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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#94, the work item for “NR support for dedicated spectrum less than 5MHz for FR1” was approved with the following RAN1 objective [1].
	The following objectives shall be included for dedicated FDD spectrum in FR1:
· 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:



The objectives list several channels may be affected when the bandwidth is less than 5 MHz. This contribution examines the potential impacts of those during initial access and during connected mode and provides proposals.
Discussion
Background
Some basics are needed before examining the impacts. With 15 kHz SCS, the number of RBs in a 5 MHz is 25. The 20 RB SSB fits inside the 24 RB CORESET#0 bandwidth with multiplexing pattern 1 (clause 13 in [4]). One raster used in NR for a given band is the sync raster (clause 5.4.3.2 in [5]), which indicates the locations of the centers of the SSB. See Appendix for the synchronization raster listing for the bands in the work item.
Discussion
Number of RBs
When the channel bandwidth is less than 5 MHz, the standards do not specify the number of RBs are within the channel. However, in order to determine the specification impact to channels, the number of RBs is needed. In addition, it is unclear how many different bandwidths are to be considered except the justification section of the WID [1] indicates the minimum is 3 MHz. Because RAN4 manages the channelization, RAN1 should ask RAN4 to provide channelization information.
Proposal 1: Send an LS to RAN4 asking RAN4 to provide the number of RBs available in a channel when the channel bandwidth is less than 5 MHz.
In the absence of this information, it may be possible to estimate the number of PRBs NRB as a function of channel bandwidth B assuming that the guard band G is 242.5 kHz for f=15 kHz SCS and the formula from the note after Table 5.3.3-1 [5]. While the formula can be expressed as
	
	
	(1)



the formula can be rewritten considering the number of PRBs is an integer.
	
	
	(2)



The following table captures the number of PRBs for several bandwidths between 3 and 5 MHz. Until RAN4 provides a reply, the values in Table 1 can be used as a starting point to make progress.
[bookmark: _Ref98340529]Table 1. Estimated number of RBs in a channel assuming 242.5 kHz guardband and 15 kHz SCS.
	BW, kHz
	NRB
	BW, kHz
	NRB
	BW, kHz
	NRB
	BW, kHz
	NRB

	3000
	13
	3500
	16
	4000
	19
	4500
	22

	3100
	14
	3600
	17
	4100
	20
	4600
	22

	3200
	15
	3700
	17
	4200
	20
	4700
	23

	3300
	15
	3800
	18
	4300
	21
	4800
	23

	3400
	16
	3900
	18
	4400
	21
	4900
	24



Proposal 2: Use the estimated number of RBs in Table 1 to start discussions about the impact to channels.
SSB
The SSB has a key role for cell search, paging, synchronization, and initial access. Its layout is shown in Fig. 1. The PSS and SSS are transmitted in the first and third symbols of the SSB and are in the center 12 RBs of the 20 RB SSB. 
Aligned to sync raster (RE0 of RB#10)
Frequency
RB containing null REs
RB containing PBCH REs
RB containing PSS
RB containing PSS and null REs
RB containing SSS
RB containing SSS and null REs
RB#0
RB#19
RB#4

[bookmark: _Ref117242147]Fig. 1. Format of SSB
Even with the current specification, there may be 5 MHz channels that do not include the entire SSB due to the limited number of sync raster points. For example, in band n41, RAN4 indicates that some 5 MHz channels will not be supported because the SSB, whose center is given by the sync raster location, may not be located entirely within the channel bandwidth given by the channel raster (note 11 in Table 5.3.5-1 [5]). 
When the channel is less than 20 RBs, there are multiple problems.
· The channel cannot support a complete SSB. What portions of the SSB are transmitted?
· With a partial SSB, what is the performance loss? Whether it is necessary and how to mitigate the performance loss?
· What should the relationship be between the SSB and CORESET#0?
· Is the granularity of the sync raster sufficient for the reduced size of the SSB?
Based on the justification [1], the smallest channel for the <5MHz work item is 3 MHz. From Table 1, the smallest channel has at least 13 RBs. Thus, it is reasonable that the entire PSS and SSS should be contained within the channel for at least for cell search. This also ensures that the current framework for mapping the center of the SSB to the sync raster can be reused.
Proposal 3: The entire PSS and SSS are located within the <5MHz channel.
If the center 12 RBs of the SSB are always transmitted, a simple calculation can determine the coding loss for an AWGN channel for NRB < 20. There are  RBs containing the PBCH in Fig. 1 out of which  RBs are the located in the center 12 RBs. Table 2 captures the loss based on the formula.
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[bookmark: _Ref117584826]Table 2. Estimated coding loss for PBCH in dB in an AWGN channel as a function of # of PBCH RBs transmitted
	NRB
	12
	13
	14
	15
	16
	17
	18
	19

