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Introduction
During RAN plenary #78, the release 15 NR specifications supporting licensed band operation were approved. Before that a NR Study Item [1] dealing with NR-based access to unlicensed spectrum has been approved in RAN plenary #75.
To maximize the applicability of NR-based access, it is beneficial to study solutions applicable to unlicensed bands scenarios as part of the NR development. In this contribution, we consider wideband operation of NR-U and its impact on RAN4. 
Moreover, in RAN1#94bis, RAN1 sent an LS [3] to RAN4 with several questions, for which we will provide answers in this contribution. 
Wideband operation
When operating according to unlicensed band regulations for 5 GHz bands, a gNB must perform LBT before it can start transmitting DL TX burst in the cell. To meet regulatory requirements and to ensure fair coexistence with other systems, also NR unlicensed should support sub-band LBT at least with 20 MHz resolution. This means that there needs to be sufficient support for adapting the transmission bandwidth dynamically, depending on which of the 20 MHz channels a gNodeB or a UE can access the medium.
Carrier Aggregation and Bandwidth Parts
From RAN1 perspective, the following agreement [2] is in place.

Agreement:
· NR-U should support that a serving cell can be configured with bandwidth larger than 20 MHz.
· For DL operation, the following options for BWP-based operation within a carrier with bandwidth larger than 20 MHz can be considered.
· Option 1a: Multiple BWPs configured, multiple BWPs activated, transmission of PDSCH on one or more BWPs
· Option 1b: Multiple BWPs configured, multiple BWPs activated, transmission of PDSCH on single BWP
· Option 2: Multiple BWPs can be configured, single BWP activated, gNB transmits PDSCH on a single BWP if CCA is successful at gNB for the whole BWP
· Option 3: Multiple BWPs can be configured, single BWP activated, gNB transmits PDSCH on parts or whole of single BWP where CCA is successful at gNB
· Note: CCA is declared to be successful or not in multiples of 20 MHz.
· FFS for UL operation including some or all of above options can be applied
· Note: Capture the following in TR only after further discussion for down-selecting from the options in RAN1#95.

Above, agreement captures 4 alternatives to operate serving cell across multiple sub-bands. In principle, there is one more option, “Option 0”, where serving cells spans only one 20MHz sub-band. In the following we describe the above options in more detail:

Option 0: serving cell from gNB point of view spans only 20MHz, which means that also BWPs of the serving cell can span at most 20MHz and one BWP is active in a serving cell at a given time. By e.g. intra-band CA, a UE can access BW larger than 20MHz, similarly as in LAA.

Option 1a: serving cell from gNB point of view spans more than 20MHz. Multiple BWPs are configured in gNB carrier which can be overlapping or non-overlapping. Multiple BWPs are active at a given time (note multiple active BWPs in single serving-cell are not supported in NR R15).  Transmission of PDSCH, as outcome of LBT, happens on a subset of active NR R15 BWPs at the given time in a serving-cell. 

Option 1b: serving cell from gNB point of view spans more than 20MHz. Multiple BWPs are configured in gNB carrier which can be overlapping or non-overlapping. Multiple BWPs are active at a given time (note multiple active BWPs in single serving-cell are not supported in NR R15).  Transmission of PDSCH, as outcome of LBT, happens on one of active NR R15 BWPs at given time in a serving-cell.

Option 2: serving cell from gNB point of view spans more than 20MHz. Multiple BWPs are configured in gNB carrier which can be overlapping or non-overlapping, one NR R15 BWP is active at given time. gNB/UE may transmit only if all sub-bands are accessible. This means that BWPs operate the same way as in licensed NR R15.

Option 3: this option is the same as Option 2, except, gNB/UE may transmit also on subset of sub-bands, if for some sub-bands, within the active BWP, LBT outcome was negative. In this case, transmitter has to make sure that it does not interfere the sub-bands with negative LBT. 
Note: The subset of transmitted sub-bands in Option 3 can be non-contiguous or contiguous.  

The following can be observed from above:
Observation 1: NR-U BWP Option 2 and Option 3 are based on single active NR R15 BWP in a serving cell. In Option 3 (unlike in Option 2) transmission BW varies as outcome of LBT. UE receives on the single active BWP within the transmission BW.
Observation 2: NR-U BWP Option 1a and 1b operate with multiple active NR R15 BWPs in a single serving cell. In option 1a, multiple active BWPs are received by a UE at the given time. In option 1b, only one active BWP is received given the LBT outcome. 

Challenges in NR-U Wideband Operation
Figure 1 shows an example of transmission bandwidth combinations for gNB after sub-band specific LBT. This example assumes 80 MHz bandwidth, and contiguous allocation of 20 MHz sub-bands.
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Figure 1 Example combinations of contiguous transmission BW for gNB, carrier channel BW = 80 MHz, sub-band size = 20 MHz.

