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Introduction
In this contribution we will discuss what aspects of the random access procedure and the related messages need to be considered, in order to meet the objectives for the Rel-13 work item “Further LTE Physical Layer Enhancements for MTC” [1]. In particular, the objectives are: (1) specify a new Rel-13 low complexity UE category, (2) LTE coverage improvement corresponding to 15 dB for FDD, and (3) power consumption reduction. Reduced UE bandwidth of 1.4 MHz in downlink and uplink is considered as the most important complexity reduction technique for Rel-13 low complexity UEs.
We will first present and overview of the current status of random access procedure for Rel-13 low complexity (LC) and/or coverage enhanced (CE) UEs. We will give an overview how the procedure would work together with possible message repetitions for Rel-13 LC/CE UEs including proposals on some configuration aspects. 

[bookmark: _Ref416460562]Random access procedure
According to the WI objectives, Rel-13 introduces both low complexity UEs and possibility to use coverage enhancements for both low complexity and “normal” UEs. For Rel-13 UEs having/using either of these features, to achieve commonality, we propose that the random access procedure is the same. Note that for low complexity UEs not requiring coverage enhancements, it might be still necessary to repeat at least some of the messages to account for reduced capabilities such as one reception antenna.
 
[bookmark: _Toc419130076][bookmark: _Toc419457486][bookmark: _Toc419497489][bookmark: _Toc419506001][bookmark: _Toc419506012]Rel-13 “normal complexity” UEs in enhanced coverage use the same random access mechanism introduced for Rel-13 low complexity UEs in enhanced coverage.

Preamble transmission
The contention-based random access procedure starts with random access preamble transmission from the UE to eNB. For coverage enhanced UEs the existing preambles formats are repeated in time to achieve different levels of coverage enhancement up to the maximum design target. On the initial preamble transmission over PRACH, RAN1 has agreed on the following [2], [RAN1#80b]:
· There is one to one mapping between the used PRACH resource set and the PRACH repetition level.
· Multiple attempts are allowed for each PRACH repetition level.
· The number of attempts is configurable; the number of attempts per coverage level can be different. 
· Specified maximum number of levels is 3 (this doesn’t include the normal coverage case where the preamble is not explicitly repeated).
· Repetition of all preamble formats is supported in coverage enhancement, except PRACH format 4

· PRACH frequency hopping can be configured when multiple PRACH frequency resources are available for Rel-13 low complexity MTC UEs in coverage enhanced mode

The PRACH preamble transmissions for coverage enhanced UEs should be able to co-exist within the same PRACH physical resources of transmissions of normal coverage and legacy UEs. Additionally, it has been agreed [3] that optionally new time/frequency resources can be allocated for PRACH. The number of frequency resources used for PRACH in a subframe is not decided yet [RAN1#80b].  It can be assumed that the UE selects the preamble sequence based on some predefined rule.
Additionally, for low complexity UEs, it has been agreed [7] that
· Low complexity UEs should be identifiable by the PRACH preamble.

As a consequence, the eNB should be able to detect if the UE is a low complexity UE and/or in coverage enhancement based on PRACH preamble sequence and/or the used physical resources. Figure 1 shows an example of how the random access procedure could work for low complexity UEs or UEs using coverage enhancements. UE selects the number of PRACH repetitions,  using an agreed mechanism. Based on this, the UE determines the possible PRACH resources and selects one preamble sequence to be transmitted.

[bookmark: _Toc419122850][bookmark: _Toc419126701][bookmark: _Toc419457481][bookmark: _Toc419497483][bookmark: _Toc419505983]eNB can use the detected PRACH preamble sequence to identify low complexity UEs.
[bookmark: _Toc419122851][bookmark: _Toc419126702][bookmark: _Toc419457482][bookmark: _Toc419497484][bookmark: _Toc419505984]eNB can identify the enhanced coverage UEs, that is, PRACH repetition level, through the used PRACH resources.

