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1 Introduction
In RAN1#104-e the following two agreements were made:
Agreement:
For CORESET#0 and Type0-PDCCH search space configured in MIB:
· Support {SS/PBCH Block, CORESET#0 for Type0-PDCCH} SCS equal to {120, 120} kHz
· Support at least SSB and CORESET#0 multiplexing patterns, number of RBs for CORESET#0, number of symbols (duration of CORESET#0) that are supported in Rel-15/16 for {SS/PBCH Block, CORESET#0 for Type0-PDCCH} SCS = {120, 120} kHz.
· FFS: Supporting additional values
· FFS: Supported values for SSB to CORESET#0 offset RBs
· If 480kHz SSB SCS that configures CORESET#0 and Type0-PDCCH CSS in MIB is agreed to be supported,
· Support {SS/PBCH Block, CORESET#0 for Type0-PDCCH} SCS equal to {480, 480} kHz
· If 960 kHz SSB SCS that configures CORESET#0 and Type0-PDCCH CSS in MIB is agreed to be supported,
· Support {SS/PBCH Block, CORESET#0 for Type0-PDCCH} SCS equal to {960, 960} kHz
· If 240 kHz SSB SCS is agreed to be supported,
· Support {SS/PBCH Block, CORESET#0 for Type0-PDCCH} SCS equal to {240, 120} kHz
· FFS: any other combinations between one of SSB SCS (120, 240, 480, 960) and one of CORESET#0 SCS (120, 480, 960)
· FFS: initial timing resolution based on low SCS (120 kHz) and its impact on the performance of higher SCS (480/960 kHz)

Agreement:
Whether or not to support 240 kHz, 480kHz and 960kHz SCS for SSB and the conditions under which SSB for 240 kHz, 480 kHz and 960 kHz may be supported will be decided no later than RAN1#104bis-e.

In these agreements two important issues are identified (see yellow highlights):
· Issue #1: Required SSB-CORESET0 offsets for initial access for at least the {120,120} kHz SCS combination, and if supported, also the {240,120} kHz combination
· Issue #2: UE SS/PBCH search complexity, which is one of the issues to consider in making a decision on which SCSs amongst (240, 480, 960 kHz) are to be supported for initial access
For these two issues, we understand that both have a clear dependence on RAN4 decisions. For Issue #1, the needed offsets depend on the number of RBs in the initial BWP which is a function of the minimum channel bandwidth and spectral utilization. For Issue #2, the search complexity depends on the channelization to be designed by RAN4 as well as the minimum bandwidth.
Until RAN4 makes further progress, it is hard for RAN1 to make concrete agreements. However, it is still instructive for RAN1 to consider potential RAN4 channelization design in order to progress the work in RAN1. To help address these issues, we develop an exemplary RAN4 channelization design that assumes a minimum channel bandwidth of 100 MHz. This is consistent with Option 1-1 that was included in the LS that was sent to RAN4 in RAN1#104-e [1]. We also consider aspects of the channelization design that allows flexibility for both non-alignment and alignment with 802.11ad/ay channelization depending on the deployment scenario, as also highlighted in the LS.RAN1 has also discussed and identified at least the following options of the minimum channel bandwidth for NR operation in 52.6 GHz to 71 GHz.
· for 120 kHz SCS
· Option 1-1: 100 MHz
· Option 1-2: 200 MHz
· Option 1-3: 400 MHz
…
Additionally, in RAN1’s understanding, RAN4 will decide channelization aspects (including but not limited to channel and sync rasters to support both licensed and unlicensed operation, channelization design flexibility to align or not align with the IEEE 802.11ad/ay channelization for supported deployment (licensed and unlicensed band, with and without potential regional regulations requiring LBT channel access mechanism)

[bookmark: _Ref178064866]2	Exemplary Channelization Design
Figure 1 illustrates the spectrum allocations in the 14 GHz frequency range spanning 57 – 71 GHz in various regions around the world taken from Table 4.2.1-1 of [2]. As can be seen, the regional frequency allocations consist of different subsets of a set of {2, 5, 2, 5} GHz blocks. The US and Europe/CEPT have the largest allocations: all 14 MHz allocated to unlicensed. Other regions have smaller allocations, with China having the smallest (5 GHz). A 5 GHz block allocated to IMT (licensed operation) is also defined from 66 – 71 GHz.
[image: ]120 MHz unused in South Africa, Japan, Korea, Taiwan, Singapore, Australia
280 MHz unused in China and Canada/Brazil/Mexico
800 MHz unused in USA and Europe/CEPT
240 MHz unused in all regions
400 MHz unused in China



