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According to the revised SID on NR coverage enhancements [1], one objective is to identify the performance target for coverage enhancement for specific scenarios for both FR1 and FR2 and study the potential solutions for both DL and UL.
In the RAN1#102-e meeting, the potential enhancements for PUCCH were discussed and the following agreements were reached [2]. 
	[bookmark: _Hlk49248398]Agreements:
Contingent on all of the outcome of sub-agenda 8.8.1 regarding PUCCH enhancements, prioritize the study of the following schemes for PUCCH coverage enhancement,
· DMRS-less PUCCH
· FFS: design detail for DMRS-less PUCCH, e.g., sequence based PUCCH transmission, v.s. reuse Rel-15 scheme to transmit UCI without DMRS 
· Rel-16 PUSCH-repetition-Type-B like PUCCH repetition at least for UCI <=11 bits. 
· (Explicit or implicit) Dynamic PUCCH repetition factor indication
· DMRS bundling cross PUCCH repetitions
· Including study of transmitting a subset of PUCCH repetitions without DMRS, at least for UCI<=11 bits
Note 1: other schemes are not excluded. 
Note 2: the study on DMRS bundling for PUCCH repetition can be a joint study with DMRS bundling for PUSCH repetition studied under 8.8.2.1.
Note 3: Companies are invited to report details of the receivers used in the evaluation. Advanced receiver can be included (not mandatory) in performance evaluations. Performance and receiver complexity are discussed respect to a baseline Rel-15/16 PUCCH scheme. 
Note 4: proposed PUCCH repetitions scheme shall account for the resources used by PUSCH to meet the throughput target and should be compared against Rel-15/16 PUCCH repetition framework. 
[Note 5: enhancement on one or more PUCCH formats/UCI types may or may not be needed, depends on the outcome of sub-agenda 8.8.1]

Agreements:
 Deprioritize the study of the following schemes for PUCCH coverage enhancement
· UE Antenna configuration enhancement for FR2
· Relay (including sidelink relay)
· Reflective arrays
Agreements: Contingent on all of the outcome of sub-agenda 8.8.1 regarding PUCCH enhancements, the following schemes for PUCCH coverage enhancement can be further studied
· Sequence based PF 0/1 with Pi/2 BPSK
· Pre-DFT data-RS multiplexing for PF2 with Pi/2 BPSK
· UCI size reduction 
· Freq hopping enhancement for PUCCH
· Short/mini-slot PUCCH repetition
· Power control enhancement for PUCCH (including power boost for pi/2 BPSK)
· Increase maximum # allowed repetitions for PUCCH
· PUCCH Transmit diversity scheme
· Symbol-level repetition for long PUCCH
· Split UCI payload on short and long PUCCH on adjacent S and U slots
· Potential higher DMRS density for PUCCH with repetitions
Conclusion: 
For the performance evaluation of PUCCH coverage enhancement schemes under 8.8.2.2, use PUCCH simulation assumptions agreed under 8.4.1 in RAN1#101e as a baseline. Companies are encouraged to report additional simulation parameters/assumptions particular to their proposed schemes together with the simulations results in RAN1 #103e. 



