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1 Introduction

In the RAN1 #74 meeting, the following agreements were reached in [1]:

· Enhancement of PRACH format is required to achieve coverage improvement target

· FFS if new PRACH format(s), new resources, or repetition of existing PRACH format(s) is adopted

· Define one or multiple PRACH coverage enhancement level
· FFS whether or not to use PRACH to indicate coverage level

· Details, such as resource multiplexing (TDM/FDM/CDM) method,  are  also FFS

In this contribution, enhancements of PRACH format are analyzed, and the necessity of introducing multiple PRACH coverage enhancement levels (CELs) is discussed. Moreover, detailed analyses on using PRACH to indicate coverage enhancement level and the resource multiplexing approach are also presented.
2 PRACH Enhancement
For the enhancements of PRACH coverage, the following options for implementing repetition are considered:
Option 1: New PRACH format(s)

The current PRACH formats 2-3 support sequence repetition by two times. In order to further enhance the PRACH coverage, new PRACH format(s) could be introduced for sequence repetition by more times.

As shown in the Figure 1a, a new PRACH format(s) consists of one CP, N (N>2) times sequence repetition and one GT, so it is beneficial to spare resource overhead in view of only one CP and one GT included. Additionally, the CP length and GT of new PRACH format(s) can be maintained the same as that of the current PRACH format(s).
For this option, while the preamble sequence generation and baseband signal generation could be reused, the specification needs to determine new preamble format(s) and specify how to transmit new preamble format(s) to support PRACH enhancement. 
In addition, the maximum consecutive uplink subframes is three in TDD system, which means at most three times sequence repetition can be applied. From this perspective, this option has some implementation restriction in TDD system. 
Option 2: Repetition of existing PRACH formats

For option 2, the PRACH enhancement can be based on the repetition of existing PRACH formats. Figure 1b shows an example of repeating the existing PRACH format 0 N times. Obviously, both the CP and GT would be repeated by many times. As a result, the PRACH resource overhead of option 2 would be larger than that of option 1. 
Considering TDD can support multiple UL-DL configurations, option 2 is especially useful for TDD. The eNB can apply and repeat suitable PRACH format to adapt the UL-DL configuration. Moreover, considering PRACH resource multiplexing, option 2 is proper to support preamble multiplexing (CDM), which is analyzed in the section 4.
For option 2, the specification also needs to specify the amount of repetition and how to map the repeated PRACH preamble to coverage enhancement levels.
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Figure 1a: New PRACH format(s)
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Figure 1b: Repetition of existing PRACH formats
Table 1 below summarizes the above analyses of option 1 and option 2. As observed from the table 1, either option can be acceptable considering the respective benefits. If overhead is not a major concern, repetition of the existing PRACH formats may offer more commonality between TDD and FDD and more multiplexing options.
Table 1: Comparison of techniques for PRACH coverage enhancement

	
	Option 1: New PRACH format(s)
	Option 2: Repetition of existing PRACH formats

	Overhead saving
	√ (FDD)
× (TDD)
	×

	Common design for FDD and TDD
	×
	√

	PRACH resource multiplexing
	TDM, FDM
	TDM, FDM,CDM


Observation 1: New PRACH format(s) with sequence repetition could reduce the overhead of CP and GT for FDD system.  If overhead is not a major concern, repetition of the existing PRACH formats may offer more commonality between TDD and FDD and more multiplexing options.
3 Necessity of multiple PRACH coverage enhancement levels
According to the statement “a mechanism(s) to support scalability of spectral efficiency impact for coverage improvement by identifying UE requiring additional coverage improvement and informing eNB the amount of coverage the UE requires” in [2], the principle of the mechanism is to identify the amount of coverage UE required and to inform UE’s coverage amount to eNB.

As preamble transmission is the first UL transmission for UE with initial access, it is beneficial to let eNB acquire UE’s coverage amount via preamble detection. Further, as stated in [3], “PRACH can be used to inform eNB on the amount of coverage enhancement a low-cost MTC UE needs. For example, the system/eNB can pre-define/broadcast the mapping between PRACH resource and the amount of necessary coverage enhancement”.
As a summary, to avoid excessive repetitions and support scalability of spectral efficiency impact for coverage improvement, the UE’s coverage amount should be informed to eNB as early as possible. Therefore, it is necessary to define multiple PRACH CELs to inform eNB on the amount of coverage enhancement an MTC UE needs.
Proposal 1: It is necessary to define multiple PRACH coverage enhancement levels to inform eNB on the amount of coverage enhancement an MTC UE needs.

