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1 Introduction
The necessity of improving RLF recovery in HetNet deployment was discussed in the RAN2#82 meeting, and the following agreement has been reached:
RAN2 agrees that HOF/RLF is more likely to occur in heterogeneous networks and one way to reduce the impact of those could be to improve the recovery from RLF.
And an offline discussion on the topic took place in the RAN2#83 meeting but no agreement was reached. An email discussion was arranged to try to get consensus on the following items:

· Performance metrics to evaluate the improvements, e.g.
· Outage time: The time during which T310 is running before a reestablishment.
· Interruption time: Service interruption time due to a reestablishment.
· Measurement report delivery model used in related evaluation

· Number of pico cells in one macro cell in related evaluation
Taking into account the progress made in the email discussion, this paper contributes to the following aspects:

· The mechanisms of some proposed improvements are analyzed.

· The performance of each improvement comparing to the existing baseline is evaluated by simulations.

· The possible problems in implementing these improvements in the real network are also discussed. 
Based on all the analysis, evaluation and discussion, the advantages and disadvantages of each improvement are recognized and summarized, which should be considered by RAN2 in the evaluation of the solutions to improve RLF recovery in HetNet deployment.
2 Preliminary analysis
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Figure 1 Time relationship between measurement report and T310
There are three cases for the time relationship between Measurement Report (MR) and RLF timer T310 when handover failure happens:

· Case a: MR is sent before T310 starts

· Case b: MR is sent after T310 starts but before T310 expires

· Case c: MR is not sent even until T310 expires

No matter which case happens, one R11 and earlier UE shall initiate RRC connection re-establishment procedure only after the T310 expires. And the outage time caused by T310 is the whole time length of the T310, which is pre-configured by the network and the default value is 1s.
2.1 Shorter T310

For all the cases, a possible improvement without specification modification is to configure a shorter T310. With a short T310, the outage time could be reduced; however, it has the following problems:

· The reestablishment times could be increased.

· It is more likely for the UE to declare RLF before it successfully sends the measurement report, so that the possibility of case c happening increases. Without receiving the measurement report, the network could not prepare the possible reestablishment cell(s) in advance, which will cause the reestablishment failure and big increment of interruption time.

2.2 T310 termination
An improvement was proposed in [1] called “T310 termination”, and in the improvement: 
· If the UE starts T310 after the measurement report has been sent (i.e. the case a), then the UE sets the time length of the T310 to be 0, 
· i.e. the UE immediately initiates the reestablishment procedure when the T310 is to be started. 
·  If the UE starts T310 before the measurement report has been sent, then the UE sets the time length of the T310 to be 1s,
· If the UE successfully sends the measurement report when the T310 is running (i.e. case b), then the UE terminates the running T310 and initiates reestablishment procedure at once. 

· If the UE does not successfully send the measurement report even until the T310 expires (i.e. the case c), then the UE initiates reestablishment procedure when the T310 expires.

Comparing to the improvement of “Shorter T310”, the improvement “T310 termination” provides optimization for two of three cases (i.e. the case a and the case b), but similar with the improvement of “Shorter T310”, the improvement is expected to increase the reestablishment times.
On the other hands, the improvement “T310 termination” terminates the T310 only after the measurement report has been sent, which allows the network to prepare the reestablishment cell based on the measurement report in advance, therefore it enhances the success rate of reestablishment comparing to “shorter T310”.
3 Simulation evaluation
3.1 Simulation assumptions
In order to provide a benchmark for both improvements, a baseline case is simulated and Table 1 lists the key parameters and assumptions used for the baseline case, and other simulation parameters and assumptions follow the large area system simulation agreements reached in the study item [2].
Table 1 Key simulation parameters and assumptions for baseline case
	 Items 
	Description 

	T310
	1s

	Pico cell number per macro cell
	1, 4 or 10

	Pico cell placement
	Random

	UE speed
	30km/h

	Configuration parameter set
	Set 3

	Measurement report delivery model
	· MR succeeds if 

· T310 is not running or

· T310 is running but serving cell downlink wideband CQI is less than -8 dB 
· If MR is failed then it will be retransmitted until it succeeds or the T310 expires.


