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1. Introduction
RAN#71 in March approved a 5G SID [1] on New Radio (NR) access technology, which targets a unified framework for traffic with diverse QoS requirements e.g. enhanced mobile broadband (eMBB), massive machine-type-communications (mMTC), ultra-reliable and low latency communications (URLLC).
In RAN1#85/#86bis/#AH meetings, the following agreements were achieved regarding bandwidth considerations for NR
RAN1 Agreements (#85)
· NR should support of flexible NW and UE channel bandwidth
· FFS: NR carrier bandwidth should consider to allow efficient unlicensed spectrum access
· The NR physical-layer design should allow for fine granularity in terms of NR carrier bandwidth 
· The NR physical-layer design should be such that devices with different bandwidth capabilities can efficiently access the same NR carrier regardless of the NR carrier bandwidth
· FFS: minimum bandwidth
· FFS: There should not be an assumption that devices necessarily support the same set of bandwidths for transmission and reception
· FFS: There should not be an assumption that the network carrier bandwidth is necessarily the same for downlink and uplink

RAN1 Agreements (#86bis)
· At least for Phase 1, study mechanisms to support operation over e.g. around 1GHz contiguous spectrum from both NW and UE perspectives including the maximum single carrier bandwidth of at least 80 MHz
· Carrier Aggregation/Dual Connectivity (Multi-carrier approach) 
· Details are FFS
· FFS: non-contiguous spectrum case
· Single carrier operation 
· Details are FFS 
· Maximum channel bandwidth continues to be studied in RAN1/4
· Maximum bandwidth supported by some UE capabilities/categories may be less than channel bandwidth of serving single carrier
· Note that some UE capabilities/categories may support channel bandwidth of serving single carrier
· Send an LS to ask RAN4 to study the feasibilities of mechanisms above from both NW and UE perspectives
In RAN2#95bis meeting, RAN2 discussed on LS (R1-1610655) from RAN1 including the request that RAN4 studies the feasibilities of mechanisms above from both NW and UE perspectives.

RAN1 Agreements (Jan. AH)
· From RAN1 specification perspective, maximum channel bandwidth per NR carrier is [400, 800, 1000] MHz in Rel-15
· RAN1 recommends RAN4 to consider at least 100 MHz maximum channel bandwidth per NR carrier in Rel-15 considering carrier frequency bands
· RAN1 asks the feasibility of at least followings
· For sub-6 GHz, 100 MHz is considered and for above-6 GHz, wider than 100 MHz is considered
· Other cases can be considered by RAN4, e.g., 40 MHz, 200 MHz
· Note that RAN1 will specify all details for channel bandwidth at least up to 100 MHz per NR carrier in Rel-15
· Also note that RAN1 will consider scalable design(s) for up to maximum channel bandwidth per NR carrier
· From RAN1 specification perspective, the maximum number of NR carriers for CA and DC is [8, 16, 32]
· 
· The maximum FFT size is not larger than [8192, 4096, 2048]

At least for single stage DCI design, a UE monitors for downlink control information in one or more control resource sets where a control resource set is defined as a set of REGs under a given numerology. The BW for control resource set is smaller than or equal to the carrier bandwidth (up to a certain limit).
The time/frequency resource containing at least one search space is obtained from MIB/system information/implicitly derived from initial access information. Time/frequency resource containing additional search spaces, can be configured using dedicated RRC signaling. NR-PDCCH can be mapped contiguously or non-contiguously in frequency. Multiple control resource sets can be overlapped in frequency and time for a UE. A search space in NR is associated with a single control resource set. The search spaces in different control resources sets are defined independently.
At least for single carrier operation, NR should allow a UE to operate in a way where it receives at least downlink control information in a first RF bandwidth and where the UE is not expected to receive downlink control information or data in a second RF bandwidth that is larger than the first RF bandwidth within less than X µs. 

This contribution investigates design considerations to support wider BW in NR; especially about flexible BW configuration.
2. 	Design Aspects for Wider BW Supports in NR SC
2.1 LTE Case
RAN1 discussed in [2][3] about pros and cons of CA, DC and single carrier (that is also called as channel bonding) for wider BW operations. RAN2 contribution [4] also proposed single carrier to overcome the drawbacks of CA to operate in ultra wide BW from the higher management overhead due to band combinations, UE capability report and measurements. Note that LTE supports scalable BW allowing different operating BW which has the same center frequency. However if system is extended to wider BW, there could be unsupportable part which is located far from the center frequency since maximum capable BW of UE is relatively much smaller than operating BW of system.