[bookmark: _Ref53057845]Figure 1: Regional frequency allocations from [2] with 802.11ad channelization superimposed
Figure 1 also shows the six 2.16 GHz channels defined by the IEEE 802.11ad standard superimposed. Evidently, if NR would adopt a rigid channelization design such that all channels are strictly confined to be within the 2.16 GHz channels defined by IEEE 802.11ad, a large wastage of spectrum would occur:
· 240 MHz at the lower edge of the band is unused in all regions
· 800 MHz at the upper edge of the band is unused in USA and Europe
· 680 MHz of the 5 GHz allocation in China is unused
· In recognizing the need to have at least three channels for cell planning [3], IEEE 802.11aj standard defined four 1.08 GHz channels nested within the two 2.16 GHz channels for the 60 GHz band in China. As a result, the spectrum wastage issues are left unaddressed in the 802.11aj channelization.
· 280 MHz of the 7 GHz allocation in Canada/Brazil/Mexico is unused
· 120 MHz of the 9 GHz allocation in South Africa/Japan/Korea/Taiwan/Singapore/Australia is unused


[bookmark: _Toc53776182][bookmark: _Toc61884528][bookmark: _Toc67913208]If NR would adopt a rigid channelization design such that all channels are strictly confined to be within the 2.16 GHz channels defined by IEEE 802.11ad, a large wastage of spectrum would occur in many regions of the world.
Here we consider an exemplary channelization design that makes more efficient use of the available regional frequency allocations. Furthermore, the design can be used for both alignment and non-alignment to IEEE channels based on the deployment scenario, e.g., licensed/unlicensed, LBT/no LBT.
One option for the channelization design is to simply adopt the flexible approach that was used in NR Rel-15. We call this a "floating" channelization, in the sense that any ARFCN and suitable GSCN can be chosen to configure a particular channel. In Rel-15, the channel and sync rasters were designed with the key property that enabled both a very flexible channel placement, while at the same time maintaining a reasonable UE SSB search complexity. In FR2 this was achieved by defining a global channel raster with a very fine granularity, , and a sync raster with much more coarse granularity,  (see Section 5.4 of 38.101-2 ). In the 14 GHz frequency range from 57 – 71 GHz, there are 233,333 global channel raster points (ARFCNs) which define a potential channel center frequency. Furthermore, there are 810 sync raster points (GSCNs), which sets an upper bound on the UE SSB search complexity for a given SSB subcarrier spacing. In Rel-15, such flexibility was desirable for Rel-15 considering the many different spectrum allocations for different operators around the world and the fact that spectrum allocations are often quite fragmented. However, such flexibility is not necessarily needed for the  57 – 71 GHz band where the spectrum allocation is defined in large contiguous blocks as shown in Figure 1.
Instead of adopting the Rel-15 "floating" channelization design, we instead consider a "fixed" channelization design. In this design, the potential channel positions are restricted to a small subset of the 233,333 possible ARFCNs. Furthermore, with a fixed channelization, it is sufficient to define at least a single sync raster point (GSCN) for each channel center frequency (ARFCN) corresponding to the minimum channel bandwidth. For example, with 100 MHz minimum bandwidth, there are 140 channels in the 14 GHz frequency range from 57 – 71 GHz, and thus there are at least 140 needed sync raster points (GSCNs). This sets a lower limit on the UE SSB search complexity for a given SSB subcarrier spacing. Clearly, the number of needed ARFCN-GSCN combinations is much reduced compared to the Rel-15 "floating" design, resulting in a much lower UE SSB search complexity.
For the fixed design we assume the channel bandwidths shown in Table 1 are supported, where the quantity  represents the nominal channel bandwidth.
[bookmark: _Ref67489173]Table 1: Channel bandwidths supported for exemplary fixed channelization design
	Subcarrier
Spacing

