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1. Introduction
Regarding PUCCH resource allocation, NR will support both semi-static configuration and ARI-like explicit indication (a set of PUCCH resources is configured by higher layer signaling and a PUCCH resource within the configured set is indicated by DCI) for both long and short PUCCH format, and implicit indication is FFS. In RAN1 Ad-hoc#3, the following options of PUCCH resource configuration/indication were agreed to down-select [1]. 
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

This contribution discusses the implicit PUCCH resource indication for PUCCH format with small UCI payload for RRC-connected mode and Msg 4, and analyzes all options above for explicit resource indication. 
2. Discussion
2.1 Implicit PUCCH resource indication
For long PUCCH, NR supports PUCCH format 1 for UCI with up to 2 bits with high multiplexing capacity and PUCCH format 3 for UCI with large payload. At least for PUCCH format 1 (with time-domain OCC), e.g., up to 18 or 36 UEs can be multiplexed in one PRB, similar to LTE PUCCH format 1/1a/1b. Then, ARI-like indication would require 5~6 bits for full resource allocation flexibility within a PRB of a slot without accounting for other potential dynamic signaling overhead such as for indicating a PRB or symbols within a slot (the signaling to indicate the slot itself is also not considered). Therefore, the total overhead in a DL DCI for indicating resources (time/frequency/code) related to a HARQ-ACK transmission can be a material portion of the DCI and implicit indication (such as a link between a lowest CCE index of the PDCCH and the PUCCH resource as in LTE) can be considered to avoid unnecessary DCI overhead. To reduce overhead while avoiding implicit resource allocation, it is possible for a gNB to configure a UE a subset of the 18 or 36 resources (e.g. 4 resources) at the expense of some scheduler flexibility to avoid collision, particularly for TDD operation where PDSCH transmissions to many UEs are to be acknowledged at the same slot.
In NR, UEs with different HARQ-ACK timing can transmit HARQ-ACK in a same PUCCH slot while associated PDSCHs can be received in same or different slots/symbols or in different CORESETs. This may be viewed as complicating implicit PUCCH resource allocation. However, to a large extend, a same situation exists for EPDCCH/MPDCCH-based scheduling in LTE and any ambiguity is resolved through an EPDCCH set specific Npucch1 offset and an ARO field for indicating one of four offsets relative to the lowest CCE index. Applicability of this LTE indication can be directly extended to NR for a reduction of at least 3-4 bits in the DCI overhead.

Implicit PUCCH resource indication also provides a simple solution when a UE does not know a dedicated PUCCH resource, e.g., before RRC connection establishment or during a RRC reconfiguration period. 
Before RRC connection establishment, PUCCH resource of HARQ-ACK for Msg 4 in random access procedure requires a kind of ‘default information’.  
Since the PUCCH payload for Msg 4 is only 1 bit, implicit indication for the PUCCH resource can apply. Similar to LTE, one cell-specific PUCCH parameter (e.g., Npucch1) is broadcasted in RMSI. Then, PUCCH resource for Msg 4 is derived as Npcch1+ncce_index. 

There are also some alternatives for explicit indication. 

· Alterative 1: A set of PUCCH resource is provided by SIB only. 

A cell-specific PUCCH resource set is configured in RMSI and DCI indicates one PUCCH resource from the set. Considering a potentially large number of UEs transmitting PUCCH in one slot, particularly for TDD-like operation, the number of PUCCH resources configured in this cell-specific PUCCH resource set should be large enough to avoid PUCCH blocking. However, this increases RMSI payload and also requires a large DCI payload for PUCCH resource indication.  

· Alterative 2: Information for PUCCH resource determination is provided by SIB and RAR.

To avoid a large DCI overhead, UE-specific PUCCH resource indication from cell-specific PUCCH resource set  broadcasted by SIB can be divided into two steps. In first step, a sub-set of PUCCH resource sets configured by SIB is indicated by RAR. Then, the DCI scheduling Msg 4 indicates the actual PUCCH resource from the sub-set. Thetotal number of required bits for PUCCH resource indication is still quite large (bits in SIB + RAR + DCI). Furthermore, for given RAR payload, the increased number of bits for each UE in a single RAR can lead to a reduction in the number of UEs supported by a single RAR. 

