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1. Introduction

In RAN1#87 meeting, some agreements on PUCCH resource indication have been reached. And the agreements were updated  in the RAN1 NR AH meeting held in January 2017 [1]:
Agreements:
· 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

Different from LTE system which only adopts RRC signaling and implicit derivation, a combination of semi-static configuration (e.g. via RRC signaling) and dynamic signaling (e.g. via DCI) is considered at least for resource determiniation of some types of UCI.
In RAN1#88,  the relevant design was further refined [2] in which the implicit resource mapping was also involved:

Agreements:

· 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

In RAN1#90,  a general summary of information for UE to identify PUCCH resource was agreed [3]:
Agreements:
· 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.
In this contribution, we will develop an analysis on time and frequency-domain resource allocation for PUCCH, as well as the configuration of PUCCH hopping pattern.
2. Time-domain resource allocation for PUCCH

Time-domain resource allocation for PUCCH is to some extent similar to that for PUSCH, which is discussed in our companion contribution [4]. One difference is that the time-domain RA bitfield structure is different depending on PUCCH formats. The number of PUCCH formats should be limited to a relatively small number, e.g. 4 formats, in order to reduce the DCI overhead. Resource allocation for different PUCCH formats may be indicated by bitfield with different structures. UE can tell which bitfield structure is received according to the indicated PUCCH format.
Proposal 1: 
For PUCCH resource allocation,
· 2-bit PUCCH format indication.
· Different RA bitfield structures with the same size for different PUCCH formats.
2.1. Time-domain RA for short PUCCH
Compared with RA for PUSCH, following design principles can be considered for short PUCCH RA:

(1) Slot-level RA for short PUCCH is similar to PUSCH one-slot scheduling

A design similar to PUSCH one-slot scheduling can be adopted for slot-level RA for short PUCCH. 2-bit slot indication is used for 4 K1 values: 0, 1, 2, 3.

(2) Symbol-level RA for short PUCCH is similar to PUSCH one-slot scheduling with different flexibility

A design similar to PUSCH one-slot scheduling can be adopted for symbol-level RA for short PUCCH, i.e. indication relative to slot boundary, not PDCCH. However, the starting symbol indication of short PUCCH should be more flexible than PUSCH. From our perspective, the short PUCCH can be flexibly allocated cross the slot except for beginning symbols. And the 2-symbol PUCCH can only start from every other symbol. Hence following starting positions should be supported: Symbol 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 for 1-symbol PUCCH and Symbol 4, 6, 8, 10, 12 for 2-symbol PUCCH. 
Proposal 2:

6-bit bitfield for short PUCCH time-domain resource indication (Table 1),
· 2-bit slot indication (K1=0, 1, 2, 3).
· 4-bit starting symbol + duration indication.
· 2-symbol PUCCH starts from every other symbol.
Table 1: Time-domain RA bitfield in DCI for short PUCCH
	Bitfield
	Number of bits in the bitfield
	Value of the bitfield
	

	Slot indication
	2
	00
	K1=0

	
	
	01
	K1=1

	
	
	10
	K1=2

	
	
	11
	K1=3

	Starting symbol + duration
	4
	0000
	1-symbol PUCCH at Symbol 3

	
	
	0001
	1-symbol PUCCH at Symbol 4

	
	
	0010
	1-symbol PUCCH at Symbol 5

	
	
	0011
	1-symbol PUCCH at Symbol 6

	
	
	0100
	1-symbol PUCCH at Symbol 7

	
	
	0101
	1-symbol PUCCH at Symbol 8

	
	
	0110
	1-symbol PUCCH at Symbol 9

	
	
	0111
	1-symbol PUCCH at Symbol 10

	
	
	1000
	1-symbol PUCCH at Symbol 11

	
	
	1001
	1-symbol PUCCH at Symbol 12

	
	
	1010
	1-symbol PUCCH at Symbol 13

	
	
	1011
	2-symbol PUCCH starting from Symbol 4

	
	
	1100
	2-symbol PUCCH starting from Symbol 6

	
	
	1101
	2-symbol PUCCH starting from Symbol 8

	
	
	1110
	2-symbol PUCCH starting from Symbol 10

	
	
	1111
	2-symbol PUCCH starting from Symbol 12


2.2. Time-domain RA for long PUCCH
Compared with RA for PUSCH, following design principles can be considered for long PUCCH RA:

(1) Slot number indication for short PUCCH is similar to PUSCH multi-slot scheduling

A design similar to PUSCH multi-slot scheduling can be adopted for slot number indication for long PUCCH, i.e. 2-bit for 4 values: 1 slot, 2 slots, 4 slots, 8 slots.

