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[bookmark: _Ref506539118]Introduction
At the RAN1#102-e meeting, the following agreements were made for potential techniques for PUCCH coverage enhancement [1]:
[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 the contribution, we discuss potential techniques for PUCCH coverage enhancement. Our views on baseline coverage performance for FR1 and FR2 are described in our companion contributions [2] and [3], respectively. In addition, our views on coverage enhancement for PUSCH and other physical channels are described in our companion contributions [4] and [5], respectively.
DMRS-less PUCCH design
At the RAN1#102-e meeting, it was agreed to prioritize the study for DMRS-less based scheme for PUCCH coverage enhancement [1]. For DMRS-less PUCCH scheme, UCI is transmitted on allocated PUCCH resource without associated DMRS. In this case, unused DMRS symbols can be allocated for UCI transmission, which can help reduce UCI code rate and improve PUCCH link budget. At the receiver, non-coherent detection algorithm needs to be employed to detect the UCI payload. 
As defined in Section 8.3 in TS38.104, when PUCCH format is used to carry ACK/NACK bits, the DTX to ACK probability shall not exceed 1% for all PUCCH formats [6]. General description and minimum requirement for DTX to ACK probability are copied as follows:

	[bookmark: _Toc21127576][bookmark: _Toc29811785][bookmark: _Toc36817337][bookmark: _Toc37260259][bookmark: _Toc37267647][bookmark: _Toc44712249][bookmark: _Toc45893562][bookmark: _Toc53178284][bookmark: _Toc53178735]8.3.1.1	General
The DTX to ACK probability, i.e. the probability that ACK is detected when nothing was sent:
	
where:
-	#(false ACK bits) denotes the number of detected ACK bits.
-	#(ACK/NACK bits) denotes the number of encoded bits per slot
-	#(PUCCH DTX) denotes the number of DTX occasions
[bookmark: _Toc21127577][bookmark: _Toc29811786][bookmark: _Toc36817338][bookmark: _Toc37260260][bookmark: _Toc37267648][bookmark: _Toc44712250][bookmark: _Toc45893563][bookmark: _Toc53178285][bookmark: _Toc53178736]8.3.1.2	Minimum requirement
The DTX to ACK probability shall not exceed 1% for all PUCCH formats carrying ACK/NACK bits:
	



Note that for performance evaluation of PUCCH format 1, DTX to ACK probability of 1%, NACK to ACK probability of 0.1%, and ACK missed detection probability of 1% are used. Based on the discussion above, DTX to ACK probability should be applied for performance evaluation of PUCCH format 3.
Proposal 1
· DTX to ACK probability of 1% should be applied for performance evaluation for PUCCH format 3.

In this section, we compare the performance with the following options and corresponding receiver algorithm, depending on whether DMRS is associated with UCI symbol transmission. 
For DMRS based PUCCH scheme, the following options are evaluated:  
· Rel-15 PUCCH format 3: a DTX threshold to meet 1% false alarm probability is determined based on DMRS and UCI symbols. Further, two receiver algorithms were considered for existing PUCCH format 3. 
· Coherent detection: for this algorithm, MMSE based channel estimation on UCI symbols is first performed. After equalization, LLR is used as input for RM decoder (ML based). 
· Non-coherent detection: the detailed equation for this algorithm is described in the Appendix. 
· Rel-15 PUCCH format 3 with DMRS and removing the 1st column of RM codeword: Note that coded sequences generated from two UCI payloads which differentiate in the first bit would be complement with each other, which would lead to poor cross-correlation properties. For this scheme, maximum number of UCI bits which can be carried by this modified PUCCH format 3 is 10. 
· At the receiver, a DTX threshold to meet 1% false alarm probability is determined based on DMRS and UCI symbols. Further, non-coherent detection algorithm as descried in the Appendix is employed.

