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1. Introduction 
In RAN2#91bis, the latency reduction during handover was discussed. In the email discussion [91bis#35][1] phase 1, the main handover steps that contribute to handover delays have been discussed and a typical/average value of delay for each step is agreed. In the second phase, potential solutions, only already proposed during this SI, that address enhancements to the different steps identified in the first phase have been discussed.
In this contribution, we propose the synchronized handover as a candidate solution for the latency reduction during handover. A solution direction has been proposed to reduce the service interruption time by increasing the time that UE communicates with the source cell [2, 3, 4]. In the synchronized handover, the time when the source eNB stops sending data to the UE and the time when the UE disconnects from the source cell can be synchronized. The source eNB can keep sending data to the UE during handover just before the handover execution of the UE and therefore the service interruption time can be reduced.
In addition, the synchronized handover can be combined with early handover command solution [5] to improve the handover performance. In Annex C, we describe about this in detail. 
2. Handover Delay and Service Interruption Time
2.1 Case Studies
In [6], the field test results from a case study on LTE handover delay and the service interruption time are quoted from [7]. The authors of the paper updated their results and published a book [8]. Figure 1 shows LTE C-plane handover delays distribution and Figure 2 shows LTE U-plane interruption delays distribution during handovers, quoted from that book. In contention-free case, the mean C-plane delay is 36.4 ms and the mean U-plane delay is 62.3 ms. In contention-based case, the mean C-plane delay is 43.4 ms and the mean U-plane delay is 50.0 ms. One strange thing about the results is that the mean C-plane delay of contention-free case is shorter than that of contention-based case, but the mean U-plane delay of contention-free case is longer than that of contention-based case. The authors said that different vendors or networks showed the different results, but it is still odd. Table 1 shows the summary of causes for higher than expected C-plane and U-plane delays. They say that extra C-plane delay and U-plane delay are caused by RACH preamble retransmissions. Additionally, in source cell, extra U-plane delay is caused by DL RRC handover command message retransmissions or high BLER of data packets, and in target cell, extra U-plane delay is caused by UL RRC handover complete message retransmissions or high BLER of data packets.
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Figure 1. LTE C-plane handover delays distribution (Figure 3.37 in [8])
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Figure 2. LTE U-plane interruption delays distribution during handovers (Figure 3.38 in [8])
Table 1. Summary of causes for higher than expected C-plane and U-plane delays (Table 3.20 in [8])
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Observation 1: The typical/average service interruption time in handover is longer than the typical/average handover delay from the field test results and the extra service interruption time is caused by DL HO command retransmissions, UL HO complete retransmissions or high BLER of data packets.
2.2 Handover Delay and Service Interruption Time 
Figure 3 shows the handover delay and the service interruption time in handover, agreed in the email discussion phase 1. We made some modifications to Figure 2 in [1] to reflect tendency of the longer service interruption time than the handover delay. 

The handover delay, i.e., TCP-HO-INT, consists of the following, 

-
Tproc: RRC procedure delay, including RRC signalling processing (step 7)

-
Tinterrupt: UE processing time, including delay for RF/baseband retuning, derive target eNB specific keys, configure security algorithm to be used in target cell (step 9.2)

-
Trach: delay to acquire first RACH occasion in the target cell, RACH procedure and RRCConnectionReconfigurationComplete (from step 9.3 to 11)
-
TC.R: contention resolution in target cell, in case of contention-free, 0 ms can be assumed. 

The service interruption time, i.e., TUP-HO-INT, consists of the following,
-
Tbreak: the handover break time in the source cell, i.e., the delay between receiving the last data PDU and receiving the HO command in the UE from the source cell
-
TCP-HO-INT: the handover delay
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Figure 3. Handover delay and service interruption time in handover

The section 10.1.2.1.1 of TS 36.300 [9] says, “When the UE has successfully accessed the target cell, the UE sends the RRCConnectionReconfigurationComplete message (C-RNTI) to confirm the handover, along with an uplink Buffer Status Report, whenever possible, to the target eNB to indicate that the handover procedure is completed for the UE. The target eNB verifies the C-RNTI sent in the RRCConnectionReconfigurationComplete message. The target eNB can now begin sending data to the UE.” However, in contention-free case, the target eNB may begin sending data to the UE immediately after sending an RAR because we decided that ‘CondA’, i.e., the successful completion of the RACH procedure, is met upon the reception of the RAR in the target cell in case of contention-free [10]. Therefore, we can assume the handover break time in the target cell to be 0 ms.
The section 10.1.2.3.1 of TS 36.300 [9] says, “The source eNB discards any remaining downlink RLC PDUs. Correspondingly, the source eNB does not forward the downlink RLC context to the target eNB. NOTE: The source eNB does not need to abort ongoing RLC transmissions with the UE as it starts data forwarding to the target eNB.” The source eNB may still send data to the UE while forwarding them to the target eNB, but this can result in the waste of DL resources if the UE has already disconnected from the source cell. Therefore, there is the trade-off between the delay of Tbreak and the waste of DL resources.
Observation 2: The handover delay can be defined as [Tproc + Tinterrupt + Trach] and the service interruption time can be defined as [Tbreak + handover delay]. 