Observation 3: Configuring NR BWP for each combination of channels (Option 1) would result in large number (e.g. 10) of BWPs to be configured, while NR R15 supports only up to 4 BWPs and mandatory feature 6-1 only up to 2 BWPs.
Furthermore, BWP structures and switching of NR R15 has been designed for power saving purposes. Upon BWP switch, a UE performs RF retuning and loads new BB parameters. This resulting into up to 2ms gap during which UE cannot receive or transmit. We think that also NR-U should benefit from power saving feature offered by NR R15 BWP. And on top of NR R15 BWP, NR-U should design independent feature of agile adaptation of TX bandwidth due to LBT. The BB parameters are BWP specific in NR R15, reception of multiple active BWPs would require multiple BBs in a serving cell in case of Option 1a/1b or BB reconfiguration as outcome of LBT, which is the main part of BWP switching delay of 0.6/2ms in NR R15.  
Observation 4: Option 1a would require multiple BBs per serving cell and Option 1b would require multiple BBs or BB adaptation as outcome of LBT. Option 2/3 can be implemented with a single BB. 
Proposal 1: NR-U design of agile TX bandwidth adaptation due to LBT operates independently of/on top of NR R15 BWP adaptation (Option 3)    
In the following, we discuss the challenges related to LBT-dependent transmission bandwidth adaptation both from gNB and UE point of view.
LBT operation for wideband carriers
Listen-before Talk procedures are a prerequisite for operation on unlicensed spectrum at 5GHz bands. Unlike in LTE LAA, in NR-U the carrier bandwidth is larger than the LBT channel bandwidth (i.e. n*20 MHz). Therefore, also frequency domain raster for LBT operation should preferably be less than the whole carrier BW. This likely means that digital filtering is required to be able to perform energy detection separately for different 20 MHz sub-bands. RAN4 shall confirm the feasibility and practical constraints related to sub-band (20 MHz) specific LBT, while carrier BW (and a single FFT) spans multiple such sub-bands.     
gNB / UE transmissions
In the following we will focus on DL only, but the same conclusion may apply to UL as well. In Rel-15 NR, a gNB was assumed to maintain constant BW, while UE may be instructed to operate on specific part of the gNB BW, i.e. BWP. However, in NR-U, gNB may try to obtain channel access on a wide BW (e.g. 80 MHz) but while performing LBT, the gNB may observe based on sub-band LBT results that it can gain channel access only on a part of the carrier, i.e. only on some of the 20 MHz sub-bands. This is depicted in Figure 2. When operating with a carrier BW of n * 20 MHz and 4k FFT, a gNB may potentially need to adjust its transmitter operation (e.g. filters) very rapidly to meet the ACLR requirement defined for the out-of-band emissions. Similar aspects are also relevant to UL/UE operation. Considering that LAA DL CA is implemented using single RF and digital filtering is performed based on LBT outcome. Filtering out multiple 20MHz chunks is feasible, then also filtering of larger n * 20 MHz chunks should be feasible. The RAN4 shall define ACLR requirements for n * 20 MHz channel transmission BW, which would be applicable given the LBT outcome. Therefore, TX bandwidth adaptation within gNB carrier as well as UE carrier (BWP) is feasible without guard bands between contiguously transmitted sub-bands. Guard band width on the edges of transmission, i.e., on the sub-bands at the edge of transmission, requires further investigation.
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Figure 2. Dynamic TX bandwidth adjustment following e.g. outcome of LBT may result in emissions to adjacent sub-bands.
Proposal 2: TX bandwidth adaptation within gNB carrier as well as UE carrier (BWP) is feasible. ACLR requirements need to be defined for n * 20 MHz channel TX bandwidth for NR-U.
gNB and UE reception 
In unlicensed band operation, the receiving node (gNB or UE) may not know the exact transmission bandwidth applied after LBT. An example of a potential scenario for dynamic BW adaptation is illustrated in Figure 3. In any COT, a gNB or a UE intending to transmit with 80 MHz bandwidth, may need reduce the TX bandwidth because some of the sub-bands are occupied by other systems. Consequently, the node receiving the transmission assuming a 80 MHz bandwidth may end up receiving interfering signals on some of the sub-bands potentially having a larger power level than the signal of interest.   
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Figure 3. An example of a potential scenario for dynamic BW adaptation.

