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Background
In RAN1 #86bis meeting, bandwidth adaptation facilitating DL control information monitoring over a narrower bandwidth was agreed. The motivation was primarily driven by UE power saving. In the same meeting, support for cross-slot scheduling for DL was also agreed. 
The term “bandwidth-part” (BWP) was introduced to refer to the portion of the bandwidth within which the UE operates.
In this contribution, we will discuss some of the remaining issues on BWP. This is based on a resubmission of  R1-1720693 for RAN1 #91. Section 2.1.4 has been revised, and Section 2.1.2, 2.1.3, 2.1.6, and 2.1.7 are new material; Other sections could be lightly revised.
Discussion
Remaining Issues on BWP
CSI Measurement and SRS
In RAN1 #91, the follow agreement as made [4]:
· A UE is expected to perform CSI measurement only within its active DL BWP at the time when the measurement occurs

Consideration for SRS should be consistent with CSI measurement, because SRS achieves similar functionality but exploits channel reciprocity for TDD. The following rules are consistent with CSI measurement:
· SRS should correspond only to the active DL BWP
· But SRS is transmitted on UL, there are two possible configurations:
1. DL BWP is a subset of UL BWP for the BWP pair:
· No issue, send SRS on frequency range of DL BWP in the UL direction.
2. UL BWP is a proper subset of DL BWP for the BWP pair:
· Allow sending SRS outside of UL BWP, but still within the frequency range of DL BWP.
· To support this, implicit gap for UL BWP switching needs to be specified.
	Configuration 1:
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	Configuration 2:
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In order to simplify implementation and specification effort, we propose supporting configuration (1) only for Rel-15.
[bookmark: _Ref503282876][bookmark: _Toc498701144][bookmark: _Toc498702919][bookmark: _Toc498711163][bookmark: _Toc498712640][bookmark: _Toc498712708][bookmark: _Toc498714480][bookmark: _Toc498715966][bookmark: _Toc498716640][bookmark: _Toc498717146][bookmark: _Toc498717285][bookmark: _Toc498717531][bookmark: _Toc498720181][bookmark: _Toc503105505][bookmark: _Toc503105517][bookmark: _Toc503105527][bookmark: _Toc503105644][bookmark: _Toc503260714][bookmark: _Toc503267956][bookmark: _Toc503268137][bookmark: _Toc503268187][bookmark: _Toc503268215][bookmark: _Toc503282491][bookmark: _Toc503313771][bookmark: _Toc503464741][bookmark: _Toc503486493][bookmark: _Toc503488673][bookmark: _Toc503489507][bookmark: _Toc503490976][bookmark: _Toc503491315][bookmark: _Toc503534859][bookmark: _Toc503538744][bookmark: _Toc503539928][bookmark: _Toc503539994][bookmark: _Toc503542172][bookmark: _Toc503545877][bookmark: _Toc503545893][bookmark: _Toc503547086][bookmark: _Toc503547219][bookmark: _Toc503547798][bookmark: _Toc503552107][bookmark: _Toc503553230]Proposal 1: For TDD, SRS transmission in the UL direction is restricted to only the frequency range of the active DL BWP. 
[bookmark: _Toc498701145][bookmark: _Toc498702920][bookmark: _Toc498711164][bookmark: _Toc498712641][bookmark: _Toc498712709][bookmark: _Toc498714481][bookmark: _Toc498715967][bookmark: _Toc498716641][bookmark: _Toc498717147][bookmark: _Toc498717286][bookmark: _Toc498717532][bookmark: _Toc498720182][bookmark: _Toc503105506][bookmark: _Toc503105518][bookmark: _Toc503105528][bookmark: _Toc503105645][bookmark: _Toc503260715][bookmark: _Toc503267957][bookmark: _Toc503268138][bookmark: _Toc503268188][bookmark: _Toc503268216][bookmark: _Toc503282492][bookmark: _Toc503313772][bookmark: _Toc503464742][bookmark: _Toc503486494][bookmark: _Toc503488674][bookmark: _Toc503489508][bookmark: _Toc503490977][bookmark: _Toc503491316][bookmark: _Toc503534860][bookmark: _Toc503538745][bookmark: _Toc503539929][bookmark: _Toc503539995][bookmark: _Toc503542173][bookmark: _Toc503545878][bookmark: _Toc503545894][bookmark: _Toc503547087][bookmark: _Toc503547220][bookmark: _Toc503547799][bookmark: _Toc503552108][bookmark: _Toc503553231]Proposal 2: For Rel-15, for unpaired spectrum and if SRS feature is enabled, do not support the BWP pair configuration where the UL BWP frequency range is a proper subset of that of the DL BWP.

