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1 Introduction

PRACH coverage enhancements are based on repetitions of existing preamble formats and multiple PRACH repetition levels are supported (a repetition level can be selected according to the coverage enhancement need of a particular MTC UE).

FFS aspects include: 
a) Relaxing the RA preamble miss probability and supporting frequency hopping for different repetitions.
b) The number of PRACH repetition levels
c) The PRACH multiplexing method (CDM and/or TDM and/or FDM)
d) Whether for initial access an MTC UE should select a PRACH repetition level according to its estimated coverage enhancement need and, if so, how the repetition levels for Msg2/3/4 are determined.
This contribution considers the above FFS aspects.  

2 PRACH Coverage Enhancements
For the PRACH, a coverage enhancement of 14 dB is needed for the RA preamble (PDSCH/PUSCH coverage enhancement techniques apply for Msg2/3/4).
Miss probability for RA preamble and support of frequency hopping

A relaxed miss probability, as included in the WID, can considerably improve coverage for the RA preamble. A 10% miss probability (Pmiss) allows for a gain of ~5 dB (e.g. [1]). RA preamble repetitions are then needed to cover the additional 9 dB gap. An increased Pmiss will result to a higher retransmission of RA preambles but given the ~6x decrease in the number of RA preamble repetitions that is afforded by Pmiss = 10% (versus Pmiss = 1%), both latency and collision probability will be improved. Therefore, the number of RA preamble repetitions should be considered with respect to a 10% Pmiss.

Frequency hopping (FH) between repetitions can be additionally used to improve coverage (it is noted that RA preamble detection is non-coherent). In [2], a 2x-3x reduction in the number of required RA preamble repetitions is observed when FH is used. Together with Pmiss = 10%, 20 RA preamble repetitions suffice for a coverage enhancement of 14 dB, only 5 RA preamble repetitions suffice for a coverage enhancement of 10 dB, while no RA preamble repetitions are needed for a coverage enhancement of 5 dB.  

Proposal 1: RA preamble repetitions should be defined for Pmiss=10% and should be transmitted with frequency hopping. 

PRACH Multiplexing Method
In general, CDM, and/or TDM, and/or FDM are all possible options for multiplexing PRACH resources among different coverage enhancement levels (including no coverage enhancement). However, it is desirable to reduce the number of combinations as not all options are always beneficial or possible and can lead to unnecessary complexity.
TDM is disadvantageous in TDD particularly for (likely) UL/DL configurations with few UL subframes, such as TDD UL/DL configuration 2, and will lead to significant increases in latency, particularly in case of multiple coverage enhancement levels, and to complicated resource management for the network.  

FDM is disadvantageous as it can lead to bandwidth fragmentation, reduce scheduling opportunities for small bandwidths, and require increased use of guard bands to ensure orthogonal multiplexing with other PRACH channels or with PUSCH.  
Both TDM and FDM are disadvantageous in reserving resources that can be significantly underutilized and can therefore penalize UL spectral efficiency.

CDM is straightforward and directly applicable to both FDD and TDD and to all system bandwidths by individually allocating sequences to UEs requiring different coverage enhancement levels. Considering that with Pmiss = 10% and frequency hopping the number of required repetitions for coverage enhancement levels of [5 10 15] dB are respectively [0, 5, 20], there is no clear need to increase the number of RA preamble resources, even for TDD UL-DL configuration 5, particularly considering that MTC UEs in deep coverage holes are expected to be quasi-stationary (highly infrequent RA preamble transmissions).
Proposal 2: Sequence multiplexing (CDM) is used to support RA preamble transmissions for different coverage enhancement levels. 

Using the PRACH Repetition Level at Initial Access to Indicate Required Coverage
The benefit for an MTC UE to use the RA preamble during initial access to indicate its required coverage level is that unnecessary repetitions of messages associated with the initial random access process can be avoided thereby reducing the respective overhead. 

Designing an initial random access process for an MTC UE based on a coverage enhancement the MTC UE estimates assumes as a precondition that such a coverage enhancement estimate is accurate; otherwise, this is almost equivalent to an MTC UE randomly assuming a coverage enhancement level. 
Figure 1 shows the RSRP baseband measurement accuracy for various SINR values and averaging over 1 subframe as in [3]. The sampling rate is 40 ms and for each measurement (1 subframe in 40ms) an RSRP value is generated and the final RSRP report is the average of these values within a measurement period (e.g. for 200/800 ms measurement period the RSRP report is the average of the 5/20 values). Noise is estimated separately for each measurement without averaging across subframes. An additional (3 dB error due to RF impairments is not included. It is observed that while a highly accurate RSRP measurement at baseband is obtained at -6 dB SINR (non-coverage limited operation as for legacy UEs), for a -18 dB SINR corresponding to a 12 dB coverage enhancement, the RSRP accuracy is significantly degraded with a median baseband error approaching 9 dB. Clearly, using RSRP (and therefore using a PL estimate) to determine the coverage level can be problematic. Additionally, for coverage enhancement levels where the RSRP error is not significant, PRACH transmission can be according to a smallest coverage enhancement level.
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Figure 1: RSRP Error Distribution.
To examine the impact of the RSRP measurement error on a potential benefit of an MTC UE autonomously selecting the RA preamble repetition level (i.e. selecting a coverage enhancement level during initial access), an example of a system with 3 coverage enhancement levels in increments of 5 dB (up to 15 dB) and an MTC UE requiring an 8 dB coverage enhancement level is considered. Due to the inaccuracy of the RSRP measurement, three outcomes are possible for the estimated required coverage enhancement; it is either in the correct range, or in the higher range, or in the lower range. In the first case, the operation is as desired. In the second case, there are no overhead savings but initial random access is reliable. In the third case, the MTC UE will use fewer than desired RA preamble repetitions, the RA preamble detection at the NodeB will likely fail in which case the MTC UE will use the next higher repetition level after it fails to detect Msg2. It is noted that a use of a next higher repetition level can occur regardless of whether or not the MTC UE uses a desired RA preamble repetition level if the NodeB misses reception of the RA preamble or Msg3 or if the MTC UE misses reception of Msg2 or Msg4. 

