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1 Introduction
One of the significant features that are newly introduced to NR is the concept of bandwidth part (BWP). There has been active discussion in RAN1 on how to define BWP and how to specify gNB/UE operations from the physical layer perspective. This discussion is still on-going in RAN1 and some agreements that might be meaningful to develop RAN2-related features have been recently derived. In this context, we believe that it is the time for RAN2 to begin in earnest the discussion on how to support BWP and how to specify gNB/UE operations from higher layer perspective. We therefore consider the followings in this contribution.
· Motivation of introducing BWP
· RAN2 features affected by BWP
· Discussion points in RAN2
2 Motivation of introducing BWP
First of all, we should understand the motivation of introducing the concept of BWP to NR. According to our understanding, it can be summarized as follows although each of the items below is not fully non-overlapped.
A. Support UE bandwidth capability narrower than carrier bandwidth
· For the purpose of supporting eMBB, it was agreed in RAN1 #88 that the maximum channel bandwidth per NR carrier is 400 MHz [#88]. However, not all of UEs might require such a carrier with wide bandwidth. In this context, it was also agreed that a UE might not be capable of supporting the entire carrier bandwidth [#88]. To serve these UEs, the concept of BWP that consists of a group of contiguous PRBs was agreed to be introduced [#88bis].
B. Support reduced UE power consumption by bandwidth adjustment
· It is well known that the UE power consumption due to the RF modules is increased as the RF bandwidth becomes wider. In addition, it is also true that the UE power consumption due to the baseband modules depends on the FFT size and the data rates. As a result, if a UE is able to adjust its operating bandwidth depending on the demand for traffic, it can be beneficial to reduce power consumption. Such an operation can be efficiently provided on the basis of the BWP concept.
C. Support multiple services with different numerologies in a carrier
· NR supports multiple services, such as eMBB and URLLC, which have different performance requirements. To satisfy these requirements, it is possible that each service might use a specific numerology (i.e., subcarrier spacing, CP length, etc.). For example, large subcarrier spacing that results in short symbol duration might be more suitable for URLLC than eMBB. One possible way to support multiple numerologies is to use more than one BWP with different numerologies in a single carrier.


Figure 1 Usage scenarios for BWP

To realize the motivation above, RAN1 has defined the baseline of BWP as follows [#88bis][#89].
· One or multiple bandwidth part configurations for each component carrier can be semi-statically signaled to a UE.
· A bandwidth part consists of a group of contiguous PRBs.
· The bandwidth of a bandwidth part equals to or is smaller than the maximal bandwidth capability supported by a UE.
· The bandwidth of a bandwidth part is at least as large as the SS block bandwidth.
· The bandwidth part may or may not contain the SS block.
· Configuration of a bandwidth part may include the following properties.
· Numerology
· Frequency location (e.g., center frequency)
· Bandwidth (e.g., number of PRBs)
· Each bandwidth part is associated with a specific numerology (sub-carrier spacing, CP type).
3 RAN2 features affected by BWP
In Section 2, we have reviewed the motivation of introducing BWP to NR and how BWP is defined from the radio resource point of view. We now focus on the impact of BWP on RAN2-related features. Table 1 shows the overview of these features that are categorized according to the scenarios described in the previous section.

Table 1 RAN2-related features affected by BWP
	Motivation/Scenario
	RAN2-related features

	A
(including general aspects)
	Support UE bandwidth capability narrower than carrier bandwidth
	- BWP management
- RRM measurement
- RLM/RLF
- SI reception/random access

	B
	Support reduced UE power consumption by bandwidth adjustment
	- DRX

	C
	Support multiple services with different numerologies in a carrier
	- SR
- LCP
- SPS