[bookmark: _Ref503288531][bookmark: _Ref503258185]Resource Allocation Field for BWP Switching DCI
Based on current specification [6], frequency-domain resource allocation (RA) field size in DCI is determined based on the number of RBs of the active BWP. Because BWP switching is triggered by cross-BWP scheduling (and only supported with non-fallback DCI), there are two main cases to consider:
(1) Transitioning from a wider BWP to a narrower BWP
(2) Transitioning from a narrower BWP to a wider BWP
For Case (1), the RA field with a larger size, determined based on the wider BWP, would be used to signal resource allocation in the narrower BWP. There is no issue for this case: Not all of the addressable range supported by the RA field is needed. This method also works for the case where the transition is between two BWPs with the same bandwidth size.
For Case (2), the RA field with a smaller size would be used to signal resource allocation in a wider BWP. There is some ambiguity on how the RA field should be interpreted, as there appears to be at least two alternatives: (i) Interpretation is based on the BWP indicated by the BWP ID (i.e. the target BWP) in DCI; (ii) Interpretation is based on the active BWP (i.e. the original BWP). Because the RA field is sized based on the active BWP, we think it is more consistent to adopt alternative (ii), i.e. also interpret RA field based on the active BWP.
[bookmark: _Hlk503490630][bookmark: _Toc503553227]Observation 1: When BWP switching is triggered by a scheduling DCI, it is considered that active DL/UL BWP is changed to the target BWP at the beginning of the slot that is k0 slots after the slot containing the DL scheduling DCI, or k2 slots after the slot containing the UL scheduling DCI.
[bookmark: _Toc503553228]Observation 2: The resource allocation field in a scheduling DCI, which may also trigger BWP switching, is sized according to the active BWP.
[bookmark: _Ref503282885][bookmark: _Toc503282493][bookmark: _Toc503313773][bookmark: _Toc503464743][bookmark: _Toc503486495][bookmark: _Toc503488675][bookmark: _Toc503489509][bookmark: _Toc503490978][bookmark: _Toc503491317][bookmark: _Toc503534861][bookmark: _Toc503538746][bookmark: _Toc503539930][bookmark: _Toc503539996][bookmark: _Toc503542174][bookmark: _Toc503545879][bookmark: _Toc503545895][bookmark: _Toc503547088][bookmark: _Toc503547221][bookmark: _Toc503547800][bookmark: _Toc503552109][bookmark: _Toc503553232]Proposal 3: The resource allocation field in a scheduling DCI which also triggers BWP switching is interpreted based on the active BWP (i.e. not the target BWP indicated in the BWP ID field). The physical resource block allocation is directly mapped to the target BWP.
Above proposal, when applied to Case (1), i.e. wide-to-narrow-BWP transition, means that it is gNB responsibility to construct the content of the RA such that the PRB allocation (with respect to the component carrier) is not outside of the frequency range of the narrower BWP.
	Narrow-to-Wide BWP transition (2):
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	Wide-to-narrow BWP transition (1):
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In the important use case that BWPs are overlapping, basing the interpretation of RA on the original BWP offers a key advantage that the overlapping portion is schedulable by the BWP-switch-triggering DCI. Until updated CQI is available for the non-overlapping portion in the target BWP is available, there may not be much incentive to schedule outside of the overlapping portion, especially on the first slot after BWP transition.
Going back to Case (2), there are two sub-cases to consider:
Case 2-a: The original BWP’s frequency range is a subset of the target BWP (i.e. nested)
· The RA field would be interpreted based on the original BWP, and PRB allocation (w.r.t. the CC) is then directly mapped to the target BWP
Case 2-b: The original BWP’s frequency range is not a subset of the target BWP
· Even if the RA field is interpreted based on the original BWP, it cannot be always applied to the target BWP because the PRB allocation (w.r.t. the CC) may be fully or partially outside the frequency range of the target BWP.
· gNB should avoid scheduling for this transitory slot by populating the RA field with zero resource allocation (also known as “zero” assignment) for this sub-case.

[bookmark: _Toc503464744][bookmark: _Toc503486496][bookmark: _Toc503488676][bookmark: _Toc503489510][bookmark: _Toc503490979][bookmark: _Toc503491318][bookmark: _Toc503534862][bookmark: _Toc503538747][bookmark: _Toc503539931][bookmark: _Toc503539997][bookmark: _Toc503542175][bookmark: _Toc503545880][bookmark: _Toc503545896][bookmark: _Hlk503490639][bookmark: _Toc503547089][bookmark: _Toc503547222][bookmark: _Toc503547801][bookmark: _Toc503552110][bookmark: _Toc503553233]Proposal 4: For cross-BWP scheduling, UE is not expected to handle the case that the physical resource block allocation interpreted based on the original BWP, when mapped to the target BWP, is not completely within the target BWP. gNB may avoid the case by populating the resource allocation field with zero resource allocation.

Zero resource allocation / “zero” assignment can be used to handle another case that does not work in the current specification. Even if the opposite of Proposal 3 is adopted, i.e. RA field is interpreted based on the target BWP indicated in the BWP ID field, there would be restrictions on resource allocation on the target BWP based on a RA field of smaller size. Certain RB location or range may not be schedulable in the target BWP. For example, for Type1 allocation, the number of RB could be limited to one for certain starting locations. gNB should have the option to issue “zero” assignment to cope with the restrictions.
[bookmark: _Toc503553229]Observation 3: Support for scheduling DCI with zero resource allocation is essential to handle some cases of resource allocation signaling restrictions due to scheduling a wider BWP with a RA field sized for a narrower BWP.
In Section 2.1.4, zero resource allocation will be discussed more in detail.

