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1 Introduction
In this contribution we propose a channel raster design and intra-carrier guard bands for wideband operation. We also consider relevant RAN1 aspects related to the intra-carrier guard bands and review the status of the LS exchange between RAN1 and RAN4

As for NR in licensed bands, it is expected that NR-U will support transmission over a wide bandwidth (>> 20 MHz). Related to this, 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).
The common understanding in RAN1 is that this may be achieved through either of the following approaches: single serving cell of bandwidth >20 MHz or aggregation of multiple serving cells of bandwidth 20 MHz or greater. It is also stated CCA is performed in units of 20 MHz (at least for 5 GHz). This is referred to here as the LBT bandwidth (LBW). The distinguishing feature amongst all scenarios is the relationship between the carrier bandwidth (CBW) and LBW for a particular serving cell. Hence, for the purposes of discussion we define the following:

Observation 1 For the purposes of discussion, two wideband carrier aggregation modes are defined as follows:

· Wideband Mode 1 (WB1):

· Carrier bandwidth is equal to the LBT bandwidth (CBW = LBW)

· Wideband Mode 2 (WB2):

· Carrier bandwidth is greater than the LBT bandwidth (CBW > LBW)

· A carrier consists of multiple LBT sub-bands, each of bandwidth LBW

For Wideband Mode 2, two agreements have been made in RAN1, one for the DL and one for the UL as follows:

 DL 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.

UL Agreement:
For UL transmissions in a serving cell with carrier bandwidth greater than LBT bandwidth, for the case where UE performs CCA before UL transmission, support at least Alt. 1 among the following alternatives

· Alt. 1: UE transmits the PUSCH only if CCA is successful at UE in all LBT bandwidths of the scheduled PUSCH.
· Alt. 2: UE transmits the PUSCH in all or a subset of LBT bandwidths of the scheduled PUSCH for which CCA is successful at the UE. 
· Decision on whether this alternative is supported will depend on feedback from RAN4

· FFS on restrictions to the subset of LBT bandwidths, e.g., only contiguous LBT bandwidths allowed, based on feedback from RAN4
· Necessity of guard bands within the scheduled PUSCH should be determined by RAN4

· FFS: Whether this applies also to configured grant PUSCH

· FFS: Whether this applies also to PUCCH

Both agreements allow for transmission/receptions 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, the carrier consists of 4 LBT sub-bands. In principle, any combination of 1, 2, 3, or 4 sub-bands may be available depending on the LBT outcome. This is illustrated in Figure 1. We refer to this type of operation as “Channel Puncturing,” since depending on LBT outcome some subset of 20 MHz sub-bands (corresponding to 20 MHz channels) are not available for transmission/reception, i.e., are punctured.
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Figure 1: Wideband Mode 2 for the case of a single 80 MHz carrier. Various channel puncturing scenarios based on LBT outcome are illustrated.

2 Status of LS Exchange between RAN1 andRAN4 

During both the SI and WI phase, there has been an exchange of a number of LSs between RAN1 and RAN4 on the feasibility of WB2 for both the downlink and uplink [3],[4],[5],[6],[7]. Here we review the status of this exchange as well as the guidance offered by RAN in the most recent plenary to establish a way forward.

2.1
Downlink

In the most recent LS to RAN1 [7], RAN4 provided feedback on the feasibility of WB2 for the downlink. Three modes of WB2 for the downlink are defined in the LS:

1. Mode 1: LBT successful in all LBT sub-bands

a. Feasible

b. FFS on whether or not guard bands are needed

2. Mode 2: LBT successful in a subset of sub-bands which are contiguous

a. Feasible at least if the guard band within two contiguous sub-bands is not scheduled and WiFi-like requirements (20 dBr) are adopted for in-carrier leakage 

3. Mode 3: LBT successful in a subset of sub-bands which are non-contiguous

a. Feasible at least if guard bands within two contiguous sub-bands is not scheduled and WiFi-like requirements (20 dBr) are adopted for in-carrier leakage

For Modes 2 and 3, it is FFS whether or not the WiFi-like requirements meet regional regulatory requirements, e.g., ETSI-BRAN.

Observation 2 The feasibility of WB2 in the downlink (Modes 2 and 3) is dependent on guard bands not being scheduled and relaxed RF requirements for in-carrier leakage being defined, e.g., 20 dBr Wi-Fi like requirements.

In the most recent RAN4 meeting (RAN4 #91), it was discussed whether or not the 20 dBr WiFi preamble punctured mask is compliant with the ETSI-BRAN harmonized standard EN 301 893 v2.1.1. It was observed in both [8] and [9], that it is not compliant, which triggered an LS to be sent from RAN4 to ETSI-BRAN [10]. Feedback on this LS is still pending.