	Loss, dB
	3
	2.5
	2.0
	1.6
	1.25
	0.9
	0.6
	0.3



With 12 RBs transmitted, there is a 3 dB coding loss for the PBCH. Because there are 4 SSBs each frame, a UE may combine multiple transmissions of the SSB to mitigate the coding loss indicated by the table. When more RBs of PBCH are transmitted, it may not be necessary to combine multiple transmissions. Consider a 15 RB SSB that has a 1.6 dB coding loss.
In any case, a “keep trying” approach may also mitigate the dB losses at the expense of latency.
When a 15 RB SSB is transmitted for a 15 RB channel, there are four possible arrangements of the SSB, as shown in the following figure. Each arrangement corresponds to a different raster location when the center of PSS is mapped to sync raster. In general, there are 24 possible arrangements when considering reduced SSB sizes: [size, (arrangement)]; 12 RBs (1); 13 RBs (2); 14 RBs (3); 15 RBs (4); 16 RBs (5); 17 RBs (4); 18 RBs (3); 19 RBs (2).
10
Channel
Frequency
Raster locations
10
10
10

[bookmark: _Ref118271717]Fig. 2. Locations for a 15 RB SSB in a 15 RB channel. Third symbol of SSB is shown. Gray shading represents RBs that can carry PSS/SSS while green shading is the PBCH. The center RB of a 20 RB SSB is indicated by “10”.
From this analysis, RAN1 needs to decide the size of the SSB.
Observation 1: When the channel < 20 RBs, the size of the SSB and which RBs are transmitted need to be determined.
Note that the <5 MHz channel may not be located near a sync raster; the problem is illustrated in the Appendix. RAN4 may need to provide guidance about the mapping of the SSB to the sync raster and that guidance may impact which RBs are transmitted.
Proposal 4: Send LS to RAN4 regarding the alignment of SSB and the sync raster.
CORESET#0
With the current specifications, once the PBCH is decoded, the field controlResourceSetZero within the MIB is used as an index into an appropriate 16-row table in clause 13 of 38.213 to establish the location of CORESET#0 relative to “the first RB of the corresponding SS/PBCH block”, to determine the number of RBs of CORESET#0, and to determine the number of symbols for CORESET#0. 
For a 20 RB SSB, after the UE detects the PSS, it knows the start of the first RB (RB#0) because the center of the PSS is located on RE#120. However, when a reduced size SSB is transmitted, it may be unclear what is meant by “the first RB of the corresponding SS/PBCH block”. For example, looking at Fig. 2, there can be four possible “first RB”. Alternatively, since the center of the PSS is known, a UE can determine RB#0 even if it were not transmitted. However, there may not be enough number of rows in the table to account for the combinations of reduced sizes and which RBs are transmitted. These examples illustrate that since we do not know the where the first RB is and size of the SSB, it is clear that we cannot reuse the existing specification directly.
Proposal 5: To find the location of CORESET#0 in relation to the SSB for less than 5 MHz channels, determine how to find the first RB of the SS/PBCH (once raster location in SSB is established) and then continue to use the first RB of the SS/PBCH 
The size of CORESET#0 and number of symbols impact PDCCH performance. The following table shows the minimum bandwidth for a 6n RB CORESET#0 for n=2,3,4, and the maximum aggregation level (AL) for 1, 2, and 3 symbols. For example, an 18 RB CORESET#0 can be used when the channel bandwidth is at least 3.8 MHz. The maximum aggregation level (AL) is four for a 12 RB CORESET#0. This table is also applicable for connected mode.
Table 3. CCE for CORESET#0, maximum aggregation level (AL)
	RBs CORESET#0
	Min BW, MHz
	1 sym
	2 sym
	3 sym

	12
	3
	2 (2)
	4 (4)
	6 (4)

	18
	3.8
	3 (2)
	6 (4)
	9 (8)

	24
	4.9
	4 (4)
	8 (8)
	12 (8)