RAN1 has not yet decided if power ramping or maximum power is used within each of the repetition levels [RAN1#80]. 
The following list includes the aspects which need to be configured or specified for the UE to be able send the PRACH preamble properly: 

(1) PRACH coverage level selection criterion, for example, based on measured RSRP levels or some other alternative [8].
(2) PRACH resource set used for each repetition level and low complexity/normal coverage UEs.
(3) PRACH repetition levels (i.e., number of preamble time repetitions used).
(4) Number of attempts for PRACH preamble per coverage level.

RAN1 has already agreed that maximum number of coverage levels is 3. To account for different possible eNB configurations, the details of coverage level selection, resource set and repetition factor to be used should be configurable and thus signalled in system information for the UE to be able to access the system. Details of possible default configurations have not been decided in RAN1 yet [RAN1#80b].

[bookmark: _Toc416385022][bookmark: _Toc416385405][bookmark: _Toc416385998][bookmark: _Toc416386061][bookmark: _Toc416460541][bookmark: _Toc416460958][bookmark: _Toc416461949][bookmark: _Toc416479583][bookmark: _Toc416479591][bookmark: _Toc419122833][bookmark: _Toc419126706][bookmark: _Toc419130077][bookmark: _Toc419457487][bookmark: _Toc419497490][bookmark: _Toc419506002][bookmark: _Toc419506013]Introduce the following in system information broadcast for PRACH for Rel-13 LC/CE UEs: 1. PRACH coverage level selection criterion 2. PRACH resource set 3. PRACH repetition factor per coverage level and 4. number of preamble transmission attempts per coverage level.

[image: ]
[bookmark: _Ref418863967]Figure 1. Example of random access procedure with coverage enhancements. Different repetition levels, , need to be determined via predefined procedures, possibly partly defined using system information.

[bookmark: _Ref416267312]RAR transmission
The second step in the random access procedure is sending random access response (RAR) message from eNB to UE. 
RAN1 has made the following agreements on RAR reception [2], [8], [RAN1#80b]:
· RAR messages for Rel-13 low-complexity UEs and/or UEs operating coverage enhancements (CE) are transmitted separately from RAR messages for other UEs.
· RAR message intended for Rel-13 low-complexity UEs and/or UEs operating in coverage enhancement can support PDSCH subframe bundling/repetition with multiple bundle sizes/repetition levels.
· At least in CE, frequency hopping over the system bandwidth can be used for common message for Rel-13 MTC UEs (RAR, paging, MTC SIB(s), FFS on response for message 3)
· When UE receives RAR but fails contention resolution the UE uses its current repetition level until it reaches the maximum number of attempts for that level.
· If UE does not receive a RAR after the allowed number of (preamble transmission) attempts, it moves to the next higher repetition level. 
After the initial preamble transmission and successful reception by the eNB, the eNB sends the random access response (RAR). The RAR message definition [3] may require some changes to account for Rel-13 low complexity and/or coverage enhanced UEs. RAR is repeated by the eNB, the number of repetitions depends on the configuration.
Currently RAR is indicated on PDCCH using RA-RNTI which is calculated using the time and frequency resources used for the PRACH transmission. Considering that Rel-13 low complexity UEs should be able to operate within any system bandwidth [1], it is not possible to schedule these reduced bandwidth UEs similar to the legacy UEs.

[bookmark: _Toc415584569][bookmark: _Toc415584582][bookmark: _Toc415584869][bookmark: _Toc415585841][bookmark: _Toc406616637][bookmark: _Toc406616660][bookmark: _Toc406616673][bookmark: _Toc406617295][bookmark: _Toc406670874][bookmark: _Toc408262964][bookmark: _Toc408317846][bookmark: _Toc408341990][bookmark: _Toc409105002][bookmark: _Toc409788806][bookmark: _Toc410082893][bookmark: _Toc414970846][bookmark: _Toc414970861][bookmark: _Toc415584564][bookmark: _Toc415584568][bookmark: _Toc415584581][bookmark: _Toc415584880][bookmark: _Toc415585837][bookmark: _Toc416173956][bookmark: _Toc416267700][bookmark: _Toc416377578][bookmark: _Toc416378408][bookmark: _Toc416385018][bookmark: _Toc416386057][bookmark: _Toc416460538][bookmark: _Toc416460955][bookmark: _Toc416461946][bookmark: _Toc416479561][bookmark: _Toc416479565][bookmark: _Toc419122852][bookmark: _Toc419126703][bookmark: _Toc419457483][bookmark: _Toc419497485][bookmark: _Toc419505985]It is not possible to schedule RAR messages for Rel-13 low complexity UEs using legacy RA-RNTI indicated PDCCH.