For DMRS-less PUCCH design, the following options are evaluated: 
· Option 1: (sequence based) In this case, totally 2N sequences are employed to represent N UCI bits. At receiver, non-coherent detection based algorithm is used to detect one sequence from 2N sequences. For this option, careful study is needed for the sequence design in order to achieve low PAPR, and to accommodate various number of symbols for PUCCH transmission and variable UCI payload size.
· In the simulation, it was assumed Gold sequence, where initialization seed is determined based on UCI information. At the receiver, a DTX threshold to meet 1% false alarm probability is determined based on sequence symbols. Further, non-coherent detection based receiver is employed.
· Option 2: (existing RM code with removing 1st column of codeword): For this scheme, same signal generation as in Rel-15 PUCCH format 3 is reused, but without associated DMRS. The only difference is that the first column of RM codeword is removed. For this scheme, maximum number of UCI bits which can be carried by this modified PUCCH format 3 is 10. 
· At the receiver, a DTX threshold to meet 1% false alarm probability is determined based on sequence symbols. Further, non-coherent detection based receiver is employed.
· Option 3: (existing RM code with enhanced scrambling sequence): As mentioned above, coded sequences generated from two UCI payloads which differentiate in the first bit would be complement with each other, which would lead to poor cross-correlation properties. In order to address this issue, modified scrambling sequence generation which depends on the first bit of UCI payload may be considered for this option. In particular, two scrambling sequences can be introduced which depend on the first bit of UCI payload. 
· At the receiver, a DTX threshold to meet 1% false alarm probability is determined based on sequence symbols. Further, non-coherent detection based receiver is employed.
Figure 1 and Figure 2 illustrate performance comparison between DMRS based and DMRS-less PUCCH schemes when 2 and 4 Rx antennas are employed, respectively. In the simulations, it was assumed 1% false alarm probability, 14 symbols and intra-slot frequency hopping. Note that in the figure, required SNR is shown based on 1% BLER for different schemes when the number of UCI bits is from 3 to 10 or 11. The detailed link level simulation results for BLER vs. SNR with UCI payload size of 3 and 10 bits are illustrated in the Appendix. 
From the figures, it can be observed that:
· For 1% false alarm probability and 1% BLER, existing PUCCH format 3 with non-coherent detection algorithm can achieve similar performance for UCI payload size of 3-7 bits; and is less than 0.3dB worse than DMRS-less scheme when UCI payload size of 8-11 bits.
· Existing PUCCH format 3 with removing 1st column of RM codeword can achieve similar performance for different UCI payload size compared to DMRS-less scheme.
· All three DMRS-less PUCCH schemes, (Gold sequence based, existing RM code with removing 1st column of codeword and existing RM code with enhanced scrambling sequence) can achieve similar performance for different UCI payload sizes. 

[image: ]
[bookmark: _Ref55859159]Figure 1. Performance comparison between DMRS based and DMRS-less PUCCH scheme: 2 Rx antennas
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[bookmark: _Ref55859163]Figure 2. Performance comparison between DMRS based and DMRS-less PUCCH scheme: 4 Rx antennas

Observation 1
· For 1% false alarm probability and 1% BLER, existing PUCCH format 3 with non-coherent detection algorithm can achieve similar performance for UCI payload size of 3-7 bits; and is less than 0.3dB worse than DMRS-less scheme when UCI payload size of 8-11 bits.
· Existing PUCCH format 3 with removing 1st column of RM codeword can achieve similar performance for different UCI payload size compared to DMRS-less scheme.
· All three DMRS-less PUCCH schemes, (Gold sequence based, existing RM code with removing 1st column of codeword and existing RM code with enhanced scrambling sequence) can achieve similar performance for different UCI payload sizes. 
Proposal 2
· DMRS-less PUCCH scheme is not considered for PUCCH coverage enhancement. 
	
Enhanced PUCCH repetition mechanism
When repetition is employed for the transmission of PUCCH, same time domain resource allocation is applied in each slot in Rel-15. If the number of symbols in each slot is limited, the coverage enhancement target for uplink transmission may not be satisfied even when the configured/repetition level is large.
In Rel-16, PUSCH repetition type B was defined, with the motivation of reducing latency and improving reliability of PUSCH transmission by enabling contiguous repetition. Same mechanism may also be applied for the PUCCH repetition to further enhance coverage for PUCCH. As shown in Figure 3, enhanced PUCCH repetition mechanism may be considered by flexible time domain resource allocation, e.g., occupying UL symbols as long as possible, so as to improve the coverage performance for PUCCH.
[image: ]
[bookmark: _Ref46951335]Figure 3. Enhanced PUCCH repetition mechanism
To enable this enhanced PUCCH repetition mechanism, separate starting symbol and length of symbols for each slot during repetition may be configured by higher layers for a PUCCH resource. In addition, the number of repetitions may also be configured for a PUCCH resource, which would maximize flexibility of time domain resource allocation for PUCCH repetition. For PUCCH carrying dynamic HARQ-ACK feedback, gNB may select a PUCCH resource from a PUCCH resource set with appropriate time domain resource allocation to avoid conflicts with semi-static DL symbols as much as possible. In this regard, complicated procedure on segmentation due to handling semi-static DL symbols and across slot boundary as defined for PUSCH repetition type B may be avoided by gNB scheduling to some extent. 
Further, if due to scheduling constraint, a nominal PUCCH repetition still overlaps with a semi-static DL symbol or invalid symbol if defined, the nominal PUCCH repetition may be simply dropped. Note that if a nominal PUCCH repetition is segmented to multiple actual PUCCH repetitions, PUCCH format change may occur, e.g., from a long PUCCH format to a short PUCCH format, which may not be desirable from design and implementation perspective.  
Proposal 3
· Enhanced PUCCH repetition mechanism can be supported for PUCCH coverage enhancement.
· Back-to-back PUCCH repetitions possibly with different duration and starting symbol are studied as part of enhanced PUCCH repetition mechanism.
· FFS whether this mechanism is studied under NR coverage enhancement WI or eURLLC WI. 

