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1 Introduction

The low cost MTC SI was updated in RAN#57 [1] to include coverage improvements for MTC devices by 20 dB.  Since each physical channel has different operation and design, the feasibility and possible methods for improving the coverage of each physical channel will be different.  This contribution addresses possible coverage improvement methods for each physical channel. 

As a general principle, in order to avoid increasing the cost of MTC devices, any changes to support this coverage extension should be kept to a minimum. 

Proposal 1: Any changes to physical channels to support coverage extension for MTC devices should be kept to a minimum.
2 Target for Coverage Improvements
In the previous meeting, it was agreed that the additional coverage requirement of 20 dB improvement is in comparison to a Category 1 UE at a data rate of 20 kbps.  The MCL for each physical channel for a Category 1 UE to support 20 kbps (PDSCH and PUSCH) can be found in [2] and it is summarised in Table 1.
Table 1: Summary of MCL (dB) of different physical channels.
	Physical channel name
	PUCCH (1A)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	MCL (FDD)
	147.2
	141.7
	140.7
	145.4
	149.0
	149.3
	146.1

	MCL (TDD)
	149.4
	146.7
	147.4
	148.1
	149.0
	149.3
	146.9

	Note1: eNB is assumed with 2 Tx and 2 Rx in FDD systems.

Note2: eNB is assumed with 8 Tx and 8 Rx in TDD systems.

Note 3: PHICH is neglected and the function of PHICH can be implemented by PDCCH in case of cell edge.


In order to increase the coverage by 20 dB, the channel with the weakest MCL needs to be improved by 20 dB.  The other channels can improve by a lower amount.  For FDD, the weakest MCL is the PUSCH at 140.7 dB and hence the MCL required for all the channels is 160.7 dB.  The amount of coverage improvements for each channel is summarised in Table 2 for FDD.

Table 2: Coverage improvements for different physical channels (FDD)

	Physical channel name
	PUCCH (1A)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	Improvements (dB)
	13.5
	19
	20
	15.3
	11.7
	11.4
	14.6


It is noted, however, that the overall amount of coverage improvement needed for a channel may have to be greater if any cost reduction techniques that reduce coverage are adopted for MTC (such as single receive RF chain or bandwidth reduction).
When considering which methods might be suitable for coverage enhancement, it should also be noted (as already agreed) that MTC UEs in extreme coverage scenarios might have characteristics such as very low data rate, greater delay tolerance, and no mobility. It has already been agreed that the latency from trigger to response can be up to 5-10 seconds.
Taking these considerations into account, the following sections evaluate possible methods to improve the coverage of each physical channel and signal.
3 Uplink Channels
3.1 PUCCH
PUCCH carries the CSI, ACK/NACK and SR information.  
In such extreme coverage and low data rates, MIMO is unlikely to be used and hence RI feedback is not required. Further, transmit diversity is likely to be preferred rather than closed-loop precoding, so PMI feedback would not be useful either.  The CQI in this radio condition is likely to be low or out of range.  The CQI table could in theory be modified to take into account the coverage extension implemented for PDSCH, by extending its range to lower values. However, the necessity of a fine granularity of link adaptation for such low data rates is not clear, especially if MTC communications can be assumed generally to take place during periods of low traffic. Moreover, the uplink load from CQI reports themselves would consume a non-negligible amount of resource on the uplink. Therefore it seems overall preferable to avoid CQI reports for MTC devices requiring coverage extension.  Hence altogether it seems not unreasonable to assume that CSI is not required for these MTC devices.

The PUCCH carrying the ACK/NACK would need to be repeated sufficiently in order to reach the eNB reliably.  This would delay the data retransmissions, and during this time it may be more efficient to perform blind retransmission of the PDSCH to the MTC device.  Acknowledgement of the downlink message can be performed at a higher layer [3].  Thus the need for physical layer HARQ ACK/NACK is not established.

The SR is used to request a resource so that the BSR can be sent.  BSR is a high priority MAC message and is always sent (if required) whenever PUSCH resource is available.  SR is therefore only required if the UE has more data to transmit but no PUSCH resource in which to send a BSR, and the UE is still uplink-synchronized, i.e. the timing advance timer (TAT) has not expired. This seems an unlikely scenario for MTC traffic. Moreover, if no SR resource is available for the UE, the TAT can be allowed to expire and the MTC UE can recommence with a RACH; the delay for this approach is expected to be tolerable within the agreed latency allowance of 5-10s. Therefore MTC devices requiring coverage extension can operate without SR.