On the top of the baseline case, simulations are run with the two improvements described in the section 2, i.e. “Shorter T310” and “T310 termination”, in order to evaluate and compare their performance:
· In the simulated improvement of “Shorter T310”, the T310 is set to 500ms, 200ms or 100ms instead of 1s in the baseline case. 
· In the simulated improvement of “T310 termination”, the T310 is set to 1s for all the three cases. The UE initiates reestablishment when the T310 starts in the case a, and initiates reestablishment immediately after successfully sending the measurement report when the case b happens.
3.2 Simulation metrics
The following metrics are used to demonstrate the performance of the improvements from multiple aspects:
· Average outage time per reestablishment
This metric indicates the time of T310 running at each reestablishment.
· Unprepared reestablishment rate

Unprepared reestablishment rate = Unprepared reestablishment times/Overall reestablishment times, where “Unprepared reestablishment” is defined as the reestablishment which is initiated before the measurement report is successfully sent. 
· Average interruption time per reestablishment
For each prepared reestablishment, the interruption time is counted as 250ms, and this time includes 200ms for system information acquisition and 50ms for random access and RRC reestablishment procedure.

For each unprepared reestablishment, the interruption time is counted as 450ms, and the extra 200ms compared to prepared reestablishment is used for cell selection and NAS recovery.
· Average reestablishment times per UE per second
This metric indicates how frequent the reestablishment happens in the simulation.
· Outage time percentage in overall simulation time
The metric indicates the ratio of the total outage time experienced by one UE in the overall simulation time. 
· Interruption time percentage in overall simulation time
The metric indicates the ratio of the total interruption time experienced by one UE in the overall simulation time.

3.3 Simulation results
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Figure 2 Average outage time per reestablishment (ms)
The average outage time per reestablishment of the baseline and of each improvement is demonstrated in Figure 2. As expected, all the two improvements can reduce the outage time to some extent compared to the baseline. The average outage time of “Shorter T310” becomes smaller and smaller when the time length of the T310 decreases. The average outage time of “T310 termination” is comparable to that of “Shorter T310” when the T310 is set to 500ms in the latter one, but the former becomes obvious worse than the latter one when the T310 is further getting smaller, i.e. 200ms or 100ms. And above observations apply no matter what number of pico cell in one macro cell is.
Observation I: Both the improvement of “Shorter T310” and the improvement of “T310 termination” can reduce the average outage time experienced by UE.
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Figure 3 Unprepared reestablishment rate
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Figure 4 Average interruption time per reestablishment (ms)
As it is analyzed in the section 2, the improvement of “Shorter T310” will make it more likely that the reestablishment is initiated before the measurement report is sent, i.e. they will increase the unprepared reestablishment rate and this can be clearly seen from Figure 3. Not surprisingly, with “Shorter T310” the unprepared rate increases as the T310 time length decreases. 
On the contrary, the improvement of “T310 termination” does not increase the unprepared reestablishment rate. Thus the average interruption time per re-establishment procedure does not increase, as in Figure 4. The number of pico cells in one macro cell does not influence these observations.
Observation II: Compared to the improvement of “T310 termination”, the improvement of “Shorter T310” increases the possibility of UE initiating reestablishment towards an unprepared cell thus increase the average interruption time experienced by UE accordingly. 
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Figure 5 Average numbers of reestablishments per UE per second
Figure 5  REF _Ref362344810 \h 
 \* MERGEFORMAT compares the average number of reestablishments per UE per second among the baseline and all improvements. As expected, both improvements increase the reestablishment times in the network. And the increase of average reestablishment times of “Shorter T310” and “T310 termination” is comparable. Similar observation is obtained independently on the number of picos.
Observation III: Both the improvements of “Shorter T310” and “T310 termination” increase the number of reestablishments in the network.
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Figure 6 Outage time percentage in overall simulation time
From Fig. 6, we can see that with “shorter T310”, the total outage time experienced by UEs decreases as the length of T310 decreases. However, the improvement of “T310 termination” fails to show gains on reducing total outage time, because “T310 termination” introduces more reestablishments compared to the baseline. Similar observation can be obtained for different pico deployed scenarios.
Observation IV: The improvement of “Shorter T310” can reduce the total outage time experienced by UEs, but the improvement of “T310 termination” cannot.
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Figure 7 Interruption time in overall simulation time
Fig.7 shows the percentage of the total re-establishment time in the total simulation time. We can see that, all the improvements increase this percentage, because of the increase of number of re-establishments.
Observation V: Both the improvements of “Shorter T310” and “T310 termination” increase the total interruption time experienced by UE.

