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1. Introduction
RAN1 has studied LTE UE modem cost reduction techniques for provisioning of low-cost MTC UEs based on LTE. The results of the study are documented in TR 36.888 [1]. Since then, an updated study item description (SID) [2] has been approved which extends the scope to include also study of coverage enhancements. More specifically,

A 20dB improvement in coverage in comparison to defined LTE cell coverage footprint as engineered for “normal LTE UEs” should be targeted for low-cost MTC UEs, using very low rate traffic with relaxed latency (e.g. size of the order of 100 bytes/message in UL and 20 bytes/message in DL, and allowing latency of up to 10 seconds for DL and up to 1 hour in uplink, i.e. not voice). In identifying solutions, any other related work agreed for Release 12 should be taken into account.
In contribution [3] we have outlined some general considerations on these coverage enhancements. In this contribution we identify what we believe to be the minimum functionality needed by these MTC devices.

2. Cell search
In order to be able to communicate with the network the UE first needs to acquire downlink frequency and time synchronization to a cell and determine the physical layer cell identity of the cell.
This procedure relies on the primary and secondary synchronization signals, PSS and SSS. PSS is transmitted in two different symbols in every frame and so is SSS. Both PSS and SSS are mapped to the 72 centre subcarriers. The coverage can be improved by exploiting the fact that the targeted MTC UEs are delay tolerant with low mobility by allowing for a longer acquisition time. Possibly the requirements on time and frequency accuracy could also be somewhat relaxed for these UEs since they can probably be assumed to not need to be able to use e.g. higher order modulation. The coverage can also be improved by power boosting the synchronization signals and by introducing additional symbols in the synchronization signals.

Observation 1: Support for cell search is required.
3. System information

Once the UE is synchronized to a cell and has obtained its physical layer identity, the UE needs to acquire system information broadcasted by the cell.
The critical master information block (MIB) is transmitted on PBCH with a 40-ms TTI every 40 ms. The PBCH is mapped to four symbols in each frame, on the 72 centre subcarriers. Decoding delay can be traded for coverage by accumulating several TTIs coherently. The PBCH can also be power boosted for better coverage. Another possibility is to increase the resources allocated to PBCH.
Other critical system information blocks (notably SIB1 and SIB2) are transmitted on PDSCH, with the associated resource allocation information transmitted on PDCCH, whose format is in its turn indicated on PCFICH. SIB1 is transmitted every 80 ms whereas the transmission periods for SIB2 and higher are configurable (signaled on SIB1). The PDSCH coverage can be enhanced by scheduling low bitrates, applying power boosting and accumulating subsequent transmissions (exploiting the fact that the system information does not change more often than every 640 ms). It should be noted that reception of PDCCH common search space is a prerequisite for receiving any SIB. Coverage enhancements for PDCCH and PCFICH are discussed in section 6.
Improving coverage for all physical channels involved in the acquisition of critical system information may result in a relatively large standard impact. Therefore it may be worthwhile to consider designing a new broadcast channel where all critical system information (the bare minimum) can be transmitted. In this case there will hopefully be some synergies with the Rel-12 design work for a new carrier type [4].
Observation 2: Support for acquisition of some but not all system information is required. It may be worthwhile considering designing a new broadcast channel containing critical system information.
4. Random access and connection setup
Random access is used for initial access and other cases when the UE does not have allocated uplink resources and/or there is a need to perform uplink timing acquisition.
In a first step, the UE begins with transmitting a PRACH preamble as a scheduling request and as an indication of its initial uplink timing. The coverage of the PRACH preamble can be improved by close to 4 dB by using format 3, by applying further repetition for energy accumulation, and by applying a looser PRACH misdetection threshold in eNodeB.
In a second step, eNodeB transmits a random access response (RAR) indicating an uplink timing adjustment, a scheduling grant and a temporary UE identity to be used in further communication. RAR is transmitted on PDSCH with associated resource allocation information on PDCCH and PDCCH format indication on PCFICH. Coverage enhancements for these channels are discussed in sections 6 and 7.
In a third step, the UE adjusts its uplink timing and transmits a L2/L3 message (Message 3) on PUSCH and expect a HARQ-ACK on PHICH. Coverage enhancements for these channels are discussed in section 7. It can be noted that RLC retransmissions are not used for this message.
In a fourth step, eNodeB transmits an RRC connection setup message on PDSCH using PDCCH for the resource allocation and expects a HARQ-ACK on PUCCH. Coverage enhancements for these channels are discussed in sections 6 and 7. It may be worth investigating whether it is possible to reduce the message sizes for RRC connection setup and other important higher layer messages (note potential relation to other ongoing Rel-12 work, e.g. [5] and [6]).
Observation 3: Support for random access and connection setup (PRACH preamble, Random Access Response message, Message 3, RRC connection setup message) is required.
5. Paging

