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1. Introduction

The legacy agreements related to PUCCH resource allocation are listed below:
Agreements: (RAN1#87)

· A combination of semi-static configuration and (at least for some types of UCI information) dynamic signaling is used to determine the PUCCH resource both for the ‘long and short PUCCH formats’

· The PUCCH resource includes time, frequency and, when applicable, code domains.

· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot

Agreements: (RAN1#88)
· NR supports PUCCH resource allocation for HARQ-ACK transmission with following manner.

· A set of PUCCH resources is configured by high layer signaling

· FFS: other mechanisms
· A PUCCH resource within the configured set is indicated by DCI.

· PUCCH resource determination rule is defined at least for the case where the dedicated PUCCH resources is unknown to the UE
· FFS: details of PUCCH resource determination rule including implicit resource mapping and/or explicit signaling
· This does not preclude implicit resource mapping
Agreements: (RAN1#90)

· In order to identify PUCCH resource, at least following are known by the UE:

· PUCCH format

· Starting symbol in a slot

· Which slot(s) the PUCCH is transmitted

· PRB allocation within the UL BWP
· For 1-symbol short-PUCCH for UCI of up to 2 bits,

· Code/sequence index(es)

· For 1-symbol short-PUCCH for UCI of more than 2 bits,

· No additional parameters are identified

· For 2-symbol short-PUCCH for UCI of up to 2 bits,

· Code/sequence index(es)

· Frequency-hopping pattern
· For 2-symbol short-PUCCH for UCI of more than 2 bits,

· Frequency-hopping pattern
· For long-PUCCH for UCI of up to 2 bits,
· Duration of the long-PUCCH within a slot

· Note: take the case of multi-slot into account.

· Sequence/code index

· OCC and, e.g., cyclic-shift

· Frequency-hopping pattern
· For long-PUCCH for UCI of more than 2 bits with no multiplexing capacity,

· Frequency-hopping pattern
· Duration of the long-PUCCH within a slot

· Note: take the case of multi-slot into account.

· For long-PUCCH for UCI of more than 2 bits with multiplexing capacity,

· FFS: details

· FFS: for transmit diversity
· FFS: signaling aspects, e.g., implicit, explicit, table, etc.

Agreements: (RAN1#AH NR3)

· A set of PUCCH resources at least for HARQ-ACK which is configured to a UE by high layer signaling is defined as one of followings (to be down-selected).

· Opt.1: One or multiple set(s) of PUCCH resources consisting of same or different PUCCH formats. 

· Opt.2: One or multiple set(s) of PUCCH resources for each PUCCH format.

· Opt.3: A set of PUCCH resources for each duration of each PUCCH format.

· Opt.4: A set of PUCCH resources for PUCCH formats carrying up to 2 bits UCI. Another set of PUCCH resources for PUCCH formats carrying more 2 bits UCI. 

· FFS: How to identify a PUCCH resource from the set of PUCCH resource. 

· At least for HARQ-ACK, the starting slot of PUCCH is indicated by DCI.

· Earliest transmission timing is based on UE capability 

· FFS how PUCCH resource is defined

Agreements: (RAN1#90bis)
· For both slot-based and non-slot based DL transmissions, and for indentifying PUCCH resource for HARQ-ACK with more than 2-bit UCI, at least following parameters can be jointly configured in one or multiple set(s) (if supported) of PUCCH resource(s) and indicated by the PUCCH resource indicator in DCI: 
· Starting symbol in the slot;
· Number of symbols;
· FFS: If only a single configurable value for long PUCCH in the set of PUCCH resource(s).
· FFS: It is configured for one for multiple PUCCH formats.
· Starting PRB;
· FFS granularity: PRB, RBG, or subband.
· FFS: Number of PRBs.
· FFS: Code resources.
· Only a limited number of values is configurable for each parameter in the set of PUCCH resource(s). 
· FFS: Configurable values.
· FFS: Some of above parameters can be partly implicitly derived.
· FFS: Possible joint encoding for some of above parameters.
Agreements: (RAN1#90bis)
· The PUCCH resource for SR only transmission is semi-statically configured.
· The PUCCH resource for P-CSI only transmission is semi-statically configured
· FFS PUCCH resource allocation for semi-persistent CSI
Agreements: (RAN1#90bis)
· For short-PUCCH for UCI of more than 2 bits

