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Introduction
[bookmark: _Hlk22834419]The NR coverage enhancement SI was approved in RAN#86 [1]. The agreements for PUCCH coverage enhancement from RAN1#102-e are listed below.

	[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.



Based on the agreements at RAN1#102-e, this contribution discusses enhancements for PUCCH transmission with repetitions, DMRS bundling cross PUCCH repetitions, and enhancements for PUCCH transmit power.
Enhancements to PUCCH repetitions
Problems with configuration of PUCCH repetitions in Rel-16
PUCCH repetitions in NR were practically directly imported from LTE Rel-8 where PUCCH repetitions are supported only for 1-2 HARQ-ACK information bits (due to multiplexing of many UEs in a same PRB using PUCCH formats 1a/1b) and FDD operation was primarily considered. In NR, as in LTE, a UE is configured by higher layers a number of repetitions, , for a PUCCH transmission over  slots 
· For TDD operation, a PUCCH repetition in a slot is dropped if any symbol is a SS/PBCH block symbol or if the number of consecutive UL or flexible symbols, starting from the first symbol, is not equal to or larger than the number of symbols for the PUCCH repetition. 

NR differs from LTE Rel-8 in:
a) Most bands are TDD and it is likely that a coverage limited UE will need to report HARQ-ACK information for multiple TBs in a same PUCCH – SR and CSI are also likely to be included due to the scarcity of UL resources
b) Coverage limitation can occur due to fewer available symbols/slot or due to higher SCS
a. PUCCH transmission over 4 symbols instead of 14 symbols incurs a coverage loss of ~5.4 dB
b. PUCCH transmission with 30 kHz SCS instead of 15 kHz SCS incurs a coverage loss of 3 dB
c) UCI payloads can be variable 
d) The maximum number of repetitions (8) was also imported from LTE Rel-8 (15 kHz SCS, 14 UL symbols) and is under-dimensioned for NR operation (e.g. 30 kHz SCS, 4 UL symbols, or for UCI payloads above 2 bits) 
a. Unless the Rel-15 NR setup is exactly as LTE (15 kHz SCS, 14 UL symbols, 1 HARQ-ACK information bit), Rel-15 NR will have worse PUCCH coverage than LTE without even considering the higher carrier frequencies of NR operation that result to larger pathloss

When there is no power limitation, NR addresses all of the above aspects of NR through the  component in the power control formulas. For example, for PUCCH format 1,  adjusts both for the number of symbols and for the UCI bits (1 or 2). For PUCCH format 3 or 4 and UCI payload smaller than 12 bits,  adapts to the variable number of PUCCH symbols and the variable UCI payload. A similar adjustment exists for UCI payload larger than or equal to 12 bits. 

Similar adjustments for variable number of symbols and UCI payloads need to be made for a PUCCH transmission with repetitions but, as a transmission power cannot increase, the corresponding increase needs to be translated to repetitions. An alternative to hard-coding in the specifications an adjustment to a number of repetitions according to UCI payload and number of symbols per repetition, is to instead or additionally indicate the number of repetitions for a PUCCH transmission by the DCI format triggering the PUCCH transmission in case HARQ-ACK information is included. For higher layer configured PUCCH transmissions, as the payload and the number of symbols per repetition are also determined by the higher layer configuration, and the number of repetitions can be part of the configuration as in Rel-16 but the range needs to increase beyond a maximum of 8 repetitions (a maximum value will also depend on the maximum UCI payload to be supported for PUCCH repetitions and the SCS).  

Proposal 1: Support adjustments for a number of repetitions for a PUCCH transmission as a function of the UCI payload, the SCS, and the number of symbols for repetitions based on corresponding NR Rel-15 power adjustments and/or by DCI format indication.

PUCCH transmission with flexible repetitions
In Rel-16, when there are not enough available symbols in a slot for a repetition of a PUCCH transmission, or a repetition cannot start from a configured or indicated first symbol, or a repetition cannot occur in consecutive symbols of a slot, a UE does not transmit the PUCCH repetition in that slot. In such scenarios, the completion of the PUCCH transmission with repetitions requires a longer time. That can be problematic as it can more frequently lead to HARQ process stalling. Also, the efficiency of UL resource allocation can be affected because some symbols that are available for UL transmission in a slot may not be used for a repetition of the PUCCH transmission due to the aforementioned reasons. It is also possible that there are enough available symbols for more than one repetition of a PUCCH transmission in a slot but the UE is restricted to transmit only one repetition of a PUCCH transmission per slot.

