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1 Introduction
In this document, we provide our views on the DL/UL control channel aspects for low cost MTC UEs as follows:
· (E)PDCCH

· PCFICH

· PHICH

· PUCCH

2  (E)PDCCH
2.1 Potential solutions for coverage enhancement

According to the reference Maximum Coupling Loss (MCL) table in [1] and assuming 4dB SNR loss when employing single receive RF chain, the required coverage enhancement target for (E)PDCCH is 13.6dB for FDD LTE system. In order to achieve the (E)PDCCH coverage enhancement target, potential solutions are proposed as captured in [1]: repetition across multiple subframes, compact DCI format, higher aggregation level and PSD boosting. For each approach, the detailed analysis is provided as follows:
· Repetition across multiple subframes. Repetition of (E)PDCCH transmission across multiple subframes is a straightforward and effective way to improve the coverage for low cost MTC. When enabling (E)PDCCH repetition across multiple subframes for coverage-limited MTC UEs, it may be desirable to predefine the starting subframe for potential (E)PDCCH transmission in order to reduce the blind decoding attempts and consequently, the UE power consumption. Furthermore, eNB may schedule the transmission of data and control channel according to UE specific coverage extension level, which would help to improve the system level spectrum efficiency substantially. According to this design principle, the starting subframe for (E)PDCCH USS transmission may be configured by higher layer signaling or predefined. For instance, the configuration index consisting of the subframe offset and the periodicity for the potential (E)PDCCH subframes can be signaled, or the starting offset can be defined as the functions of repetition level. Note that in order to further reduce the blind decoding attempts, it may be appropriate to transmit the (E)PDCCH with same ALs across all the repeated subframes. It might be also beneficial to preserve the same hashing function for the search space randomization. 
· Higher aggregation level. The higher aggregation level more than 8 may be adopted for PDCCH to improve the coverage for low cost MTC like EPDCCH having up to 32 ALs. In case when the baseband bandwidth reduction for EPDCCH is applied, the limitation or prohibition of the distributed EPDCCH may be taken into account. Given the fact that (E)PDCCH transmission with smaller aggregation level may be unlikely scheduled for coverage limited MTC UEs, it may be beneficial to restrict the (E)PDCCH USS transmission with relatively higher 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. 
· Compact DCI format. Compact DCI format would help improve the coverage for low cost MTC because of the additional coding gain by reducing the payload size. Taking into account the characteristic of coverage limited MTC UEs, a few bits in some fields may be potentially removed to reduce the DCI size. For instance, scheduling the data transmission with higher MCS index for coverage limited MTC UEs may not be feasible due to the link budget limit, which indicates that MCS field may be reduced to 3 bits. To further reduce the coding rate, less CRC overhead may be considered, e.g., 8 CRC bits. However, this may potentially increase the false alarm probability, which would lead to more RLC retransmissions and unnecessary UE power consumption. Note that if a new DCI format with reduced size is defined, the impact on the specification effort and implementation cost could be substantial.
· PSD boosting. This approach may be considered as a complement to the other techniques to improve the coverage. For PDCCH transmission, PSD boosting may be applied on the resource elements used for either CRS only or both PDCCH and CRS; while for EPDCCH coverage enhancement, PSD boosting may be applied on the resource elements for DMRS or both EPDCCH and DMRS. It should be noted that the interference to the neighbouring cells and the impact on RSRP/RSRQ measurement should be taken into consideration when applying the PSD boosting for CRS. 
As should be evident from the analysis above, these approaches have some desirable properties while suffering from certain significant limitations. To minimize the specification impact and take into account the delay tolerant characteristic of low cost MTC, repetition across multiple subframes together with higher aggregation level may be considered as higher priority than other approaches for (E)PDCCH coverage enhancement.  

Proposal 1
· The starting subframe for potential (E)PDCCH USS transmission is configured by higher layer signaling or predefined. 

