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Foreword

This Technical Report has been produced by the 3rd Generation Partnership Project (3GPP).

The contents of the present document are subject to continuing work within the TSG and may change following formal TSG approval. Should the TSG modify the contents of the present document, it will be re-released by the TSG with an identifying change of release date and an increase in version number as follows:

Version x.y.z

where:

x
the first digit:

1
presented to TSG for information;

2
presented to TSG for approval;

3
or greater indicates TSG approved document under change control.

y
the second digit is incremented for all changes of substance, i.e. technical enhancements, corrections, updates, etc.

z
the third digit is incremented when editorial only changes have been incorporated in the document.

1
Scope

The present document is intended to capture findings produced in the context of the study item “E-UTRAN Mobility Evaluation and Enhancement” [2]. 

The work under this study item aims at evaluating the robustness of E-UTRAN handover and the effect of handover on real time (e.g. VoIP) as well as non real-time (e.g. FTP file download) services. The results of handover performance analysis will be captured in the present document. 

Based on the performance, the need for enhancements to the procedure is determined. In case need is identified, enhancement techniques for potential recommendation to TSG RAN will be described within this document.

2
References

The following documents contain provisions which, through reference in this text, constitute provisions of the present document.

-
References are either specific (identified by date of publication, edition number, version number, etc.) or non‑specific.

-
For a specific reference, subsequent revisions do not apply.

-
For a non-specific reference, the latest version applies. In the case of a reference to a 3GPP document (including a GSM document), a non-specific reference implicitly refers to the latest version of that document in the same Release as the present document.

[1]
3GPP TR 21.905: "Vocabulary for 3GPP Specifications".
[2]
3GPP TD RP-081137: “E-UTRAN Mobility Evaluation and Enhancement”.

[3]
3GPP TS 36.300 “E-UTRAN Overall Description, Stage 2”.

[4]
R2-090070. “Email discussion summary on [64_LTE_13] RRC processing delay”.
3
Definitions, symbols and abbreviations

Delete from the above heading those words which are not applicable.

Clause numbering depends on applicability and should be renumbered accordingly.

3.1
Definitions

For the purposes of the present document, the terms and definitions given in TR 21.905 [x] and the following apply. A term defined in the present document takes precedence over the definition of the same term, if any, in TR 21.905 [x].

Definition format (Normal)

<defined term>: <definition>.

example: text used to clarify abstract rules by applying them literally.

3.2
Symbols

For the purposes of the present document, the following symbols apply:

Symbol format (EW)

<symbol>
<Explanation>

3.3
Abbreviations

For the purposes of the present document, the abbreviations given in TR 21.905 [x] and the following apply. An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in TR 21.905 [x].

RLF
Radio Link Failure
4
Description of E-UTRAN Handover Procedure
Note: This section describes the handover procedures of E-UTRAN, to the extent necessary to describe the modelling assumptions for the study.
4.1
Successful Handover Procedure
 A successful handover in E-UTRAN is described in Section 10.1.2 of [3]. The handover requires the following steps to complete.

1. Measurement report from the UE to the serving eNB, followed by handover decision at the eNB

2. Communication over the backhaul between the serving and target eNB
3. Delivery of the handover command to the UE

4. UE performing RACH and establishing a connection with the target eNB

4.2
Successful Handover Procedure with RLF

A handover procedure may be successful in case of RLF, as described in Section 10.1.6 of [3]. This steps involved are as follows.
1. Detection by the UE of a radio link failure

2. Starting a RLF recovery timer (T311), during which UE based mobility is performed

3. UE finding a target cell, reading the required system information, and performing RACH and re-establishment procedures on the target cell

The handover procedure is successful if the target cell is prepared at the time the UE re-establishes. This can be the case if the source has prepared the target cell based on a measurement report received from the UE, or on implementation specific triggers.
4.3
Unsuccessful Handover Procedure with RLF

A handover procedure may be unsuccessful in case of RLF, as described in Section 10.1.6 of [3]. The steps involved are the same as the successful case, with the difference that the target cell is not prepared. In this case, the target cell rejects the UE, resulting in the UE transitioning back to RRC-Idle state. After this transition, depending on higher layer triggers, the UE may attempt to establish a fresh connection.
5
Performance Evaluation 

5.1
Methodology 1: Performance based on Trace Logs
5.1.1
Details of Simulation Environment

Since there are no commercial E-UTRAN systems in the present time, traces from a HSPA commercial system are used. Both HSPA and E-UTRAN are reuse-1 systems, and hence the HSPA logs should provide a good view of the performance of E-UTRAN. 