For example, assume that DDDSU configuration in TDD includes the 4 symbols in the special (flexible) slot and 14 symbols in the UL slot. If a PUCCH transmission is configured with 14 symbols and 4 repetitions then, according to Rel-16, PUCCH is transmitted only when an UL slot has 14 symbols as shown in Figure 1. If a PUCCH transmission is configured with 4 symbols and 4 repetitions, the PUCCH is transmitted with 2 repetitions on 4 symbols in a special (flexible) slot and in an UL slot as shown in Figure 1 but that is actually worse than transmitting a single repetition over 14 symbols. In both cases, all UL resources are not used for PUCCH repetitions in Rel-16 NR. To address a similar issue about inefficient resource allocation for PUSCH repetitions, PUSCH repetition type B was introduced in Rel-16 NR. An enhancement for PUCCH repetitions starting from the Rel-16 PUSCH repetitions Type B is more efficient and should be studied in the coverage enhancement SI. 

Proposal 2: Support enhancements for PUCCH repetitions similar to PUSCH repetition Type-B mechanisms.
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Figure 1. Restriction of long PUCCH repetition for Rel-16 NR

In order to reduce the latency of a PUCCH transmission with repetitions, ensure a target reception reliability for UCI provided by the PUCCH transmission, and improve an UL resource utilization, it can be beneficial for a PUCCH transmission with repetitions to support more than one repetition within a slot, for example when separated by DL or reserved symbols, with each repetition being over a same number of symbols or, for UCI encoding using repetition coding or Reed-Mueller coding such as when a UCI payload is less than 12 bits, over different numbers of symbols as combining of corresponding receptions is then meaningful. It is noted that a coverage limited UE does not typically need to provide large (>11 bits) UCI payloads even for TDD systems and optimizing for up to 11 bits is reasonable. 

A PUCCH transmission that can be repeated more than once in a slot, or with variable number of symbols in a same slot or in different slots, is referred to as a PUCCH transmission with Type-B repetitions. For example for a UE configured with a number of repetitions,  , for a PUCCH transmission, if each repetition of the PUCCH transmission is over  symbols and most of the symbols in a slot can be used for UL transmission, repeating the PUCCH transmission over the indicated  slots increases unnecessarily a latency of the transmission while reducing resource utilization because a value of  that is larger than 4 would be more appropriate. Conversely, if each repetition of the PUCCH transmission is over  symbols, it is likely that several repetitions of the PUCCH transmission would have to be dropped or postponed as only a small percentage of slots may have 12 or more consecutive UL or flexible symbols and having a same starting symbol in each slot be UL or flexible. Configuring a small number of symbols per repetition and allowing PUCCH repetitions within a slot would improve resource utilization and reduce latency. Further, allowing repetitions of a PUCCH transmission over different numbers of symbols would also improve resource utilization and reduce latency. A UE can be configured whether or not to use different numbers of symbols for different repetitions (e.g. whether to use PUCCH repetitions “Type-A” or “Type-B”).

Observation 1: Allowing PUCCH repetitions within a slot, or a different number of symbols per PUCCH repetition, can improve resource utilization and reduce latency.

Following the terminology of Rel-16 PUSCH repetitions Type-B, repetitions of a PUCCH transmission that use a same number of symbols in a slot will be referred to as nominal repetitions, and repetitions of a PUCCH transmission that can use different number of symbols, depending on a number of available consecutive symbols for a repetition in a slot, will be referred to as actual repetitions. Multiple repetitions (typically two if repetitions remain supportable only for PUCCH formats 1, 3, and 4, possibly more than two if repetitions are also supported using PUCCH formats 0 and 2) of a PUCCH transmission in a slot can be supported with both nominal and actual repetitions of a PUCCH transmission.

