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Discussion
1 Introduction
In the last RAN2 meeting, many contributions discussed early RLF triggering, where a UE initiates a RRC connection re-establishment procedure before T310 expiry. The aim of this method is to recover quickly from RLF/HOF and to reduce the time of service interruption experienced by the UE. However, the performance of early RLF triggering has not been fully investigated in many aspects. Therefore, we need to study the performance of this method in more detail and to consider whether such an approach is suitable for solving the performance degradation caused by RLF/HOF in HetNet.

2 Discussion
Herein, we investigate RLF and HOF in more detail. Especially, we focus on the following aspects.

1)
Timing relationship between RLF and HO 

-
Whether Qout is triggered before or after event A3

2)
Performance comparison of RLF recovery mechanisms
-
How much actual outage times happen per HOF

-
How much more re-establishments happen if pico cells use short T310

2.1 Timing Relationship between RLF and HO
The early RLF triggering schemes discussed during the last RAN2 meeting operate in a way that a UE terminates T310 early and performs RRC connection re-establishment if a certain handover condition is satisfied, for instance, RSRPtarget > RSRPserving + RSRPoffset for TTT. Therefore, it is important to observe the timing relationship between T310 and TTT. For this purpose, we define four different cases according to the order of the start/expiry of T310/TTT, as illustrated in Figure 1.
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Figure 1 Categorization of timing relationship between T310 and TTT
-
Case 1: TTT start → TTT expiry → T310 start → T310 expiry

-
Case 2: TTT start → T310 start → TTT expiry → T310 expiry

-
Case 3: T310 start → TTT start → TTT expiry → T310 expiry

-
Case 4: T310 start → TTT start → T310 expiry → TTT expiry

-
HO-independent RLF: The RLF happened unrelated with HO

Intuitively, Case 1 means that a UE triggers HO before the serving cell’s quality becomes bad. In addition, Case 2, Case 3, and Case 4 mean that a UE triggers HO after the serving cell’s quality becomes bad. By using such categorization, we can analyze RLF and HO jointly. More specifically, whenever RLF is declared in our simulation, we check the case where the RLF comes from. Therefore, we can understand the availability of a HO target cell when the RLF declaration is coming. Such analysis is helpful to understand which solution approach is suitable for improving the performance of RLF recovery mechanisms. 
Table 1 Number of RLFs for different cell topologies (T310 = 1000 ms, UE speed = 30 km/h)

	Topology
	Case 1
	Case 2
	Case 3
	Case 4
	Overall RLF per hour
	Overall HOF (%)

	Macro
	# of RLF/hour
	0
	0.12
	0.06
	0
	0.18
	0.09

	
	Ratio (%)
	0
	66.67
	33.33
	0
	100
	

	HetNet with 1 pico
	# of RLF/hour
	1.84
	5.97
	5.28
	0.03
	13.11
	3.40

	
	Ratio (%)
	13.96
	45.54
	40.27
	0.23
	100
	

	HetNet with 10 pico
	# of RLF/hour
	5.28
	17.4
	112.2
	9.12
	144
	23.53

	
	Ratio (%)
	3.67
	12.08
	77.92
	6.33
	100
	


Table 1 shows the number of RLFs that correspond to each case we have just defined. We consider a macro-only network, a HetNet with one pico cell, and a HetNet with 10 clustered pico cells in order to observe the effect of different inter-cell interference levels on RLF. In the simulation, T310 is set to a typical value, that is, 1000 ms, and the speed of a UE is set to 30 km/h.
First, the number of RLFs in the macro-only network (low inter-cell interference) is very small. So, the problem of RLF during a HO process is not serious in this network. Next, in the HetNet with one pico cell (normal inter-cell interference), the total number of RLFs is approximately 13 per hour. In addition, the portion of Case 2 is similar to that of Case 3. However, when we consider the HetNet with 10 clustered pico cells (strong inter-cell interference), the total number of RLFs is largely increased to approximately 144 per hour. Moreover, the portion of Case 3 is largely increased, so more than 77 % of the total RLFs correspond to Case 3. From these results, we can find that (i) the total number of RLFs is increased and (ii) the RLFs that correspond to Case 3 become dominant as pico cells are densely deployed. Remind that Case 3 describes the situation where TTT is started and expired while T310 is already running. Therefore, we can recognize that a UE triggers HO after the channel quality between the UE and its serving eNB is already degraded.

