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1 Introduction

The Work Item (WI) on MTC UEs was agreed in [1]. With respect to the coverage enhancement target, there are two aspects specified in the WI that have the largest impact; the use of 1 Rx antenna and (obviously) the target for a 15 dB coverage enhancement (for FDD).

This contribution provides an overview for the impact of the above WI specifications on the necessity and applicability of various techniques identified during the SI phase for coverage enhancements.

2 Coverage Enhancements for UL/DL Channels
In [2], the MCL calculations for FDD and TDD are as given in Table 1. 
Table 1: MCL for DL/UL Channels for FDD and TDD – UE with 1 Tx antenna and 2 RX antennas
	Physical channel
	PUCCH (1a)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	MCL (FDD, 2x2 eNodeB)
	147.2
	141.7
	140.7
	145.4
	149.0
	149.3
	146.1

	MCL (TDD, 8x8 eNodeB)
	149.4
	146.7
	147.4
	148.1
	149.0
	149.3
	146.9


The main difference of an MTC UE relative to a reference UE assumed in Table 1 is the use of 1 Rx antenna. As a consequence, for no AGI or Rx antenna correlation, the MCL of DL channels will need to decrease by ~4 dB (the exact value depends on the assumed channel and 4 dB may in some cases be somewhat optimistic [3, 4]) and a reduction in the target coverage enhancement from 20 dB to 15 dB practically only benefits the UL channels while allowing only 1 dB gain for the DL channels. The resulting MCL calculations for FDD and TDD are as given in Table 2.
Table 2: MCL for DL/UL Channels for FDD and TDD – UE with 1 Tx antenna and 1 RX antenna
	Physical channel
	PUCCH (1a)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	MCL (FDD, 2x2 eNodeB)
	147.2
	141.7
	140.7
	141.4
	145.0
	145.3
	142.1

	MCL (TDD, 8x8 eNodeB)
	149.4
	146.7
	147.4
	144.1
	145.0
	145.3
	142.9


Relative to the analyses during the SI phase, a reduction of the coverage enhancement target by 5 dB (from 20 dB to 15 dB) and a reduction in the number of the Rx antennas from 2 to 1 have multiple consequences. First, for the DL channels, the coverage enhancement targets and the respective analyses during the SI to provide them remain fully applicable since, as previously mentioned, the 5 dB reduction in target coverage is mostly offset by the ~4 dB BLER degradation from having 1 Rx antenna. 
Second, for the UL channels, considerable gains in spectral efficiencies and simplifications in the design can be obtained to the point of almost exclusively relying on trivial enhancements of already existing techniques, as it is further subsequently discussed. Moreover, HARQ-ACK feedback from a coverage limited MTC UE can be supported with minimal specification effort (e.g. Rel-8 already allows for a ~7.5 dB coverage enhancement for PUCCH format 1a - close to the target of 8.5 dB). It is also noted that for TDD, the DL now becomes the coverage limiting direction (PDCCH) while for FDD the UL and DL directions are roughly balanced (PUSCH vs. PDSCH).     

Observation 1: The WI specifications, relative to the assumptions during the SI, allow for meaningful improvements in spectral efficiency and simplifications in the design of UL channels but do not do so in the design of DL channels. 

2.1 Requirements for DL Channels
Most of the following analysis/discussion will be with reference to FDD systems but design aspects for TDD systems are also considered.

2.1.1   P-BCH
For the P-BCH, the SI target of 11.7 dB coverage enhancement for FDD becomes 10.7 dB and it is marginally changed to 12.9 dB for TDD. This implies that extensive repetitions of each legacy P-BCH segment will be needed (e.g. 10x repetitions) together with significant power boosting (e.g. 4 dB power boosting). It is noted that power boosting is not always possible (e.g. for 1.4 MHz bandwidth although 10 MHz is considered in the evaluations). If the required repetitions for each P-BCH segment cannot be supported within a frame, the Rel-8 P-BCH design will have to be modified. This will introduce more complexity to an MTC UE to decode the P-BCH than the one for a legacy UE (at least due to the need to perform more blind decoding operations and have a larger buffer size). A modified P-BCH design will be needed for TDD as, for any feasible value of power boosting, the required number of repetitions for a P-BCH segment within the same frame cannot be supported for most TDD UL-DL configurations. This may further fragment the P-BCH design not only between conventional LTE UEs and coverage limited MTC UEs but also between FDD and TDD. 