DMRS bundling and enhanced inter-slot frequency hopping for PUCCH coverage enhancement
In Rel-15, when inter-slot frequency hopping is enabled, UE transmits the PUCCH in one frequency resource in one slot and switches to another frequency resource in the next available slot. Note that this frequency hopping pattern may need to be further enhanced for PUCCH coverage enhancement. 
For coverage limited scenario, channel estimation is typically a bottleneck in terms of link level performance. This may motivate the implementation of DMRS bundling or cross-slot channel estimation at the receiver to improve the channel estimation performance. To facilitate the cross-slot channel estimation, frequency resource for uplink transmission during the repetitions may remain the same for certain number of slots in order to allow inter-slot interpolation for channel estimation improvement. Figure 4 illustrates one example of enhanced inter-slot frequency hopping pattern for coverage enhancement. In the example, PUCCH transmission occupies the same frequency resource for two slots before it switches to other frequency resource. 
[image: ]
[bookmark: _Ref39613054]Figure 4. Enhanced inter-slot frequency hopping pattern for coverage enhancement
Figure 5 illustrates link level simulation results for PUCCH format 3 with and without cross slot channel estimation for various frequency hopping (FH) patterns. In the simulations, it is assumed 22 bit UCI payload and 8 repetitions for PUCCH transmission with 1) intra-slot FH, 2) inter-slot FH and 3) enhanced inter-slot FH pattern with 4 consecutive slots in a same frequency resource. 
Further, cross-slot channel estimation is employed with a fixed window size of 4 slots, where the estimated channels on the DMRS symbols from a fixed window size of 4 slots are all computed and then jointly interpolated by using a 2D-MMSE filter to obtain the channel estimates on the data REs for 4 slots.
From the figure, it can be observed that 
· For Rel-15 inter-slot frequency hopping, cross-slot channel estimation can provide ~1.2dB performance gain compared to the case without cross-slot channel estimation.
· When employing cross-slot channel estimation, ~1.6dB performance gain can be achieved for enhanced inter-slot frequency hopping pattern, compared to Rel-15 intra-slot and inter-slot frequency hopping pattern.  
· Compared to Rel-15 inter-slot frequency hopping without cross-slot channel estimation, substantial performance gain, i.e., ~2.8dB can be achieved by enhanced inter-slot frequency hopping with cross-slot channel estimation. 

  [image: ]
[bookmark: _Ref47088438]Figure 5. Simulation results for PUCCH format 3 with and without cross slot channel estimation for various frequency hopping patterns
Observation 2
· For Rel-15 inter-slot frequency hopping, cross-slot channel estimation can provide ~1.2dB performance gain compared to the case without cross-slot channel estimation.
· When employing cross-slot channel estimation, ~1.6dB performance gain can be achieved for enhanced inter-slot frequency hopping pattern, compared to Rel-15 intra-slot and inter-slot frequency hopping pattern.  
· Compared to Rel-15 inter-slot frequency hopping without cross-slot channel estimation, substantial performance gain, i.e., ~2.8dB can be achieved by enhanced inter-slot frequency hopping with cross-slot channel estimation. 
Proposal 4
· Inter-slot frequency hopping with inter-slot bundling is supported in conjunction with cross-slot channel estimation for PUCCH coverage enhancement.