· Only contiguous PRB allocation within a symbol is supported in release-15

· In addition to RRC configuration, the number of PRBs can be additionally determined based on the following:

· As a function of UCI payload size 

· Dynamic indication via DCI

· FFS the detailed determination method

· FFS the set of supported PRBs

Agreements: (RAN1#90bis)
· Support Pre-DFT-OCC as the UCI structure for long PUCCH for UCI of more than 2 bits with moderate payload 

· FFS:  DMRS structure between CDM and IFDM

· Considering the impact on channel estimation and power imbalance among UEs

· It will be denoted as a new format 

· Support multiplexing capacity of 2 and 4 users for long PUCCH for UCI of more than 2 bits with moderate payload using one PRB in Rel-15

· FFS design of OCC

· No RRC signalling is necessary 

Agreements: (RAN1#90bis)
· The timing between DL data transmission and acknowledgement is determined based on 0 or [2] bits in DCI 

· For both slot and non-slot scheduling, the timing provides the indication to determine the slot and the symbol(s) for the HARQ-ACK transmission

· In case of [2]-bits, FFS the actual set of values for slot-based scheduling and non-slot based scheduling, respectively

· In case of 0-bit, FFS how to determine the single timing (e.g., UE capability dependent, whether or not to have RRC configuration, the interactions with different cases (e.g., initial access), etc.)

· FFS whether or not to have separate information fields or a same information field for HARQ-ACK resource determation and HARQ-timing determination

And according to the agreement below in RAN1#90bis, it was agreed that a new PUCCH format will be introduced capturing long PUCCH with UCI of more than 2 bits with pre-DFT-OCC.
· Support Pre-DFT-OCC as the UCI structure for long PUCCH for UCI of more than 2 bits with moderate payload 

· FFS:  DMRS structure between CDM and IFDM

· Considering the impact on channel estimation and power imbalance among UEs

· It will be denoted as a new format 

· ……
The working assumption on PUCCH format definitions for this discussion can be summarized in the following table:
Table 1: Working assumption on PUCCH format definitions
	PUCCH format
	Number of symbols in a slot
	Number of UCI bits
	Pre-DFT OCC

	0
	1 – 2
	≤2
	N.A.

	1
	4 – 14
	≤2
	N.A.

	2
	1 – 2
	>2
	N.A.

	3
	4 – 14
	>2
	No

	4
	4 – 14
	>2
	Yes


Based on the working assumption, two email discussions were carried out after RAN1#90bis meetings.

[90b-NR-29]Email discussion/approval on how UE selects one PUCCH resource set from multiple configured PUCCH resource sets till 10/27 – Jia (OPPO)
[90b-NR-30]Email discussion/approval of the following table 10/27 – Jia (OPPO)
After intensive discussions until 27th Oct., the companies evolved in the [90b-NR-30] email approval agreed to capture the tables and notes below as consensus of RAN1. 
Table 1 contains the parameters configured in PUCCH resource sets. That means: For each parameter in the in the following table, a set of values can be configured respectively for a set of PUCCH resources. And a value among them can be determined when DCI indicates the index of the corresponding PUCCH resource. Alternatively, the values for some parameters can also be implicitly derived, if implicit resource indication mechanism is used.
· Note 1: RAN1 needs to further study if the resources of some formats in Table 1 are jointly configured in a resource set.
· Note 2:In Table 1, a column for a PUCCH format corresponds to one possible entry of a configured resource set. An entry with “FFS: special values for implicit derivation” or “FFS if implicit derivation is also used” implies that RAN 1 has no consensus so far on if implicit mechanism or explicit signal is used to determine the corresponding parameters. If an implicit mechanism is used, the corresponding value range may shrink and/or a special value outside the value range may be added for indicating“implicit derivation”, or the configurability may be completely disabled.
· Note 3: RAN1 needs to further study if same or different sets of PUCCH resources in Table 1 are configured for PDSCH mapping type A (slot-based transmission) and type B (non-slot-based transmission).
Table 2 contains the semi-statically configured parameters. That means: A value would be configured for each  parameter in the following table.
Table 1: Parameters configured in PUCCH resource sets and their value ranges 
	