[bookmark: _Ref503489945]Resource Allocation Field for Fallback DCI
Fallback DCI is intended to improve robustness of the system. Fallback DCI carries a smaller payload with only the essential parameters compared to general DCI. UE is expected to monitor fallback DCI for various types of PDCCH in the common search space and UE-specific search space. Also, it has been agreed in RAN1 2017 AH3 that DL-scheduling and UL-scheduling fallback DCI should have the same size [3]; If not, padding is used to make them the same size. 
Fallback DCI contains the resource allocation (RA) field. For general DCI, the RA field size is dependent on the active BWP. However, for fallback DCI, it is desirable for the DCI size to be invariant to active BWP, because this facilitates better robustness. Even if there is a mismatch in gNB’s and UE’s understanding of the currently active BWP, if a search space is configured to be identical between BWPs, there is some likelihood that UE can decode the fallback DCI within the search space with the pre-condition that the DCI size is also same.
There are several options for making RA field size invariant to active BWP:
Alt #1a: RA field is sized according to the default BWP
Alt #1b: RA field is sized according to a “reference BWP” which is configured
Alt #2: RA field is sized according to the maximum bandwidth among all configured BWP
Alt #2 is not preferred because RA field size is driven by the largest bandwidth BWP, and if the bandwidth disparity among BWP is large, for the smaller bandwidth BWP, many bits in the RA field would not be needed (and would be padded). Based on Type1 resource allocation, potentially 7 bits could be wasted in the worst case. This is especially unacceptable for fallback DCI for which minimizing the number of bits in the payload is of foremost importance.
Alt #1b is slightly more flexible compared to Alt #1a, with extra complexity in RRC configuration. The tradeoff for Alt #1a is reasonable and is recommended.
[bookmark: _Toc503486497][bookmark: _Toc503488677][bookmark: _Toc503489511][bookmark: _Toc503490980][bookmark: _Toc503491319][bookmark: _Toc503534863][bookmark: _Toc503538748][bookmark: _Toc503539932][bookmark: _Toc503539998][bookmark: _Toc503542176][bookmark: _Toc503545881][bookmark: _Toc503545897][bookmark: _Hlk503490657][bookmark: _Toc503547090][bookmark: _Toc503547223][bookmark: _Toc503547802][bookmark: _Toc503552111][bookmark: _Toc503553234]Proposal 5: For fallback DCI, the resource allocation (RA) field size is determined based on the default BWP. More elaborately, RA field size for DL scheduling DCI (Format 1_0) corresponds to the default DL BWP; RA field size for UL scheduling DCI (Format 0_0) corresponds to the “default” UL BWP. 
For paired spectrum, default UL BWP may not be explicitly defined. Section 2.1.9 has more discussion on how this issue can be addressed.
Given that fallback DCI’s RA field size is determined based on the default BWP, there is no issue to support fallback DCI for the default BWP. For other BWPs, for the scenario where the default BWP is a subset of another BWP (referred as BWP x), it is possible that resource allocation interpreted based on the default BWP can be directly mapped, in terms of physical RB locations, to BWP x. Further, if search space is configured to be the same between the default DL BWP and BWP x in the DL direction, extra robustness against gNB and UE active BWP out-of-sync is assured. An example for the scenario is illustrated: BWP1 is configured as the default BWP. Fallback DCI is supported for one of the search space (left) in BWP2 because it is the same as the one in BWP1, and BWP1 is nested within BWP2. Fallback DCI is not supported for another search space (right) in BWP2 because there is not a corresponding search space in BWP1 that is the same.
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For the scenario where the default BWP is disjoint with or only partially overlapping with another BWP (i.e. BWP y) in terms of frequency range, it may not be feasible to configure the same search space across the BWP in the DL direction. The use case of fallback DCI for BWP y is not obvious: If link budget becomes challenging, gNB and UE should operate on the default BWP (presumably with narrow bandwidth), where it would have fallback DCI support. Therefore, for this scenario, it is recommended that fallback DCI is not supported for BWP y.
In the following, two examples for no support for fallback DCI in BWP2 are shown:
	Search space / CORESET not configured to be the same
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	BWP are disjoint (or only partially overlapping)
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[bookmark: _Toc503486498][bookmark: _Toc503488678][bookmark: _Toc503489512][bookmark: _Toc503490981][bookmark: _Toc503491320][bookmark: _Toc503534864][bookmark: _Toc503538749][bookmark: _Toc503539933][bookmark: _Toc503539999][bookmark: _Toc503542177][bookmark: _Toc503545882][bookmark: _Toc503545898][bookmark: _Hlk503490668][bookmark: _Toc503547091][bookmark: _Toc503547224][bookmark: _Toc503547803][bookmark: _Toc503552112][bookmark: _Toc503553235]Proposal 6: Fallback DCI for DL/UL scheduling is supported only for the DL/UL BWP satisfying the following conditions: (a) If the default DL/UL BWP is a subset of the DL/UL BWP respectively in terms of frequency range, and (b) if the search space configured in the DL BWP is the same as the search space of the default DL BWP.
[bookmark: _Toc503486499][bookmark: _Toc503488679][bookmark: _Toc503489513][bookmark: _Toc503490982][bookmark: _Toc503491321][bookmark: _Toc503534865][bookmark: _Toc503538750][bookmark: _Toc503539934][bookmark: _Toc503540000][bookmark: _Toc503542178][bookmark: _Toc503545883][bookmark: _Toc503545899][bookmark: _Toc503547092][bookmark: _Toc503547225][bookmark: _Toc503547804][bookmark: _Toc503552113][bookmark: _Toc503553236]Proposal 7: If fallback DCI is supported for a BWP other than the default BWP, the resource allocation field is interpreted based on the default BWP. The physical resource block allocation is directly mapped to the BWP.

[bookmark: _Ref503286478]BWP Switching DCI without Scheduling
In RAN1 NR AH#3, the following agreement was made [3]:
· NR supports the case that a single scheduling DCI can switch the UE’s active BWP from one to another (of the same link direction) within a given serving cell
· FFS whether & how for active BWP switching only without scheduling (including the case of UL scheduling without UL-SCH)

During offline discussion in RAN1 #90bis [4], the following draft proposal had been proposed and discussion should resume using this as a starting point:
· Support scheduling DCI with “zero” assignment (i.e. without scheduling downlink or uplink transmission) for active DL/UL BWP switching
· For DL scheduling DCI, UE is expected to send positive HARQ-ACK for zero-size PDSCH transmission

