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1 Introduction

In RAN#60, the “Low Cost & Enhanced Coverage MTC UE” WI was approved [1].  The coverage enhancement for PRACH was discussed in the previous meeting and the following was agreed:
· 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
The following working assumption was made:

· Repeating the existing preamble formats for PRACH enhancement 

· Relaxing PRACH requirement is FFS

· Frequency hopping is FFS

This contribution tries to further discuss PRACH coverage enhancement and address some of these FFS.
2 Discussions
We approach the coverage enhancement for PRACH by first attempting to define the overall RACH process.  The main steps in a RACH process are:

1. Configure PRACH resources

2. PRACH resource selection

3. PRACH transmission

4. RAR transmission/reception

5. Message 3 transmission

6. Message 4 transmission/reception

We describe each process in the following sections for Coverage Enhanced (CE) operation.

2.1 PRACH resources

In the legacy system a PRACH opportunity (i.e. transmission) can occur within specific resources (frequency and time).  We define such resource as PRACH resource.  The set of PRACH resources is indicated in the SIB.  Similarly for CE-MTC UE, a set of clearly defined PRACH resources are required so that the CE-MTC UE knows when it can transmit PRACH and the eNB knows exactly when it can start detecting for possible PRACH.  Since PRACH repetitions are required for CE-MTC UE, we would need additional parameters on the set of PRACH resources.  The full set of PRACH resource parameters that need to be provided for CE-MTC UEs may include:
1) Frequency resource: e.g. the PRB where PRACH can be transmitted

2) Time resource: the SFN and subframe where the PRACH repetition starts

3) Repetitions: the number of PRACH repetitions that the CE-MTC UE should transmit.   Here we assume that the repetitions occupy contiguous subframes

4) Preamble signatures: The set of preamble signatures that the CE-MTC UE is allowed to use on this PRACH resource
5) RAR info: This can be the number of repetitions used for the RAR and/or for the PDCCH that schedules the RAR.  Other information can be added to indicate the resource used for RAR.

6) Selection Criteria: Conditions where this PRACH resource can be used, e.g., the RSRP range in which the CE-MTC UE can use this PRACH resource (i.e. the repetition level).  

These parameters should be configured by the eNB and, similar to the legacy system, the PRACH resource parameters are broadcast in the SIB.

Proposal 1: The parameters for each CE PRACH resource are broadcast in the SIB and consist of at least frequency resource, time resource, number of repetitions, available preamble signatures, RAR repetition and resource info, and PRACH repetition level selection criteria.

2.2 PRACH resource selection
After acquiring the PRACH resource information, the CE-MTC UE would select a PRACH resource to transmit its preamble.  Since it was agreed that we have multiple repetition levels, the CE-MTC UE would need to select a repetition level for its preamble transmission before selecting the set of PRACH resources that supports this repetition level.  
We consider non-initial and initial access.
We define non-initial access as RACH attempt after the CE-MTC UE has connected to the network whilst it is still in connected mode.  It was agreed in the previous meeting that the CE-MTC UE will use the repetition level configured by the eNB.  We expect that the eNB would configure repetition levels for all physical channels; however, if the eNB did not configure a repetition level for the PRACH then the CE-MTC UE will use the repetition level that led to a successful RAR in the most recent attempt.
For initial access, we consider the following methods:
· Option 1: Based on measurements (e.g. RSRP) [2], [3]
· Option 2: Blind selection

· Option 3: Use the resource with the highest repetition level [4]

· Option 4: Use the resource that supports the last successful repetition level 
The rational of using multiple repetition levels is to enable CE-MTC UEs in different coverage environments to use different numbers of repetitions, thereby improving the spectral efficiency.  Hence, basing the selection on a measurement e.g. of the RSRP is a sensible method of achieving this.  However, it is noted in [4] that the RSRP measurement in poor radio conditions is unreliable (typically +/-9 dB error).  

Without any measurement, CE-MTC UEs would have to blindly select a repetition level, e.g. try a repetition level and if that fails, try the next higher repetition level.  If RSRP measurement is highly unreliable then this method of blind selection would give similar or better performance to the measurement based selection (i.e. Option 1).  
An alternative version of blind selection is to always select the highest repetition level, but this defeats the purpose of having multiple repetition levels.  Whether this method leads to unnecessary PRACH transmission depends on the distribution of the CE-MTC UEs.  For example, if very few CE-MTC UEs are at the poorest coverage level then always selecting the highest repetition level would lead to unnecessary PRACH transmissions; on the other hand, if most of these CE-MTC UEs are at the poorest coverage level, then blind selection (or unreliable measurement based selection) will lead to unnecessary PRACH transmissions.  

Observation 1: Blind selection or always using the highest repetition level can lead to unnecessary PRACH transmissions, and this depends on the distribution of the CE-MTC UE.

Although RSRP measurements are subject to 9 dB error, the range of coverage is up to 15 dB and hence RSRP measurements can provide benefit over blind selection.
Observation 2: Measurement based repetition selection method can provide benefit over blind selection (Option 2 and Option 3).

