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1	Introduction 
Utilizing new BW less the 5MHz to NR brings the potential to improve networks for critical infrastructure industry (CII) as well as automation for railway systems.  While LTE supports BW less than 5MHz, the enhanced performance features of NR (e.g., low latency) are desired in future deployments.  In RAN #99, the following WI objectives were confirmed [1].· Identify and specify necessary changes to NR physical layer with minimum specification impact to operate in spectrum allocations from approximately 3 MHz up to below 5 MHz [RAN1]:
· Restrict to subcarrier spacing of 15kHz and the use of normal cyclic prefix.
· For SSB:
· Reuse PSS/SSS specification without puncturing.
· PBCH based on current design 
· Identify and specify necessary minimum changes to PDCCH, CSI-RS/TRS, PUCCH, and PRACH for functional support based on existing design, without optimization.
· Specify necessary RAN4 requirements to support deploying NR in spectrum allocations from approximately 3 MHz up to below 5 MHz [RAN4], including in bands n100, n8, n26 and n28:
· Specify system parameters (including channel and sync rasters) for the associated dedicated spectrum.
· Minimize impact on RF requirements:
· Reuse 5 MHz channel bandwidth at least for FRMCS use case (assuming co-located NR and GSM-R with same operator).
· Specify the required RF requirements for optional 3 MHz channel bandwidth in bands n100, n8, n26 and n28.
· Specify RRM requirements while minimizing specification impact to support operation in dedicated spectrum allocations from approximately 3 MHz up to below 5 MHz.

In this paper we discuss issues with implementing bands with less than 5MHz channel BW, we compare simulation results of different potential sync raster formula, and we propose an optimal new sync raster formula.
2 Discussion
2.1 Discussion of LS from RAN and previous agreements
In the recent RAN Plenary #99, RAN sent an LS [2] to RAN4 with the following points:
This LS clarifies and expands the SI to find a solution that can co-exist with legacy UEs.  The ideal goal being to find a sync raster that new ‘less than 5MHz’ capable UEs can interpret, while also not impacting legacy UEs.  This will future proof the new methodology, allowing for simple adoption in future bands if needed.RAN Plenary has discussed question 1 on legacy bands and UE operation, and concluded the following:
· In some bands where the <5MHz feature is planned to be deployed there may be legacy NR UEs, whereas in others there are no legacy NR UEs. 
· In order to limit the impact to any legacy UEs in the same frequency range, it would be helpful if the sync raster can be differentiated for the less-than-5MHz channels. 
· It is assumed that UE support of the <5MHz feature is band-specific and optional.
[bookmark: _Hlk130374632]RAN Plenary has discussed question 2 on the feature list to be considered and concluded that the less-than-5MHz WI in Rel-18 should consider single-carrier operation, excluding RedCap. In addition, UE speeds up to 500km/h should be targeted for Band n100 without impact to RAN1.


The further point from RAN plenary is that the solution to support ‘less than 5MHz’ feature is optional for the UE.   New ‘less than 5MHz’ capable UEs can search for SSB using the new sync raster.  Upon PRACH, the UE could indicate its capability for ‘less than 5MHz’.  Yet, if the sync raster is designed in such a way as to be unseen by legacy UEs, then capability signalling may not be necessary.
In the recent RAN Plenary #99, RAN sent an LS [3] to RAN1 with the following:RAN Plenary has discussed the possible transmission bandwidth options for 3 MHz and 5 MHz channel bandwidths for the spectrum allocations on the bands of interest in this work item, and concluded the following:
•	For the 3MHz channel bandwidth in band n100 (max channel utilization 15 PRBs as already agreed in RAN1/RAN4):
o	PBCH transmission bandwidth is 12 PRBs
o	CORESET#0 transmission bandwidth is to be decided by RAN1
•	RAN1 is requested to consider whether the above also applies for other bands with 3MHz channel bandwidth, or whether the PBCH transmission bandwidth is 15 PRBs for such bands.

•	For the 5MHz channel bandwidth:
o	PBCH transmission bandwidth is 20 PRBs
o	CORESET#0 transmission bandwidth is to be decided by RAN1

•	Other details (including sync raster details) are to be progressed in the WGs.