[bookmark: _Toc414970847]Rel-13 LC/CE UEs need to know the RAR repetition level and the location of the group of 6 PRBs it is supposed to monitor. 
There are at least four options on which group of 6 PRBs the RAR message is sent: 
(1) Fixed location, e.g., in the center 6 PRBs, 
(2) predefined location, e.g., derived from the used PRACH preamble sequence,
(3) semi-static location, e.g., signalled in the system information or
(4) dynamically scheduled location.

PDCCH will not be received by the Rel-13 LC/CE UEs, thus RAR needs to be scheduled using a physical downlink control channel for LC/CE UEs (such as EPDCCH) or without using a physical control channel at all. Scheduling RAR with a physical control channel would add control signalling overhead, exact amount depending on amount of repetitions required for the coverage enhancement. Further, using a control channel would increase the UE power consumption and lead to additional delay in the random access procedure.
  
[bookmark: _Toc419122834][bookmark: _Toc419126707][bookmark: _Toc419130078][bookmark: _Toc419457488][bookmark: _Toc419497491][bookmark: _Toc419506003][bookmark: _Toc419506014]No physical downlink control channel is used to transmit/receive RAR message.

Simulation results on how many RAR messages can be multiplexed into one transmission block (thus also into a MAC PDU) are shown in [4]. For low complexity UEs operating with reduced bandwidth it is clear that typically only one RAR message can be included in a transmission block, thus the RAR messages should be separately encoded per UE. Moreover, it would only be possible to multiplex RARs after multiple UEs using the same coverage level would have transmitted PRACH preamble sequence at the same time. For coverage enhanced UEs the situation would be even worse. If simultaneous transmission to multiple low complexity or coverage enhanced UEs is required, then they should be frequency multiplexed (to other PRB groups).
 
[bookmark: _Toc419122835][bookmark: _Toc419126708][bookmark: _Toc419130079][bookmark: _Toc419497492][bookmark: _Toc419457489][bookmark: _Toc419506004][bookmark: _Toc419506015]RAR are separately encoded thus only one UE is addressed in one RAR message. 

As also shown in [4], with the more static configuration options the blocking probability will be higher. Similarly for a possible control channel: If a physical control channel is used to schedule RAR, it should be dynamically allocated between the PRB groups to avoid blocking. Instead of defining a selection criterion for the control channel location, the location of RAR itself should be directly derived in a way making a physical control channel unnecessary for RAR transmission. For example, the location of RAR and the number of repetitions used could be derived from the used preamble sequence. The parameters of such mapping should be signalled in system information. Figure 1 shows one way to map the used preamble sequence to RAR repetition factor and location with possible SI parameter defining the mapping.

[bookmark: _Toc419122836][bookmark: _Toc419126709][bookmark: _Toc419130080][bookmark: _Toc419457490][bookmark: _Toc419497493][bookmark: _Toc419506005][bookmark: _Toc419506016]RAR location and repetition factor are derived through the used PRACH preamble sequence.
[bookmark: _Toc419122837][bookmark: _Toc419126710][bookmark: _Toc419130081][bookmark: _Toc419457491][bookmark: _Toc419497494][bookmark: _Toc419506006][bookmark: _Toc419506017]RAR repetition factor related information is provided in system information broadcast. 

The timing of the RAR transmission can be similar to legacy, that is, the UE monitors for RAR during RA response window which starts at the end of preamble transmission plus 3 subframes and lasts for  RAR transmission opportunities. Today the UE monitors RAR over the ra-ResponseWindowSize subframes. The response window duration will stretch beyond the current maximum of 10 subframes for UEs in enhanced coverage. The size of the window could depend on the number of repetitions used, e.g., for RAR repetition factor  the duration of the window should be  subframes. Then a UE would monitor for RAR during the window, where possible opportunities for RAR repetitions would occur every R subframes.
 