CPICH Ec/Io and CQI traces were collected while driving in downtown areas of one city. UEs had 2-way receive diversity. The traces represent a sampling of different areas of the downtown, so the simulation results can be seen to represent average behaviour over the entire downtown area.
Another set of traces was collected for a high speed train, with the UE located inside the train, with average speed of 250km/hour. 

The field traces were applied to one UE in the simulation. Details of the modelling are described in Annex B, and the procedures for RLF recovery are described in Annex C.
Table 1: Simulation Parameters
	Parameter
	Value

	Maximum Cell Power
	43 dBm (40 dBm for train)

	UE Max Tx Power
	24 dBm

	Average eNB IoT (other cell)
	7 dB

	eNB N0 (per Hz)
	-168.74 dBm

	DL Power Boost
	6 dB

	Measurement Report Msg Size
	200 bits

	Handover command Msg Size
	300 bits

	UL/DL HARQ Delay 
	8 ms

	HO Request Delay (SR)
	11 ms

	DL Assignment Delay (scheduler)
	4 ms

	Measurement Filtering (for RRC trigger)
	200ms

	Time to Trigger (RRC event A3)
	200ms, 100ms, 0ms

	Hysteresis (RRC event A3)
	3 dB, 2dB, 1dB

	Backhaul Delay  (see Annex B for description)
	50ms

	Call Duration (assumed)
	2 minutes

	Total Log duration (dense urban)
	150 minutes

	Total log duration (high speed train, 250kmph)
	200 minutes

	Qin
	-8 dB

	Qout
	-6 dB


5.1.2
Sample traces showing rapid change in signal strength

Figure 1 shows an example CPICH Ec/Io trace from City 1. It can be seen that the slope of degradation of CPICH Ec/Io is approximately 25 dB/sec, i.e., CPICH Ec/Io goes from -7 dB to -19 dB in less than half a second. In this trace, there is a handover failure as the UE moves from cell ‘285’ to cell ‘334’. The signal strength on cell ‘285’ falls so rapidly that the handover command is not received in time, leading to RLF. 
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Figure 1: Example CPICH Ec/Io trace from City 1
Figure 2 shows an example CPICH Ec/Io trace from with the UE located in a high speed rail, with average speed 250km/hour. It can be seen that the slope of degradation of CPICH Ec/Io is approximately 25 dB/sec, i.e., CPICH Ec/Io goes from 0 dB to -13 dB in about than half a second. In this trace, there is a handover failure as the UE moves from cell ‘298’ to cell ‘130’. The signal strength on cell ‘298’ falls so rapidly that the handover command is not received in time.
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Figure 2: Example CPICH Ec/Io trace from High Speed Rail
5.1.3
Interruption Duration as Performance Metric
5.1.3.1
Description of metric

The most important aspect of mobility performance from a user and application perspective is the length of the interruption in service. This interruption is particularly important for real time services, and also for high throughput services where it may cause undesirable TCP behaviour.

The interruption duration should be modelled carefully, and should include accurate modelling of the following issues

1. Interruption in case the serving cell signal declines, causing the UE to initiate RLF detection
2. Interruption due to the UE searching for a new target cell after RLF is declared

3. Interruption to establish on the identified target cell

a. Reading system information from the target

b. Performing RACH on the target

c. RRC signalling at the target

d. Delay for backhaul signalling (if any)

4. In case of failure to establish on the target cell, the further recovery procedures including transition to Idle State and initiation of a fresh connection.
5.1.3.2
Performance Results
The model for interruption duration is provided in Annex C. Using this model for interruption, the number of interruptions is as shown in Figure 3. The figure also includes the interruption duration for the “Prepared Cell Set” solution that is described in Section 6, and shows the gain attainable by the improved design. From these results it can be seen that there is an opportunity to improve the performance of handover in E-UTRAN, and provide superior service quality. 
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Figure 3: Interruption durations for RLF events (City 1)
The cumulative distribution of the duration of interruption events is also provided for a high speed train case (Figure 4).
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Figure 4: Interruption durations for RLF events (High Speed Rail case)
5.1.4
Number of transitions to RRC-Idle as a performance metric
5.1.4.1
Description of metric 

