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1. Introduction
The basic Handover process for intra-LTE inter-eNB Handovers (HO) is presented in [1]. For asynchronous networks, during HO, a UE has to transmit in the RACH slot of the target cell to achieve UL synchronization. A pre-synchronization method to reduce latencies is presented in [2]. This method aims to reduce the HO user plane interruption latency by parallelizing the UL synchronization process along with the context transfer process between the two eNBs. In this contribution, we present the latency and overhead performance of the proposed method.
The rest of this contribution is organized as follows. In section 2, we list the various components of user plane latency, and the HO overhead. In section 3, we present the latency and overhead comparison between the pre-synchronization method and the baseline method. We conclude in section 4.
2. Components of HO latency and overhead

The baseline HO process as described in [1] is shown in figure 1 below. 
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Figure 1. The High level baseline HO process
2.1 HO latency components

In Figure 1, the user plane interruption time starts after the reception of the Handover response (or HO Request ACK) at the source eNB, as it decides to cease any transmission to the UE. The user plane interruption ends with the first UL transmission in the UL in the target eNB that can potentially carry useful data. In figure 1 above, this is the HO complete message. The entire HO interruption time comprises of the following components:
· HO breaking latency: This element of the latency begins as soon as the source eNB decides to stop any more data transmission to the UE after receiving the HO Request ACK. This may happen immediately after the the HO Request ACK is received, or the source eNB may decide to continue transmissions until a short while later, when it issues the HO command. In this contribution, we assume that the HO command transmission and the decision to stop the link between the UE and the source cell happen at roughly the same time, and do not contribute to the delay. The HO command for the UE is its indication that there will be no more data transmission between the source eNB and the UE. However, the UE may need to complete some formalities with the source eNB, before it can actually begin its effort to move to the target cell. For example, for reliability of the HO command, the UE may need to send a RLC or RRC ACK to the source cell [3]. Since this ACK, and the HO command involve HARQ, there will be additional delays before the UE can move to the target cell.
Assuming 30% HARQ retransmissions, the latency for the receipt of HO command with 5 ms HARQ round trip time is 0.3*5 + 2.5 ms. The 2.5 ms is the mean time required to send the HARQ ACK after successful reception. The mean total of this component to transmit the HO command is 4ms.
The RLC/RRC ACK may be assumed to be transmitted as a ‘data’ (for HARQ purposes) packet about the same time as the HARQ ACK for the HO command. If we assume the same 30% HARQ retransmissions, the latency component for RLC/RRC ACK transfer is 0.3*5 + 2.5ms = 4ms.
The total wait time after the HO command, and before the UE may move to the target cell is about 8ms on an average in the case when the HO command reliability involves RLC or RRC ACKs.

This latency may be reduced if no RLC or RRC acks are employed, as described in [4]. In case no RLC or RRC ACKs are employed for HO command reliability, the latency involved is of the order of 4ms.
Another aspect that influences the HO breaking latency is the process of transmission of the RLC status reports. The RLC status report may be transmitted to the source cell [5], or to the target cell [4]. When the RLC status report is transmitted to the source cell, it may be transmitted along with the RLC/RRC ACK for the HO command. Thus there is no change to the latency estimate above. In case the RLC status report is sent to the target cell, it is not useful to issue an RLC/RRC ACK for the HO command. This is because, the HO command ACK can then simply carry the RLC/RRC status report, and simplify the execution. Thus, as [4] points out, if HO command reliability does not involve HO command ACK, the RLC status report should be bunched with the HO complete message in the target cell. In this case, the HO breaking latency will be 4ms as shown above. Thus the latency estimates shown earlier in this sub-section are correct even with accounting for the RLC status report (either 4ms or 8ms).
· UL synchronization latency: Once the UE breaks from the source cell, the following latency elements are involved before it can send useful data to the target cell.
· RACH slot wait time: The UE has to wait for the next available RACH slot to transmit a preamble, so that its UL timing advance can be estimated. This waiting time depends on whether the SFN of the target cell is already known to the source cell through measurement reports. We assume that it is, and then the wait time on an average is 5ms, since we assume that the RACH slots happen every 10 ms. The maximum wait time is 10 ms.
· RACH turnaround time: After waiting for the RACH slot, the UE transmits in the slot, and waits to receive the TA and initial UL allocation in the target cell. This RACH turn-around time depends on the RACH process involved: the contention free or the contention based process.
· Contention Free Process (3-5ms): Using reserved signatures, the RACH response time can be considered to be bound by 5ms. Message 2 contains the TA and UL allocation information, and message 3 can carry useful data.
· Contention-based process (20 ms): In this process, the RACH message 2 carries the TA, but the UL allocation that can carry HO command, and possibly useful data is for message 5, and is transmitted in message 4. Using the process as described in [1], and considering the analysis in [6], the latency until message 4 is received is about 20ms in the case there is no collision, and about 40ms in the case when there is a collision. Using a 2% collision probability, the mean delay is 20.4ms.
· UL allocation wait time (5ms): After receiving the message 2 in the contention free case, and message 4 in the contention based case, the UE waits for the UL allocation instant to arrive, before UL transmissions that end the u-plane interruption during HO. This wait time can be considered bounded by 5ms for all practical cases.
In this sub-section we presented the expected values of different elements that make up the HO interruption latency in the baseline HO process. In section 3, we compare the overall delays in the baseline process with the delays involved in the pre-synchronization case.