Use of a single scheduling DCI to trigger BWP switching had been agreed. It is efficient when channel information about the new BWP is already known (either by estimating based on the current BWP if the BWPs are overlaping in frequency or based on prior CSI measurement result which has not become out-of-date), and scheduling in the new BWP and triggering of BWP switching can be signalled in DCI in one shot. However, there are other use cases where a DCI for BWP switching without scheduling would be crucial for efficient and robust system operation. If UE does not have accurate CQI information on a new BWP, it would make more sense procedural-wise for UE to switch to the new BWP, perform CSI measurement and feedback, and then gNB can schedule to the UE based on an up-to-date CQI. This would avoid gNB scheduling to the UE based on inaccurate channel information, resulting in waste of system resources if decoding does not pass even after retransmissions.
To avoid adding another DCI format, reuse of a scheduling DCI with “zero” assignment or zero-RA (resource allocation) could be considered. It can be constructed by setting the resource allocation field to all 0’s in binary for Type0 allocation, and to all 1’s in binary (which is invalid) for Type1 allocation. Other use cases for scheduling DCI with zero-RA are discussed in our companion contribution [7].
[bookmark: _Toc503313774][bookmark: _Toc503464745][bookmark: _Toc503486500][bookmark: _Toc503488680][bookmark: _Toc503489514][bookmark: _Toc503490983][bookmark: _Toc503491322][bookmark: _Toc503534866][bookmark: _Toc503538751][bookmark: _Toc503539935][bookmark: _Toc503540001][bookmark: _Toc503542179][bookmark: _Toc503545884][bookmark: _Toc503545900][bookmark: _Toc503547093][bookmark: _Toc503547226][bookmark: _Toc503547805][bookmark: _Toc503552114][bookmark: _Toc503553237][bookmark: _Toc494572796][bookmark: _Toc494577156][bookmark: _Toc494705623][bookmark: _Toc494706220][bookmark: _Toc494706600][bookmark: _Toc494718922][bookmark: _Toc494718946][bookmark: _Toc494737092][bookmark: _Toc494741487][bookmark: _Toc494742681][bookmark: _Toc494742964][bookmark: _Toc494743443][bookmark: _Toc494743590][bookmark: _Toc494743627][bookmark: _Toc494744787][bookmark: _Toc494748367]Proposal 8: Support DL scheduling DCI with zero resource allocation (i.e. without scheduling downlink transmission) for active DL or DL/UL BWP switching. UE is expected to send positive HARQ-ACK for zero-size PDSCH transmission.
[bookmark: _Toc503282495][bookmark: _Toc503313775][bookmark: _Toc503464746][bookmark: _Toc503486501][bookmark: _Toc503488681][bookmark: _Toc503489515][bookmark: _Toc503490984][bookmark: _Toc503491323][bookmark: _Toc503534867][bookmark: _Toc503538752][bookmark: _Toc503539936][bookmark: _Toc503540002][bookmark: _Toc503542180][bookmark: _Toc503545885][bookmark: _Toc503545901][bookmark: _Toc503547094][bookmark: _Toc503547227][bookmark: _Toc503547806][bookmark: _Toc503552115][bookmark: _Toc503553238]Proposal 9: Support UL scheduling DCI with zero resource allocation (i.e. without scheduling uplink transmission).

It has been agreed that the BWP ID field in a DL scheduling DCI refers to the DL BWP, and the BWP ID field in a UL scheduling DCI refers to the UL BWP. For unpaired spectrum, because of DL/UL BWP pairing, the BWP ID would be able to specify switching of both DL and UL BWP. This is actually quite convenient as there are use cases for UL scheduling DCI to trigger DL BWP switching, and vice versa. For paired spectrum, a UL or DL scheduling DCI can trigger BWP switching only for UL BWP or DL BWP respectively.
For UL scheduling DCI with zero-RA, UE would not transmit anything even if DCI is correctly decoded. There is no way for gNB to get any form of immediate feedback, and if there was a UL BWP switch request, gNB does not know whether the UE has decoded the UL BWP switching DCI successfully. For unpaired spectrum, DL scheduling DCI with zero-RA can also switch UL BWP, and acknowledge to gNB is supported, so it is a more preferred option. However, for paired spectrum, DL scheduling DCI with zero-RA cannot be used to switch UL BWP. The following enhancements can be considered: 
1. Baseline: DL grant with zero-RA, with target DL BWP ID
2. Enhancement: DL grant with zero-RA, reuse field(s) (e.g. any one of MCS/RV/HARQ ID) to add 2-bit UL BWP ID field and 1-bit indicator for presence of the field; DL BWP ID can be populated with the original DL BWP ID (for no DL BWP switching) or with new DL BWP ID (for DL BWP switching).
The enhanced DCI achieves parity between unpaired and paired spectrum in the sense that DL scheduling DCI can be used to switch DL/UL BWP.
It should be noted that for LTE UL SPS activation/release DCI, DL scheduling DCI is also reused for similar reason that it supports acknowledgement to the gNB.
[bookmark: _Toc498701149][bookmark: _Toc498702924][bookmark: _Toc498711168][bookmark: _Toc498712645][bookmark: _Toc498712713][bookmark: _Toc498714485][bookmark: _Toc498715971][bookmark: _Toc498716645][bookmark: _Toc498717151][bookmark: _Toc498717290][bookmark: _Toc498717536][bookmark: _Toc498720186][bookmark: _Toc503105510][bookmark: _Toc503105522][bookmark: _Toc503105532][bookmark: _Toc503105649][bookmark: _Toc503260717][bookmark: _Toc503267959][bookmark: _Toc503268140][bookmark: _Toc503268190][bookmark: _Toc503268218][bookmark: _Toc503282496][bookmark: _Toc503313776][bookmark: _Toc503464747][bookmark: _Toc503486502][bookmark: _Toc503488682][bookmark: _Toc503489516][bookmark: _Toc503490985][bookmark: _Toc503491324][bookmark: _Toc503534868][bookmark: _Toc503538753][bookmark: _Toc503539937][bookmark: _Toc503540003][bookmark: _Toc503542181][bookmark: _Toc503545886][bookmark: _Toc503545902][bookmark: _Toc503547095][bookmark: _Toc503547228][bookmark: _Toc503547807][bookmark: _Toc503552116][bookmark: _Toc503553239]Proposal 10: For paired spectrum, DL scheduling DCI with zero resource allocation can have some unused field repurposed for at least the UL BWP ID field to support UL BWP switching.