Table 2 shows a typical/average value of delay for each step in handover procedure, which is agreed in e-mail discussion phase 1.
Table 2. A typical value of delay for each step in handover procedure

	Component
	Description
	Time (ms)

	Tbreak
	The time btw. receiving last data PDU and receiving the HO CMD
	very variable

	Step 7
	RRC Connection Reconfiguration Incl. MobilityControlInformation
	15

	Step 8
	SN Status Transfer
	negligible

	Step 9.1
	Target cell search
	0

	Step 9.2
	UE processing time for RF/baseband re-tuning, security update
	20

	Step 9.3
	Delay to acquire first available PRACH in target eNB
	2.5

	Step 9.4
	PRACH preamble transmission
	1

	Step 10
	UL Allocation + TA for UE
	5

	Step 11
	RRC Connection Reconfiguration Complete
	6

	
	Total delay [ms]
	Tbreak + 49.5


Tbreak is very variable depending on the situation and implementation dependent and a typical value of this delay is not addressed in e-mail discussion. For step 7, the maximum allowed delay for RRC procedure, i.e., 15 ms defined in TS 36.331, is assumed. For step 8, the delay is assumed to be negligible since it is not related to air interface and can be done in parallel with step 9. For step 9.1, the delay when the target cell is already known, i.e., 0 ms, is assumed. For step 9.2, 20 ms is assumed as defined in TS 36.133. For step 9.3, assuming RACH configuration where PRACH is available every 5 subframes, 2.5 ms is assumed. For step 10 and 11, the average delay is assumed as in TR 36.912. The total of typical/average service interruption time is [Tbreak + 49.5] ms.  

A typical value of delay for step 7, step 9.2, and from step 9.3 to step 11 are 15 ms (30.3%), 20 ms (40.4%), and 14.5 ms (29.3%), respectively. The majority of the companies think that step 9.2 is out of RAN2 scope. A typical delay for step 7 is a little longer than a typical delay for from step 9.3 to step 11. If we assume Tbreak to be not 0 ms and include it to step 7, then a typical delay for step 7 is even longer than that for from step 9.3 to step 11. Therefore, we think that step 7 should be one of major steps that contribute to handover delays and service interruption time.
Observation 3: A typical value of delay for step 7, step 9.2, and from step 9.3 to step 11 are 15 ms (30.3%), 20 ms (40.4%), and 14.5 ms (29.3%), respectively. A typical delay for step 7 is a little longer than a typical delay for from step 9.3 to step 11.
Proposal 1: RAN2 should consider that step 7 as well as from step 9.3 to step 11 is one of major steps that contribute to handover delays and service interruption time and is kindly asked to capture it in the TR.
3. Synchronized Handover
3.1 Synchronized Handover

In current specifications, after receiving the handover command message, a UE immediately performs the handover execution. It stops the communication to the source eNB and performs synchronization to target eNB and accesses the target cell via RACH. Because of the break-before-make handover procedure, there could be cease of data communication between the UE and the network during break of the communication with the source cell and making the communication with the target cell. However, if a UE is allowed to continue communication with the source cell until the UE accesses the target cell, the service interruption time can be reduced.
Figure 4 shows the service interruption time of current LTE handover. The service interruption time in handover can be defined as [Tbreak + Tproc + Tinterrupt + Trach] which is [Tbreak + 15 + 20 + 14.5] ms, i.e. [Tbreak + 49.5] ms, using the typical/average value of delay in Table 2.
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Figure 4. The service interruption time of current LTE handover
In synchronized handover solution, the time when the source eNB stops sending data to the UE and the time when the UE disconnects from the source cell can be synchronized. After receiving the handover command, the UE does not execute a handover immediately unlike in current specifications, but communicates with the source eNB before some pre-defined event. Also, the source eNB keeps sending data to the UE until that event. If the pre-defined event is triggered, then the UE sends a handover indication notifying the source eNB of an immediate handover execution. On reception of the HARQ ACK to the handover indication, the UE can detach from the source cell and execute a handover into the target cell. And, the source eNB, after transmitting the HARQ ACK to the handover indication, can stop sending data to the UE and start data forwarding to the target eNB. Therefore, the time of handover execution in the UE and the source eNB can be synchronized. We can use MAC-layer signalling of the handover indication for an exact synchronization. Similarly, in RAN2#91bis, we agreed the MAC layer handshake solution for improved synchronized RRC procedures for L2/L3 DL enhancements for UMTS [11].
Figure 5 shows the service interruption time of this solution. This solution can eliminate the delay of Tbreak because the source eNB keeps sending data to the UE during handover just before the handover execution of the UE. And, we can exclude Tproc from the service interruption time because the UE has already received the handover command and can process it before the handover execution. The service interruption time in handover can be defined as [Tinterrupt + Trach] which is [20 + 14.5] ms, i.e. 34.5 ms, using the typical/average value of delay in Table 2.
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Figure 5. The service interruption time of the synchronized handover
Observation 4: With the synchronized handover solution, the time when the source eNB stops sending data to the UE and the time when the UE disconnects from the source cell can be synchronized. The source eNB can keep sending data to the UE during handover just before the handover execution of the UE and therefore the service interruption time can be reduced. 
Observation 5: The service interruption time of the synchronized handover solution can be defined as [Tinterrupt + Trach], i.e., 34.5 ms in a typical value. It is shorter than that of current LTE HO, i.e., [Tbreak + 49.5] ms. 
3.2 Synchronized Handover with consideration of PRACH occasion