(2) Same symbol-level RA for all scheduled slots for short PUCCH

Allowing different slots with different symbol allocations is excessively flexible for PUCCH. A more reasonable consideration is to use the same symbol allocation for all scheduled PUCCH slots.

Proposal 3:

6-bit bitfield for long PUCCH time-domain resource indication (Table 2),
· 2-bit starting slot indication (K1=0, 1, 2, 3).
· 2-bit slot number indication (1, 2, 4, 8 slots).
· 2-bit symbol-level indication for all scheduled slots.
Table 2: Time-domain RA bitfield in DCI for long PUCCH
	Bitfield
	Number of bits in the bitfield
	Value of the bitfield
	

	Starting slot indication
	2
	00
	K1=0

	
	
	01
	K1=1

	
	
	10
	K1=2

	
	
	11
	K1=3

	Number of slots
	2
	00
	Number of slots = 1

	
	
	01
	Number of slots = 2

	
	
	10
	Number of slots = 4

	
	
	11
	Number of slots = 8

	Symbol-level indication for all Slots
	2
	00
	1st RRC-configured symbol allocation

	
	
	01
	2nd RRC-configured symbol allocation

	
	
	10
	3rd RRC-configured symbol allocation

	
	
	11
	4th RRC-configured symbol allocation


3. Frequency-domain resource allocation for PUCCH
3.1. Frequency-domain RA

Thanks to the introduction of CP-OFDM, Type 0 RA is also supported for NR-PUSCH. Bitmap-based Type 0 RA enables better scheduling flexibility which is the major motivation of dynamic scheduling of PUCCH resource. Hence Type 0 RA should be supported for PUCCH with CP-OFDM waveform. For PUCCH with DFT-s-OFDM waveform, Type 1 RA should be supported
Proposal 4:

For PUCCH frequency-domain RA

· Type 0 RA is supported for CP-OFDM-based PUCCH.
· Type 1 RA is supported for DFT-s-OFDM-based PUCCH.
In order to reduce the overhead of DCI, a coarser scheduling granularity should be adopted. RBG-based scheduling can be used for Type 0 as well as Type 1 RA. Then the actual PRB allocated for PUCCH can b implicitly derived (as introduced in Section 3.3). 
Meanwhile the RA for PUCCH can be constrained within a smaller BWP. In order to obtain frequency-selective scheduling gain and flexibility, 96 PRBs are sufficient, i.e. 17.28MHz for 15kHz SCS and 34.56MHz for 30kHz. Thus the size of Type 0 RA bitmap can be limited to 6 bits. The mapping table between BWP and RBG size is as below:
	Bandwidth Part Size
	RBG Size
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Proposal 5:

· RBG-based RA is used for Type 0 as well as Type 1 PUCCH resource scheduling.

· 96-PRB is maximum size of BWP for PUCCH RA.

· 8-bit bitfield for frequency-domain RA PUCCH: 

· For Type 0 RA: 6-bit bitmap + 2bit BWP indication.
· For Type 1 RA: 8-bit RIV.
3.2. Dynamic scheduling
In LTE system, PUCCH resource is determined with RRC signaling and/or implicit derivation (e.g. via mapping from DL CCE index to UL PRB). In some contributions for NR, the optimized implicit derivation approaches are still proposed because it can reduce the DCI overhead. Meanwhile, as analyzed in more contributions, dynamic scheduling could provide the link performance gain over implicit derivation for PUCCH via frequency-selective scheduling and ICIC, i.e. including the frequency resource indication for ACK/NACK-UCI in the DCI. The DCI can directly indicate the UL PRB for the corresponding ACK/NACK-UCI, as depicted in Fig.1. A concern about this approach, as expressed in some contributions, is the excessive increase of DCI overhead, although the candidate PRBs for a UE can be constrained in a smaller bandwidth.
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Fig.1: Dynamic scheduling for UCI resource
3.3. Dynamic scheduling + implicit derivation
An approach to reduce the DCI overhead is to combine the dynamic scheduling with the implicit derivation. PRB-level scheduling may be not necessary for obtain most of frequency-selective gain and interference coordination gain. The scheduling granularity can be expanded to the subband level (as shown in Fig.2) so for shrinking the length of the UL grant. Within the scheduled subband, the detailed PRB for UCI is implicitly derived from resource position of corresponding DCI (similar to LTE approach). This approach may lead to a better balance between link performance and signaling overhead.
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Fig.2: Combination of dynamic scheduling and implicit derivation for UCI resource
Proposal 6: 
Use combination of dynamic scheduling and implicit derivation for frequency-domain RA of HARQ-ACK UCI.