[bookmark: _Ref498694307]Aperiodic CSI Request in UL Grant for DL BWP Switching
Based on the agreement that CSI measurement is supported only within the active DL BWP, there is a strong use case for gNB to trigger aperiodic CSI (A-CSI) request to obtain updated CSF for a new active DL BWP. While the DL grant that triggers the BWP switch can be used to also trigger A-CSI request by setting the corresponding field in the same DCI, the UE would send A-CSI content on PUCCH to the gNB. PUCCH has limited capacity, so it would be desirable to use PUSCH for CSF.
In LTE and NR, A-CSI content can be sent on PUSCH if the A-CSI request comes with a UL grant. The resource allocation in the UL grant specifies the resources to be used for A-CSI content. Likewise, the BWP ID in the UL grant specifies the UL BWP in which the PUSCH should be transmitted.
Similar to the DL grant case, it’d be desirable to have a single UL grant triggering DL BWP switch along with A-CSI request on the new DL BWP. For unpaired spectrum, this can be done because the BWP ID in the UL grant also implicitly indicates the paired DL BWP. The UL grant can signal the new BWP UL/DL pair along with setting the A-CSI request field. A-CSI content would be sent back on PUSCH resources signalled in the resource allocation in the UL grant.
However, for paired spectrum, because the BWP ID in the UL grant only refers to the UL BWP, there is no way to trigger a DL BWP change with the same DCI. The “status quo” solution to this is to have duplicate grants: A DL grant to switch to the new DL BWP; A UL grant for A-CSI request and PUSCH allocation for A-CSI content. In this case, UL BWP may not have to change, so the UL grant may keep the same UL BWP ID as before.
There is some inefficiency with this solution. First, both UL and DL grants have to be used, and they are not individually fully utilized. For example, without updated CSF, gNB may not be able to schedule DL data to the UE very efficiently; It may even prefer not to schedule DL data to the UE by using a DL grant with zero resource allocation (if supported). For the UL grant, because UL BWP does not need to change, it is simply repeating the current active UL BWP.
The following scheme allows a single UL grant to support A-CSI request for PUSCH as well as DL BWP switching:
In the UL scheduling DCI, BWP ID is conditioned on A-CSI request
· If A-CSI request is not enabled, BWP ID applies to UL BWP (normal/existing behavior)
· If A-CSI request is enabled, BWP ID applies to DL BWP (enhanced behavior)

[bookmark: _Toc498701146][bookmark: _Toc498702921][bookmark: _Toc498711165][bookmark: _Toc498712642][bookmark: _Toc498712710][bookmark: _Toc498714482][bookmark: _Toc498715968][bookmark: _Toc498716642][bookmark: _Toc498717148][bookmark: _Toc498717287][bookmark: _Toc498717533][bookmark: _Toc498720183][bookmark: _Toc503105507][bookmark: _Toc503105519][bookmark: _Toc503105529][bookmark: _Toc503105646][bookmark: _Toc503260718][bookmark: _Toc503267960][bookmark: _Toc503268141][bookmark: _Toc503268191][bookmark: _Toc503268219][bookmark: _Toc503282497][bookmark: _Toc503313777][bookmark: _Toc503464748][bookmark: _Toc503486503][bookmark: _Toc503488683][bookmark: _Toc503489517][bookmark: _Toc503490986][bookmark: _Toc503491325][bookmark: _Toc503534869][bookmark: _Toc503538754][bookmark: _Toc503539938][bookmark: _Toc503540004][bookmark: _Toc503542182][bookmark: _Toc503545887][bookmark: _Toc503545903][bookmark: _Toc503547096][bookmark: _Toc503547229][bookmark: _Toc503547808][bookmark: _Toc503552117][bookmark: _Toc503553240]Proposal 11: A single UL scheduling DCI can switch at least the DL BWP as well as request A-CSI measurement on the new DL BWP, and allocate PUSCH resource for CSF, for both unpaired spectrum and paired spectrum operation
This is possible for unpaired spectrum with existing UL grant definition, but not possible with paired spectrum unless the following proposed enhancement is supported:
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[bookmark: _Ref503259614]C-DRX Operation with BWP
Although interaction between BWP and C-DRX operation is a topic that is addressed in RAN2, it’d be useful to understand the considerations to better motivate L1 design impact.
Based on observation on current generation devices and network operation, for applications based on DoU profile, significant percentage of C-DRX cycles are “empty”, i.e. no data is scheduled [1]. BWP adaptation provides an effective framework in achieving power saving in such use case.
Network may configure at least two BWP for a UE: “BWP1” optimized for PDCCH monitoring targeting low data activity periods, and “BWP2” optimized for data transmission targeting high data activity periods. Typical BWP1 configuration could support narrow bandwidth, large semi-static value of k0 (also k2), and potentially sparser PDCCH monitoring periodicity; Typical BWP2 configuration could support wide bandwidth, small value of k0 (e.g. 0 for same-slot scheduling), and per-slot PDCCH monitoring. Large semi-static value of k0 (and k2) for BWP1 is to accommodate transition time for BWP switching as well as transition time for ramping-up of additional modem functionalities for high throughput data reception (and transmission). Evidently, the active power consumption for BWP1 would be significantly lower than BWP2.
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For each DRX cycle, UE starts with BWP1 at the beginning of ON duration, and monitors PDCCH at relatively low power consumption. There are two scenarios for the UE:
· No data for the DRX cycle
· gNB does not transmit PDCCH. UE goes back to DRX at the end of ON duration
· Note: Possible to support serving small amount of data in BWP1 without switching to BWP2 but not considered as main use case.
· Data scheduled for the DRX cycle
· gNB transmits BWP DCI to switch UE to BWP2 for data reception and potential HARQ-ACK transmission
· UE completes transition to BWP2 in k0 slots; Monitors PDCCH per-slot and decodes DL grant and DL data
· When BWP timer expires, UE switches back to default BWP and continue monitoring PDCCH, until eventually, when DRX inactivity timer expires and UE falls back to DRX.