	PUCCH 
Format 0
	PUCCH 
Format 1
	PUCCH 
Format 2
	PUCCH 
Format 3
	PUCCH 
Format 4

	FFS: Starting slot
	Configurability
	FFS
	FFS
	FFS
	FFS
	FFS

	
	Value range
	0 - [x]
	0 - [x]
	0 - [x]
	0 - [x]
	0 - [x]

	Starting symbol
	Configurability
	√
	√
	√
	√
	√

	
	Value range
	· 12 and 13;
· 0 – 11 (FFS whether or not such a configuration is conditioned on non-slot based operation)
	0 – 10
(FFS: special values for implicit derivation)
	· 12 and 13;
· 0 – 11 (FFS whether or not such a configuration is conditioned on non-slot based operation)
	0 – 10
(FFS: special values for implicit derivation)
	0 – 10
(FFS: special values for implicit derivation)

	Number of symbols in a slot
	Configurability
	√
	√
	√
	√
	√

	
	Value range
	1, 2
	4 – 14
(FFS: special values for implicit derivation)
	1, 2
	4 – 14
(FFS: special values for implicit derivation)
	4 – 14
(FFS: special values for implicit derivation)

	Index for identifying starting PRB
	Configurability
	√
(FFS if implicit derivation is also used)
	√
(FFS if implicit derivation is also used)
	√
	√
	√

	
	Value range
	0 - [274]
(FFS: special values for implicit derivation)
	0 - [274]
(FFS: special values for implicit derivation)
	0 - [274]
	0 - [274]
	0 - [274]

	Number of PRBs
	Configurability
	N.A.
	N.A.
	√
	√
	N.A.

	
	Value range
	N.A.
(Default is 1)
	N.A.
(Default is 1)
	1 – [16]
	1 - 6, 8 - 10, 12, 15, 16
	N.A.
(Default is 1)

	Enabling a frequency hopping
	Configurability
	√
	√
	√
	√
	√

	
	Value range
	On/Off
(only for 2 symbol)
	On/Off
	On/Off
(only for 2 symbol)
	On/Off
	On/Off

	FFS: Frequency resource of 2nd hop if frequency Hopping is enabled
	Configurability
	FFS
	FFS
	FFS
	FFS
	FFS

	
	Value range
	FFS
	FFS
	FFS
	FFS
	FFS

	Index of initial cyclic shift
	Configurability
	√
(FFS if implicit derivation is also used)
	√
(FFS if implicit derivation is also used)
	N.A.
	FFS
(for DMRS)
	FFS
(for DMRS)

	
	Value range
	0 – 11
	0 – 11
	N.A.
	0 – 11
	0 – 11

	Index of time-domain OCC
	Configurability
	N.A.
	√
(FFS if implicit derivation is also used)
	N.A.
	N.A.
	N.A.

	
	Value range
	N.A.
	0 - 6
	N.A.
	N.A.
	N.A.

