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I. Introduction

During the RAN4#47bis meeting in Munich, June 16-20, an LS [1] from RAN1 was introduced requesting RAN4 “to define relevant test cases for suitable physical layer signals/channels, measuring period and thresholds, for the purpose of indicating radio problem detection.”  The key points from the LS are:
1. The downlink radio link quality of the serving cell shall be monitored by the UE for the purpose of indicating radio problem detection status to higher layers. The radio problem detection may be based on cell-specific reference signals.
2. In non-DRX mode operations, the physical layer in the UE shall every radio frame check the quality, measured over the previous [200ms] period, against thresholds (Qout and Qin) defined implicitly by relevant tests in TS 36.101.

3. The UE shall for every radio frame indicate radio problem detection to higher layers when the quality is worse than the threshold Qout and continue until the quality is better than the threshold Qin.
4. The radio problem detection criteria for UEs in DRX mode are FFS.

5. The start and stop of the radio problem detection monitoring are triggered by higher layers.

Ericsson presented a contribution [2] proposing SIR of cell specific common reference symbols (CRS) to be solely used as criteria to determine radio link problem.  The intent was to simplify UE implementation compared to earlier discussions in which combination of channels for radio problem detection was proposed.  
After reviewing Ericsson’s simulations results, we think although simulation showed that CRS SIR can be consistently estimated under different fading conditions, the mapping between physical downlink control channel (PDCCH) BLER and the CRS SIR varies greatly over different fading condition, which is unknown to the UE that is trying to assess the quality of PDCCH reception.  This issue renders CRS SIR unsuitable as the sole indicator of radio link quality while the UE is in the RRC_CONNECTED state.  Given the extreme importance of accurate reporting of radio link condition in connected state to end user experience and operator Key Performance Indicators, we propose to use a combination of PDCCH and physical control format indicator channel (PCFICH) as the means for radio link problem detection and reporting.
II. Detailed Description