In the synchronized handover solution, the UE can decide the event of the handover execution with consideration of the first available PRACH occasion in the target cell. The UE can decide the event in order that it can send the RACH preamble in the target cell just after step 9.2, i.e., UE processing time for RF/baseband re-tuning and security update. If we assume the fixed delay in step 9.2, this solution can reduce TIU to 0.5 ms regardless of PRACH configuration. Therefore, in this case, the service interruption time can be defined as [Tinterrupt + Trach ‒ TIU], which is [20 + 14.5 ‒ 2] ms, i.e. 32.5 ms, using the typical/average value of delay in Table 2.
Observation 6: With the synchronized handover solution, the UE can decide the event of the handover execution considering the first available PRACH occasion in the target cell. Therefore, it can reduce TIU to 0.5 ms regardless of PRACH configuration.
3.3 Synchronized Handover with Pre-Synchronization
The synchronized handover solution can be combined with any proposed pre-synchronization solution, i.e., either RACH-less solution or pre-RACH solution. The UE can decide the event of the handover execution as when the RACH procedure succeeds. Therefore, in this case, the service interruption time can be reduced to Tinterrupt, i.e., 20 ms, using the typical/average value of delay in Table 2.
Observation 7: The synchronized handover solution can be combined with any proposed pre-synchronization solution. Then, the service interruption time can be reduced to Tinterrupt, i.e., 20 ms in a typical value.
3.4 Synchronized Handover with Early HO CMD
The synchronized handover solution can be combined with early handover command solution. With early handover command solution, after receiving the ‘early’ handover command, the UE does not execute a handover immediately unlike in current specifications, but communicates with the source eNB and performs measurements continually before some pre-configured event. Also, the source eNB keeps sending data to the UE until that event. If the pre-configured handover execution event is triggered, then the UE sends a handover indication notifying the source eNB of an immediate handover execution. On reception of the HARQ ACK to the handover indication, the UE can detach from the source cell and execute a handover into the target cell. And, the source eNB, after transmitting the HARQ ACK to the handover indication, can stop sending data to the UE and start data forwarding to the target eNB. 

With this solution, the service interruption time is the same as the synchronized handover in the above each case.

The strength of this solution is that it is helpful to not only the latency reduction but also the mobility robustness. With regard to the mobility robustness, this solution can achieve zero handover failure rate regardless of the UE velocity and the size of handover region, theoretically. This solution can solve the trade-off between the handover failure rate and the ping-pong rate, achieving zero handover failure rate without increasing the ping-pong rate. Furthermore, with an extension of keeping fast moving users out of small cells, this solution can accomplish zero handover failure rate and zero ping-pong rate simultaneously.
In Annex C, we describe about this in detail.
Observation 8: The synchronized handover solution can be combined with early handover command solution. The strength of this solution is that it is helpful to not only the latency reduction but also the mobility robustness.
3.5 The case of the handover indication transmission failure
Figure 6 shows the service interruption time of this solution in case of handover indication transmission failure. 

We presented a successful handover despite the handover indication transmission failure in section 2.5 in [5]. Even if the transmission of handover indication fails, the UE can execute a handover successfully to the target eNB. Then, the target eNB can request the source eNB to perform data forwarding, sending X2 handover indication. The source eNB sends SN Status Transfer and performs data forwarding to the target eNB. Therefore, in this case, the service interruption time can be defined as [Tinterrupt + Trach + 2 × TX2], which is [20 + 14.5 + 2 × TX2] ms, using the typical/average value of delay in Table 2.
The source eNB may forward data to the target eNB while sending them to the UE before X2 handover indication, then the service interruption time can be reduced, but it can result in the waste of X2 resources.
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Figure 6. The service interruption time of this solution in case of HO IND transmission failure
4. Conclusion
Observation 1: The typical/average service interruption time in handover is longer than the typical/average handover delay from the field test results and the extra service interruption time is caused by DL HO command retransmissions, UL HO complete retransmissions or high BLER of data packets.
Observation 2: The handover delay can be defined as [Tproc + Tinterrupt + Trach] and the service interruption time can be defined as [Tbreak + handover delay]. 