Given the above analysis, PUCCH is not required for MTC devices requiring coverage extension, and therefore no changes are needed for the PUCCH.
3.2 PRACH

PRACH is required for initial access to the network.  If the eNB cannot detect the PRACH preamble when the UE transmits at maximum power in a single RACH resource, the MTC UE will not be able to access the network.  

The current specifications do not support combining of PRACH preambles received in different RACH resources: the eNB would not know which RACH resources to combine from an MTC device, and moreover according to the current specifications the PRACH preamble signature is changed randomly for every transmission, leading to an impossible number of combinations for the eNB to search.  

In order to increase the detectability of the PRACH, it would be necessary for the eNB to be able to accumulate energy over a longer period of time; from Table 2, up to 80 times as much preamble energy is needed for the same missed detection probability. Careful design would be needed to avoid unduly increasing the eNB complexity: the eNB would need to know exactly which set of resources it should attempt to combine, and the signature sequence should ideally be the same (or at least predetermined) across all the combined resources.  

It could therefore be considered to introduce support for the configuration (via SIB) of a set of PRACH resources (subframes and PRBs) for the accumulation of PRACH energy. An MTC UE would repeat its selected PRACH preamble signature in all the resources defined in this accumulative set.  These resources could be a subset of the normal PRACH resources if the periodicity of the normal PRACH resources were sufficiently short to allow up to 80 repetitions with acceptable latency for the MTC devices; in this case, it would only be necessary to signal the starting subframe of the accumulative PRACH resources, and the number of repetitions could be fixed in the specifications. Alternatively, the PRACH resources for MTC UEs could be independent from the PRACH resources for normal UEs.  Since an MTC device would not necessarily know initially whether it needed to use PRACH preamble repetition or not, it could firstly attempt to use the normal set of PRACH resources to access the network and failing that, it could retry by repeating its PRACH preamble signatures in the resources in the set configured for PRACH repetition.

We therefore propose that further consideration could be given to defining a set of PRACH resources where the PRACH preamble could be repeated and the energy accumulated. 
Note that PRACH detectability cannot be improved by reducing the bandwidth without also impacting the round-trip time estimation accuracy; it is expected that the bandwidth of the other uplink transmissions would be narrower than PRACH, so it would not be easy to update the timing advance after the RACH. However, since the location of the MTC devices under extreme coverage should be fixed, it should be adequate to perform the timing advance based on the PRACH alone.
3.3 PUSCH

Some methods described in the previous meeting to extend PUSCH coverage were extended HARQ and TTI bundling [4], and increasing the power spectral density (PSD) [5].

Uplink HARQ can currently be performed in an adaptive or non-adaptive manner.  Either way requires the eNB to provide downlink control signalling for the retransmission, either by ACK/NACK on PHICH or by PDCCH/EPDCCH carrying a grant for retransmission. As discussed in Section 4, this downlink control signalling would need to be enhanced in order for it to reach MTC devices in extreme coverage conditions, and if repetition were to be used for this enhancement it would delay the HARQ retransmissions. In this case, it would be more efficient to retransmit the PUSCH blindly. Furthermore, if the code rate of the PUSCH is already low, HARQ would not be able to provide any additional incremental redundancy, so there is no particular gain from optimising the number of HARQ retransmissions.  Extending HARQ retransmissions for MTC devices is therefore not attractive.

An alternative is to extend TTI bundling beyond 4 transmissions.  The number of TTIs in a bundle could be fixed or RRC-configured.  Extending TTI bundling via blind retransmissions is simple, and, unlike HARQ, does not require fast ACK/NACK feedback.  However, it may waste resources since the MTC device would continue to retransmit even when the eNB had received the signal.  The required improvement of 20 dB on PUSCH would require at least 400 transmissions (assuming 4( HARQ is not used).  The repetition gain is limited by the quality of the channel estimates, which is dependent upon the coherence time of the radio channel. In [9], a 90% coherent time is 120 ms for a static radio channel.  The required 400 TTI bundling would consume 400 ms, which exceeds the channel coherent time. Due to its simplicity, TTI bundling may be an attractive option but it needs to be combined with other methods to achieve the required gain.
Another alternative is to consider increasing the PSD of the PUSCH by reducing the minimum number of subcarriers used to carry the PUSCH below 12 subcarriers in a RB.  This would give some loss in channel coding gain, but the code rate would anyway be low so this loss would be expected to be small. The loss of frequency diversity would also be expected to be small within a PRB; PUSCH hopping could be used to provide frequency diversity.  The gain would come from improved SINR. This method could also enable more UEs to transmit simultaneously, thus mitigating the spectral efficiency loss that arises from extensive TTI bundling, although the interference among adjacent subcarriers would become more significant, especially in the limit if a single subcarrier were to be used to carry the PUSCH. Some modifications to the resource grants might also be needed to indicate the PUSCH resource at a subcarrier level. Overall, such a method is clearly significantly more complex to specify and implement than extended TTI bundling. 