Compared to implicit indication, above explicit indication methods do not provide any material benefit while incurring larger overhead, potential RAR congestion, and a more complex procedure.  

Similar, during the RRC configuration/reconfiguration period, implicit + ARO-like indication with fallback DCI (like DCI 1A in LTE) can be supported.  

Proposal 1: When a UE does not know the dedicated PUCCH resource, an implicit mechanism as in LTE applies.

2.2  PUCCH resource indication 
PUCCH resource includes time domain resource, frequency domain resource, code domain resource and PUCCH format. 
Time domain resource:

Time domain resource includes a starting symbol in a slot, a duration within the slot, and the slot(s) the PUCCH is transmitted over. In case of long PUCCH with slot aggregation, time domain resource also consists of the number of slots.  
For semi-static frame structure, e.g., FDD or semi-static slot configuration for TDD, semi-static configuration of the time-domain resource is sufficient. For dynamic TDD (e.g., dynamic UL-only slot or DL/UL hybrid slot) and reservations for certain signals such as unknown OFDM symbols for backward/forward compatibility which may change on a slot basis, dynamic signaling of time-domain resource is desirable. The same may apply for semi-static slot configuration in case of aperiodic SRS over multiple OFDM symbols or of dynamic short PUCCH use. In case of long PUCCH with slot aggregation, the starting symbol and duration in each slot can be different to optimize the resource efficiency. However, per slot indication of starting symbol /duration causes large DCI overhead and higher layer signaling is preferable [2]. 

In summary, both semi-static and dynamic indication of time-domain PUCCH resource should be supported for various scenarios. Existence of a DCI field for dynamic indication of time-domain PUCCH resource can be semi-statically configured by RRC signaling. For dynamic signaling of time-domain resource, slot index and starting symbol/duration can be separately indicated. The slot index is derived from HARQ-ACK timing indication. 

Frequency domain resource:

In LTE, for PUCCH format 1/1a/1b, the number of PRBs is fixed to one and the PRB index is implicitly derived. For PUCCH format 3 and format 5, the number of PRBs is fixed to one and the PRB index is explicitly indicated by ARI. For PUCCH format 4, the number of PRBs varies from 1 to 8 and the PRB(s) are explicitly indicated by ARI. To obtain frequency diversity gain, frequency hopping is enabled over the whole system bandwidth.    

In NR, the PUCCH region can be placed in any part of the system bandwidth. For UEs with limited transmission bandwidth, the PUCCH region is located within the active UL BWP. To avoid unnecessary re-tuning within the slot, the frequency-hopping is also within the UL BWP. Then, the indication of PRB is based on PRB indexing within the UL BWP, and the same hopping pattern as in LTE can be reused based on the total number of PRBs of UL BWP instead of total PRB number of the whole system bandwidth.   

The number of PRBs for PUCCH may vary with UCI payload as well as the transmission duration, e.g., long PUCCH with variable duration (from 4 to 14 symbols). The frequency resource indication should have the flexibility to configure variable number of PRBs.
Code domain resource:

For PUCCH with multiplexing capacity, indication of code/sequence is required. Code/sequence refers to cyclic shift of a root sequence and OCC if applicable. When more than one code/sequence should be allocated to one UE, i.e., PUCCH format 0 for 1/2 bits HARQ-ACK with or without SR, the correlation between these code/sequences should be minimized to ensure the decoding performance, for example, a set of cyclic shifts with Δoffset =3  for 2 bits HARQ-ACK. 
PUCCH format:

NR supports both long and short PUCCH. Long and short PUCCH is suitable for different transmission latency, coverage and probably for the different UCI payload. Dynamic switching between long and short PUCCH enables robust performance with respect to changes in link budget and HARQ-ACK payload size. Explicit indication of short/long  PUCCH format in DCI is preferred. 
For both long and short PUCCH, more than one PUCCH format is designed to support various UCI payload (e.g., up to 2 bits or more than 2 bits). Implicit indication of PUCCH format derived from UCI payload can be supported. E.g., fallback to PUCCH format 0/2 if UE transmits HARQ-ACK in response to only one PDSCH scheduling on PCell. However, it requires the decoding of both PUCCH formats at gNB for the case gNB and UE happen to have different understanding on PUCCH format. Explicit indication of PUCCH format by DCI is hence a cleaner solution. 
PUCCH resource indication method: 

There are four options for PUCCH resource configuration/indication depending on different combination method of the previous four dimensions (time/frequency/code/format). 