Observation 3: A typical value of delay for step 7, step 9.2, and from step 9.3 to step 11 are 15 ms (30.3%), 20 ms (40.4%), and 14.5 ms (29.3%), respectively. A typical delay for step 7 is a little longer than a typical delay for from step 9.3 to step 11.
Observation 4: With the synchronized handover solution, the time when the source eNB stops sending data to the UE and the time when the UE disconnects from the source cell can be synchronized. The source eNB can keep sending data to the UE during handover just before the handover execution of the UE and therefore the service interruption time can be reduced. 
Observation 5: The service interruption time of the synchronized handover solution can be defined as [Tinterrupt + Trach], i.e., 34.5 ms in a typical value. It is shorter than that of current LTE HO, i.e., [Tbreak + 49.5] ms. 
Observation 6: With the synchronized handover solution, the UE can decide the event of the handover execution considering the first available PRACH occasion in the target cell. Therefore, it can reduce TIU to 0.5 ms regardless of PRACH configuration.
Observation 7: The synchronized handover solution can be combined with any proposed pre-synchronization solution. Then, the service interruption time can be reduced to Tinterrupt, i.e., 20 ms in a typical value.
Observation 8: The synchronized handover solution can be combined with early handover command solution. The strength of this solution is that it is helpful to not only the latency reduction but also the mobility robustness.
Proposal 1: RAN2 should consider that step 7 as well as from step 9.3 to step 11 is one of major steps that contribute to handover delays and service interruption time and is kindly asked to capture it in the TR.
The TP capturing the the handover latency to TR 36.881 section 5 is shown in Annex A.
Proposal 2: RAN2 is kindly asked to consider the synchronized handover as a candidate solution for reducing the latency during handover and capture it in the TR.
The TP capturing the synchronized handover solution to TR 36.881 section 8 is shown in Annex B.
The mobility performance has been one of the main focuses in LTE since Rel-8 and LTE should strive to offer best mobility in a more and more challenging network [22]. In RAN#66 [23], some new 3GPP Rel-13 study items on mobility enhancements for LTE, including improvements on mobility procedures, have been proposed to improve the mobility robustness.
Proposal 3: If RAN2 is asked to change the handover procedure in order to reduce the latency, there is a need to consider the aspect of mobility robustness together.
These observations below are from Annex C which describes about the synchronized handover with early handover command solution to improve the handover performance.
Observation 9: This solution splits an HO event into an HO preparation event and an HO execution event. If two events are properly set, the HOP event can decrease the HOF rate and the HOE event can decrease the PP rate. 
Observation 10: With this solution, the probability of HOF is always zero regardless of the UE speed and the size of HO region theoretically.
Observation 11: This solution can solve the trade-off between the HOF rate and the PP rate, achieving zero HOF rate without increasing the PP rate. 
Observation 12: With an extension of keeping fast moving users out of small cells, this solution can accomplish zero HOF rate and zero PP rate simultaneously.

Observation 13: The enhancements of HO parameter tuning based on the size of HO region and the UE speed seem to be counter-productive. To strive to offer best mobility in a more and more challenging network, we might need more and more enhancements and it seems counter-productive.
Observation 14: This solution can achieve the effect of sophisticated HO parameter tuning, automatically adjusted to the UE speed and the size of HO region, without conscious effort.
Observation 15: In this solution, multiple HO preparations are helpful for a successful HO as well as a successful re-establishment.
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Annex A: TP to 5. Overview of LTE latency in TR 36.881
5.X
Handover Latency

In an LTE system, the average service interruption time in handover is reported to be 50 ms. The service interruption time in handover can have a negative impact on the quality of experience of the UE. It is obviously desirable to minimize the service interruption time in handover as much as possible.
5.X.1
Delay components

Handover delay and service interruption time in current specifications are shown in Figure X.
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Figure X: Handover delay and service interruption time in current specifications
Examples of sources to handover latency are listed below.
Tbreak
The handover break time in the source cell, i.e., the delay between receiving the last data PDU and receiving the handover command in the UE from the source cell. 
Note: The source eNB may still send data to the UE while forwarding them to the target eNB during handover, but this can result in the waste of DL resources if the UE has already disconnected from the source cell. Therefore, there is the trade-off between the delay of Tbreak and the waste of DL resources. 
Tproc
RRC procedure delay, including RRC signalling processing (step 7)
Tinterrupt
UE processing time, including delay for RF/baseband retuning, derive target eNB specific keys, configure security algorithm to be used in target cell (step 9.2)
Trach
Delay to acquire first RACH occasion in the target cell, RACH procedure and RRCConnectionReconfigurationComplete (from step 9.3 to 11)
TC.R
Contention resolution in target cell, in case of contention-free, 0 ms can be assumed.

5.X.2
Current performance
As an example, a simple assessment of typical/average value of delay for each step in handover procedure is presented in Table X. Tbreak is very variable depending on the situation and implementation dependent. For step 7, the maximum allowed delay for RRC procedure, i.e., 15 ms defined in TS 36.331, is assumed. For step 8, the delay is assumed to be negligible since it is not related to air interface and can be done in parallel with step 9. For step 9.1, the delay when the target cell is already known, i.e., 0 ms, is assumed. For step 9.2, 20 ms is assumed as defined in TS 36.133. For step 9.3, assuming RACH configuration where PRACH is available every 5 subframes, 2.5 ms is assumed. For step 10 and 11, the average delay is assumed as in TR 36.912. The total of typical/average service interruption time is [Tbreak + 49.5] ms.  
Table X. Typical/Average value of delay for each step in handover procedure

	Component
	Description
	Time (ms)

	Tbreak
	The time btw. receiving last data PDU and receiving the HO CMD
	very variable

