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1 Introduction

The issue of interruption time during handover has been discussed in several contributions and some estimates of the interruption time have been provided [1]. This contribution analyzes the impact of interruption times. The contribution also analyzes the impact of the total handover duration. When a handover is impending, the link to the source eNB can degrade rapidly. Thus the total handover duration is an important design consideration. 
2 Discussion
2.1 Interruption Time

Good handover design minimizes the interruption time during a handover. From the point of view of performance this is important for (a) eliminating user perceived gaps, and (b) minimizing the failure rate of handovers. In the past several contributions tried to estimate handover interruption times [1] provides estimates of handover interruption time for the handover mechanism shown in Figure 1. The interruption times are in the 12-22 ms range if the RACH attempt to the target succeeds at the first attempt. These estimates are based on RACH opportunities being every 10 ms. [4] also provides similar estimates for interruption time with different assumptions (it does not account for the time from UE receiving the timing advance and UL grant to the time of sending the HO complete). [4] also assumes 2 RACH opportunities every 10 ms; this increases the total resource usage by the RACH from 2.5% to 5%, which we are not sure is necessary.
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Figure 1 : Handover Procedure from [1]
[1] goes on to argue that further optimizations to reduce interruption time are not necessary. While the 12-22 ms interruption time appears to meet time budget for intra-LTE active handover, we feel the issues are more subtle. A couple of things should be noted:
· The interruption times in [1] are very dependent on the periodicity of the RACH opportunities, which is assumed to be every 10 ms. If the RACH opportunities are spaced further apart (for example every 20 ms), there is a heavy impact on the interruption time. In other words, the handover procedure becomes an important factor in determining the periodicity of RACH, even if other considerations happen to require a longer duration between RACH opportunities.
· A non-zero interruption time implies that some data intended for the UE buffered at the source eNB remains un-transmitted to the UE when the interruption begins. The un-transmitted data is forwarded from the source eNB to the target eNB over the X2 interface. The target eNB has to wait until the UE is synchronized, assign DL resources and then start the transmission of the forwarded data
The additional complexity with either of these two approaches can be reduced. Making the interruption time negligibly small allows the source eNB the opportunity to complete sending the buffered data to the UE and thus reducing the need for transfer of data (it should be possible to completely eliminate the need for transfer of data for real-time and semi-real-time applications). 
Taking the above factors into account, we think it is useful to minimize the interruption delay. Minimization of the interruption delay has generally taken the approach of keeping the connection with the source eNB until uplink synchronization with the target eNB is obtained, for example as shown in [2].
2.2 Total Handover duration
Total Handover duration is measured from the sending of the measurement report by the UE to the sending of uplink data to the target eNB. Fast execution of handover is important because once the UE notices a need for handover, the link to the source eNB can degrade rapidly. This is especially true in dense urban environments (street canyons etc). 
We estimate that the procedure of [1] has a total HO duration of up to 63 ms
 even if the first RACH attempt succeeds. Much of this is due to the communication between the source eNB and the target eNB for the reservation of resources at the target eNB. The resources reserved are the dedicated preamble and the new C-RNTI. We think it is useful to carefully scrutinize this step of the handover to reduce the total handover duration. 
2.3 Proposal

We propose to reduce both the interruption time and the total handover duration to obtain a framework for an efficient handover mechanism. To this end we combine key elements of [1]and [2]. The interruption time is reduced mainly by using transmit/receive gaps as in [2]. The total handover time is reduced by eliminating some unnecessary steps that are a part of procedures outlined in [1] and [2]. The procedure is shown in Figure 2. The following are the main principles used:
· As shown in [3], we do not think it is necessary for the RACH preamble to be reserved at the target eNB. The relevant cost vs benefit is discussed in [3], wherein we show that if the source eNB provides the RACH preamble the RACH preamble usage is lower and there is no impact to collision rates. Assigning the target’s RACH preamble by the source eNB also simplifies the RACH preamble management (makes it unnecessary to do real-time management of RACH preambles across multiple eNBs). This allows us to reduce the total handover duration: the RACH procedure can be performed in parallel with other handover activities in the handover preparation stage.
· Scheduled T/R gaps are assigned by the source eNB to the UE to perform RACH transmissions to the target eNB. The UE already has DL timing information of the target eNB (due to performing measurements) and the source eNB has knowledge of the timing of the RACH opportunities of the target eNB. Thus the T/R gaps can be very short (~ 2 ms). This allows the source eNB to continue to exchange data with UE concurrently with the RACH procedure to the target eNB. The UE’s timing advance is sent to it via the source eNB rather than the target.
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Figure 2 : Proposed Procedure
The steps involved in the handover are as follows:
1. UE sends a measurement report to the source eNB. Source eNB makes a Handover decision. 
2. The source eNB picks a RACH preamble for the UE and sends a HO indication to the target eNB that includes the assigned RACH preamble.
3. Source eNB acknowledges the measurement report in a message that includes the T/R gaps to perform the RACH process to the target eNB and the assigned RACH preamble.
4. UE sends RACH to target eNB using assigned preamble and switches back to the source eNB without waiting for a response from the target eNB.
5. The target eNB computes the UE’s timing advance and sends to source eNB UE’s timing advance with an assigned C-RNTI and an UL grant.

6. Source eNB sends HO command to UE which includes the UE’s timing advance, assigned C-RNTI and the UL grant. UE sends HO complete.
2.3.1 Comparison of Interruption times and total handover duration
	
	Procedure in [1]
	Proposed procedure

	Interruption time (from HO command to HO complete) assuming single RACH attempt
	Worst case 22 ms; Average case 17 ms
	Negligible (less than 1 frame duration)

	Interruption time (from HO command to HO complete) assuming two RACH attempts, first attempt unsuccessful
	Worst case 32 ms; Average case 27 ms
	Negligible (less than 1 frame duration)

	Total handover duration (from measurement report to HO complete) assuming single RACH attempt
	Worst case 63 ms; Average case 36 ms1 
	Worst case 33 ms; Average case 22 ms


	Total handover duration (from measurement report to HO complete) assuming two RACH attempts, first attempt unsuccessful


	Worst case 73 ms; Avg case 46 ms
	Worst case 43 ms; Avg case 32 ms


If multiple target eNBs are identified in the measurement report and the source eNB forks step 2 to the multiple targets, the UE can be assigned multiple RACH preambles and multiple T/R gaps, one for each target eNB. 
3 Conclusion

This contribution aims to construct a handover procedure that minimizes interruption time and the total handover duration. The interruption time is an important consideration in designing the inter-eNB interface. Minimization of the interruption time allows us to simplify this interface. Furthermore, a short handover duration is important to ensuring a high success rate of handovers in difficult environments. 
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� The components of the total handover duration are (estimated average values): Measurement report (1 ms); Handover decision (2 ms); Handover request to target eNB (average 4 ms, worst case 15 ms); Reservation of resources at target eNB (5 ms); Handover request ack from target eNB to source eNB (average 4 ms, worst case 15 ms);  Handover request ack processing at source eNB (1 ms); Handover command (2 ms); Time from receiving HO command to sending of HO complete, i.e. Interruption time (Average 17 ms, worst case 22 ms). 


� The components of the total handover duration are (estimated average values): Measurement report (1 ms); Handover decision (2 ms); Ack to Measurement report (2 ms); Waiting for RACH opportunity and sending RACH (6 ms); Timing advance computation at target eNB (2 ms); Sending timing advance to source eNB (average 4 ms, worst case 15 ms); Processing of timing advance etc at source eNB (1 ms); Handover command (2 ms); Time to send HO complete (2 ms).
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