	Length of Pre-DFT OCC
	Configurability
	N.A.
	N.A.
	N.A.
	N.A.
	√

	
	Value range
	N.A.
	N.A.
	N.A.
	N.A.
	2, 4

	Index of Pre-DFT OCC
	Configurability
	N.A.
	N.A.
	N.A.
	N.A.
	√

	
	Value range
	N.A.
	N.A.
	N.A.
	N.A.
	0, 1, 2, 3


Table 2: Semi-statically-configured parameters and their value ranges
	
	PUCCH 
Format 0
	PUCCH Format 1
	PUCCH 
Format 2
	PUCCH Format 3
	PUCCH Format 4

	Number of slots
	Configurability
	N.A.
	Configured
	N.A.
	Configured
	Configured

	
	Value range
	N.A.
	1, y1, y2, y3
	N.A.
	1, y1, y2, y3
	1, y1, y2, y3


[90b-NR-29] also attracted an intensive discussions which was summarized in [2]. The starting point of the email discussion was the lasted discussion status on how UE selects one PUCCH resource set from multiple configured PUCCH resource sets was presented in the latest summary of offline discussion during RAN1#90bis [1]. The proposal from the offline discussion was below. And an example of Alt.1 is illustrated in Figure 1.
Down-select from following two alternatives:
· Alt.1: UE can select one PUCCH resource set from multiple configured PUCCH resource sets based on the UCI payload size (not including CRC). (E///, ZTE, MTK, Pana, HW, OPPO, DCM)
· K PUCCH resource sets. PUCCH resource set i for UCI [Ni ~ Ni+1-1] bits (i=0, …, K-1). 
· N0=1.
· N1=3.
· FFS: value of K. (Example: K=4)
· Ni (i >1) is minimum number of UCI bits for which PUCCH resource set is used. If K > 2 and 1 < i < K-1, Ni is semi-statically configured. (Example: N2 = 20; N3 =100)
· One of [x] PUCCH resources in the selected PUCCH resource set is indicated by the PUCCH resource indicator in DCI.
· FFS: One of the PUCCH resources can be implicitly derived .
· FFS: Some resource sets can be configured differently for PDSCH mapping Type A and PDSCH mapping Type B.
· FFS: Further restriction of the resource set based on signaling from gNB by DCI or MAC CE.
· FFS: Resource set selection based on UCI type.
· Alt.2: One or mutliple PUCCH resource set(s) for each format
· Alt.2-1 (Intel): Multiple PUCCH resource sets for each format
· Alt.2-2 (Nokia): Multiple PUCCH resource sets for each format with MAC CE indication.
· Alt.2-3 (QC): One PUCCH resource set for one format. Use RRC signaling to distinguish resource set for short and long PUCCH. Reuse the implicit PUCCH resource indication scheme for LTE PUCCH format 1A/1B for both long PUCCH with up to 2 bits HARQ-ACK and short PUCCH with up to 2 bits HARQ-ACK.
· FFS: enhancement of the implicit mapping function to avoid collision in the case of
· Multiple CORESET
· PUCCH MU-MIMO
· Alt.2-4 (LGE): Both short and long PUCCH resource sets can be configured to a UE. A threshould of UCI payload, e.g. 100 bits is used for the UE to select between the two resource sets.
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Figure 1: Example of Alt.1
In this contribution, we will develop an analysis on the open issues for PUCCH resource allocation based the above agreements and discussions.
2. Use cases required for PUCCH resource allocation
During the email discussions, companies realized some questions on use cases need to be firstly clarified. Taking the three questions suggested by Ericssion, our views are below:
1. Should we allow the UE to determine the resource set it uses (which may or may not also include the PUCCH format it uses) based on the payload size?

In general it is desired because it can reduce the DCI overhead and to increase the resource allocation flexibility if UE can clear determine the UCI payload based on legacy information, e.g. DL grant, DAI. However, two issues mentioned in the email discussions should be considered: 

· Potential mis-understanding between gNB and UE on resource set selection;
· Potentially complicate the PUCCH resource allocation and gNB/UE operation.
As some comments in the email discussion, this is the trade-off between DCI overhead and PUCCH resource allocation flexibility. If a slightly larger DCI overhead (probably 1-2bits) can be afforded or the full flexibility is not needed, indicating UCI payload type directly via DCI may be a clearer and more robust approach. If the gNB desires a full flexible PUCCH resource allocation with limited DCI overhead, the UE-side determination can be employed. In this sense, both the two options can be considered, or can be supported per gNB implementation.
2. Should the gNB be able to choose between the PUCCH formats that the UE transmits on dynamically?

The answer should be Yes. Quite a few use cases were identified during the offline discussion in RAN1#90bis, especially in case a UE configured with short PUCCH needs to fall back to long PUCCH in some scenarios, e.g. sudden channel deterioration or sudden increase of UCI payload. It is risky not to support the dynamic switching between short and long PUCCHs.
3. Should the gNB be able to choose between PUCCH resources in different slots, symbols or PRBs dynamically?