	Step 7
	RRC Connection Reconfiguration Incl. MobilityControlInformation
	15

	Step 8
	SN Status Transfer
	negligible

	Step 9.1
	Target cell search
	0

	Step 9.2
	UE processing time for RF/baseband re-tuning, security update
	20

	Step 9.3
	Delay to acquire first available PRACH in target eNB
	2.5

	Step 9.4
	PRACH preamble transmission
	1

	Step 10
	UL Allocation + TA for UE
	5

	Step 11
	RRC Connection Reconfiguration Complete
	6

	
	Total delay [ms]
	Tbreak + 49.5


Annex B: TP to 8. Solutions for latency reduction in TR 36.881
8.X
Synchronized Handover [X]
In current specifications, after receiving the handover command message, a UE immediately performs the handover execution. It stops the communication to the source eNB and performs synchronization to target eNB and accesses the target cell via RACH. Because of the break-before-make handover procedure, there could be cease of data communication between the UE and the network during break of the communication with the source cell and making the communication with the target cell. However, if a UE is allowed to continue communication with the source cell until the UE accesses the target cell, the service interruption time can be reduced.
8.X.1
Synchronized Handover
In synchronized handover solution, the time when the source eNB stops sending data to the UE and the time when the UE disconnects from the source cell can be synchronized. After receiving the handover command, the UE does not execute a handover immediately unlike in current specifications, but communicates with the source eNB before some pre-defined event. Also, the source eNB keeps sending data to the UE until that event. If the pre-defined event is triggered, then the UE sends a handover indication notifying the source eNB of an immediate handover execution. On reception of the HARQ ACK to the handover indication, the UE can detach from the source cell and execute a handover into the target cell. And, the source eNB, after transmitting the HARQ ACK to the handover indication, can stop sending data to the UE and start data forwarding to the target eNB. Therefore, the time of handover execution in the UE and the source eNB can be synchronized.
This solution can eliminate the delay of Tbreak because the source eNB keeps sending data to the UE during handover just before the handover execution of the UE. And, we can exclude Tproc from the service interruption time because the UE has already received the handover command and can process it before the handover execution. Therefore, the service interruption time with this solution can be defined as [Tinterrupt + Trach], which is [20 + 14.5] ms, i.e. 34.5 ms, using the typical/average value of delay in Table X.
8.X.2
Synchronized Handover with consideration of PRACH occasion

In the synchronized handover solution, the UE can decide the event of the handover execution with consideration of the first available PRACH occasion in the target cell. The UE can decide the event in order that it can send the RACH preamble in the target cell just after step 9.2, i.e., UE processing time for RF/baseband re-tuning and security update. If we assume the fixed delay in step 9.2, this solution can reduce TIU to 0.5 ms regardless of PRACH configuration. Therefore, in this case, the service interruption time can be defined as [Tinterrupt + Trach ‒ TIU], which is [20 + 14.5 ‒ 2] ms, i.e. 32.5 ms, using the typical/average value of delay in Table X.
8.X.3
Synchronized Handover with Pre-Synchronization
The synchronized handover solution can be combined with any proposed pre-synchronization solution, i.e., either RACH-less solution or pre-RACH solution. The UE can decide the event of the handover execution as when the RACH procedure succeeds. Therefore, in this case, the service interruption time can be reduced to Tinterrupt, i.e., 20 ms, using the typical/average value of delay in Table X.
8.X.4
Synchronized Handover with Early HO CMD
The synchronized handover solution can be combined with early handover command solution. With early handover command solution, after receiving the ‘early’ handover command, the UE does not execute a handover immediately unlike in current specifications, but communicates with the source eNB and performs measurements continually before some pre-configured event. Also, the source eNB keeps sending data to the UE until that event. If the pre-configured handover execution event is triggered, then the UE sends a handover indication notifying the source eNB of an immediate handover execution. On reception of the HARQ ACK to the handover indication, the UE can detach from the source cell and execute a handover into the target cell. And, the source eNB, after transmitting the HARQ ACK to the handover indication, can stop sending data to the UE and start data forwarding to the target eNB. 

With this solution, the service interruption time is the same as the synchronized handover in the above each case.

The strength of this solution is that it is helpful to not only the latency reduction but also the mobility robustness. With regard to the mobility robustness, this solution can achieve zero handover failure rate regardless of the UE velocity and the size of handover region, theoretically. This solution can solve the trade-off between the handover failure rate and the ping-pong rate, achieving zero handover failure rate without increasing the ping-pong rate. Furthermore, with an extension of keeping fast moving users out of small cells, this solution can accomplish zero handover failure rate and zero ping-pong rate simultaneously.
Annex C: Early HO CMD solution

In RAN2#84, we proposed “Early HO CMD with Ping-Pong Avoidance” solution [5] to improve the overall mobility robustness in LTE HetNets and we presented shortened handover interruption time as another benefit with this solution in section 2.6. In this contribution, we provide further information on this solution. First, we discussed that it can reduce service interruption time by increasing the time that UE communicates with the source cell in section 3. Next, we show that it can achieve zero HOF rate without increasing the PP rate, solving the trade-off between HOF rate and PP rate. Lastly, we discuss that it can achieve the effect of sophisticated HO parameter tuning, automatically adjusted to the UE speed and the size of HO region, without conscious effort.
C.1 Handover Procedure

In this solution, mobile-assisted, network-controlled HOs are applied in the same manner as the LTE HO. However, while the LTE HO is fully network-controlled, this solution is hybrid-controlled in that it transfers part of the control of the HO execution to a UE. This solution consists of network-controlled HO preparation and mobile-controlled HO execution under the network’s control. With this solution, a UE backs up one or more ‘early’ HO CMDs and executes an HO to an optimal target cell selected among one or more prepared candidate target cells which are decided by source eNB (S-eNB), based on the backed-up ‘early’ HO CMDs, at an optimal time. The procedure of this solution is similar to that of the LTE HO except HO execution procedure as shown in Figure 7. 

When an HO preparation (HOP) event is triggered, the UE sends an MR to the S-eNB. The HOP event can be an A3 event with offset1, for example. The S-eNB does an HO preparation to a potential target eNB (T-eNB) based on the MR. The potential T-eNB performs admission control and resource reservation, and sends a handover request ACK to the S-eNB. The S-eNB sends an ‘early’ HO CMD to the UE. 

