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1 Introduction

At the RAN1 #75 meeting, the following were agreed regarding PRACH coverage enhancement for low cost MTC [1]:
· WA on usage of existing PRACH formats from RAN1#74bis is confirmed:
· Enhanced coverage UEs and legacy UE may share the same time/frequency resource. In this case, enhanced coverage UEs will use CDM to multiplex with legacy UEs.
· FFS for multiplexing repetition level(s) within shared time/freq. resources

· In addition define additional time/freq. resource region(s) separate for “enhanced coverage” UEs.
· Within new region, at least CDM is allowed.
· FFS for Frequency Hopping
· NOTE: RACH resource mapping for the “low complexity UE not requiring enhanced coverage” is FFS
· Specified maximum numbers of levels: Working assumption of 3 (this does not include “zero coverage extension”). More evidence needed if we were to extend this.
· eNB-configurable number of levels (1, 2, 3) up to specified max level.
· Number of repetitions per level:
· FFS for configurable value.
· FFS ranges of this value per level – come back later in week.
· 1 attempt = configured number of repetitions.
· FFS: Power ramping is supported
· If UE does not receive a RAR after 1 attempt, it moves to next highest level (e.g. 5 to 10, and 10 to 15).
· At highest level, FFS on how many attempts are allowed, and the overall procedure (e.g. Backoff etc).
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 Resource Allocation

According to the agreement in the RAN1#75 meeting [1], PRACH resources for non-coverage limited and coverage limited MTC UEs can be multiplexed in the TDM and FDM manner by allocating different time/frequency resource region(s). For CDM based multiplexing scheme, different code indices need to be configured between non-coverage and coverage limited UEs when the same time/frequency resources are configured. 
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 are highly likely to use the unrestricted set. Towards this end, eNB may configure different high speed flags, i.e., High-speed-flag, for MTC and legacy UEs with enhanced coverage, can be disabled (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 which is corresponding to the CM value for QPSK in SC-FDMA waveform. 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 by 1bit in signaling the additional root index configuration for coverage limited UEs. Figure 1 illustrates the PRACH preamble code space partition between coverage limited MTC UEs and legacy UEs with independent logical indices.
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Figure 1. PRACH preamble code space partition with independent root sequence indices

Proposal 1:

· Independent configurations for root indices and Ncs are supported for non-coverage limited UEs and coverage limited MTC UEs.
· High-speed-flag for MTC UEs in enhanced coverage mode is always disabled.
· 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). 
3 Discussion on PRACH Coverage Enhancement
Discussion on relaxing miss detection probability
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], 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. 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 that only small portion of MTC UEs might need coverage enhancement, it is expected that relaxed miss detection probability may help to improve the spectral efficiency. 
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.
Observation 1:

· In lightly loaded systems with relatively small collision probability, loosening the miss detection probability may reduce the overall average resource consumption. 

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

Discussion on frequency hopping
To further enhance the detection performance, frequency hopping may be applied in conjunction with the repetition of existing PRACH format. Considering the support for allocating additional frequency resource MTC UEs in the coverage enhanced mode, it would be desirable to perform the frequency hopping between the frequency resource allocated for coverage limited MTC UEs and that for non-coverage limited MTC UEs in order to minimize the impact on the spectral efficiency. Figure 2 illustrates the potential frequency hopping mechanisms for PRACH repetition for FDM+TDM and FDM+CDM based multiplexing, respectively. Note that frequency hopping would not be applied for 1.4MHz bandwidth. 
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Figure 2. Frequency hopping mechanisms for PRACH repetition for TDM/CDM based multiplexing
  Figure 3 illustrates the link level performance for PRACH with frequency hopping when 10 and 40 repetitions are employed, respectively. The simulation model and parameters are summarized in the Appendix. In the simulation, the repetition of PRACH format 0. In addition, frequency resource allocated for hopping is assumed adjacent to the PUCCH region. From the figures, it can be observed that, for both 10 and 40 PRACH repetitions with frequency hopping, ~2dB and 3.5dB link level performance gain can be achieved with 10% and 1% miss detection probability, respectively. 
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Figure 3. PRACH performance with frequency hopping
Observation 2:
· With frequency hopping, ~2dB and 3.5dB link level performance gain can be achieved for PRACH with 10% and 1% miss detection probability, respectively. 

