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1	Introduction
As for NR in licensed bands, it is expected that NR-U will support transmission over a wide bandwidth (>> 20 MHz). Essentially this can be achieved in two different ways: (1) configuration of multiple serving cells, e.g., each with 20 MHz bandwidth, and (2) configuration of a single wideband serving cell with bandwidth as an integer multiple of 20 MHz, e.g., 80 MHz. Regarding these two methods, the following objective is listed in the NR-U WID [1]:
Wide band operation (in integer multiples of 20MHz) for DL and UL for NR-U supported with multiple serving cells, and wideband operation (in integer multiples of 20MHz) for DL and UL for NR-U supported with one serving cell with bandwidth > 20MHz with potential scheduling constraint subject to input from RAN2 and RAN4 on feasibility of operating the wideband carrier when LBT is unsuccessful in one or more LBT subbands within the wideband carrier. For all wide-band operation cases, CCA is performed in units of 20MHz (at least for 5GHz).
It is also stated that for both scenarios, CCA is performed in units of 20 MHz (at least for 5 GHz). The defining characteristic between these two modes is the relationship between the carrier bandwidth (CBW) and the LBT bandwidth (LBW). In the first mode, multiple carriers are aggregated, and for each carrier the relationship is that CBW = LBT. For the 2nd mode, a single wideband carrier is used and the relationship is CBW > LBW. In Wideband Mode 2, the wideband carrier consists of multiple “LBT sub-bands” or multiple “LBT bandwidths.”
This terminology is useful since it can be applied generically for both the 5 and 6 GHz bands. For the 5 GHz band, LBW = 20 MHz. However, for the 6 GHz band, the LBW is still not known. It is possible that the basic channelization could be based on a larger unit than 20 MHz, e.g., 80 MHz, in which case the LBW would be 80 MHz as well. Use of the variables CBW and LBW allows the discussion to remain generic.
[bookmark: _Toc4764445]For the purposes of discussion in RAN1, the two wideband modes listed in the WID are characterized as follows:
· [bookmark: _Toc4764446]Wideband Mode 1 (WB1):
· [bookmark: _Toc4764447]Single carrier or multiple aggregated carriers where each carrier has CBW = LBW
· [bookmark: _Toc4764448]Wideband Mode 2 (WB2):
· [bookmark: _Toc4764449]Single wideband carrier with CBW > LBW
2	WB2 in Other Working Groups 
2.1	RAN4
During the SI phase, RAN1 sent an LS to RAN4 [3] asking the basic question on whether or not new BS and UE RF requirements (over and above those for WB1) are needed for WB2. If new requirements are needed, then RAN1 asked about the feasibility of developing such requirements including:
· Contiguous vs. non-contiguous LBT sub-bands
· Potential need for guard-bands for each LBT sub-band
· RF filtering aspects, including filter adaptation and adaptation delay

In RAN1#AH1901, RAN4 replied [4] stating that indeed, new requirements are needed such as in-carrier leakage and blocking and “out-of-BWP” (but still in-carrier) leakage requirements. RAN4 also replied that development of such requirements for non-contiguous LBT sub-bands would be challenging; however, transmissions spanning multiple contiguous LBT sub-bands can be specified. RAN4 indicated that guard bands for each LBT sub-band may or may not be needed. The LS reply indicates that all of these aspects will be studied in future meetings.
Based on the LS reply from RAN4 about contiguous vs. non-contiguous transmission, RAN1 made the following agreement in RAN1#AH1901:
Agreement:
· For wideband operation in DL with a single serving cell operation within a carrier with bandwidth larger than 20 MHz
· Multiple BWPs can be configured, single BWP activated, gNB may transmit PDSCH on parts or whole of single active BWP where CCA is successful at gNB (i.e., option 2 and 3 from previous agreement)
· FFS: Restrictions on supportable gaps and combinations of gaps between discontiguous blocks where 
· each block spans contiguous (one or) multiple successful LBT sub-bands
· each gap spans one or multiple contiguous unsuccessful LBT sub-bands
· FFS: Transmission bandwidth adaptation delay, potentially different delay for e.g., different number of supported gaps, different transmission bandwidths and different positions of the LBT sub-bands where transmissions occur
· FFS: Limit on the occupied LBT sub-bands due to regulation and coexistence considerations (not intended to imply that regulation and coexistence considerations will not be addressed)
· FFS: Whether/how to indicate gNB’s transmitted LBT sub-bands
· FFS: Enhancements to PDCCH/PDSCH configuration/transmission for the parts of BWP where gNB does not transmit due to CCA failure
· Send LS to RAN4 to inform above decision with the description that RAN1 requires RAN4’s feedback on the first three FFS parts in addition to what was requested in earlier LSs.

