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1	Introduction
The following has been agreed regarding the resource allocation in frequency domain for PDSCH and PUSCH in NR
Agreements: (RAN1#88 Athens)
· NR supports both contiguous and non-contiguous resource allocation for data with CP-OFDM for both UL and DL
· FFS detailed for both contiguous and non-contiguous resource allocation schemes
Agreements: (RAN1#89)
· In frequency-domain, for PDSCH and for PUSCH with CP-OFDM waveform, starting point is at least LTE DL RA type 0.
· Working assumption: In frequency-domain, for PUSCH with DFT-s-OFDM waveform, only contiguous resource allocation is supported in Rel. 15.
· In frequency-domain, NR allows to schedule a PDSCH and PUSCH at least with CP-OFDM waveform with large resource allocation and small resource allocation in dynamic manner.
· E.g., scheduling a slot with full or almost full bandwidth and scheduling next slot with one or a few RBs.
Agreements: (RAN1#89)
· The set of RBG size includes at least 2, [3,] 4, [6,] 8, 16
· FFS: necessity of other RBG sizes
· RBG size may or may not depend on the number of symbols for data
· For determining RBG size, the following options are considered
· Opt. 1: RBG size is determined by the NW channel BW
· FFS: Necessity of signaling
· Opt. 2: RBG size is determined by BW for the configured BW part
· FFS: Necessity of signaling
· FFS: Multiple configured BW parts
· Opt. 3: RBG size is configured by NW
· FFS: Set of configurable RBG sizes may depend on frequency range
· Opt. 4: RBG size is determined by DCI
· FFS: Signaling details
Agreements: (RAN1#89)
· For DFT-s-OFDM based NR-PUSCH transmission, contiguous RB allocation with/without frequency hopping are supported
· At least intra-slot frequency hopping is supported for 14 symbol slot case
· FFS on detailed resource allocation
· FFS on detailed frequency hopping for PUSCH
Agreements: (RAN1-AH#2)
· In frequency-domain, for PUSCH with DFT-s-OFDM waveform in NR, contiguous resource allocation scheme based on LTE UL RA Type 0 is adopted in Rel. 15.
· FFS:
· A coarser granularity (i.e. more than 1RB) of resource assignment in order to reduce the overhead further  
· BW parts
· In frequency-domain, for PDSCH in NR, a resource allocation scheme based on LTE DL RA Type 2 is supported in Rel. 15.
· FFS:
· A coarser granularity (i.e. more than 1RB) of resource assignment in order to reduce the overhead further  
· BW parts
· In frequency-domain, for PUSCH with CP-OFDM waveform in NR, contiguous resource allocation scheme based on LTE UL RA Type 0 is supported in Rel. 15
· FFS:
· A coarser granularity (i.e. more than 1RB) of resource assignment in order to reduce the overhead further  
· BW parts
· A DCI format with resource allocation based on LTE DL RA type 0 (i.e., bit-map) is supported for PDSCH.
· A DCI format with resource allocation based on LTE DL RA type 0 (i.e., bit-map) is supported for PUSCH with CP-OFDM waveform.
· A DCI format with resource allocation based on LTE DL RA type 2 is supported for PDSCH.
· A DCI format with resource allocation based on LTE UL RA type 0 is supported for PUSCH with CP-OFDM waveform and with DFT-s-OFDM waveform.
· FFS: some or all of the above DCI formats have the same DCI payload size.
Agreements: (RAN1-AH#2)
· For PDSCH/PUSCH, the RBG size/number can be changed along with the change of the BWP used for resource allocation.
· FFS: If one or multiple of following option(s) is/are also used for RBG size/number determination:
· Opt. 1: Semi-statically configured size of Type0 RA bitmap. 
· Number and size of RBGs for a RA is determined based on size of BWP and the size of the bitmap.
· Opt. 2: Semi-statically configured RBG size(s) per BWP for deriving number of RBGs.
· Number of RBGs in the BWP is determined by size of the BWP and the configured/indicated RBG size(s). 
· FFS: Dynamic switching of RBG size(s). 
· Opt. 3: DCI format/DCI format size (e.g. a compact DCI may be with a larger RBG size than a normal DCI).
· Opt. 4: Transmission durations (e.g. a shorter-duration transmission may be with a larger RBG size than a longer one).
· Opt. 5: RBG size is determined depending on the size of the BWP.
· Other options are not precluded.
Agreements: (RAN1-AH#2)
· Common PRB indexing is supported
· The indexing is common to all the UEs sharing a wideband CC from network perspective, regardless of whether they are NB, CA, or WB UEs. 
· The indexing is with respect to the reference point
· The indexing is with respect to a given numerology
· Note: Example usage of common PRB indexing is for scheduling group common PDSCH, RS sequences, BWP configuration, etc.
· UE-specific PRB indexing is supported
· It is indexed per BWP with respect to the configured SCS for the BWP
· Note: Example usage of UE-specific indexing is for scheduling UE-specific PDSCH