Since the CE-MTC UEs are generally stationary, it is possible that the repetition level used for previous access (i.e. previous connection before CE-MTC UE goes into idle mode or is switched off) is still applicable in the current initial access.  Hence in Option 4, the CE-MTC UE can use the last configured or successful PRACH repetition level for initial access.  A timer can of course be introduced where before the expiry of such timer, this repetition level is valid.
Proposal 2: For initial access the CE-MTC UE will select the repetition level based on measurements (e.g. RSRP).

Proposal 3: For initial access the CE-MTC UE can use the last successful repetition level (e.g. the last configured repetition level or last repetition level that has a valid RAR response) for initial access if it was within a certain time window. 
2.3 PRACH Transmission
The repetition of PRACH can be performed by repeating legacy PRACH over multiple subframes or designing a new PRACH without CP overhead in every subframe.  Although a new design would save overhead, it is concluded in [5] that the overhead savings do not justify the additional complexity at the eNB receiver and the need for new testing.  Hence we propose to agree on the working assumption that the legacy PRACH is reused.

Proposal 4:  Confirm the working assumption, i.e., repeating the existing preamble formats for PRACH enhancement.
The first PRACH transmission may not lead to a successful RAR, which may be due to collision or radio condition i.e., the coverage level is poorer than that supported by the repetition level.  The CE-MTC UE can:

· Option 1: Retry the PRACH transmission at a higher repetition level [5]

· Option 2: Retry the PRACH transmission using the same repetition level for NPRACH times before proceeding to the next higher repetition level.

If the failed PRACH transmission attempt is due to radio conditions then Option 1 is beneficial since it would lead to the CE-MTC UE more quickly reaching an appropriate repetition level that matches its radio condition.  If the failed PRACH transmission attempt is due to collision, then Option 2 would not lead to the CE-MTC UE using more PRACH transmission than necessary.  Whether Option 1 or Option 2 is used would depend on whether collision is likely.  One way is to allow the eNB to configure NPRACH based on the expected probability of collisions. However, in a typical well-configured system, the probability of PRACH collisions would be very low, and therefore option 2 and its associated configuration signalling adds extra complexity for limited gain. Option 1 should therefore be sufficient. 
Proposal 5: If the UE does not receive RAR with the selected repetition level, it retries at the next higher repetition level.
2.4 RAR Transmission/Reception
Multiple repetition levels should also be available for the RAR message to optimise spectral efficiency.  The repetition level used for the RAR message should be dependent upon the repetition level used in the successful PRACH transmission.  The relationship between RAR repetition level and PRACH repetition level can be signalled in the SIBs as part of the PRACH resource info as described in the previous section.  This enables the UE to know the repetition level used for the RAR.
Proposal 6: The RAR repetition level is dependent upon the repetition level used in the successful PRACH transmission.  This relationship between RAR repetition level and PRACH repetition level is signalled in the SIBs.
In the legacy system, there is a delay of 3 subframes between PRACH and the start of the RAR transmission window, where the time window (2 to 10 subframes) where the RAR can occur is configurable.  Given the need for repetitions of the RAR, a fixed delay is simpler between the end of the PRACH repetition and the start of RAR repetition.  This fixed delay should allow sufficient time for eNB to schedule the RAR, e.g. 1 radio frame.  
Proposal 7: Introduce a fixed time delay between the end of the PRACH repetition and the start of RAR transmission.  This fixed time delay should be sufficiently long to allow the eNB to schedule the RAR.
 In the legacy system, the RAR transmission would consist of PDCCH scrambled by RA-RNTI containing the RAR scheduling info and PDSCH carrying the RAR message.  Unlike the legacy system, the PDCCH and PDSCH are unlikely to occur within the same subframe [6], [7] due to the need for PDCCH repetitions.  It may therefore be beneficial to transmit PDSCH containing the RAR without PDCCH [8].   We consider the following options:
· Option 1: PDCCH is transmitted to schedule the PDSCH containing the RAR message

· Option 2: No scheduling information for RAR message is transmitted after PRACH transmission

In Option 1, the start of the PDCCH repetitions needs to be clearly defined.  A function where the starting SFN & subframe of the repetition is based on the number of repetition of PDCCH can be used [9] & [10].  The CE-MTC UE will start to search for the starting PDCCH SFN/subframe after the fixed time delay proposed in Proposal 7 above.  Option 1 gives full flexibility for the eNB to schedule the RAR.  However, this option uses additional resources for PDCCH repetitions which add delay in acquiring the RAR.
In Option 2, the CE-MTC UE needs to be aware of the PDSCH resources that contain the RAR message.  A straightforward way is to define the RAR scheduling resource and format for each PRACH resource in the SIB.  However, this impacts the flexibility for the eNB scheduler and leads to an increased risk of being unable to schedule the RAR if fewer RAR resources are assigned than the possible number of preambles to be acknowledged.  Instead, a set of multiple possible RAR candidates can be defined for each PRACH resource, which would be blind decoded by the CE-MTC UE; this gives some flexibility to the eNB scheduler.  However, this adds complexity in defining a search space for PDSCH.  Option 2 reduces the amount of resource and delay in acquiring the RAR but introduces additional complexity in defining resources for RAR.