This response clarifies, at least for band n100, that 12 PRBs will be the transmission BW for PBCH.  In [4], we showed analysis of different sync raster formula, with several that support 12 PRB or larger SSB without puncturing.  We also noted that the frequency locations of the UE channel BW are on channel raster, whereas the SSB are located on sync raster, and these two rasters are not synchronous (i.e., not aligned). Due to the frequency differences between the sync raster and the channel raster, if no puncturing is used, the SSB must be several PRB smaller than the UE channel BW.  This ensures that the SSB fits within the UE channel BW for all sync raster and channel raster combinations.  Due to the frequency differences between the sync raster and the channel raster, when puncturing is used, the size of the received SSB will be at least one complete PRB smaller than the UE channel BW for most cases.
Observation 1: Due to the frequency differences between the sync raster and the channel raster, if no puncturing is used, the SSB must be several PRB smaller than the UE channel BW.
Observation 2: Due to the frequency differences between the sync raster and the channel raster, when puncturing is used, the size of the received SSB will be at least one complete PRB smaller than the UE channel BW for most cases.
Based on the previous LS from RAN1, some further conclusions can be assumed from RAN1 agreements in addition to those from the WID.  RAN1 Agreements:
· Only 3 and 5MHz ChBW will be supported
· UE could know which RBs are used for SSB transmission after PSS/SSS.
· A subset of PRBs of 20-PRB PBCH are used for PBCH transmission, but which PRBs and how they might be used is FFS in RAN1
· CORESET#0: For 5MHz ChBW, the existing configuration could optionally be used
· A new CORESE#0 table is to be introduced
· No enhancements to PRACH are needed and
· Short PRACH formats with 15kHz SCS, and long PRACH formats with 1.25kHz SCS will be used
RAN1 Working Assumption:
For transmission bandwidth[s] of <5MHz, for PBCH, in the case[s] that available PRBs for PBCH transmission are less than 20PRB, 
· PBCH based on RB-level puncturing (i.e., PBCH encoding is based on 20PRB. The encoded bits and DMRS are mapped to 20PRBs based on legacy SSB structure, and those PRBs that fall outside of available PRBs for PBCH transmission are punctured)



RAN1 now has the working assumption of RB-level puncturing, this raises questions about how many PRBs are to be punctured, and if the punctured PRBs will be symmetrical around the PSS/SSS or not.  In the previous RAN4 meeting several companies discussed this point.  Yet the challenge is that for different bands and different channel locations, there will be different offsets between the channel raster and the sync raster.  Whichever PRBs of the SSB the network expects to land within the UE channel BW will be transmitted, then remaining PRBs that fall outside the expected UE channel BW will be punctured and not transmitted.
During initial access of a less than 5MHz carrier, the UE is unaware of which PRBs the network plans to configure for the initial BWP since it is unaware of the channel boundaries of the carrier.  The UE uses its channel BW filter and simply scans for the SSB on the GSCN scan points.  Whether the UE uses a 3MHz or 5MHz channel BW filter while scanning for SSB on the new GSCN and whether the SSB is centred within the UE channel BW filter is currently unspecified UE behaviour.  
Observation 3: During initial access, whether the UE uses a 3MHz or 5MHz channel BW filter while scanning for SSB on the new GSCN and whether the SSB is centred within the UE channel BW filter is currently unspecified UE behaviour.
RAN plenary has decided that for band n100, a transmission BW of 12 PRB will be used.  For this case there is no issue with how the UE places its channel BW filter.  However, if RAN1 decides to select a wider transmission BW for other bands, then there would be an issue due to the unspecified UE behaviour.  
Another issue arises after initial access if the UE is placed on 100kHz channel raster.  In this case, the UE would still need to monitor the CD-SSB for RRM.  However, since the CD-SSB is on sync raster and the channel is on channel raster then the SSB could not be assumed to be located symmetrically within the UE channel BW.  If a 15 or 20 PRB SSB size were transmitted, the UE could be expected to capture the middle 12 PRBs containing the PSS/SSS but which additional PRBs would be received to the left or right of the PSS/SSS would vary with the channel location and sync raster location.
Observation 4: Due to the frequency differences between the sync raster and the channel raster, when puncturing is used, which PRBs to the left or right of the PSS/SSS will change according to this frequency difference.
Therefore, it is not feasible to plan which PRBs beyond the PSS/SSS will be punctured.
Proposal 1: RAN4 should not expect a specific pattern of PRBs beyond the 12PRB SSB minimum to be punctured
In the previous RAN4 meeting, the following agreements were made:RAN4 Agreements:
· Maximum transmission bandwidth for 3 MHz channel bandwidth selected as 15RB
· Minimum guard band for 3MHz channel bandwidth of 142.5kHz
· Channel raster for 3MHz channel bandwidth will re-use 100kHz spacing
· Finer synch raster is determined feasible for 3MHz channel BW


