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1          Introduction

Downlink Radio Link Failure (RLF) in 4C-HSDPA is based on the primary carrier [1].  Since downlink RLF causes the UE to move from 4C operation in CELL_DCH state to 1C operation in CELL_FACH state, it significantly degrades the user throughput and user experience.  It was proposed in [2] that the UE sends a RLF Warning to the network where the network can change the primary carrier of the UE thereby avoiding a RLF.  This document further discusses this topic.
2          Discussions
In 4C-HSDPA, the signal quality among the downlink carriers can be different due to differences in loading among the carriers and the possibility that the radio propagation channel among the carriers are uncorrelated, especially when these carriers are spread over different bands.  Network deployment that has different number of carriers in different sectors causes different level of interference among the carriers.  For example in Figure 1, NB1 operates with two frequency carrier F1 and F2 whilst NB2 operates in 4C-HSDPA with frequency carriers F1, F2, F3 and F4.  A UE at the overlapping coverage of NB1 and NB2 would have higher interferences in carrier F1 and F2 than those in F3 and F4, leading to differences in signal quality among the carriers.  Since the RLF is based on the signal quality of the DPCCH or F-DPCH channels of the primary carrier, it is possible that a RLF is declared due to a poor primary carrier despite having good secondary carriers that can take the connection.
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Figure 1: Differences in interference level among downlink carriers
The high throughput offered by 4C-HSDPA is likely used for high bandwidth services like high quality video streaming.  Sudden drop in service have significant impact on the user experience and hence RLF should be minimised. 
2.1
Event 2X
Event 2X is configured at the UE that usually requires the UE to perform inter-frequency measurements on neighbouring cells in its inter-frequency cell info list.  This Event 2X allows the RRC to perform inter-frequency hard handover on the UE.  Since in 4C-HSDPA, the UE performs intra-frequency measurement only on the primary downlink frequency (and possibly on a secondary carrier in DC-HSUPA) [1], measurements on secondary carriers need to be configured as inter-frequency measurements so that Event 2X can be triggered on these carriers.  The secondary carriers can be included in the inter-frequency cell info list to enable the UE to compare secondary carriers against the primary carrier.  Since the UE is only capable of measuring 32 inter-frequency cells, the number of neighbours in the cell info list needs to be reduced to include the secondary carriers.  A different threshold may be required for inter-frequency neighbour hard handover and for changing of primary carrier (to one of the secondary carriers in the same sector).  In this case, a separate Event 2X can be configured that compares only secondary carriers and with a different threshold.  Hence two event triggers, one for comparing the carriers and another for hard handover can be configured for the UE but this increases the number of event triggers at the UE.
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Figure 2: Usage of CM for Event 2X

Inter-frequency measurements require compress mode (CM), which degrades the UE reception.  Hence, CM is usually not configured unless necessary (e.g. due to an Event 2D trigger, when the used frequency falls below a threshold).  An example of using Event 2X for primary carrier change is shown in Figure 2.  Here the UE triggers an Event 2D report indicating that its primary carrier is below a threshold.  The RNC setups a Measurement Control Message (MCM) to the UE for Event 2X with CM allowing the UE to measure its secondary carriers.  Using the CM, the UE makes periodic measurement of each cell defined in the Event 2X.  The UE will then triggers the Event 2X and the RNC decides to change the primary carrier.  
Before the UE can measure an inter-frequency cell, it needs to identify it.  The UE also needs to have sufficient inter-frequency measurement samples before it can work out the signal quality of each cell.  The time taken for identifying and obtaining a set of samples is dependent upon the CM configuration, which takes some time before the UE has a set of cells measurements to compare with the signal quality of the primary carrier.  Furthermore, Event 2X operates at the RRC level which is usually slow.  In the example in Figure 2, the UE may move into RLF evaluation state, i.e. when the UE loses sync of DPCCH or F-DPCCH [3], after sending the Event 2D measurement report as shown shaded in Figure 3.  When this happens, the UE will shut its transmitter and it will no longer be able to trigger or perform measurement reports for the RNC (i.e. unable to perform the shaded task in Figure 3).  In a single carrier operation, the UE will try to regain DPCCH or F-DPCH synchronisation to avoid RLF, which depends on whether the channel condition improves.  In 4C-HSDPA, a secondary carrier can be used as the primary carrier but the UE is prevented from triggering Event 2X to initiate the primary carrier change.
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Figure 3: UE unable to trigger Event 2X

Using Event 2X to avoid RLF in 4C-HSDPA requires configuration that may reduce the amount of inter-frequency neighbours that can be monitored and suffers from delay, which leads to UE unable to trigger the event.
2.2
RLF Warning
Since downlink RLF is evaluated in the UE, the UE is in the best position to indicate whether a primary carrier change is required.  In [2], a RLF Warning is sent by the UE when the UE is in the downlink RLF evaluation process.  Figure 4 shows two criteria, NWARN or TWARN (shaded in yellow) where the indication (RLF Warning) is generated.  In the NWARN criterion the RLF warning is sent when sufficient consecutive CPHY-Out-of-Sync-INDs attributes are received at the RRC.  In the TWARN criterion the RLF warning is sent when the timer T313 is above a threshold.  The values of NWARN or TWARN can be signalled to the UE.

