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1 Introduction
At the RAN1 #75 meeting, the following were agreed regarding (E)PDCCH USS coverage enhancement for low cost MTC [1]:

· For UEs in enhanced coverage mode for MTC:

· For UE-specific search space:

· (E)PDCCH to schedule PDSCH is supported.
· Repetition of (E)PDCCH with multiple levels is supported.
· From the UE perspective, the possible starting sub-frames of (E)PDCCH repetitions are limited to a subset of sub-frames.
· The following is FFS:
· Whether to use the same PDCCH candidate m (including same aggregation level) in each repetition, with similar principle for ePDCCH.
In addition, the following were agreed on the timing relationship between (E)PDCCH and PDSCH [1]:

· For UEs in enhanced coverage mode for MTC, if/when PDSCH is indicated via (E)PDCCH:
· The relation of PDSCH timing to (E)PDCCH timing shall be known to UE and shall not be configurable by higher layer parameter dedicated only for this purpose and shall not be indicated by (E)PDCCH. FFS on how to derive it or fixed by spec.
· Assigned PDSCH is transmitted not before end of (E)PDCCH, i.e., if subframe n is the last (E)PDCCH repetition then PDSCH start n + k (k > 0).
As for PUCCH, the following working assumptions were made in RAN1#75:

· For UEs in enhanced coverage mode for MTC, 

· No support of repetition of periodic CSI over PUCCH
· FFS: Periodic CSI over PUCCH without repetition

· ACK/NACK on PUCCH is supported. FFS on the configurability of ACK/NACK.
· Dedicated SR is supported but no further optimization beyond PUCCH repetition for SR (e.g. no new formats).

In this contribution, we share our views on the coverage enhancement of (E)PDCCH and PUCCH for low cost MTC in LTE systems.  

2  (E)PDCCH
2.1 (E)PDCCH starting subframe
According to the agreement in the RAN1 #75 meeting [1], “for MTC UEs in the enhanced coverage mode, the possible starting sub-frames of (E)PDCCH repetitions are limited to a subset of sub-frames from the UE perspective”. This is primarily aimed to reduce the blind decoding attempts for coverage limited MTC UEs and consequently, the UE power consumption. Two potential options can be considered for the starting sub-frames of (E)PDCCH repetitions as follows:

· Option 1: The starting subframe for (E)PDCCH USS transmission may be configured by higher layer signaling. Note that the starting subframe can be predetermined or broadcasted via SIB2 before RRC configuration. More specifically, the configuration index consisting of the subframe offset and the periodicity for the potential (E)PDCCH subframes can be signaled for coverage limited MTC UEs. Once the starting subframe is determined, the next opportunity of (E)PDCCH repetition can be determined by UE specific repetition levels so as to improve the spectral efficiency.
· Option 2: The starting subframe for (E)PDCCH USS transmission may be predefined. In particular, the starting offset can be defined as the functions of repetition level. Similarly, to further improve the system level spectral efficiency, eNB may schedule the transmission of data and control channel according to UE specific coverage extension level.   
It is worth mentioning that the Option 2 relies heavily on the accuracy of coverage status for MTC UEs in the enhanced coverage mode. In the case when the measurement of coverage extension level is inaccurate, coverage limited MTC UEs may not be able to correctly decode the PDCCH, which would have adverse impact on the spectral efficiency. 
Proposal 1
· The starting subframe for (E)PDCCH USS transmission is configured by higher layer signaling or predefined. Once the starting subframe is determined, the next opportunity of (E)PDCCH repetition can be determined by UE specific repetition levels.
Note that when repetition is applied for data and control physical channels, careful consideration is needed with regard to the PDCCH scheduling. As HARQ operation is supported for both DL and UL transmission, potential issues may arise when multiple PDSCHs are scheduled for single coverage limited MTC UE during the transmission of bundled PDCCH and PDSCH. In this case, multiple PUCCH transmissions for ACK/NACK feedbacks corresponding to different PDSCHs (e.g. 3PRB for each) may overlap in the same subframe. Figure 1 illustrates the potential PUCCH overlapping when multiple PDSCHs are scheduled. This would not be desirable in term of increased CM (Cubic Metric) by hurting single carrier property, which would be critical for low cost MTC devices especially in the coverage enhanced mode due to the link budget limit. To address this issue, one potential solution is to prohibit the eNB from scheduling multiple PDCCHs for single coverage limited MTC UE during the transmission of bundled PDCCH and PDSCH. Similarly, for UL transmission, next PUSCH opportunity should be defined after the transmission of repeated PUSCH to avoid the simultaneous transmission of multiple PUSCHs in one subframe. 
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Figure 1. Potential PUCCH overlapping for multiple PDCCH scheduling