Extensive repetitions obviously imply significant overhead which will have to be mitigated by intermittent transmission of P-BCH for MTC UEs. However, after acquiring PSS/SSS, an MTC UE will need to proceed with acquiring P-BCH. Then, if the P-BCH for MTC UEs is only transmitted over very long time periods, this can have a non-negligible impact on the MTC UEs power consumption even if the associated P-BCH decoding latency can be tolerable. Therefore, a proper balance between P-BCH overhead and MTC UE power consumption for P-BCH detection should be determined. Clearly, the lower the required number of P-BCH repetitions for the targeted coverage enhancement, the lower the respective MTC UE power consumption for the same resource overhead as the P-BCH can be transmitted more frequently. 
Similar to other channels, it is noted that for an MTC UE with 2 Rx antennas, the P-BCH design can be considerably simplified (without even relying on power boosting). 
Observation 2: The WI specifications lead to a P-BCH design for MTC UEs that is likely to require materially higher specification/implementation complexity that for conventional UEs and may lead to excessive overhead or power consumption. An MTC UE with 2 Rx antennas can provide a simpler P-BCH design for MTC UEs. 
2.1.2   PDCCH
PDCCH requires the maximum coverage enhancement of all DL channels (13.6 dB for FDD and 15 dB for TDD). It also has a multiplicative effect on the latency associated with a PDSCH/PUSCH reception. Therefore, a motivation exists to avoid using PDCCH whenever possible (e.g. not use PDCCH for SIB scheduling or for the initial random access process). Use of PDCCH can be avoided for some applications (e.g. a metering device transmits/receives at predetermined subframes – SPS reporting instead of triggered reporting). Further, with the exception of the resource allocation field, none of the other fields of a conventional DCI format (i.e. DCI 0/1A) is necessary for PDSCH/PUSCH transmissions to/from coverage limited MTC UEs (e.g. no need for IR at the lowest MCS, no need for multiple HARQ processes, etc.). However, the DL/UL resource allocation can be provided as part of the contention resolution message of the random access process and can be subsequently adjusted by higher layer signaling. 
An alternative for dynamically scheduled PDSCH is to introduce a search space for different TBS similar to the search space for PDCCH for different CCE aggregation levels [5]. This will eliminate PDCCH overhead and associated latency for PDSCH scheduling. However, it will also increase specification and implementation complexity, is a significant design departure from the one for conventional UEs, and does not address PUSCH dynamic scheduling that is expected to be more common than PDSCH dynamic scheduling for MTC UEs in general.
Every technique that leads to improved spectral efficiency and UE power consumption, reduced latency, and improved coverage without having a material impact on an MTC UE implementation complexity should be considered for PDCCH coverage enhancement as PDCCH is the coverage limiting channel and pure repetitions will directly degrade spectral efficiency, latency, and UE power consumption. Therefore, in addition to repetitions which are unavoidable, the following should also be supported:
a) Compact DCI format or DCI format performing MTC UE-group scheduling (~1 dB gain and large spectral efficiency gains for MTC UE-group scheduling – larger gains can be achieved if CRC is also reduced but this should be avoided especially for coverage limited MTC UEs as the false CRC check probability will be too large) 

b) Support of increased CCE aggregation levels as for EPDCCH (3-6 dB gains but it is not possible for all bandwidths to support aggregation levels of 16-32 CCEs) – a higher aggregation level is generally preferable to PSD boosting 
c) CRS boosting (~1 dB gain but it is not possible for all bandwidths or without some network planning to avoid CRS collisions – CRS boosting is beneficial for all DL channels) 
For 5 dB combined gain from the above techniques, PDCCH repetitions will need to provide coverage gains of about 8.6 dB. Similar to other DL channels, for an MTC UE with 2 Rx antennas, the number of required PDCCH repetitions can be significantly reduced (e.g. from ~10 to ~3, assuming that the gains from the above techniques are also realized) thereby improving spectral efficiency, latency, and UE power consumption (despite the power usage associated with the second Rx antenna).

