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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In RAN1#80 [1], it was agreed to support multiple subframe channel estimation and frequency hopping over the system bandwidth for uplink and downlink data channels for Rel-13 low complexity UE in enhanced coverage. These techniques should also be used for control channels. We evaluated PUCCH link performance when multiple subfarame channel estimation and frequency hopping over the system bandwidth is used. Based on the evaluations, we propose followings:
Proposal 1: PUCCH coverage enhancement does not use slot-based frequency hopping within 1.4MHz bandwidth.
Proposal 2: PUCCH coverage enhancement support multiple subframe channel estimation and frequency hopping over the system bandwidth.
Proposal 3: In order to support multiple subframe channel estimation, PUCCH resource should be the same during at least 4 subframes. 
Discussion
[bookmark: OLE_LINK258][bookmark: OLE_LINK259]Coverage enhancement requirement for PUCCH
Using the agreed target MCL of 155.7dB in RAN1#79 [2], coverage enhancement target of PUCCH is shown in Table 1. Coverage enhancement target of PUCCH is 11.5 dB for 20 dBm UE Tx power. In this document, we discuss 3 coverage levels (small, middle, and large coverage) shown in Table 2.
Table 1	Coverage enhancement targets in dB for PUCCH (FDD)
	UE Category/Type
	Coverage enhancement target in dB

	LC-MTC UE (1.4Mz BW, 20dBm Tx power)
	11.5



Table 2	Coverage enhancement targets of different coverage levels for PUCCH (FDD)
	Coverage level
	LC-MTC UE (1.4Mz BW, 20dBm Tx power)
Target MCL: 143.7, 149.7, 155.7 dB

	Small
	0

	Middle
	5.5dB

	Large
	11.5dB



Frequency hopping options for PUCCH
There are two schemes of frequency hopping for PUCCH. One is slot-based frequency hopping within 1.4 MHz bandwidth. This is same with legacy PUCCH when the system bandwidth is 1.4MHz. The other is the frequency hopping of 1.4 MHz itself over the system bandwidth (e.g. 20 MHz). Then, as possible combinations of those two schemes, there are following four options in terms of frequency hopping as shown in Fig. 1.
· Option 1: Only slot-based frequency hopping within 1.4 MHz is applied. It is shown in Fig.1 (a). Option 1 may have less standardization impact as legacy PUCCH design is reused. Option 1 allows the use of cross-subframe channel estimation during the whole repetition period. It is expected that option 1 cannot obtain a sufficient frequency diversity gain as the whole channel bandwidth likely has flat fading.
· Option 2: No hopping is used over the whole repetition length. It is shown in Fig.1 (b). Option 2 allows the use of more reference signals for channel estimation compared to option 1. Option 2 cannot obtain any frequency diversity gain; however in a substantially flat channel, this would not constitute a major drawback compared to option 1.
· Option 3: Both slot-based frequency hopping within 1.4 MHz and frequency hopping of 1.4 MHz over the system bandwidth are used. It is shown in Fig.1 (c). Option 3 can obtain much frequency diversity gain due to frequency hopping over the system bandwidth.
· Option 4: Only frequency hopping of 1.4 MHz within system bandwidth is used. It is shown in Fig.1 (d). Option 4 allows the use of more reference signals for cross-subframe cannel estimation compared to option 3. Option 4 can obtain much frequency diversity gain due to frequency hopping over the system bandwidth.
[image: ]    [image: ]
(a) Option 1                                                                            (b) Option 2
[image: ]    [image: ]
(c) Option 3                                                                            (d) Option 4
Fig.1 Frequency hopping options of PUCCH for MTC coverage enhancement.
Simulation results
In this section, we evaluate the PUCCH link level performance of above frequency hopping options with multiple subframe channel estimation. The detailed parameters are listed in the Appendix A and detailed simulation results with BLER performance are shown in Appendix B.
Table 3 summarizes the required SINR for achieving BLER=103 for above frequency hopping options. Table 4 shows the required number of repetitions to obtain required coverage gain of 5.5, and 11.5 dB, which corresponds to middle and large coverage levels respectively. 
The baseline SINR (dB) is obtained for PUCCH format 1 with coverage enhancement 0 dB (i.e. no coverage enhancement). The baseline evaluation assumes single-subframe channel estimation and option 1, i.e., assuming legacy PUCCH mechanism is reused in 1.4MHz. The baseline SINR is -3.2dB. Then, coverage enhancement of 5.5dB and 11.5dB corresponds to an SINR target of -8.7dB and -14.7dB, respectively.
In Appendix B,
- Figure 2 plots the BLER performance of PUCCH format 1 with number NRep of repetitions as a parameter. Multiple subframe channel estimation with 4 subframes is used. For Option 3 and 4, frequency hopping over the system bandwidth with hopping period Nhop=4 is applied, where the retune/switching time for frequency hopping is not considered in the evaluation.
- Figure 3 plots the BLER performance of PUCCH format 1 with number NRep of repetitions as a parameter. Multiple subframe channel estimation with 8 subframes is used. For Option 3 and 4, frequency hopping over the system bandwidth with hopping period Nhop=8 is applied, where the retune/switching time for frequency hopping is not considered in the evaluation.
The performance gain by channel estimation using reference signals of both slots can be seen from the comparison between option 1 and 2 (or option 3 and 4). The performance gain by channel estimation using reference signals of both slots is larger than that by frequency hopping within 1.4MHz. This is because frequency hopping within 1.4MHz cannot obtain any frequency diversity gain in a substantially flat channel. On the other hand, if frequency hopping within 1.4MHz is not used, the use of 2 times reference signals is allowed for channel estimation. Therefore, the performance gain of option 2(4) with 4-subframe channel estimation could be almost the same as that Option 1(3) with 8-subframe channel estimation. 
Observation 1: PUCCH transmission without frequency hopping within 1.4MHz can achieve performance gain due to the enhancement of channel estimation.
Based on above observation, we propose that PUCCH coverage enhancement does not use slot-based frequency hopping within reduced 1.4MHz bandwidth.
Proposal 1: PUCCH coverage enhancement does not use slot-based frequency hopping within reduced 1.4MHz bandwidth.
From the comparison between option 1 and 3 or option 2 and 4, the frequency hopping over the system bandwidth achieves significantly better BLER performance. Then, similar to the data transmission, frequency hopping over the system bandwidth should be supported for PUCCH transmission.
Observation 2: Frequency hopping over the system bandwidth provides significant better performance gain.
In addition, the comparison between single-subframe channel estimation and multiple subframe channel estimation, 4-subframe channel estimation can reduce the required number of repetition in large coverage enhancement case. Then, at least for large coverage enhancement, multiple subframe channel estimation should also be supported. In order to support multiple subframe channel estimation, PUCCH resource should be the same during at least X subframes and X=4 is appropriate value considering the use of both frequency hopping over the system bandwidth and multiple subframe channel estimation.
For middle coverage enhancement, single subframe channel estimation is sufficient and this can reduce the delay as it can decode subframe by subframe and early stopping is possible.
Observation 3: Multiple subframe channel estimation can reduce the required number of repetition in large coverage enhancement case.
Proposal 2: PUCCH coverage enhancement support multiple subframe channel estimation and frequency hopping over the system bandwidth.
Proposal 3: In order to support multiple subframe channel estimation, PUCCH resource should be the same during at least 4 subframes.
We discussed frequency hopping schemes in [3] and proposed multiple subframe code spreading in [4]. The use of frequency hopping over the system bandwidth and multiple subframe channel estimation with X=4 is aligned with the hopping scheme and multiple subframe code spreading in companion contribution [3, 4].
Table 3	Required SINR for achieving BLER=103
	Number of repetitions
	1
	4
	8
	16
	32