In this solution, after receiving an ‘early’ HO CMD, the UE does not execute an HO immediately unlike in the LTE HO, but simply backs up ‘early’ HO CMDs, communicates with the S-eNB and performs measurements continually. Also, the S-eNB keeps sending data to the UE. Then, the UE determines an optimal time of HO execution and an optimal target cell based on the continual measurements. Because the UE obtains the best knowledge regarding its own radio conditions in a timely manner, its decision can be the optimum. After the UE determines an optimal time of HO execution and an optimal target cell triggered by an HO execution (HOE) event, the UE sends a handover indication notifying the S-eNB of an immediate HO execution and the selected T-eNB. An HOE event can be an A3 event with offset2, where offset2 is bigger than offset1. After sending HO indication, the UE executes an HO, detaches from the source cell and synchronizes to the target cell. After receiving HO indication, the S-eNB stops sending data to the UE and starts data forwarding to the T-eNB. After that, the remaining procedures in the HO execution and completion phase are performed, as in the LTE HO.
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Figure 7. “Early HO CMD with Ping-Pong Avoidance” handover procedure
Table 3 is the comparison table between current LTE handover and this solution. 
Table 3. Comparison Table: current LTE handover vs. this solution

	 
	LTE handover
	This solution

	HO control
	Network-controlled
	Hybrid-controlled
(Network-controlled HO preparation, 
UE-controlled HO execution under the network’s control)

	HO event
	One integrated HO event
	Two separate HO events
(HO preparation event, HO execution event)

	HO execution
	Immediately after receiving HO CMD
	At an optimal time decided by UE (when HO execution event is met)

	HO interruption time
	Tbreak + Tproc + Tinterrupt + Trach
	Tinterrupt + Trach (maybe, except TIU)
S-eNB can keep sending data to a UE until the access attempt on the target cell

	Multiple HO 
preparations
	Be a help to RLF recovery only
	Be a help to both HO and RLF recovery

	HOF probability
	Proportional to the UE speed and 
inversely proportional to the size of HO region 
	Always zero regardless of 
the UE speed and the size of HO region

	The trade-off
	trade-off between an aggressive 
HO parameter use to decrease 
the HOF rate and the amount of PPs
	no trade-off

	HO parameter
scaling
	Forced TTT scaling based on 
UE speed, cell type, 
UE location, UE direction, the angle of UE trajectory, etc.
	Unforced and automatic TTE scaling 
adjusted to whatever


C.2 Rationale behind the Solution

The rationale behind this solution is very intuitive. This solution assures that the HO signalling is completed robustly while a UE is in a good radio link condition with the serving cell, and the HO is executed when the target cell is better enough than the serving cell. This solution splits an HO event into an HOP event and an HOE event. The HOP event is used for an “Early Handover Preparation” and the HOE event is used for an HO execution with “Ping-Pong Avoidance”. Figure 8 shows HOF rate and PP rate according to HO parameter sets and the UE speed from [12], and an example of HOP event and HOE event in this solution. If an HOP event such as ‘Set 5’ is chosen, then an early HO preparation triggered by this event can decrease the HOF rate. And, if an HOE event such as ‘Set 1’ is chosen, then the HO execution triggered by this event can prevent PP occurrences from being accompanied by the above premature HO.
[image: image10.png](a) Configuration parameter sets for handover performance simulations

Profile | Set 1 Set2 | Set3 Set4 Set5
UE speed [km/h] 3. 30, 60, 120} 3, 30, 60, 120} {3, 30, 60, 120} {3, 30, 60, 120} 3, 30, 60, 120}
(Cell Loading [%] 1100 100 1100 100 100
[TTT [ms] 480 160 160 180 40
|A3 offset [dB] &) <] 2 1 1
IL1 to L3 period [ms] [200 1200 1200 200 1200
RSRP L3 Filter K 4 “ i i
(b) Average overall HO Failure Rate (%)
wl —e—3Km/h
—#— 30 Km/h
60.0
—&— 60 Km/h
50.0 BN —5%— 120 Km/h
40.0
30.0 \
20.0
Handover Preparation
Event
10.0
’_\k .
0.0
Setl Set2 Set3
(c) Average ping-pong Rate (%)
90.0
80.0 /
70.0
60.0 /
50.0
40.0
30.0
20.0
Handover Execution
10.0
0.0

Setd

SetS




Figure 8. HO preparation event and HO execution event in this solution

Observation 9: This solution splits an HO event into an HO preparation event and an HO execution event. If two events are properly set, the HOP event can decrease the HOF rate and the HOE event can decrease the PP rate. 
C.3 Zero Handover Failure Rate

Figure 9 illustrates a geometric HetNet HO model of current LTE HO. A UE starts as a macro UE (MUE) and moves along a straight line toward an arbitrary direction. The MUE becomes a pico UE (PUE) if it is successfully handed over to the pico cell, and becomes an MUE again if it is successfully handed over to the macro cell. 