In the LS, it is shown that adoption of Wi-Fi like requirements (20 dBr) for in-carrier leakage is a significant relaxation compared to ETSI BRAN requirements for the case of channel puncturing. In [11] it is observed that “this relaxed in-carrier emission requirements compared with LAA adjacent channel requirements may degrade system performance, if only LAA and NR-U deployed without Wi-Fi system.” If such Wi-Fi like requirements are adopted for NR-U, such a degradation of LTE-LAA performance may occur, for example, in outdoor LTE-LAA deployments where Wi-Fi may not be expected. Based on this as well as our own analysis in [9], we observe the following

Observation 3 If NR-U adopts Wi-Fi like (20 dBr) RF requirements for spectral emission masks, already deployed LTE-LAA may be harmed by adjacent channel interference from NR-U.

2.2
Uplink

Regarding the uplink, RAN1 sent an LS to RAN4 [6] informing RAN4 of the UL agreement shown in Section 1 of this paper. This agreement lists two alternatives:

· Alt-1: UE transmits the PUSCH only if CCA is successful at UE in all LBT bandwidths of the scheduled PUSCH 

· Alt-2: UE transmits the PUSCH in all or a subset of LBT bandwidths of the scheduled PUSCH for which CCA is successful at the UE.
RAN1 agreed that at least Alt-1 is supported, but asked RAN4 for feasibility of Alt-2. Feedback on this LS is still pending. However, in the meantime, RAN offered guidance to RAN1 on essential functionality for NR-U on many of the remaining open issues in the WI [12]. In this guidance, Alt-2 is listed as an optimization. Based on this, we observe the following:

Observation 4 RAN1 shall prioritize Alt-1 for WB2 in the uplink, i.e., the UE transmits PUSCH only if CCA is successful at the UE in all LBT bandwidths of the scheduled PUSCH. 

With this observation, it is our understanding that PUSCH transmission in a wideband carrier (carrier bandwidth > LBT bandwidth) can be achieved with existing Rel-15 functionality. No further work in RAN1 is needed other than to specify interlaced transmission for the UL and PUSCH frequency domain resource allocation. 
3
Open Issues for Wideband Operation (WB2) in the Downlink

Given that the remaining open issues for the uplink are treated in another agenda item, here we focus on open issues for wideband operation for the downlink.

3.1
PDSCH Transmission

Provided that the spectral emission mask issues discussed in the previous section can be resolved within both ETSI-BRAN and RAN4, the feasibility of wideband operation in the downlink comes down to methods by which PDSCH scheduling can avoid guardbands between LBT subbands of a wideband carrier (CBW > LBW). This is simplified by the following conclusion from RAN1#97:

Conclusion:

A UE can receive a PDSCH scheduled within an LBT bandwidth or over multiple LBT bandwidths as per Rel-15 and current agreements in Rel-16.
Our understanding of this conclusion is that initially within a COT, one or multiple PDSCHs can be scheduled, with one PDSCH per LBT sub-band. Later in the COT, when the LBT outcome is known by the gNB and the scheduler has time to react, one or multiple PDSCHs can be scheduled spanning one or more LBT subbands. In both cases, the guardbands can be avoided based on existing Rel-15 functionality, specifically using DCI-based signaling of frequency domain resource allocation (Type 0 or Type 1) and DCI-based signaling of PRB-level reserved resources if needed.

Clearly, all of this is simplified if the guards between LBT subbands within a wideband carrier consist of integer numbers of PRBs since the basic scheduling unit is a PRB. We refer to these as intra-carrier guards in order to distinguish these from existing inter-carrier guardbands already specified by RAN4 in Rel-15 (see minimum guardband requirements in Table 5.3.3-1 in 38.104 expressed in kHz). Indeed, the latter are not an integer multiple of a PRB. Input from RAN4 will be needed on the size of newly defined intra-carrier guards in order to meet the required level of in-carrier leakage requirements that are decided by RAN4.

Observation 5 Input from RAN4 is needed on the size of the intra-carrier guards between LBT sub-bands of a downlink wideband carrier in order to meet RAN4 specified in-carrier leakage requirements.