In this contribution, we discuss the remaining issues for resource allocation in frequency domain for both PDSCH and PUSCH.
2	Discussion
As a short recap, we have agreed so far to support the following:
· PDSCH and CP-OFDM based PUSCH: RA based on LTE DL RA type 0 (bitmap, contiguous and non-contiguous)
· PDSCH: RA based on LTE DL RA type 2 (start-stop/length, contiguous and non-contiguous) 
· DFT-S-OFDM and CP-OFDM based PUSCH: RA based on LTE UL RA Type 0 (start-stop/length, contiguous)
2.1	Resource allocation based on LTE DL RA type 0
This is applicable to PDSCH and CP-OFDM based PUSCH.
RBG size determination
For LTE DL RA type 0, a bitmap is used to indicate the resource block groups (RBGs) allocated to the UE. It supports both contiguous and non-contiguous allocation, and the minimum granularity is a RBG.
In RAN1#89 agreements, it was considered whether the RBG size can be aligned with the CCE size in PDCCH, e.g. by supporting the RBG size of 3 or 6. This may be considered to allow more compatible resource allocation for PDCCH and PDSCH when they occur on the same symbol. However, with the most recent agreements on the REG bundle size and resource allocation for PDCCH, the minimum granularity for PDCCH resource allocation can be one PRB (e..g for a multi-symbol CORESET with REG bundle size equal to CORESET length). So 3 or 6 would not serve the purpose any more. In addition, if the resource sharing of PDCCH and PDSCH on the same symbol is achieved by having PDSCH rate match around the indicated control resources (which is suggested by majority of the proposals), aligning the RBG size with PDCCH resource allocation unit does not seem to provide any obvious benefit.
On the other hand, there is a large benefit if RBGs of different numerologies and different BWPs are nested, i.e., from a set defined by 2n, where n is positive integer. If different RBG sizes are used for different UEs, it is beneficial to have nested RBG structure to achieve better compatibility in the resource allocation and spatial multiplexing for different UEs (e.g. to avoid any residual or orphan RBs due to misalligned RBG boundaries).
Additionally, if a PDSCH with 1-symbol or 2-symbol duration is scheduled, RBG size of 16 could be too small, and it would be reasonable to consider larger RBG size. For URLLC, having a larger RBG size would be especially beneficial to achieve a compact DCI.
Observation 1: There is no obvious benefit to support RBG size of 3 or 6 if resource sharing of PDCCH and PDSCH on the same symbol is achieved by having PDSCH rate match around the indicated control resources.
Proposal 1: The set of supported RBG sizes includes entries defined by 2n, where n=[1,2,3,4] 
· FFS on support of values n>4.

In RAN1-AH#2, a few options to decide the RBG size in the context of bandwidth parts (BWP) were discussed. We note that these options are not mutually exclusive. For example, options 3/4 can potentially be used together with options 1/2/5.
When deciding the RBG size for a UE, the most typical use cases for bandwidth parts include: (1) UEs can be configured with smaller BW than the BW of network carrier; (2) a UE may have multiple bandwidth parts (BWP) configured , and the bandwidth can be potentially dynamically changed.
The desirable RBG size properties include:
(1) Configurability. For different UEs with different bandwidth configured, the flexibility would be desirable to allow different RBG sizes for different UEs, in order to achieve the best tradeoff between DCI overhead and fine resource allocation granularity for each UE. The optimal granularity can be dependent on the load in the cell,  type of traffic the UE is receiving, configured UE bandwidth, or the length of TTIs the UE is served with.
(2) Same DCI size for the multiple configured BWPs of a UE. For a UE operating with bandwidth adaptation, the determination of RBG size should consider the DCI size before and after changing the BWP. Even though CORESET is configured for each BWP, the PDCCH candidates for two BWPs can have some or full overlap if the two BWPs are overlapped.
a. If the DCI size and format can stay the same before and after bandwidth adaptation command is issued, it would allow the gNB to send a single DCI using one of the overlapping PDCCH candidates during the ambiguous period when the gNB does not know yet whether the UE has successfully retuned or not. 
b. In addition, the DCI on one BWP can schedule the same BWP as well as cross-slot/cross-mini-slot schedule another BWP. A UE does not need to follow two DCI format sizes at each CORESET in this case. Note that overlapping BWPs can be the most typical use case considering the UEs switching between narrower and wider bandwidth for power saving purpose. In this sense, for a UE configured with multiple BWPs, it is beneficial to have the DCI size aligned for all the BWPs.
As discussed in [1], there are multiple ways to achieve the above properties. Option 1 as listed in RAN1-AH#2 agreements is the most straightforward way, while the other options (option 2 or 5) cannot achieve the goals. Therefore, we propose:
Proposal 2: For resource allocation based on LTE DL type 0, option 1 is adopted for RBG size determination, i.e., the size of the RA bitmap is semi-statically configured, and the number and size of RBGs for a RA is determined based on size of BWP and the size of the bitmap.

