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Introduction
PUCCH performance requirements for regular UEs are defined in [1] in terms of the DTX to ACK performance, ACK missed detection requirements, CQI performance requirements, etc. For supporting Cat-M UEs, PUCCH transmission is enhanced [2], including frequency hopping and transmission repetition. In this paper, we discuss PUCCH performance requirements for supporting Cat-M UEs.
PUCCH for Cat-M UEs
Existing PUCCH performance requirements for supporting regular UEs include the following:
· DTX to ACK performance
· ACK missed detection requirements for single user PUCCH format 1a
· CQI performance requirements for PUCCH format 2
· ACK missed detection requirements for multi user PUCCH format 1a
· ACK missed detection requirements for PUCCH format 1b with Channel Selection
· ACK missed detection requirements for PUCCH format 3
· NACK to ACK requirements for PUCCH format 3
· CQI performance requirements for PUCCH format 2 with DTX detection
In order to determine which of above performance requirements need to be extended for supporting Cat-M UEs, in the following we will first take a brief review on the PUCCH enhancements for supporting Cat-M UEs in Rel-13.
PUCCH Formats supported by Cat-M UEs
In Rel-13 Cat-M UEs do not support all existing PUCCH formats. Cat-M FDD UEs in CEModeA supports only PUCCH format 1/1a/2/2a. In addition to PUCCH format 1/1a/2/2a, Cat-M TDD UE also supports PUCCH format 1b. Cat-M UEs in CEModeB support PUCCH format 1/1a only. The supported PUCCH Formats for Cat-M UEs are shown in Table 1.
Table 1. PUCCH Formats supported by Cat-M UEs in Rel-13
	PUCCH Formats
	CEMode A
	CEMode B

	Format 1/1a
	X
	X

	Format 1b
	X (TDD only)
	

	Format 2/2a
	X
	



Observation 1: Not all existing PUCCH formats are supported by Cat-M UEs.
Frequency hopping
As regular PUCCH, Cat-M PUCCH transmission frequency hops symmetric to the central frequency of system bandwidth at carrier bandwidth edges. Different with regular PDCCH that hops every slot, Cat-M PUCCH transmission frequency hops at every interval-ULHoppingConfig subframes, where the interval-ULHoppingConfig is a per CE  level parameter given from SIB2. For FDD, interval-ULHoppingConfig has the value range of {1,2,4,8} in CEModeA, and the value range of {1,4,8,16} in CEModeB. For TDD, interval-ULHoppingConfig has the value range of {1,5,10,20} in both CEModeA and CEModeB. Cat-M PUCCH and PUSCH share the same frequency hopping interval.

Observation 2: Cat-M PUCCH transmission hops at carrier bandwidth edges for every interval-ULHoppingConfig subframes configured by SIB2. For FDD, interval-ULHoppingConfig can be configured in the range of {1,2,4,8} in CEModeA and {1,4,8,16} in CEModeB. For TDD, interval-ULHoppingConfig is in the range of {1,5,10,20}.

Guard period for PUCCH retuning
As mentioned above, PUCCH frequency hopping takes place every interval-ULHoppingConfig subframes during PUCCH transmission. During the frequency hopping, there will be a frequency retuning gap up to 2 OFDM symbols. Due to the retuning, a guard period is created for Tx-to-Tx frequency retuning between two subframes for UL narrowband retuning [2]. The guard period will be in PUSCH subframes if the UE retunes PUSCH  PUCCH, or from PUCCH  PUSCH. In these cases, the guard period has no impact on PUCCH transmission and reception. However, when the UE retunes PUCCH  PUCCH, which takes place for example during PUCCH transmission repetition, the guard period will be in the last SC-FDMA symbol in the first PUCCH subframe and the first SC-FDMA symbol in the second PUCCH subframe. In this case, the guard period will have impact on PUCCH transmission and reception.

Observation 3: For PUCCH transmission repetition, there will be frequency retuning gap in the last SC-FDMA symbol in the first subframe and the first SC-FDMA symbol in the second subframe, which may have impact on Cat-M PUCCH transmission and reception.