Event 2X requires the UE to constantly evaluate the measurements.  Since Event 2X is triggered when the UE is not in RLF evaluation process, it may cause premature and excessive primary carrier change.  The threshold setting for the Event 2X needs to balances between number of primary carrier changes and probability of downlink RLF, which would need a separate Event 2X to that used for inter-frequency neighbour handover.  In contrast, the RLF warning method is only performed in the event of an impending downlink RLF that is, it is only performed when necessary.  Since the RLF warning is only executed when the UE is already in the RLF evaluation process, it has a higher accuracy in predicting a downlink RLF than that in the event based method.  Hence, RLF warning method leads to less premature and unnecessary primary carrier change compared to that of the event based method.  Also, the RLF Warning method avoids configuring a separate Event 2X at the UE that requires the UE to be in CM and constantly evaluate measurements.
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Figure 4: RLF warning

When UE is evaluating for RLF, it has already lost synchronisation of the DPDCH or F-DPCH which carries the TPC.  The UE will also turn off its transmitter.  Hence when it is time to send the RLF Warning, the UE needs to estimate the power to send this warning, specifically the DPCCH since the other channels’ power (e.g. HS-DPCCH, E-DPCCH and E-DPDCH) are derived from DPCCH.  There are several ways to determine the power for example, the UE can use the last transmit power that is derived from the TPC, with an offset taking into account the changes in the C-PICH power, if the time between receiving this TPC and sending the RLF Warning is not more than a threshold.  If it is more than a threshold, then the DPCCH transmit power is derived from the path loss (similar to RACH) plus an offset.  Repetition of the RLF Warning can be sent to increase the reliability of the message.

The response to a RLF Warning from the network needs to be sent via one of the secondary carriers since the primary carrier is under RLF evaluation.  Given that the NB controls the scheduler, the NB needs to be aware of the RLF Warning.  Although the NB can deduce that the primary carrier is failing due to lack of feedback from the UE, to ensure the NB stops routing packets to the primary carrier until it receives a valid signal from the UE, the RLF Warning should be sent to the NB.  In this way, the RAB reconfiguration message from the RNC can be routed via the secondary carrier.  The RLF Warning should also contains a recommendation on which secondary carrier is best suited as the new primary carrier and also the CQI of that carrier.  An example of this is shown in Figure 5, here the UE sends the RLF Warning to the NB (e.g. via L1 or MAC message).  The NB stops scheduling the data and informs the RNC of the potential RLF and possibly recommends a secondary carrier to be used as the primary carrier (e.g. based on the recommendation in RLF Warning).  The RNC then, sends a configuration message to reconfigure the UE to change its primary carrier.
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Figure 5: RLF Warning to RNC via the NB

Since the NB receives frequent update of the carriers RF condition (via CQI reports), the NB is in a better position than the RNC to execute the primary carrier change e.g. through a HS-SCCH orders.  Furthermore, this will also enable a faster response to the UE’s RLF Warning thereby minimising the time to change the primary carrier.  In this case, the UE sends the RLF Warning to the NB as shown in Figure 6.  Here the UE is pre-configured to operate its primary carrier in any of the configured carriers.  When the NB receives the RLF Warning, it informs the RNC and then proceeds to change the UE primary carrier (e.g. by means of a HS-SCCH order).  The RNC receiving the message will propagate it to the non-serving cells and will not configure the UE until it receives a RAB reconfiguration complete from the UE.
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Figure 6: NB response to a RLF Warning

3          Conclusion
RLF causes significant impact to user experience and hence RLF mitigation mechanisms, namely Event 2X and RLF Warning, are discussed for 4C-HSDPA in this document.  The use of Event 2X is slow and requires constant evaluation at the UE.  In contrast RLF Warning is simple and avoid additional events configuration at the UE.  Hence it is proposed that:
Proposal 1: The UE shall provide a RLF Warning to the network.

Proposal 2: The network signal either NWARN or TWARN to the UE for initiating a RLF warning.
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