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1. Introduction

Numerous contributions [1] 

 REF _Ref153348168 \r \h 
 \* MERGEFORMAT [2] 

 REF _Ref153348169 \r \h 
 \* MERGEFORMAT [3] [4] [5]  were discussed in RAN2 on the subject of reducing intra LTE inter-eNB handover (HO) latencies (For simplicity, we use “handover” terminology in the rest of this contribution for “intra-LTE inter-eNB handover” in LTE_ACTIVE). This “Handover latency” begins as soon as the source eNB stops transmissions to the UE, and ends when the first UL message that can potentially carry useful data is transmitted in the target eNB. The main cause for this HO interruption time is for the UE to complete any final formalities with the source eNB and achieve UL synchronization and initial allocation in the target eNB. In synchronous networks, or networks in which the eNBs know the relative time difference between them, the timing advance (TA) in the target eNB can be computed autonomously without any initial RACH transmission in the target eNB’s UL. However, in asynchronous networks an initial RACH access in the target eNB is required for the target eNB to compute the TA, and forward to the UE in some way. In this contribution, we describe a pre-synchronization method for asynchronous networks in which the UL synchronization process happens in parallel with the context transfer process between the two eNBs, and saves HO interruption time.
The rest of the contribution is organized as follows. In section 2, we present the baseline HO process as described in the stage 2 TS, and list the individual elements of HO interruption latency. In section 3, we describe the pre-synchronization method in the two cases when reserved signatures are available and when a contention based RACH is required to be used. Section 4 discusses complexity and performance aspects of the method, and we conclude in section 5.  
2. The current baseline approach for HO 

The current baseline procedure for HO is shown in figure 1 below [6] . We observe that the data link between the source eNB and the UE is broken after receiving the HO request ACK from the target eNB. This happens as the source eNB decides to stop transmissions to the UE, and issue a HO command. Any UL or DL “data” traffic between source eNB and UE ceases as HO command is issued. Before the UE can move to the target eNB though, it has to complete any formalities of breaking from the source eNB. This may include possibly sending RLC status report (essentially sending pending RLC ACKs for successfully received DL data), and possibly sending ACK for the HO command itself. Note that HARQ ACKs will cause some additional delay too. Let us refer to this time as HO breaking latency. After the HO break, the UE can move to the target eNB. If it has to transmit in the RACH slots, the latency involved is the HO UL synchronization latency. This latency includes any RACH slot wait time and RACH turnaround latency (which is the time since the RACH slot transmission and the first UL transmission that can possibly carry data). In a completely serial process as in figure 1, the HO latency is a sum of the HO breaking latency, the RACH slot wait time, and the RACH turnaround latency. 

RAN2 has agreed on using the contention free (reserved signatures) approach as the primary approach for RACH access for HO. The contention based approach is considered as the fallback mechanism when a reserved signature is not available. The number of reserved signatures will be provisioned so that the probability of the use of the contention based approach is low. Whether the contention based or the contention free process is used affects the RACH turnaround latency. 
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Figure 1. Intra MME/UPE HO as specified in 36.300 v1.0.0.
3. The pre-synchronization method
In order to reduce the HO interruption latency, we propose the pre-synchronization method that causes parallel execution of the UL synchronization process and the context transfer processes between the eNBs. When the source eNB sends the Handover Request to the target eNB, it also sends a HO indication message to the UE. This message provides the UE with the information that the source eNB is initiating a context transfer to the target eNB, and indicates to the UE that it initiate UL synchronization process with the target eNB. This HO indication message also provides the UE with all the information needed to initiate the pre-synchronization process. The method for the cases of contention –free and contention based RACH access is described in 3.1 and 3.2.

