than sum of A3 offset and hysteresis parameter, the UE performs the RRC connection re-establishment towards Bun-prepared.

· If the RSRP of Aprepared is weaker than the RSRP of Bun-prepared and the difference between these two RSRP values is less than sum of A3 offset and hysteresis parameter, the UE performs the RRC connection re-establishment towards Aprepared.
We now explain the rationale behind these schemes. First, if the UE performs the RRC connection re-establishment towards the prepared cell whose RSRP satisfies the suitability criterion but RSRQ is less than the threshold, (i) the UE may fail the RRC connection re-establishment or (ii) may declare RLF immediately after the RRC connection re-establishment is completed. We can avoid this situation by using the UE’s operation for RLF avoidance.
Second, if the UE performs the RRC connection re-establishment towards the prepared but non-strongest cell, the UE may perform handover to the strongest cell immediately after the RRC connection re-establishment is completed. We can avoid this situation by the UE’s operation for short ToS avoidance. Note that the combination of these schemes can be used to avoid both the RLF and short ToS in the selected target cell.
Observation 1: If the UE performs the RRC connection re-establishment towards the prepared but non-strongest cell, it can happen that (i) the UE performs handover to the strongest cell immediately after the RRC connection re-establishment towards the non-strongest target cell is completed or (ii) the UE’s RLF timer starts because the non-strongest target cell offers bad channel quality to the UE.
Observation 2: The problem of the RRC connection re-establishment towards the prepared but non-strongest cell can be avoided by improving the UE’s operation.
3 Performance Evaluation
3.1 Simulation Setup

We now examine the performance of RRC connection re-establishment schemes. The following schemes are used for performance comparison.

· Scheme (1) Periodically updated prepared cell (400 ms interval)
· eNB operation: The serving eNB periodically sets the strongest neighbour cell of the UE to a prepared cell. It is based on the measurement report that is periodically sent by the UE.

· UE operation: The UE does not know which cell is prepared. So, it performs the usual cell selection, that is, the UE searches the strongest cell again and selects it as a target cell for RRC connection re-establishment.

· Scheme (2) Periodically updated prepared cell (400 ms interval) + Cell list
· eNB operation: The serving eNB periodically sets the strongest neighbour cell of the UE to a prepared cell. Then, the serving eNB informs the UE of the prepared cell explicitly.

· UE operation: The UE knows which cell is prepared and tries the RRC connection re-establishment towards that cell.
· Scheme (3) Prepared macro cell (default) + Cell list
· eNB operation: The serving eNB sets the default macro cell (where the UE is located in the coverage of that macro cell) to a prepared cell. Then, the serving eNB informs the UE of the prepared cell explicitly.
· UE operation: The UE knows which cell is prepared and tries the RRC connection re-establishment towards that cell.
· Scheme (4) Prepared macro cell (last visited) + Cell list
· eNB operation: The serving eNB sets the last visited macro cell of the UE to a prepared cell. Then, the serving eNB informs the UE of the prepared cell explicitly.
· UE operation: The UE knows which cell is prepared and tries the RRC connection re-establishment towards that cell. Note that if the UE has never visited a macro cell before, the UE performs the usual cell selection.
· Scheme (5) Prepared macro cell (last visited) + Cell list + Operation for RLF avoidance
· eNB operation: The serving eNB sets the last visited macro cell of the UE to a prepared cell. Then, the serving eNB informs the UE of the prepared cell explicitly.

· UE operation: The UE knows which cell is prepared. In addition, we apply the operation for RLF avoidance that is described in the previous section.

We use performance measures that are explained as follows.
· The total number of RLFs and the overall handover failure rate
· The number of RRC connection re-establishment towards prepared/unprepared cells

· The interruption time (250 ms for the prepared case and 450 ms for the un-prepared case) and the outage time in which the UE’s channel quality is worse than Qout
In the simulation, we place 10 pico cells on each macro cell and set the speed of a UE to 30 km/h. Both pico cells and macro cells share the same frequency while experiencing inter-cell interference. The details of simulation parameters are listed in the evaluation methodology document [3].

3.2 Simulation Result
Table 1 Performance comparison of RRC connection re-establishment schemes
	
	# of RLFs/hour
	Interruption time (%)
	Overall HOF rate (%)
	Outage time (%)

	Scheme 1
(400 ms update)
	133.2
	1.3
	19.3
	6.8

	Scheme 2
(400 ms update + List)
	145.4
	1.1
	20.7
	7.4

	Scheme 3
(Default macro + List)
	457.2
	2.9
	50.2
	14.9

	Scheme 4
(Last visited macro + List)
	258.4
	2.0
	32.6
	10.6

	Scheme 5

(Last visited macro + List + RLF avoidance)
	134.2
	1.7
	19.4
	6.9


⋇ The interruption and outage times are normalized by the total simulation time. Therefore, their unit is %.
	[image: image1.wmf]0