	Nominal Channel Bandwidth


	
	100
MHz
	400
MHz
	800
MHz
	1600
MHz
	2160
MHz

	120 kHz
	
	
	-
	-
	-

	480 kHz
	-
	
	
	
	-

	960 kHz
	-
	-
	-
	-
	



We assume the following:
· The minimum channel bandwidth is 100 MHz is consistent with Option 1-1 that was included in the LS that was sent to RAN4 [1]
· The maximum channel bandwidth is 2160 MHz which is consistent with the claimed purpose of introducing 960 kHz SCS to allow a channel bandwidth that is competitive with 802.11ad/ay
· The number of RBs  (transmission bandwidth configuration) associated with each  combination in the table is to be decided by RAN4, and is a function of the spectral utilization  (in %) defined as the transmission bandwidth configuration divided by the nominal channel bandwidth . The number of RBs is thus given by 

For example for the 100 MHz minimum channel bandwidth for 120 kHz SCS, a spectral utilization of 86.4% corresponds to  RBs.
For each bandwidth/SCS combination , the goal is to define a set of fixed channel positions (ARFCNs) with spacing  between successive channels within the frequency range 57 – 71 GHz. However, one can observe immediately that the nominal channel bandwidths are not evenly divisible by either 120, 480, or 960 kHz SCS, i.e.,  is not an integer number of subcarriers. For example, 100 MHz divided by 120 kHz results in . To overcome this, the channel spacing can be organized in a pattern 833, 834, 833 subcarriers that repeats across the whole frequency range. Hence on average, the channel spacing is 100 MHz, despite the fact that any one channel has bandwidth either 99.96 MHz (833 subcarriers) or 100.08 kHz (834 subcarriers).
To generalize this, let the index  indicate a channel number for a particular bandwidth/SCS combination . For example, for the 100 MHz minimum channel bandwidth for 120 kHz SCS, the channel index  runs from 0 to 139 (140 channels) which covers the entire 14 GHz frequency range from 57 – 71 GHz.
The channel spacing between the -th and -th channel is denoted

Table 2 lists channel spacings as a function of the channel index. Clearly the spacing pattern repeats every 3 channels by virtue of the  term.
[bookmark: _Ref67491713]Table 2: Channel spacings (# of subcarriers) as a function of the channel number  for each  combination for the exemplary fixed channelization design
	Subcarrier
Spacing
∆𝑓
	
	Nominal Channel Bandwidth


	
	
	100
MHz
	400
MHz
	800
MHz
	1600
MHz
	2160
MHz

	120 kHz
	0
	833
	3333
	-
	-
	-

	
	1
	834
	3334
	-
	-
	-

	
	2
	833
	3333
	-
	-
	-

	480 kHz
	0
	-
	833
	1667
	3333
	-

	
	1
	-
	834
	1666
	3334
	-

	
	2
	-
	833
	1667
	3333
	-

	960 kHz
	0,1,2
	-
	-
	-
	-
	2250



Now let the ARFCN corresponding to -th channel to be written in terms of the ARFCN for the -th channel as follows

where  is the global channel raster granularity. The factor  ensures that the channel spacing between ARFCNs is an integer number of subcarriers.
To complete the fixed design, it is necessary to specify the ARFCN for the first channel  and the number of channels  for each bandwidth/SCS combination . Several design criteria can be used for this, e.g.,
· For 120 and 480 kHz SCS
·  is chosen so the left edge of the first channel is greater than or equal to 57 GHz 
·  is chosen so the right edge of the last channel is less than or equal to 71 GHz
· For 960 kHz SCS with 2160 MHz channel bandwidth
·  is chosen so the left edge of the first channel aligns as closely as possible with the lowest frequency of the first 802.11 ad/ay channel. As shown in Figure 1, the low edge of the first 802.11ad/ay channel occurs at 57.24 GHz. This criterion ensures that the 2160 MHz channels are well aligned with the 6 defined 802.11ad/ay channels.
Using the above criteria Table 3 shows the resulting ARFCNs for the first channel  and number of channels  for each  combination.
[bookmark: _Ref67493511]Table 3: ARFCN of first channel () and number of channels for each  combination for the exemplary fixed channelization design
	Subcarrier
Spacing