Proposal 2:

· The eNB shall not schedule PDSCH/PUSCH in the same subframe when another PDSCH/PUSCH is being transmitted for single MTC UE in the coverage enhanced mode.

2.2 (E)PDCCH candidate

Given the fact that (E)PDCCH transmission with smaller aggregation level may be unlikely scheduled for coverage limited MTC UEs due to the link budget limit, it may be beneficial to restrict the (E)PDCCH USS transmission with relatively high aggregation levels, e.g., 4, 8 CCEs or even higher if specified. In this case, coverage limited MTC UE may not need to monitor the USS with smaller aggregation level, which would reduce the blind decoding attempts and UE power consumption. This would also help to reduce the buffer size to store the intermediate soft bit for blind decoding and consequently the implementation cost.
Note that in order to further reduce the blind decoding attempts, it would be appropriate to transmit the (E)PDCCH with same candidate across all the repeated subframes. By doing this, a UE performs the blind decoding only once for one candidate after the repeated PDCCHs are accumulated. However, for PDCCH transmission with USS, C-RNTI/subframe based hashing function may still need to be preserved within the repetition subframes to provide the search space randomization for a UE. 
Proposal 3
· To reduce the blind decoding attempts and UE power consumption, it would be beneficial to restrict the (E)PDCCH USS transmission for coverage limited MTC UEs with relatively high aggregation levels, e.g., 4, 8 CCEs or even higher if specified. 
· In order to reduce the blind decoding attempts, it would be beneficial to transmit the (E)PDCCH with same candidate across all the repeated subframes. 
· For PDCCH transmission with USS, C-RNTI/subframe based hashing function may still need to be preserved within the repetition subframes to provide the search space randomization for a UE.
2.3 Timing relationship between (E)PDCCH and PDSCH/PUSCH

Regarding the timing relationship between (E)PDCCH and PDSCH, one straightforward approach is to specify a fixed gap between the last (E)PDCCH repetition and the start of PDSCH transmission. As agreed in the RAN1 #75 meeting [1], “Assigned PDSCH is transmitted not before end of (E)PDCCH, i.e., if subframe n is the last (E)PDCCH repetition then PDSCH start n + k (k > 0)”. Note that to minimize the scheduling delay, it would be desirable to specify k = 1 for coverage limited MTC UEs. Figure 2 illustrates the potential processing time for PDCCH and EPDCCH decoding when k = 1, respectively. As shown in the Figure 2, when PDSCH transmission is scheduled by PDCCH, ~1ms processing time would be sufficient for combining multiple PDCCH transmissions and PDCCH decoding. Furthermore, when PDSCH transmission is scheduled by EPDCCH, only 2 or 3 OFDM symbols would be available for EPDCCH processing. This may not be an issue as coverage limited MTE UEs may store several PDSCH OFDM symbols to allow more processing time for EPDCCH. 
Similar design can be considered with respect to the timing relationship between (E)PDCCH and PUSCH: specifying k = 4 for FDD system. This would allow sufficient processing time for (E)PDCCH decoding and meanwhile minimize the scheduling delay. 
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Figure 2. Processing time for PDCCH and EPDCCH decoding when k = 1
 Proposal 4
· It is desirable to specify k = 1 for the timing relationship between (E)PDCCH and PDSCH, and k = 4 for FDD system for the timing relationship between (E)PDCCH and PUSCH.
2.4 (E)PDCCH scheduling

In general for the non-coverage limited MTC UEs, it is not expected that the predefined PDSCH frequency allocation for initial access or the semi-static PDSCH frequency allocation for other cases are needed. For the coverage limited MTC UEs, however, due to the fact that large number of repetitions is required for PDCCH transmission, the predefined frequency allocation for PDSCH during initial access may be beneficial to reduce the initial access latency by skipping PDCCH decoding. The details of PDCCH-less operation on how they can be facilitated would need to be further studied.

