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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 RAN1#NR AH3 meeting, the options for mapping relation between PUCCH resource sets (RESET) and PUCCH formats were summarized [4][5]:

Agreements:
· 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

In [5], some options from the offline discussions for identifying the PUCCH resource from a PUCCH RESET were also listed.
· For short PUCCH of more than 2 bits that is identified from a resource set , 
· Starting symbol in a slot is identified by one of followings (will be down-selected):
· Opt.1: is derived from a resource index in DCI from the RRC-configured resource set
· Opt.2: is explicitly indicated in DCI
· For above options, earliest transmission timing is based on UE capability 
· For contiguous PRB allocation within the UL BWP, one of following will be down-selected
· Opt.1: Both starting PRB and the number of PRBs are derived from a resource index in DCI from the RRC-configured resource set.
· Opt.2: Starting PRB is derived from a resource index in DCI from the RRC-configured resource set. Number of PRBs is derived from UCI payload.
· Opt.3: Starting PRB can be implicitly derived from the resource for the scheduling DCI. Number of PRBs is RRC-configured. 
· Opt.4: A subband and the number of PRBs for PUCCH are derived from a resource index in DCI from the RRC-configured resource set. Starting PRB in the subband is implicitly derived from the resource for the scheduling DCI.
· Opt.5: One of multiple configured resource sets is selected. Starting PRB is derived from a resource index in DCI and from the selected RRC resource set. The number of PRBs can be a part of the resource set or derived from UCI payload.
· Opt.6: Reuse PUSCH PRB allocation scheme.
In this contribution, we will develop an analysis on PUCCH resource allocation based the above agreements and discussions.
2. Definition of PUCCH RESET and PUCCH format

In RAN1#NR AH3 meeting, four options were proposed for defining the PUCCH RESET with respect to PUCCH format, e.g. one RESET for all formats, one RESET for each format, multiple RESETs for each format, multiple RESETs (corresponding to different UCI payloads) for all formats. Although the 4 options can all work, to select from the 4 options, we need compare their scheduling flexibility under the same DCI overhead. 
Assuming the bitwidth for PUCCH resource allocation except for starting slot indication (It has been agreed the starting slot of PUCCH is indicated separately in DCI) is N, if different PUCCH formats share the same PUCCH RESET (as in Option 1), the 2N PUCCH resources can be semi-statically configured in RRC signaling and indicated in DCI. However, For Option 2, 3 and 4, if M bits are used to indicate the index of a PUCCH RESET or the index of the corresponding PUCCH format, the DCI bitwidth left for resource indication is N-M. Thus for each PUCCH RESET/format, only 2(N-M) PUCCH resources can be configured and indicated.
For example, if 5 bits in DCI are used for PUCCH resource allocation except for starting slot indication, Option 1 would enable configuration of 25=32 PUCCH resources in RRC signaling which are shared by all PUCCH formats. However, if Option 4 is adopted, 1 bit in DCI needs to be used to indicated which PUCCH RESET is selected, i.e. for over 2 bits UCI or up to 2 bits UCI. Thus for either the PUCCH RESET for over 2 bits UCI or the PUCCH RESET for up to 2 bits UCI, only 24=16 PUCCH resources can be configured and indicated. For Option 2 and 3, even a larger bitwidth is needed for PUCCH RESET/format indication, e.g. 2 or 3 bits. Within each PUCCH RESET/format, the number of configurable PUCCH resources is more limited.
Obviously, the format-specific RESET in Option 2, 3, 4 fragments the PUCCH RESET structure, and restrict the scheduling flexibility over different PUCCH formats. Only if the required PUCCH resources are evenly distributed over different PUCCH formats, Option 2, 3, 4 provide the same flexibility as Option 1. However, if more PUCCH resources are needed for one PUCCH format than another, the format-specific RESET structure does not work under the same DCI overhead. Taking the above example, if the gNB likes to configure 20 PUCCH resource for up to 2 bits UCI whereas to configure 12 PUCCH resource for over 2 bits UCI, 4-bit is not enough for PUCCH resource indication for up to 2 bits UCI. In this case, Option 1 shows obvious advantages over Option 2, 3, 4 on scheduling flexibility. In an extreme case, Option 1 can concentrate all the 32 configurable resources to one PUCCH format if needed. Option 2, 3, 4 cannot make this.
One may argue that some parameters for one PUCCH format are not applicable for another. For example, sequence/code index is only applicable when configuring PUCCH resources for up to 2 bits UCI. Hence when configuring the PUCCH resources for over 2 bits UCI, the “sequence/code index” field will be lefted “N/A”. This is an disadvantage of Option 1 which will lead to a slightly larger overhead in RRC signaling. However, since the overhead problem is so sensitive for RRC signaling, the increase of overhead is acceptable to trade off with a much better scheduling flexibility.
Proposal 1: 
· A set of PUCCH resources at least for HARQ-ACK which is configured to a UE by high layer signaling is defined as