An MUE starts at the pico cell coverage circle, e.g., the point A, and moves along a straight line toward an arbitrary direction. As soon as an MUE enters the MUE HO margin (HOM) circle, a TTT of duration Tm is initiated. After the TTT is triggered, the MUE does not make an HO into the pico eNB (PNB) if it leaves the MUE HOM circle before the end of the TTT. If the TTT is expired before it leaves the MUE HOM circle, the MUE makes an HO into the PNB. An MUE HOF occurs if the distance υTm travelled by the MUE during the TTT is larger than the distance between the location where the MUE trajectory intersects with the MUE HOM circle and the location where the MUE trajectory intersects with the MUE HOF circle. (υ: the UE speed)
Let us assume the length of the segment BC and the segment LM to be υTm. Then, the UE trajectory of the segment AK suffers MUE HOF because the length of the segment GH is shorter than υTm and finally the UE trajectory intersects with the MUE HOF circle before an HO trigger. The UE trajectory of the segment AP can suffer ping-pong (PP) because the time-of-stay (ToS) connected in pico cell is likely to be less than minimum ToS, i.e., Tpp time units, where Tpp is 1 s as defined in [12], since the PP occurs if the length of the segment MO plus υTm can be shorter than υTPP.
The HOF rate in LTE HO is proportional to the UE speed and inversely proportional to the size of HO region as we already know.
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Figure 9. The HetNet HO model of current LTE handover
Figure 10 illustrates a geometric HetNet HO model of this solution.
An MUE starts at the pico cell coverage circle, e.g., the point A, and moves along a straight line toward an arbitrary direction. As soon as an MUE enters the MUE HOP circle, an HO preparation is initiated. The MUE does not make an HO into the PNB if it leaves the MUE HOP circle before the MUE trajectory intersects with the MUE HOE circle. If the MUE trajectory intersects with the MUE HOE circle, then the MUE makes an HO into the PNB. An MUE HOF does not occur because the MUE trajectory always intersects with the MUE HOE circle before it intersects with the MUE HOF circle.
As soon as a PUE enters the PUE HOP circle, an HO preparation is initiated. If the PUE trajectory intersects with the PUE HOE circle, then the PUE makes an HO into the MNB. Likewise, a PUE HOF does not occur because the PUE trajectory always intersects with the PUE HOE circle before it intersects with the PUE HOF circle.
The UE trajectory of the segment AK suffers MUE HOF in LTE HO, but, in this solution, the HO is successful. The UE trajectory of the segment AP can suffer PP in LTE HO, but, in this solution, the UE does not make an HO into the PNB because it leaves the MUE HOP circle before the MUE trajectory intersects with the MUE HOE circle.
The HOF rate in this solution is always zero regardless of the UE speed and the size of HO region if we set the HOE circle between the HOP circle and the HOF circle.

The detailed theoretical analysis of HOF and PP probabilities of LTE HO and this solution can be found in [13].
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Figure 10. The HetNet HO model of this solution
Observation 10: With this solution, the probability of HOF is always zero regardless of the UE speed and the size of HO region theoretically.
C.4 No trade-off between HOF rate and PP rate

We derived the HO performance metrics such as HOF and PP probabilities of LTE and this solution through the theoretical analysis. Figure 11 shows the numerical results of MUE HOF, PUE HOF, and PP probabilities in case of macro-pico distance of 75 m. In short, with LTE HO, the smaller the macro-pico distance and the higher the UE speed, the higher the HOF rate and PP rate yields, but this is not the case of this solution where the probability of HOF is always zero regardless of the macro-pico distance and the UE speed. 

The numerical results demonstrate that this solution can solve the trade-off between the HOF rate and the PP rate, achieving zero HOF rate without increasing the PP rate. With this solution, the probability of MUE HOF and PUE HOF is always zero regardless of the macro-pico distance and the UE velocity. The UE speed has no significant impact on the HO performance, and it is different from the common observation that high-speed UEs suffer much higher HOF rate than low-speed UEs [12]. And, the probability of PP is the lowest in all cases with this solution if we set HOP event of 2 dB and HOE event of 3 dB. It is also different from the common understanding that there is a trade-off between an aggressive HO parameter use to decrease the HOF rate and the amount of PPs [12]. The probability of extra HO preparation, the cost of this solution, is marginal and only 6.6% in (HOP 2 dB and HOE 3 dB) and 9.0% in (HOP 1 dB and HOE 2 dB).
One notable point in the numerical results is that most PP occurrences are due to the small radius of the pico cell coverage circle because we assumed an ideal HO model with an exact measurement and without fading effect. Therefore, if we keep fast moving users out of small cells as gray-listing solution [14], considering the radius of the pico cell coverage circle, the most PP occurrences can be prevented. The results show that this solution can accomplish zero HOF rate and zero PP rate simultaneously with an extension of keeping fast moving users out of small cells, considering the radius of the coverage of those cells.  