Aa mentioned already, the RBG size should also consider the scheduling unit in time domain. For example, the gNB may want to configure a larger RBG size for a PDSCH with 1 or 2-symbol duration than that for a PDSCH with one slot duration. If we consider URLLC in particular, it is especially important to minimize the DCI payload size to achieve the desired reliability. Option 3 and 4 are both trying to address this issue. However, option 3 is a more natural way because the UE would need to know the DCI format size in order to decode a DCI.
Proposal 3: For resource allocation based on LTE DL RA type 0, option 3 is supported on top of option 1. That is, RA bitmap size is configured per DCI format.


2.2	Resource allocation based on LTE DL RA type 2
This is applicable to PDSCH.
LTE DL RA type 2 indicates the starting virtual RB index and the number of contiguous virtual RBs (VRBs). Depending on whether the virtual RBs are localized or distributed, it can support contiguous and non-contiguous (deterministic intelace) allocation. The minimum granularity is a RB. It has a smaller overhead in DCI, and is suitable for a compact DCI format.
As a simple exercise, we summarize the number of bits needed for resource allocation for type 0 and 2. In this table, we use a variation of type 2, where the granularity is a RBG instead of a RB, and the field size is calculated for different RBG sizes. It can be seen that type 2 provides a small size even when the number of PRBs is as large as 275.
Table 1 Number of bits for resource allocation type 0/2
	
	
	
	RBG size

	# of SCs
	# of PRBs
	
	1
	2
	4
	8
	16

	1200
	100
	Type 0
	100
	50
	25
	13
	7

	
	
	Type 2 with RBG granularity
	13
	11
	9
	7
	5

	3300
	275
	Type 0
	275
	138
	69
	35
	18

	
	
	Type 2 with RBG granularity
	16
	14
	12
	10
	8



In typical cases, there does not seem to be a strong need to support a RBG size of more than one PRB, as the RA field size is already reasonably small with one-PRB granularity. However, if we consider the extreme cases where very compact DCI size is necessary as in URLLC, larger RBG size would be useful. Similar to DL RA type 0, it is desirable to align the DCI size for different BWPs.
Proposal 4: For resource allocation based on LTE DL RA type 2, a coarse granularity of more than one PRB is supported. The RA field size is semi-statically configured, and the number and the size of RBGs is determined based on the size of BWP and the RA field size.
Considering the large difference in RA field size for type 0 and 2 (as shown in Table 1), and the desirable flexibility to independently configure the RBG size for type 0 and 2 (e.g.type 0 for eMBB and type 2 for URLLC), we propose:
Proposal 5: Different DCI formats are used for resource allocation based on LTE DL RA type 0 and type 2, i.e. a single DCI format can schedule either RA type 0 or RA type2.
The main advantages of type 2 RA over type 0 RA are: (1) smaller granularity (e.g. one RB); (2) more compact DCI size. When type 2 RA is used to allocate a small amount of resources, it can benefit from frequency diversity (when frequency-selective scheduling is not or cannot be used) if non-contiguous resource allocation is supported. The non-contiguous resource allocation can be based on some simple interlaced structure, and the details can be further discussed.
On the other hand, intra-slot frequency hopping is not seen as so necessary because frequency diversity can be achieved as long as 2 or more PRBs are allocated. In addition, intra-slot frequency hopping requires additional effort and would make it not well compatible with other RA schemes, which would make it difficult to be used in practice.
Proposal 6: For resource allocation based on LTE DL RA type 2, both contiguous and non-contiguous RA are supported. Intra-slot frequency hopping is not supported. FFS the details of non-contiguous RA.

