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1 Introduction

At the RAN1 #74bis meeting, the following were agreed regarding PRACH coverage enhancement for low cost MTC [1]:
· For PRACH multiplexing scheme, CDM, and/or TDM and/or FDM are supported

· After the initial random access procedure, for a physical channel using repetition, the repetition level is up to network

· Multiple PRACH repetition levels are supported

· FFS: For initial random access, there is one to one mapping between PRACH repetition level and PRACH resource set. UE selects a PRACH repetition level and transmits the PRACH preamble using the PRACH resource set according to the selected PRACH repetition level

· FFS: details of PRACH resource set, repetition levels

· FFS: details of random access procedure including initial selection for repetition level

· FFS during initial random access procedure if repetition level associated with transmission of Msg2/3/4 can be semi-statically configured, dynamically signalled, or predefined
· Continue investigations on frequency of initial random access with specific proposals how UE will determine PRACH repetition level for initial access, how respective resources will be signalled, until RAN1 #75 meeting
In addition, the following working assumption was made for PRACH coverage enhancement [1]:
· Repeating the existing preamble formats for PRACH enhancement 

· Relaxing PRACH requirement is FFS
· Frequency hopping is FFS
In this contribution, we share our views on PRACH coverage enhancement for low cost MTC in LTE systems. In addition, we provide the analysis on the PRACH resource allocation and random access procedure for coverage limited MTC UEs.  
2 Discussion on PRACH Coverage Enhancement
According to the reference Maximum Coupling Loss (MCL) table in [2] and assuming 4dB SNR loss when employing single receive RF chain, the required coverage enhancement target for PRACH format 2 is 14dB for FDD LTE system. Based on our link level simulation results [3], ~250 repetitions are needed to achieve the PRACH coverage enhancement target. Apparently, this would result in excessive resource consumption and longer access latency for coverage limited MTC UEs. Loosening the requirement of the miss detection probability may be considered as a complement approach for further coverage improvement. As observed in [3], ~5.5dB performance gain can be achieved by relaxing the miss detection probability from 1% to 10%. In particular with 10% miss detection probability, the number of repetitions required to achieve 14dB PRACH coverage enhancement target can be reduced from ~250 to ~40, which would significantly reduce the repetition overhead.
It should be noted that the higher miss detection probability would result in the higher retransmission rate, which may also lead to higher collision probability and longer access latency. In the lightly loaded systems with dedicated PRACH resources allocated for MTC UEs located in coverage holes, the collision probability among coverage limited MTC UEs could be limited. In this case, the miss detection of PRACH preamble would primarily result in additional retrials of PRACH preamble transmission. As illustrates in Figure 1, the average accumulated resource consumption for PRACH transmission can be approximated as
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where RL is the repetition level and N is the number of retransmission attempts. Based on this analysis and assuming the number of retransmission attempts is 5, the average overall PRACH resource consumption when Pmiss = 1% and 10% is 252.5 and 44.4, respectively. This indicates that loosening miss detection probability from 1% to 10% would reduce the overall average resource consumption in a lightly loaded system. Given the fact that only small portion of MTC UEs might need coverage enhancement, it is expected that relaxed miss detection probability may help improve the spectral efficiency. To further minimize the impact on legacy UEs, it may be beneficial to apply the relaxed miss detection probability solely for coverage limited MTC UEs. 
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Figure 1. Average resource consumption comparison with 1% and 10% Pmiss
Observation 1:
· In lightly loaded systems with relatively small collision probability, loosening the miss detection probability may reduce the overall average resource consumption. 

Note that in heavily loaded systems, the relaxed miss detection probability may also result in higher collision probability, which complicates the overall resource consumption analysis. To further understand the impact of the relaxed miss detection probability, RAN1 WG may consider sending a liaison statement (LS) to RAN2 and RAN4 WGs for inputs on the detailed analysis.
Proposal 1:
· RAN1 sends RAN2 and RAN4 an LS to consult the relaxed requirement of miss detection probability.
To further enhance the detection performance, frequency hopping may be applied in conjunction with the repetition of existing PRACH format. Based on our link level simulation results, it can be observed that with frequency hopping in 10MHz bandwidth and 10% miss detection probability, only 20 repetitions are needed to meet the 14dB PRACH coverage enhancement target [3]. Note that in the system with smaller carrier bandwidth, less performance gain is expected when employing frequency hopping for PRACH. In addition, frequency hopping for PRACH transmission may not be applied for 1.4MHz bandwidth. 
Proposal 2:
· Frequency hopping is applied in conjunction with repetition of existing PRACH format to further enhance the detection performance. 

3 Details on PRACH Resource Allocation
As described in [2], not all the MTC UEs need to meet the worst case coverage enhancement target and some MTC UEs may not need further coverage improvement. To support the scalability of spectral efficiency for coverage improvement, PRACH transmission may be considered as a potential candidate by utilizing various repetition levels to inform eNB on the amount of coverage enhancement MTC UE needs.