For typical duration of DRX cycles (e.g. 160msec) with moderate mobility, channel information from past cycle is likely outdated for data scheduling in the current cycle. Based on similar discussion in 2.1.2 and 2.1.5, it would be important for the system to obtain updated channel state information (including updated CQI) before attempting to schedule actual data transmission to the UE. If there is data to be scheduled to the UE for this DRX cycle, if the UL grant containing aperiodic CSI request can be transmitted during ON duration, potentially along with a DL DCI triggering BWP switching without scheduling, C-DRX operation can be streamlined and very power-efficient.
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In addition, aperiodic-TRS can also be triggered by DCI transmitted during the ON duration, if network expects to schedule data to the UE during this DRX cycle.
Above C-DRX operation is a concrete scheme that takes full advantage of BWP adaptation. In NR, it is envisioned that C-DRX would be configured for most of the applications / use cases for power saving. Therefore, it is crucial to consider BWP and C-DRX operation jointly.

[bookmark: _Ref503311242][bookmark: _Hlk503490596]Aperiodic CSI Measurement and BWP Transition
In current specification [6], unless an optional higher layer parameter AperiodicNZP-CSI-RS-TriggeringOffset is configured to be non-zero, aperiodic CSI transmission applies to the same slot as the DCI that triggers the request. This may result in two types of ambiguity or conflict if the DCI also triggers BWP transition. First, if BWP switching is simultaneously being triggered, it makes more sense that A-CSI request should be applied to the new BWP, instead of the original BWP. Second, during BWP transition, UE’s receiver is not expected to be operational. If aperiodic CSI-RS is transmitted by the gNB in the same slot as the DCI, UE may not be able to receive it. Combining both observations, aperiodic CSI-RS should be transmitted in the new BWP after BWP transition time, and CSI measurement should be performed on the new BWP.
In the case that BWP switching is triggered by a DL scheduling DCI, BWP transition time is upperbounded by the k0 parameter which is explicitly signalled in the DCI. In the case that BWP switching is triggered by an UL scheduling DCI, the k2 parameter explicitly signalled in the DCI indicates the PUSCH transmission time, BWP transition is still expected to be completed within a time that is related to UE’s capability for BWP transition as well as NW’s choice. It makes sense that such an upperbound on BWP transition time would be conveyed from the gNB to UE as a semi-statically configured k0 parameter. It has also been agreed that such semi-statically configured value would be BWP-specific. UE expects that it does not need to receive or transmit during k0 duration when BWP transition is in progress. If multiple k0 values are semi-statically configured, UE may assume using the smallest value for BWP transition time determination.
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[bookmark: _Toc503313780][bookmark: _Toc503464751][bookmark: _Toc503486506][bookmark: _Toc503488686][bookmark: _Toc503489520][bookmark: _Toc503490989][bookmark: _Toc503491328][bookmark: _Toc503534872][bookmark: _Toc503538757][bookmark: _Toc503539941][bookmark: _Toc503540007][bookmark: _Toc503542185][bookmark: _Toc503545890][bookmark: _Toc503545906][bookmark: _Toc503547099][bookmark: _Toc503547232][bookmark: _Toc503547811][bookmark: _Toc503552120][bookmark: _Toc503553243]Proposal 14: If aperiodic CSI request is triggered simultaneously with BWP switching (either by the same DCI or separate DCI in the same slot), CSI-RS measurement should be performed on the target DL BWP after k0 slots, and reporting in the UL BWP which could be associated with the target DL BWP in the case of unpaired spectrum operation after k2 slots. UE expects that k0 is not larger than k2.

It should be further discussed how the dependence on k0 and k2 values for A-CSI transmission timing for the condition where A-CSI request is triggered simultaneously with BWP transition may interact with the higher layer parameter AperiodicNZP-CSI-RS-TriggeringOffset. One approach is to consider that k0 and k2 overrides the parameter for such condition. A-CSI measurement timing is still a topic for active discussion, and more issues are discussed in our companion contribution [9].

BWP Transition Timeline
BWP switching latency, which is the end-to-end latency from the time the scheduling DCI indicates BWP change, to the time RF is ready to operate in the new BWP, has to be known by gNB. The end-to-end latency can be broken down into two main parts:
1. Processing latency – This latency is mainly due to DCI processing and other delay. During this time, RF may still be able to operate in the original BWP.
2. RF transition latency – During this time, RF is retuning and not capable of receiving (or transmitting)

In RAN1 #91, the following agreement on BWP transition latency was made [4]:
· The value range of the transition time(s) of active BWP switching are up to RAN4 and it’s also up to RAN4 to decide whether the transition time(s) of active BWP switching is reported to the network as dedicated UE capability or not.