Coverage enhancement for short PUCCH format
As the RAN1#102-e meeting, it was agreed to further study potential solutions for coverage enhancement of short PUCCH format, which includes sequence based PF 0 with Pi/2 BPSK, pre-DFT data-RS multiplexing for PF2 with Pi/2 BPSK and short/mini-slot PUCCH repetition [1]. 
Note that short PUCCH formats only span 1 or 2 symbols in a slot, which are mainly targeted for latency reduction and for UEs in a good channel condition. For cell edge UEs, long PUCCH formats are typically configured and employed for proper operation. This is the reason why in Rel-15, repetition is only applied for long PUCCH formats, which can help further improve the coverage for PUCCH transmission. 
Further, during baseline performance evaluation for FR1 and FR2, only long PUCCH format including PUCCH format 1 and 3 are included while short PUCCH format is excluded for study. Note that in order to achieve similar coverage of long PUCCH format with 14 symbols, 7 times number of repetitions or ~8.5dB additional coverage enhancement target is needed for short PUCCH format with 2 symbol duration, which makes the design very challenging. 
Given that long PUCCH formats are already in place in NR, in our view, it is not reasonable to further study solutions for coverage enhancement of short PUCCH formats under NR coverage enhancement WI. 
Proposal 5
· The following schemes for coverage enhancement of short PUCCH formats are not further studied under NR coverage enhancement WI.
· Sequence based PF 0 with Pi/2 BPSK 
· Pre-DFT data-RS multiplexing for PF2 with Pi/2 BPSK 
· Short/mini-slot PUCCH repetition

Higher DMRS density for PUCCH coverage enhancement 
As mentioned above, for coverage limited scenario, channel estimation is typically a bottleneck in terms of link level performance. When increasing the reference signal density, channel estimation performance can be improved substantially at the cost of higher coding rate. This indicates that an appropriate tradeoff can be achieved between the channel estimation gain and coding loss. In Rel-15, flexible DMRS pattern including high DMRS density, e.g., 4 DMRS symbols for long PUCCH format was defined. For instance, for PUCCH format 3 and 4, when additionalDMRS is configured, 4 DMRS symbols can be associated with PUCCH transmission. 
Figure 6 illustrates link level simulation results for PUCCH format 3 with different number of DMRS symbols. In the simulation, it is assumed 22 bit UCI payload and inter-slot frequency hopping. From the figure, it can be observed that for 8 repetitions, 4 DMRS symbols can achieve slightly better link level performance than 5 and 6 DMRS symbols. This indicates that higher DMRS density in time domain may not be needed for PUCCH coverage enhancement. 

[image: ]
[bookmark: _Ref47364373]Figure 6. Simulation results for PUCCH format 3 with different number of DMRS symbols
Observation 3
· For 8 repetitions with inter-slot frequency hopping, 4 DMRS symbols can achieve slightly better link level performance than 5 and 6 DMRS symbols for PUCCH format 3. 
Proposal 6
· Higher DMRS density in time domain is not considered for PUCCH coverage enhancement.

Maximum number of repetitions for PUCCH coverage enhancement 
In NR Rel-15, multi-slot based transmission for PUCCH was supported, which can be used to improve the coverage. Further, the number of slots for PUCCH repetition can be 2, 4 or 8. To further improve the coverage, one straightforward approach is to increase the number of repetitions for PUCCH transmission, especially for PUCCH format 3 and 4. 
Figure 7 illustrates link level simulation results for PUCCH format 3 with different number of repetitions. In the simulations, it is assumed 22 bit UCI payload and intra-slot frequency hopping for PUCCH format 3. In addition, it is assumed 2 DMRS symbols are allocated for each slot. From the figure, it can be observed that link level performance for PUCCH format 3 can be improved by increasing the number of repetitions. Further, ~2dB gain can be observed when doubling the repetition levels for PUCCH format 3. 
[image: ]
[bookmark: _Ref52204035]Figure 7. Simulation results for PUCCH format 3 with repetitions
Observation 4
· ~2dB performance gain can be observed when doubling the repetition levels for PUCCH format 3.
Proposal 7
· Maximum number of repetitions can be increased to further improve the PUCCH coverage.