2.3	Resource allocation based on LTE UL RA type 0
This applies to CP-OFDM based and DFT-S-OFDM based PUSCH.

LTE UL RA type 0 is in fact the same as LTE DL RA type 2 with VRB of localized types, meaning that VRB is the same as PRB and only contiguous resource allocation is supported. Therefore we propose:

Proposal 7: Resource allocation based on LTE UL RA type 0 is defined in the same way as resource allocation based on LTE DL RA type 2 with contiguous resource allocation.
The motivation behind introduction of DFT-S-OFDM as a complementary waveform in the new radio UL is to provide at least the same link budget (i.e. MCL) as LTE UL. Based on that, it’s enough to have semi-static configuration of the PUSCH waveform. This means that PUSCH waveform is configured using higher layer signalling and DFT-S-OFDM does not introduce any additional bits in DCI scheduling PUSCH. 
It has been decided in RAN1#88bis that “Similar to LTE, the number of RBs allowable for DFT-s-OFDM waveform should be N = 2i3j5k”. When using CP-OFDM waveform, such limit does not exist. The simplest option would be to have a common solution for contiguous resource allocation covering both PDSCH and PUSCH. When DFT-S-OFDM is configured, only those PUSCH allocations fulfilling the rule related to DFT size are as considered as valid resource callocations for an UE.  
Proposal 8: PUSCH waveform is configured using higher layer signalling. DFT-S-OFDM does not introduce any additional bits in DCI scheduling PUSCH, and the DCI format for resource allocation based on LTE UL RA type 0 is the same for DFT-S-OFDM and CP-OFDM based PUSCH.
2.4	PRB indexing
It has been agreed to support both common PRB indexing and UE-specific PRB indexing. 
Agreements: (RAN1-AH#2)
· Common PRB indexing is supported
· The indexing is common to all the UEs sharing a wideband CC from network perspective, regardless of whether they are NB, CA, or WB UEs. 
· The indexing is with respect to the reference point
· The indexing is with respect to a given numerology
· Note: Example usage of common PRB indexing is for scheduling group common PDSCH, RS sequences, BWP configuration, etc.
· UE-specific PRB indexing is supported
· It is indexed per BWP with respect to the configured SCS for the BWP
· Note: Example usage of UE-specific indexing is for scheduling UE-specific PDSCH

Here we only consider the PRB indexing for resource allocation after the initial access procedure is completed (i.e. after Msg 4), one or more BWPs have been configured, and one BWP is activated. The PRB indexing in resource allocation before this is separately discussed under the initial access agenda item.
For resource allocation purpose within a BWP, it is natural that the UE-specific PRB indexing should be used, i.e., it is indexed within the BWP with respect to the configured SCS. 
Proposal 9: For frequency-domain resource allocation in a BWP, UE-specific PRB indexing is used. That is, it is indexed within the BWP with respect to the configured SCS for the BWP.

Although the PRB indexing for resource allocation is straightforward in this case, we propose in our companion contribution [2] that a reference point is configured to a UE, which allows gNB to inform UE about the common reference point to support common PRB indexing. This reference point determines the PRB indexing for BWP configuration, the start of DMRS sequence, the start of RBG nested grid and CSI sub-band grid of the NW carrier.

6	Conclusion
In this contribution, we have discussed the resource allocation in frequency domain and proposed the following:
Observation 1: There is no obvious benefit to support RBG size of 3 or 6 if resource sharing of PDCCH and PDSCH on the same symbol is achieved by having PDSCH rate match around the indicated control resources.
Proposal 1: The set of supported RBG sizes includes entries defined by 2n, where n=[1,2,3,4] 
· FFS on support of values n>4.
Proposal 2: For resource allocation based on LTE DL type 0, option 1 is adopted for RBG size determination, i.e., the size of the RA bitmap is semi-statically configured, and the number and size of RBGs for a RA is determined based on size of BWP and the size of the bitmap.
Proposal 3: For resource allocation based on LTE DL RA type 0, option 3 is supported on top of option 1. That is, RA bitmap size is configured per DCI format.
Proposal 4: For resource allocation based on LTE DL RA type 2, a coarse granularity of more than one PRB is supported. The RA field size is semi-statically configured, and the number and the size of RBGs is determined based on the size of BWP and the RA field size.
Proposal 5: Different DCI formats are used for resource allocation based on LTE DL RA type 0 and type 2, i.e. a single DCI format can schedule either RA type 0 or RA type2.
[bookmark: _GoBack]Proposal 6: For resource allocation based on LTE DL RA type 2, both contiguous and non-contiguous RA are supported. Intra-slot frequency hopping is not supported. FFS the details of non-contiguous RA.
Proposal 7: Resource allocation based on LTE UL RA type 0 is defined in the same way as resource allocation based on LTE DL RA type 2 with contiguous resource allocation.
Proposal 8: PUSCH waveform is configured using higher layer signalling. DFT-S-OFDM does not introduce any additional bits in DCI scheduling PUSCH, and the DCI format for resource allocation based on LTE UL RA type 0 is the same for DFT-S-OFDM and CP-OFDM based PUSCH.
Proposal 9: For frequency-domain resource allocation in a BWP, UE-specific PRB indexing is used. That is, it is indexed within the BWP with respect to the configured SCS for the BWP.
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