Therefore we propose that extended TTI bundling should be the method of preference for coverage enhancement for PUSCH, but if the number of TTIs in a bundle becomes excessive then transmission on a reduced number of subcarriers could be considered. 

4 Downlink Channels and Signals
4.1 PSS/SSS

The synchronisation signals PSS/SSS are transmitted in subframes 0 and 5 of each radio frame.  Hence, the MTC devices in an extended coverage region can accumulate energy for PSS/SSS over a long period of time.  As discussed in the previous meeting, the RAN4 requirement on cell acquisition time can be relaxed since these MTC devices are static.  
4.2 PCFICH

PCFICH carries the CFI which is used to indicate dynamically the number of OFDM symbols used for PDCCH in each subframe, and hence the starting position of the PDSCH.  Hence relying on accumulation of energy in PCFICH over many subframes is not feasible since it defeats the object of the dynamic signalling.  
Alternatively, the number of OFDM symbols used for PDCCH could be fixed for MTC devices in poor coverage [6].  In subframes where MTC devices requiring coverage extension are not scheduled, the CFI could still be used for UEs not requiring coverage extension.  In subframes where MTC devices requiring coverage extension are scheduled, the CFI value would be set such that the number of OFDM symbols used for PDCCH is consistent.  
Since a chicken-and-egg problem would exist for PDCCH reception if the size of the control region were to be set semi-statically for coverage-extended MTC devices, the simplest and most robust solution would be to fix the control region size for these devices in the specifications. The MTC device could determine whether it should assume the CFI value or the fixed value according to the type of RACH by which the connection was successfully initiated – see section 3.2. 

Therefore it should be assumed that MTC devices requiring coverage extension do not need to receive PCFICH. 

4.3 PHICH

PHICH is used to acknowledge PUSCH uplink packets for non-adaptive HARQ retransmissions.  As described in section 3, HARQ for PUSCH is not efficient for transmission of low data rates in a region requiring extended coverage.  Furthermore, if HARQ is required, it can be done in an adaptive manner.   It has already been noted in RAN1#71 that the PHICH can be neglected and the function of PHICH implemented by (E)PDCCH in case of MTC UEs under extreme coverage conditions.  Hence, for MTC devices requiring extended coverage, PHICH can be omitted.
4.4 PDSCH

The coverage extension methods discussed in the previous meeting for PDSCH were extended HARQ, repetition (downlink TTI bundling) and increase in PSD [4].
As described in section 3, the delay incurred in sending the acknowledgement due to possible repetition of the PUCCH leads to inefficient operation of the HARQ.  In the absence of PUCCH, higher layer acknowledgement can be used.  Without a fast and reliable acknowledgement, extending the HARQ is not an attraction option.
Repetition of PDSCH in a similar way to TTI bundling in the uplink would not require fast feedback.  Similar considerations would apply as to extending TTI bundling in the uplink, namely that blind retransmissions of PDSCH can waste resources, and the performance may be limited by the quality of the channel estimationover the period of the retransmissions.  For an additional coverage of 15.3 dB (see Table 2), 134 repetitions would be required (assuming 4( HARQ is removed), which spans 134 ms.  This slightly exceeds the the radio channel’s coherence time of 120 ms derived in [9].  Given its simplicity, TTI bundling therefore seems an attractive option.
Increasing PSD by reducing the number of subcarriers used for one user in a PRB has limited gain in the downlink.  Firstly, the eNB would need to serve more than one UE and therefore it is difficult to allocate all the eNB power into a few subcarriers for a single MTC device.  Secondly, even if the eNB serves only a single MTC device, power needs to be allocated to the CRS across the system bandwidth.  Furthermore, the total power dynamic range, i.e. the difference between the maximum and the minimum transmit power of an OFDM symbol [7], limits the amount of power that can be allocated for PDSCH for a given CRS power, and the CRS power cannot easily be changed because of its impact on other users.

