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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
We discuss PUCCH resource allocation based on the agreements already reached regarding bandwidth parts (BWPs) and PUCCH design for NR. We also discuss feasibility of explicit configuration versus implicit derivation of some parameters which are FFS for PUCCH resource allocation according to [1].
Discussion on NR PUCCH Resource Allocation and Indication
PUCCH resource allocation
[bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In LTE, the PUCCH region is normally configured to be on the edges of the system bandwidth to support frequency hopping. However, this design cannot be reused in 5G NR because UEs designed for different application scenarios may have different bandwidths, which can be smaller than the system bandwidth. Allocating PUCCH region on the edges of UE RF bandwidth, without imposing any constraints on uplink scheduling, will create fragments in the spectrum disrupting contiguous uplink transmission. 
It must be noted that the aforementioned scenario, i.e., reduced UE bandwidth capability within a wideband carrier is enabled by BWP operation in Rel-15. It was agreed in RAN1#90bis that:
· In a serving cell where PUCCH is configured, each configured UL BWP includes PUCCH resources
· For a UE, a configured DL (or UL) BWP may overlap in frequency domain with another configured DL (or UL) BWP in a serving cell.
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[bookmark: _Ref497402873]Figure 1 PUSCH/PUCCH collision in overlapping UL BWPs in a slot
Reusing LTE design for PUCCH resource allocation in each UL BWP will cause PUSCH and/or PUCCH collision over the two BWPs overlapping in frequency domain in the same slot(s) as shown in Figure 1(a). PUSCH1/PUCCH1 and PUSCH2/PUCCH2 indicate PUSCH/PUCCH of BWP1 and BPW2, respectively. gNB scheduler can handle the PUSCH collision of the two BWPs by scheduling reduced bandwidth for PUSCH of one the two BWPs (e.g. for a BWP with relaxed PUSCH error rate requirement) as shown in Figure 1(b). However, PUCCH1 still collides with PUSCH2, thereby, fragmenting BWP2. This fragmentation can be avoided only if the corresponding PUCCH1 resources can be configured in the region above PUCCH2. This will complicate the system design and hinder the adoption of a unified solution for PUCCH resource configuration and indication. This can be avoided by minimizing overlapping of UL BWPs in the same slot from network perspective as shown in Figure 1(c).
Observation 1: From network perspective, minimize frequency domain overlapping of UL BWPs in the same slot to avoid complicated scheduler algorithm design and PUCCH resource configuration and indication mechanism.
PUCCH Resource Indication
It was agreed in RAN1#87 that:
· 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 [1], a table of parameters (as also captured in Appendix A) and their value ranges for PUCCH resource allocation for different PUCCH formats has been approved. However, for some parameters it is FFS if implicit mechanism or explicit signal is used to determine the corresponding parameters. This is discussed below.
Starting slot: It has been agreed in RAN1#90 that in order to identify PUCCH resources, a UE knows which slot(s) the PUCCH is transmitted. Whether the starting slot is RRC configurable is FFS and the value range is to be investigated. However, in RAN1#90bis, it was agreed that the timing between DL data transmission and acknowledgement is determined based on 0 or [2] bits in DCI and, therefore, the starting slot can be determined based on the HARQ feedback timing. For semi-static frame structure, a single value based on UE processing time and frame structure can be configured via RRC and in this case DCI will have 0 bits for timing and, hence, for slot determination. When dynamic indication of time domain resources is required, DCI will indicate the starting slot for PUCCH from a set of preconfigured values.
Starting PRB index: Starting PRB index can be either indicated explicitly or derived implicitly. Implicit derivation is considered to cause fragmentation issue for NR. However, with non-overlapping BWPs, similar to LTE a BWP specific PUCCH parameter (e.g., Npucch1) can be indicated via higher layer signaling to implicitly derive starting PRB index within the relevant BWP without causing BWP fragmentation. Due to dynamic HARQ feedback timing for different UEs, implicit derivation can cause PUCCH resource collision.  
PUCCH resource collision can be avoided via explicit indication of a resource in DCI from a set of resources configured via higher layer signaling for PUCCH. The DCI overhead to indicate starting PRB index depends on value range that still needs to be decided. 
To avoid resource collision, an explicit+ implicit PRB index indication approach is also possible. Starting PRB index can be derived using a PRB offset that is indicated in DCI to avoid overlapping of PUCCHs from multiple UEs scheduled in different slots by the same DL control resources. 
Frequency resource of 2nd hop: Frequency hopping can be disabled or enabled via RRC configuration.  Reusing LTE design for PUCCH resource allocation in each BWP, as discussed earlier, implies that the frequency resource of second hop can be implicitly derived from the frequency resource of the first hop. However, to give more control where to place the 2nd hop for the gNB, it is desirable to configure the location of the 2nd hop from higher layers. 