4 Other considerations
Although the simulation results show that all the two improvements have the performance gain on the outage time reduction, both of them have extra problems needed to be solved when they are implemented in the real network:
· For the improvement of “Shorter T310”, it is difficult for the operators to select an appropriate time length for the shorter T310 for each pico cell. If the selected time length is too short, much more reestablishments will fail since no time for sending the measurement report, and this will increase the interruption time experienced by UE; if the selected time length is too long, there is limited optimization on the length of the outage time. Tuning the shorter T310 for each pico cell in the network will become a time-consuming work to the operators.
· For the improvement of “T310 termination”, it is for UE to decide whether to terminate T310 depending on whether the case it encounters is the case a/b or not. So after UE are configured to use the improvement, the network cannot distinguish whether one reestablishment UE once terminated the T310 or not since it does not know whether the case the UE encountered is the case a/b or the case c. Lack of this kind of information, the network cannot know the exact outage time experienced by a reestablishment UE, thus it loses the control on the user experience. The problem in the improvement is especially serious for the case b, since the outage time experienced by UE in the case a is 0, but the outage time experienced by UE in the case b is a random value, which stands between 0 and 1s.
5 Conclusion
In the contribution, simulations are running on the two improvements on RLF recovery, and the following observations can be obtained from the simulation results:
Observation I: Both the improvement of “Shorter T310” and the improvement of “T310 termination” can reduce the average outage time experienced by UE.

Observation II: Compared to the improvement of “T310 termination”, the improvement of “Shorter T310” increases the possibility of UE initiating reestablishment towards an unprepared cell thus increase the average interruption time experienced by UE accordingly. 
Observation III: Both the improvements of “Shorter T310” and “T310 termination” increase the number of reestablishments in the network.
Observation IV: The improvement of “Shorter T310” can reduce the total outage time experienced by UEs, but the improvement of “T310 termination” cannot.

Observation V: Both the improvements of “Shorter T310” and “T310 termination” increase the total interruption time experienced by UE.

Combining the simulation results with the further analysis, the advantages and disadvantages of each improvement are summarized in the Table 2.
Table 2 Pros and Cons of each improvement
	
	Shorter T310
	T310 termination

	Pros
	· Reduce average outage time per re-establishment.
· Reduce total outage time.
	· Reduce average outage time per re-establishment.
· Keep average interruption time per re-establishment unchanged.

	Cons
	· Increase the possibility of unprepared reestablishment.
· Increase average interruption time per re-establishment.
· Increase reestablishment times.
· Increase total interruption time.
· Operators have difficulty in tuning the length of T310 for each pico cell (see the section 4 for details). 
	· No gain in total outage time.

· Increase reestablishment times.
· Increase total interruption time.
· Operators have difficulty in observing the exact outage time experienced by the UEs (see the section 4 for details).


As the conclusion there is a proposal as following:

Proposal: RAN2 is kindly asked to take into account the pros/cons of each improvement in Table 2 when evaluating the solutions to improve RLF recovery in HetNet deployment.
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