· In order to reduce the blind decoding attempts, it may be beneficial to transmit the (E)PDCCH with same ALs across all the repeated subframes. However, for PDCCH transmission with USS, C-RNTI based hash table may still need to be preserved within the repetition subframes to exploit the benefit of frequency diversity.
· To minimize the specification impact and take into account the delay tolerant characteristic of low cost, repetition across multiple subframes together with higher aggregation level may be considered as higher priority than other approaches for (E)PDCCH coverage enhancement.

2.2 Link level simulation results

In this section, we present the link level simulation results for PDCCH coverage enhancement. The simulation model and parameters are summarized in Table 1 of the Appendix. In the simulation, DCI format 1A with 26 bits and aggregation level with 8 CCEs are assumed as reference PDCCH transmission. 
Figure 1 depicts the link level simulation results for PDCCH when employing the repetitions across multiple subframes.  From the plot, it can be observed that ~80 repetitions are needed to meet the 13.6dB PDCCH coverage enhancement target. It is expected that the EPDCCH would show a similar trend to the PDCCH in terms of performance gain according to the repetition levels. 
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Figure 1 PDCCH performance with repetition across multiple subframes
Figure 2 depicts the link level simulation results when aggregation level with 16 CCEs is applied in conjunction with repetitions for PDCCH transmission. Based on the simulation results, it can be seen that with aggregation level 16, ~2.9dB performance gain can be achieved compared to aggregation level 8. Furthermore, ~40 repetitions are needed to meet the PDCCH coverage enhancement target when aggregation level 16 is employed. 
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Figure 2 PDCCH performance with repetitions and aggregation level 16

Figure 3 depicts the link level simulation results when 13-bit DCI payload size is employed. It can be observed that when DCI payload size is reduced from 26 to 13 bits, additional ~1.5dB performance gain can be provided. In addition, only ~26 repetitions are needed to meet the PDCCH coverage enhancement target when aggregation level 16 and 13-bit DCI format are utilized. 
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Figure 3 PDCCH performance with 13-bit DCI format
Observation 1

For FDD LTE system, 13.6dB PDCCH coverage enhancement target can be achieved with ~80 repetitions in the time domain.
Observation 2

When aggregation level with 16 CCEs is applied. ~40 repetitions are needed to meet the PDCCH coverage enhancement target.
Observation 3

When DCI payload size is reduced from 26 to 13 bits, ~26 repetitions together with aggregation level 16 are needed to achieve the PDCCH coverage enhancement target.
2.3 (E)PDCCH scheduling

As also discussed in our companion contribution [2], 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 on how they can be facilitated would need to be further studied.

Observation 4:
· The predefined frequency allocation for PDSCH during initial access may be beneficial to reduce the initial access latency by skipping PDCCH decoding.
· The dynamic scheduling by (E)PDCCH can be used for other cases than initial access.
2.4 Timing relationship between (E)PDCCH and PDSCH/PUSCH

When (E)PDCCH/PDSCH/PUSCH transmissions are repeated across multiple subframes for coverage limited MTC UEs, the existing timing relationship between (E)PDCCH and PDSCH/PUSCH needs to be redefined and specified. Figure 4 illustrates the potential timing relationship between PDCCH and PDSCH with repetitions for coverage limited MTC UEs. As shown in the option a) in the Figure, a natural extension of current timing relationship is to allow the first PDSCH transmission to be aligned with the first PDCCH transmission within the same subframe. This strategy, however, would incur substantial amount of buffer sizes to store the received data for PDSCH, which leads to additional UE implementation cost. Alternative option is to align the first PDSCH transmission with the last PDCCH transmission within the same subframe as shown in the option c). In this case, the UE implementation cost can be reduced at the expense of large Round-Trip Time (RTT) delay. To strike a proper trade-off between the UE implementation cost and RTT delay, the PDSCH transmission may be scheduled prior to the last PDCCH transmission as illustrated in the option b). Based on the analysis above, the timing relationship between (E)PDCCH and PDSCH for coverage limited MTC UEs needs to be carefully studied with the consideration of UE implementation cost and RTT delay.
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Figure 4 Time relationship between PDCCH and PDSCH with repetitions
Note that similar timing relationship between (E)PDCCH and PUSCH for coverage limited MTC UEs may be defined. However, some subframes may be further needed to generate PUSCH for transmission from a UE, which is different from PDSCH for reception at the UE. 
Proposal 2
Timing relationship between (E)PDCCH and PDSCH/PUSCH for coverage limited MTC UEs needs to be carefully studied with the consideration of UE implementation cost and RTT delay. 