Proposal 1: Time and frequency resources for PUCCH can be indicated as follows:
· For semi-static frame structure, a single value is configured via RRC and in this case DCI will have 0 bits for slot determination. 
· For dynamic signalling of the slots in a frame structure, DCI will indicate the starting slot for PUCCH from a set of preconfigured values.
· Starting PRB index is derived using either explicit or explicit+ implicit mechanism.
· Frequency resource of second hop can be explicitly configured from higher layers.
PUCCH resource allocation and indication prior to RRC configuration
As agreed in the RAN1#88 meeting, a set of PUCCH resources is configured by higher layer signaling and one PUCCH resource within the configured set is dynamically indicated by DCI for the transmission of HARQ-ACK feedback. However, prior to RRC configuration, the set of PUCCH resources is not known at UE side, e.g., for HARQ-ACK feedback of Msg4 transmission during 4-step RACH procedure. Hence, different explicit and implicit approaches have been proposed in RAN1 to allow UE to transmit the HARQ-ACK on the allocated PUCCH resource. 
Method 1: Explicit Indication: 
A set of PUCCH resources can be configured by RMSI or RAR for the case when the dedicated resources are unknown to the UE. Out of this set, one resource can be indicted for PUCCH transmission by a field in the DCI scheduling Msg4. The number of PUCCH resources configured for Msg.4 HARQ-ACK feedback transmission should be large enough to avoid PUCCH blocking. This usually requires over-provisioned resource set which can degrade spectral efficiency. Moreover, resource configuration by RMSI or RAR increases its payload size and indication by DCI also increases overhead. 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. In order to avoid radio resource waste or PUCCH resource blocking from pre-configured common PUCCH resources, [2] proposed that DL scheduling DCI for Msg4 can include information on allocated PRBs and an allocated sequence (e.g. a cyclic shift of a base sequence) for Msg4 HARQ-ACK feedback with limited signaling overhead. 
Signaling overhead for explicit indication of PRB index can also be reduced as follows.
PRB indication: The BWP is divided into 4 virtual sub-bands indexed from 0 to 3 as shown in Figure 2 where each subband contains contiguous PRBs to avoid resource fragmentations. The sub-band (SB) configured for PUCCH transmission is indicated using 2 bits field in RMSI. The PRB index within the RMSI indicated sub-band is allocated using [x] bits in the DCI scheduling RAR or can be included in the RAR message. For the assumed value of , . Therefore, some bits can be saved for PRB indication. However, allocating PUCCH resources at the edge of the sub-band, the value of x need not be equal to  and PRB signaling overhead can be reduced further. For example a fixed value of 16 PRBs starting from most top PRB can be used, as this value may be enough for overall resources during initial access.  
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[bookmark: _Ref497919062]Figure 2 Example of sub-bands within the BWP
Furthermore, the index of initial cyclic shift (CS) can be indicated in DCI scheduling Msg4 with 2 or 3 bits. Note that same PRB can be assigned to multiple UEs with different cyclic shifts. Therefore, the resources can be efficiently utilized. 
 Method 2: Implicit Derivation: 
Implicit mechanism for PUCCH resource determination not only avoids radio resource waste and PUCCH resource blocking, it also reduces DCI overhead. Broadcasting cell specific parameter (e.g., Npucch1) in RMSI, PUCCH resource for Msg4 can be derived as Npucch1+ncce_index. However, the number of bits to indicate Npucch1 is too high to be transmitted in RMSI (e.g. 2048 values as in LTE). Moreover, due to dynamic HARQ timing, this can cause PUCCH resource collision among UEs. 
Method 3:  Explicit + Implicit Indication:
A combination of explicit indication and implicit determination can be considered for dynamic signaling with reduced overhead. PUCCH resource can be identified using three different alternatives:
Alt-1: Reuse LTE design allocating PUCCH resources at the edges of the BWP and the resource index is derived as  where  is the CCE index of DCI of Msg4. To avoid the overhead associated with transmission of , it is fixed to be zero and, hence,  . This approach limits the flexibility to reschedule the PUCCH resources if the edges of the BWP suffer from high level of interference.  
Alt-2: Assume the BWP is divided into four subbands (SBs). This alternative offers flexibility to schedule PUCCH resources in a frequency region that suffers from lower interference than other regions of the BWP. The index of SB scheduled for PUCCH transmission is indicated via 2 bits in RMSI.
Derive the PUCCH resource as , where  is the index of SB indicated in RMSI and  is the number of PRBs in each SB.  is a fixed number of cyclic shifts (e.g. 4, 6 or 8) within  a PRB. 