This agreement states that for WB2, PDSCH may be transmitted on parts or whole of the BWP of a wideband carrier depending on LBT outcome. For example, if an 80 MHz BWP is configured within a wideband carrier and LBW = 20 MHz, PDSCH transmission on parts of a BWP means that transmission occurs on one or more 20 MHz “LBT sub-bands” depending on the LBT outcome in each sub-band. Each LBT sub-band coincides with a 20 MHz channel in the unlicensed band. For this reason, this kind of operation can be thought of as “Channel Puncturing,” where one or more 20 MHz channels may be punctured from the 80 MHz BWP. While in principle any one or more channels may be punctured, RAN1 has requested the following feedback from RAN4 in a 2nd RAN1 LS (see [5]):
· Restrictions on channel puncturing, e.g.,
· Contiguous vs. non-contiguous
· All channels vs. none
· Transmission bandwidth adaptation delay when the puncturing pattern changes

The LS also requests RAN4 to provide feedback on pending questions from the 1st RAN1 LS (see [3]) about the potential need for guard bands for each LBT sub-band and the time required for adaptive filtering.
In RAN1#96b, RAN4 has replied with a 2nd RAN4 LS (see [6]) that RF filtering will not be used for  transmission/reception adaptation at both the BS and UE. The reply further states that RAN4 will study the feasibility of adapting baseband (digital) filtering at both the BS transmitter and the UE receiver and that the feasibility depends on RF leakage and blocking requirements. It is stated that RAN4 will study the need for guard bands between contiguous LBT sub-bands once the LBT outcome is known to the UE.
Clearly, RAN4 requires more time to study requirements and feasibility aspects of WB2.
2.2	RAN2
In the first RAN1 LS (see [3]), RAN1 asked RAN2 to take into account the agreement on WB2 operation in their further work from an L2 protocol perspective; however, a reply LS has not been sent yet. In [7], some of the impacts on WB2 operation from an L2 protocol perspective are discussed. It is observed that if sub-band specific (WB2) operation is specified in RAN1, it may require that LBT sub-bands become visible at the MAC and RRC protocol layers, e.g., with respect to at least PRACH configuration, RACH functionality, scheduling and HARQ operation.
[bookmark: _Toc4764439]WB2 operation may have a non-trivial impact on MAC layer procedures and RRC signaling.
While not impossible to specify, such impact puts at risk timely completion of the Rel-16 NR-U work item.
3	Spectral Utilization and Robustness Aspects of WB2
3.1	Spectral Utilization (SU)
In the meantime, it is instructive to investigate the spectral utilization that may be achieved for both WB1 and WB2. For WB2, Figure 2 shows several possible scenarios for channel puncturing based on the outcome of LBT in each 20 MHz LBT sub-band. The left most scenario is for the case when LBT is successful in all channels, the middle 4 scenarios when LBT is successful in contiguous channels, and the rightmost two scenarios are when LBT is successful in non-contiguous channels.
[image: example LBT cases]
[bookmark: _Ref1132022][bookmark: _Ref1132018]Figure 2: Wideband operation based on configuration of a single 80 MHz carrier. Various channel puncturing scenarios based on LBT outcome are illustrated.
The primary claimed advantage of WB2 compared to WB1 is gain in spectral utilization assuming that no guard-bands are needed in-between contiguous LBT sub-bands. In contrast, WB1 requires a guard-band at the edge of each 20 MHz carrier. Here we quantify the spectral utilization (SU) for both WB1 and WB2 in terms of available number of PRBs in an 80 MHz bandwidth considering all possible LBT outcomes in each 20 MHz channel. In this analysis we assume 30 kHz SCS.
The number of available PRBs in 20, 40, 60, and 80 MHz bandwidths assuming 30 kHz SCS is shown in the following table copied from [7].
[bookmark: _Hlk497144372]Table 5.3.2-1: Transmission bandwidth configuration NRB for FR1
	SCS (kHz)
	5
MHz
	10
MHz
	15
MHz
	20 MHz
	25 MHz
	30
MHz
	40 MHz
	50 MHz
	60 MHz
	70
MHz
	80 MHz
	90
MHz
	100 MHz