Therefore TTI bundling seems the most attractive option for PDSCH.
4.5 PDCCH/EPDCCH

PDCCH and EPDCCH are essential for indicating resources for the UE.  The use of semi-persistent-scheduling can reduce the amount of PDCCH/EPDCCH signalling but PDCCH and EPDCCH are still required to signal SIB and RRC configuration messages.
Increasing the aggregation level (AL) could be one mechanism to increase the coverage for MTC devices in extreme coverage scenarios.  In order to avoid increasing the size of the search space, candidates for low AL (e.g. 1, 2 and 4) could be excluded for MTC devices requiring coverage extension.  The required coverage improvement for PDCCH is 14.6 dB (see Table 2) with reference to a PDCCH (format 1A) with an AL of 8.  This would require an AL of 256 which is not feasible since it would exceed the PDCCH capacity in one subframe, espeically for low system bandwidths.  EPDCCH already uses AL>8 and hence the scope for further AL increase is limited.  Therefore it is clear that increasing the AL alone is not a sufficient solution to the problem.
Another possibility could be to use repetition in the time domain to improve the coverage.  If the AL (in the frequency domain) is increased to 32 giving 6 dB gain, then another 9 dB can be obtained from an 8( repetition in the time domain, thus giving the required overall gain for PDCCH.  Since PDCCH is required to decode the SIB messages and also is used for initial RRC connection, the amount of repetition would need to be fixed in the specifications.  The repetition factor could then be changed after the RRC connection setup.  Any cell supporting extended-coverage MTC devices would have to use repetition for the PDCCH signalling the SI messages. It would be up to implementation how the MTC device decided which PDCCH to use for common messages; for example it could try to legacy PDCCH first and failing that try to decode this extended PDCCH with a higher AL and time repetition for the SIB messages.  
PSD increase for PDCCH and EPDCCH would be difficult for similar reasons as outlined in Section 4.3.

4.6 PBCH

PBCH carries system bandwidth information, the number of symbols used for PHICH and the SFN.  The system bandwidth and SFN are required by MTC devices.  The PBCH is repeated 4( over 40 ms, and to extend its coverage, further repetition would be required.  The amount of resource for PBCH can be increased [8] to provide additional repetitions, e.g. more than one repetition per radio frame.  The required gain for PBCH is 11.4 dB (see Table 2), which requires 14 times as much repetition as currently provided.  The PBCH occupies 4 OFDM symbols over 6 sub-carriers.  Repetition can only be performed in the time domain in order to support the lowest system bandwidth (of 6 PRBs).  In order to avoid changing the PBCH format (i.e. the number of MSB in the SFN transmitted in the PBCH), the factor of 14 additional repetition would need to be contained within a 40ms period.  One way of achieving this, for example, could be by transmitting the PBCH 3 times per subframe in all of  the first 5 subframes of a radio frame (only twice in subframe 0 where the PSS/SSS are transmitted).  This would completely fill the central 6 PRBs in these subframes. For small system bandwidths, this would consume a lot of resources (i.e. half of the total system resources when 5 subframes are used) and the amount of remaining resources may not be sufficient for traffic given that other channels (e.g. PDCCH, PDSCH) may also require further repetitions.  Therefore it would be essential to limit the occasions when increased PBCH repetition is used: for example, each period of intense PBCH repetitions could be separated by a long period of legacy PBCH transmission as shown in Figure 1.  In this way, only a small portion of resources are used for PBCH.  The MTC devices in extended coverage would need a considerably longer time to detect the PBCH, but this seems a reasonable price to pay for avoiding excessive consumption of resources by the PBCH.
Thus it seems that intermittent periods of intense repetition could be a reasonable solution for the PBCH. It also avoids legacy impact, since the existing PBCH transmissions would not be affected. 
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Figure 1: Intense period of PBCH transmission

5 Conclusion

In this contribution we discuss the required coverage gain and evaluated some methods for each physical channel.  
We propose that as a general principle, any changes to physical channels to support coverage extension for MTC devices should be kept to a minimum.

Possible methods for each channel are summarised in Table 3.
Table 3: Summary of coverage extension methods

	Channels
	Required Gain (dB)
	Coverage Extension Method

	Uplink channels
	 

	PUCCH
	13.5
	Not required

	PRACH
	19
	Consider defining a set of PRACH resources where a PRACH preamble can be repeated.

	PUSCH
	20
	Extended TTI bundling if possible; otherwise consider increasing the PSD by transmitting on less than 12 subcarriers.

	Downlink channels
	 

	PCFICH
	N/A
	Not required

	PHICH
	N/A
	Not required

	PDSCH
	15.3
	Downlink TTI bundling

	PDCCH
	14.6
	Higher AL (e.g. 32) and fixed repetition in time domain.

	PBCH
	11.7
	Intermittent intense periods of high PBCH repetition (e.g. 14 in 5 consecutive subframes followed by a long period of normal PBCH transmission).

	SCH
	11.4
	Relax the cell acquisition time performance requirement in RAN4.


The channel estimation and RS aspects are considered separately in [9].
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