Unless the receiving node is informed of the TX bandwidth, it will potentially receive a significant amount of in-band interference on the two lowest sub-bands that the serving gNodeB is not using. This may affect its reception e.g. due to dynamic range of the A/D conversion and AGC, depending on how strong the in-band interference is. 
However, the situation depicted on the Figure 3, is nothing new, similar situation occurs in LAA DL CA, and to our knowledge there are no requirements or test cases specified for this case in RAN4. A UE may implement a single RF or multiple RF. With single RF, a UE may tolerate interference from neighbour sub-band of up to 33dB by LTE requirement, and in potentially better Adjacent channel selectivity (ACS) could be achievable (FFS). 
Observation-5: It is feasible to receive transmissions on one or more 20 MHz channels, while the receiver BW is n * 20 MHz (2 ≤ n ≤ [4]), and other 20 MHz channels may contain interference from other nodes up to X dB stronger (X is FFS).
Proposal-3: Study further whether there is a need for guard-band PRBs between sub-bands to receive transmissions on one or more 20 MHz channels, while the receiver BW is n * 20 MHz (2 ≤ n ≤ 4), and other 20 MHz channels may contain interference from other nodes.
LS
Based on discussion in Section 2, we have the following answers to the questions in RAN1 LS [3] :

Question 1: Will there be a need for RF requirements within a wideband carrier (> 20 MHz) that spans multiple “LBT sub-bands?” Please consider transmit/receive requirements at both gNB and UE.
Answer: From transmitter point of view, TX bandwidth adaptation within gNB carrier as well as UE carrier (BWP) is feasible. ACLR requirements need to be defined for n * 20 MHz channel TX bandwidth for NR-U.
From receiver point of view, Tx bandwidth adaptation within gNB carrier as well as UE carrier (BWP) is feasible, as it was in the case of intra-band CA in LAA. RAN4 is further discussing whether guard-bands between 20MHz sub-bands are necessary. Adjacent Channel Selectivity (ACS) requirements have to be specified for n * 20 MHz channel transmission BW for NR-U. RAN4 is further discussing what would be the feasible ACS values for NR-U from gNB and UE point of view.
Question 2: Will guard bands be needed at the edges of each “LBT sub-band”?
Answer: For contiguous TX bandwidth, guard bands between transmitted sub-bands are not necessary from transmission point of view. RAN4 is still discussing on the width of guard bands at the edges of NR-U transmission. From reception point of view, RAN4 is still discussing.
[bookmark: _Hlk525638264]Question 3: If yes to either of the above questions, could RAN4 provide a feasibility assessment on the development of such RF requirements? Please consider at least the following aspects:
· Transmission to/from one UE on either contiguous or non-contiguous “LBT sub-bands” within a carrier and combinations thereof
· RF filtering aspects at both the base station (BS) and UE including time required to adapt filtering to meet new RF requirements, and whether RF filtering would be adaptive or not
· Whether or not the requirements are different for the options listed in the above RAN1 agreement
· Whether or not the requirements can be the same as for CA but defined to apply within a wideband carrier

Answer: At least for contiguous TX bandwidth, developing requirements should be the same as for LAA CA, except that requirements need to be defined also for transmissions with n * 20 MHz (2 ≤ n ≤ [4]). In case of options 1a and 1b, since active BWPs may be overlapping and have different SCSs, RAN4 would need to further discuss, because RAN4 has not considered multiple active BWPs within a serving cell in NR R15.     

Conclusions
In this contribution, we have discussed wideband operation. Based on the discussion, we make the following proposals and observations and provided answers to RAN1 LS:
Observation 1: NR-U BWP Option 2 and Option 3 are based on single active NR R15 BWP in a serving cell. In Option 3 (unlike in Option 2) transmission BW varies as outcome of LBT. UE receives on the single active BWP within the transmission BW.
Observation 2: NR-U BWP Option 1a and 1b operate with multiple active NR R15 BWPs in a single serving cell. In option 1a, multiple active BWPs are received by a UE at the given time. In option 1b, only one active BWP is received given the LBT outcome. 

Observation 3: Configuring NR BWP for each combination of channels (Option 1) would result in large number (e.g. 10) of BWPs to be configured, while NR R15 supports only up to 4 BWPs and mandatory feature 6-1 only up to 2 BWPs.
Observation 4: Option 1a would require multiple BBs per serving cell and Option 1b would require multiple BBs or BB adaptation as outcome of LBT. Option 2/3 can be implemented with a single BB. 
Proposal 1: NR-U design of agile TX bandwidth adaptation due to LBT operates independently of /on top of NR R15 BWP adaptation (Option 3)    
Proposal 2: TX bandwidth adaptation within gNB carrier as well as UE carrier (BWP) is feasible without guard bands between contiguously transmitted sub-bands. ACLR requirements need to be defined for n * 20 MHz channel TX bandwidth for NR-U.
Observation-5: It is feasible to receive transmissions on one or more 20 MHz channels, while the receiver BW is n * 20 MHz (2 ≤ n ≤ [4]), and other 20 MHz channels may contain interference from other nodes up to X dB stronger (X is FFS).
Proposal-3: Study further whether there is a need for guard-band PRBs between sub-bands to receive transmissions on one or more 20 MHz channels, while the receiver BW is n * 20 MHz (2 ≤ n ≤ 4), and other 20 MHz channels may contain interference from other nodes.
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