Before the actual HO request initiation, there are several protocol events that need to happen. As shown in figure 1, measurement reports are sent to the source eNB to aid it in the evaluation of possible candidates for HO. In addition, an easy optimization that reduces latencies is for the UE to provide the DL timing difference between the two eNBs (the source and the measured) along with the measurements. This is possible by the UE receiving the measured eNB’s P-BCH and SFN. Note that the DL timing difference cannot help in finding the UL timing advance unless the two eNBs are synchronized. This contribution discusses HOs between non-synchronized eNBs. The DL timing difference with the measured eNB’s SFN information helps the source eNB know when the RACH slots and other frame portions happen in the target eNB. Other aspects such as target eNBs RACH hopping pattern, the signature set being used etc. are already known to the source eNB through the X2 interface. Using all of the available information, the source eNB helps the UE in the pre-synchronizing process as described below.
3.1 Pre-synchronization method to be used with reserved signatures

In this method the source eNB provides the UE with a HO-reserved signature from the target cell’s HO reserved signature set, and instructs it to use the reserved signature for pre-synchronization. We propose that a source eNB is allocated one signature each from the sets of HO reserved signatures of all neighbors for it to use during HOs. Thus cells provide one of their HO-reserved signatures to the neighboring cells that belong to different eNBs. If the number of neighboring cells in different eNBs is larger than the available HO reserved set, then the signatures are allocated to 10 of the neighbors that have the highest HOs coming from them into the cell. A few signatures are always with the cell to be provided to other cells on a need basis.

The procedure is as below:

1. Source eNB sends a HO indication to the UE with the reserved signature to use, and the RACH slot to use it at in the target eNB’s cell. It also initiates a HO request to the target eNB in parallel. The source eNB knows the RACH slot when the UE accesses the target cell, and does not schedule it in the source cell around that slot.

2. UE accesses RACH with the reserved signature in the target cell’s slot that was specified, and returns to the source cell.

3. The signature can be reused by the source eNB to be issued to other UEs handing over to the same target cell, and to be used in other slots of the target cell.

4. The context transfer (HO Request) from the source eNB includes the slot in which the UE accesses the RACH with the reserved signature. Given the non-predictable latency over X2, the UE may already have sent the RACH preamble before the target eNB has received the HO Request. However, the target eNB identifies the signature as being a reserved signature for HO and does not send a RACH response. After it receives the HO request, the target eNB sends the timing advance of the UE to the source eNB along with the context confirm (Handover Request ACK) message. This message also carries the C-RNTI, and other information that helps the source eNB in issuing the HO command to the UE.
5. The HO Request ACK message also includes the initial UL allocation for the UE in the target cell. Since the X2 interface latency until the message reaches the source eNB is not known exactly, the UL allocation issued uses the mean X2 latency, and allocates for a TTI shortly after that. The allocation involves a synchronous non-adaptive HARQ with retransmissions allocated every 5ms at known resources. The maximum retries can be 2 or 3. When the HO request ACK reaches the source eNB, it may reach before or after the first allocation (although most likely it will reach before the first allocation).

6. The source eNB receives the HO request ACK, and checks to see which UL allocation the UE can access in the target cell (the first try or the HARQ retry instants). The source eNB then issues the HO command to the UE, and includes the TA information and the UL allocation information in the target cell. The HO command is issued at an instant so that there is enough time for any HO breaking latency before the allocation in the target cell can be used.
7. After receiving the HO command, the UE sends a HO confirm to the target cell in the UL allocation. The rest of the process is as shown in figure 1.
3.2 Pre-synchronization method to be used with contention based RACH access

The pre-synchronization method for the contention based access is identical to the contention free access method in that the UL synchronization process happens in parallel with the context transfer process. However, there are certain differences because of the RACH procedure difference, as well as the non-need of any signatures pre-available at the source eNB. This method is invoked when no HO-reserved signature from target cell is available.
The procedure is as follows:

1. Source eNB sends a HO indication to the UE with a randomly selected signature  from the target cell’s set, and the RACH slot to use it at. It also initiates a HO request to the target eNB in parallel. The source eNB knows the RACH slot when the UE accesses the target cell, and does not schedule it in the source cell around that slot.
2. UE accesses RACH with the source eNB’s chosen un-reserved signature in the target cell’s slot that was specified, and returns to the source cell.

3. The target eNB follows the normal RACH procedure with expectations of messages 2, 3, and 4. However, the UE is not in the target cell for either of messages 2,3, and 4. Therefore, UE will disregard msg 2 and will not send msg 3, resulting in the termination of the Random Access procedure at the Target eNB by the termination of the HARQ process of msg 3 (which we propose to not exceed 2 total retransmissions anyway). The target eNB stores the timing advance information for all of the RACH accesses for somewhat longer than otherwise. For example, may be 10-20 ms longer. Note that there is no storage or processing issue because of this.

