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1
Introduction
The Rel-13 on latency reduction, i.e. “Study on Latency reduction techniques for LTE” study item [1] has the following high-level objectives:

The objective of this study item is: 
· Study enhancements to the E-UTRAN radio system in order to: 
· Significantly reduce the packet data latency over the LTE Uu air interface for an active UE
· Significantly reduce the packet data transport round trip latency for UEs that have been inactive for a longer period (in connected state).  
The study area includes resource efficiency, including air interface capacity, battery lifetime, control channel resources, specification impact and technical feasibility. Both FDD and TDD duplex modes are considered. 
Further, the SID [1] suggests following aspects to be considered:

As first aspect, potential gains like reduced response time and improved TCP throughput due to latency improvements on typical applications and use cases are identified and documented. In this evaluation RAN2 may assume latency reductions due to protocol enhancements as well as shortened TTIs.
In this paper, we consider the latency aspects related to the protocol enhancements, particularly to the handover procedure, for active UEs.

2
Latency Reduction for Handovers
Packet data latency is one of the key performance metrics for vendors and operators. As part of HetNet Mobility WI, several features were introduced to improve inter eNB coordination (e.g. eICIC) to minimize interference, to ensure robust mobility with low probability of radio link failures, handover failures, and ping-pongs, as well as efficient recovery from errors via successful RRC Reestablishments, and signalling of UE mobility information from UE to the network upon transition from RRC_IDLE to RRC_CONNECTED. Most of these features were targeted to improve mobility and reduce interference.
One particular aspect of latency is the service interruption time during mobility: Improvements related to reducing user data interruption time during a handover procedure have not yet been well addressed in the recent 3GPP work. 
A recent study [2] by Elnasher, M.A. El-Saidny suggests that the handover latency is serious concern. The following figure summarizes the results. These X2 based handovers were performed in an asynchronous network.
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Figure 1: A Study of Interruption time during Handover of LTE System
It can be seen from the figure, that the median handover interruption time equals 50ms with values reaching up to 80ms for 10% of the cases.
Observation 1: The typical interruption time during handover is 50ms but can be as high as 80ms.

Data interruption during handover can have significant impact on the performance of higher layer transmission protocols such as TCP. Reducing handover interruption time improves latency and can therefore reduce the probability of TCP time outs and TCP congestion-avoidance being triggered.

Proposal 1: RAN2 should consider reduction of data interruption time during handover as one of the potential targets to reduce the packet data latency over the LTE Uu air interface for active UEs.
2.1
Components of Handover Latency
For LTE X2-based handover, when UE sends a measurement report message over the RRC layer to the source eNB, the source eNB sends a handover request to the target eNB that includes a list of the bearers that will be transferred and possibly a DL data-forwarding proposal. Then, the source eNB sends an RRC connection reconfiguration message to the UE over the RRC layer, after which the source eNB forwards any pending DL packets to the target eNB. The UE then synchronizes with the target eNB using a random-access procedure, and once successful, the UE sends an RRC connection reconfiguration complete message over the newly established RRC. The UE then starts collecting the SIBs, which carry the required information for the UE about the cell-level configuration parameters, from the target eNB. The target eNB sends a UE context release message to the source eNB, confirming the successful handover and enabling source eNB resources to be release.
The following table shows typical delays associated with legacy X2 based handover procedure including message and processing cost.

Table 1: Handover latency components: Typical values
	Component
	Description
	Time (ms)