4 Approaches for PRACH resource multiplexing 

PRACH resource multiplexing could be applied to the following two scenarios for MTC application. 

Scenario 1: PRACH resource multiplexing to differentiate legacy UEs and low cost MTC UEs
For scenario 1, as the DL bandwidth reduction is applied for low cost MTC UEs, an eNB should identify a low cost MTC UE so as to schedule DL data for the low cost MTC UE on a reduced DL bandwidth. 
Apparently, a low cost MTC UE should receive RAR on a reduced DL bandwidth during the random access process, so the low cost MTC UE ought to use preamble transmission to indicate its feature of DL bandwidth reduction to an eNB in advance.
Scenario 2: PRACH resource multiplexing to support multiple PRACH enhancements levels

As analyzed in the section 3, it is necessary to define multiple PRACH CELs, so PRACH resource multiplex should also be needed for this scenario.
In the following, three options, including TDM, CDM and FDM, are presented for PRACH resource multiplexing:
Option 1: TDM

The PRACH resources of different CELs can be multiplexed based on time division. The benefit of this option is the preamble transmission of MTC UEs would not impact the preamble transmission of legacy UEs.

However, this option may introduce PRACH resource configuration restriction (especially for TDD) to legacy UEs, since some time instances would be reserved for PRACH enhancement of MTC UEs. Moreover, as the granularity of PRACH resource multiplex is a subframe, this option would not have flexibility and effectiveness when the multiplexed PRACH resources need to be adjusted.
For this option, the eNB may need to configure multiple PRACH configuration indices to indicate the random access configurations for legacy UEs and MTC UEs with different CELs. 

Option 2: CDM (preamble multiplexing)
For option 2, the available preambles are classified into several preamble groups, and each preamble group corresponds to a CEL, which is related to a group-specific preamble repetition number. The preambles corresponding to different CELs can be simultaneously transmitted with different repetition times.

Option 2 can reuse the current PRACH configuration index for the random access configuration. In addition, as the granularity of PRACH resource multiplex is a preamble, option 2 can provide some flexibility when the multiplexed PRACH resources need to be adjusted.
For option 2, the specification would define the classification of preamble groups although the configuration of available preamble numbers can be transparent to legacy UEs. Additionally, option 2 would also bring PRACH resource configuration restriction to legacy UEs because some preambles would be reserved for PRACH enhancement of MTC UEs.
Compared to option 1, if the total access resources (available preambles and subframes) for legacy UEs are maintained to the same as that of option 1, option 2 would not increase the collision probability for legacy UE’s random access.

Option 3: FDM

If the UL system bandwidth is larger than 1.4MHz, the PRACH resources of different CELs could be multiplexed based on frequency division. 
Similar to option 1, the benefit of option 3 is the preamble transmission of MTC UEs would not impact the preamble transmission of legacy UEs, and it might not introduce PRACH resource configuration restriction to legacy UEs for FDD. 
For TDD, this option may introduce PRACH resource configuration restriction to legacy UEs since the available PRB number of PRACH transmission of legacy UEs might be reduced. Moreover, the granularity of PRACH resource multiplex for option 3 is 6PRB, so option 3 would have less flexibility and effectiveness when the multiplexed PRACH resources need to be adjusted.

Similar to the indication of PRACH frequency resources in TDD, multiple PRACH frequency resources should also need to be indicated for MTC UEs with different CELs. 
Table 2: Comparison of different approaches for PRACH resource multiplex

	
	Option 1 (TDM)
	Option 2 (CDM)
	Option 3 (FDM)

	Spec impact of PRACH resources allocation
	Partitioning time resource for TDM
	Partitioning sequence resource for CDM
	Partitioning frequency resource for FDM

	Spec impact of configuring random access 
	Multiple PRACH Config indices
	Reuse the current PRACH Config index
	Reuse the current PRACH Config index 

	PRACH Config restriction to legacy UEs
	Impacting available time resource of legacy UEs (especially for TDD)
	Impacting available preamble number of legacy UEs 
	Impacting available frequency resource of legacy UEs, especially for smaller bandwidth

	Granularity of PRACH resource multiplexing 
	A subframe 
	A preamble 
	 6 PRB 


As compared in Table 2, taking multiplexing flexibility and 1.4MHz system deployment into account, CDM could be adopted as the baseline solution for PRACH resource multiplexing. If the system bandwidth is larger and collisions are an issue, in addition more PRACH resources may be configured in an FDM manner.
Proposal 2: Taking into account multiplexing flexibility and 1.4MHz system deployment, CDM (preamble multiplexing) is preferred to be the baseline solution for PRACH resource multiplex. If the system bandwidth is larger and PRACH collision is an issue, in addition more PRACH resources may be configured in an FDM manner.
5 Using PRACH to indicate coverage enhancement level

About using PRACH to indicate CEL, the following two options are presented:
Option 1: UE indicates the CEL based on UE’s measurement
For option 1, UE can indicate the CEL based on UE measurement (e.g., RSRP or RSRQ measurement). Here we take RSRP as an example. The system or eNB can pre-set several RSRP ranges, each RSRP range will be related to a CEL and a specific resource for preamble transmission.