With such input from RAN4, RAN1 specifications in fact can be transparent to LBT sub-bands. All that is needed by the gNB scheduler is to know which PRB ranges are available for PDSCH scheduling and which PRB ranges are unavailable due to the need for intra-carrier guards. 
3.2
PDCCH Configuration

Our preference for a way forward for wideband operation in the downlink (provided that the spectral emission mask issues can be resolved) is to rely as much as possible on existing Rel-15 functionality. Already, the conclusion mentioned above for PDSCH transmission is one step in achieving this, provided that the UE is capable of receiving multiple simultaneous PDSCHs. The other step in achieving this is to reuse existing Rel-15 functionality when it comes to PDCCH configuration. In our view, the simplest way forward is to configure CORESETs on a per-subband basis. We understand that the number of CORESETs supported by a UE would need to increase (the Rel-15 limit is 3); however, this seems like the simplest way forward compared to other approaches where a CORESET spans multiple sub-bands, potentially requiring changes to PDCCH candidate configuration. 
3.3 
Channel Raster and Guardbands

To enable both WB1 and WB2 operations to be specified in a unified way with a common set of requirements, it is needed to properly design the channel raster points for 20, 40, and 80 MHz carriers. The design should ensure that regardless of which carrier bandwidth gNBs decide to configure, adjacent channel interference amongst LBT-subbands and/or carriers is properly controlled. As shown in this section, the channel raster can be designed such that the intra-carrier guards of a wide carrier (e.g., 80 MHz) fully overlap both the intra- and inter-carrier guards of narrower carriers (e.g., 40 and 20 MHz). We note that the intra-carrier guards can easily be designed to be an integer number of PRBs, while the inter-carrier guardbands need only be an integer number of sub-carriers to facilitate single-FFT operation if desired. The minimum bandwidth of the inter-carrier guards already defined in RAN4 in Rel-15 (see Table 5.3.3-1 in 38.104) may be reused.

The full details of a proposed channel raster design are contained in our RAN4 contribution [13]. Here we provide a high level overview and further discuss intra-carrier guards.

Channel raster and guard bands between channels

Figure 2 shows the center frequencies of NR-U 20/40/80 MHz carriers are aligned with the WiFi channel placements and bonding rules as much as possible with the constraint of 30 kHz SCS. In this diagram the first eight 20 MHz channels used by WiFi in the 5 GHz band are illustrated.

The center frequencies are calculated by rounding the 20/40/80 MHz WiFi channel center frequencies to the nearest even NREF value (NR-ARFCN value) on the NR global channel frequency raster which has granularity ΔFGlobal = 15kHz (see Table 5.4.2.1-1 in 38.104). This results in all NR-U channel center frequencies being within ±10 kHz of the WiFi channel center frequencies. Note that rounding to the nearest even ARFCN value for 30 kHz SCS ensures that the inter-carrier guard-bands are an integer number of subcarriers which benefits single FFT implementations. For 15 kHz SCS, rounding can be to the nearest ARFCN (even or odd) which achieves this same property since the NR global channel raster has 15 kHz granularity.

With this channel raster, it is easy to show that the total inter-carrier guards between the 20 MHz carriers is either 54 or 55 subcarriers depending on the carrier position. For the 40 MHz carriers, the inter-carrier guards are either 61 or 62 subcarriers, and for the 80 MHz carriers the inter-carrier guards are either 62 or 63 subcarriers. In all cases, these values result in left and right guardbands around each individual carrier that satisfy the minimum bandwidth requirements specified in Table 5.3.3-1 in 38.104, i.e., 805/905/925 kHz for 20/40/80 MHz carriers, respectively.

[image: image2.png]80 MHz Carriers 217 PRBs PAVES

40 MHz Carriers 106 PRBs
20 MHz Carriers 51 PRBs 51 PRBs

T

T

5180.01MHz 5199.99 MHz 5220.00 MHz 5240.01MHz
Nger = 745334 Nger = 746666 Nger = 748000 Nger = 749334
5190.00 MHz 5229.99 MHz

Nrer = 746000

Nrer = 748666

5210.61 MHz
Nrer = 747334

106 PRBs 106 PRBs 106 PRBs
51 PRBs 51 PRBs 51 PRBs 51 PRBs 51 PRBs 51 PRBs

T T

5259.99 MHz 5280.08 MHz 5300.01MHz 5319.99 MHz
Nger = 750666 Nger = 752000 Nger = 753334 Nger = 754666
5270.01 MHz 5310.00 MHz

Nrer = 751334

Nrer = 754000

5289.99 MHz
Nrer = 752666




Figure 2: Center frequencies for NR-U 20/40/80 MHz carriers assuming 30 kHz SCS. The center frequencies are aligned with the NR global frequency raster (15 kHz granularity) for the 5 GHz band. The channel center frequencies are within ±10 kHz of the WiFi channel grid (20 MHz granularity). The guardbands between all carriers satisfy the minimum requirements in 38.104.