The answer should be Yes. It is crucial for reducing the collision rate between UEs’ PUCCH resources.
Proposal 1: Dynamic switching between PUCCH formats (incl. between payload types and between duration types) should be supported.
Proposal 2: UE-side determination of payload type is desired. However, before a robust mechanism (e.g. enhanced DAI) is justified, the DCI indication should not be precluded.
3. On the alternatives for PUCCH resource set
Alt.1 and Alt.2-1:

We share the view of most of companies that both Alt.1 and Alt.2-1 are workable and they are actually similar. They both allow UE to determine UCI payload sizes and support dynamic switching between short and long PUCCHs. The major difference is: Alt.1 mixes long and short resources in a resource set and uses the whole PUCCH resource indicator bitfield in DCI to indicate a resource in the resource set, while Alt.2-1 may spend some bits in the bitfield to indicate the resource set. 
As mentioned in the email discussion, the major advantage of Alt.1 is enabling the unevenly distribution of PUCCH resources for short and long PUCCHs. For example, in case 3 bit is used for PUCCH resource allocation. 
In case of Alt.2-1 (as shown in Table 2), 1 bit may be used to indicate the duration type (e.g. short or long PUCCH). Then two resource sets can be configured separately for short and long PUCCHs. Since 1 bit has been consumed for duration type indication, only 2 bits can be used for indicating the actual resource in a resource set, which constrain the number of resource to 4 for short and long PUCCHs respectively. 

In case of Alt.1 (as shown in Table 1), since short and long PUCCH resources are mixed in a resource set correponding to each UCI payload type, and the UCI paylaod can be determined by UE without extra DCI indication, all 3 bits can be used for indicating actual PUCCH resource in a resource set. Thus the number of PUCCH resources and for short and long PUCCHs can be flexibly configured. As the example shown in Table 1, 3 “short resources” and 5 “long resources” are configured in the resource set.
Table 1: Example of PUCCH resource indication with Alt.1 (taking one UCI payload type for example)
	DCI bits
	PUCCH resource

	000
	Short resource 1

	001
	Short resource 2

	010
	Short resource 3

	011
	Long resource 1

	100
	Long resource 2

	101
	Long resource 3

	110
	Long resource 4

	111
	Long resource 5


Table 2: Example of PUCCH resource indication with Alt.2-1 (taking one UCI payload type for example)
	DCI bits
	PUCCH resource set
	PUCCH resource

	Bit 0
	Bit 1, 2
	
	

	0
	00
	Short
	Short resource 1

	
	01
	
	Short resource 2

	
	10
	
	Short resource 3

	
	11
	
	Short resource 4

	1
	00
	Long
	Long resource 1

	
	01
	
	Long resource 2

	
	10
	
	Long resource 3

	
	11
	
	Long resource 4


The advantage of Alt.2-1 is simpler and generic with respect to specfications and implementations. Hence the PUCCH resource configuration and indication approach should be FFS, and then be down-selected between Alt.1 and Alt.2-1. The combination of Alt.1 and Alt.2-1 can also be considered.
Alt.2-2:

Firstly, as discussed in the email discussion, an “initial resource set” needs to be well defined for UE to use until a resource set is indicated by MAC-CE, if Alt.2-2 is used. Even though, Alt.2-2 would anyway suffers from the slow indication of MAC-CE, which may not be able to support the dynamic switching between PUCCH formats, especially considering the low-latency services in NR systems.
Alt.2-3:

Same als most of components of Alt.1 or Alt.2-1 are open to consider implicit mechanisms as a complementation to explicit signals to reduce collision rate. How to use implicit mechanisms needs FFS in terms of DCI overhead, PUCCH resource utilization efficiency, PUCCH collision rate, cross-slot scheduling, multiple (overlapping) CORESETs, MU-MIMO PDCCH, coexistence with LTE, CA, multiple numerologies, unlicensed spectrum operation etc. The multi-domain to multi-domain mapping may be too complicated and difficult to guarantee the low collision probablility in some cases. As a starting point, frequency-to-frequency mapping can be firstly considered. As used in LTE, the starting PRB can be partly derived from the corresponding CCE index. 
The implicit mapping should be used jointly with Alt.1/Alt.2-1. If a parameter of a PUCCH resource is implicitly derived, a special value can be configured for indicating “implicit derivation”.
Proposal 3: The PUCCH resource configuration and indication approach can be down-selection between Alt.1 and Alt.2-1 or their combination.
· Implicit mechanisms can be used jointly used with Alt.1/Alt.2-1. The starting point is partly derivating starting PRB from the corresponding CCE index. 

