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1. Introduction
In the LS from RAN1 [2], RAN4 was requested “to define relevant test cases for suitable physical layer signals/channels, measuring period and thresholds, for the purpose of indicating radio problem detection”. It was also indicated in the LS that “The measuring period of 200ms is RAN1’s tentative value and RAN1 would appreciate the suggestion on this period from RAN4”. In this contribution, we discuss aspects of radio link failure (RLF) event in LTE UEs, provide definitions and suggest a way forward for specification of UE behavior and conformance tests.
2. Background
In [2], the following input was provided by RAN1.


RAN1 would like to inform RAN2 and RAN4 about decisions made by RAN1 regarding physical layer criteria and procedures for indicating radio problem detection. The following have been concluded by RAN1:

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.

RAN1 has also concluded that L1 filtering of indicators (primitives) is not preferred from RAN1 perspective.

As described in [1] and from the previous studies on reference signal (RS) received power (RP) that RAN4 has carried out until now, it is a common understanding that it is feasible to estimate RSRP within an accuracy of +/- 2 dB at low SNRs (eg. Cell-specific Reference Signal (CRS) SINR = -6 dB) in medium and high mobility scenarios. It was suggested in [2] and [1] that CRS SINR be used as a basis for the determination of an RLF event. 

Several plots showing the performance of PDCCH BLER for payload formats 1 and 2 were provided in [1]. It was suggested that the SINR point at which 10% BLER occurs be used for defining the level Qout. It was also noted that, the levels (Qout and Qin) be defined for each bandwidth (eg. 1.4, 3, 5, 10, 20 MHz) and antenna configuration (eg. 1x2, 2x2, 4x2) due to the dependence of PDCCH performance on these attributes. But apart from these two attributes (BW and transmit antenna configuration), the problem of defining one set of CRS-SINR levels for each scenario is further complicated by the following additional attributes.

1. The BLER performance of Format 1 and Format 2 payload types is critically dependent on the aggregation level used.

2. There is a PDCCH to RS power boosting applied to extend coverage.

3. Different UEs might have different PDCCH performances as a function of UE vendor implementation.

The aggregation level configured by the eNB is based on the BW, number of UEs scheduled, etc. The PDCCH power boost applied can be dynamically configured. Therefore, determination of a single set of levels for a given BW-antenna configuration combination therefore appears difficult using for example Format 1, 1A or 2 performance. 

3. Difference between a OFDM system and 3G/2G systems

3.1 BLER prediction in 2G/3G

In 2G/3G systems, the codeword is either transmitted within a single burst or a slot or interleaved across multiple bursts or slots. But, within each burst or slot, the frequency selective channel can be assumed to be approximately constant. The equalizer performance can be characterized in terms of single “effective post-equalizer SINR” metric which is strongly correlated with the input SINR. And therefore, the performance of the decoder (for example, BLER of DPCCH in 3G on which the out-of-sync tests are based on) is primarily a function of the average SINR and to a second degree dependent on the variance of SINR across the bursts or slots.
3.2 BLER prediction in OFDM systems

It is well understood that in OFDM systems, characterizing the decoder BLER performance (say at BLER equal to 1%) as a function of a single SINR level leads to inaccuracies [9,10]. This is because, even at the same average wideband SINR level, different channel realizations across the subcarriers over which the codeword is interleaved can lead to different decoder events. This effect is particularly pronounced in slow fading channels (eg. ETU 5 Hz). Therefore, depending on the channel realizations, there can be significant variation in the transmission reliability. In addition to this, because of frequency selective scheduling, there can be significant variation of SINR across subcarriers due to interference from neighbor cells.
Therefore, the SINR information across the entire time-frequency resources over which the codeword is transmitted need to be made use of in OFDM systems for BLER prediction [9,10]. In particular, in LTE context, this methodology is being made use of for

· link adaptation across different MCS levels (together with rank and precoder matrix adaptation for multiple-codeword transmissions) based on a channel quality indicator (CQI) mapping function for PDSCH, and
· predicting the link throughput in system simulations using a link to system mapper.

3.3 Problems with single RS-SINR level approach

The minimum requirement on the LTE UE is to estimate RSRP using the center 6 PRBs. Although, there is significant correlation between the narrowband RSRP and link reliability (measured as BLER of coded packet transmissions), this narrowband measure can typically be inadequate in accurately predicting the behavior of the wideband link. Suppose RS-SINR levels corresponding to different PDCCH BLER levels as per [1] were to be used. Tying the radio link failure event to a single SINR level might lead to RAN4 specifying RS-SINR levels (for example for out-of-sync) and mandating the UEs to use these pre-set thresholds. This could lead to either of the following problematic scenarios:

1. If the RS-SINR level set by RAN4 is conservative (i.e., too low), the UE will not be able to detect link failure even when the link is unsustainable due to bad radio propagation conditions.
2. If the RS-SINR level set by RAN4 is too high, the UE might wrongly infer that the link is in failure while reliable transmission of control and data would have been feasible.