Proposal 5:

· The predefined frequency allocation for PDSCH during initial access may be beneficial to reduce the initial access latency by skipping PDCCH decoding.

3 PUCCH
3.1 Link level simulation results for HARQ-ACK repetition
According to the reference MCL table in [1], the required coverage enhancement target for PUCCH format 1a is 8.5dB for FDD LTE system. In this section, the link level simulation results are presented for PUCCH format 1a for HARQ-ACK. The detailed parameters are listed in the Appendix.

Figure 3 shows the link level simulation results for PUCCH format 1a with the repetitions in the case without DTX detection. Based on the simulation results, it can be seen that ~5dB SNR gain can be provided with 6 repetitions which are currently supported in the specification. When increasing the number of repetitions, additional performance gains can be observed. For instance, with 30 repetitions, ~10dB performance gain can be achieved compared to the PUCCH 1a without repetition. As the band-edge frequency hopping is applied for PUCCH transmission, the cross-subframe interpolation can be performed for each slot in two subframes. It can be observed that cross-subframe channel estimation (CE) can provide additional 1dB SNR gain for 6 repetitions. Furthermore, 8.5dB PUCCH 1a coverage enhancement target can be achieved by 18 repetitions with the cross-subframe CE.
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Figure 3. Miss detection probability for PUCCH format 1a without DTX detection
Figure 4 illustrates the PUCCH format 1a simulation results with DTX detection. It can be observed that with cross-subframe CE more than 8.5 dB gain can be obtained by 6 repetitions. In this case, no RAN1 specification change is required to achieve the coverage enhancement target for PUCCH format 1a. Even without cross-subframe CE, the coverage enhancement target can be met with 6~7 repetitions. Since operating SNR range in this case is higher than that in Figure 3 (without DTX detection), the impact of poor channel estimation quality at the low SNR is less, which requires less number of repetitions for the same target gain.
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Figure 4. Miss detection probability for PUCCH format 1a with DTX detection
Observation 1
· With cross-subframe channel estimation, ~18 repetitions/~6 repetitions are needed to achieve the PUCCH 1a coverage enhancement target without/with DTX detection, respectively.

Proposal 6

· The cross-subframe channel estimation is considered for PUCCH 1a coverage enhancement for coverage limited MTC UEs.
3.2 Further details on PUCCH
PUCCH resource allocation

As mentioned in the Section 3.1, the number of PUCCH repetitions for HARQ-ACK can be reduced when cross-subframe channel estimation is applied. To facilitate the cross-subframe channel estimation, the PUCCH resources during the repetitions need to be located in the same PRBs. One straightforward way is to utilize the same PUCCH resources during the repetition.
Proposal 7

· The same PUCCH resources are utilized during all the repetitions for HARQ-ACK.
PUCCH resource allocation can be realized either in an implicit or an explicit manner. With an implicit approach which is a relatively resource-efficient, the allocated PUCCH resource for repetition can be determined by the lowest CCE index for scheduling PDCCH as in Rel-8. There may be a collision issue on PUCCH transmissions in the same subframes between coverage limited and non-coverage limited MTC UEs due to the PDCCH scheduling from the different subframes. However, it can be solved by eNB implementation especially with the UE specific PUCCH starting offset N_PUCCH^(1). An alternative solution would be to configure PUCCH resources for MTC devices, which would lead to inefficient PUCCH resource utilization.
Observation 2