Observation 3: All techniques available for improving PDCCH coverage should be considered as they can have a meaningful impact on improving spectral efficiency, latency, and UE power consumption. An MTC UE with 2 Rx antennas can improve spectral efficiency and latency of PDCCH receptions by a factor of ~3x-4x.  
2.1.3   PDSCH
PSD boosting, in addition to repetitions, is essential for PDSCH requiring a coverage enhancement of 14.3 dB. For example, assuming 6 RBs, blanking 5 RBs to transmit the packet in 1 RB can provide ~7.5 dB gain in coverage. In practice, the gain will be somewhat smaller as PSD boosting will be limited by interference and OOB emission requirements. Nevertheless, a ~4dB PSD boosting may be considered available. Combined with CRS boosting (also needed for all other DL channels) and with CRS interpolation across subframes to improve channel estimation, an additional ~2 dB gain can be obtained. Also, in case of 1 Rx antenna and despite Tx diversity, frequency diversity becomes more important and PDSCH transmission can benefit from frequency hopping (FH). Although the exact gain depends on the channel assumptions and small gains may only exist for small bandwidths and relatively flat fading channels, at 10 MHz a gain in the order of 2 dB can be realized [6]. 
Assuming a 4 dB PSD boosting, a ~2 dB gain from CRS power boosting/interpolation, and a ~2 dB gain from frequency hopping, a gap of ~6.5 dB would still remain and about 6 PDSCH repetitions will be needed (assuming 20 Hz frequency error – e.g. [5]). For operation in small system bandwidths than 10 MHz, a larger number of repetitions will be necessary. Again, for an MTC UE with 2 Rx antennas, the number of required PDSCH repetitions can be significantly reduced (e.g. from ~6 to ~2) and reliance on a large operating bandwidth for frequency diversity or on PSD boosting can be mitigated (to the benefit of other channels such as P-BCH/SIBs/RAR or to avoid interference limitations) thereby improving spectral efficiency, latency, and power savings for an MTC UE.
Observation 4: Implementation-based techniques (PSD boosting for PDSCH/CRS, FH) can meaningfully improve PDSCH coverage at large system bandwidths.
2.2 Requirements for UL Channels
2.2.1   PRACH
For the PRACH, a coverage enhancement of 14 dB is needed for the RA preamble (PDSCH/PUSCH coverage enhancement techniques apply for RAR/msg3/msg4). A relaxed miss probability, as specified in the WI description, can considerably improve coverage and a 10% miss probability allows for a gain of ~5 dB [7]. RA preamble repetition is then needed to cover the additional 9 dB gap. Similar to HARQ-ACK transmissions in a PUCCH, Rel-11 specifications already allow for RA preamble repetitions (format 2 and format 3) and the additional specification impact can be small as one or a few more additional RA preamble repetition formats can be defined to provide the additional coverage gain.
Another issue with the RA preamble transmission relates to the UE selecting an associated set of resources (sequence, subframes, RBs) for the RA preamble transmission in order to implicitly indicate its path-loss (PL) - each set of RA preamble resources is associated with a PL range. The eNodeB can subsequently adjust a repetition level for the transmission of DL/UL channels to/from an MTC UE as needed (scalability) in order to avoid unnecessarily requiring more overhead/latency/power consumption in case the maximum coverage enhancement is not required. 
However, such an approach needs to first be evaluated. An obvious disadvantage is the increase in the UE and eNodeB implementation complexity and testing. There are also several performance issues that have not been properly considered. A first issue is the effect on the RA preamble detection performance as a number of hypotheses to be tested by an eNodeB will increase (according to the number of possible resource sets for a RA preamble transmission). Particularly for coverage limited UEs, this is likely to degrade RA preamble detection performance and nullify at least some of the gains afforded by relaxing the miss probability (and therefore render inaccurate the above analysis for the required number of repetitions). 
A second issue relates to the accuracy and delay required for the PL measurement itself. RA preamble transmission occurs after a UE detects SIB2 and obtains a PL estimate using the CRS transmission power indicated in SIB2 to determine the initial RA preamble transmission power as PPRACH = min{
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. Nevertheless, a PL estimate is still needed, both in order for the MTC UE to determine PPRACH and, with a finer granularity, to determine the PL range if the RA preamble is used to implicitly indicate PL. Evaluation of PL measurements near -15 dB have not been previously conducted but evaluations at -6 dB indicate that about 400 msec are necessary to determine the PL with an accuracy within ~2-3 dB - better accuracy can be provided with longer measurement periods (e.g. [8]). For a similar accuracy at much lower SINRs, the measurement period will likely be in the order of several seconds (FFS). 
Although coverage limited MTC UEs are considered for delay tolerant applications, introducing an additional delay of several seconds for initial connection setup will inevitably increase the total time required for data transfer. Moreover, any resource savings from using the RA preamble to indicate PL will only be for resources associated with the RACH procedure itself as an MTC UE can subsequently provide a very accurate RSRP measurement to the eNodeB which can then determine a required number of repetitions for PDCCH/PUCCH/PDSCH/PUSCH transmissions. It is preferable to adjust the number of repetitions for coverage based on the RSRP or other accurate feedback rather than based on a set selected for the RA preamble transmission because if a fine granularity is used to implicitly convey a PL estimate with the latter, this would also imply many RA preamble resource sets which will degrade detection performance and may actually increase overhead as a large number of resource sets will need to be reserved and may likely remain unused particularly if the number of coverage limited MTC UEs is not very large.  