3. Separate levels have to be determined by RAN4 for each possible combination of BW and transmit antenna configuration for the UE to use.

4. The RS-SINR levels have significant variation across different fading channel as a function of delay spread and Doppler. Therefore, finding sets of levels for each case that solves both problems 1) and 2) above that is independent of the propagation channel appears elaborate and challenging.
On the other hand, if the UE were not mandated to use RS-SINR thresholds for determination of out-of-sync and in-sync events and the it was left to UE implementations to determine RLF/RLR, one could envisage a different set of problems. Suppose that PDCCH average link performance were to be used for setting levels for each BW, for each transmit antenna configuration (1x2 SIMO, 2x2 SFBC, 4x2 SFBC-FSTD) for some pre-determined choice of code-rates and PDCCH formats as suggested in [1]. 
Further note that, in addition to coding rate (aggregation level), transmit antenna configuration and BW among other things, there is a strong dependence of PDCCH BLER on
· the delay spread or equivalently frequency diversity of the propagation channel, and

· PDDCH-to-RS power boost applied by the base-station.

Therefore, if a specific UE behavior is not mandated, specifying tests in RAN4 (and subsequently in RAN5) in some propagation channel models (eg. ETU 100 Hz) does not guarantee reliable behavior in other propagation channels (eg. EPA 5 Hz). Therefore, there will be significant effort on the part of RAN4 to come up with a large number of test cases to ensure that radio link failure and radio link recovery (RLR) detection are being performed reliably by the UE implementation.

It therefore appears that specifying some minimal UE behavior is desirable without being overtly restrictive on implementation flexibility. This would also reduce the number of tests that RAN4 has to design to ensure that the UE implementations are as desired. In the next section, we outline a method towards this end based on the already well understood notion of CQI mapping function.
4. BLER prediction using CQI-type mapping function

4.1 CQI function for link adaptation 

It is well understood that the existing propagation conditions (eg. RS-SINR over time-frequency resources of transmission) estimated using RS can be used to deduce if one modulation-coding scheme (MCS) would be preferred over another MCS for maximizing the link throughput. For this purpose, a CQI mapping function is typically used to estimate the BLER corresponding to a hypothetical PDSCH payload with a particular modulation (QPSK, 16QAM, 64QAM) and a particular code-rate in the prevailing propagation conditions. This is then used for selecting the MCS that maximizes the throughput under the existing link conditions. RAN4 is tasked with specifying tests to check that the CQI based MCS selection function has been implemented correctly in UEs for PDSCH link adaptation.
4.2 PDCCH addressing of downlink data 

In LTE, the PDCCH is used for addressing transmissions on PDSCH including dedicated data payload, BCCH on DL-SCH, paging, RACH response, etc. There are at least 7 different downlink control information (DCI) formats – Format 0/1/1A/1C/2/3/3A, used in PDCCH for different purposes. Typically, when the link quality starts to degrade, it is likely that the format most used for downlink scheduling would get impacted the most. Format 1A will likely be most used downlink scheduling format and therefore, the signal conditions at which the UE is unable to reliably decode Format 1A can be used as the point at which the effects of a link failure would start setting in. 
Conversely, when the UE is already in link failure, it is monitoring the received signal for a link recovery. Upon the detection of a link recovery event, the UE would either send a RACH and wait for a RACH response or send a connection re-establishment message. A system information (SI-x) decode would be likely necessary at this point. In either case, reliable reception of PDDCH Format 1C which is used for addressing paging, RACH response and SI-x. Therefore, the signal condition at which the UE is able to successfully decode Format 1C can be used as the point at which the link recovery would start to set in.
4.2 Out-of-synchronization event detection 

For reasons explained earlier, Format 1A seems like a suitable candidate for out-of-synchronization detection. But, within, for example a 200 ms out-of-synchronization monitoring window, there is no guarantee that the eNB will schedule even a single subframe for a given UE. Therefore, trying to deduce whether a Format 1A codeword is decodable or not based on actual decoding followed by CRC check is not feasible. Alternate methods for BLER prediction for PDCCH format 1A are necessary. In this context, a UE could use a CQI mapping function for estimating the BLER of a hypothetical Format 1A transmission. In principle (as explained in Section 4.1), it would be similar to MCS selection based on an estimate of the channel state for PDSCH transmissions.
Using the CQI function, the UE can estimate the BLER corresponding to a hypothetical PDCCH codeword transmission with either of the following conditions.

