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Introduction
In this contribution, we discuss the two enhancements for PUCCH operation from the following objectives in the WID [1] for the Rel-17 coverage enhancement work item:
· Specification of PUCCH enhancements [RAN1, RAN4]
· Specify signaling mechanism to support dynamic PUCCH repetition factor indication [RAN1]
· Specify mechanism to support DMRS bundling across PUCCH repetitions [RAN1, RAN4].

For the dynamic PUCCH repetition objective, we consider how to overcome limitations of the existing PUCCH repetition framework, identifying a mechanism that can be applied to all PUCCH formats.  For the PUCCH DMRS bundling objective, we consider potential constraints on when DMRS bundling can be used, and how these may impact likely use cases and lead to different gNB and UE implementations.
Discussion
Dynamic PUCCH repetition
The coverage enhancement work item objective to support dynamic indication of PUCCH repetition factors can be motivated by limitations in Release 16 PUCCH operation. In NR Rel-17 even if PUCCH repetition for sub-slot is supported, there are still several restrictions in the existing PUCCH repetition framework which can prevent it to be used efficiently. First, PUCCH repetition is only enabled by semi-static configuration. Secondly, the configuration is tied to a specific PUCCH format and once configured, it is applied to all PUCCH resources associated with that PUCCH format. Moreover, it is only applicable to the “long” PUCCH formats, i.e., formats 1, 3, and 4. Figure 1 shows snapshots illustrating these restrictions in the existing PUCCH repetition configuration.
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[bookmark: _Ref61439169][bookmark: _Ref47687010][bookmark: _Hlk47687036]Figure 1. Restrictions of the existing PUCCH repetition configurations.
To support more flexible and efficient PUCCH repetition, it is important that the above restrictions are relaxed. For example, it should not be limited to only semi-static configuration to enable PUCCH repetition. It should also be possible to perform PUCCH repetition dynamically based on coverage need. More specifically, for HARQ-ACK feedback on PUCCH, it should be possible to indicate the repetition factor dynamically depending on the coverage/reliability requirement and resource availability. 
It is also important that PUCCH repetition is more flexible and not tied to a specific PUCCH format. This is because the number of HARQ-ACK bits can vary depending on the actual traffic and it will eventually determine which PUCCH format to use. To increase the flexibility, it should be possible that PUCCH repetition is indicated based on UCI type. For example, in some scenarios, it might be desirable to have PUCCH repetition for PUCCH carrying HARQ-ACK using certain PUCCH format, but not necessarily for PUCCH carrying only CSI although it uses the same PUCCH format. Another example of such flexibility is that different repetition factors can be indicated for different UCI types depending on use cases and coverage needs. 
[bookmark: _Toc61342165]Observations:
· The existing PUCCH repetition framework is restrictive as it is only enabled by semi-static configuration and the configuration is tied to PUCCH format. Moreover, it is not applicable to sub-slot configuration of length 2 symbols. 
To support dynamic PUCCH repetition, a repetition factor can be allowed to be configured as part of PUCCH resource configuration. The indication is done through the PUCCH resource indicator (PRI) field to indicate PUCCH repetition carrying HARQ-ACK or any other triggered UCI. Note that this approach is similar to the existing mechanism for dynamic PUSCH repetition indication in Rel-16.
[bookmark: _Toc61342147][bookmark: _Toc32612989][bookmark: _Toc37452515]Proposal:
· Support having a repetition factor for PUCCH repetition as part of the configuration of a PUCCH resource.
· [bookmark: _Toc61342148]Note: Dynamic indication of PUCCH repetition is provided through PUCCH resource indication.
Moreover, it can be beneficial to support PUCCH repetition for sub-slot HARQ-ACK where the configured sub-slot length is 2 symbols, e.g., in FR2 or multi-TRP operation. To do so, it should be possible that short PUCCH formats, i.e., format 0 and 2 are supported for the PUCCH repetition. Although the short PUCCH repetition may also be discussed in URLLC topic, the study of dynamic indication of PUCCH repetition in coverage enhancement topic should not preclude short PUCCH formats.
In NR Rel-15, A-CSI can only be transmitted on PUSCH, and system level simulation results in the coverage enhancement study item show that A-CSI is one of the most limiting channels for cell coverage.  This CSI coverage bottleneck can be resolved by the support of A-CSI on PUCCH with repetition. Although A-CSI on PUCCH is also being discussed in URLLC, the specification of dynamic indication of PUCCH repetition in coverage enhancement topic should not preclude A-CSI.
[bookmark: _Toc61342150]Proposal:
· The dynamic PUCCH repetition mechanism should be applied to all PUCCH formats and all UCI types including A-CSI.