· Opt.1: One or multiple set(s) of PUCCH resources consisting of same or different PUCCH formats. 
A set of PUCCH resources is semi-statically configured, which consists of starting symbol/duration, PRB resource allocation, code/sequence and PUCCH format information. Mixing all these dimensions together with limited number of ARI bit would make it quite difficult to optimize for all possible scenarios and unnecessarily complicates RRC signaling.  

· Opt.2: One or multiple set(s) of PUCCH resources for each PUCCH format.
Similar to LTE CA, multiple PUCCH formats for different UCI payloads are semi-statically configured, and multiple set of frequency/code resource are configured for each PUCCH format accordingly. For a given PUCCH duration, one  PUCCH format is dynamically selected according to the actual UCI payload under certain conditions. Then, the set of frequency/code resource is also determined. ARI selects one PUCCH resource with frequency/code resource of determined set. 

Regarding PUCCH duration indication, i.e., short or long PUCCH and starting symbol/duration, the explicit indication is needed considering it is not so relevant to UCI payload.  
Comparing with option 1, higher flexibility is achieved with the same ARI payload. 

· Opt.3: A set of PUCCH resources for each duration of each PUCCH format.
Option 3 provides additional flexibility, relative to option 2, for frequency resource allocation for the same PUCCH format with different PUCCH durations. With dynamic slot format configuration, the length of UL region and PUCCH within the UL region may vary slot by slot. Consequently, the required frequency resources can fluctuate to keep a target coding rate in accordance with the transmission duration. To allocate the appropriate number of PRBs when simultaneously accommodating variable HARQ-ACK payloads and transmission durations, multiple sets of PRBs can be configured for different durations of each PUCCH format. To avoid multiple configurations for multiple sets of possible numbers of symbols for long PUCCH transmission, the number of PRB(s) and the set of PRBs for different PUCCH durations can be derived from a reference number of PRBs and the set of PRBs for reference PUCCH duration, such as 14 symbols, and a scaling factor based on the actual PUCCH duration. The UE determines the set according to the PUCCH duration, determines the PUCCH format according to the UCI payload, and then derives the PRB(s) from the ARI indication. Similar to option 2, the PUCCH duration can be separately indicated from the frequency resource indication (ARI). 

Comparing with option 2, PUCCH frequency resource flexibility is further increased with the same ARI payload. 

· 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. 
gNB configures two sets of PUCCH resources for ARI. Each PUCCH resource includes time/frequency/code resource as well as use of long or short PUCCH format. The set and PUCCH format accommodating different UCI payload is dynamically determined by the actual UCI payload. Comparing with option 2, the PUCCH duration is jointly coded with frequency/code resource. The drawback is mixing parameters for different dimensions makes it difficult to optimize for all possible scenarios.

Comparing the previous four options, option 3 is most flexible with reasonable overhead for PUCCH resource indication.  

Proposal 2: For PUCCH resource indication:

· PUCCH format is implicitly indicated by UCI payload relative to predetermined threshold values. 
· Time resource (slot index, starting symbol/duration and short/long PUCCH) and frequency/code resource are separately indicated by DCI. 

· A set of frequency/code resources for each duration of each PUCCH format is configured and ARI indicates one resource. 
3. Conclusion
This contribution considered the design aspects for PUCCH resource allocation, and proposes the following.

Proposal 1: When a UE does not know the dedicated PUCCH resource, an implicit mechanism as in LTE applies. 

Proposal 2: For PUCCH resource indication:

· PUCCH format is implicitly indicated by UCI payload with certain condition. 
· Time resource (slot index, starting symbol/duration and short/long PUCCH) and frequency/code resource is separately indicated. 

· A set of frequency/code resource for each duration of each PUCCH format is configured, and ARI selects one resource. 
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