	Single subframe channel estimation
	Option 1
	-3.2
(Baseline)
	-
	-
	-
	-

	
	Option 2
	-3.5
	-10.2
	-11.5
	-12.6
	-14.6

	Multiple subframe channel estimation
(4 subframes)
	Option 1
	-
	-11.4
	-13.7
	-14.6
	-16.8

	
	Option 2
	-
	-12.3
	-13.8
	-15.0
	-17.2

	
	Option 3
	-
	-
	-17.2
	-19.0
	-20.6

	
	Option 4
	-
	-
	-18.1
	-19.7
	-22.0

	Multiple subframe channel estimation
(8 subframes)
	Option 1
	-
	-
	-14.2
	-15.5
	-17.5

	
	Option 2
	-
	-
	-14.3
	-15.8
	-18.2

	
	Option 3
	-
	-
	-
	-19.7
	-21.7

	
	Option 4
	-
	-
	-
	-20.3
	-22.6



Table 4	Required number of repetitions
	Required coverage gain
	5.5
	11.5

	Single subframe channel estimation
	Option 2
	4
	32

	Multiple subframe channel estimation
(4 subframes)
	Option 1
	4
	16

	
	Option 2
	4
	16

	
	Option 3
	-
	8

	
	Option 4
	-
	8


Conclusion
In this contribution, we discussed coverage enhancement techniques, such as frequency hopping and multiple subframe channel estimation, for PUCCH for MTC coverage enhancement. Link level simulation results are also shown. Based on the discussion presented, we summarize our views through the following observations and proposal:
Observation 1: PUCCH transmission without frequency hopping within 1.4MHz can achieve performance gain due to the enhancement of channel estimation.
Observation 2: Frequency hopping over the system bandwidth provides significant better performance gain.
Observation 3: Multiple subframe channel estimation can reduce the required number of repetition in large coverage enhancement case.

Proposal 1: PUCCH coverage enhancement does not use slot-based frequency hopping within 1.4MHz bandwidth.
Proposal 2: PUCCH coverage enhancement support multiple subframe channel estimation and frequency hopping over the system bandwidth.
Proposal 3: In order to support multiple subframe channel estimation, PUCCH resource should be the same during at least 4 subframes. 
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Appendix A: Simulation parameters
	Parameters
	Value

	Number of antennas
	1×2 with low correlation

	Number of UEs (signals)
	1

	Number of repetition
	NRep=1, 4, 8, 16, 32

	Channel model
	EPA (Doppler frequency, fD=1Hz)

	Frame format
	PUCCH format 1a (1bit ACK/NACK)

	Carrier frequency
	2GHz

	System bandwidth
	10MHz

	Timing error
	Ideal

	Transmit power control error
	Ideal

	Residual frequency offset
	20Hz

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

	Equalization
	MMSE-FDE


Appendix B: BLER performance
[image: ]      [image: ]
(a) Option 1                                                                            (b) Option 2
[image: ]     [image: ]
(c) Option 3                                                                            (d) Option 4
Fig.2	BLER performance of PUCCH format 1a (multiple subframe channel estimation with 4 subframes).
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(a) Option 1                                                                            (b) Option 2
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(c) Option 3                                                                            (d) Option 4
[bookmark: _GoBack]Fig.3	BLER performance of PUCCH format 1a (multiple subframe channel estimation with 8 subframes).
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