UE firstly calculates its RSRP, and decides which RSRP range it belongs to. Once UE determines its RSRP range, it correspondingly acquires specific resource for preamble transmission. The eNB will detect preamble(s) on each resource configured for PRACH transmission. If eNB successfully detects a preamble transmitted by a certain UE on one specific resource, it can acquire the CEL related to this UE.

For option 1, some standardization work would be needed to classify the RSRP ranges and establish the relationship between RSRP range and PRACH resource.

However, for this option, an MTC UE can select a suitable PRACH resource based on RSRP. Thus, it could avoid an MTC UE blindly transmitting preamble and Msg3 as well as receiving RAR and Msg4 by improper repetition number (blind attempt), which saves UE’s power consumption and reduce access time. In addition, this option could optimize the random access (avoiding severe PRACH collision from blind attempt).
Further, the reliability of RSRP measurement should be guaranteed, since RSRP is not only related to the indication of CEL but also associated with power control and cell (re)selection. 
Option 2: UE indicates the CEL based on blind PRACH transmission

For option 2, an MTC UE may select PRACH resource from low CEL to high CEL based on blind attempt with longer and longer PRACH preamble lengths. 
Compared to option 1, the benefit of option 2 is less standardization work since the specifications do not need to define the RSRP ranges and the relationship between RSRP range and PRACH resource.
However, there are some potential impacts arising from option 2:

· Increasing unnecessary preamble transmission and preamble collision 
An MTC UE with medium or high CEL may transmit preamble corresponding to low CEL many times, which would increase the unnecessary preamble transmission. Moreover, collision possibility of preamble in terms of low CEL would increase as all MTC UEs start from the low CEL. In addition, the PRACH resource corresponding to medium or high CEL may not be efficiently utilized when MTC UEs with medium or high CEL have not shift from low CEL to medium or high CEL.
· PRACH may not correctly indicate coverage enhancement level 
· When an MTC UE fails to receive RAR, there are two possibilities: preamble collision or coverage issue. Since the possibility of preamble collision in low MCL increases, MTC UEs with low MCL may have to switch medium or high MCL because of preamble collision issue instead of coverage issue. Thus, the PRACH preamble may not correctly indicate the coverage enhancement level.
· Increasing the number of RAR decoding
For an MTC UE with medium or high CEL, if it transmits preamble corresponding to low CEL, although the preamble transmission is hardly successful, the MTC UEs will still receive and decode RAR, which would increase the number of RAR decoding. 
· Increasing UE’s power consumption and access time

For option 2, all the steps (preamble transmission, RAR decoding) in the random access would be significantly increased, which would largely increase UE’s power consumption and random access time. Note that the impact of misdetection on Msg3 transmission and Msg4 decoding could be investigated further.

To sum up, although more standardization works are needed for option 1, in view of option 1 has evident benefits on random access process and optimizing resource utilization, UE indicating CEL based on RSRP is preferred.

Proposal 3: Considering benefits on random access process, UE indicating coverage enhancement level based on RSRP is preferred. 
6 Conclusions
In this contribution, enhancements of PRACH format are analyzed, the necessity of introducing multiple PRACH coverage enhancement levels is discussed, and using PRACH to indicate coverage level and resource multiplexing approach are also presented.
The following observation and proposals are given to present our views on the above issues related to PRACH coverage enhancements.

Observation 1: New PRACH format(s) with sequence repetition could reduce the overhead of CP and GT for FDD system. If overhead is not a major concern, repetition of the existing PRACH formats may offer more commonality between TDD and FDD and more multiplexing options.
Proposal 1: It is necessary to define multiple PRACH coverage enhancement levels to inform eNB on the amount of coverage enhancement an MTC UE needs.

Proposal 2: Taking into account multiplexing flexibility and 1.4MHz system deployment, CDM (preamble multiplexing) is preferred to be the baseline solution for PRACH resource multiplex. If the system bandwidth is larger and PRACH collision is an issue, in addition more PRACH resources may be configured in an FDM manner.
Proposal 3: Considering benefits on random access process, UE indicating coverage enhancement level based on RSRP is preferred.
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