· Either implicit or explicit PUCCH resource allocation during the repetition needs to be decided.
SR repetitions
The existing UE specific signalling for SR periodicity and subframe offset configuration can be reused for SR repetition. The configured SR resource in the time domain can be interpreted as the potential starting subframe for SR repetition. Given that, there might be two alternatives for SR repetitions; one is that SR transmission is repeated at all available UL subframes starting from the configured SR resource, and the other is it is repeated only at the subframes configured for SR. The former would benefit from cross-subframe channel estimation to improve the detection while the corresponding PUCCH resource needs to be reserved for the UE in all UL subframes. The later would be beneficial in terms of SR resource reservation where the other SR resources than the subframes for enhanced coverage mode can be used for other UEs while sacrificing the latency. Given the required overhead due to the repetitions from the simulation results as shown in Section 3.1, it would be preferable that SR transmission is repeated at all available UL subframes starting from the configured SR resource.
Proposal 8

· SR transmission is repeated at all available UL subframes starting from the configured SR resource.

UCI combinations

In general, the same principles as for TTI bundling can be applied. For DATA+UCI (i.e. HARQ-ACK), the UCI multiplexing on PUSCH is performed only in the subframe where the collision occurs. The same can be also applied to SR+A/N. In regard to SRS+PUCCH, the shortened PUCCH format can be applied for the subframes for cell-specific SRS configuration.
Proposal 9

· The same principles for UCI combination such as DATA+A/N, SR+A/N, and PUCCH+SRS are applied for enhanced coverage mode MTC UE as the legacy ones.

6 Conclusions

In this contribution, we provided our views on (E)PDCCH and PUCCH coverage enhancement for low cost MTC in LTE systems. Based on the discussion presented, we summarize our views through the following proposals and observations:

Observation 1

· With cross-subframe channel estimation, ~18 repetitions/~6 repetitions are needed to achieve the PUCCH 1a coverage enhancement target without/with DTX detection, respectively.

Observation 2

· Either implicit or explicit PUCCH resource allocation during the repetition needs to be decided.
Proposal 1
· The starting subframe for (E)PDCCH USS transmission is configured by higher layer signaling or predefined. Once the starting subframe is determined, the next opportunity of (E)PDCCH repetition can be determined by UE specific repetition levels.

Proposal 2:

· The eNB shall not schedule PDSCH/PUSCH in the same subframe when another PDSCH/PUSCH is being transmitted for single MTC UE in the coverage enhanced mode.

Proposal 3

· To reduce the blind decoding attempts and UE power consumption, it would be beneficial to restrict the (E)PDCCH USS transmission for coverage limited MTC UEs with relatively high aggregation levels, e.g., 4, 8 CCEs or even higher if specified. 
· In order to reduce the blind decoding attempts, it would be beneficial to transmit the (E)PDCCH with same candidate across all the repeated subframes. 
· For PDCCH transmission with USS, C-RNTI/subframe based hashing function may still need to be preserved within the repetition subframes to provide the search space randomization for a UE.
Proposal 4

· It is desirable to specify k = 1 for the timing relationship between (E)PDCCH and PDSCH, and k = 4 for FDD system for the timing relationship between (E)PDCCH and PUSCH.
Proposal 5:

· The predefined frequency allocation for PDSCH during initial access may be beneficial to reduce the initial access latency by skipping PDCCH decoding.

Proposal 6

· The cross-subframe channel estimation is considered for PUCCH 1a coverage enhancement for coverage limited MTC UEs.
Proposal 7

· The same PUCCH resources are utilized during all the repetitions for HARQ-ACK.
Proposal 8

· SR transmission is repeated at all available UL subframes starting from the configured SR resource.

Proposal 9

· The same principles for UCI combination such as DATA+A/N, SR+A/N, and PUCCH+SRS are applied for enhanced coverage mode MTC UE as the legacy ones.
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Appendix: Simulation Assumptions
	Parameter
	Value

	System bandwidth
	10 MHz

	Frame type
	FDD

	Carrier frequency
	2.0 GHz

	Antenna configuration
	1x2 with low correlation

	Channel model
	EPA-1Hz

	Frequency error
	100 Hz

	Performance target
	Pr(ACK(NACK) = 1%, Pr(DTX(ACK) = 1%

	Channel estimation
	Realistic single-subframe or cross-subframe channel estimation
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