· 3 bits are used for indicating a PUCCH resource from a resource set.

4. Frequency-hopping pattern indication
In LTE, the frequency hopping of PUCCH takes place over the two edges of the UL carrier bandwidth. However, in NR, the PUCCH will be transmited in BWP. And different UEs may have different BWP sizes and locations. It will be very complicated multiplexing between PUCCHs of different UEs. Therefore a simpler hopping pattern should be considered for NR-PUCCH. As shown in Fig. 3, the hopping width in a BWP is same for all UEs in the BWP. A simple configuration is always setting the hopping width to 1/2 of BWP size.
This hopping pattern also enables a constant frequency-diversity between different UEs in the BWP, and avoids the signaling overhead.
If some flexibility is required, a couple of hopping bandwidths can be RRC-configured, e.g. 1/2, 1/4 and 1/8 of BWP size. 2-bit indicator in DCI can be used to select the hopping bandwidth and indicate “non-hopping”.
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Figure 2: Constant hopping width for a BWP

Proposal 4: For PUCCH with frequency hopping, a default hopping bandwidth respective to the BWP size is assumed or a set of hopping bandwidths respective to the BWP size are configured in the RRC-configured PUCCH RESET.
5. Starting slot indication

In the email discussion, two options were discussed for indicating the starting slot of PUCCH:

· Option 1: Direct DCI indication;
If adopting this option, it should be enhanced rather than simple DCI indication. For example, if 2 bits are used for direct DCI indication, only the Slot 0, 1, 2, 3 can be indicated (Slot 0 is the slot where the DCI is conveyed). However, if the the 4 slots do not contain usable UL resource (e.g. they are all DL-only or DL-dominant slots), the PUCCH can only be accommodated in a farther slot, e.g. Slot 4 or 5, which cannot be directly indicated by DCI. 
An improvement of this approach is the joint determination with SFI at the UE side. A nominal starting slot (e.g. Slot 0, 1, 2, 3) is indicated by the DCI. Then the actual slot is determined by UE by checking the SFI information. For example, if Slot 0 is indicated and a PUCCH resource is indicated by the DCI, the UE looks for the 1st slot containing the UL symbols configured in the resource (e.g. starting symbol and duration) according to the SFI information, then determines the slot as Slot 0. If Slot 2 is indicated, the UE would determine the 3rd slot containing the needed time-domain resource as Slot 2.
· Option 2: Jointly configured with other parameters in a resource set or configured in a separate table, and then indicated in DCI.
Since a large number of slots can be scheduled for PUCCH (e.g. Slot 0 to Slot N and N may be a quite large value). And in case dynamic SFI is enabled, it would be difficult to configure the candidate slots in the resource set. If all potential slots are configured, the capacity of the resource set is not enough under an acceptable DCI overhead. Hence Option 2 is not desired from our perspective.
Proposal 5: Using direct DCI indication to indicate the nominal starting slot. Then UE determine the actual slot by checking the SFI information.
· 2 bits are used for starting slot indication.
6. Conclusions
In this contribution, we will develop an analysis on PUCCH resource allocation, including how to define a PUCCH RESET and how to identifying a PUCCH from the PUCCH RESET. Relevant proposals are listed below:
Proposal 1: Dynamic switching between PUCCH formats (incl. between payload types and between duration types) should be supported.

Proposal 2: UE-side determination of payload type is desired. However, before a robust mechanism (e.g. enhanced DAI) is justified, the DCI indication should not be precluded.
Proposal 3: The PUCCH resource configuration and indication approach can be down-selection between Alt.1 and Alt.2-1 or their combination.
· Implicit mechanisms can be used jointly used with Alt.1/Alt.2-1. The starting point is partly derivating starting PRB from the corresponding CCE index. 

· 3 bits are used for indicating a PUCCH resource from a resource set.

Proposal 4: For PUCCH with frequency hopping, a default hopping bandwidth respective to the BWP size is assumed or a set of hopping bandwidths respective to the BWP size are configured in the RRC-configured PUCCH RESET.
Proposal 5: Using direct DCI indication to indicate the nominal starting slot. Then UE determine the actual slot by checking the SFI information.

· 2 bits are used for starting slot indication.
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