In order to reduce the collision probability for legacy UEs when coexisted with low cost MTC UEs in LTE system, dedicated PRACH resources are expected for coverage limited MTC UEs. PRACH resources for non-coverage limited and coverage limited MTC UEs may be multiplexed in the time or frequency domain (i.e. TDM or FDM) or with non-overlapping subset of sequence (i.e. CDM), or a combination of any option aforementioned. 
It may be difficult to coordinate the resources not to collide with each other in time while minimizing the overall access latency with TDM manner. One possible TDM solution would be that different PRACH configuration indices are orthogonally configured for non-coverage limited and coverage limited MTC UEs and the PRACH repetitions are performed only at configured subframes. However, this would result in the further access latency for random access. Therefore, it may not be desirable to multiplex the PRACH resources in the time domain for non-coverage limited and coverage limited MTC UEs. 
Moreover, considering the support for multiple repetition levels for coverage limited MTC UEs, multiplexing the PRACH resources in the frequency domain for coverage limited MTC UEs may be not preferable in terms of high eNB processing burden compared to CDM. Note that guard bands are employed for PRACH transmission to ensure the orthogonality between PRACH and other UL channels, which may impose some restrictions for eNB on scheduling PUSCH transmission adjacent to PRACH frequency resource from other UEs. As a fundamental, FDM may not be applied for smaller system bandwidth (e.g. 1.4MHz), which cannot be a common solution applied for all system bandwidths. 

For both FDM and TDM based mechanisms, additional UL resources are required to be reserved for PRACH resources of coverage limited UEs in addition to the legacy UEs, which would reduce the spectral efficiency for data transmission. Furthermore, given the fact that FDM and TDM would need the independent message field to indicate additional time/frequency resources for coverage limited MTC UEs via SIB-2, this would increase the payload of SIB-2, which may not be desirable especially when considering the overall design of system information acquisition from the current limitation of 1000bits as a maximum TBS size. For instance, additional 7 bits for prach-FreqOffset are needed for FDM and additional 6 bits for prach-ConfigIndex are needed for TDM. Hence, it is worthwhile allocating the PRACH resources for different repetition levels with non-overlapping subset of signature sequences for coverage limited MTC UEs in a CDM manner. 
Proposal 3:
· CDM is considered for multiplexing coverage limited MTC UEs with non-coverage limited MTC UEs, and TDM is excluded. 
· For coverage limited MTC UEs, different PRACH sequences (root indices and/or cyclic shifts) for different repetition levels are used.
According to the design principles as mentioned above, Figure 2 illustrates the potential PRACH resource allocation scheme for MTC and legacy UEs. In the figure, PRACH resources are multiplexed with non-overlapping subset of sequences for coverage limited MTC UEs and non-coverage limited UEs (e.g. non-coverage limited UEs can be legacy UEs and non-coverage limited MTC UEs). 
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Figure 2. Potential PRACH resource allocation scheme: CDM
Regardless of the multiplexing schemes among FDM, TDM, and CDM, it would be essential to configure independent root indices/Ncs between non-coverage limited UEs and coverage limited MTC UEs. For instance, the non-coverage limited UEs which need to support high speed or mobility may use the restricted set, while due to their low mobility characteristics, the coverage limited UEs may use the unrestricted set. In particular, eNB may configure different high speed flags, i.e., High-speed-flag, for MTC and legacy UEs, or High-speed-flag can be disabled for coverage limited UEs (or assumed to be FALSE always). Furthermore, the root indices to be configured for coverage limited UEs can be limited to those with the CM less than 1.2dB. More specifically, only the logical root indices from 0 to 455 with CM less than 1.2dB can be used for coverage limited UEs. This could also help to reduce the payload for the additional root index configuration for coverage limited UEs. Figure 3 illustrates the PRACH preamble code space partition between coverage limited MTC UEs and legacy UEs with independent logical indices.
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Figure 3. PRACH preamble code space partition with independent root sequence indices
Proposal 4:
· Independent configurations for root indices and Ncs are supported for non-coverage limited UEs and coverage limited MTC UEs.
· Root indices for coverage limited MTC UEs are limited to those with 1.2dB CM or less (e.g. from logical root index 0 to 455). 
4 Discussion on Random Access
As illustrated in Figure 6, a 4-step procedure is used for initial contention based random access in LTE systems. When repetition is applied for data and control physical channels, careful consideration is needed with regard to the random access procedure for coverage limited MTC UEs. Detailed analysis on each step is presented as follows:
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Figure 6. Contention-based random access procedure
Random access: Msg 1
As mentioned in Section 3.1, PRACH can be used to inform eNB on the amount of coverage enhancement a low-cost MTC UE needs. For the 1st step of contention based random access, MTC UEs measure the RSRP and/or estimate the path loss between eNB and UEs based on the RSRP and CRS transmit power. According to calculated path loss, MTC UEs determine the needed coverage extension levels and subsequently the repetition level based on predefined or broadcasted mapping rule. For contention based random access mode of operation, MTC UEs randomly select one preamble signature in the subset for the corresponding repetition level and transmit the PRACH signal in the associated PRACH resources. Note that the MTC UEs would utilize the same signature sequence in the repeated PRACH transmission. Upon the successful PRACH detection on dedicated resources, eNB can determine the amount of coverage enhancement requested by the MTC UEs.