Further discussion on selecting a sync raster formula was FFS until an LS to RAN could be sent for clarification.  Now that we have the RAN answers, we can move forward to select a new sync raster formula.
2.2 Background of the FR1 Sync Raster
The plans for the FR1 sync raster were well discussed in RAN4 meetings leading up to RAN4 #84 in 2017 [5]. In [6], it was discussed “whether a channel raster is needed from a UE point of view or only a sync raster would suffice”. In [7], a 180kHz based channel raster is compared against a 100kHz based channel raster.  The 100kHz channel raster was preferred because it aligned well with NR band sizes and locations being on multiples of MHz, among other reasons.  One issue was how to ensure alignment between channel raster and sync raster.  
By RAN4 #84 [8], it was agreed that sync raster would be defined “such that there is a minimum number of entries for each band” and “entries will be included in the specifications for each band”.  Also, the concept of a “floating sync” was introduced where the sync block RBs are not aligned with the channel RBs, but the sub-carriers of both are aligned.
Observation 5: Since the original discussion on sync raster in RAN4 #84, a key goal has been that the sync raster should be defined for a minimum number of entries per band
In RAN4 #85 [9], the sync raster was defined as:  , for bands on 100kHz channel raster.  The 5kHz small step, was included to ensure sub-carrier alignment for all cases between the sync block RBs and the channel RBs
In [10], it was proposed to increase the sync raster small step to: , for M = 1,3,5 to avoid the issue from sampling frequency error that could prevent the UE from detecting the PSS/SSS that could occur with the small 5kHz step.  During this meeting companies debated two potential small steps of 100kHz (50kHz with M = 1,3,5) and 70kHz.  
In RAN4 #86bis [11], the large step size was discussed as companies brought simulation results for large steps ranging from 900kHz to 1400kHz.  An agreement was made for , for M=1,3,5.  The larger step of 1200kHz reduced the total number of SSBs required compared to 900kHz.  It is noted, that the 1200kHz step was feasible because of the larger 5RB difference between the minimum channel size (25RB) and the SSB size (20RB) but this gap may be too much for the smaller 15RB channel BW currently being discussed.
Finally, the equations for calculating GSCN were updated in [12].
2.4 Issues with the existing Sync Raster
Given the need for smaller NRB in a potential new 3MHz channel, we must revisit the sync raster formula.  For FR1 bands less that 3GHz, the existing sync raster formula is given as:

With values of M ranging from 1,3,5 this effectively makes a large step of 1200kHz and a small step of 100kHz.  Considering this, the smallest gap between SSB blocks will be 100kHz and the largest gap that can occur between SSB blocks on the sync raster is 1200 – 200 = 1000kHz.  The 1000kHz gap, is a little more than 5 RBs in width, based on 15kHz SCS.  
For the existing FR1 bands, this 5 RB gap works adequately.  The current minimum channel BW of 5 MHz is 25 RBs, and the width of the SSB block is 20 RBs.  The difference is 5RB, or 900kHz which close to the 1000kHz gap.  For a potential new 3MHz channel BW with a width of 15 RB, there will need to be a new smaller SSB size or puncturing to reduce the received SSB size.
If we examine the elements of the existing SSB structure, we can see that the PSS and SSS blocks are 127 sub-carriers wide, or in other words, these PSS and SSS blocks require at least 11 RB.  With the additional gap around the PSS, SSS, the required size is 12 RB.  In order to avoid change to the PSS and SSS within the SSB, it is best for RAN4 to define a new sync raster that supports as small as 12RB.  This will also support the n100 case that only transmits 12 RB.
Observation 6: In order to avoid change to the PSS and SSS within the SSB, it is best for RAN4 to define a new sync raster that covers a size as small as 12PRB for all combinations of offset between sync raster and channel raster.  
2.5 Proposed new Sync Raster
To find the optimal new sync raster formula for the potential new 3MHz channel BW we wish to find the large number of SSB RBs that fits in all combinations of channel raster and sync raster.  To this end, simulations were performed.  The simulation places an SSB at all potential sync raster locations within an operating band and then evaluates if all potential channel locations with a given channel BW on the channel raster can be served by those SSB.    The size of the SSB block is increased until the maximum size is found that still supports all the channels of the channel BW.  All potential carrier bandwidths (carrier resource block grid) sizes ranging from 3MHz up to 50MHz are evaluated.  Using this simulation method, we compare several different potential GSCN formula.  
The simulation results are shown in Figure 1.  Potential GSCN formula are shown for large step sizes ranging from 300kHz to 1200kHz.  Offset values ranging from 150kHz to 300kHz were selected to ensure no overlap between legacy raster points on 1200kHz spacing using the legacy sync raster formula.
The red curve shows the maximum received SSB size that achieves full sync raster coverage with a 3MHz channel BW.  The blue curve shows the increase factor in the number of required sync steps compared to the legacy 1200kHz sync raster.
	[image: ]
Figure 1 – Simulation results of the unpunctured SSB, showing the largest number of SSB PRB supported for several potential GSCN formula.  600N + 50M gives the optimal value, supporting at least 13 PRB for all combinations while only a 2x increase in the number of search raster sync points
The optimal new sync raster formula simulated are 600N+50M+300, and 600N+50M+150 which both allow up to 13 RB guaranteed to be received SSB size with only a 2x increase in the number of sync search points.
Observation 7: The new sync raster formula 600N+50M+300, and 600N+50M+150 allow the largest number of SSB PRB while minimizing the increase in the number of synch search points.
The offset values of 150kHz or 300kHz both perform equally well for these two metrics. The 300kHz offset has some advantage in keeping the largest separation between the legacy sync raster and the new sync raster.  The 300N + 50M + 150 formula also enables a 13 RB received SSB size, but this sync formula would require a 4x increase in the number of sync search points. 
In Figure 2, simulation results are shown for the case of puncturing the SSB.  In this case, a 20PRB wide SSB is transmitted, and a UE with a 15 PRB channel BW filter receives the SSBs.  Again, the simulation sweeps all combinations of NR bands, UE channel BW and BS carrier BW to ensure potential new raster formula work for all cases. 
[image: ]
Figure 2 – jj
Examining the results in Figure 2, it can be seen that at least 14 full PRB are received for all cases.   However, as also can be seen, the PSS/SSS does not fit for all cases.  For these cases, the larger step in the sync raster formula, sometimes causes the PSS/SSS to not align withing the UE channel BW filter.  Because of the PSS/SSS do not fit, these cases should not be considered as candidate solutions for a new sync raster formula.  The optimal value is again the 600N + 50M + 300 formula as it works for all cases with puncturing while requiring the smallest increase in the number of sync raster search points.
Proposal 2: For a minimum number of SSB scan points while enabling the largest unpunctured SSB size and also the largest number of punctured SSB PRBs, the GSCN formula of 600N + 50M + 300 or 600N + 50M + 150 for M=1,3,5 are proposed.
A further advantage of this GSCN formula, is that it does not overlap with the existing FR1 GSCN formula using 1200kHz steps.  The new sync formula fits in between the existing sync formula with no overlap while always maintaining the offset of at least 300kHz between the two.  This allows legacy UEs with algorithms for PSS and SSS that are capable of correctly large frequency offsets to never detect the new sync raster formula.
Proposal 3: The offset between any new sync raster formula and the existing sync raster should ensure sufficient spacing such that legacy UEs never detect the new sync raster as part of their frequency offset removal capability.
Proposal 4: The offset of 300kHz is proposed for the 600N + 50M + 300 sync raster formula.
Table 3 below shows the GSCN parameters for the global frequency raster from TS 38.104 and TS 38.101-1, with the addition of the proposed new GSCN formula of 600N + 50M + 300.  In order to be compatible with the existing GSCN values, an offset is added to the new GSCN formula to use GSCN range after the existing FR2 range.  The entire 0 – 3000MHz range was included in the proposed GSCN formula so as to allow future compatibility if other NR bands which to adopt a 3MHz channel BW.
Table 3 – Proposed addendum to “Table 5.4.3.1-1 GSCN parameters for the global frequency raster” to support the potential new 3MHz Channel BW 
	Frequency range
	SS Block frequency position SSREF
	GSCN
	Range of GSCN

	0 – 3000 MHz
	N * 1200kHz + M * 50 kHz,
N=1:2499, M ϵ {1,3,5} (Note 1)
	3N + (M-3)/2
	2 – 7498