Figure 1: Scalable BW System
Observation 1: Scalable bandwidth architecture of LTE is difficult to support much wider bandwidth in NR such as 1 GHz, since maximum capable bandwidth of UE is relatively much smaller than operating BW of system.
2.2 Design Objectives of NR Single Carrier
Even though benefits of single carrier come from simple RF/IFFT/FFT blocks, it has some drawbacks on UE power consumption and flexibility compared to CA/DC. If UE operates in wide BW, the consumed power increases in proportional to the size of operating BW. Therefore a smaller operating BW of UE which is integrated with very wide system BW would be beneficial for NR operations from the UE power consumption perspective. Meanwhile depending on service type such as eMBB, wide BW should be used for large data transmission. It implies dynamic BW change subject to limited UE BW capability and higher power consumption. Since different UEs may have different BW capability, system should provide sufficient level of flexible spectrum use. Multiplexing multiple services in single contiguous spectrum is one target of NR to enhance resource usage efficiency. Service multiplexing scenario raises a configuration issue for different operating BW per services even for single UE. In that respect, NR should support flexible BW system as shown in the Figure 2. According to the flexible BW principle, UE performs initial access & idle mobility via the access BW. CONNECTED mode UE may be staying the access BW, but by network decision, the UE can be configured to move other parts of frequency resource. By doing this, network can achieve efficient BW utilization. For further information, you can refer [5].
Proposal 1: The flexible BW system is supported for efficient bandwidth utilization, based on access BW, IDLE mode BW and CONNECTED mode BW, and flexible configuration of IDLE/CONNECTED mode BWs.


Figure 2: NR Flexible BW system
The proposed flexible BW system model is based on the following BW definitions and assumptions. Those BWs are defined from the UE perspective.
· Access BW
· It is defined as the minimum carrier BW which is used for UE to perform initial access procedure including cell selection, SI acquisition and random access procedure. Basically, the size of BW is frequency band-dependent. For non-stand-alone (NSA) scenario, the information about Access BW can be configured by RRC via anchor gNB. A default DL-SCH as well as a default PDCCH monitoring resource is configured in the access BW. 
· IDLE mode BW
· It is defined as the BW which is used for UE to perform other SI acquisition, paging and random access procedure in IDLE state. It has basically similar feature to the access BW and actually could be located in the same BW. However, as an extension for wider BW, different BW to support common signaling may be configured. We discuss the common signaling issue further in section 2.4 in this paper. The size/location of the IDLE mode BW and control channels is implicitly inherited from the access BW or explicitly configured by other SI or RRC.
· CONNECTED mode BW
· It is defined as the BW which is used for UE to operate for control/data in CONNECTED state. The information about control/data resource units are configured by RRC message (e.g. RRC Connection Establishment). In addition to the default DL-SCH/PDCCH for the access BW, additional DL-SCH/PDCCH monitoring resource is configured in the CONNECTED mode BW.

2.3 Considerations to Support Flexible NR Single Carrier
As identified in sub-section 2.2, higher power consumption of UE to operate in wide BW is crucial for NR single carrier design. Thus subband-wise scheduling in restricted operating BW could be beneficial for UE. In subband-wise scheduling, minimum unit of operations for scheduling, CSI measurement, MCS report and HARQ is confined in a particular subband. gNB may configure the proper size of subband. However maximum BW of UE may not be fully utilized if the gNB configures static and identical subband partitioning (Case A in Figure 3) without consideration of various BW capability of UE. Even if the gNB configures subbands flexibly (Case B in Figure 3), there could be unutilized resource to other UEs (like UE2 in Case B) which have different size of BW from the UE which is aligned with the flexibly configured subband (like UE1 in Case B).



Figure 3: Subband partitioning with coarse granularity

Observation 2: System-wise partitioning for scheduling does not provide sufficient flexibility/dynamics to support various BW capabilities and services of UE. In addition, it may incur resource wastage between subbands which is assigned to different service/slice if subband configuration is static.
One possible way to minimize unused portion in UE BW is configuring multiple subbands for scheduling in fine granularity in frequency as depicted in Figure 4. As minimum unit for scheduling is minimized, alignment of system-configured BW to UE-capable BW gets easy.