4. The context transfer (HO Request) from the source eNB includes the slot in which the UE accesses the RACH, and also the un-reserved signature the UE is using. The target eNB checks to verify if there was a collision in that RACH slot with that signature. This is easy to verify. If there was a message 3 with sufficient power detected for the same RACH slot and the same signature, it implies there was a collision, because the HO UE(s) did not transmit any message 3. If there was a collision between HO UEs from different neighbouring eNBs, the Target eNB will also be aware of it when receiving the HO Requests from the different eNBs. 
a. If there was a collision, then the timing advance information for the UE is not available, and the target eNB sends a HO request ACK (context confirm) indicating that the UL synchronization procedure is still required.

b. If there was no collision detected, then the target eNB sends a Handover Request ACK with the timing advance and an UL allocation for the UE. The UL allocation takes into account the mean X2 interface latency, and provides for synchronous non-adaptive HARQ with retransmissions every 5ms. The UL allocation process is similar to that above in the pre-synchronization method with reserved signatures. 

5. The source eNB receives the Handover Request ACK with the new C-RNTI, and other relevant information. 

a. If the message indicates that UL synchronization is still required, the source eNB sends a HO command to the UE, and indicates that it should perform the RACH process afresh. In this case, the rest of the HO process is exactly as in figure 1.
b. If the message indicates the timing advance and the UL allocation, the source eNB issues a HO command with the TA and UL allocation just as in the reserved signatures pre-synchronization method in 3.1. The HO command is issued at an instant so that there is enough time for any HO breaking latency before the allocation in the target cell can be used. After receiving the HO command, the UE sends a HO confirm to the target cell during the UL allocation. The rest of the process is as shown in figure 1
The pre-synchronization method of sections 3.1 and 3.2 is shown in figure 2 and 3 below.
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Figure 2. The pre-synchronization method for the reserved signature case
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Figure 3. The pre-synchronization method for contention based RACH

4. Performance and Complexity
As we observe in section 3, the initial UL allocation for the UE in the target eNB is sent to it along with the HO command from the source eNB. We also observe that the UL allocation is with HARQ retransmission instants separated by 5 millisecons. Thus, the interruption time after the HO command is bounded by 5ms in the pre-synchronization method.  More details on HO interruption time are discussed in [7] . Note that the HO latency gains for the contention based methods are much more because of the long contention based RACH process that we execute in parallel with the context transfer.
Another aspect of the interruption time is any time before HO command that the UE is not available to be scheduled by the source eNB. In the pre-synchronization method described above, this gap is only of the order of one RACH slot, as the UE transmits in the appropriate RACH slot of the target eNB and returns to the source cell. This interruption time is bounded by 2 slots or 2 ms, and is only for UL transmission (no DL interruption time).

In terms of processing or implementation complexity, we observe the following. 
1. One reserved signature needs to be provided to each of the most likely neighbors from which a HO is likely. And these cells are cells that belong to another eNB. 

2. The eNBs have to store the TA information that they computed in each RACH slot and each preamble they received for some time after the RACH slots. This is until they can receive the HO Request from the source eNB, when they can match the context information with the TA they observed in specific RACH slots. This aspect is common to the contention based and the contention free approach.
3. Another potentially overhead is that of the RACH responses that the UE is not present to receive in the target eNB. This is a minor overhead for HARQ retransmissions for message 3 beyond that required otherwise. Message 4 overhead might be saved though.
4. The UL allocation with HARQ and retransmission intervals of 5ms can be an overhead if the first or any UL allocation instant is past when the HO command reaches the UE. This may happen if the HO Request ACK packet takes more time to reach the source eNB than the average transmission time estimated between the two eNBs. We do not estimate the overhead of these missed allocations to be any significant as we expect the instants when the loss occurs to be minimal. 
Overall, the pre-synchronization method provides latency gains in the HO process, without any significant overhead. More discussion on the performance of the pre-synchronization method is presented in [7] .
5. Conclusion 
In this contribution, we proposed a pre-synchronization HO method in an intra-LTE inter-eNB scenario as a solution for reducing HO latencies. This method reduces latencies by causing the synchronization procedure in parallel to the context transfer process. We present the proposal for both the cases when a reserved signature is available as well as when it is not. The latency of user plane interruption is bounded by 5ms, and the implementation overhead is minimal.
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