Given that an initial RACH procedure for coverage limited MTC UEs is not likely to be frequent or require a considerable percentage of the total resources used for communication with a coverage limited MTC UE, that it is unclear whether having multiple sets of resources will result to reduced overhead for the RA preamble transmission, and considering the impact on detection performance and the need to reserve multiple resource sets, it is not clear whether the RA preamble transmission parameters, other than an initial transmission power, should be determined according to a measured path-loss. Alternatively, with respect to the random access process, an MTC UE can be configured to operate either as a conventional UE (non-coverage limited) or as requiring a 9 dB coverage gain (coverage limited). The specification/implementation/testing impact for either approach should also be considered. It is again noted that scalability for repetitions of channels after the PRACH process can be provided by a RSRP report. 
Observation 5: A relaxed miss probability together with the definition of a RA preamble format allowing for more repetitions than supported in Rel-11 are sufficient for achieving the coverage enhancement target for PRACH. Whether the RA preamble should be used to implicitly convey a path-loss estimate for a coverage limited MTC UE is FFS. 

2.2.2   PUSCH
The PUSCH is the coverage limiting channel (in FDD) and requires a 15 dB coverage gain (for transmission over 2 PRBs). One immediate gain of 3 dB is obtained from using 1 PRB (at least for PUSCH transmissions from coverage limited MTC UEs). Assuming a frequency error of 20 Hz, DMRS interpolation for channel estimation across two subframes is appropriate and can provide gain of 1 dB (e.g. [9]). Increasing the DMRS density is not desirable as the resulting performance is similar to that achieved by interpolation and the associated impacts on specification/implementation/testing should be avoided for MTC UEs particularly since the conventional DMRS structure would be preferable for non-coverage limited MTC UEs. Frequency hopping can be re-defined to be in pairs or quadruplets of subframes in order to enable DMRS interpolation across 2 subframes while also providing frequency diversity gains (e.g. in the order of ~2 dB similar to PDSCH [6] in case of large system bandwidths and sufficient hopping) for subsequent repetitions (in pairs or quadruplets of subframes). Combining the above gains, a remaining 9 dB gain needs to be provided by repetitions. 

Coherent combining over 4 subframes provides additional 5 dB gains [10] and therefore, 2 or 3 repetitions of a quadruplet of subframes combined with frequency hopping, DMRS interpolation (over 2 or over 4 subframes), and transmission in 1 PRB can provide the target coverage gain of 15 dB for PUSCH. 

Observation 6: Cross-subframe DMRS interpolation, frequency hopping, and 2-3 repetitions for quadruplets of subframes suffice to provide the required coverage enhancement for PUSCH. 

2.2.3   PUCCH
For UL HARQ-ACK transmissions, a coverage enhancement of 8.5 dB is needed. Rel-8 already supports 6 repetitions offering a coverage gain of ~7.5 dB. Similar to the PUSCH, a coverage gain of 8.5 dB can be achieved by ~2 repetitions of a quadruplet of coherently combined PUCCHs. For 36 resources per PRB (assuming a channel without large time dispersion for coverage-limited UEs, such as an AWGN/Ricean/EPA channel), the resulting total overhead is ~1/4 PRB or ~2%-3% of PUSCH resources for the same MTC UE (worst case scenario assuming dedicated resources for PUCCH transmissions from coverage limited MTC UEs). The specification impact is trivial as only one additional value of ~8 repetitions needs to be defined and there is no additional functionality relative to conventional LTE UEs. 