	Nominal Channel Bandwidth


	
	100
MHz
	400
MHz
	800
MHz
	1600
MHz
	2160
MHz

	120 kHz
	2563333
 
	2565833

	-
	-
	-

	480 kHz
	-
	2565831

	2569167

	2575831

	-

	960 kHz
	-
	-
	-
	-
	2584507




With this simple design, it will happen for the case of 120 and 480 kHz SCS, certain channels will straddle the border of some regional frequency allocations. One approach is to simply avoid using such channels. However, for the case of a smaller regional allocation, e.g., the 5 GHz allocation in China, it may be beneficial to optimize the starting ARFCN so as to maximize the number of usable channels. For the Chinese spectrum allocation, it is particularly useful to adopt such shifts for the case of 480 kHz SCS for . This can be achieved by shifting the ARFCNs in the 2nd row of the table by 4 / 6668 / 6668 raster points which results in 12 / 6 / 3 usable channels in China rather than 11 / 5 / 2.
Figure 2 illustrates the fixed channelization design which also incorporates the shifted ARFCNs to maximize the number of usable channels in China. For regions with larger spectrum allocations, such shifting has minor impact. We observe that for the low and high ends of the 57 – 71 GHz band, there appears to be unused portions of the band for the case of 480 kHz and ; however, one can always aggregate a smaller bandwidth channel (400 or 800 MHz) to make use of this spectrum.
Clearly, the overall design achieves the most dense packing of channels possible, which is desirable to maximize the usage of the 57 – 71 GHz band.
[bookmark: _Toc67913209]The exemplary fixed channelization design maximizes the usage of the 57 – 71 GHz band for several different channel bandwidth options by packing channels of the same bandwidth as closely as possible, thus minimizing spectrum wastage in all regional spectrum allocations. This can be the starting point of discussion of NR channelization in RAN4.
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[bookmark: _Ref67497125]Figure 2: Exemplary fixed channelization design based on 100 MHz minimum channel bandwidth
As per the design criterion, the 2160 MHz channels are aligned with the IEEE 802.11ad/ay channelization in case such alignment is desirable for a particular deployment. If it is desired to configure other channel bandwidths that are confined within a 2.16 GHz IEEE channel, then that can be achieved simply by avoiding configuration of a channel that straddles an IEEE channel boundary. 
However, we point out that even if a channel of 100 / 400 / 800 / 1600 MHz bandwidth does straddle an IEEE channel boundary, this does not create a coexistence issue as we show in [5] based on a set of evaluation results conforming to the agreed system level evaluation scenario in the study item phase. We note that no coexistence issue is seen, even without deploying LBT protocols.
Moreover, as can be seen in Figure 3 below, the 802.11ay standard itself supports partially overlapping channels for channel bandwidths >2.16 GHz, e.g., Chanel #10 overlaps both Channel #9 and Channel #11. Hence, avoiding overlap in the NR channelization design should not be the guiding design criterion for all channels of all bandwidths. Rather, efficient use of the band with good alignment to regional spectrum allocations should be the starting point.
[image: ]
[bookmark: _Ref61878714]Figure 3: Channelization used by IEEE 802.11ay. It can be observed that channels with bandwidths >2.16 GHz overlap with each other.
3	Sync Raster and SSB-CORESET0 Offsets
The exemplary fixed channelization design developed in the previous section defines the following number of channels (ARFCNs) for each subcarrier spacing:
[bookmark: _Ref67650224]Table 3: Number of channels for each  combination for the exemplary fixed channelization design
	Subcarrier
Spacing