Figure 4: SUbband partitioning with fine granularity

Proposal 2: The fine granularity of operating unit for scheduling, link adaptation and HARQ should be supported in frequency to adapt to different bandwidth capability of UE and minimize mismatch of bandwidth between system and UE. 
Further design issue of subband-wise scheduling with fine granularity could be about whether or not single MAC entity operates single scheduling/MCS/HARQ per subband. If the number of MAC entities increases according to increasing number of subbands, it may not be feasible due to UE’s high cost for implementation as well as power consumption. Even though only single MAC entity is operating, scaled number of functions in the MAC entity, such as scheduling/MCS/HARQ may be too high not to be supported by UE. Therefore, the number of MAC entities/functions should be minimized even though the number of subbands increases. RAN2 concluded that single MAC model and single HARQ entity can support multiple numerologies. Thus, even for mixed numerology scenario for single carrier, single MAC and single HARQ entity is sufficient to support multiple subbands with different numerology. 
Proposal 3: Even though the large number of subbands for MAC operation is configured, single MAC and single HARQ entity is beneficial from the implementation cost and power consumption aspects.

2.4 Further Design Issues to Support NR Single Carrier
Latency for RF retuning
Since UE has a limited size of BW, UE can’t monitor larger BW than nor monitor different BW from that of itself at the same time. Due to physical processing in RF and BB, the latency is expected for completing change of operating BW. From the companion paper [6], we investigated possible value of latency from several cases. If BW is changed while keeping the same center frequency, the possible latency is 1s of us. However if BW is changed totally with changing the center frequency, the possible latency is 100s of us. It requests RAN2 to consider the latency for BW retuning as a design constraint. So the following operation was agreed during NR SI phase (refer to TR38.912):
“At least for single carrier operation, NR should allow a UE to operate in a way where it receives at least downlink control information in a first RF bandwidth and where the UE is not expected to receive downlink control information or data in a second RF bandwidth that is larger than the first RF bandwidth within less than X µs.”
Note that the relation of first-second RF BW can be mapped to either the access-IDLE mode BW, or the IDLE mode-CONNECTED mode BW.
Proposal 4: RAN2 considers RF retuning latency to design reconfiguration of IDLE/CONNECTED mode bandwidth.
Common signaling
In LTE, UE monitors common signaling such as SI and paging in the center 6 RB (i.e. access BW). However it implies a potential RF retuning latency of a CONNECTED mode UE which is configured by network to different BW from the access BW. To relax this constraint, the same BW for the access/IDLE mode and CONNECTED mode UE is preferred. If the same BW is actually stuck to the access BW, the frequency resource utilization is not sufficient. To increase resource efficiency (i.e. load balancing), the CONNECTED mode BW should be partially or separated from the access BW.
However it also results in increased control overhead to deliver common signaling for all UEs in gNB since gNB should transmit separate signals for multiple IDLE mode BWs in a carrier. How to reduce the impact from redundant common signaling needs to be discussed from the architecture perspective. 
Proposal 5: RAN2 supports configuration of IDLE mode BW in frequency from the resource utilization perspective.

3. Summary
Based on the discussion and identified observations in this contribution, we propose followings:

Observation 1: Scalable bandwidth architecture of LTE is difficult to support much wider bandwidth in NR such as 1 GHz, since maximum capable bandwidth of UE is relatively much smaller than operating BW of system.
Observation 2: System-wise partitioning for scheduling does not provide sufficient flexibility/dynamics to support various BW capabilities and services of UE. In addition, it may incur resource wastage between subbands which is assigned to different service/slice if subband configuration is static.

Proposal 1: The flexible BW system is supported for efficient bandwidth utilization, based on access BW, IDLE mode BW and CONNECTED mode BW, and flexible configuration of IDLE/CONNECTED mode BWs.
Proposal 2: The fine granularity of operating unit for scheduling, link adaptation and HARQ should be supported in frequency to adapt to different bandwidth capability of UE and minimize mismatch of bandwidth between system and UE. 
Proposal 3: Even though the large number of subbands for MAC operation is configured, single MAC and single HARQ entity is beneficial from the implementation cost and power consumption aspects.
Proposal 4: RAN2 considers RF retuning latency to design reconfiguration of IDLE/CONNECTED mode bandwidth.
Proposal 5: RAN2 supports configuration of IDLE mode BW in frequency from the resource utilization perspective.
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