	1
	RRM Measurement reporting from UE to eNB
	~5ms

	2
	Source Cell RRM Processing, build/send HO Request to Target Cell
	~7ms

	3
	X2 Backhaul delay for HO Request Message from Source to Target cell
	~3ms

	4
	Target Cell HO Request Processing, build/send HO Request Reply
	~7ms

	5
	 X2 Backhaul delay for HO Request Reply message from Target to Source cell 
	~3ms

	6
	Source Cell processing of HO Request Reply, build/send RRC Reconfiguration message to UE
	~7ms

	7
	Acquiring Synchronization and Communication w/ Target Cell including RACH
	~10~12ms

	8
	  UE Sending RRC Reconfiguration Complete to Target Cell
	~5ms

	Total delay
	~50ms


Based on this table, we can observe that the overall delay for a typical X2 based Handover is anywhere between ~40 to ~45ms (excluding RRM measurement reporting delay). However it must be noted that the user data interruption during handover procedure can be much larger as shown in the Figure 2 below.
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Figure 2: Handover delay components
As can be seen the delay in user data starts soon after a handover procedure (i.e. UE RRM) until well after the handover procedure completes (i.e. RRC Reconfiguration Complete message). From the figure above the total user data interruption time could be twice as much as the time it takes for a handover procedure to complete. Considering the timing estimates in Table 1 and call flow in Figure 2, the user data interruption time could be as high as ~80ms. A delay of 80ms in the user data is significant and it is obviously desirable to minimize the interruption time as much as possible. 
3
Synchronous Handovers
One possible way to decrease the handover latency is to reduce the delay between receiving the handover command from source cell and the being able to receive data from the target cell. This could be done by utilizing the properties of the network synchronization. Several features recently accepted in the standards requires synchronized networks(e.g., feICIC, NAICS, eMBMS, and Small Cell Enhancements), so with the proliferation of these features it would be sensible to consider the opportunities  to reduce latency by decreasing user data interruption time during handover procedure (at least for synchronized networks).

Observation 1: Opportunities exist to take advantage of synchronized networks to reduce latency during handovers.
In a synchronous handover, since the source and target cells are time synchronized, the UE would not immediately execute the handover but would be configured with an exact time instance (e.g. SFN) when the UE starts executing the handover from the source cell to the target cell. Also the source cell does not stop DL transmission upon receiving the UE Measurement Report message as done in the legacy handover procedure. Instead the DL transmission continuous from the source cell until the exact time instance (e.g. SFN). At the exact time instance, the UE switches from source cell to target cell and the DL transmission from the target cell continuous soon after the UE collects the target cell system information. As a second step, the random access to the target cell could also be skipped due to the network synchronization. Instead, when accessing the target cell the UE would simply listen to the PDCCH and wait for a scheduling command.  This would allow reduction in the data interruption time, which as shown in the call flow above, can be quite long. 
The UE can derive the Timing Advance (TA) value to be used in the target cell. With the TA value known, the UE can acquire the target cell without performing a RA procedure as it is done today in legacy handovers. In order to derive the TA to be used in the target cell, it is assumed that the UE can measure the time difference (TDIFF) in the signals received from the source (TRX,SRC) and target cells (TRX,TGT) while connected to the source cell (Figure X).
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Figure X: Propagation delays between the UE and source and target cells.

TDIFF = TRX,SRC – TRX,TGT


(1)
The timing of the target cell can be derived from e.g. measurements of the reference signals transmitted by the corresponding cell. The TA to be used in the target cell (TATGT) is then calculated based on the TA used in the source cell (TASRC). The timing advance compensates for the round trip time between the eNB and the UE, therefore the required value is TAX = 2 TX. This brings to:

TASRC – TATGT = 2 TRX,SRC – 2 TRX,TGT

(2)
TATGT = TASRC – 2 TDIFF




(3)

Proposal 2: Consider synchronous handover as a candidate technique for reducing the latency during handover.
4
Conclusion
In this paper we discussed the user data latency issues during handover procedure, made some observation and provided a possible solution justified with simulation results showing significant improvements. RAN2 is kindly asked to review the given solution and proposal made in this paper and makes a recommendation.
Observation 1: The typical interruption time during handover can be as high as 80ms.

Proposal 1: RAN2 should consider reduction of data interruption time during handover as one of the potential targets to reduce the packet data latency over the LTE Uu air interface for active UEs.

Proposal 2: Consider synchronous handover as a candidate technique for reducing the latency during handover and capture it in the TR.