PUCCH repetitions
One of the main differences between regular PUCCH and Cat-M PUCCH transmission is that Cat-M PUCCH may be configured to be transmitted multi-times. The number of PUCCH repetitions is configured by a UE specific parameter pucch-NumRepetitionCE for each CE level. For both FDD and TDD, the pucch-NumRepetitionCE can be configured with value range of {1,2,4,8} in CEModeA and{4, 8,16,32} in CEModeB.
Observation 4: Cat-M PUCCH transmission can be configured with the number of repetitions in the range of {1,2,4,8} in CEModeA and{4, 8,16,32} in CEModeB for both FDD and TDD.
Cat-M PUCCH Performance Requirements
PUCCH performance requirements for regular UEs are defined in [1] in terms of the DTX to ACK performance, ACK missed detection requirements, CQI performance requirements, etc. 
[bookmark: _Toc415264932]DTX to ACK performance
In [1], the DTX to ACK requirement is currently as follows:
DTX to ACK performance
The DTX to ACK requirement is valid for any number of receive antennas, for all frame structures and for any channel bandwidth.
The DTX to ACK probability for multi user PUCCH case denotes the probability that ACK is detected when nothing is sent on the wanted signal and the interfering signals are present.
[bookmark: _Toc415264933]Minimum requirement
The DTX to ACK probability, i.e. the probability that ACK is detected when nothing was sent, shall not exceed 1%, where the performance measure definition is as follows:
,
where:
●	#(false ACK bits) denotes the number of detected ACK bits. 
●	#(ACK/NACK bits) denotes the number of encoded bits per sub-frame
●	#(PUCCH DTX) denotes the number of DTX occasions

The applicability rule of the DTX to ACK performance for regular PUCCH should be also applicable to Cat-M PUCCH. 
Proposal 1: As regular PUCCH, the DTX to ACK requirement of Cat-M PUCCH should be valid for any number of receive antennas, for all frame structures and for any channel bandwidth.
In the existing formula to calculate the DTX to ACK probability, it says “#(ACK/NACK bits) denotes the number of encoded bits per sub-frame.” For regular UEs, each PUCCH is transmitted per sub-frame without repetition. For Cat-M PUCCH, however, a PUCCH may be transmitted repeatedly for multiple sub-frames. Therefore, the definition “per sub-frame” may no longer be proper for Cat-M PUCCH. A better wording, which is applicable to both regular and Cat-M PUCCH requirements, may be “per PUCCH transmission” instead of “sub-frame”. 
Proposal 2: Change the definition of DTX to ACK probability as follows
The DTX to ACK probability, i.e. the probability that ACK is detected when nothing was sent, shall not exceed 1%, where the performance measure definition is as follows:
,
where:
●	#(false ACK bits) denotes the number of detected ACK bits. 
●	#(ACK/NACK bits) denotes the number of encoded bits per PUCCH transmission 
●	#(PUCCH DTX) denotes the number of DTX occasions