[bookmark: _Toc419457493][bookmark: _Toc419497495][bookmark: _Toc419506007][bookmark: _Toc419506018]RA response window duration is extended for Rel-13 UEs using coverage enhancements based on the RAR repetition factor.

[bookmark: _Ref415583293]Msg3 and Msg4
After RAR, UEs which have successfully received the RAR transmit Msg3 containing the UE identity used for contention resolution and layer 2/3 signalling message, such as RRC connection request etc. The uplink grant for Msg3 is currently included in RAR. A similar scheme can be envisioned for the Rel-13 low complexity and coverage enhanced operation as well, where the uplink grant for Msg3 could additionally include the repetition factor. This factor could also be derived from the RAR repetition factor or used initial preamble sequence. See Figure 1.   The exact contents of Msg3 grant is up to RAN1 to decide. 
Another alternative would be to define repetition factor in system information, but that would increase the size of system information and reduce the flexibility of the scheduling. Thus, to maintain similarity with the existing behaviour, we would like to signal the repetition factor for Msg3 transmission, and possibly Msg4 in the UL grant included in RAR. 
HARQ is used for Msg3 and subsequent messages, and we have not seen reasons to deviate from this scheme. 

[bookmark: _Toc416377580][bookmark: _Toc416378410][bookmark: _Toc416385020][bookmark: _Toc416386059][bookmark: _Toc416460539][bookmark: _Toc416460956][bookmark: _Toc416461947][bookmark: _Toc416479562][bookmark: _Toc416479566][bookmark: _Toc419122853][bookmark: _Toc419126704][bookmark: _Toc419457484][bookmark: _Toc419497487][bookmark: _Toc419505986]The repetition factor for Msg3/Msg4 and related physical control channel(s) could be included in the UL grant in RAR.
 
[bookmark: _Toc415584571][bookmark: _Toc415584584][bookmark: _Toc415584872][bookmark: _Toc415585843][bookmark: _Toc416173961][bookmark: _Toc416267707][bookmark: _Toc416377586][bookmark: _Toc416378416][bookmark: _Toc416385026][bookmark: _Toc416385409][bookmark: _Toc416386002][bookmark: _Toc416386065][bookmark: _Toc416460546][bookmark: _Toc416460963][bookmark: _Toc416461954][bookmark: _Toc416479588][bookmark: _Toc416479596][bookmark: _Toc419122839][bookmark: _Toc419126712][bookmark: _Toc419130083][bookmark: _Toc419457494][bookmark: _Toc419497496][bookmark: _Toc419506008][bookmark: _Toc419506019]As a working assumption, uplink grant in RAR is used for the initial HARQ transmission of Msg3 for Rel-13 low complexity and coverage enhanced UEs.

[bookmark: _Toc415584572][bookmark: _Toc415584585][bookmark: _Toc415584873][bookmark: _Toc415585844][bookmark: _Toc416173962][bookmark: _Toc416267708][bookmark: _Toc416377587][bookmark: _Toc416378417][bookmark: _Toc416385027][bookmark: _Toc416385410][bookmark: _Toc416386003][bookmark: _Toc416386066][bookmark: _Toc416460547][bookmark: _Toc416460964][bookmark: _Toc416461955][bookmark: _Toc416479589][bookmark: _Toc416479597][bookmark: _Toc419122840][bookmark: _Toc419126713][bookmark: _Toc419130084][bookmark: _Toc419457495][bookmark: _Toc419497497][bookmark: _Toc419506009][bookmark: _Toc419506020]Support HARQ with repetitions for all unicast transmissions after RAR. 

Note that if HARQ is used for Msg3 transmission, then possible repetition factor for retransmissions may be the same as the initial transmission, or it can be signalled in some other way, such as in DCI on M-PDCCH. 
After Msg3, the eNB replies with Msg4, which is the final message in the initial random access procedure, and resolves possible contention. Msg4 is a unicast transmission, currently scheduled by giving a downlink allocation on a control channel, thus it is expected that a physical downlink control channel will be used for cross-subframe scheduling of Msg4 for UEs using repetitions for coverage enhancement.  Similar to Msg3, the following options could be used to signal the repetition factor for Msg4 and further (see Figure 1):

· Downlink allocation on physical control channel.
· Derive from Msg3 or RAR repetition factor.
· Include repetition factor in RAR.