3 PCFICH
PCFICH is used to convey the information with respect to the size of control region. As described in [1], PCFICH may not be required for coverage limited MTC UEs as it can be replaced by alternative mechanisms. One straightforward way is to predefine the CFI value for MTC UEs located in the coverage holes. In particular, depending on the system bandwidth, the CFI values may be different in order to allow efficient PDCCH scheduling. Another alternative option is to allow coverage limited MTC UEs to blindly decode the PDCCH with different CFI values. Considering the PDCCH transmission with repetition across multiple subframes, this approach may not be feasible due to substantial blind decoding complexity. 
Proposal 3

PCFICH is excluded for coverage limited MTC UEs. CFI values can be predefined depending on the system bandwidth.  

4 PHICH
There has been little study on the coverage enhancement for PHICH as it is stated that RLC retransmission or PDCCH based HARQ procedure seems sufficient [1]. However, given the fact that relying on RLC retransmission alone would require more stringent BLER requirement, it is desirable to keep the HARQ function in order to avoid the waste of the UL resources. In addition, it is questionable whether relying on RLC retransmission only could perform well in low SNR region unless the enhanced mechanism for RLC retransmission is newly introduced, which is out of scope in RAN1. PDCCH based HARQ procedure may be also used to replace PHICH functionality. However, this scheme would result in substantial DL resource consumption in retransmission due to the large number of repetitions required for PDCCH coverage enhancement. Therefore, the enhancement of PHICH, which has been already reserved in physical layer, can be considered with proper study. Both repeating PHICH in time and allocating the multiple PHICH resources in frequency may be considered as potential solutions of PHICH coverage enhancement for coverage limited MTC UEs.
Proposal 4

RAN1 studies the coverage enhancement of PHICH for the coverage limited MTC UEs.

5 PUCCH

5.1 UCI carried by PUCCH
For PUCCH, it was discussed in the technical report [1] that PUCCH contents can be reduced or even eliminated for MTC UEs, and thus, PUCCH coverage enhancements may not need to be considered. On the other hand, it was also discussed that the functionality of PUCCH should be retained for MTC UEs, and some techniques, e.g., time domain repetition, were discussed for PUCCH coverage enhancements. In this section, the discussions on the UCI carried by PUCCH are presented as follows:

· CSI: Since MTC UEs are expected to be equipped with a single receive antenna [3], MIMO-related feedback (e.g. PMI and RI) is not necessary. In addition, considering the very low rate traffic in the studied scenario, it is likely that the lowest MCS will always be used for coverage-limited MTC UEs and CQI report may not be needed. Hence, it is preferable to avoid CSI feedback for MTC UEs requiring coverage extension. 