[bookmark: _Hlk46391904]An example of nominal and actual repetitions is illustrated in Figure 2. A UE can be scheduled to transmit a PUCCH with   nominal repetitions over 4 corresponding slots with a starting symbol in location  in a slot and over a number of  symbols. If symbols 8, 9, and 10 of the four slots are indicated as DL by the DCI format, and symbol 3 and symbol 11 are additionally avoided to allow for DL-to-UL switching time of 1 symbol, assuming symbols 1 and 2 are also DL symbols, the nominal repetitions of the PUCCH transmission can be in symbols 4 through 7, once per slot. The actual repetitions of the PUCCH transmission can be in symbols 4 through 7 and 12 through 14 of the 1st slot and symbol 4 of the 2nd slot. Then the PUCCH transmission of the 2nd repetition starts in symbol 5 of the 2nd slot and is in symbols 5,6,7,12. Then the PUCCH transmission of a total of  symbols can be completed in 3 slots. Therefore, based on an indication of  nominal repetitions with starting symbol  and length , a UE can determine a total number of symbols  and perform actual repetitions that can be over different numbers of consecutive symbols until the PUCCH transmission is over  symbols. In this example, the additional flexibility of using multiple repetitions of a PUCCH transmission in a slot and of transmitting a repetition over available symbols for PUCCH transmission in more than one slot, allows a reduced latency of the PUCCH transmission with repetitions and a better resource utilization while guaranteeing the required PUCCH reliability.
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Figure 2. Example of PUCCH transmission with repetitions

Based on the discussion above, we have the following proposal.

Proposal 3:  Support transmission of multiple PUCCH repetitions in a slot, use of actual repetitions and of repetitions with different numbers of symbols for UCI payloads less than 12 symbols. 

As discussed in [5] for PUSCH repetitions, to enable full scheduling flexibility, the gNB can inform the UE which symbols are downlink, uplink or flexible symbols by providing an SFI in DCI format 2_0. The use of the SFI is beneficial to allow a dynamic adaptation of the UL/DL resources in coverage limited scenarios. As coverage is UL-limited, SFI can remain highly reliable (a gNB utilizing SFI can ensure that the SFI BLER is at least an order of magnitude smaller than the PUSCH/PUCCH BLER). As observed from the evaluation for both FR1 [3] and FR2 [4], the UL is the coverage limited link, hence for such operating conditions, a gNB should use the SFI for dynamically configuring resources.

Observation 2: The use of the SFI allows a dynamic adaptation of the UL/DL resources in coverage limited scenarios, and is appropriate for such scenarios considering that SFI is reliable.
Proposal 4: A UE considers the slot format indicated by dynamic SFI for adjusting repetitions of a PUCCH transmission to include only UL symbols. 

While enabling full scheduling flexibility to a gNB by the use of SFI, to ensure a desired reception reliability of a PUCCH transmission without additional resource overhead, the gNB can configure whether the UE transmits PUCCH repetitions over a certain number of slots or whether the UE can use the required number of slots so that the number of symbols for the indicated nominal repetitions is achieved. The former option (indicated number of slots regardless of dropped repetitions) enables simpler resource management for the gNB but can result to varying PUCCH reception reliability or to resource overhead. The tradeoffs are reversed for the latter option. It is beneficial and preferable to enable a network to select the operating mode instead of hardcoding it in the specifications.

Observation 3: Especially when SFI is used, the number of PUCCH repetitions that a UE can transmit over a given number of slots can be variable, resulting to unpredictable reception reliability or to constraints at the gNB for slot format adaptations.
Observation 4: It is beneficial to enable a gNB to configure whether the UE transmits an actual number of repetitions over a certain number of slots regardless of dropped repetitions or the UE uses a number of slots that achieves the number of symbols for the indicated nominal repetitions in order to ensure a target PUCCH reception reliability.
Proposal 5: A gNB can configure whether a UE transmits PUCCH repetitions over an indicated number of slots or over a number of slots until a number of symbols for the indicated nominal repetitions is achieved.