	
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB
	NRB

	15
	25
	52
	79
	106
	133
	160
	216
	270
	N.A
	N.A
	N.A
	N.A
	N.A

	30
	11
	24
	38
	51
	65
	78
	106
	133
	162
	189
	217
	245
	273

	60
	N.A
	11
	18
	24
	31
	38
	51
	65
	79
	93
	107
	121
	135



For example, for WB2, if LBT is successful in all 4 sub-bands of an 80 MHz carrier, then 217 PRBs are available. This is 13 more PRBs than are available for WB1 when if four 20 MHz carriers are aggregated (4 * 51 = 204), i.e., the SU gain is 13/204 = 6.4%. We point out that this is the maximum SU gain achievable, and only occurs if CCA is successful in all 4 sub-bands. If CCA is successful in fewer sub-bands, the gain is reduced. For example, for 2 contiguous sub-bands, 106 PRBs are available, which is 4 more PRBs than if two 20 MHz carriers are aggregated (2 * 51 = 102), i.e., the SU gain drops to 4/102 = 3.9%. If the 2 sub-bands are discontiguous, the gain is 0%.
For a more complete view, Table 1 shows a comparison of WB1 and WB2 showing the number of transmitted PRBs for all possible LBT outcomes in 20 MHz sub-bands of an 80 MHz bandwidth assuming 30 kHz SCS. Sub-bands for which LBT is successful are highlighted in green. Three cases are shown:
1. WB1 with aggregation of up to four 20 MHz carriers (baseline)
· Here there are no restrictions on contiguous vs. non-contiguous transmission since RAN4 specifications on CACLR and blocking for LTE-LAA already support both for Band 46. These requirements are defined on a per 20 MHz carrier basis. It is assumed that RAN4 will port the existing requirements to the corresponding NR band, e.g., Band n46.
2. WB2 with 80 MHz carrier and channel puncturing where there is full flexibility to transmit in either contiguous or non-contiguous sub-bands
· This assumes that RAN4 concludes that such flexibility within a wideband carrier as well as filter adaptation latency are feasible and develops corresponding new RF requirements.
3. WB2 with 80 MHz carrier and channel puncturing where there is a restriction to transmit in only contiguous sub-bands. The numbers highlighted in red indicate the restricted number of transmitted PRBs
· This assumes that RAN4 concludes such contiguous sub-band transmission/reception within a wideband carrier as well as filter adaptation latency are feasible and develops corresponding new RF requirements.
[bookmark: _Ref1548638]Table 1: Comparison of WB1 and WB2 showing available PRBs for all possible LBT outcomes in four 20 MHz sub-bands in an 80 MHz bandwidth assuming 30 kHz SCS.
[image: ]
The average SU gain of WB2 vs. WB1 depends on the LBT success probability  in each sub-band, which is inversely proportional to load. Assuming that succeses/failures in each sub-band are independent, the average number of transmitted PRBs considering all 16 possible LBT outcomes in the above table is given by