The reason for this phenomenon can be explained as follows. In the HetNet with 10 pico cells, the pico cells are deployed in a given area, which is called a cluster. So, a UE in a pico cell may receive interference from not only a macro cell but also the other pico cells in the same cluster. Due to such an increased number of interfering nodes, the interference is significantly increased even though the UE has not detected a HO target cell yet. To verify this reasoning, we provide geometry curves (i.e. the CDF of RSRQ) for each topology used in the simulation. As shown in Figure 2, the curves are shifted to a low RSRQ region as many pico cells are deployed. It should be noted that the interference comes from many pico cells, not a single dominant interfering node that can be considered as a HO target cell. Therefore, the reception of the strong interference does not guarantee the existence of a HO target cell. This is the difference between the macro-only network and the HetNet with many pico cells. As a result, triggering HO becomes relatively late compared to the start of T310 in the HetNet with 10 pico cells.
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Figure 2 Geometry curves of (i) Macro-only, (ii) HetNet with one pico and (iii) HetNet with 10 picos

Observation 1: When a number of pico cells are deployed, a UE in a pico cell triggers HO after the channel quality between the UE and its serving eNB is already degraded. The main reason for this phenomenon is the strong interference received from neighbour pico cells.

Table 2 Number of RLFs for different T310 values (Macro T310 = Pico T310)
	T310
	Case 1
	Case 2
	Case 3
	Case 4
	Overall RLF per hour
	Overall HOF (%)

	1000 ms
	# of RLF/hour
	5.28
	17.4
	112.2
	9.12
	144
	23.53

	
	Ratio (%)
	3.67
	12.08
	77.92
	6.33
	100
	

	750 ms
	# of RLF/hour
	6.12
	20.04
	118.68
	14.16
	159
	24.46

	
	Ratio (%)
	3.85
	12.60
	74.64
	8.91
	100
	

	500 ms
	# of RLF/hour
	5.64
	20.04
	112.68
	29.88
	168.24
	24.56

	
	Ratio (%)
	3.35
	11.91
	66.98
	17.76
	100
	

	250 ms
	# of RLF/hour
	7.68
	37.44
	74.04
	98.04
	217.2
	26.27

	
	Ratio (%)
	3.54
	17.24
	34.09
	45.14
	100
	


Table 2 shows the number of RLFs for different values of T310 such as 250, 500, 750, and 1000 ms. Here, we consider the HetNet with 10 pico cells and the same value of T310 is applied to both macro cells and pico cells. So, we can observe the effect of short T310 on the performance with respect to RLF. First, for the values of T310 ranged from 500 to 1000 ms, the number of RLFs that correspond to Case 3 is much greater than the number of RLFs that correspond to the other cases. This result is well aligned with that in Table 1.

Next, we examine the effect of different T310 settings on the RLF performance. We find that the total number of RLFs is increased as the value of T310 is decreased. As shown in Table 2, the total number of RLFs is 144 per hour when T310 is set to 1000 ms. However, the total number of RLFs is increased to 217.2 per hour when T310 is set to 250 ms. It should be noted that T310 will stop if the measured channel quality becomes better than Qin. So, increasing T310 is helpful to avoid the premature declaration of RLF that is caused by temporary channel degradation. On the other hand, the use of short T310 may lose the opportunity of observing the restoration of the channel quality to an acceptable level. Therefore, the value of T310 should be carefully decided by considering its capability of recovering RLF automatically.

In addition, as the value of T310 is decreased, the portion of Case 3 is decreased while that of Case 4 is increased. This result is obvious because a UE declares RLF earlier while triggering HO at the same time if shorter T310 is used. So, Case 4 dominates the other cases when T310 is 250 ms.

Observation 2: The total number of RLFs is increased as the value of T310 is decreased. The main reason for this phenomenon is that shorter T310 may lose the opportunity of observing the restoration of the channel quality to an acceptable level.

Table 3 Number of RLFs for different Pico T310 values (Macro T310 = 1000 ms)
	Pico T310
	Case 1
	Case 2
	Case 3
	Case 4
	Overall RLF per hour
	Overall HOF (%)

	500 ms
	# of RLF/hour
	5.4
	20.04
	116.28
	21.96
	163.68
	25.03

	
	Ratio (%)
	3.30
	12.24
	71.04
	12.42
	100
	

	250 ms
	# of RLF/hour
	6.84
	33.24
	80.76
	77.28
	198.12
	25.2

	
	Ratio (%)
	3.45
	16.78
	40.76
	39.01
	100
	


We now consider the situation where only pico cells use short T310 (i.e. 250 and 500 ms) while macro cells use typical T310 (i.e. 1000 ms). Table 3 shows the number of RLFs obtained under this situation. When we compare the result in Table 3 with that in Table 2, where both macro cells and pico cells use the same value of T310, we can find that these two results are almost similar. This phenomenon means that reducing the T310 of macro cells has a little effect on the RLF performance because a UE served by a macro cell operates well with the typical value of T310, that is, 1000 ms. Note that such reasoning is also aligned with the RLF performance for the macro-only network in Table 1. Therefore, we can recognize that the T310 of only pico cells has a significant effect on the performance with respect to RLF.