In this contribution, we further discuss the potential techniques for coverage enhancements for PUCCH. Note that, this is a revision of R1-2007744. 
Sequence based design for PUCCH with more than 2 bits
In current NR specification, DMRS less design is adopted for PUCCH format 0 to support up to 2bits. That is, different information bits are carried by different sequences transmitted on the PUCCH. This is also referred as “Sequence based PUCCH”. For more than 2 bits, channel coding based design is adopted for PUCCH format 2/3/4. That is, RM coding is used for 3~11 bits, and polar coding is applied for more than 11 bits. 
To evaluate the possible extension of sequence based design to more than 2 bits, we simulate the case with PUCCH format 3 carrying 11 bits UCI in Figure 1 and Figure 2, where DTX detection is not considered in Figure 1 and DTX detection based on 4 DMRS symbols is used in Figure 2. The simulation assumptions are listed in Table A-1 in the Annex. 
As shown in Figure 1, sequenced based PUCCH could provide about 2~3 dB gain over legacy PUCCH format 3 at BLER@10^-2 with 11 bits payload size. While about 3.8 dB gain can be achieved by sequence based PUCCH in case 1% DTX to ACK error rate is applied. 
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Figure 1. Performance comparison of sequence based PUCCH and PUCCH format 3 based on 1% BLER without DTX detection.
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Figure 2. Performance comparison of sequence based PUCCH and PUCCH format 3 based on {1% DTX to ACK error rate, 1% ACK miss detection, and 0.1% NACK to ACK}
The performance gain of sequence based PUCCH may come from several factors, such as all energy/resources are spent for useful information transmission, and non-coherent detection is applied to avoid poor channel estimation at low SNR. If DTX detection is considered, only DMRS symbols can be used for DTX detection for legacy PUCCH format 3 if gNB doesn’t implement very complicate DTX detection. 
Observation 1: For UCI of 11 bits, sequence based PUCCH can provide about 2~3 dB gain over legacy PUCCH format 3 in case DTX detection is not considered.
Observation 2: For UCI of 11 bits, sequence based PUCCH can provide about 3.8 dB gain over legacy PUCCH format 3 in case 1% DTX to ACK error rate is applied.
Considering the clear performance gain, we suggest that sequences based design should be considered for PUCCH coverage enhancement, especially for small to medium UCI payload, i.e., 3~11bits.  
Proposal 1: Sequence based PUCCH should be supported for coverage enhancement for small to medium UCI payload.
In the following, we give some preliminary considerations on the design aspects for sequence based PUCCH. First of all, for sequence based design with larger UCI payload, we should determine how many resources that sequences can be mapped to. In current NR, the time-frequency resources that can be used for PUCCH format 3 vary from 4 symbols to 14 symbols in time domain, and 1 RB to 16 RBs in frequency domain. If the sequence based PUCCH also has such configurable resources (up to 11*16 combinations) for sequences to map to, it would be a great challenge since we need to design sequences with different length for each time-frequency combination. Therefore, we should determine the total resources for sequence mapping first, then study the potential methods for sequence design. Considering it is for coverage enhancement, the time domain symbols within a slot should be used as many as possible. And due to the limit UE transmit power, the transmit power per RE reduces as the number of transmitted RB increases. Therefore, we take 1RB with 14 symbols as a baseline for the sequence based PUCCH design. That is, there are 168 REs available for sequence mapping.
Secondly, we should consider what type of sequence should be used. There are at least two types of sequence can be considered.
· Option 1: long sequence based
· Option 2: short sequence based
For Option 1, a long sequence with length 168 shall be mapped to all PUCCH resource elements in both time and frequency domain, which is somewhat similar to the NB-SSS. In such design, low PAPR/CM property cannot be guaranteed when DFT-S-OFDM is used even if the long sequence has low PAPR/CM. Therefore, it may not be suitable for the coverage enhancement scenario. So we think the sequence design based on long sequence should not be considered.
For Option 2, a short sequence with length-12 is mapped to each symbol. This method enable low PAPR when the short sequence with length-12 is based on low PAPR/CM design. The low PAPR sequence adopted in current NR can be a starting point.
Proposal 2: Short sequence with length equal to the number of RE in one OFDM symbol is the starting point for sequence based PUCCH design.
Dynamic PUCCH repetition
In Rel-16, PUSCH repetition number can be dynamically indicated. However, the repetition number for PUCCH is RRC configured based on large scale characteristic of propagation condition. Such a semi-static configuration cannot be adaptive to the instantaneous radio channel condition. To ensure the reliability of PUCCH, a conservative repetition factor will be set up. This wastes radio resources which otherwise can be used for accommodating more coverage limited UE. In this regard, dynamic indication of PUCCH repetition can be considered.
To investigate the necessity of dynamic PUCCH repetition, we first evaluate the required SNR for different repetitions. Figure 3 shows the performance of different UCI payload with different repetition for urban scenario. And Table 1 lists the required SNR for different cases. The simulation assumptions are listed in Table A2 in the Annex. 
[image: ]
Figure 3. Performance of PUCCH format 3 with different repetition factors.
Table 1. Required SNR (dB) to satisfy BLER <=0.01
	Repetition number
	Urban_TDL-C_3km/h_4Rx

	
	3bits
	11bits
	22bits

	RP=2
	-13.48
	-10.82
	-8.76

	RP=4
	-15.46
	-12.8
	-10.71

	RP=8
	-17.6
	-14.52
	-12.65



Based on Table 1, a simulation is conducted at an SNR of -12.8dB, which is the required SNR for the case with 11bits UCI and RP=4. The simulation is to get the distribution of instantaneous received SNR at certain RBs (which are assumed to be configured for PUCCH transmission) and to see the percentage of instantaneous received SNR higher than the required SNR for RP=4. Without loss of generality, the RBs configured for PUCCH transmission is randomly selected within the whole bandwidth. Figure 4 gives the distribution of the instantaneous SNR over interested RBs. From Figure-4, we find that at least 90% of the instantaneous SNR on the RBs assumed to be configured for PUCCH transmission exceed the required SNR and more than 70% cases can be indicated to 2 repetitions instead. Therefore, dynamic repetition should be considered if the instantaneous SNR can be obtained by gNB.
[image: ]
Figure 4. Distribution of instantaneous SNR on each RB
Proposal 3: Dynamic PUCCH repetition is supported for NR coverage enhancement.
DMRS bundling for PUCCH
In the RAN1#102-e meeting, DMRS bundling for PUCCH is prioritized for study since it can achieve potential better channel estimation. However, the frequency hopping gain would be lost if joint channel estimation cross slot is applied. It is questionable whether the gain brought by the improved channel estimation can overwhelm the loss of frequency hopping gain. 
To investigate the potential gain form DMRS bundling, we evaluate three DMRS hopping patterns for PUCCH format 3 with 2 and 4 repetitions, which are shown in Figure 5. The simulation results are provided in Figure 6 and Figure 7 for 2 and 4 repetitions respectively.