In LTE, the RRC_CONNECTED is a state in which a UE has an E-UTRAN-RRC connection and has context in E-UTRAN. The UE can transmit and/or receive data to/from the network.  The E-UTRAN knows the cell which the UE belongs to.  It can transmit and/or receive data to/from the UE, and control UE mobility.  Under the RRC_CONNECTED state, the UE monitors the control signalling channels PCFICH and PDCCH for allocation of shared data channel for transmission from/to the UE.  The UE also monitors down link channel quality information and provides feedback to the eNB.
After successful setup of a connection, the RF signal quality between the eNB and the UE may degrade due to RF fading, interference, and UE mobility into areas with marginal or inadequate coverage.  Most of the time within the intended coverage area of a well engineered network, the signal quality will recover so that the UE can stay in the RRC_CONNECTED state.  However sometimes the degradation may be so severe such that the radio link connection between the eNB and the UE can not be sustained for reliable control channel communication and/or data transfer between the eNB and the UE, at which point air interface resources allocated to the UE becomes wasteful.  Therefore it’s important for the UE to monitor the down link signal quality as basis to control UE’s own state and also keep the E-UTRAN informed.
Radio link problem detection is inherently error prone due to the statistical nature of RF signal propagation.  It is required that radio link degradations are detected in as early stages as possible, i.e., detection of small probability error events.  In addition, it is required that the detection happens in as short a time as possible.  These requirements will limit the accuracy of detection.  As a result, no matter what metric is used and how the thresholds are set, there will be false detections, i.e., reporting of radio link problem when there is none, or reporting of radio link recovery when it has not.
To manage the issue of false detection, we need to carefully consider the cost of actions as a consequence.  First let us look at false declaration of radio link failure.  This typically means the UE is required to turn off transmission and then the eNB will not hear from the UE then the eNB will declare a dropped connection and clean up the context of the UE.  It will take multiple steps and network resources for the UE to get back to the connected state.  The process will include steps such as the UE needs to update the system information, use random access channel to request a new connection, and then establish a context in the E-UTRAN.  A break of connection often triggers reaction of user applications which causes negative experience to the end users.  In addition, it will degrade the connection drop metric which is a very important KPI for the carriers.
On the other hand, a missed detection of radio link problem or a false detection of radio link recovery means the eNB will have to maintain an additional UE context and the UE will occupy a MAC id in a cell until it’s confirmed to be disconnected, the eNB may also attempt to allocate UL/DL PDSCH resource to a UE that can not use it, which means some waste of air interface capacity.  In the mean time the radio link is given a chance to recover and may indeed do so.  However, considering end user experience and carriers priority in offering high performance service, the cost associated with a missed detection of radio link problem or a false detection of radio link recovery is lower.  Therefore we believe 1). We need to use the most reliable means for radio link problem detection.  2). When there is ambiguity, we should error on the side with lower cost, i.e., to keep the connection.
A UE in RRC_CONNECTED state monitors the Physical control format indicator channel (PCFICH), which informs the UE about the number of OFDM symbols used for the PDCCHs.  The PCFICH is transmitted in every subframe.  The Physical downlink control channel (PDCCH) informs the UE about the resource allocation of paging channel (PCH) and downlink shared channel (DL-SCH), and Hybrid ARQ information related to DL-SCH (PHICH), and it carries the uplink scheduling grant.  There can be multiple PDCCHs in each cell to increase capacity; however a UE will only monitor a PDCCH it is associated with.
Part of the down link connection between the eNB and the UE is used for the transmission of PDCCH control information to the UE.  The notion of a UE being “connected” is solely dependent on the UE’s ability to decode the PDCCH reliably, and the UE is required to monitor the PHICH and/or PDCCH continuously while in non-DRX mode.  Therefore the PHICH and/or PDCCH BLER should be the most accurate indicator of radio link quality in the down link.  However when there is little or no traffic in a cell, the PCFICH may indicate that there is zero symbol allocated for PDCCH in a subframe, which means UE will not have PDCCH packets in every subframe to assess BLER.  However, as mentioned earlier, the PCFICH is transmitted in every subframe and it is used as an index and prerequisite for the UE to decode the PDCCH.  And in a well engineered network, it is reasonable to assume that the PCFICH will have equal or better coverage compared to the PDCCH, therefore the PCFICH BLER can be used as a proxy for radio link quality assessment in lieu of the PDCCH.
Figure 1 illustrates the proposed radio link problem detection scheme based on the Block Error Rate (BLER) of the PCFICH and PDCCH.  The UE starts in the radio link Normal State while in the RRC_CONNECTED state.  It continuously monitors the PCFICH and the PDCCH when present.  The BLER of these channels are averaged over a [200ms] window and reported every frame.
i. If the quality of either the PDCCH or the PCFICH deteriorates such that their BLER rise above the Qout threshold, i.e., PDCCH_BLER > Qout [10%] or PCFICH_BLER > Qout [10%], then the UE enters the radio link Problem State and the Timer for Radio Link Recovery (T1) is set.
ii. If the quality of the PDCCH recovers while the UE is in the radio link Problem State, i.e., PDCCH_BLER < Qin [1%], then the UE returns to the Normal State and the timer T1 is cleared.
iii. If the quality of the PCFICH recovers while the PDCCH has not, i.e., PCFICH_BLER < Qin [1%] and Qin [1%] < PDCCH_BLER < Qout [10%], or if there is inadequate PDCCH activity to evaluate PDCCH (e.g., very low traffic in a cell) then UE also enters the radio link Probation State for further assessment.
iv. If the quality of either the PDCCH or the PCFICH worsens such that the BLER rise above the Qout threshold, i.e., PDCCH_BLER > Qout [10%] or PCFICH_BLER > Qout [10%] while the UE is in Probation State, the UE returns to the radio link Problem State.

v. If the quality of the PDCCH recovers while the UE is in the radio link Probation State, i.e., PDCCH_BLER < Qin [1%], then the UE returns to the Normal State and the timer T1 is cleared.

vi. If UE is still in the radio link Probation State when the timer T1 expires, it is promoted to the Normal State.  Alternatively the timer T1 can be reset a number of times and the UE is kept at the radio link Probation State for further evaluation.
vii. If the UE is in the radio link Problem State when timer T1 expires, then Radio Link Failure is reported to upper layer of the UE.
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Figure 1
Radio Link Problem Detection and Reporting

The evaluation period suggested by 3GPP RAN1 working group is 200ms.  Because the PCFICH is transmitted in every subframe of 1ms, there should be statistically adequate samples to average BLER accurately, even with an evaluation period of 100ms.  A shorter evaluation period enables the early detection of a radio link problem.  The PDCCH can also be transmitted in every subframe, however in cells with very low traffic there may not be enough PDCCH packets to evaluate BLER.  Under such scenarios, the proposed scheme will keep the UE in connected state as long as the PCFICH quality is adequate.  This is also the scenario when air interface capacity is not a concern.
III. Conclusion
In this paper we propose to use the BLER of the PDCCH and the PCFICH with associated thresholds and algorithm to detect and report radio link problems.  Given the importance of the accuracy of radio link problem reporting in end user perceived service quality and key network performance indicators such as connection drop rate and throughput, we believe using PDCCH supplemented with PCFICH is the best option.  These metrics are readily available in the UE while it is in the RRC_CONNECTED state operating in non-DRX mode, therefore should not increase the complexity or power consumption of the UE.
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