A key performance metric is the probability of RLF together with the failure of the RLF recovery procedure, which happens in the case of the UE attempting to re-establish the call at an unprepared target cell. This results in the UE going to idle state.
The percentage of calls affected by this event may be calculated as:
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5.1.4.2
Performance Results

In addition to the RLF under the currently defined handover procedure, we also consider the RLF probability under the assumption that the handover signalling may be sent to/from any of the potential target cells. As can be seen from the trace, this method will allow the handover signalling to be performed with cell ‘334’, rather than with the source cell ‘285’. This is a more robust design that works well when individual cells are rising and falling fast. The results show that there is potential for significant reduction in transitions to Idle State.
Table 2: Number of RLF events with idle transition for City 1

	Experiment (using TTT=0ms, Event A3 hysteresis=1dB)*
	Number of RLF events with transition to idle state**

	E-UTRAN: Signalling to/from serving cell
	22

	Performance of enhancement with UE signalling to target
	0


Table 3: Number of RLF events with idle transition for High Speed Rail

	Experiment (TTT=0ms, Hysteresis for event A3=1dB)
	RLF Events with transition to idle state

	E-UTRAN: Signalling to/from serving cell
	68

	Performance of enhancement with UE signalling to target
	0 %


* The parameters were selected to provide the lowest idle transitions.
** The percentage of affected calls may be calculated with formula (1), using parameters in Table 1.
5.1.4.3
Separation of Uplink and Downlink Failures

A handover failure caused by the failure of an uplink measurement report has a greater negative effect on performance, compared with the failure of the downlink handover command. This is because the RLF recovery procedure of E-UTRAN can re-establish the connection when the UE connects to a prepared cell, which is more likely if the measurement report successfully reached the network. In case the measurement report is lost, the target cell is likely to be unprepared, leading to loss of the RRC connection.

For the case of high speed train, the breakdown of failures due to uplink vs downlink failures is shown in the following table. It can be seen that a significant fraction of failure events are caused by uplink failures, even when the most aggressive time to trigger value of 0ms is used.

Table 4: Uplink and Downlink message failures during handover

	Parameter values
	Downlink Failures
	Uplink Failures
	Number of handovers
	Failures with signalling to the best cell

	TTT=200ms, Hyst=2dB
	18
	16
	1223
	0

	TTT=0ms, Hyst=2dB
	19
	22
	1623
	0

	TTT=200, Hyst=1dB
	19
	13
	1546
	0

	TTT=0ms, Hyst=1dB
	15
	26
	2096
	0


The findings in the table above suggest that work to enhance the mobility procedures should also address the case when the uplink message is lost, because there are significant instances where that is the case. Further, the finding that signalling to the best cell produces zero failures is a sign that the failures are not caused by a coverage problem, but rather by a failure of the handover algorithm under the challenging environment of a high speed train.

5.2
Methodology 2
6
Enhancement Techniques

This section lists potential techniques that can be used to enhance handover performance. Specific recommendation is not made for any of the techniques at this time, and continued evaluation in RAN WGs is needed to decide on specific enhancements.
6.1
Method 1: Forward Handover
6.1.1
Method overview 
Forward handover is a method that allows for efficient recovery from RLF in case the target cell is not prepared for handover, without the UE having to go through RRC-Idle. The RAN2 and RAN1 support for forward handover is already part of Release-8, but RAN3 support is not part of Release-8. 

Forward handover allows an unprepared target cell to use backhaul messaging to fetch the UE’s context and buffered packets from the source cell, and re-establish the RRC connection with the UE without having to go through RRC-Idle. 

6.1.2
Discussion

This situation with a target cell being unprepared following RLF can occur in two ways

· Uplink measurement report being lost, resulting in the source cell not preparing any target cells

· Signal strength fluctuations, resulting in the UE attempting to re-establish at a cell that was not listed in a prior measurement report sent the source eNB.