Transmit conditions 1 (maximum coverage case):

· Format 1A transmission (eg. 42 bits with CRC for 10 MHz)

· minimum code rate or equivalently the maximum aggregation level for that BW (eg. aggregation level = 8 for 10 MHz)

· maximum PDCCH-to-RS power boost equal to +6 dB

· mapping of PDCCH on to the first 2 OFDM symbols

Transmit conditions 2 (typical coverage case):

· Format 1A transmission (eg. 42 bits with CRC for 10 MHz)

· typical code rate (eg. aggregation level = 4 for 10 MHz)

· typical PDCCH-to-RS power boost equal to 0 dB

· mapping of PDCCH on to the first 3 OFDM symbols

The PDCCH Format 1A codeword with either the maximum coverage parameters to signify the limiting point at which RLF starts to occur or alternately, the codeword signifying a typical coverage scenario can be chosen (by means of further discussion in RAN4). A UE implementation can use a CQI mapping function corresponding to the

· pre-chosen code rate (eg. if aggregation level = 8 is chosen, then as a function of the BW, the code-rate becomes fixed)
· pre-determined transmit antenna configuration (1x2, 2x2 or 4x2)

· pre-chosen PDCCH-to-RS power boost

· pre-chosen codeword placement within the control OFDM symbols (eg. starting CCE)
to estimate what the PDCCH BLER would be for the prevailing signal and interference conditions. This can be achieved via a lookup table (just like for the case of PDSCH link adaptation). If the estimated BLER exceeds, say 10% (
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), then the UE lower layers can declare an out-of-synchronization event to the higher layers. The chosen BLER level would correspond to the propagation signal conditions at which the normal scheduling on the downlink would start to fail. A monitoring period of say 200 ms can be used for averaging the BLER estimates from the CQI function to improve the estimate reliability. 
Therefore, based on the discussion above, we suggest the following.
Proposal 1: The UE should be mandated to use a CQI mapping function for estimating the BLER for a hypothetical PDCCH transmission (eg. Format 1A) with a chosen set of parameters (eg. transmission conditions 1) in a [200 ms] monitoring period and use a BLER threshold (
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) for the determination of an out-of-synchronization event.

4.3 In-synchronization event detection 

In a manner similar to the detection of an out-of-synchronization event, and for reasons explained earlier, Format 1C seems like a suitable candidate for in-synchronization detection. Within, for example a 100 ms in-synchronization monitoring window, although a certain number of Format 1C transmission can be guaranteed due to the periodic transmission of SI-x payload, the accuracy of a BLER estimate based on actual decoding followed by CRC check is usually quite inadequate for forming reliable inferences on link quality. Therefore, similar to the out-of-synchronization context, a UE could use a CQI mapping function for estimating the BLER of a hypothetical Format 1C transmission. 

Using the CQI function, the UE would estimate the BLER corresponding to a hypothetical PDCCH codeword transmission with either of the following conditions.

Transmit conditions 3 (minimum coverage case):

· Format 1C transmission (eg. 31 bits with CRC for 10 MHz)

· maximum code rate or equivalently the minimum aggregation level for that BW (eg. aggregation level = 2 for 10 MHz)

· minimum PDCCH-to-RS power boost equal to -3 dB

· mapping of PDCCH on to the first 2 OFDM symbols

Transmit conditions 4 (typical coverage case):

· Format 1C transmission (eg. 31 bits with CRC for 10 MHz)

· typical code rate (eg. aggregation level = 4 for 10 MHz)

· typical PDCCH-to-RS power boost equal to 3 dB

· mapping of PDCCH on to the first 3 OFDM symbols

For the typical coverage case in transmission conditions 4, we assume that there is always at least a 3 dB applied to Format 1C. 
Similar to the out-of-synchronization case, a UE implementation can use a CQI mapping function corresponding to the

· pre-chosen code 

· pre-determined transmit antenna configuration (1x2, 2x2 or 4x2)

· pre-chosen PDCCH-to-RS power boost

· pre-chosen codeword placement within the control OFDM symbols (eg. starting CCE)
to estimate what the BLER would be for the prevailing signal and interference conditions. If the estimated BLER is below, say 1% (
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), then the UE lower layers can declare an out-of-synchronization event. The chosen BLER level would correspond to the propagation signal conditions at which essential payload (eg. SI-x, RACH response) can be reliably decoded. A monitoring period of say 100 ms can be used for averaging the BLER estimates from the CQI function. 

Therefore, based on the discussion above, we suggest the following.

Proposal 2: The UE should be mandated to use a CQI mapping function for estimating the BLER for a hypothetical PDCCH transmission (eg. Format 1C) with a chosen set of parameters (eg. transmission conditions 4) in a [100 ms] monitoring period and use a BLER threshold (
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) for the determination of an in-synchronization event.

In the next section, we outline how a CQI mapping function can be used for BLER estimation and discuss the associated estimation accuracy.