ACK missed detection requirements
ACK missed detection requirements are currently defined for single user PUCCH format 1a, multi user PUCCH format 1a, PUCCH format 1b with Channel Selection, and PUCCH format 3. Since Cat-M UEs does not support PUCCH format 1b with Channel Selection and PUCCH format 3 in Rel-13, it is clear that Cat-M PUCCH requirements will not include PUCCH format 1b with Channel Selection and PUCCH format 3.
As for PUCCH format 1a, the current ACK missed detection requirements are defined for both single user PUCCH format 1a and multi user PUCCH format 1a. Obviously, the Cat-M PUCCH performance requirement should include single user PUCCH format 1a. With the repetition of PUCCH transmission, the transmission of a PUCCH takes much more subframes that regular PUCCH. Thus, it is expected that the PUCCHs for multiple users will to be multiplexed within the same PUCCH Region. Therefore, it should be necessary to define PUCCH performance requirement for multi user PUCCH format 1a.
Proposal 3: Cat-M PUCCH ACK missed detection requirements should include both single user PUCCH format 1a and multi user PUCCH format 1a.
CQI performance requirements
Cat-M UEs also support PUCCH format 2 in CEModeA. For regular PUCCH, CQI performance requirements are currently defined for PUCCH format 2 with or without DTX detection. PUCCH CQI performance requirements for PUCCH format 2 is a mandatory requirement. But, PUCCH CQI performance requirements for PUCCH format 2 with DTX detection is optional. Thus, it may be considered in future release.
Proposal 4: Cat-M PUCCH CQI performance requirements should be defined for PUCCH format 2 in CEModeA. 
Proposal 5: Cat-M PUCCH CQI performance requirements for PUCCH format 2 with DTX detection may not need to be defined in Rel-13.
Impact of PUCCH repetitions, frequency hopping and Guard period for PUCCH retuning
As mentioned previously, the main change for Cat-M PUCCH is the PUCCH repetition with frequency hopping and Guard period. Therefore, Cat-M PUCCH performance requirements, including ACK missed detection requirements and CQI performance requirements should be defined with the consideration of the PUCCH repetitions.
Proposal 6: Cat-M PUCCH ACK missed detection requirements and CQI performance requirements should be defined with the consideration of the PUCCH repetitions and frequency hopping intervals.
For CEModeA, the number of PUCCH repetition can be configured in the range of {1,2,4,8} and for CEModeB, the number of PUCCH repetition can be configured in the range of {4,8,16,32}. There are overlaps of the configurable numbers of PUCCH repetitions between CEModeA and CEModeB. Since the PUCCH detection performance should depend on the number of PUCCH repetition regardless whether the UE is configured in CEModeA or in CEModeB, the Cat-M PUCCH ACK missed detection requirements may be defined in terms of the number of PUCCH repetitions without separating the requirements for different CE modes.
Proposal 7: Cat-M PUCCH ACK missed detection requirements for PUCCH format 1a should be defined based on the number of PUCCH repetitions for both CEModeA and CEModeB (Note: We may not need to include all allowed repetition numbers in the performance requirements. Further investigation is needed on the selection of the repetition numbers for each preamble formats).
Proposal 8: Consider the impact of frequency hopping interval on Cat-M PUCCH performance, it is proposed to use frequency hopping interval of 4 for FDD, and 5 for TDD. 

Conclusion  
In this contribution, we discussed the BS PUCCH Performance Requirements for Supporting Cat-M UEs. It was proposed that
Proposal 1: As regular PUCCH, the DTX to ACK requirement of Cat-M PUCCH should be valid for any number of receive antennas, for all frame structures and for any channel bandwidth.
Proposal 2: Change the definition of DTX to ACK probability as follows
The DTX to ACK probability, i.e. the probability that ACK is detected when nothing was sent, shall not exceed 1%, where the performance measure definition is as follows:
,
where:
●	#(false ACK bits) denotes the number of detected ACK bits. 
●	#(ACK/NACK bits) denotes the number of encoded bits per PUCCH transmission 
●	#(PUCCH DTX) denotes the number of DTX occasions
Proposal 3: Cat-M PUCCH ACK missed detection requirements should include both single user PUCCH format 1a and multi user PUCCH format 1a.
Proposal 4: Cat-M PUCCH CQI performance requirements should be defined for PUCCH format 2 in CEModeA. 
Proposal 5: Cat-M PUCCH CQI performance requirements for PUCCH format 2 with DTX detection may not need to be defined in Rel-13.
Proposal 6: Cat-M PUCCH ACK missed detection requirements and CQI performance requirements should be defined with the consideration of the PUCCH repetitions and frequency hopping intervals.
Proposal 7: Cat-M PUCCH ACK missed detection requirements for PUCCH format 1a should be defined based on the number of PUCCH repetitions for both CEModeA and CEModeB (Note: We may not need to include all allowed repetition numbers in the performance requirements. Further investigation is needed on the selection of the repetition numbers for each preamble formats).
Proposal 8: Consider the impact of frequency hopping interval on Cat-M PUCCH performance, it is proposed to use frequency hopping interval of 4 for FDD, and 5 for TDD. 
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