A. General aspects of supporting UE bandwidth within carrier bandwidth: BWP management, RRM measurement, RLM/RLF, SI reception/random access
· In LTE, most of the connection control and measurement procedures are generally performed on the basis of a carrier. For example, a UE is configured with the measurement configuration that indicates the carrier frequency to be measured in the measurement object. The UE then detects a set of cells that operate in that carrier by receiving PSS and SSS whose time/frequency locations are fixed around the center frequency, and finally derives cell quality by measuring CRS. The parameters obtained in this way are used for various purposes including RLM/RLF, mobility, CA, and so on.
However, as BWP is introduced in NR, RAN2 should consider (i) the fact that only a portion of the carrier bandwidth can be used by a UE and (ii) whether this fact needs to be reflected even on the connection control and measurement procedures or not. For example, we need to discuss whether the measurement object is configured per carrier as in LTE or per BWP, which might be actually available to the UE. There might be such an issue for most of the connection control and measurement procedures.
· Related RAN1 agreements
	Agreement [AH#2]
· For FDD, separate sets of bandwidth part (BWP) configurations for DL & UL per component carrier
· For TDD, separate sets of BWP configurations for DL & UL per component carrier

Agreement [AH#2]
· At least one of configured DL BWPs includes one CORESET with common search space at least in primary component carrier
· Each configured DL BWP includes at least one CORESET with UE-specific search space for the case of single active BWP at a given time

Agreements [#90]
· There is an initial active DL/UL bandwidth part pair to be valid for a UE until the UE is explicitly (re)configured with bandwidth part(s) during or after RRC connection is established
· Support activation/deactivation of DL and UL bandwidth part by explicit indication at least in (FFS: scheduling) DCI
· Support activation/deactivation of DL bandwidth part by means of timer for a UE to switch its active DL bandwidth part to a default DL bandwidth part

Agreements [#90]
· When a UE performs measurement or transmit SRS outside of its active BWP, it is considered as a measurement gap

Agreements [AH#3]
· For each UE-specific serving cell, one or more DL BWPs and one or more UL BWPs can be configured by dedicated RRC for a UE



B. Aspects of reducing UE power consumption by bandwidth adjustment: DRX
· DRX is an important feature to reduce UE’s power consumption by allowing the UE not to monitor the downlink control channel during the predefined duration of time. By virtue of BWP, the UE in NR can have an additional method to reduce its power consumption by adjusting its operating bandwidth according to the demand for traffic. For example, even in the case where the UE in LTE only monitors the downlink control channel, it operates in the same bandwidth as the carrier bandwidth. On the other hand, if multiple BWPs with different bandwidths are available to the UE in NR, it is possible that the UE operates in the minimum bandwidth when only monitoring the downlink control channel while it increases bandwidth when receiving a larger amount of data. In this context, RAN2 needs to consider the issue of how to increase the benefit from the bandwidth adjustment, which can be independent from or coupled with the DRX procedure.
· Related RAN1 agreements
	Agreements [AH#2]
· Activation/deactivation of DL and UL bandwidth parts can be
· by means of dedicated RRC signaling
· by means of DCI (explicitly and/or implicitly) or MAC CE [one to be selected]
· FFS: by means of timer
· FFS: according to configured time pattern



C. Aspects of supporting multiple numerologies: SR, LCP, SPS
· Scheduling is a key feature to provide appropriate data transmission and reception opportunities considering QoS of UEs. Since multiple numerologies are supported in NR, scheduling might be more complicated. However, if we consider the RAN1 agreements where each BWP is associated with a specific numerology, allocating radio resources with different numerologies is equivalent to assigning a specific BWP to a UE. In this context, scheduling can be one of the areas that are closely related to BWP. Although dynamic DL scheduling is mainly developed by RAN1, the procedures for UL scheduling and SPS are within the RAN2 scope. Especially, RAN2 already discussed the mapping restriction between a logical channel and a specific numerology for LCP, which can be seen as configuring an allowed (or non-allowed) BWP. Furthermore, RAN2 also need to consider (i) how a UE can request the UL resource with a different numerology in another BWP of a serving cell and (ii) how to handle the already configured SPS resources when BWP switching occurs.
· Related RAN1 agreements
	Agreements [#88]
· Resource allocation for data transmission for a UE not capable of supporting the carrier bandwidth can be derived based on a two-step frequency-domain assignment process
· 1st step: indication of a bandwidth part
· 2nd step: indication of the PRBs within the bandwidth part

Agreements [#89]
· Each bandwidth part is associated with a specific numerology (sub-carrier spacing, CP type)
· UE expects at least one DL bandwidth part and one UL bandwidth part being active among the set of configured bandwidth parts for a given time instant.