Observation 3: T310 of only pico cells has a significant effect on the performance with respect to RLF.
2.2 Performance Comparison of RLF Recovery Mechanisms
We now examine the performance of RLF recovery mechanisms. The following schemes are used for performance comparison.

1)
No optimization: Both macro and pico cells use the same value of T310 (i.e. 250, 500, 750 and 1000 ms).

2)
Short pico T310: Only pico cells set T310 to a short value (i.e. 250 and 500 ms) while macro cells set T310 to a typical value (i.e. 1000 ms).

3)
Early T310 termination: Both macro and pico cells use a typical value of T310 (i.e. 1000 ms). Then, the UE initiates RRC connection re-establishment before T310 expiry if (i) T310 is running and (ii) event A3 is triggered for a neighbour cell.

We use performance measures such as the number of RLFs, re-establishment interruption time, and outage time. They are defined as follows.

- Interruption time: It indicates the time in which a UE performs RRC connection re-establishment when the UE declares RLF. During this time, the UE cannot communicate with any eNB because its RRC connection is not re-established yet.
- Outage time: It indicates the time in which a UE observes Qout. During this time, the UE may experience a bad link quality that is less than Qout.
Note that the interruption time has a different value according to whether a UE performs RRC connection re-establishment towards prepared/un-prepared or suitable/un-suitable cells. For each case, we can calculate the interruption time as expressed in Table 4 [1][2][3]. In the simulation, we assume that there are no un-suitable cells that do not allow a UE to be connected to them. Therefore, the situation where a UE performs the initial connection setup due to T311 expiry does not happen.
Table 4 Service interruption time for RLF recovery success and failure
	
	Interruption time
during RRC connection re-establishment

	Re-establishment towards a prepared cell
(  UE returns to the same cell

(  UE selects a cell of a prepared eNB
	(  SIB acquisition = 200 ms
(  Random access + RRC procedure delay = 50 ms
→  Total (250 ms)

	Re-establishment towards an un-prepared cell
(  UE selects a cell of a different eNB that is not prepared
	(  SIB acquisition = 200 ms

(  Random access + RRC procedure delay = 50 ms

(  Cell selection + NAS recovery = 200 ms 
→  Total (450 ms)

	T311 expiry when  there is no suitable cell
for re-establishment
	(  T311
(  Initial connection setup


Table 5 Number of RLFs of early T310 termination
	Default T310 = 1000 ms
	Case 1
	Case 2
	Case 3
	Case 4
	Overall RLF per hour
	Overall HOF (%)

	Early T310 termination
	# of RLF/hour
	4.68
	89.28
	256.08
	7.32
	357.39
	52.68

	
	Ratio (%)
	1.31
	24.98
	71.66
	2.05
	100
	

	No optimization
	# of RLF/hour
	5.28
	17.4
	112.2
	9.12
	144
	23.53

	
	Ratio (%)
	3.67
	12.08
	77.92
	6.33
	100
	


We now investigate the performance of the early T310 termination. Table 5 shows the number of RLFs when this scheme is used in the HetNet with 10 pico cells. First, the frequencies of Case 1 and Case 4 are very low, as we observed in the no optimization scheme. However, the frequencies of Case 2 and Case 3 are largely increased. Note that in the early T310 termination, T310 is terminated when TTT is expired. This situation corresponds to Case 2 and Case 3. Due to the increased frequencies of Case 2 and Case 3, the total number of RLFs is significantly increased. Accordingly, the RRC connection re-establishment may happen more frequently.
Observation 4: When early T310 termination is used, the total number of RLF declarations is significantly increased.
Table 6 Interruption time and outage time of (i) no optimization and (ii) early T310 termination
	
	No optimization

Macro T310 = Pico T310 = 1000, 750, 500, 250 ms
	Early T310 termination

	T310
	1000 ms
	750 ms
	500 ms
	250 ms
	1000 ms (default)

	Interruption time (%)
	2.75
	3.55
	4.97
	9.30
	6.16

	Outage time (%)
	10.36
	10.02
	8.72
	6.71
	6.38

	Total (%)
	13.11
	13.57
	13.69
	16.01
	15.06


( The interruption and outage times are normalized by the total simulation time. Therefore, their unit is %.
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Figure 3 Interruption time and outage time (data from Table 6)
Next, we investigate the performance with respect to the interruption and outage times. For the no optimization scheme, the interruption time is increased as T310 is reduced. Note that RLF is declared more frequently when shorter T310 is used, so it causes the increase of the interruption time. Compared to the no optimization scheme with T310 = 1000, 750, and 500 ms, the early T310 termination shows higher interruption time. However, it shows less interruption time than the no optimization scheme with T310 = 250 ms.

