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1 Introduction
At the RAN2#67bis meeting we presented simulation results supporting the use network based solutions for coverage and mobility optimization [1]. In this contribution, we provide an update to the simulation results. 

2 Description
In this simulation study, LTE RSRP/RSRQ measurements preceding and following radio link failures are processed in order to find signatures, which would indicate coverage problems or handover problems. Measurements have been collected at various antenna tilts, so that varying amount of coverage holes existed in the different simulation experiments.
3 Simulation model

The purpose of the simulation is to have radio link failure occurrences in a sufficient number so that statistics can be derived from the experiments. The territory of coverage holes increases if the base station antennas are tilted down, so the increasing tilt gives rise to radio link failures in a growing number. The simulator has a built-in, three-dimensional antenna model with the options of mechanical and electronic tilting. The mechanical antenna tilt has been varied over 6°, 8° and 10° in the experiments.

The test network consists of 7 x 3 cells in a regular arrangement with cell radii of 500m. The coverage over a 2 by 2 km segment of the network is shown at antenna tilts of 6°, 8° and 10°, in Figure 1, Figure 2 and Figure 3, respectively. The average signal strength from the best cell is plotted. The potential interference is not taken into account. The coverage holes are emphasized by a different color map in the pictures. The border line of color coding is drawn at ‑142 dBW, which is about the floor level of RSRP measured in the experiments. 
The simulation arena is populated with web users. Some of them transfer files of size 200 kbytes in uplink, others in downlink, while all move straight in random directions at a constant speed. The speed is set either to 5 m/s or 20 m/s in the simulation runs, and the cases with different speed are compared to each other.
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Figure 1: Coverage, the signal strength form the best cell, at an antenna tilt of 6°. No coverage hole-related RLF has been found in this scenario
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Figure 2: Coverage, the signal strength form the best cell, at an antenna tilt of 8°. Location of coverage hole-related RLFs are marked by black dots.
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Figure 3: Coverage, the signal strength form the best cell, at an antenna tilt of 10°. Location of coverage hole-related RLFs are marked by black dots.
4 Radio link failure categories
4.1 Post-processing RSRP and RSRQ measurements

The users continuously take RSRP and RSRQ “snapshot” measurements with a period of 67 ms. All snapshots from the serving, best and second best cells, together with the IDs of the involved cells, are stored for each user.

The postprocessor script steps through on all radio link failure events and finds the bracketing time segment of the event. The RSRP and RSRQ from the serving, best and second best cells are plotted for the particular user and time segment. The motion track over the cell layout is also plotted, so the location of the radio link failure can be visually checked. 

After reviewing the above plots from a great number radio link failure cases, certain signatures can be observed in the RSRP and RSRQ traces. These signatures are the basis of classification and statistics. In this study, the 260 ms long period before radio link failure and the 260 ms period before reconnection are analyzed. 

Radio link failures can be also distinguished if they are related to a single cell or more cells. This extra information is obviously very dependent on the scenario, deployment and user mobility, and it may not be sufficiently conclusive in a real network, but if a large percent of the observed radio link failures can be tied to certain cells, then this fact can pinpoint trouble locations especially if the users’ positions are also known to the network management system.

4.2 Example: Coverage hole-related radio link failure

If a user looses the only detectable cell, which happens to be its last serving cell, and this event is followed by a block out period while the user does not see any cell, then the resulting radio link failure is categorized as a coverage hole-related failure. Figure 4 shows the user’s track as it crosses a cell border, then it proceeds along by another cell border for a while before reaching a third cell border, where the radio link failure occurs (see the red dot close to the lower end of the trace).

[image: image4]
Figure 4: The user path leading to a radio link failure (location of radio link failure is also marked). Cell areas are painted in colors
Figure 5 and Figure 6 depict the RSRQ and RSRP traces. In normal circumstances, the serving and best cell measurements are identical and the “serving cell” dots cover the “best cell” dots in the figure. In case only one cell is visible to the user, then the “second best cell” dots are missing. There is a gap in the traces when the radio link failure occurs, and the recovery starts with a few “best cell” dots, which then change into “serving cell” dots at the time of attachment.

In this particular case, a successful handover at timestamp of 60 s is followed by a declining RSRP trace, where the RSRP values are close to floor level, ‑143 dBW. This is about the floor level of RSRP values that could be seen in the experiments. Only the serving cell is visible in the period preceding the radio link failure. The RSRQ measurements in the corresponding period are normal, and they are around -10 dB. Practically no interference but thermal noise obstructs RS detection.

The recovery from the coverage hole follows a typical pattern as well. As soon as a new cell becomes visible, the user attaches to that cell. The RSRP level is still low, while the RSRQ is normal. In some occasions the user sees more cells by the time it is able to recover from a radio link failure.


[image: image5]
Figure 5: The RSRP measurements going in and coming out from a coverage hole

[image: image6]
Figure 6: The RSRQ measurements going in and coming out from a coverage hole
4.3 Example: Handover-related radio link failure

When a user looses its serving cell, but at the same time it can see detectable signals from neighbor cells, but cannot make a handover to the particular neighbor for any reason, then the resulting radio link failure is categorized as a handover-related failure. All radio link failures, which are not coverage hole-related belong to this category.