After sending Msg3, the UE starts a contention resolution timer which is reset on every HARQ retransmission As with the RA response window duration, also when handling mac-ContentionResolutionTimer [3] the extra latency caused by the possible repetitions needs to be taken into account. Currently the maximum value of mac-ContentionResolutionTimer is 64 subframes [5], which may not be enough for higher repetition levels. 

[bookmark: _Toc415585839][bookmark: _Toc416173958][bookmark: _Toc416267703][bookmark: _Toc416377581][bookmark: _Toc416378411][bookmark: _Toc416385021][bookmark: _Toc416386060][bookmark: _Toc416460540][bookmark: _Toc416460957][bookmark: _Toc416461948][bookmark: _Toc416479563][bookmark: _Toc416479567][bookmark: _Toc419122854][bookmark: _Toc419126705][bookmark: _Toc419457485][bookmark: _Toc419497488][bookmark: _Toc419505987]Repetition level for subsequent messages after Msg3 could be included in the downlink or uplink control information, granted in RAR, or derived from repetition factors of earlier messages.

[bookmark: _Toc416377588][bookmark: _Toc416378418][bookmark: _Toc416385028][bookmark: _Toc416385411][bookmark: _Toc416386004][bookmark: _Toc416386067][bookmark: _Toc416460548][bookmark: _Toc416460965][bookmark: _Toc416461956][bookmark: _Toc416479590][bookmark: _Toc416479598][bookmark: _Toc419122841][bookmark: _Toc419126714][bookmark: _Toc419130085][bookmark: _Toc419457496][bookmark: _Toc419497498][bookmark: _Toc419506010][bookmark: _Toc419506021]Repetition levels after Msg3 are not broadcasted in system information.

[bookmark: _Toc419497499][bookmark: _Toc419506011][bookmark: _Toc419506022]Repetitions need to be taken into account in handling of mac-ContentionResolutionTimer.

Conclusion
In this contribution we have looked at how the random access procedure is going to work for Rel-13 low complexity and/or coverage enhanced UEs. 
In section 2 we made the following observations:

Observation 1	eNB can use the detected PRACH preamble sequence to identify low complexity UEs.
Observation 2	eNB can identify the enhanced coverage UEs, that is, PRACH repetition level, through the used PRACH resources.
Observation 3	It is not possible to schedule RAR messages for Rel-13 low complexity UEs using legacy RA-RNTI indicated PDCCH.
Observation 4	The repetition factor for Msg3/Msg4 and related physical control channel(s) could be included in the UL grant in RAR.
Observation 5	Repetition level for subsequent messages after Msg3 could be included in the downlink or uplink control information, granted in RAR, or derived from repetition factors of earlier messages.

Based on the discussion in section 2 we propose the following:

Proposal 1	Rel-13 “normal complexity” UEs in enhanced coverage use the same random access mechanism introduced for Rel-13 low complexity UEs in enhanced coverage.
Proposal 2	Introduce the following in system information broadcast for PRACH for Rel-13 LC/CE UEs: 1. PRACH coverage level selection criterion 2. PRACH resource set 3. PRACH repetition factor per coverage level and 4. number of preamble transmission attempts per coverage level.
Proposal 3	No physical downlink control channel is used to transmit/receive RAR message.
Proposal 4	RAR are separately encoded thus only one UE is addressed in one RAR message.
Proposal 5	RAR location and repetition factor are derived through the used PRACH preamble sequence.
Proposal 6	RAR repetition factor related information is provided in system information broadcast.
Proposal 7	RA response window duration is extended for Rel-13 UEs using coverage enhancements based on the RAR repetition factor.
Proposal 8	As a working assumption, uplink grant in RAR is used for the initial HARQ transmission of Msg3 for Rel-13 low complexity and coverage enhanced UEs.
Proposal 9	Support HARQ with repetitions for all unicast transmissions after RAR.
Proposal 10	Repetition levels after Msg3 are not broadcasted in system information.
Proposal 11	Repetitions need to be taken into account in handling of mac-ContentionResolutionTimer.
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