On the other hand, we can find a different tendency in the outage time. As shown in Table 6, the outage time becomes higher when longer T310 is used. The early T310 termination also shows low outage time compared to the other schemes. Note that long T310 allows a UE to observe its channel quality for a long time, so it is helpful to avoid the premature declaration of RLF. However, the UE should endure the unfavourable channel quality (i.e. Qout) during that time. Therefore, long T310 increases the outage time while the early T310 termination reduces the outage time.
Observation 5: As T310 is shorten or terminated early, the number of RLFs and the interruption time are increased. In addition, longer T310 increases the outage time while shorter T310 and early T310 termination reduce the outage time.
According to the above discussion, we find the trade-off relationship between the interruption time and the outage time. It should be noted that the communication between a UE and an eNB is impossible during RRC connection re-establishment. However, a UE can communicate with its serving eNB during the outage time although its channel quality may be poor. Furthermore, there is a non-zero probability that the channel quality becomes good again (i.e. Qin) so T310 stops. As a result, reducing the interruption time is more important than reducing the outage time. At the same time, it is advantageous if the outage time is less than a certain level.
On the basis of such rationale and the result in Table 6, we can derive our conclusions as follows.

Conclusion: If we consider the interruption time only, the no optimization scheme with typical T310 (i.e. 1000 ms) has the best performance among the three schemes. In addition, if we consider the overall service interruption time (interruption time + outage time), the no optimization scheme with typical T310 also shows the best performance.
2.3 Handover Performance when T310 is Running
In this contribution, we propose to consider the 4 cases illustrated in Figure 1. It should be noted that in Case 1, Case 2, and Case 3, the UE triggers a handover procedure when TTT is expired. For these cases, we can expect that the UE may fail to the handover because T310 is running (that is, the UE already met Qout). However, the handover performance from the perspective of successful handover when T310 is running has not been discovered yet. If such simulation result is available, it will be helpful for us to understand the situation where a UE experiences RLF and handover simultaneously.
Table 8 Number of RLF declarations and successful handovers when T310 is running

	T310
	1000 ms
	750 ms
	500 ms
	250 ms

	# of RLF per hour

(ratio)
	144.0

(33.53 %)
	159.0

(38.32 %)
	168.2
(44.20 %)
	217.2
(69.00 %)

	# of successful HO during T310 is running per hour

(ratio)
	285.5

(66.47 %)
	256.0

(61.68 %)
	212.4

(55.80 %)
	97.6

(31.00 %)
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Figure 5 Number of RLF declarations and successful handovers when T310 is running (data from Table 7)

Table 7 shows (i) the number of RLF declarations and (ii) the number of successful handovers when T310 is running. This result is obtained by using the no optimization scheme, so the number of RLF declarations in Table 7 is also shown in Table 2. From this result, we can find an interesting point: a large portion of the handover trials that correspond to Case 1, Case 2, and Case 3 turn out to be successful, although T310 is running. For example, when T310 is set to 1000 ms, approximately 66 % of the handover trials during Qout succeeded.
In our simulation, to model the handover message exchange accurately, we use a realistic link curve (i.e. SINR-BLER curve) for each DL/UL channel such as PDCCH, PDSCH, PUCCH, and PUSCH [4]. Moreover, it should be noted that T310 will start if the average BLER of PDCCH is greater than 10 %. So, our observation described above can be interpreted as there is the enough probability that the UE (whose T310 is running) can successfully obtain the handover-related information by receiving and sending the DL/UL grant, the measurement report, the handover command, and so on.
Actually, triggering T310 does not indicate the fact that the communication between a UE and its serving eNB is impossible, but it means that the channel condition between them becomes unstable. Furthermore, it can also happen that the channel quality becomes good again (i.e. Qin) automatically so T310 stops. Therefore, the result in Table 7 and our observation should be considered when we discuss various aspects of RLF recovery mechanisms.
Observation 6: A large portion of the handover trials that correspond to Case 1, Case 2, and Case 3 turn out to be successful, although T310 is running.
2.4 Impact of Coverage Holes
To understand the impact of coverage holes on RLF, we first need to consider which model is suitable as a coverage hole. Basically, the following two options can be considered.