DMRS bundling constraints and operation alternatives
PUCCH DMRS bundling was agreed for the coverage enhancement work item since channel estimation significantly degrades PUCCH performance (as compared to operation with ideal channel knowledge). As such, it is desirable to reap the benefit of multi-slot channel estimation as often as possible. The conditions where multi-slot channel estimation is beneficial are unclear at present, as evinced by the questions to RAN4 in [2]:
· Question 1: Under what conditions UE can keep phase continuity cross PUCCH or PUSCH repetitions 
· Question 2: Whether back-to-back PUCCH or PUSCH repetitions is one of the conditions required to keep phase continuity cross the repetitions
· Question 3: Under what conditions UE can meet the power control tolerance level cross PUCCH or PUSCH repetitions
While RAN4’s view is not yet available, in addition to back-to-back requirements, the degree to which the UE can maintain phase coherence or power consistency across PUCCH repetitions may possibly depend on factors including whether the UE alters the PRBs it transmits in (for example where frequency hopping is used), if the transmit power changes, if the UE switches between uplink and downlink transmission, if transparent transmit diversity is used, etc. Dependency on back-to-back transmission and the use of UL/DL switching is particularly problematic for TDD transmission, since high DL:UL TDD switching configurations are probably the most important use cases for coverage enhancement. Furthermore, PUCCH can often benefit more from diversity transmission than PUSCH, since frequency selective scheduling is not often feasible for PUCCH but is for PUSCH. Therefore if frequency hopping precludes the use of cross-slot channel estimation for PUCCH, the benefit of cross-slot channel estimation becomes significantly less clear, since frequency hopping gains can then replace those from cross-slot channel estimation.
Observations:
· Since high DL:UL ratio TDD operation is a primary use case for coverage enhancement, degradation or infeasibility of cross-slot channel estimation from UL/DL switching and back to back transmission can significantly impact the net benefit of cross-slot channel estimation.
· PUCCH can often gain from mechanisms providing diversity, and so if cross-slot channel estimation is infeasible with frequency hopping or transparent transmit diversity, the net benefit of cross-slot channel estimation over Rel-15/16 transmission becomes less clear.

The simplest way to enable cross-slot channel estimation is for the UE to maintain at least phase coherence across the slots. Then, presuming the channel is sufficiently static, the gNB can directly add channel estimates together to form a better channel estimate. However, if the UE can’t maintain phase continuity as discussed above, then such simple cross-slot estimation methods are precluded.

It is also possible for the gNB to estimate the relative phase of uplink transmissions in different slots. For cross slot phase estimation to work, the phase should be sufficiently stable across the PRBs of the PUCCH transmission such that a sufficiently small number of phase correction factors are needed. A simplest scenario is therefore when a single wideband phase correction factor is used. In [3], it is shown that at least in some conditions, a receiver can correct for a wideband phase error between PUSCH repetitions in different slots, such that the performance is relatively close to where the ideal relative phase is known. Consequently, the use of wideband relative phase estimation to facilitate cross-slot channel estimation seems promising at least when the UE can’t adequately maintain relative phase between slots. The benefit of such techniques depends on the ability of UEs to maintain PUCCH relative phase over its transmission bandwidth across slots, and so it is necessary to identify if and when such maintenance is possible in UEs that do not otherwise support control of relative phase across slots.

Observations:
· At least in some conditions, a receiver can correct for a wideband phase error between repetitions of an uplink channel in different slots, such that the performance is relatively close to where the ideal relative phase is known [3].
· The use of wideband relative phase estimation to facilitate cross-slot channel estimation seems promising at least when the UE can’t adequately maintain relative phase between slots.

Proposal:
· Further study the benefit of gNB estimated inter-slot relative phase correction for PUCCH, addressing how frequency selective such phase corrections would need to be for UEs and/or conditions that do not sufficiently support maintaining inter-slot relative phase.
· Consider operation with and without frequency hopping and with and without transparent transmit diversity.

Initial results on performance of DMRS bundling 
Figure 2 compares BLER results for using cross-slot channel estimation compared to single-slot channel estimation. The setup is for PUCCH format 3 with frequency hopping, sending an 11 bit payload over TDL-C 300ns channel with 1 TX and 2 Rx antennas. More setup parameters can be found in Table 1. The result shows around 1 dB gain per doubling of repetitions with cross-slot compared to single slot channel estimation.
 