When the gNB configures the UE to transmit an actual number of repetitions to be only in the number of slots configured/indicated to the UE for the PUCCH transmission, a UE may or may not be able to transmit PUCCH in all symbols for the indicated number of repetitions (e.g. due to a later detected SFI indicating DL/reserved for some symbols). When PUCCH cannot be transmitted due to a SFI ‘cancelation’, a UE can drop or postpone transmission of the PUCCH repetition. Dropping the repetition has the advantage of no additional latency or additional resources, however the PUCCH reliability can be affected. Considering that the number of repetitions is chosen in order to have a certain coverage, if not all repetitions are transmitted, coverage can be impacted. Alternatively, to account for possible dropped repetitions, a network can over-dimension the number of repetitions but that would result either to resource overhead (fewer dropped repetitions than average) or again to reduced reception reliability (more dropped repetitions than average). Postponing the transmission of repetitions has the advantage that PUSCH is received with the required reliability because all repetitions are transmitted, however resource management becomes more complex for the network. It needs also to be considered that postponing repetitions will have an impact on the scheduling and may lead to HARQ stalling. As there are trade-offs with both options, it is beneficial to enable the gNB to configure either option based on UE service requirements, such as for data rates, or on overall network deployment considerations. Similar considerations apply for cancelled PUCCH repetitions due to other purposes (e.g. due to collision with a PUCCH transmission of higher priority)

Observation 5: When a UE needs to cancel a repetition, there are advantages and disadvantages with both dropping and postponing the repetition, hence it is beneficial to enable a network to determine the UE behavior.

Specification impact
For the introduction of enhancements to PUCCH repetitions (variable number of symbols and UCI payloads), the indication of the number of repetitions for a PUCCH transmission can be added in the DCI format triggering the PUCCH transmission in case HARQ-ACK information is included. The range of the number of repetitions in the Rel-16 configuration has to be increased beyond a maximum of 8 repetitions in higher layer specifications. Different sets of numbers can be configured for different SCS or the DCI format can indicate different values from a configured set of number of repetitions based on the SCS of the active UL BWP.
Text similar to the description of PUSCH Type-B repetitions needs to be added to allow multiple repetitions/different number of symbols per slot. 
No impact on specifications for the use of SFI. 
The RAN2 impact to enable a gNB to configure whether the UE transmits repetitions over a certain number of slots or uses a number of slots to transmit all indicated repetitions is minimal. In RAN1 specifications, it needs to be added a description. 

DMRS bundling across PUCCH repetitions
As observed for PUSCH repetitions [5], there is a performance gain from cross-slot channel estimation. A similar gain is expected from DMRS bundling across PUCCH repetitions. 
Similar with the case of PUSCH, it is required to preserve phase continuity over multiple PUCCH repetitions to be bundled. Correspondingly, RAN4 performance requirements would be needed. UL power control aspect may need to take into account the DMRS bundling functionality. A gNB can manage DMRS bundling by appropriate scheduling decision. In this regard, RAN1 spec impact would be marginal. 

Observation 6: Similar to DMRS bundling across PUSCH repetitions, a performance gain for DMRS bundling across PUCCH repetitions is expected.

PUCCH transmit power
LTE supports different open loop power control parameter settings through the use of . The reason for the introduction of  in LTE Rel-8 was to enable different transmission power for different UCI types (transmission power adjustments according to UCI payload are separately made) and allow the eNB to target different corresponding BLERs. NR also uses  but unlike LTE where each PUCCH format is associated with a different UCI type (e.g. PUCCH format 1 with SR, PUCCH format 1a/1b with HARQ-ACK, and PUCCH format 2 with CSI) that is not the case in NR. For the same reason (enable different BLERs for different UCI types), Rel-15 NR (and LTE) supports separate configuration of  values for HARQ-ACK and CSI multiplexing in a PUSCH (and even differentiates for CSI part 1 and CSI part 2). Therefore, unlike LTE and unlike NR for UCI multiplexing in a PUSCH, it is not generally possible for a network in NR to separately control the BLER targets for UCI types when multiplexing is in a PUCCH.
 
Proposal 6: Introduce an offset value to  for SR and CSI report. 