1) Only a desired signal from a serving cell is degraded by some obstacles.

2) Not only the desired signal but also interference signals from neighbour cells are degraded together.

The phenomenon in (1) can happen by shadow fading or in an emergency situation such that a specific cell tower is collapsed. Note that the shadow fading is already modelled in the simulation. Moreover, considering emergency situations is too extreme to be considered in this discussion. On the other hand, mobile users may experience the phenomenon in (2) easily. For example, when they enter a building or an underground metro station, the received signal strength from all eNBs is decreased together. So, this option seems to be very realistic. Therefore, we can conclude that the option (2) is more suitable than the option (1) for modelling coverage holes in the simulation.

To implement the option (2) in the simulation, additional penetration loss caused by a building is applied to the link quality of a UE. More specifically, we consider a square block as a building and randomly drop the building on the coverage of each macro cell. When the UE goes through the building, the RSRP from any eNB (i.e. not only a serving eNB but also neighbour eNBs) is degraded by 20 dB. By using such setting, we observe the performance with respect to RLF and HOF.
Table 9 Number of RLFs and overall HOF with/without buildings (T310 = 1000 ms, UE speed = 30 km/h)
	
	No optimization without buildings
	No optimization with buildings (size: 40m x 40m)
	No optimization with buildings (size: 60 x 60)
	No optimization with buildings (size: 80 x 80)

	# of RLF/hour
	247.32
	256.68
	249.84
	237.96

	Overall HOF (%)
	19.09
	18.97
	18.96
	17.70


Table 8 shows the performance of the no optimization scheme with/without the building. From this result, we can find that the number of RLFs and the overall HOF rate are not affected by the existence of the buildings. It means that the HetNet with the coverage hole model of the option (2) hardly provides an area (or “hole”) where the received signal quality (i.e. RSRQ) of a UE is severely degraded. The reason for this phenomenon can be explained as follows.

The building used in the simulation degrades the RSRP of the desired signal and that of the interference signals from neighbour cells together. Accordingly, both the numerator and denominator in the RSRQ equation are decreased, so the RSRQ itself is not decreased much unless it is dominated by noise power.
Typically, in a dense HetNet where many pico cells are deployed, the distance between adjacent cells is very small. So, the RSRP of the interference signals is still stronger than the noise power although the 20 dB penetration loss is applied by the building. Therefore, the RSRQ of the UE is dominated by the inter-cell interference rather than the noise power in our simulation environment. Due to this fact, the introduction of the building does not cause the degradation of the RSRQ and has little impact on the performance with respect to RLF and HOF.

Observation 7: In a dense HetNet with many pico cells, the introduction of buildings that reduce the received signal power from all the eNBs around a UE does not cause the degradation of the RSRQ. So, it has little impact on the RLF/HOF performance.
3 Conclusion
In this contribution, we analyze the timing relationship between RLF and HO. Moreover, we investigate the performance of the RLF recovery mechanisms with respect to the number of RLF, the interruption time, and the outage time. According to the discussion from many aspects, we have the following observations.

Observation 1: When a number of pico cells are deployed, a UE in a pico cell triggers HO after the channel quality between the UE and its serving eNB is already degraded. The main reason for this phenomenon is the strong interference received from neighbour pico cells.
Observation 2: The total number of RLFs is increased as the value of T310 is decreased. The main reason for this phenomenon is that shorter T310 may lose the opportunity of observing the restoration of the channel quality to an acceptable level.

Observation 3: T310 of only pico cells has a significant effect on the performance with respect to RLF.
Observation 4: When early T310 termination is used, the total number of RLF declarations is significantly increased.

Observation 5: As T310 is shorten or terminated early, the number of RLFs and the interruption time are increased. In addition, longer T310 increases the outage time while shorert T310 and early T310 termination reduce the outage time.
Observation 6: A large portion of the handover trials that correspond to Case 1, Case 2, and Case 3 turn out to be successful, although T310 is running.

Observation 7: In a dense HetNet with many pico cells, the introduction of buildings that reduce the received signal power from all the eNBs around a UE does not cause the degradation of the RSRQ. So, it has little impact on the RLF/HOF performance.
Conclusion: If we consider the interruption time only, the no optimization scheme with typical T310 (i.e. 1000 ms) has the best performance among the three schemes. In addition, if we consider the overall service interruption time (interruption time + outage time), the no optimization scheme with typical T310 also shows the best performance.
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