6. BLER prediction accuracy

In this section, we present some simulation results to illustrate the accuracy of BLER estimation for PDCCH codewords using CQI-type function approach. Two types of CQI mapping function were used for evaluating the accuracy of BLER prediction – Effective Exponential Sum-of-SINR Mapping (EESM) [9] and Mean Mutual Information per Bit (MMIB) [10]. Simulations were carried out in a 10 MHz downlink to evaluate the BLER and BLER estimates for PDCCH Format 1A and Format 1C. A SIMO deployment (1x2) was simulated in a EPA 5 Hz propagation channel. The codeword was mapped on to the first two OFDM symbols in the subframe with a PDCCH-to-RS power boost of 0 dB . The PDCCH payload size was 42 bits and 31 bits respectively for Format 1A and 1C. Figures 1 and 2 show the BLER plots comparing the actual and predicted values for the two methods. From the plots, it is clear that both methods are accurate in predicting the BLER within a few tenths of a dB in the BLER range of [0.005 0.5]. In these simulations, ideal RS-SINR knowledge was used.
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Figure 1. Format 1A, actual and predicted BLER in a EPA 5 Hz channel with AWGN impairment
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Figure 2. Format 1C, actual and predicted BLER in a EPA 5 Hz channel with AWGN impairment

Simple approaches for extending the mapping function to 2x2 SFBC and 4x2 SFBC-FSTD transmission modes exist [9]. Therefore, in principle, the same approach can be used with the same thresholds on BLER (eg. 10% for out-of-sync and 1% for in-sync) across

· all transmit antenna configurations (1x2, 2x2 and 4x2)

· all propagation channels, and

· all BWs.

In addition to the simplicity of this approach, one added advantage is that UE implementations have the flexibility to fold in the actual performance of their demodulator and decoder algorithms into their CQI mapping functions.

8. Testing UEs for RLF/RLR detection

Once the UE behavior is mandated, testing of the UEs for correctness in implementation becomes rather similar to the CQI accuracy testing methodology that will be adopted for CQI reporting for PDSCH link adaptation. The UEs will have to be tested for a few propagation channels and possibly all the transmit antenna configurations (1x2, 2x2 and 4x2). But, the need to come up with different sets of levels (eg. Qin, Qout) for a large number of deployment scenarios and propagation channels is obviated. 

For example, RAN4 can specify a test for a 10 MHz UE in a EPA 5 Hz channel with levels derived from simulations (eg. plots in Figures 1 and 2). For out-of-sync, for Fig. 1, the SINR for 10% BLER is -7.4 dB for Format 1A, assuming 0 dB power boost. Assuming transmission conditions 1 (Section 4.2, where PDCCH-to-RS power boost of +6 dB is assumed), the level at which RLF should set in would then be at a RS-SINR level equal -7.4-6 = -13.4 dB. For in-sync, from Fig. 2, the SINR for 1% BLER is -2.3 dB for Format 1C. Assuming transmission conditions 4 (Section 4.3, where PDCCH-to-RS power boost equal to +3 dB is assumed), the level at which RLR should set in would be at a RS-SINR level equal to -2.3-3 = -5.3 dB.
Clearly, the RS-SINR thresholds for a different propagation channel (eg. ETU 70 Hz) would be different. But, once the behavior is mandated, it would not be necessary to repeat similar tests for the other propagation channels. Test in one propagation channel for each transmission mode for each BW should be adequate. Based on this, we suggest the following.

Proposal 3: RAN4 specify RLF/RLR tests by finding thresholds via simulations, for one propagation channel on a per-BW and per-transmit antenna configuration (1x2, 2x2 and 4x2) basis.

7. Conclusion
In this contribution, several aspects of UE behavior and testing in the context RLF and RLR were discussed. An approach based on the already well understood concept of CQI mapping function was proposed. Simulation results showing the accuracy of this method were provided. Based on the considerations in this contribution, we suggest that RAN4 consider the following proposals.
Proposal 1: The UE should be mandated to use a CQI mapping function for estimating the BLER for a hypothetical PDCCH transmission (eg. Format 1A) with a chosen set of parameters (eg. transmission conditions 1) in a [200 ms] monitoring period and use a BLER threshold (
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) for the determination of an out-of-synchronization event.
Proposal 2: The UE should be mandated to use a CQI mapping function for estimating the BLER for a hypothetical PDCCH transmission (eg. Format 1C) with a chosen set of parameters (eg. transmission conditions 1) in a [100 ms] monitoring period and use a BLER threshold (
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) for the determination of an in-synchronization event.

Proposal 3: RAN4 specify RLF/RLR tests by finding thresholds via simulations, for one propagation channel on a per-BW and per-transmit antenna configuration (1x2, 2x2 and 4x2) basis.
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