In case the target cell is unprepared, the benefits of forward handover are as follows

· Prevents the UE from going to RRC-Idle after RLF

· Reduces the interruption in service, because data connectivity can be restored quickly to the UE, without the extra signalling that is needed to recover from RRC-Idle. 

· Allows buffered data at the source cell to be delivered through the serving cell. This could be beneficial for applications like TCP that react unfavourably to data loss

· The Release-8 E-UTRAN UE already supports the signalling needed to support forward handover, and the only addition to support this enhancement is the introduction of one additional message and related procedure to the backhaul protocol. 

6.2
Method 2: Prepared Cell Set
6.2.1
Method overview
LTE Rel-8 already allows a target cell to be prepared, and the UE to be made aware of the preparation information. LTE Rel-8 however restricts UE awareness of target preparation to one prepared cell. A Prepared Cell Set procedure would allow the source eNB to inform the UE of multiple prepared target cells. 

The key points of prepared cell set are as follows. 

· the source cell may prepare multiple target cells for handover, and inform the UE about this preparation.  The UE may be informed of the following information for the prepared cell

· (a) system information, and 

· (b) assigned bearer and RRC level configuration. 

· The UE simply stores this information, until a re-establishment at the target cell is required. 

· At the time of re-establishment, the UE applies the configuration. 

The trigger for cell preparation could be measurement reports that indicate certain target cells crossing a threshold. Preparation should happen before handover becomes imminent, e.g. say when the target cell exceeds “source cell minus offset”, or exceeds a fixed threshold. Such measurement triggers already exist in the RRC specification.

At the time handover is imminent, the source cell may follow normal handover procedures and send a handover command to the UE. The trigger for this handover command may be the target cell exceeding “source cell plus offset” (event A3).  If this handover command is successful, then the existing release-8 procedures apply. However, if the handover command fails due to either a failure of the measurement report, or the handover command, then the UE awareness of prepared cells improves performance by allowing for quick recover without having to go through RRC idle state.

The benefits of the prepared cell set are as follows

· If the handover command fails, and the UE enters RLF, then the UE can re-establish the RRC connection at any of the prepared target cells without some of the usual latencies 

· (a) waiting to read the SIB 

· (b) configuring the bearer and RRC level configuration. 

· If the UE enters RLF and re-establishes at a prepared target cell, the target cell would send a backhaul message to the source cell requesting for buffered packets to be transferred. Until the time of handover, no data packets are sent to the prepared cells.

Compared with the forward handover solution, the prepared cell set reduces the interruption by pre-configuring the UE with the target cell information for multiple targets. However, forward handover continues to be useful in the case of re-establishment at a cell that is not prepared.

Note that the prepared cell set solution does not require any physical layer communication between the UE and non-serving cells, and the introduction of “Prepared Cell Sets” do not require any change to the physical or MAC layers at the UE or eNB.
6.2.2
Discussion

The benefits of UE awareness of multiple prepared cells are seen in case of RLF. The interruption duration is reduced in the following ways.

(a) Avoid waiting to read the SIB of the target cell after RLF. This is relevant even if the target is prepared.

(b) Avoid the round trip latency associated with configuring bearers and other RRC state during connection re-establishment. This is relevant even if the target is prepared.

(c) Avoid the backhaul latency of fetching the UE state from the core network, before the bearer and RRC configuration can be established. This improvement is relevant only for unprepared target.

6.3
Method 3: Physical Layer Signaling between UE and target cell
6.3.1
Method overview

6.3.1.1
Summary 
In UTRAN, the measurement report benefits from uplink diversity, where the message can be decoded by the target cell, in addition to the source cell. This is useful in cases where the source cell signal strength falls suddenly, while the target cell has sufficient strength. Note that in UTRAN the target cell is typically part of the active set at the time handover is initiated, because the threshold at which a cell becomes part of the active set is lower than the threshold where cell switch is initiated.

This method involves adding a similar benefit for E-UTRAN. As opposed to the other two solutions (forward handover and prepared cell set) which provide for efficient recovery from RLF, this solution reduces the number of RLF events. 
6.3.1.2
Control Plane

The UE sends measurement report messages that provide the network with an indication of the prevailing signal strength from the cells the UE is able to detect. Based on these reports, the network assigns an active set of cells.