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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Fig.3: Constant hopping width for a BWP

Proposal 7: 
For PUCCH frequency hopping, use a constant or a set of RRC-configured hopping bandwidths associated to BWP size.

5. Conclusions
In this paper, an analysis is developed on time and frequency-domain resource allocation for PUCCH, as well as the configuration of PUCCH hopping pattern. Relevant proposals are listed below:
Proposal 1: 
For PUCCH resource allocation,
· 2-bit PUCCH format indication.
· Different RA bitfield structures with the same size for different PUCCH formats.
Proposal 2:

6-bit bitfield for short PUCCH time-domain resource indication (Table 1),
· 2-bit slot indication (K1=0, 1, 2, 3).
· 4-bit starting symbol + duration indication.
· 2-symbol PUCCH starts from every other symbol.
Table 1: Time-domain RA bitfield in DCI for short PUCCH

	Bitfield
	Number of bits in the bitfield
	Value of the bitfield
	

	Slot indication
	2
	00
	K1=0

	
	
	01
	K1=1

	
	
	10
	K1=2

	
	
	11
	K1=3

	Starting symbol + duration
	4
	0000
	1-symbol PUCCH at Symbol 3

	
	
	0001
	1-symbol PUCCH at Symbol 4

	
	
	0010
	1-symbol PUCCH at Symbol 5

	
	
	0011
	1-symbol PUCCH at Symbol 6

	
	
	0100
	1-symbol PUCCH at Symbol 7

	
	
	0101
	1-symbol PUCCH at Symbol 8

	
	
	0110
	1-symbol PUCCH at Symbol 9

	
	
	0111
	1-symbol PUCCH at Symbol 10

	
	
	1000
	1-symbol PUCCH at Symbol 11

	
	
	1001
	1-symbol PUCCH at Symbol 12

	
	
	1010
	1-symbol PUCCH at Symbol 13

	
	
	1011
	2-symbol PUCCH starting from Symbol 4

	
	
	1100
	2-symbol PUCCH starting from Symbol 6

	
	
	1101
	2-symbol PUCCH starting from Symbol 8

	
	
	1110
	2-symbol PUCCH starting from Symbol 10

	
	
	1111
	2-symbol PUCCH starting from Symbol 12


Proposal 3:

6-bit bitfield for long PUCCH time-domain resource indication (Table 2),
· 2-bit starting slot indication (K1=0, 1, 2, 3).
· 2-bit slot number indication (1, 2, 4, 8 slots).
· 2-bit symbol-level indication for all scheduled slots.
Table 2: Time-domain RA bitfield in DCI for long PUCCH

	Bitfield
	Number of bits in the bitfield
	Value of the bitfield
	

	Starting slot indication
	2
	00
	K1=0

	
	
	01
	K1=1

	
	
	10
	K1=2

	
	
	11
	K1=3

	Number of slots
	2
	00
	Number of slots = 1

	
	
	01
	Number of slots = 2

	
	
	10
	Number of slots = 4

	
	
	11
	Number of slots = 8

	Symbol-level indication for all Slots
	2
	00
	1st RRC-configured symbol allocation

	
	
	01
	2nd RRC-configured symbol allocation

	
	
	10
	3rd RRC-configured symbol allocation

	
	
	11
	4th RRC-configured symbol allocation


Proposal 4:

For PUCCH frequency-domain RA

· Type 0 RA is supported for CP-OFDM-based PUCCH.

· Type 1 RA is supported for DFT-s-OFDM-based PUCCH.
Proposal 5:

· RBG-based RA is used for Type 0 as well as Type 1 PUCCH resource scheduling.

· 96-PRB is maximum size of BWP for PUCCH RA.

· 8-bit bitfield for frequency-domain RA PUCCH: 

· For Type 0 RA: 6-bit bitmap + 2bit BWP indication.

· For Type 1 RA: 8-bit RIV.

Proposal 6: 
Use combination of dynamic scheduling and implicit derivation for frequency-domain RA of HARQ-ACK UCI.
Proposal 7: 
For PUCCH frequency hopping, use a constant hopping bandwidth for all UEs in a BWP.
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