Note that the similar principle can be applied to the existing mechanism in which the group for sequence selection between group A and B is based on pathloss and the message size. In case when the different sequences are used for different repetition levels, the extended group to accommodate the multiple repetition levels can be further considered.
Proposal 5:
·  Coverage limited MTC UE selects a PRACH repetition level and transmits the PRACH preamble using the PRACH resource set according to the selected PRACH repetition level.
Random access: Msg 2/3
In response to the detected random-access attempt, eNB sends the Random Access Response (RAR) to UEs in the 2nd step. Essentially, RAR conveys the information including PRACH preamble identity, uplink timing advance, an initial uplink resource grant and a temporary C-RNTI assignment. This RAR message is scheduled on PDSCH which is indicated by PDCCH. Furthermore, PDCCH CRC is scrambled by RA-RNTI, identifying the time and frequency resource in which the PRACH preamble is detected. After UEs receive the RAR and adjust the uplink transmission timing, UEs would transmit the RRC contention request message on the scheduled PUSCH resource. 
Various options may be considered with regard to the repetition level indication for Msg2/3 transmission for MTC UEs operating in the coverage enhancement mode. One potential solution is to employ the dynamic scheduling, i.e., repetition levels for RAR (PDSCH) transmission and Msg3 (PUSCH) transmission may be explicitly signaled. For this approach, a new DCI field regarding PDSCH repetition level and a new field in uplink resource grant regarding PUSCH repetition level may need to be defined and specified, which would lead to substantial specification effort. To minimize the specification impact, alternative solution is to indicate the repetition levels associated with Msg2/3 transmission in a predefined manner. More specifically, the repetition levels for PDCCH/PDSCH/PUSCH transmission may be derived according to the predefined or broadcasted mapping rule from coverage extension status indicated by PRACH transmission. 
Proposal 6:
· In order to minimize the specification impact, repetition levels for Msg2/3 transmissions during initial random access may be derived according to the predefined or broadcasted mapping rule from coverage extension status indicated by PRACH transmission.
Similarly, dynamic scheduling or predefined mechanism may be applied for the resource allocation for Msg2/3 transmission for coverage limited MTC UEs. The detailed analysis for these two potential mechanisms is presented as follows:

· Dynamic scheduling: Figure 7 illustrates the resource allocation relationship for Msg2/3 transmissions with dynamic scheduling during initial access. As mentioned in sub-section 3.1, when CDM based resource allocation is adopted, additional 64 PRACH preamble sequences may be needed for coverage limited MTC UEs and consequently, the overall PRACH code space is increased from 64 to 128. To accommodate the increased PRACH sequences, potential design changes need to be carefully studied with the considerations of backward compatibility. One potential approach is to increase the RAPID field in the MAC subheader or modify the RAR content. This approach, however, may not be backward compatible due to the fact that the legacy UEs may not understand the RAPID or RAR content and hence may be blocked from the access. To address this issue, a new RA-RNTI may be defined and specified to allow the coverage limited MTC UEs to access the separate PDSCH resources. In this regard, the RAPID and RAR content would remain the same to ensure backward compatibility. 
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Figure 7. Resource allocation relationship with dynamic scheduling during initial access
· Predefined mechanism: As mentioned in our companion contribution [4], ~40-80 repetitions are needed to meet the PDCCH coverage enhancement target. Hence, given that large number of repetitions is required for PDCCH transmission for coverage limited MTC UEs, predefined frequency allocation for PDSCH during initial access may be beneficial to reduce the initial access latency by skipping PDCCH decoding. Figure 8 illustrates the resource allocation relationship for Msg2/3 transmissions with PDCCH-less operation during initial access. Note that in order to maintain the backward compatibility for legacy UEs, a dedicated PDSCH resource may be predefined and configured appropriately for coverage limited MTC UEs. In addition, a fixed timing relationship between PRACH transmission and RAR as well as transport format for PDSCH transmission should be further studied by taking into account the eNB processing complexity and PDSCH coverage enhancement target.
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Figure 8. Resource allocation relationship with predefined mechanism during initial access
Based on the analysis above, PDCCH-less operation would be preferable for the Msg2 transmission during initial access for coverage limited MTC UEs in order to reduce the access latency. Note that when coverage limited MTC UEs fail to receive RAR from eNB after certain number of retransmission attempts, they may increase the repetition level for the subsequent retransmission attempts to improve the detection performance.
Proposal 7:
· PDCCH-less operation would be preferable for the Msg2 transmission during initial access for coverage limited MTC UEs in order to reduce the access latency. 
· Dedicated PDSCH resource for coverage limited MTC UEs, a fixed timing relationship between PRACH transmission and RAR as well as transport format for PDSCH transmission should be further studied by taking into account the eNB processing complexity and PDSCH coverage enhancement target.
· When coverage limited MTC UEs fail to receive RAR from eNB after certain number of retransmission attempts, they may increase the repetition level of PRACH preamble for the subsequent retransmission attempts to improve the detection performance.