2.2 HO overhead components

In this section, we discuss the components of the HO process air interface overhead that may be different between the baseline process and the pre-synchronization method. There are two main aspects of air interface overhead that may be different between the two approaches. The first one is the extra messages in process itself, and the second one is the UL allocation for the first useful data transmissions in the target cell. 
1. Extra Messages: This aspect involves any extra messages that are sent in one process versus the other. 
2. UL allocations: This aspect involves whether there is a possibility of an UL allocation being wasted in the target cell.
3. Performance of the proposed pre-synchronization method

The pre-synchronization method for HO is described in more detail in [2]. In short, the method involves the source eNB choose a signature (a reserved or a contention based) to be used by the UE for RACH access in the target cell, and indicates to the UE in a HO indication message to perform the RACH transmission. The UE performs the RACH transmission and returns to the source cell. The initial allocation and TA information reaches the UE along with the HO command. In this way, the pre-synchronization method causes the UE to synchronize in the target cell in parallel with the context transfer process between the eNBs. Note that the only break in the link between the UE and the source cell before the HO command is in the UL, and involves RACH transmission in the UL. A break of the order of 1 ms, and bounded by 2 ms. Let us consider the latency and overhead performance of the proposed method.
3.1 Latency Performance
Considering the individual elements of latency mention in section 2, we observe that the HO breaking latency will be identical in both the baseline and the pre-synchronization method. We also observe that since the UL synchronization happens in parallel with the context transfer, the extra latency of UL synchronization is not present in the pre-synchronization method. However there is a UL interruption of 2 ms to transmit in the RACH slot of the target cell. We also observe that the UL allocation wait time is identical in both the baseline and the pre-synchronization method. However, we observe that the HO breaking latency and the UL allocation wait time can happen in parallel in the pre-synchronization method. This is so because the HO command carries the UL allocation in the target cell in the pre-synchronization case. The wait time happens in parallel with the HARQ ACKing of the HO command. Based on the discussion above, the latency components for the various cases are as below.

· Contention free case (average latencies):

· Baseline: 

· HO breaking latency: 4ms or 8ms (if RLC or RRC ACKs used for HO command reliability)

· RACH slot wait time: 5ms

· RACH turn-around time: 5ms

· UL allocation wait time: 5ms

TOTAL: 19ms or 23ms (or rounded up to 20 or 25ms)

· Pre-synchronization:

· HO breaking latency and UL allocation wait time in parallel: 5ms

· Only UL break time for RACH transmission earlier: 2ms (not counted in u-plane interruption time)
TOTAL: 5ms

· Contention based case (average latencies):

· Baseline:

· HO breaking latency: 4ms or 8ms (if RLC or RRC ACKs used for HO command reliability)

· RACH slot wait time: 5ms

· RACH turn-around time: 20ms

· UL allocation wait time: 5ms

TOTAL: 34ms or 38ms
· Pre-synchronization:

· HO breaking latency and UL allocation wait time in parallel: 5ms

· Only UL break time for RACH transmission earlier: 2ms (not counted in u-plane interruption time)
TOTAL: 5ms
Note that in case of a collision in pre-synchronization (~1% cases), the procedure falls back to the baseline, and the latency is identical to the baseline process latency.

We observe above that in terms of average latencies, the pre-synchronization method saves about 14ms in the contention-free case, and about 29ms in the contention based case. 
3.2 Overhead performance
Below, we compare the baseline process with the pre-synchronization method with respect to the two aspect identified in 2.2 above.
Extra messages: 
· TA and UL allocation information: A RACH response in the target cell may not be required if the eNB knows that the access is for a Handover by identifying the signature received. Thus, the pre-synchronization method saves on this overhead. However, the TA and UL allocation information is transmitted in the source cell along with the HO command in the pre-synchronization case. This overhead is likely to be smaller than the RACH response message 2 overhead. 
· Extra message for the Pre-synchronization Case: For the pre-synchronization case, there is an additional HO Indication message between the source cell and the UE. This is the message where the chosen signature, and the indication for pre-synchronization is transmitted along with initiating the context transfer between the two eNB. However, somewhat similar information would be transmitted in the HO command in the baseline case. The overhead in the baseline case is expected to be smaller than the pre-synchronization case.
Considering the above, the overall overhead seems almost identical in the baseline versus the pre-synchronization case.
UL allocation: In the pre-synchronization case, there is a small chance of an unused UL allocation in the target cell. 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. When the target eNB send the HO Request ACK, it sends an UL allocation with HARQ retransmission instants separated by 5ms, and with the first instant to begin at a time such that considering the mean X2 latency between the eNBs, the HO command can be issued by the source cell just before (of the order of 5ms before) the UL allocation instant. Considering the variation in X2 latency between eNBs to be of the order of a few milliseconds, there is a chance of a missed allocation if the HO Request ACK is late at the source cell. In that case, the next retransmission instant is used by the UE to transmit in the target cell. Given that some of the proposals for HO command reliability advocate retransmissions in separate HARQ processes without any RLC/RRC ACK [4], the latency overhead of a possibly missed UL allocation is small. 
Another overhead happens in the contention based case only. It happens as HARQ retransmission instants for message 3 return empty since the UE has moved back to the source cell. Note that the message 4 transmission does not happen in that case.
Overall, we do not observe any significant sources of air interface overhead in the pre-synchronization method compared to the baseline method.

4. Conclusion

In this contribution, we quantified the performance of the pre-synchronization method for HO presented in [2]. We noted that, on average, the pre-synchronization method saves about 14ms in the contention free case, and about 29ms in the contention based case. We also observed that the pre-synchronization method requires minimal air-interface overhead compared to the baseline method. We propose that RAN2 capture the pre-synchronization method as a HO method in E-UTRA specification.
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