Conclusions
In this contribution, we discussed potential techniques for PUCCH coverage enhancement. Further, we summarize the observations and proposals as follows:
Observation 1
· For 1% false alarm probability and 1% BLER, existing PUCCH format 3 with non-coherent detection algorithm can achieve similar performance for UCI payload size of 3-7 bits; and is less than 0.3dB worse than DMRS-less scheme when UCI payload size of 8-11 bits.
· Existing PUCCH format 3 with removing 1st column of RM codeword can achieve similar performance for different UCI payload size compared to DMRS-less scheme.
· All three DMRS-less PUCCH schemes, (Gold sequence based, existing RM code with removing 1st column of codeword and existing RM code with enhanced scrambling sequence) can achieve similar performance for different UCI payload sizes. 
Observation 2
· For Rel-15 inter-slot frequency hopping, cross-slot channel estimation can provide ~1.2dB performance gain compared to the case without cross-slot channel estimation.
· When employing cross-slot channel estimation, ~1.6dB performance gain can be achieved for enhanced inter-slot frequency hopping pattern, compared to Rel-15 intra-slot and inter-slot frequency hopping pattern.  
· Compared to Rel-15 inter-slot frequency hopping without cross-slot channel estimation, substantial performance gain, i.e., ~2.8dB can be achieved by enhanced inter-slot frequency hopping with cross-slot channel estimation. 
Observation 3
· For 8 repetitions with inter-slot frequency hopping, 4 DMRS symbols can achieve slightly better link level performance than 5 and 6 DMRS symbols for PUCCH format 3. 
Observation 4
· ~2dB performance gain can be observed when doubling the repetition levels for PUCCH format 3.
Proposal 1
· DTX to ACK probability of 1% should be applied for performance evaluation for PUCCH format 3.
Proposal 2
· DMRS-less PUCCH scheme is not considered for PUCCH coverage enhancement. 
Proposal 3
· Enhanced PUCCH repetition mechanism can be supported for PUCCH coverage enhancement.
· Back-to-back PUCCH repetitions possibly with different duration and starting symbol are studied as part of enhanced PUCCH repetition mechanism.
· FFS whether this mechanism is studied under NR coverage enhancement WI or eURLLC WI. 
Proposal 4
· Inter-slot frequency hopping with inter-slot bundling is supported in conjunction with cross-slot channel estimation for PUCCH coverage enhancement.
Proposal 5
· The following schemes for coverage enhancement of short PUCCH formats are not further studied under NR coverage enhancement WI.
· Sequence based PF 0 with Pi/2 BPSK 
· Pre-DFT data-RS multiplexing for PF2 with Pi/2 BPSK 
· Short/mini-slot PUCCH repetition
Proposal 6
· Higher DMRS density in time domain is not considered for PUCCH coverage enhancement.
Proposal 7
· Maximum number of repetitions can be increased to further improve the PUCCH coverage.
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Appendix
Non-coherent detection algorithm for DMRS based scheme
The following equation describes the non-coherent detection algorithm for existing PUCCH format 3. 

Where
· All descriptions are for frequency domain.
· : correlation metric for hypothesis ‘u’, which is the sequence after RM coding and scrambling for different UCI payload
·  /  /  : # of receive antennas / OFDM symbols within a PUCCH / REs within a PUCCH (1PRB)
· : Received signal for DM-RS portion for hypothesis ‘u’
· : Received signal for UCI portion for hypothesis ‘u’
· : Candidate frequency sequence for DMRS for hypothesis ‘u’
· : Candidate frequency signal for UCI part for hypothesis ‘u’  

Link level simulation results for DMRS based and DMRS-less PUCCH
In this section, we provided detailed link level simulation results for BLER vs. SNR with UCI payload size of 3 and 10 bits, respectively, as shown in Figure 8, Figure 9, Figure 10 and Figure 11. In the simulations, it was assumed 1% false alarm probability and 1% BLER as target. Further, it was assumed intra-slot frequency hopping. 

[image: ]
[bookmark: _Ref55895868]Figure 8. Link level simulation results for DMRS based and DMRS-less schemes: 3 UCI bits and 2 Rx
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[bookmark: _Ref55895870]Figure 9. Link level simulation results for DMRS based and DMRS-less schemes: 3 UCI bits and 4 Rx
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[bookmark: _Ref55895871]Figure 10. Link level simulation results for DMRS based and DMRS-less schemes: 10 UCI bits and 2 Rx
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[bookmark: _Ref55895872]Figure 11. Link level simulation results for DMRS based and DMRS-less schemes: 10 UCI bits and 4 Rx
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