Random access: Msg 4

As a last step of contention based random access procedure, eNB sends the RRC contention resolution message on PDSCH. Note that in Msg3, coverage limited MTC UEs may report the detailed coverage extension level with finer granularity to eNB to improve the spectral efficiency. Similar to the repetition level indication for Msg2/3 transmission, eNB may employ the repetition level for Msg4 transmission according to the predefined or broadcasted mapping rule from the coverage status report in the Msg3. In addition, the resource allocation and the timing relationship for (E)PDCCH/PDSCH transmission may follow the principles based on the agreement for (E)PDCCH/PDSCH coverage enhancement for low cost MTCs. 
Proposal 8:
· Coverage limited MTC UEs may report the detailed coverage extension level with finer granularity in Msg3 to improve the spectral efficiency. 

· Msg4 transmission follows the principles based on the agreement for (E)PDCCH/PDSCH coverage enhancement for low cost MTCs. 

5 Conclusions

In this contribution, we provided our views on PRACH coverage enhancement, PRACH resource allocation and random access procedure for coverage limited MTC UEs. Based on the discussion presented, we summarize our views through the following proposals and observations:
Observation 1:
· In lightly loaded systems with relatively small collision probability, loosening the miss detection probability may reduce the overall average resource consumption. 

Proposal 1:
· RAN1 sends RAN2 and RAN4 an LS to consult the relaxed requirement of miss detection probability.
Proposal 2:

· Frequency hopping is applied in conjunction with repetition of existing PRACH format to further enhance the detection performance. 

Proposal 3:

· CDM is considered for multiplexing coverage limited MTC UEs with non-coverage limited MTC UEs, and TDM is excluded. 
· For coverage limited MTC UEs, different PRACH sequences (root indices and/or cyclic shifts) for different repetition levels are used.
Proposal 4:

· Independent configurations for root indices and Ncs are supported for non-coverage limited UEs and coverage limited MTC UEs.
· Root indices for coverage limited MTC UEs are limited to those with 1.2dB CM or less (e.g. from logical root index 0 to 455). 
Proposal 5:

·  Coverage limited MTC UE selects a PRACH repetition level and transmits the PRACH preamble using the PRACH resource set according to the selected PRACH repetition level.
Proposal 6:

· In order to minimize the specification impact, repetition levels for Msg2/3 transmissions during initial random access may be derived according to the predefined or broadcasted mapping rule from coverage extension status indicated by PRACH transmission.
Proposal 7:

· PDCCH-less operation would be preferable for the Msg2 transmission during initial access for coverage limited MTC UEs in order to reduce the access latency. 

· Dedicated PDSCH resource for coverage limited MTC UEs, a fixed timing relationship between PRACH transmission and RAR as well as transport format for PDSCH transmission should be further studied by taking into account the eNB processing complexity and PDSCH coverage enhancement target.
· When coverage limited MTC UEs fail to receive RAR from eNB after certain number of retransmission attempts, they may increase the repetition level of PRACH preamble for the subsequent retransmission attempts to improve the detection performance.

Proposal 8:

· Coverage limited MTC UEs may report the detailed coverage extension level with finer granularity in Msg3 to improve the spectral efficiency. 

· Msg4 transmission follows the principles based on the agreement for (E)PDCCH/PDSCH coverage enhancement for low cost MTCs. 

References

[1] Chairman’s notes, RAN1 #74bis, Guangzhou, China, Oct. 2013.
[2] 3GPP TR 36.888, v2.2.1, Study on provision of low-cost MTC UEs based on LTE.
[3] R1-132930, “Discussion on PRACH Coverage Enhancement for Low Cost MTC”, Intel Corporation, RAN1 #74, Barcelona, Spain, Aug. 2013.
[4] R1-135105, “Coverage enhancement of DL/UL control channels for low cost MTC”, Intel Corporation, RAN1 #75, San Francisco, USA, Nov. 2013.
PAGE  
8/8

_1443008439.unknown