[image: image7]
Figure 7: The RSRP measurements showing a missed handover opportunity


[image: image8]
Figure 8: The RSRQ measurements showing a missed handover opportunity

Figure 7 and Figure 8 depict the RSRP and RSRQ measurements from the last 240 m long session of the user’s track as the user perpendicularly crosses an inter-eNodeB cell border. It is obvious that the user misses a handover opportunity at timestamp of 106 s. The RSRP level is adequate both before and after the radio link failure, so it cannot be the reason of failure. The serving cell RSRQ, however, drops rapidly due to interference, and despite the target cell RSRQ improves fast, the user sticks with the wrong cell.
5 Discussion on radio link failure statistics
5.1 Radio link failure classification

The main aspect of categorization is how many cells are visible to the user terminal. Two periods of length 260 ms (4 snapshot measurements) are considered. One of them is right before the radio link failure, and the other is right before the attachment to a new cell in the link recovery phase.
Before the radio link failure (“going in” phase):

· Coverage hole: Serving cell is the best and no other cell is visible in the entire period of 260 ms

· Handover problem: All remaining cases not fulfilling the previous condition
After the radio link failure (“coming out” phase):

· Coverage hole: The candidate cell is the only cell visible to the user

· Handover problem: All remaining cases not fulfilling the previous condition

One more signature is noted in connection to radio link failures, namely, if the cell lost is the same as the cell recovered after the radio link failure. According to this signature, a radio link failure is tagged either as “within cell” or between cells”, respectively.
The level of RSRP measurements, only those, which directly precede and follow the radio link failures, ranges from -143 dBW to -70 dBW. This domain is divided in to three subranges:

· RSRP is below -139 dBW

· RSRP is between -139 dBW and -105 dBW

· RSRP is above -105 dBW

A similar range division is set up for the RSRQ values, which fall in to the (-17 dB , 0 dB) range:

· RSRQ is below -16 dB

· RSRQ is between -16 dB and -10.5 dB

· RSRQ is above -10.5 dB

Both the “going in” and “coming out” RSRP/RSRQ measurements are categorized according to the above ranges for each radio link failure. After categorizing the measurements taken at the time of radio link failures, the radio link failures themselves are classified either as coverage hole-related or handover-related failure.
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Figure 9: Instantaneous RSRP/RSRQ measurements preceding the RLF from the scenario with 10° and 20 m/s

Figure 9 shows the snapshot measurements taken right before the radio link failure in the scenario where the most failures occurred (20 m/s, 10°). The data points are already color coded according to the radio link failure classification. In general, the RSRP is typically low and the RSRQ is widely spread. High RSRQ is coupled with close to floor RSRP, which is typical in case of a coverage hole within the cell. The interference plays a small role in such cases. Somewhat worse RSRQ and larger RSRP characterizes the coverage holes situated between cells. The trend continues with the missed handover failures, first the ones that occur within a cell then the ones between cells.

5.2 Discussion of radio link failure statistics
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Figure 10: Number of RLFs at three different antenna tilts with a user speed of 20 m/s 
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Figure 11: Number of RLFs at three different antenna tilts with a user speed of 5 m/s 

The comparison of various simulation scenarios are presented in Figure 10 and Figure 11. Significantly more failures occur at user speed of 20 m/s than of 5 m/s, therefore these cases are separated. Based on the above figures the following observations can be made:

· As expected, many more radio link failures occur at 20 m/s than at 5 m/s, but a noticeable amount of handover-related radio link failures still occur at an antenna tilt of 6°, where cell isolation is not as good, since antennas may overshoot to neighbour cell areas.

· Handover-related radio link failures are common at all three antenna tilts. However, the number jumps when the antennas are tilted by 10°.

· There are no coverage-hole related radio link failures at an antenna tilt of 6°, a few occur at 8° and lots of them occur in at a tilt of 10°. The growing trend justifies that coverage-hole related radio link failures can be well classified. The locations of coverage hole-related radio link failures are also marked in the earlier figures, a few can be found in Figure 2, and a greater number in Figure 3. They, with a few exceptions, truly fall into poorly covered areas.
· The “coming out” statistics contain more coverage hole-related and less handover-related radio link failures that fall between cells than the “going in” statistics. The reason is that by the time the user is able to recover from the link failure, it is out from the handover zone and sees only one candidate cell, so the failure is classified as coverage hole-related. This happens at tilts of 8° and 10°.

6 Conclusion

In this contribution, we have provided further simulation results on the possibilities for network based solutions of coverage and mobility optimization based on UE measurements before and after RLF. Based on the results, we conclude that:

· Coverage hole and handover related radio link failures can be well distinguished based on terminal measurements recorded from the period immediately preceding the radio link failures.
· Terminal measurements from the link recovery phase are also useful to classify radio link failures, but due to the link-failure outages, the situation at the time of link recovery might be already different from the situation at the time of link failure.

Measurements can be reported directly to the network using current reporting triggers such as periodic or event based, e.g. event A2 “Serving becomes worse than threshold”. Alternatively, new mechanisms can be added to provide the measurement report after the RLF, e.g. as proposed in [2]. We note that periodic triggering generates overhead, but it can be used to gain more accurate information of coverage situation in cells where problems are detected by other triggers.

UEs may add whatever positioning information it has available to the measurement reports to aid the localization of the problematic areas. 
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