6.3.1.3
Uplink Signalling

For the uplink measurement report that triggers handover, loss of the message over the air can result in a failed handover.  This problem does not exist in UTRAN, due to the use of uplink macro diversity.

For E-UTRAN, similar gains to uplink signalling reliability can be obtained by allowing an active set of cells to receive and process uplink measurement reports.

6.3.1.4
Downlink Signalling

For the downlink handover command, loss of the message over the air can result in a failed handover. This problem was addressed for UTRAN by allowing the UE to decode the HS-SCCH from the target cell, in addition to the serving cell.

For E-UTRAN, similar gains to uplink signalling reliability can be obtained by allowing a potential target cell to deliver the handover command to the UE.

6.3.1.4
Feature Details

Providing an active set in E-UTRAN that is similar to the active set in UTRAN will involve changes in both the control plane (RRC) and the physical layer procedures at the UE. These details should be discussed and decided by the group in case such an enhancement is found to be desirable.
7
Conclusions
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Annex B:
Details of Simulation Methodology

The methodology is based on post-processing of traces, and follows the following steps.

1. Collect traces of CPICH Ec/Io from commercial HSPA systems in dense urban scenarios with mobility.

2. Adjust the collected values of CPICH Ec/Io to equivalent C/I that would be seen in a E-UTRAN system.

3. Use upper layer modelling of mobility procedures to process these traces and determine radio link failure (RLF) rate.
To model the equivalent SNR on UL-SCH for E-UTRA, the following steps were performed

a) The UE transmit power was assumed to be fixed at the peak allowed Tx power. Note that this is an optimistic assumption on the performance of the E-UTRAN uplink.

b) The UL and DL path loss were assumed to be the same (because no UL channel logs were available).

A fixed Io (other cell) level was assumed at the cell.

Physical Layer Modelling:

We modelled the physical layer transmission of the message using link curves from voice over IP studies. We modelled HARQ, with packet decoding probabilities from the link curves.

Upper Layer Modelling:
The generation of the RRC measurement report was as defined in the standard for event A3. A signal filtering of 200ms was assumed (single tap IIR filter), and the filtered signal was used to generate the RRC triggers.

Upon receipt of the message at the source eNB, we assumed a fixed delay before the handover command is ready for transmission. This includes

a) Processing of the UL message at the source eNB, and generation of the backhaul (X2) message.

b) Sending the message to the target eNB (one way backhaul delay)

c) Processing the X2 message at the target eNB, and generation of response X2 message.

d) Sending the message to the source eNB (one way backhaul delay)

e) Processing the response X2 message at the source eNB, and generation of the RRC handover command message

We assumed processing latency of 10ms at each step, and a one-way backhaul latency of 10ms, resulting in a latency of 50ms for backhaul processing.

Annex C:
Modelling RLF Interruption Duration 

The E-UTRAN handover procedure also provides protection against the loss of the handover command, by providing for reconnection following RLF. We model the interruption caused by RLF as follows
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Figure 5: Model for duration of interruption in case of RLF 

The events in this figure are described as follows

· Event A: The signal strength of the source cell (red) goes below Qin, resulting in start of a 200ms timer for RLF. The interruption is assumed to begin at event A.
· Event B: The RLF timer expires, before any handover command is received, causing the UE to declare RLF.

· Event C: The UE waits to find another cell to initiate a reconnection. It is assumed that a cell is identified as target by the UE only if the signal strength is above Qout. Note: In many cases X1 turns out to be zero.

· Event D: This delay models the time taken to read the system information, and initiate a reconnection to the target cell. In case the target cell is prepared, the interruption is assumed to end with event D. 

· The time taken to read system information is modelled as a uniform random variable in the range [0-160ms] when the target cell is other than the source cell. When the target cell is the same as the source cell, this time is assumed to be zero.

· The time taken to re-establish a connection to a prepared target cell is modelled as 42ms (refer to rows 1-11, Section 2.1 in [4].

· Event E: This is the extra delay that occurs in case the target cell is not prepared. This delay is equal to the time taken for the UE to start receiving application data in case of initiating a fresh connection to a cell, and is modelled as 100ms (refer to total delay in [4])
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