· HARQ-ACK: Since two-TB based transmission is not supported in downlink, only PUCCH format 1a can be considered for MTC UEs for FDD. In addition for coverage limited MTC UEs, only HARQ-ACK bundling can be considered for TDD. As mentioned above, in order to avoid the DL resource waste, it would be desirable to keep the HARQ function for MTC UEs. As relying on RLC retransmission only would require the more stringent BLER requirement [4], it is desirable to keep the HARQ function not to waste the DL resources. In addition, it is questionable if relying on RLC retransmission only could work well in low SNR region unless the enhanced mechanism for RLC retransmission is newly introduced, which is out of scope in RAN1.Furthermore, since HARQ-ACK repetitions up to 6 have already been supported in the specification, the number of repetitions may be easily expanded with limited specification efforts. 
· SR: Scheduling requests are used to request resources for uplink data transmission. It is still possible for the UE to request resources via contention-based random access procedure if the UE does not have a valid PUCCH resource for SR. Therefore, MTC UEs requiring coverage extension can operate without PUCCH to avoid the coverage issue. However, the collision probability of contention-based random access process will increase. Moreover, the overhead of using random access procedure instead of transmitting SR might be substantial since the procedure involves PRACH, PUSCH, and PDSCH transmissions, which needs further analysis.
Proposal 5
The coverage enhancement for CSI carried by PUCCH is excluded for coverage-limited MTC UEs.
5.2 Link level simulation results for HARQ-ACK repetition
According to the reference MCL table in [1] and assuming 4dB SNR loss when employing single receive RF chain, 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 Table 2 of the Appendix.

Figure 5 shows the link level simulation results for PUCCH format 1a with the repetitions. DTX detection is not considered in the figure. 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 5 Miss detection probability for PUCCH format 1a without DTX detection
Figure 6 shows 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 target can be met with 8 repetitions. Since operating SNR range in this case is higher than that in Figure 5 (without DTX detection), the impact of poor channel estimation quality at the low SNR is less, requiring less number of repetitions for the same gain.
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Figure 6 Miss detection probability for PUCCH format 1a with DTX detection
Observation 5

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.

6 Conclusions

This contribution discussed the coverage enhancement for low cost MTC UEs on (E)PDCCH, PCFICH, PHICH, and PUCCH. Based on the discussions and simulation results, our observations and proposals are summarized as follows:
<(E)PDCCH>

Proposal 1
· The starting subframe for potential (E)PDCCH USS transmission is configured by higher layer signaling or predefined. 

· In order to reduce the blind decoding attempts, it may be beneficial to transmit the (E)PDCCH with same ALs across all the repeated subframes. However, for PDCCH transmission with USS, C-RNTI based hash table may still need to be preserved within the repetition subframes to exploit the benefit of frequency diversity.

· To minimize the specification impact and take into account the delay tolerant characteristic of low cost, repetition across multiple subframes together with higher aggregation level may be considered as higher priority than other approaches for (E)PDCCH coverage enhancement.
Observation 1

For FDD LTE system, 13.6dB PDCCH coverage enhancement target can be achieved with ~80 repetitions in the time domain.
Observation 2

When aggregation level with 16 CCEs is applied. ~40 repetitions are needed to meet the PDCCH coverage enhancement target.
Observation 3

When DCI payload size is reduced from 26 to 13 bits, ~26 repetitions together with aggregation level 16 are needed to achieve the PDCCH coverage enhancement target.
Observation 4:
· The predefined frequency allocation for PDSCH during initial access may be beneficial to reduce the initial access latency by skipping PDCCH decoding.
· The dynamic scheduling by (E)PDCCH can be used for other cases than initial access.
Proposal 2

Timing relationship between (E)PDCCH and PDSCH/PUSCH for coverage limited MTC UEs needs to be carefully studied with the consideration of UE implementation cost and RTT delay. 

<PCFICH>

Proposal 3

PCFICH is excluded for coverage limited MTC UEs. CFI values can be predefined depending on the system bandwidth.  

<PHICH>

Proposal 4

RAN1 studies the coverage enhancement of PHICH for the coverage limited MTC UEs.

<PUCCH>

Proposal 5
The coverage enhancement for CSI carried by PUCCH is excluded for coverage-limited MTC UEs.
Observation 5

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.
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Appendix: Simulation Assumptions
Table 1 Simulation parameters for PDCCH
	Parameter
	Value

	Bandwidth
	10MHz

	Carrier Frequency
	2GHz

	Frame Type
	FDD

	MIMO Configuration
	2x1 with low correlation

	Channel Model 
	EPA

	Doppler Shift
	1Hz

	Target BLER
	1%


Table 2 Simulation parameters for PUCCH format 1a
	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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