[image: ]
(a) Intra-slot frequency hopping for 2 or 4 PUCCH repetitions 
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(b) Inter-slot frequency hopping for 2 or 4 PUCCH repetitions 
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(c) DMRS bundling for 2 or 4 PUCCH repetitions  
Figure 5. Three DMRS patterns for PUCCH evaluation
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Figure 6. Simulation results for different DMRS patterns with 2 repetitions.
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Figure 7. Simulation results for different DMRS patterns with 4 repetitions.
According to the results of PUCCH with two repetitions in Figure 5, we can find that the performance of DMRS bundling is worse than that of inter-slot frequency hopping due to the loss the frequency hopping gain. However, as can be seen from Figure 6, if the number of repetitions (i.e., 4 repetitions) is large enough to support both DMRS bundling and frequency hopping, it can achieve the best performance. About 1 dB performance gain is observed compared to the legacy inter-slot frequency hopping. 
Observation 3: For PUCCH with two repetitions, the performance of DMRS bundling is worse than that of inter-slot frequency hopping due to the loss the frequency hopping gain.
Observation 4: For PUCCH with four repetitions, support of both frequency hopping and DMRS bundling can provide 1 dB gain compared with inter-slot frequency hopping only.
Therefore, enhanced frequency hopping schemes to enable cross-slot channel estimation among repetitions per bundle should be supported.
Proposal 4: Enhanced frequency hopping schemes to enable cross-slot channel estimation among repetitions per repetition bundle is supported for NR coverage enhancement.
Conclusion
According to the analysis given above, we have the following observations and proposals:
Observation 1: For UCI of 11 bits, sequence based PUCCH can provide about 2~3 dB gain over legacy PUCCH format 3 in case DTX detection is not considered.
Observation 2: For UCI of 11 bits, sequence based PUCCH can provide about 3.8 dB gain over legacy PUCCH format 3 in case 1% DTX to ACK error rate is applied.
Observation 3: For PUCCH with two repetitions, the performance of DMRS bundling is worse than that of inter-slot frequency hopping due to the loss the frequency hopping gain.
Observation 4: For PUCCH with four repetitions, support of both frequency hopping and DMRS bundling can provide 1 dB gain compared with inter-slot frequency hopping only.
Proposal 1: Sequence based PUCCH should be supported for coverage enhancement for small to medium UCI payload.
Proposal 2: Short sequence with length equal to the number of RE in one OFDM symbol is the starting point for sequence based PUCCH design.
Proposal 3: Dynamic PUCCH repetition is supported for NR coverage enhancement.
Proposal 4: Enhanced frequency hopping schemes to enable cross-slot channel estimation among repetitions per repetition bundle is supported for NR coverage enhancement.
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Appendix
Table A-1 Simulation assumption for PUCCH format 3 vs sequence-based design
	Parameters
	Value 

	Carrier frequency
	4 GHz

	Channel
	TDL-C , DS = 300ns

	UE speed
	3 km/h

	Antenna configuration
	1Tx, 4Rx

	Number of symbols
	14

	Number of RBs
	1

	Number of repetition
	1/2/4/8

	DMRS configuration
	4 DMRS symbols

	Payload
	11 bits

	Coding
	RM for legacy PUCCH format 3, or 
Sequence based PUCCH with 2^11 sequences.

	Metric
	1% BLER or
1% DTX to ACK error rate, 1% ACK miss detection, and 0.1% NACK to ACK

	Receiver 
	Receiver for Rel-15/16 PUCCH: DTX detection based on DMRS symbols, ML coherent receiver
Receiver for sequence based PUCCH: ML noncoherent sequence detector




Table A-2 Simulation assumption for dynamic PUCCH repetition
	Parameters
	Value 

	Carrier frequency
	4 GHz

	Channel
	TDL-C , DS = 300ns

	UE speed
	3 km/h

	Antenna configuration
	1Tx, 4Rx

	Number of symbols
	14

	Number of RBs
	1

	Number of repetition
	2/4/8

	DMRS location
	The 3rd ,10th symbol

	Payload
	3/11/22 bits

	Metric
	1% BLER

	Receiver 
	Receiver for Rel-15/16 PUCCH: ML coherent receiver




Table A-2 Simulation assumption for DMRS bundling for PUCCH
	Parameters
	Value 

	Carrier frequency
	4 GHz

	Channel
	TDL-C , DS = 300ns

	UE speed
	3 km/h

	Antenna configuration
	1Tx, 4Rx

	Number of symbols
	14

	Number of RBs
	1

	Number of repetition
	4/8

	DMRS location
	The 3rd ,10th symbol

	Payload
	22 bits

	Metric
	1% BLER

	Receiver 
	Receiver for Rel-15/16 PUCCH: ML coherent receiver, w/o cross-slot channel estimation
Receiver for PUCCH enhancement scheme: ML coherent receiver, w/ cross-slot channel estimation
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