	Nominal Channel Bandwidth


	
	100
MHz
	400
MHz
	800
MHz
	1600
MHz
	2160
MHz

	120 kHz
	140
	35
	-
	-
	-

	480 kHz
	-
	35
	17
	8
	-

	960 kHz
	-
	-
	-
	-
	6



As discussed previously, the benefit of specifying a fixed channelization design (vs. "floating" as specified in Rel-15) is to facilitate a reduced UE SSB search complexity during initial access. Since the channels (ARFCNs) are fixed, generally speaking, it is necessary to define only a single sync raster point (GSCN) per minimum bandwidth channel for each SSB SCS that is supported for initial access. Generally, the resulting set of GSCNs is also usable for the larger channel bandwidths of the same SCS. Here we assume that both 120 and 240 kHz SCS for SSB are supported for initial access as in Rel-15 for FR2. As shown in Table 3, for 120 kHz SCS, there are  channels of 100 MHz (the minimum bandwidth). Hence a lower bound on the needed number of sync raster points (GSCNs) to support both 120 and 240 kHz SSB SCS for initial access is 140 + 140 = 280. To put this value in perspective, in a companion paper [6], we discuss in more detail how this value compares to the FR2 frequency bands n257 – n261 defined in Rel-15. We find that using the fixed channelization design results in a similar, if not lower, SSB search complexity than for the Rel-15 bands individually. If a UE supports more than one of these bands, the search complexity for the fixed channelization design becomes strictly lower than in Rel-15.
[bookmark: _Toc67913210]For the exemplary fixed channelization design for the 57 – 71 GHz band, assuming both 120 and 240 kHz SSB are supported for initial access as in Rel-15 for FR2, the resulting UE SSB search complexity is similar, if not lower, than for the Rel-15 FR2 defined frequency bands (n257 – n261).
For identifying a suitable sync raster point for each of the 100 MHz minimum bandwidth channels the following procedure can be used. First, identify a set of  of global sync raster points (GSCN values) that fall within the transmission bandwidth configuration ( RBs) of the channel, where the formula for  is defined in Section 2 and depends on the spectral utilization . For example, assuming a 17.28 MHz granularity for the global sync raster points, and assuming , the cardinality (size) of the set  is at most . Second, amongst these  GSCN values, find one value that satisfies both of the following criteria for a given SSB SCS (120 or 240 kHz):
1. The SS/PBCH block with center frequency corresponding to the GSCN fits within the  RBs
2. For a given CORESET0 size and SSB-CORESET0 multiplexing pattern, CORESET0 fits within the  RBs for at least one of the SSB-CORESET0 offsets defined in the applicable CORESET0 configuration tables in 38.213 Section 13:
· Table 13-8 for {SS/PBCH Block, CORESET#0 for Type0-PDCCH} SCS = {120,120} kHz
· Table 13-10 for {SS/PBCH Block, CORESET#0 for Type0-PDCCH} SCS = {240,120} kHz
We checked these two criteria as function of  for both the {120,120} and {240,120} cases for the 100 MHz channels in the exemplary channelization design. In Table 4 and Table 5 we show the percentage of 100 MHz channels where there exists at least one sync raster point (GSCN) value for which the above two criteria hold. This answers the question of whether or not the currently defined SSB-CORESET0 offsets defined in Rel-15 are suitable for the 57 – 71 GHz band given a particular spectral utilization value  (to be defined by RAN4). It also demonstrates which SSB-CORESET0 multiplexing patterns are suitable for the 100 MHz minimum channel bandwidth.
[bookmark: _Ref67587622]Table 4: Percentage of the 100 MHz channels in exemplary channelization design for which there is at least one GSCN for which both SSB and CORESET0 fit within  RBs for the {120,120} kHz SCS case.
	
	
	SSB-CORESET0 Offsets (RBs)

	
	
	SSB-CORESET0 Mux Pattern 1
	SSB-CORESET0 Mux Pattern 3

	
	Spectral Utilization

	CORESET0 Size

	14
	{0 or 4}
	{24,-20, or -21}

	58
	83.5%
	48
	92%
	-
	-

	59
	85.0%
	48
	100%
	-
	-

	60
	86.4%
	48
	100%
	-
	-

	66*
	95.0%
	48
	100%
	-
	-

	58
	83.5%
	24
	-
	100%
	100%

	59
	85.0%
	24
	-
	100%
	100%

	60
	86.4%
	24
	-
	100%
	100%

	66*
	95.0%
	24
	-
	100%
	100%

	* Number of RBs defined for 100 MHz channel bandwidth in FR2 



[bookmark: _Ref67587624]Table 5: Percentage of 100 MHz channels in the exemplary channelization design for which there is at least one GSCN for which both SSB and CORESET0 fit within  RBs with SSB-CORESET0 multiplexing pattern 1 for {240,120} kHz SCS case.
	