UL HARQ-ACK feedback allows for avoidance of higher layer ARQ and RLC retransmissions for PDSCH, similar to PUSCH transmissions for which a detection outcome is obviously known to an eNodeB (PHICH is not required as the NodeB can trigger adaptive retransmissions without involving higher layer ARQ). This will also allow an eNodeB to flexibly address variations in a target BLER for coverage limited MTC UEs as an exact target BLER may not be possible to achieve with high reliability without a conservative approach using more repetitions; otherwise, RLC retransmissions can easily lead to larger overhead and latency compared to the ones associated with HARQ-ACK feedback. Moreover, in the absence of CQI feedback, UL HARQ-ACK becomes the only mechanism available to an eNodeB for (open loop) link adaptation (other than the much slower RSRP report that can only provide information averaged over a long time period and over a whole bandwidth). 
SR can be supported in the same manner as HARQ-ACK (using repetitions). This is certainly more spectrally efficient than using the four-step contention-based random access process. Latency is also significantly reduced. 
CQI is not necessary for coverage limited MTC UEs, particularly if HARQ-ACK feedback is provided as an eNodeB can use it to perform link adaptation. However, CQI feedback should be supported for non-coverage limited MTC UEs particularly non-stationary ones for which some coarse link adaptation can improve spectral efficiency. In general, MTC UEs can support CQI feedback but this may not be configured (and repetitions may not be supported) for coverage limited MTC UEs.
Observation 7: PUCCH support for HARQ-ACK and SR by coverage limited MTC UEs has trivial specification impact, can re-use existing functionalities of LTE UEs (SR repetitions are as for HARQ-ACK), and is preferable to respective alternatives of RLC retransmissions and contention-based random access. CQI support is not necessary for coverage-limited MTC UEs but should be generally provided at least for non-stationary MTC UEs.  

3 Conclusions

This contribution considered techniques to achieve the 15 dB coverage enhancement for MTC UEs. 
For the UL channels, the reduction by 5 dB to the target coverage enhancement (relative to the target during the SI) considerably reduces the required number of repetitions and, in conjunction with techniques already available for conventional LTE UEs, can provide the targeted coverage gains. In particular,

a) For the PRACH, a relaxed miss probability of 10% and the definition of a longer preamble format suffice.
b) For the PUSCH, repetitions of 2-3 quadruplets of subframes together with cross-subframe DMRS interpolation, transmission in 1 PRB, and frequency hopping every 4 subframes suffice.
c) For the PUCCH for HARQ-ACK or SR transmission, 8-12 repetitions suffice.
For the DL channels, the reduction by 5 dB to the target coverage enhancement (relative to the target during the SI) is largely offset by the ~4 dB loss from the reduction in the number of receiver antennas from 2 to 1. Although an increased latency may be tolerated, UE power consumption and implementation complexity will also increase due to increased buffering requirements (not all repetitions can be coherently accumulated) and due to the likelihood to support different functionalities than for conventional LTE UEs or non-coverage limited MTC UEs, and for FDD and TDD (thereby also affecting cost by not preserving “economies of scale”). In particular,

a) For the P-BCH and repetitions of each segment within a same frame, a new design may be avoided for FDD but cannot be generally avoided for TDD and a departure from the FDD/TDD design commonality of LTE may be needed. Overhead also becomes a concern and intermittent transmissions to reduce overhead need to be balanced against increased UE power consumption. MTC UE receiver complexity will also increase at least for TDD.
b) For the PDCCH (coverage limiting channel for TDD), all available techniques need to be considered, including CRS boosting, compact DCI format and group scheduling, and increased CCE aggregation levels (possible for the 10 MHz reference bandwidth). PDCCH avoidance, although beneficial and likely feasible for PDSCH transmissions in some applications, cannot be universal and leads to additional complexity and design fragmentation.
c) For the PDSCH, PSD boosting, CRS boosting (also used for P-BCH and PDCCH), and frequency hopping can reduce the required number of repetitions to about 5. 
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