Proposal 8: Discuss whether the RAR is transmitted with PDCCH or without scheduling information.
2.5 Message 3 Transmission
In the legacy system, the RAR carries the uplink grant for Message 3.  For CE-MTC UE, Message 3 requires repetition and the number of repetitions needs to be known by the CE-MTC UE.  This can be:

· Option 1: Based on the repetition level of the PRACH

· Option 2: Signalled in the RAR

For Option 1, for each PRACH repetition level, the network can signal a corresponding repetition level for Message 3.  HoHHowever However, the PRACH repetition level is subjected to error e.g. due to RSRP measurement inaccuracy and collisions, which can lead to a higher repetition level than required and hence it is beneficial that this can be adjusted by the eNB.  Option 2 allows the option for the eNB to further refine the repetition level in the uplink which can be based on the quality of the PRACH.

Proposal 9: The RAR schedules the resources and the repetition level for Message 3.
Similarly, the CE-MTC UE can further refine the downlink repetition level based on the quality of the RAR and this can be signalled to the eNB in Message 3 (e.g. part of RRC Connection Request).  
Proposal 10: Message 3 signals the CE-MTC UE’s preferred downlink repetition level.
Message 3 is transmitted using PUSCH which undergoes HARQ.  In [11] it is concluded that PHICH is not enhanced and hence is not available for CE-MTC UE.  HARQ would therefore need to operate in an adaptive manner which would require PDCCH transmission.  Hence, it would be simpler to operate Message 3 without HARQ. The repetition level selected should be sufficient to enable reception with the desired BLER without HARQ.
Proposal 11: HARQ operation is not used for Message 3 if repetition is used.
2.6 Message 4 Transmission/Reception

Message 4 requires repetition for CE-MTC UEs and it is essential that the CE-MTC UE is aware of the repetition level.  Similar to Message 3, this could be based on the PRACH repetition level or it could be signalled by the RAR.  Since the PRACH repetition level can be pessimistic, it is beneficial that the eNB can refine the repetition level for Message 4.

Proposal 12: The RAR indicates the repetition level for Message 4.
Similar to the RAR, Message 4 is scheduled by the PDCCH in the legacy system.  If RAR is scheduled without PDCCH then the same rationale would apply to Message 4.  However, unlike the RAR, the scheduling info for Message 4 can be signalled by the RAR.
Observation 3: Scheduling information for Message 4 can be signalled by the RAR.
As described previously, the CE-MTC UE can indicate its preferred downlink repetition level via Message 3.  It should be up to the eNB to decide which repetition level should be used by the CE-MTC UE in the downlink and uplink.  Message 4 can be used to signal the configuration for repetition levels for downlink and uplink channels that can be used in subsequent transmissions/receptions.

3 Conclusion

In this contribution we discuss the processes required in the RACH access.  A summary of these processes is shown in Figure 1.
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Figure 1: RACH process for CE-MTC UE

We observe the following:

Observation 1: Blind selection or always using the highest repetition level can lead to unnecessary PRACH transmissions, and this depends on the distribution of the CE-MTC UE.

Observation 2: Measurement based repetition selection method can provide benefit over blind selection (Option 2 and Option 3).

Observation 3: Scheduling information for Message 4 can be signalled by the RAR. 
We therefore propose the following:

Proposal 1: The parameters for each CE PRACH resource are broadcast in the SIB and consist of at least frequency resource, time resource, number of repetitions, available preamble signatures, RAR repetition and resource info, and PRACH repetition level selection criteria
Proposal 2: For initial access the CE-MTC UE will select the repetition level based on measurements (e.g. RSRP).

Proposal 3: For initial access the CE-MTC UE can use the last successful repetition level (e.g. the last configured repetition level or last repetition level that has a valid RAR response) for initial access if it was within a certain time window. 
Proposal 4:  Confirm the working assumption, i.e., repeating the existing preamble formats for PRACH enhancement.
Proposal 5: If the UE does not receive RAR with the selected repetition level, it retries at the next higher repetition level

Proposal 6: The RAR repetition level is dependent upon the repetition level used in the successful PRACH transmission.  This relationship between RAR repetition level and PRACH repetition level is signalled in the SIBs.
Proposal 7: Introduce a fixed time delay between the end of the PRACH repetition and the start of RAR transmission.  This fixed time delay should be sufficiently long to allow the eNB to schedule the RAR.
Proposal 8: Discuss whether the RAR is transmitted with PDCCH or without scheduling information
Proposal 9: The RAR schedules the resources and the repetition level for Message 3.
Proposal 10: Message 3 signals the CE-MTC UE’s preferred downlink repetition level.
Proposal 11: HARQ operation is not used for Message 3 if repetition is used.
Proposal 12: The RAR indicates the repetition level for Message 4.
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