While transition latency would be determined by RAN4, there are other aspects related to BWP transition that RAN1 should consider.
In the BWP switching DCI, new BWP is indicated, and end-to-end latency is accounted for in k0 / k2 delay, quantized into slots:
· DL grant case: k0 delay
· PDSCH and subsequent ACK should be in new BWP
· TDD: new DL/UL BWP pair
· FDD: PDSCH in new DL BWP; ACK in same UL BWP
· UL grant case: k2 delay
· PUSCH is in new UL BWP

The following figures illustrate the timeline of BWP switching. The color scheme mainly identifies different BWP. The k0, k1, k2 values are arbitrary; They are mostly set to keep the diagram compact. RAN4 has determined RF transition time of 50~200 microseconds for BWP activation within the same band [2]. Then for sub-slot RF switching latency, the slot duration likely cannot be smaller than 250 usec, i.e. the SCS considered for these illustrations could be 30kHz down to 15kHz; For higher SCS, RF transition latency could span multiple slots.
For unpaired spectrum, 
	BWP switch triggered by DL grant
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	BWP switch triggered by UL grant
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For paired spectrum,
	DL BWP switching triggered by DL grant
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	UL BWP switching triggered by UL grant
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To avoid complicated conflicts due to multiple BWP switching DCI overlapping with each other, BWP switching should ideally be serialized and some portion of the timeline should be protected from being interrupted by another BWP switching event.
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[bookmark: _Ref503487966]Default UL BWP for Paired Spectrum
Per RAN1 agreements, for unpaired spectrum, default DL/UL BWP is defined. For unpaired spectrum, default DL BWP is defined; Default UL BWP is not defined.
This is because default DL BWP is motivated by BWP timer fallback in case of gNB and UE out-of-sync in terms of their understanding of the active BWP. It is critical to ensure both sides can fallback to the same DL BWP so that DL control channel can be communicated. For unpaired spectrum, switching of DL BWP implies switching of UL BWP, so there is a default UL BWP concept as well. For paired spectrum, there is no need to define default UL BWP for BWP timer fallback operation. This is still valid technically speaking.
In RAN1 #91, the following conclusion has been made regarding default UL BWP [4]:
· It’s up to RAN2’s decision on any remaining issues regarding to BWP operation interaction with C-DRX
· It’s also up to RAN2’s decision whether it’s necessary to define default UL BWP in paired spectrum

Overall, lack of definition of default UL BWP creates some nuance in spec writing, especially for RAN2. For mainly semantics purpose, we can define default UL BWP for paired spectrum to be simply the UL BWP sharing the same BWP index as the default DL BWP. It would be gNB responsibility to configure default UL BWP if default DL BWP is configured; Because there has to be at least one UL BWP, it is always possible to designate one UL BWP as the default. Similar to default DL BWP, if default UL BWP is not explicitly configured, it is assumed to be the initial active UL BWP. We can assume that for the paired spectrum case, BWP timer expiration does not trigger UL BWP transition to default UL BWP, unless an issue or a compelling use case is identified later in the CR phase of standardization.

UE Feature Related
BWP Adaptation Option Types
The basic aspect of BWP is already deeply intertwined with the NR physical layer specification. Therefore, basic BWP operation should be a mandatory feature in Rel-15. Basic BWP operation refers to a single pair of DL/UL BWP configuration, and does not support dynamic BWP switching based on DCI.
Next level of complexity for BWP operation is associated with supporting BWP adaptation by dynamic BWP switching. Also, in terms of BWP configuration, whether common search space, PRACH resource, SSB are configured within each BWP or not, greatly affects the complexity of the implementation on both the gNB and UE side. In addition, BWP-specific configuration, such as CORESET and associated PDCCH search spaces, PUCCH resources, also has significant impact to the implementation complexity.
If BWP adaptation is considered a monolithic feature on its own, it would likely be designated as optional. However, it would not be in the best interest for the 5G NR ecosystem, as it is much tougher to gain traction for an optional feature to get support from the network and infra / UE vendors. It would be a huge opportunity lost because this could mean a sizeable percentage of 5G devices or markets may not enjoy the power saving benefits of BWP adaptation.
To address this issue, we propose to further split the BWP adaptation feature into two tiers: Type A supports a greatly simplified configuration mainly for UE power saving objective, and Type B supports full-fledged BWP adaptation. It is envisioned that the two tiers are differentiated by the following sub-feature sets:
Type A BWP adaptation – Mandatory
· 2 DL/UL BWPs for FDD and 2 DL/UL BWP pair for TDD, BWPs have the same numerology and same CP type
· The frequency range of one BWP is a proper subset of the other (i.e. nested)
· The narrower BWP should be configured as the default BWP
· Same SSB is included in both BWPs
· Same CORESETs that are including search spaces are included in both BWPs 
· Same common search space is configured for both DL BWPs

Type B BWP adaptation – Optional
· 4 DL/UL BWPs for FDD and 4 DL/UL BWP pair for TDD
·  (Remove Type A restrictions except the stated above)