100

200

300

400

500

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5

# of RLFs/hour


	[image: image2.wmf]0

0.5

1

1.5

2

2.5

3

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Interruption time (%)



	[image: image3.wmf]0

10

20

30

40

50

60

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Overall HOF rate (%)


	[image: image4.wmf]0

2

4

6

8

10

12

14

16

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Outage time (%)




Figure 1 Performance comparison of RRC connection re-establishment schemes (data from Table 1)


(  Scheme 1: Periodically updated prepared cell (400 ms interval)
(  Scheme 2: Periodically updated prepared cell (400 ms interval) + Cell list
(  Scheme 3: Prepared macro cell (default) + Cell list
(  Scheme 4: Prepared macro cell (last visited) + Cell list
(  Scheme 5: Prepared macro cell (last visited) + Cell list + Operation for RLF avoidance
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Figure 2 Ratio RRC connection re-establishments towards prepared/unprepared cells
Figures 1 and 2 show the performance of the RRC connection re-establishment schemes in terms of the measures described in Section 3.1. From these results, we can have the following observations.
First, we consider the schemes in which the prepared cell list is periodically updated. Scheme (2) experiences more RLFs but less interruption time compared to Scheme (1). The difference between them is whether the UE knows the prepared cell or not. So, when Scheme (2) is used, the UE always performs the prepared RRC connection re-establishment with less interruption time. However, there are some cases where the signal quality from the prepared cell is not good enough. Therefore, the number of RLFs is slightly increased compared to Scheme (1), in which the UE selects the strongest cell as a target cell for RRC connection re-establishment.
Second, we consider Schemes (3), (4) and (5) in which a macro cell is set to a prepared cell. It can be noted that Scheme (3) shows much worse performance than Scheme (4). This phenomenon can be explained as follows. When Scheme (3) is used, the UE always tries the RRC connection re-establishment towards the default macro cell (where the UE is located in that cell’s coverage), although the UE experiences bad channel quality in the default macro cell. Scheme (4) also operates in a similar way. However, if the pico UE that has never visited any macro cell searches the strongest cell and performs the RRC connection re-establishment towards the strongest cell. Therefore, Scheme (3) and Scheme (4) shows different performance.
Besides, Scheme (5) shows the best performance among the three schemes. It means that the UE’s operation for avoiding consecutive RLFs works well. Furthermore, the performance of Scheme (5) is comparable with that of Scheme (1), although the interruption time is slightly higher. Note that Scheme (5) requires much less signalling overhead than Scheme (1) because the prepared cell in Scheme (5) is updated only when the last visited macro cell is changed (i.e. macro-to-macro handover). Therefore, we can find that Scheme (5) can be an efficient way to balance between performance and signalling overhead.
Observation 3: The performance of Scheme (5) is comparable with that of Scheme (1), although Scheme (5) requires only very small signalling overhead.
Finally, we can find an interesting point from Figures 1 and 2. For Schemes (1) and (5), the frequency of the unprepared RRC connection re-establishment is high. However, their performance with respect to the interruption time and the outage time is similar to that of Scheme (2) where only the prepared RRC connection re-establishment happens. Therefore, we can have the following observations.

· The eNB’s operation that makes some neighbour cells to be prepared is required to enhance the RRC connection re-establishment procedure.

· The UE’s operation that “dynamically” selects a target cell according to its channel condition is also important. In other words, the un-prepared RRC connection re-establishment sometimes leads better performance than the prepared one with respect to the overall interruption and outage times.

Conclusion: In addition to the eNB's operation that makes some neighbour cells to be prepared, the UE’s operation that “dynamically” selects a target cell according to its channel condition is also important. In other words, the un-prepared RRC connection re-establishment sometimes leads better performance than the prepared one with respect to the overall interruption and outage times.

4 Conclusion
In this contribution, we examine several RRC connection re-establishment schemes and evaluate their performance from various perspectives such as RLF/HOF performance and the number of prepared/un-prepared RRC connection re-establishments. According to the discussion, we have the following observations.
Observation 1: If the UE performs the RRC connection re-establishment towards the prepared but non-strongest cell, it can happen that (i) the UE performs handover to the strongest cell immediately after the RRC connection re-establishment towards the non-strongest target cell is completed or (ii) the UE’s RLF timer starts because the non-strongest target cell offers bad channel quality to the UE.

Observation 2: The problem of the RRC connection re-establishment towards the prepared but non-strongest cell can be avoided by improving the UE’s operation.
Observation 3: The performance of Scheme (5) is comparable with that of Scheme (1), although Scheme (5) requires only very small signalling overhead.
Conclusion: In addition to the eNB's operation that makes some neighbour cells to be prepared, the UE’s operation that “dynamically” selects a target cell according to its channel condition is also important. In other words, the un-prepared RRC connection re-establishment sometimes leads better performance than the prepared one with respect to the overall interruption and outage times.
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