If  is too large we propose to restrict scheduling of DCI for Msg4 for transmission in first [y] CCEs to limit the size of the PUCCH resources for the initial access stage. For example y = 24. 
When multiple UEs receiving Msg4 in different DL slots transmit HARQ-feedback in the same resources in an UL slot. This can be avoided by deriving the PRB index of the PUCCH resource as  in a SB indicated in RMSI. To avoid PUCCH resource collision among UEs, we propose to differentiate the UEs based on orthogonal sequences by implicitly linking the index of initial cyclic shift to the timing relationship between Msg4 and HARQ-ACK feedback transmission. The timing relation between DCI reception for Msg4 and HARQ-ACK feedback is known to both gNB and UE. This timing relation is indexed to determine the cyclic shift according to a pre-defined mapping for HARQ-ACK transmission for the UE. Therefore, PUCCHs transmitted from different UEs in the same frequency resource can be differentiated due to orthogonal sequences.
Proposal 2: Use an explicit+ implicit mechanism to identify PUCCH resource for Msg4 HARQ-ACK feedback transmission to reduce signaling overhead and radio resource waste as follows: .
[bookmark: _GoBack]Where  is the index of SB indicated in RMSI and  is the number of PRBs in each SB.  is a fixed number of cyclic shifts (e.g. 4, 6 or 8) within a PRB. If  is too large the scheduling of DCI for Msg4 for transmission can be restricted in first [y] CCEs to limit the size of the PUCCH resources for the initial access stage.

Other parameters:
PUCCH format and length: Regardless whether Explicit Indication or Implicit + Explicit Indication is used, in a small cell configuration, short PUCCH may suffice for reliable transmission of HARQ-ACK feedback to Msg4. However, long PUCCH with longer transmission duration may be needed to avoid potential PUCCH coverage limitation. Since gNB knows cell size, long or short PUCCH format can be indicated using 1 bit in DCI scheduling RAR. Another option is to indicate PUCCH format (long or short) via a bit in the DCI scheduling Msg4 or RMSI for initial access UEs. This is particularly more useful in large cell wherein UEs at the cell edge may need long PUCCH format whereas UEs close to the center can use short PUCCH. In this case, the gNB can indicate PUCCH format to a UE according to, e.g., time elapsed between RAR transmissions and corresponding successful Msg3 reception. 
For PUCCH length, a straightforward approach is to pre-determine the number of symbols which can enable reliable PUCCH decoding for each format according to the numerology of the BWP. 
Frequency resource for the second hop: LTE design can be reused, i.e. mirror the resources in frequency domain for frequency hopping. However, the sub-band for second hop can be different and indicated using 2 bits in the RAR to give more control and flexibility at the gNB.
Proposal 3: For Msg4 HARQ-ACK feedback transmission, 1-bit should be included in the DCI scheduling Msg4 or RMSI to indicate either long or short PUCCH format.

Conclusions
Observation 1: From network perspective, minimize frequency domain overlapping of UL BWPs in the same slot to avoid complicated scheduler algorithm design and PUCCH resource configuration and indication mechanism.
Proposal 1: Time and frequency resources for PUCCH can be indicated as follows:
· For semi-static frame structure, a single value is configured via RRC and in this case DCI will have 0 bits for slot determination. 
· For dynamic signalling of the slots in a frame structure, DCI will indicate the starting slot for PUCCH from a set of preconfigured values.
· Starting PRB index is derived using either explicit or explicit+ implicit mechanism.
· Frequency resource of second hop can be explicitly configured from higher layers.
Proposal 2: Use an explicit+ implicit mechanism to identify PUCCH resource for Msg4 HARQ-ACK feedback transmission to reduce signaling overhead and radio resource waste as . Where  is the index of SB indicated in RMSI and  is the number of PRBs in each SB.  is a fixed number of cyclic shifts (e.g. 4, 6 or 8) within a PRB. If  is too large the scheduling of DCI for Msg4 for transmission can be restricted in first [y] CCEs to limit the size of the PUCCH resources for the initial access stage.
Proposal 3: For Msg4 HARQ-ACK feedback transmission, 1-bit should be included in the DCI scheduling Msg4 or RMSI to indicate either long or short PUCCH format.
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Appendix A: Agreed parameters for PUCCH resource configuration in RRC connected UEs.
Agreement (from email discussion number 90b-NR-30):
Table 1 contains the parameters configured in PUCCH resource sets. That means: for each parameter 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. An entry in the PUCCH resource set corresponds to one column in the table 1. This resource is defined by some parameters which are the rows of the table.
· 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 parameter with “FFS: special values for implicit derivation” or “FFS if implicit derivation is also used” implies that RAN1 needs further discussion to determine if implicit and/or explicit methods are used to determine the particular parameter in the entry of PUCCH resource. 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
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