NR does not currently support PHR for PUCCH. This is also the case in LTE. There are several sources that make it impossible to derive a PUCCH PH from a PUSCH PHR. One source is the CLPC that is different for PUSCH and PUCCH – this is also the case in LTE. An underlying assumption is that the differences are small between what the gNB assumes for the CLPC states of the PUSCH and the PUCCH and what the CLPC states actually are at the UE – that assumption frequently does not hold. Another source is the pathloss for which, unlike LTE, a UE can be configured different RS for PL measurements for PUSCH and PUCCH. Even if the pathloss compensation factor for the PUSCH is equal to one (as for the PUCCH), the conditions for triggering a PHR are not guaranteed to be same for a PUSCH transmission and for a PUCCH transmission. The spatial filters used for PUSCH and PUCCH transmissions can also be different. In NR, a UE can often experience conditions (e.g. pathloss change, or power limitations) that are different for the PUCCH and the PUSCH and would require triggering PHR for the PUCCH but not for the PUSCH and the UE cannot currently provide such PHR to the gNB. It is noted that a PUCCH PHR is a parallelization of the PUSCH PHR – it does not relate to supporting simultaneous PUCCH and PUSCH transmissions on the primary cell (as for Type 2 PHR in LTE).

Proposal 7: Introduce PHR for PUCCH. 

Specification impact
For the introduction of an offset value to  for SR and CSI report, the impact is on RRC specifications to introduce corresponding RRC parameters. RAN1 specifications are practically unchanged and the only impact is to add the offset to the values of deltaF-PUCCH-f0, …, deltaF-PUCCH-f4.  

For the introduction of a PHR for PUCCH, the specification impact is also minimal. The text would essentially be a duplication of the current one for PUSCH PHR (exchanging PUSCH parameters with PUCCH parameters). The impact on MAC specifications is also expected to be minimal - there is already a placeholder and the LTE mechanism for Type2-PHR can be re-used (although Type-2 PHR in RAN1 would not be for simultaneous PUCCH and PUSCH transmissions on the PCell).
Conclusion
This contribution discusses the potential solutions and techniques for coverage enhancement. The proposals made in this contribution are summarized below.

Enhancements to PUCCH repetitions
Proposal 1: Support adjustments for a number of repetitions for a PUCCH transmission as a function of the UCI payload, the SCS, and the number of symbols for repetitions based on corresponding NR Rel-15 power adjustments and/or by DCI format indication.
Proposal 2: Support enhancements for PUCCH repetitions similar to PUSCH repetition Type-B mechanisms.
Observation 1: Allowing PUCCH repetitions within a slot or a different number of symbols per PUCCH repetition can improve resource utilization and reduce latency.
Proposal 3:  Support transmission of multiple PUCCH repetitions in a slot, use of actual repetitions and of repetitions with different numbers of symbols for UCI payloads less than 12 symbols. 

Observation 2: The use of the SFI allows a dynamic adaptation of the UL/DL resources in coverage limited scenarios, and is appropriate for such scenarios considering that SFI is reliable.
Proposal 4: A UE considers the slot format indicated by dynamic SFI for adjusting repetitions of a PUCCH transmission to include only UL symbols. 

Observation 3: Especially when SFI is used, the number of PUCCH repetitions that a UE can transmit over a given number of slots can be variable, resulting to unpredictable reception reliability or to constraints at the gNB for slot format adaptations.
Observation 4: It is beneficial to enable a gNB to configure whether the UE transmits an actual number of repetitions over a certain number of slots regardless of dropped repetitions or the UE uses a number of slots that achieves the number of symbols for the indicated nominal repetitions in order to ensure a target PUCCH reception reliability.
Proposal 5: A gNB can configure whether a UE transmits PUCCH repetitions over an indicated number of slots or over a number of slots until a number of symbols for the indicated nominal repetitions is achieved.

Observation 5: When a UE needs to cancel a repetition, there are advantages and disadvantages with both dropping and postponing the repetition, hence it is beneficial to enable a network to determine the UE behavior.

DMRS bundling across PUCCH repetitions
Observation 6: Similar to DMRS bundling across PUSCH repetitions, a performance gain for DMRS bundling across PUCCH repetitions is expected.

PUCCH transmit power  
Proposal 6: Introduce an offset value to  for SR and CSI report. 
Proposal 7: Introduce PHR for PUCCH. 
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