	
	SSB-CORESET0 Offsets (RBs)

	
	Spectral Utilization

	CORESET0 Size

	{0 or 8}

	58
	83.5%
	48
	100%

	59
	85.0%
	48
	100%

	60
	86.4%
	48
	100%

	66*
	95.0%
	48
	100%

	* Number of RBs defined for 100 MHz channel bandwidth in FR2



In summary we observe the following assuming 100 MHz minimum bandwidth:
· For both 120 kHz and 240 kHz SSB with SSB-CORESET0 Multiplexing Pattern 1 (TDM mux)
· The existing Rel-15 CORESET0 configuration tables are usable "as is" as long as the spectral utilization ≥ 85% (59 RBs)
· No new SSB-CORESET0 offsets need to be defined
· For 120 kHz SSB with SSB-CORESET0 Multiplexing Pattern 3 (FDM mux)
· The existing Rel-15 CORESET0 configuration tables are usable "as is" for all practical spectral utilization values for the case of 24 RB CORESET0
· No new SSB-CORESET0 offsets need to be defined

[bookmark: _Hlk67999735]An additional aspect that we observed in the above investigation is that for the case of 120 kHz SSB with SSB-CORESET0 Multiplexing Pattern 3, the set of needed sync raster points for the 140 100 MHz channels does not completely intersect the set of sync raster points for Pattern 1, meaning only a subset of GSCN values needed for Pattern 3 are common to those for Pattern 1. In order to fully support Pattern 3 for all 100 MHz channels, an additional set of GSCN values could be defined over and above the set of 140 for Pattern 1. While this increases the UE search complexity to some extent, the overall search complexity is still low, especially when comparing to the FR2 bands in Rel-15.
As an aside, we also investigated the case of a fixed channelization design with minimum channel bandwidth of 50 MHz. While 50 MHz minimum bandwidth was not recommended by RAN1 in LS sent to RAN4 [1], the conclusion we draw provides a strong reason why 50 MHz minimum channel bandwidth should not be further discussed in RAN4. If 50 MHz minimum channel bandwidth would be supported, the number of channels in 14 MHz becomes 280, thus doubling the UE search complexity compared to 100 MHz. Additionally, we found that if the spectral utilization is any less than 92% (corresponds to 32 RBs, as specified in Rel-15), then there exist multiple 50 MHz channels for which an SS/PBCH block with 120 kHz SCS will not fit within the channel.
[bookmark: _Toc67913211]For a fixed channelization design for the 57 – 71 GHz band, if the minimum channel bandwidth would be 50 MHz instead of 100 MHz the UE search complexity increases by 100% (doubled). Additionally, if the spectral utilization is defined to be any less than 92% (corresponds to 32 RBs, as specified in Rel-15), then there exist multiple 50 MHz channels for which an SS/PBCH block with 120 kHz SCS will not fit within the channel.
Conclusion
In this paper we made the following observations: 
Observation 1	If NR would adopt a rigid channelization design such that all channels are strictly confined to be within the 2.16 GHz channels defined by IEEE 802.11ad, a large wastage of spectrum would occur in many regions of the world.
Observation 2	The exemplary fixed channelization design maximizes the usage of the 57 – 71 GHz band for several different channel bandwidth options by packing channels of the same bandwidth as closely as possible, thus minimizing spectrum wastage in all regional spectrum allocations. This can be the starting point of discussion of NR channelization in RAN4.
Observation 3	For the exemplary fixed channelization design for the 57 – 71 GHz band, assuming both 120 and 240 kHz SSB are supported for initial access as in Rel-15 for FR2, the resulting UE SSB search complexity is similar, if not lower, than for the Rel-15 FR2 defined frequency bands (n257 – n261).
Observation 4	For a fixed channelization design for the 57 – 71 GHz band, if the minimum channel bandwidth would be 50 MHz instead of 100 MHz the UE search complexity increases by 100% (doubled). Additionally, if the spectral utilization is defined to be any less than 92% (corresponds to 32 RBs, as specified in Rel-15), then there exist multiple 50 MHz channels for which an SS/PBCH block with 120 kHz SCS will not fit within the channel.
[bookmark: _In-sequence_SDU_delivery]
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