Proposal 3:
· Frequency hopping is applied on the frequency resources for non-coverage and coverage limited UEs in between. 
4 Discussion on Random Access Procedure
As illustrated in Figure 4, 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 4. Contention-based random access procedure
Random access: Msg 1
As indicated in the RAN1#75 meeting [1], up to 3 repetition levels can be configured for PRACH transmission. With respect to the starting repetition level for contention based random access procedure, 3 potential options can be considered as follows:
· Option 1: Coverage limited MTC UEs always start from the lowest repetition level for PRACH transmission. 
· Option 2: Coverage limited MTC UEs always select a certain PRACH repetition level as the starting point. In particular, the starting repetition level can be configured by the network or can be specified as a fixed value. For instance, eNB may configure MTC UEs in the coverage enhanced mode to start with the medium repetition level for PRACH transmission.  
· Option 3: Coverage limited MTC UEs start from the PRACH repetition level according to the measurement of coverage extension status. More specifically, MTC UEs measure the RSRP and/or estimate the path loss between eNB and UEs based on the RSRP and CRS transmit power. 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. To further improve the measurement accuracy of coverage extension level, coverage limited MTC UEs may combine other means, e.g., PSS/SSS detection time and/or PBCH/SIB1 decoding time together with RSRP or pathloss measurement to determine the repetition level.
Note that it may not be desirable to employ the Option 1 for the starting repetition level due to the system level spectral efficiency loss and increased power consumption. More specifically, MTC UEs located in a deep coverage hole (e.g., 15dB coverage extension level) would need additional PRACH resources and power consumption until they can successfully access the network. The Option 2 can be viewed as a compromise between the Option 1 and Option 3. For the Option 3, in the case when MTC UEs located in a 5dB coverage hole, the RSRP or pathloss measurement can be reliable so that the chance of potential mis-selection of repetition level is small. However, when MTC UEs located in the deepest coverage hole, e.g., 15dB, the measurement accuracy may not be sufficient. In this case, the incorrect repetition level selection may lead to spectral efficiency loss but the overall impact should be at least smaller than the Option 1. In addition, with Option 3, it would be more preferable to consider pathloss as measurement metric so as to be consistent with the existing mechanism, e.g. PCMAX,c (of the Serving Cell performing the Random Access Procedure) – preambleInitialReceivedTargetPower – deltaPreambleMsg3 – messagePowerOffset). As mentioned above, other approaches, e.g., PSS/SSS detection time and/or PBCH/SIB1 decoding time can be employed together with RSRP or pathloss measurement to further improve the measurement accuracy, which would help to reduce the spectral efficiency loss. 
Proposal 4:
· Coverage limited MTC UEs start the PRACH repetition level according to the measurement of coverage extension status.
· In order to improve the measurement accuracy of coverage extension level, coverage limited MTC UEs may combine other means, e.g., PSS/SSS detection time and/or PBCH/SIB1 decoding time together with RSRP or pathloss measurement to determine the repetition level.
According to the agreement in the RAN1#75 meeting, repetition level ramping is supported for coverage limited MTC UEs. In order to minimize the specification effort, existing power ramping mechanisms should be applied, which would allow the MTC UEs in the coverage enhanced mode to access the network more quickly. Similarly, the maximum number of attempts for PRACH transmission at highest repetition level should follow the parameter PreambleTransMax, which is configured by the higher layer signalling. 
Proposal 5:

· Existing power ramping mechanism is supported.
· The maximum number of attempts for PRACH transmission at highest repetition level should follow the parameter PreambleTransMax, which is configured by the higher layer signaling.  
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. 
Regarding the resource allocation for Msg2/3 transmission, dynamic scheduling or predefined mechanism may be applied for coverage limited MTC UEs. For dynamic scheduling, as mentioned in the section 2, 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 for dynamic scheduling 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.
The current RA-RANI associated with the PRACH in which the Random Access Preamble is transmitted, is computed as:

RA-RNTI = 1 + t_id + 10*f_id

where t_id is the index of the first subframe of the specified PRACH (0≤ t_id <10), and f_id is the index of the specified PRACH within that subframe, in ascending order of frequency domain (0≤ f_id< 6). Based on the analysis above, a new RA-RNIT may be defined as a function of the repetition level:

RA-RNTI = 1 + t_id + 10*f_id + M*r_id
where r_id can be the indication for enhanced coverage mode or the parameter for the repetition level index. Note that the range of f_id with 0~5 can be properly modified so as to keep the current range of RA-RNTI (i.e. 60).
Proposal 6:

· When dynamic scheduling is applied for resource allocation for Msg2/3 transmission, certain mechanism needs to be defined in order to distinguish the repetition level in RAR, e.g. RA-RNTI value contains the indication for enhanced coverage mode or the parameter for repetition level index.
  As mentioned in our 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. 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.   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. 
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.
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 signalled by PDCCH. 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, an 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. For instance, with the predefined rule, the repetition level for each Msg is derived from the repetition level of the previous Msg.
Proposal 8:

· 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.

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 9:
· 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 (i.e. dynamic scheduling). 

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. 
Observation 2:
· With frequency hopping, ~2dB and 3.5dB link level performance gain can be achieved for PRACH with 10% and 1% miss detection probability, respectively. 

Proposal 1:

· Independent configurations for root indices and Ncs are supported for non-coverage limited UEs and coverage limited MTC UEs.
· High-speed-flag for MTC UEs in enhanced coverage mode is always disabled.
· 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 2:

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

Proposal 3:

· Frequency hopping is applied on the frequency resources for non-coverage and coverage limited UEs in between. 
Proposal 4:

· Coverage limited MTC UEs start the PRACH repetition level according to the measurement of coverage extension status.
· In order to improve the measurement accuracy of coverage extension level, coverage limited MTC UEs may combine other means, e.g., PSS/SSS detection time and/or PBCH/SIB1 decoding time together with RSRP or pathloss measurement to determine the repetition level.
Proposal 5:

· Existing power ramping mechanism is supported.
· The maximum number of attempts for PRACH transmission at highest repetition level should follow the parameter PreambleTransMax, which is configured by the higher layer signaling.  
Proposal 6:

· When dynamic scheduling is applied for resource allocation for Msg2/3 transmission, certain mechanism needs to be defined in order to distinguish the repetition level in RAR, e.g. RA-RNTI value contains the indication for enhanced coverage mode or the parameter for repetition level index.

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.
Proposal 8:

· 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 9:

· 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 (i.e. dynamic scheduling). 
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Appendix: Simulation Assumptions
	Parameter
	Value

	Bandwidth
	10MHz

	Carrier Frequency
	2GHz

	Frame Type
	FDD

	MIMO Configuration
	1x2 with low correlation

	Channel Model 
	EPA

	Doppler Shift
	1Hz

	PRACH Resource Size
	6PRB

	Frequency Error
	0Hz

	PRACH Sequence Type
	PRACH Format 0

	False Alarm Probability
	≤ 0.1%
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