Agreements [#89]
· In case of one active DL BWP for a given time instant,
· Configuration of a DL bandwidth part includes at least one CORESET.
· A UE can assume that PDSCH and corresponding PDCCH (PDCCH carrying scheduling assignment for the PDSCH) are transmitted within the same BWP if PDSCH transmission starts no later than K symbols after the end of the PDCCH transmission.
· In case of PDSCH transmission starting more than K symbols after the end of the corresponding PDCCH, PDCCH and PDSCH may be transmitted in different BWPs

Agreements [AH#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



4 Discussion points in RAN2
In this section, we describe in more detail how each RAN2-related feature in Table 1 should be enhanced (if needed) to support BWP. It should be noted that our companion contributions related to each issue below are indicated so that readers can find the detailed information in the references.
Issue A1: BWP management [1][2]
Overall BWP management issue includes a framework on how to formulate BWP configuration for addition/modification/release, modeling BWPs with its property and use, signaling and message contents for BWP configuration, handover and RRC-based activation/deactivation.
Issue A2: RRM measurement [3]
To support BWP-level RRM measurement for BWP (re-)configuration, UE needs to be configured to monitor RRM RS in a frequency part of the serving carrier. RRM RS may either NR-SS or CSI-RS which locates in another side from the current monitoring part of UE. During Connected state, the monitoring part of UE depends on current active BWP of the UE. Note that UE does not need to monitor any DL signal outside of active BWP, according to RAN1 agreement. And, exceptionally, UE can monitor DL signal outside of active BWP through measurement gap. By the way, the type of RRM RS – NR-SS or CSI-RS may affect to the way of measurement configuration.
To achieve optimal performance for handover, monitoring full bandwidth at UE is beneficial to compensate the radio aspects of frequency selectivity or shadowing. However monitoring full bandwidth is critical for UE’s battery lifetime. Even though UE monitors in a narrow scheduling BW in serving cell, whole power consumption may be high due to monitoring full bandwidth and higher power drain for RRM measurement.
Issue A3: RLM/RLF [4]
For the BWP operation, Pcell/Pscell could consist of multiple BWP, and UE can only access one BWP at a scheduled time. Since UE should have monitor RLM-RS continuously, there should be two ways on RLM. One is that RLM-RS is configured for all possible BWP so that UE can just measure RS at its current active BWP. The other is that RLM-RS is configured at specific BWP(s) so UE has to hop in/out that BWP. We need to discuss on the way of RLM and application of RLF parameters when BWP is switched i.e., to inherit or reset of on-going RLF parameters.
Issue A4: SI reception/random access [5][6]
According to RAN1 agreements, common search space may not be included in active DL BWP. Common search space is needed to monitor non UE specific PDCCH (such as PDCCH addressed to P-RNTI for paging and PDCCH addressed to SI-RNTI for SI message). As a result, if common search space is not included in active DL BWP, UE in RRC_CONNECTED state cannot receive paging for SI update and ETWS/CMAS indications and SI messages for SIBs related to ETWS/CMAS notifications and other updated SIBs relevant for RRC_CONNECTED. Similarly for contention based random access UE needs to monitor common search space for RAR/CR message reception. One possible way to handle random access while in different BWP than initial access BWP is to prioritize the random access related activities, which is discussed in more detail in our companion contribution [5]. SI reception can be handled in similar manner. Alternately, if none of the active DL BWP(s) includes common search space, GNB can signal the SIBs related to ETWS/CMAS notifications and other updated SIBs (relevant for RRC_CONNECTED) in dedicated RRC signaling. SI related aspects are discussed in more detail in our companion contribution [6].
Issue B1: DRX [7]
RAN1 agreed to work on single active BW part with higher priority. It implies that UE receives DL signals from a BW part one at a time. Under the assumption of single active BW part, UE should change the active BW part from the current to another, before scheduling or measurement at the newly activated BW part. In addition to DCI, timer can be considered to handle inactivity of DL control channel. However we should discuss whether new timer or drx-Inactivity timer is used.
Issue C1: SR [8]