where  is the number of available sub-bands for the  LBT outcome ( row of the table), and  is the number of transmitted PRBs corresponding to that outcome. This calculation is performed for all three cases listed above, and the percentage gains or losses of WB2 with channel puncturing compared to the WB1 baseline are plotted vs. the sub-band LBT success probability  in Figure 3.
It can be observed that the maximum possible SU gain enabled by WB2 with channel puncturing under the ideal conditions of guaranteed LBT success and fully flexible sub-band combinations is only 6.4%. We note that this gain factor may be optimistic (depending on RAN4 outcome) since it assumes that WB2 does not require guard-bands between two contiguous LBT subbands. Introducing any realistic factors into the comparison, the gains quickly diminish or turn into outright losses compared to the WB1 baseline. For example, the average SU gain reduces to only 4% when a more moderate LBT success probability is considered, e.g., 70%. Moreover, when WB2 with channel puncturing is restricted to transmit in contiguous sub-bands only, the SU is in fact lower than that of WB1. The SU loss is 8% considering a 70% LBT success rate, but the loss can reach 13% in a more congested environment.
[bookmark: _Toc4764440]For WB2 (wideband carrier) with channel puncturing and full flexibility to transmit in both contiguous and non-contiguous sub-bands, the spectral utilization gains compared to WB1 (CA of 20 MHz carriers) are small at best. For a moderate LBT success rate of 70%, the SU gain is 4% for an 80 MHz carrier.
[bookmark: _Toc4764441]For WB2 (wideband carrier) with channel puncturing and restricted flexibility to transmit only in contiguous sub-bands, there is a loss in spectral utilization compared to WB1 (CA of 20 MHz carriers). For a moderate LBT success rate of 70%, the SU loss is 8% for an 80 MHz carrier. 
[image: ]
[bookmark: _Ref1734206]Figure 3: Spectral utilization gain of WB2 (80 MHz wideband carrier) with channel puncturing compared to WB1 (CA of up to four 20 MHz carriers). 30 kHz SCS is assumed.
3.2	Impact of Channel Puncturing for WB2
Another drawback of WB2 with channel puncturing is as follows. It has been suggested that if LBT fails in one or more of 20 MHz channels within the BWP, full re-processing of the transport block can be avoided by puncturing or rate-matching around the LBT sub-bands (channels) that are unavailable due to CCA failure. In the former, the PDSCH/PUSCH REs are simply not transmitted in those LBT sub-bands, and the UE/gNB may set the soft values for the coded bits corresponding to those REs to zero prior to a decoding. In the latter, partial re-processing may be performed at the transmitting device, assuming sufficient processing capability. The partial re-processing is to re-encode the TB at a higher rate accounting for the unavailable REs. We emphasize that both approaches are undesirable and have a high likelihood of decoding failure thus requiring retransmissions. Moreover, such a scheme has an impact on the contention window adjustment, implying longer channel access latencies during the next COT. Clearly, these effects reduce the claimed advantage of improved spectral efficiency compared to WB1 (CA-based wideband operation).
[bookmark: _Toc4764442]For WB2, puncturing/rate matching around LBT sub-bands where CCA fails may cause PDSCH/PUSCH decoding failure.
Further reducing the claimed advantage is that in the first PDSCH/PUSCH transmission, the receiving device may not be aware of which LBT sub-bands are available, since LBT is performed at the transmitting device. Hence, at least for the first PDSCH/PUSCH transmission, the receiving device is not able to adapt is Rx filters to suppress interference from the sub-bands for which LBT failed. Without such knowledge, the receiving device may need to use a wide filter that covers the whole BWP. If the interfering transmissions happen to be from a nearby node (NR-U, LTE-LAA, or Wi-Fi), this can lead to a blocking issue which can seriously degrade PDSCH/PUSCH reception performance. In effect, channel puncturing makes the receiving device susceptible to a near-far effect. We note this is mitigated for WB1 since fixed filtering is always performed on a per 20 MHz carrier basis.
[bookmark: _Toc4764443]For WB2, channel puncturing can make nodes susceptible to a near-far effect, further degrading PDSCH/PUSCH reception performance.
4	Open Issues for WB2
During RAN1#96, several open issues for the specification of WB2 were identified [9]. Amongst those, the feature lead has prioritized the following open issues to be discussed
1. The mechanism for UE to know gNB’s LBT outcome
2. Modification of options for UL BWP operation considering scheduled PUSCH BW
3. CORESET/PDCCH configuration for wide-band operation