	3000 – 24250 MHz
	3000 MHz + N * 1.44 MHz
N = 0:14756
	7499 + N
	7499 – 22255

	24250 – 100000 MHz
	24250.08 MHz + N *
17.28 MHz,
N = 0:4383
	22256 + N
	22256 – 26639

	0 – 3000 MHz 2
	N * 600kHz + M * 50 kHz + 300kHz,
N=1:2499, M ϵ {1,3,5} (Note 1)
	3N + (M-3)/2 + 26638
	26640 – 41633

	NOTE 1:	The default value for operating bands with which only support SCS spaced channel raster(s) is M=3.
NOTE 2:   This GSCN range is applicable to frequency bands employing 3MHz channel BW and the associated finer sync raster



Proposal 5: An additional row should be added to the GSCN table 5.4.3.1-1 to support the new 600N + 50M + 300kHz sync raster as shown in Table 3.
3	Conclusions
In summary, this paper discussed the potential for a new 3MHz channel BW.  Analysis of the GB and number of RB for the potential new channel BW are discussed.  Simulation results are shown comparing different GSCN formula that support a finer sync raster for the proposed 3MHz channel BW.  A new sync raster formula is proposed.
Observation 1: Due to the frequency differences between the sync raster and the channel raster, if no puncturing is used, the SSB must be several PRB smaller than the UE channel BW.
Observation 2: Due to the frequency differences between the sync raster and the channel raster, when puncturing is used, the size of the received SSB will be at least one complete PRB smaller than the UE channel BW for most cases.
Observation 3: During initial access, whether the UE uses a 3MHz or 5MHz channel BW filter while scanning for SSB on the new GSCN and whether the SSB is centred within the UE channel BW filter is currently unspecified UE behaviour.
Observation 4: Due to the frequency differences between the sync raster and the channel raster, when puncturing is used, which PRBs to the left or right of the PSS/SSS will change according to this frequency difference.
Proposal 1: RAN4 should not expect a specific pattern of PRBs beyond the 12PRB SSB minimum to be punctured
Observation 5: Since the original discussion on sync raster in RAN4 #84, a key goal has been that the sync raster should be defined for a minimum number of entries per band
Observation 6: In order to avoid change to the PSS and SSS within the SSB, it is best for RAN4 to define a new sync raster that covers a size as small as 12PRB for all combinations of offset between sync raster and channel raster.  
Observation 7: The new sync raster formula 600N+50M+300, and 600N+50M+150 allow the largest received SSB size while minimizing the increase in the number of synch search points.
Proposal 2: For a minimum number of SSB scan points while enabling the largest SSB size, the GSCN formula of 600N + 50M + 300 or 600N + 50M + 150 for M=1,3,5 are proposed.
Proposal 3: The offset between any new sync raster formula and the existing sync raster should ensure sufficient spacing such that legacy UEs never detect the new sync raster as part of their frequency offset removal capability.
Proposal 4: The offset of 300kHz is proposed for the 600N + 50M + 300 sync raster formula.
Proposal 5: An additional row should be added to the GSCN table 5.4.3.1-1 to support the new 600N + 50M + 300kHz sync raster as shown in Table 3.
Table 3 – Proposed addendum to “Table 5.4.3.1-1 GSCN parameters for the global frequency raster” to support the potential new 3MHz Channel BW 
	Frequency range
	SS Block frequency position SSREF
	GSCN
	Range of GSCN

	0 – 3000 MHz
	N * 1200kHz + M * 50 kHz,
N=1:2499, M ϵ {1,3,5} (Note 1)
	3N + (M-3)/2
	2 – 7498

	3000 – 24250 MHz
	3000 MHz + N * 1.44 MHz
N = 0:14756
	7499 + N
	7499 – 22255

	24250 – 100000 MHz
	24250.08 MHz + N *
17.28 MHz,
N = 0:4383
	22256 + N
	22256 – 26639

	0 – 3000 MHz 2
	N * 600kHz + M * 50 kHz + 300kHz,
N=1:2499, M ϵ {1,3,5} (Note 1)
	3N + (M-3)/2 + 26638
	26640 – 41633

	NOTE 1:	The default value for operating bands with which only support SCS spaced channel raster(s) is M=3.
NOTE 2:   This GSCN range is applicable to frequency bands employing 3MHz channel BW and the associated finer sync raster
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