It is presently unclear whether a UE will be configured to use PUCCH resource of non-active (but configured) BWP(s). It is further also unclear whether there will be a designated BWP where PUCCH can be / should be / must be sent, or, if such a designated (let us call it anchor/primary) BWP is in fact introduced, whether UL transmission on this BWP will be prioritized or not. It appears there is no possibility to send PUCCH on a BWP not currently active; in other words, if PUCCH transmission moves to a different BWP, all other UL transmission moves to the same BWP which now becomes the active (UL) one. BWP switching therefore needs to consider that only SR configurations in currently active BWP can be used, and that they therefore ideally need to include all the SR configurations applicable for a given UE at a given time.
As an example of the above, if the active BWP changes from e.g. BWP1 to BWP2, and UE needs to send SR1 (because this SR is needed to indicate a specific numerology) which is only available in BWP1, that in this case we have a problem.
Issue C2: LCP [9]
In LTE, all LCHs (Logical Channels) are supported by using common numerology and TTI. On the other hand, in NR, multiple sets of numerologies and TTIs will be used to efficiently support various services including eMBB, URLLC, and eMTC, each of which has different performance requirement. In this context, RAN2 agreed that a single LCH could be mapped to one or more numerologies/TTIs. Moreover, in case of UL, RAN2 also agreed that LCP takes into account such a relationship.
According to the RAN1 agreements, it should be noted that (i) a UE can have one or multiple bandwidth part configurations that are semi-statically signaled by a gNB and (ii) each bandwidth part is associated with a specific numerology (i.e., SCS and CP length). In addition, the UE assumes that Tx/Rx within a configured bandwidth part are performed using the associated numerology. Therefore, the LCP discussion, in particular, the LCH restriction based on numerology and TTI, is highly related to the bandwidth part, which is associated with a specific numerology, discussion in RAN1.
Issue C3: SPS [10]
In LTE, UE is allocated with single set of radio resources which are periodic in time for SPS, and the resource allocation pattern can only be modified using RRC configuration or using activation/deactivation command. Following LTE based SPS resource allocation methodology can lead to some issues when UE is configured with multiple bandwidth parts. For instance, SPS activation command may include indication of a given bandwidth part, but when UE switches to a different bandwidth part, the activated SPS resources are no longer valid for the current active bandwidth part. Hence, it needs to be ensured that UE does not try to utilize SPS resources if they are not allocated in the current active bandwidth part. Network can potentially address this by deactivating SPS resources before switching UE to a different bandwidth part, however, it leads to extra delay in performing the switching operation and the solution may not be able to address the scenario where SPS configuration is pre-activated (e.g. grant-free Type-1). Hence, suitable mechanism should be defined by which SPS transmissions can be stopped when UE switches to a bandwidth part where SPS resources are not allocated.
4 Conclusions
Observation: The motivation of introducing the concept of BWP and the RAN2 features that are affected by this concept can be summarized as follows.
A. Support UE bandwidth capability narrower than carrier bandwidth: BWP management, RRM measurement, RLM/RLF, SI reception/random access, etc.
B. Support reduced UE power consumption by bandwidth adjustment: DRX, etc.
C. Support multiple services with different numerologies in a carrier: SR, LCP, SPS, etc.

[bookmark: _GoBack]Proposal: RAN2 is required to investigate the following issues to efficiently support BWP in NR. 
A. For the connection management and measurement procedures, it is required to consider the fact that only a small portion of the carrier bandwidth can be available to the UE. In this context, RAN2 should discuss whether this fact needs to be reflected on the connection control and measurement procedures or not.
B. For the UE power management procedure, RAN2 should discuss how to increase the benefit from the bandwidth adjustment (or the BWP switching) that can be independent from or coupled with DRX.
C. For the scheduling procedure, it is required to consider the fact that each BWP is associated with a specific numerology. On top of this, RAN2 should to discuss how to efficiently support multiple services that requires different numerologies by managing a set of BWPs.
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