A more detrimental condition occurs if the NodeB detects the RA preamble transmitted with a smaller than desired repetition level. This can frequently occur for MTC UEs in poor coverage condition or for MTC UEs with SINR near the switch point for the number of RA preamble repetitions. Then, the NodeB will transmit Msg2 with a smaller than desired number of repetitions and the initial random access process will fail at a later stage (for Msg2, or Msg3, or Msg4) resulting to increased latency and overhead as the MTC UE will need to repeat it for the next higher coverage enhancement level.  

Considering the above aspects, it is not immediately clear whether allowing an MTC UE to autonomously select its coverage enhancement level will lead to reduced overhead and, even if so, what the overhead reduction gains will be. It is noted that unlike non-coverage limited UEs that can obtain a highly accurate RSRP/PL estimate and accordingly adjust the RA preamble transmission power, using the same principle for coverage limited UEs where the repetition level is adjusted instead of the transmission power (as the latter will be Pmax) will not result in the same functionality due to RSRP/PL estimation errors. As previously discussed, an MTC UE relying on the RSRP/PL measurement to select a coverage enhancement level is almost equivalent to randomly selecting a coverage enhancement level (except possibly for the smallest coverage enhancement level) and therefore it is of little benefit. Further, the following aspects need to be considered: 
a) If the NodeB indicates the maximum coverage enhancement level, any overhead reduction gains will be minimal in case that level is 5 dB or 10 dB instead of 15 dB.

b) The NodeB needs to have an accurate estimate of the SINR distribution for coverage limited MTC UEs prior to initial access in order to appropriately allocate RA preamble resources to different coverage enhancement levels and minimize the collision probability. 
c) The various coverage enhancement levels for RA preamble transmissions can only be coarse in order to minimize complexity, minimize number of attempts using an incorrect number of repetitions due to RSRP/PL errors, reduce network burden for accurately estimating the SINR distribution in different coverage enhancement levels, reduce RA preamble resource fragmentation, and so on. Eventually, explicit configuration of the coverage enhancement level by the network is needed in order to minimize overhead for communication after initial access.

d) SIB2 overhead may need to increase in order to indicate the distribution of RA preamble resources (separate logical indexes of RACH_ROOT_SEQUENCE for different coverage enhancement levels and potentially additional information in case TDM or FDM are used) to different coverage enhancement levels. Unlike initial random access for which potential overhead reduction gains may be obtained from using multiple coverage enhancement levels only once, the SIB2 overhead and impact on the respective coverage are permanent.
e) The tradeoff between specification/implementation simplicity vs. overhead reduction benefits. Even with cell reselection, the overhead reduction for initial access of quasi-stationary coverage limited MTC UEs is negligible compared to the resources used for subsequent communications. 
Therefore, if overhead minimization for initial random access and an (approximate) indication to the eNB of the required coverage level is the objective, it is preferable to maintain a similar operation as in Rel-8 and a coverage limited MTC UE can perform initial access using a smallest enhancement level and increase the coverage enhancement level after an unsuccessful attempt (similar to increasing the transmission power for legacy operation). If minimizing the maximum latency for initial random access and minimizing SIB2 overhead is the objective, it is preferable that coverage limited MTC UEs perform initial access using a coverage enhancement level signaled by the network (e.g. in SIB2). If both previous objectives are to be partially satisfied, it is preferable that the a coverage limited MTC UE uses metrics other than the RSRP/PL measurement, such as for example the time required to detect PSS/SSS and/or the number of decoding attempts to detect MIB/SIB1/SIB2, to estimate its required coverage enhancement level.  
Proposal 3: Before specifying optimizations for initial random access process by coverage limited MTC UEs, the objectives and implications for such optimizations should be agreed.

3 Conclusions

This contribution considered aspects related to PRACH operation for coverage limited MTC UEs and proposes the following:

Proposal 1: RA preamble repetitions should be defined for Pmiss=10% and should be transmitted with frequency hopping. 

Proposal 2: Sequence multiplexing (CDM) is used to support RA preamble transmissions for different coverage enhancement levels. 

Proposal 3: Before specifying optimizations for initial random access process by coverage limited MTC UEs, the objectives and implications for such optimizations should be agreed.
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