Guard bands within a wideband channel

As discussed previously, RAN4 has indicated that wideband operation with 40 and 80 MHz carriers with channel puncturing is feasible if the intra-carrier guards between LBT sub-bands of such wide carriers are not scheduled. To facilitate this, the intra-carrier guards should be an integer number of PRBs such that scheduling which operates on PRB-level granularity can avoid the guards.

As also discussed above, it is important that the intra-carrier guards of a wide carrier, completely overlap the intra-carrier guard and inter-carrier guards of all narrower carriers. With this principle, adjacent channel interference can be controlled between, for example, gNBs that deploy 80 MHz carrier(s) with channel puncturing and gNBs that deploy aggregation of 20 MHz carriers not relying on channel puncturing. 

Figure 3 (drawn to scale) shows the position and minimum size of the intra-carrier guards for 40 and 80 MHz that achieve the important overlap property. For an intra-carrier guard that overlaps with an inter-carrier guard between two 20 MHz carriers, the minimum number of PRB for the intra-carrier guard is [image: image4.png][55/12] =6



. For an intra-carrier guard that overlaps with an inter-carrier guard between two 40 MHz carriers, the minimum number of PRB for the intra-carrier guard is [image: image6.png][62/12] =7



. 

We emphasize that these are minimum values . RAN4 still requires further work to establish precisely what size guard bands are needed to satisfy requirements on specified levels of in-carrier leakage given that ETSI-BRAN and RAN4 can agree on an appropriate spectral emission mask to apply to the sub-bands.
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Figure 3: Intra-carrier guards for 40 and 80 MHz carriers that achieve the overlap property. The intra-carrier guards are an integer number of PRBs and are the minimum values that ensure the overlap property. RAN4 may decide on larger values to satisfy requirements on in-carrier leakage between LBT sub-bands. 

To better visualize the overlap property, Figure 4 (drawn to scale), shows a zoomed-in view of Figure 3 showing the first two sub-bands/carriers on the left hand side. As can be seen, the 6 PRB intra-carrier guard for the 80 MHz carrier fully overlaps the 6 PRB intra-carrier guard for the 40 MHz carrier as well as the 54 subcarrier inter-carrier guard for the 20 MHz carriers.
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Figure 4: Zoomed-in view of Figure 3 showing the first two sub-bands/carriers on the left hand side 
While the above figures show the minimum intra-carrier guard bands needed to achieve the overlap property, what is also needed from a RAN1 perspective is the PRB indices of the intra-carrier guards in order to avoid scheduling in the guards. This is easily calculated once the channel raster is known. Table 1 shows the PRB indices of the intra-carrier guards for 40 and 80 MHz channels for both 15 and 30 kHz assuming the channel raster design used from above. Flipped around the other way, these PRB indices can be used to define a range of PRB indices for the LBT sub-bands that are available for PDSCH scheduling. As stated in Proposal 2, by use of such PRB ranges, it is possible to specify Wideband Mode 2 operation with channel puncturing such that LBT subbands are transparent to RAN1 specifications.

Table 1: PRB indices of the minimum intra-carrier guards for 40 and 80 MHz carriers for both 15 and 30 kHz SCS
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Based on the above discussion we propose the following:
Proposal 1 Support a channel raster design for 20, 40, and 80 MHz carriers for both 15 and 30 kHz SCS that simultaneously achieves the following properties:

a. Maximum offset from WiFi channel center frequencies of +/- 10 kHz for 30 kHz SCS and +/- 5 kHz for 15 kHz SCS

b. Inter-carrier guardbands between any two carriers are an integer number of subcarriers and satisfy the minimum guardband requirements specified in 38.104 Table 5.3.3-1.

c. Intra-carrier carrier guards within a 40 and 80 MHz carrier are in integer number of PRBs and satisfy RAN4 requirements on in-carrier leakage between LBT sub-bands.

d. Intra-carrier guards within a wider carrier fully overlap both the intra-carrier and inter-carrier guards of narrower carriers.
4
Proposal
Based on the discussion in this paper we propose the 
Proposal 1
Support a channel raster design for 20, 40, and 80 MHz carriers for both 15 and 30 kHz SCS that simultaneously achieves the following properties:
a.
Maximum offset from WiFi channel center frequencies of +/- 10 kHz for 30 kHz SCS and +/- 5 kHz for 15 kHz SCS 
b.
Inter-carrier guardbands between any two carriers are an integer number of subcarriers and satisfy the minimum guardband requirements specified in 38.104 Table 5.3.3-1.
c.
Intra-carrier carrier guards within a 40 and 80 MHz carrier are in integer number of PRBs and satisfy RAN4 requirements on in-carrier leakage between LBT sub-bands.
d.
Intra-carrier guards within a wider carrier fully overlap both the intra-carrier and inter-carrier guards of narrower carriers.
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