Issue #1 is about a mechanism for the UE to determine which LBT sub-bands are available for PDSCH transmission within a COT, i.e., for which subbands LBT was successful at the gNB. The intention is that if the UE determines that a particular subband is unavailable, then it need not monitor PDCCH corresponding to that subband, thereby saving some power. The implicit assumption is that either sub-band specific CORESETs and sub-band specific search spaces are configured (Issue #3). Broadly speaking, this is another form of COT structure indication, i.e., frequency domain structure of the COT. Whether or not the frequency domain structure of the COT is signalled explicitly or determined implicitly can be further discussed. Regardless, we point out that while this topic was discussed in the context of WB2, it is clearly relevant in the context of WB1 as well. 
[bookmark: _Toc4764444]UE determination of frequency domain COT structure either by explicit signalling from the gNB or by implicit determination (e.g., DMRS detection) is relevant for both Wideband Mode 1 and Wideband Mode 2.
5	Preferred Way Forward
As we have discussed above, there are significant RAN4 and RAN2 dependencies on establishing a working specification of Wideband Mode 2 (WB2) for the case where channel puncturing occurs. Moreover, it has been demonstrated that for practical LBT success rates, e.g., 70%, there is actually a loss in spectral utilization for WB2 vs. WB1 of around 8%. Given this observation, it does not make sense to invest the time into specifying a scheme which at best (100% LBT success rate), only offers a very small gain compared to the WB1 baseline (CA-based operation), e.g., at most 6.4%.
For operation in the 5 GHz band where it is quite likely that LBT can fail on individual 20 MHz channels, Wideband Mode 1 (CA-based operation) makes the most sense since the SU loss can be avoided. Since RAN4 specifications on CACLR and blocking for both contiguous and non-contiguous intra-band operation have already been developed for this mode for LTE-LAA for Band 46, the amount of RAN4 work is minimal to port these specifications to NR-U in the corresponding band, e.g., n46.
In new bands, e.g., 6 GHz, if the basic channel unit is defined to be wider than in 5 GHz, say 80 MHz, then it is likely that the LBT bandwidth would be commensurate with the channel bandwidth (CBW = LBW), e.g., 80 MHz. This is exactly Wideband Mode 1. With this mode of operation, very wide bandwidth in new bands can be supported without the need for aggregation of a large number of carriers, e.g., 320 MHz may be achieved with configuration of four 80 MHz carriers.
Based on the above arguments, our view is that support of WB2 with channel puncturing is an optimization that could be considered in a later release of NR-U, especially considering the small gains (several %) that can be achieved only in corner cases. In our view, RAN1 and 4 should prioritize development of specifications for WB1. This single mode covers both 20 MHz carriers in the 5 GHz band and potentially wider carriers in new bands.
[bookmark: _Toc4764450]In both DL and UL, RAN1 and RAN4 should prioritize development of specifications for Wideband Mode 1, i.e., where the carrier bandwidth (CBW) is equal to the LBT bandwidth (LBW). This allows aggregation of multiple 20 MHz carriers, e.g., in the 5 GHz band, and aggregation of potential wider carriers in new bands. Channel puncturing for Wideband Mode 2 (CBW > LBW) is an optimization that could be considered in a later release.
Conclusion
In this paper we made the following observations: 
Observation 1	WB2 operation may have a non-trivial impact on MAC layer procedures and RRC signaling.
Observation 2	For WB2 (wideband carrier) with channel puncturing and full flexibility to transmit in both contiguous and non-contiguous sub-bands, the spectral utilization gains compared to WB1 (CA of 20 MHz carriers) are small at best. For a moderate LBT success rate of 70%, the SU gain is 4% for an 80 MHz carrier.
Observation 3	For WB2 (wideband carrier) with channel puncturing and restricted flexibility to transmit only in contiguous sub-bands, there is a loss in spectral utilization compared to WB1 (CA of 20 MHz carriers). For a moderate LBT success rate of 70%, the SU loss is 8% for an 80 MHz carrier.
Observation 4	For WB2, puncturing/rate matching around LBT sub-bands where CCA fails may cause PDSCH/PUSCH decoding failure.
Observation 5	For WB2, channel puncturing can make nodes susceptible to a near-far effect, further degrading PDSCH/PUSCH reception performance.
Observation 6	UE determination of frequency domain COT structure either by explicit signalling from the gNB or by implicit determination (e.g., DMRS detection) is relevant for both Wideband Mode 1 and Wideband Mode 2.
Based on the discussion in this paper we propose the following:
Proposal 1	For the purposes of discussion in RAN1, the two wideband modes listed in the WID are characterized as follows:
	Wideband Mode 1 (WB1):
o	Single carrier or multiple aggregated carriers where each carrier has CBW = LBW
	Wideband Mode 2 (WB2):
o	Single wideband carrier with CBW > LBW
Proposal 2	In both DL and UL, RAN1 and RAN4 should prioritize development of specifications for Wideband Mode 1, i.e., where the carrier bandwidth (CBW) is equal to the LBT bandwidth (LBW). This allows aggregation of multiple 20 MHz carriers, e.g., in the 5 GHz band, and aggregation of potential wider carriers in new bands. Channel puncturing for Wideband Mode 2 (CBW > LBW) is an optimization that could be considered in a later release.
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