Type A BWP adaptation supports two DL/UL BWPs, with the same numerology and same CP type. BWPs in the same link direction are nested in terms of the frequency range supported. The same CORESET and search spaces are configured. Despite this, non-fallback DCI format size need not to be the same because otherwise the padding could become excessive if the bandwidth disparity is huge between narrow and wide BWPs; Also, it has been proposed that fallback DCI format size should be based on the default (narrower) BWP. The same SSB is included in both BWPs. These configurations greatly help simplify the implementation as well as minimizing the occurrences of measurement gaps.
UE needs to monitor for RMSI and broadcast OSI which is transmitted by the gNB within the common search space (CSS) on the PCell. In addition, RACH response and paging control monitoring on the PCell can also be transmitted within the CSS. In Type A BWP adaptation, the common search space presides in both DL BWPs. As a result, UE does not have to switch to a particular BWP containing CSS for above operations.
[bookmark: _Toc494741492][bookmark: _Toc494742686][bookmark: _Toc494742969][bookmark: _Toc494743448][bookmark: _Toc494743595][bookmark: _Toc494744792][bookmark: _Toc494748372][bookmark: _Toc494743632][bookmark: _Toc498633825][bookmark: _Toc498634115][bookmark: _Toc498648444][bookmark: _Toc498648607][bookmark: _Toc498701154][bookmark: _Toc498702930][bookmark: _Toc498711174][bookmark: _Toc498712651][bookmark: _Toc498712719][bookmark: _Toc498714492][bookmark: _Toc498715979][bookmark: _Toc498716653][bookmark: _Toc498717159][bookmark: _Toc498717298][bookmark: _Toc498717544][bookmark: _Toc498720194][bookmark: _Toc503105513][bookmark: _Toc503105525][bookmark: _Toc503105535][bookmark: _Toc503105652][bookmark: _Toc503260721][bookmark: _Toc503267963][bookmark: _Toc503268144][bookmark: _Toc503268194][bookmark: _Toc503268222][bookmark: _Toc503282500][bookmark: _Toc503313782][bookmark: _Toc503464753][bookmark: _Toc503486508][bookmark: _Toc503488689][bookmark: _Toc503489522][bookmark: _Toc503490991][bookmark: _Toc503491330][bookmark: _Toc503534874][bookmark: _Toc503538759][bookmark: _Toc503539943][bookmark: _Toc503540009][bookmark: _Toc503542187][bookmark: _Toc503545892][bookmark: _Toc503545908][bookmark: _Toc503547101][bookmark: _Toc503547234][bookmark: _Toc503547813][bookmark: _Toc503552122][bookmark: _Toc503553245]Proposal 16: For Rel-15, support for Type A BWP adaptation is mandatory; Support for Type B BWP adaptation is optional.

Conclusions
We discussed some of the remaining issues on BWP. The following observations and proposals have been made:

Observation 1: When BWP switching is triggered by a scheduling DCI, it is considered that active DL/UL BWP is changed to the target BWP at the beginning of the slot that is k0 slots after the slot containing the DL scheduling DCI, or k2 slots after the slot containing the UL scheduling DCI.
Observation 2: The resource allocation field in a scheduling DCI, which may also trigger BWP switching, is sized according to the active BWP.
Observation 3: Support for scheduling DCI with zero resource allocation is essential to handle some cases of resource allocation signaling restrictions due to scheduling a wider BWP with a RA field sized for a narrower BWP.

Proposal 1: For TDD, SRS transmission in the UL direction is restricted to only the frequency range of the active DL BWP.
Proposal 2: For Rel-15, for unpaired spectrum and if SRS feature is enabled, do not support the BWP pair configuration where the UL BWP frequency range is a proper subset of that of the DL BWP.
Proposal 3: The resource allocation field in a scheduling DCI which also triggers BWP switching is interpreted based on the active BWP (i.e. not the target BWP indicated in the BWP ID field). The physical resource block allocation is directly mapped to the target BWP.
Proposal 4: For cross-BWP scheduling, UE is not expected to handle the case that the physical resource block allocation interpreted based on the original BWP, when mapped to the target BWP, is not completely within the target BWP. gNB may avoid the case by populating the resource allocation field with zero resource allocation.
Proposal 5: For fallback DCI, the resource allocation (RA) field size is determined based on the default BWP. More elaborately, RA field size for DL scheduling DCI (Format 1_0) corresponds to the default DL BWP; RA field size for UL scheduling DCI (Format 0_0) corresponds to the “default” UL BWP.
Proposal 6: Fallback DCI for DL/UL scheduling is supported only for the DL/UL BWP satisfying the following conditions: (a) If the default DL/UL BWP is a subset of the DL/UL BWP respectively in terms of frequency range, and (b) if the search space configured in the DL BWP is the same as the search space of the default DL BWP.
Proposal 7: If fallback DCI is supported for a BWP other than the default BWP, the resource allocation field is interpreted based on the default BWP. The physical resource block allocation is directly mapped to the BWP.
Proposal 8: Support DL scheduling DCI with zero resource allocation (i.e. without scheduling downlink transmission) for active DL or DL/UL BWP switching. UE is expected to send positive HARQ-ACK for zero-size PDSCH transmission.
Proposal 9: Support UL scheduling DCI with zero resource allocation (i.e. without scheduling uplink transmission).
Proposal 10: For paired spectrum, DL scheduling DCI with zero resource allocation can have some unused field repurposed for at least the UL BWP ID field to support UL BWP switching.
Proposal 11: A single UL scheduling DCI can switch at least the DL BWP as well as request A-CSI measurement on the new DL BWP, and allocate PUSCH resource for CSF, for both unpaired spectrum and paired spectrum operation
Proposal 12: In the UL scheduling DCI, whether the BWP ID applies to the UL BWP or the DL BWP is implicitly conditioned on the A-CSI request field.
Proposal 13: UE expects aperiodic CSI-RS triggered by an UL scheduling DCI would be transmitted in a slot whose offset from the DCI is based on k0. If k0 is not dynamically indicated, it is determined to be the smallest of the set of semi-statically configured values.
Proposal 14: If aperiodic CSI request is triggered simultaneously with BWP switching (either by the same DCI or separate DCI in the same slot), CSI-RS measurement should be performed on the target DL BWP after k0 slots, and reporting in the UL BWP which could be associated with the target DL BWP in the case of unpaired spectrum operation after k2 slots. UE expects that k0 is not larger than k2.
Proposal 15: Some restriction is needed on BWP switching taking into account the stages of the timeline to avoid complicated conflict scenarios.
Proposal 16: For Rel-15, support for Type A BWP adaptation is mandatory; Support for Type B BWP adaptation is optional.
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