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

3. PUCCH resource allocation based on format-independent PUCCH RESET
If Option 1 is adopted for defining the PUCCH RESET, i.e. a PUCCH RESET can be defined for all PUCCH formats, the next question is what parameters can be included in the PUCCH RESET and what parameters should be indicated a separate DCI bitfield. Before the detailed discussions, from our perspective, a principle should be set that a unified decision should be made when considering if a resource parameter is jointly configured in a PUCCH RESET or directly indicated by a separate DCI bitfield. For example, if it is agreed that the starting symbol is jointly configured in the PUCCH RESET, the decision should apply for all PUCCH formats regardless the UCI payloads and PUCCH lengths. We do not see the necessity of treating different PUCCH formats differently on this aspect.
Proposal 2: 
· When considering which parameters are jointly configured in a PUCCH RESET, a unified decision is taken for all PUCCH formats.
So far the only parameter which is agreed to be indicated in a separate DCI field is the starting slot of a PUCCH. It is a proper decision because the starting slot has no correlations to other parameters, i.e. for each possible starting slot index (e.g. 0, 1, 2, 3), other parameters can be set to any values. However, some parameters may to some extent be correlated to each other, e.g.
· Starting symbol may be correlated to symbol duration for long PUCCH;

· Number of PRBs may be correlated to number of symbols/slots;
· Hopping pattern may be correlated to number of symbols/slots;
· Code resource may be correlated to formats/durations/payloads.

Starting PRB is not closely correlated to other parameters, thus can be directly indicated in DCI. As analyzed in some contributions, introducing dynamic scheduling will provide the link performance gain over implicit derivation for PUCCH via frequency-selective scheduling and ICIC. Some combined explicit indication and implicit derivation approach will be introduced in Section 4. 
Another parameter suitable for direct DCI indication is the BWP index. 2 bits is needed if indicating one UL BWP from the four. However, another alternative is to use a default UL BWP for PUCCH resource allocation, then the BWP index indication can be avoided.

Proposal 3: 
· Following parameters can be jointly configured in a PUCCH RESET: 
· Starting symbol, 
· number of symbols/slots, 
· code resources,

· hopping pattern.

· Following parameters can be directly indicated in a separated DCI field: 

· Starting PRB,

· BWP index (FFS if it is needed).
· Note: It has been agreed that the starting slot is directly indicated in DCI at least for HARQ-ACK.

4. Partly implicit derivation for frequency-domain PUCCH resource allocation

Beyond the configured PUCCH RESET and separate DCI bitfield discussed in Section 2 and Section 3, some parameters can be implicitly derived or semi-statically configured. If so, in a PUCCH RESET configuration, no different resources are configured with respect to the parameters.

Implicit derivation is desired because it can reduce the overhead, if the scheduling flexibility is not substantially impacted. A good example is the starting PRB indication. If the starting PRB indication is directly indicated (as shown in Fig.1), it will consume too large a bitwidth. In order to reduce the DCI overhead, a coarser scheduling granularity should be adopted, e.g. RBG-based scheduling. Then the actual PRB in the RBG allocated for PUCCH can be implicitly derived. 
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Fig.1: Dynamic scheduling for PRB starting PRB
RBG = 1, 2, 4, 8, 16 PRBs are agreed for PDSCH/PUSCH resource allocation. If reusing the RBG values meanwhile constraining a PUCCH resource allocation within a relatively small BWP, e.g. 128 PRBs (It is enough to obtain frequency-selective scheduling gain and flexibility), and if 3-bit field is used (8 RBGs can be indicated), the mapping table between BWP and RBG size can be defined as below:
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Then the actual starting PRB allocated for a PUCCH can be implicitly derived within the RBG. 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). 
As shown in Fig.2, a coaser scheduling is firstly performed on the RBG level. Within the scheduled RBG, the detailed starting PRB 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 4: 
· For identifying of PUCCH starting PRB, the combination of RBG-based dynamic scheduling and implicit derivation is used.

5. 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 5: 
· 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.

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: 
· A set of PUCCH resources at least for HARQ-ACK which is configured to a UE by high layer signaling is defined as

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

Proposal 2: 
· When considering which parameters are jointly configured in a PUCCH RESET, a unified decision is taken for all PUCCH formats.
Proposal 3: 
· Following parameters can be jointly configured in a PUCCH RESET: 

· Starting symbol, 

· number of symbols/slots, 

· code resources,

· hopping pattern.

· Following parameters can be directly indicated in a separated DCI field: 

· Starting PRB,

· BWP index (FFS if it is needed).

· Note: It has been agreed that the starting slot is directly indicated in DCI at least for HARQ-ACK.

Proposal 4: 
· For identifying of PUCCH starting PRB, the combination of RBG-based dynamic scheduling and implicit derivation is used.

Proposal 5: 
· 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.
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