The detailed numerical results of HOF and PP probabilities of LTE HO and this solution can be found in [13].
Observation 11: This solution can solve the trade-off between the HOF rate and the PP rate, achieving zero HOF rate without increasing the PP rate. 
Observation 12: With an extension of keeping fast moving users out of small cells, this solution can accomplish zero HOF rate and zero PP rate simultaneously.
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Figure 11. MUE HOF, PUE HOF, and PP rates (macro-pico distance = 75 m)
C.5 Unforced and Automatic TTE scaling

We have mainly studied on the HO parameter tuning to improve the HO performance in LTE. The HO parameter tuning should be based on the size of HO region as well as the UE velocity [15]. Since Rel-8, RAN2 has taken “solution direction 1” [16], i.e., UE speed based scaling, and tried to enhance these mechanisms. In [16], it is said that continuing on the "solution direction 1" for enhancing event triggering seems unlikely to be able to handle a large diversity of (hetnet) deployments well and turn out to be counter-productive.
RAN2 introduced the UE mobility history reporting [17] to increase the network’s knowledge of the UE mobility speed to allow more detailed HO parameter tuning and target cell-specific TTT [18] to allow network to modify the mobility event triggering per target cell, in order to improve mobility robustness in HetNets. For the sophisticated HO parameter tuning based on the actual size of HO region, we need more enhancements. [19] proposed the HO parameter tuning based on the UE location by reason that UEs crossing the same cell border at different location might experience rather different propagation and require different handover triggering measurement configuration. [20] proposed the HO parameter tuning based on the UE direction of outbound HO by reason that the interference which the UE experiences is dependent on the direction of UE movement. Furthermore, the HO parameter tuning based on the angle of UE movement is needed for the sophisticated HO parameter tuning based on the actual size of HO region. To strive to offer best mobility in a more and more challenging network, we might need more and more enhancements and it seems counter-productive. In addition, [21] presented that a TTT causes an extra HO delay and is one reason for the increased HOF rate and suggested that it is necessary to find a more appropriate solution beyond the adjustment of an A3 offset and a TTT. Also, in [16], it is said that “solution direction 2”, i.e., enhancements not based on UE speed but on radio conditions themselves, seems most interesting, limiting the impact of absolute speed estimations on event triggering and have the UE take action considering real observed radio conditions. 

Observation 13: The enhancements of HO parameter tuning based on the size of HO region and the UE speed seem to be counter-productive. To strive to offer best mobility in a more and more challenging network, we might need more and more enhancements and it seems counter-productive.
This solution takes “solution direction 2” and the handover event in this solution is not based on UE speed but on radio condition themselves. Normally, in this solution, an HOP event and an HOE event do not use a TTT. Instead, a suppositional ‘time-to-execute’ (TTE), which is the elapsed time from a receipt of an ‘early’ HO CMD to an HO execution, is unforced and automatically well scaled depending on the UE speed and the size of HO region in real network configurations.
Figure 12 shows the profile of DL received signal strengths from macro cell and pico cell, and illustrates example of HO scenarios of LTE and this solution. Here (X Km/h, Y ms) denotes UE speed of X Km/h and TTT of Y ms in LTE case. In macro-pico distance of 250 m case, the size of HO region is 3.882 m. The HO failure occurs in the cases of (120 Km/h, 480 ms), (60 Km/h, 480 ms), and (30 Km/h, 480 ms), as shown in the right red box. In macro-pico distance of 125 m case, the size of HO region is 1.912 m. The HOF occurs in the cases of (120 Km/h, 480 ms), (60 Km/h, 480 ms), (30 Km/h, 480 ms), and (120 Km/h, 80 ms), as shown in the middle red box. In macro-pico distance of 75 m case, the size of HO region is only 1.135 m. The HOF occurs in most cases, except (3 Km/h, 480 ms), (30 Km/h, 80 ms), and (3 Km/h, 80 ms), as shown in the left red box. But, no HOF occurs with this solution regardless of the macro-pico distance and the UE speed. The distance between the location of HOP event trigger and the location of HOE event trigger is automatically adjusted to the size of HO region. The shorter the macro-pico distance, the smaller the size of HO region and the distance yield. Therefore, TTE is well adjusted to the size of HO region. Also, TTE is well adjusted to the UE speed because the distance between the location of HOP event trigger and the location of HOE event trigger is the same regardless of the UE speed. As a result, with this solution, unforced and automatic TTE scaling, adjusted to the UE velocity and the size of HO region, is possible, and therefore this solution can relieve the operators’ efforts for network and HO parameter tuning.
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Figure 12. Example HO scenarios of LTE vs. this solution with macro-pico distances of 75 m, 125 m, 250 m
Observation 14: This solution can achieve the effect of sophisticated HO parameter tuning, automatically adjusted to the UE speed and the size of HO region, without conscious effort.
C.6 Multiple Handover Preparations Feature

This solution supports the feature of multiple HO preparations inherently and gives a cell selection opportunity to the UE based on multiple HO preparations decided by the S-eNB. If an HOP event for another potential T-eNB is triggered, then another HO preparation can be performed (procedure from 1* to 4* in blue box in Figure 13). The LTE HO also supports the feature of multiple HO preparations where the S-eNB is allowed to perform HO preparations with multiple T-eNBs. However, multiple HO preparations are helpful for only a successful re-establishment after an RLF occurs during the HO procedure. Although the S-eNB is allowed to perform HO preparations with multiple T-eNBs, the UE can receive only one HO CMD for a prepared T-eNB selected by the S-eNB. Thus, the HO is successful only if the UE accesses that target cell. Therefore, the gain from this feature is too limited because it does not do much for the HO itself. But, in this solution, an HO attempt to any prepared T-eNB succeeds, and therefore multiple HO preparations are helpful for a successful HO as well as a successful re-establishment. 
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Figure 13. Handover procedure with multiple handover preparations in this solution
Observation 15: In this solution, multiple HO preparations are helpful for a successful HO as well as a successful re-establishment.
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