The TP capturing both the handover latency aspects shown in this paper as well as the solution of synchronous handover to TR is shown in Annex A.
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5.X
Handover Latency 
Packet data latency is one of the key performance metrics for vendors and operators. One particular aspect of latency is the service interruption time during mobility: Improvements related to reducing user data interruption time during a handover procedure have not yet been well addressed in the recent 3GPP work. 
A recent study [2] by Elnasher, M.A. El-Saidny suggests that the handover latency is serious concern. The figure X below summarizes the results. 
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Figure X: A Study of Interruption time during Handover of LTE System
It can be seen from the figure X that the median handover interruption time equals 50ms with values reaching up to 80ms for 10% of the cases.
Data interruption during handover can have significant impact on the performance of higher layer transmission protocols such as TCP. Reducing handover interruption time improves latency and can therefore reduce the probability of TCP time outs and TCP congestion-avoidance being triggered.

Table X: Handover latency components: Typical values

	Component
	Description
	Time (ms)

	1
	RRM Measurement reporting from UE to eNB
	~5ms

	2
	Source Cell RRM Processing, build/send HO Request to Target Cell
	~7ms

	3
	X2 Backhaul delay for HO Request Message from Source to Target cell
	~3ms

	4
	Target Cell HO Request Processing, build/send HO Request Reply
	~7ms

	5
	 X2 Backhaul delay for HO Request Reply message from Target to Source cell 
	~3ms

	6
	Source Cell processing of HO Request Reply, build/send RRC Reconfiguration message to UE
	~7ms

	7
	Acquiring Synchronization and Communication w/ Target Cell including RACH
	~10~12ms

	8
	  UE Sending RRC Reconfiguration Complete to Target Cell
	~5ms

	Total delay
	~50ms


Based on table X, we can observe that the overall delay for a typical X2 based Handover is anywhere between ~40 to ~45ms (excluding RRM measurement reporting delay). However it must be noted that the user data interruption during handover procedure can be much larger as shown in the Figure Y below. 
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Figure Y: Handover delay components
As can be seen the delay in user data starts soon after a handover procedure (i.e. UE RRM) until well after the handover procedure completes (i.e. RRC Reconfiguration Complete message). From the figure Y above the total user data interruption time could be twice as much as the time it takes for a handover procedure to complete. Considering the timing estimates from the Table X and the call flow in Figure Y, it will be safe to say that the user data interruption time could be as high as ~80ms. A delay of 80ms in the user data is significant and it is obviously desirable to minimize the interruption time as much as possible.

8.X
Synchronous Handover

One possible area of improvement where several existing and new applications could benefit from is to minimize latency during handovers for a moving mobile. TCP based applications, although could recover from errors introduced by poor RF during handovers, but the delay introduced by the handovers for real time applications is least desired. 

The concept of synchronous handover is such where the source cell, the target cell and the UE are synchronized as to when a handover should be executed. At a mutually agreed time (e.g. SFN), the UE switches from source cell to target cell. This synchronization is achieved between the two eNB cells over X2 signalling and the UE via RRC signalling. The fact that all three nodes are in sync, the source cell stops DL transmission to the UE, the target cell provides an uplink grant to the UE, and the UE acquires the target. Synchronous handovers without random access can be used to improve the user experience by minimizing the overall handover delay. A RACH attempt procedure during handovers typically takes ~10~12ms. An average handover procedure takes ~40~45ms to complete. Continuous transmission of user data from source cell well after handover procedure start, and eliminating ~10~12of RACH delay during a handover procedure can significantly minimize the data interruption during handovers and improve the user experience. 

Simulation Results:
Figure Z captures typical interruption time for legacy handover vs. gains achieved by Synchronous handover. As can be seen from the figure Z below, the interruption time is much higher for UE’s with more speed and the case of higher number of small cells under a Macro cell. This is due to the fact, if the UE moves with higher speed, it will experience more frequent handovers than a UE with lower speed. The increase number of handovers, each introducing some interruption time adds up to a higher overall delay.  However, the interruption time is significantly lower for the case of synchronized handover. The fact remains, that the higher number of handover a UE experiences, the higher will be the data interruption time. However, comparing the two scenarios, the benefits are obvious with synchronized handover.
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Figure Z: Average Percentage of the Interruption Time.
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