Observation:
· At least in some conditions, with low speed and phase continuity between slots, cross-slot channel estimation can increasingly improve PUCCH performance with the number of repetitions, for example with roughly 1dB per doubling of repetitions compared to single slot channel estimation. 
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[bookmark: _Ref61594426]Figure 2. PUCCH BLER for single-slot versus cross-slot channel estimation for different number of repetitions, for format 3 with 11 bits payload, frequency hopping over a TDL-C 300 ns channel at 700MHz with 1 Tx and 2 Rx antennas having medium correlation.
Summary
In this contribution, we have considered various aspects of dynamic PUCCH repetition and PUCCH DMRS bundling.  For the dynamic PUCCH repetition objective, we considered how to overcome limitations of the existing PUCCH repetition framework, identifying a mechanism that can be applied to all PUCCH formats.  For the PUCCH DMRS bundling objective, we considered potential constraints on when DMRS bundling can be used, and how these may impact likely use cases and lead to different gNB and UE implementations.  We made the following observations and proposals:
Observations:
· The existing PUCCH repetition framework is restrictive as it is only enabled by semi-static configuration and the configuration is tied to PUCCH format. Moreover, it is not applicable to sub-slot configuration of length 2 symbols. 
· Since high DL:UL ratio TDD operation is a primary use case for coverage enhancement, degradation or infeasibility of cross-slot channel estimation from UL/DL switching and back to back transmission can significantly impact the net benefit of cross-slot channel estimation.
· PUCCH can often gain from mechanisms providing diversity, and so if cross-slot channel estimation is infeasible with frequency hopping or transparent transmit diversity, the net benefit of cross-slot channel estimation over Rel-15/16 transmission becomes less clear.
· At least in some conditions, a receiver can correct for a wideband phase error between repetitions of an uplink channel in different slots, such that the performance is relatively close to where the ideal relative phase is known [3].
· The use of wideband relative phase estimation to facilitate cross-slot channel estimation seems promising at least when the UE can’t adequately maintain relative phase between slots.
· At least in some conditions, with low speed and phase continuity between slots, cross-slot channel estimation can increasingly improve PUCCH performance with the number of repetitions, for example with roughly 1dB per doubling of repetitions compared to single slot channel estimation. 
Proposals:
· Support having a repetition factor for PUCCH repetition as part of the configuration of a PUCCH resource.
· Note: Dynamic indication of PUCCH repetition is provided through PUCCH resource indication.
· The dynamic PUCCH repetition mechanism should be applied to all PUCCH formats and all UCI types including A-CSI.
· Further study the benefit of gNB estimated inter-slot relative phase correction for PUCCH, addressing how frequency selective such phase corrections would need to be for UEs and/or conditions that do not sufficiently support maintaining inter-slot relative phase.
· Consider operation with and without frequency hopping and with and without transparent transmit diversity.
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Table 1: Basic setup of LLS for CSI repetition on PUCCH
	System
	Carrier frequency 700MHz
15 kHz SCS
FDD
2*10 MHz BWP (2*52 PRBs)

	UE speed
	3kph

	Payload
	11 bits on 1 PRB, 14 Symbols

	Channel
	TDL-C (NLoS), 300ns delay spread, medium correlation

	Antennas
	1T2R

	Frequency hopping
	Enabled

	Impairments
	None; non-ideal channel estimation used
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nrofSlots   Number of slots with the same PUCCH F1, F3 or F4. When the field is absent the UE applies the value  n1 . The field is not applicable for format 2. See TS 38.213 [13], clause  9.2.6.  
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PUCCH format 3, FH, 11bits, 1Tx2Rx, TDLC300ns medium 3kmph

1 rep

2 rep cross-slot

4 rep cross-slot

8 rep cross-slot

2 rep single-slot

4 rep single-slot

8 rep single-slot
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PUCCH - Config ::=                         SEQUENCE   {        resourceSetToAddModList                  SEQUENCE   ( SIZE   (1..maxNrofPUCCH - ResourceSets))   OF   PUCCH - ResourceSet    OPTIONAL ,  --   Need N        resourceSetToReleaseList                 SEQUENCE   ( SIZE   (1..maxNrofPUCCH - ResourceSets))   OF   PUCCH - ResourceSetId  OPTIONAL ,  --   Need N        resourceToAddModList                     SEQUENCE   ( SIZE   (1..maxNrofPUCCH - Resou rces))   OF   PUCCH - Resource          OPTIONAL ,  --   Need N        resourceToReleaseList                    SEQUENCE   ( SIZE   (1..maxNrofPUCCH - Resources))   OF   PUCCH - ResourceId        OPTIONAL ,  --   Need N        format1                                 SetupRelease { PUCCH - FormatConfig }                                    OPTIONAL ,  --   Need M        format2                                 SetupRelease { PUCCH - FormatConfig }                                    OPTIONAL ,  --   Need M        format3                                 SetupRelease { PUCCH - FormatConfig }                                    OPTIONAL ,  --   Need M        format4                                 SetupRelease { PUCCH - FormatConfig }                                     OPTIONAL ,  --   Need M  
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PUCCH - FormatConfig ::=                   SEQUENCE   {        interslotFrequencyHopping                ENUMERATED   {enabled}                                                   OPTIONAL ,  --   Need R        additionalDMRS                           ENUMERATED   {true}                                                      OPTIONAL ,  --   Need R        maxCodeRate                               PUCCH - MaxCodeRate                                                      OPTIONAL ,  --   Need R        nrofSlots                                ENUMERATED   {n2,n4,n8}                                                  OPTIONAL ,  --   Need S        pi2BPSK                                   ENUMERATED   {enabled}                                                   OPTIONAL ,  --   Need R        simultaneousHARQ - ACK - CSI                 ENUMERATED   {true}                                                      OPTIONAL    --   Need R   }  