The paging channel (PCH) is transmitted over PDSCH with resource allocation information on PDCCH.
It is not immediately clear to us whether paging support is needed for the UEs requiring the coverage enhancements. Considering the low mobility, it might be sufficient to be able to push data to the UE within its serving cell, i.e. not utilizing the PCH. This would be similar to keeping a UE in RRC connected mode with a very long DRX cycle. The outcome of other MTC-related Rel-12 items in SA and RAN may be relevant to this discussion.
Observation 4: It remains to be seen whether paging in its current form has to be supported.
6. Resource allocation
Downlink and uplink resource allocation is indicated by eNodeB using PDCCH with the PDCCH format indicated on PCFICH.
The PDCCH coverage could be enhanced by applying power boosting or using higher control channel element (CCE) aggregation levels. Similarly, the PCFICH coverage can be improved by applying power boosting or allocating additional resources to PCFICH, or the PCFICH can be eliminated by using a fixed size on PDCCH. The need for PDCCH can also be reduced by using semi-persistent scheduling (SPS).
An alternative to improving PDCCH is to instead use ePDCCH, with power boosting and beamforming. No PCFICH is needed. Is has already been observed during the study of UE cost reduction techniques that the ePDCCH may be more suitable than the PDCCH for some of the techniques (in particular the reduced bandwidth techniques). This would however require introduction of a common search space for ePDCCH (not supported in Rel-11 ePDCCH).

Observation 5: Support for resource allocation is required. The ePDCCH introduced in Rel-11 may be a better starting point for coverage enhancement work than the PDCCH.

The UE can request uplink resources by transmitting a scheduling request (SR) on PUCCH. If the UE does not have an PUCCH resource to transmit the SR on, it will initiate a random access. One possibility is to not improve the SR coverage and instead rely on the fallback to random access. Another possibility is to apply repetition to the SR on PUCCH and/or consider relaxed PUCCH requirements (lower PUCCH load, separate SR and ACK/NACK, higher SR error rate).
Observation 6: Support for SR transmission may not be required. PRACH can be used instead.
7. Data transmission

Downlink and uplink data is transmitted on PDSCH and PUSCH, respectively. Coverage can be traded for data rate. Using repetitions (subframe bundling) and HARQ retransmissions it should be possible to reach the target. Standard changes may be needed in order to reduce the overhead and signaling and to improve the demodulation. Downlink coverage can be improved with power boosting. 
Observation 7: Support for data transmission is required.

The HARQ-ACK feedback for the downlink data transmissions is transmitted on PUCCH or PUSCH. Assuming that the packets are infrequent and the latency requirements relaxed, the study should probably focus on HARQ-ACK on PUCCH rather than HARQ-ACK on PUSCH. The coverage for HARQ-ACK on PUCCH can be improved by repetition.
The HARQ-ACK feedback for the uplink data transmissions is transmitted on PHICH. The PHICH coverage can be improved by power boosting, by configuring three instead of one symbol for PHICH, or by desiging a new PHICH format with additional resource element groups (REGs) for PHICH. Another possibility could be to eliminate PHICH altogether and schedule all HARQ retransmissions dynamically.
Considering the slow channel and relaxed latency requirements, it may be possible for eNB to e.g. scan through the possible beamforming weights and resource allocations rather than relying on feedback information, which could help reduce the need for CSI, CSI-RS and SRS. Also, since the UE is expected to be in very bad coverage, it is probably safe to assume that it needs to transmit at maximum power and that there is no obvious need for a TPC loop.
Observation 8: Support for all the physical layer feedback signaling may not be required. Among the different forms of feedback signaling, HARQ-ACK should probably be given higher priority than CSI, CSI-RS, SRS and TPC.
8. Conclusions
In this contribution we identify what we believe to be the minimum functionality needed by these MTC devices. We have made the following observations.

· Observation 1: Support for cell search is required.

· Observation 2: Support for acquisition of some but not all system information is required. It may be worthwhile considering designing a new broadcast channel containing critical system information.

· Observation 3: Support for random access and connection setup (PRACH preamble, RAR, MSG3, RRC connection setup) is required.

· Observation 4: It remains to be seen whether paging in its current form has to be supported.
· Observation 5: Support for resource allocation is required. The ePDCCH introduced in Rel-11 may be a better starting point for coverage enhancement work than the PDCCH.

· Observation 6: Support for SR transmission may not be required. PRACH can be used instead.

· Observation 7: Support for data transmission is required.

· Observation 8: Support for all the physical layer feedback signaling may not be required. Among the different forms of feedback signaling, HARQ-ACK should probably be given higher priority than CSI, CSI-RS, SRS and TPC.
Our proposal is to focus the study on the most critical functionality. This does not preclude supporting also less critical functionality but the decisions on this can be left to the work item phase.
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