There are several issues to address: is it possible to specify a CORESET#0 size bigger than the channel bandwidth; what is the control channel capacity; should the CORESET#0 size change as a function of the channel bandwidth; can the span of CORESET#0 exclude the SS (what is the meaning of multiplexing pattern 1 in clause 13 of 38.213)? Note some control channel performance results for Rel-18 RedCap can be considered [2].
Once the size of CORESET#0 is established, the maximum TB size can be determined. Using (1) from [3], the following figure shows the maximum TBS as a function of MCS and channel size. MCS0, MCS4, and MCS9 support QPSK modulation.
[image: ]
Fig. 3. TBS as a function of the number of RBs for three MCS which use QPSK
With MCS0, the largest TBS for 12 and 18 RBs is 438 bits and 658 bits, respectively. For higher MCS, the TBS increases but the link performance will be degraded. In the Rel-18 RedCap study, a 1256-bit TBS was examined in an 11 RB channel [2]. It is difficult to make comparisons between RedCap and < 5 MHz UEs since one receive branch was used for RedCap UEs while two receive branches are likely for <5 MHz UEs. Also, the simulations punctured 37 RBs of a 48 RB SIB. The reliability of SIB1 vs. its size should be determined.
Proposal 6: RAN1 examines how to receive SIB1 reliably with less than 5 MHz channels
RACH
The limited bandwidth affects which RACH configurations are supported. The following table, based on the analysis in [6] shows that only two configurations can be supported because those configurations are no more than 12 RBs in size. In addition to the supported configurations, another issue may be RACH capacity. With a 6 RB RACH bandwidth, one slot can support two RACH occasions (ROs) while with a 12 RB RACH BW, a slot can support 1 RO. 
[bookmark: _Ref68359001]Table 4. Bandwidth of several RACH configurations
	
	
	No. RBs for ,

	839
	1.25
	6

	839
	5
	24

	139
	15
	12

	139
	30
	24

	571
	30
	96

	1151
	15
	96



Observation 2. A limited number if RACH configurations can be supported in a less than 5 MHz channel.
PUCCH
For non-RedCap UEs, the PUCCH resources are located on both edges of the UL BWP. With hopping, there is a performance benefit resulting from frequency diversity, especially when the UL BWP () is large. The following table shows the location of the default PUCCH resources, where , NCCE is the number of control channel elements (CCEs), nCCE,0 is the CCE index, and PRI is signaled in the DCI. In Table 5,  denotes a PRB offset, and Ncs is the size of a cyclic shift index set
[bookmark: _Ref117939561]Table 5. Default PUCCH resources with frequency hopping based on Table 9.2.1-1 [4]
	Index
	PUCCH format
	
	Ncs
	
Locations of resources: first hop; second hop)
	
Locations of resources: first hop; second hop)

	0
	0
	0
	2
	; 
	; 

	1
	0
	0
	3
	; 
	; 

	2
	0
	3
	3
	; 
	; 

	3
	1
	0
	2
	; 
	; 

	4
	1
	0
	4
	; 
	; 

	5
	1
	2
	4
	; 
	; 

	6
	1
	4
	4
	; 
	; 

	7
	1
	0
	2
	; 
	; 

	8
	1
	0
	4
	; 
	; 

	9
	1
	2
	4
	; 
	; 

	10
	1
	4
	4
	; 
	; 

	11
	1
	0
	2
	; 
	; 

	12
	1
	0
	4
	; 
	; 

	13
	1
	2
	4
	; 
	; 

	14
	1
	4
	4
	; 
	; 

	15
	1
	
	4
	;

	;




For Rel-17 RedCap in the idle state, frequency hopping can be disabled when the PUCCH resources are configured to be on one side of the initial UL BWP. By disabling hopping, PUSCH fragmentation, which is the problem of PUSCH resources for a different UE colliding with PUCCH resources, is eliminated. In the connected state, a RedCap UE uses frequency hopping for PUCCH. Note the number of resources for hopping disabled is the same as when hopping is enabled.
With less than 5 MHz devices, the limited number of RBs introduces several issues. First there is little or no frequency diversity benefit with hopping over a small bandwidth. Secondly, there may be a risk of collision of PUCCH resources with neighboring cells when hopping is enabled. While the offset listed in Table 5 can avoid collisions, this offset can cause PUSCH fragmentation as shown in Fig. 4(a) for cells 2 and 3. For example, in cell 1, the PUCCH resources are located on the edge of the BWP (index 4 in Table 5). With intraslot interleaving, UE1 uses an upper frequency resource for the first hop and a lower frequency resource for the hop in the next symbol, while UE2 uses a lower frequency resource for the first hop and an upper frequency resource in the next symbol. A 9-RB PUSCH can be transmitted in the center without PUSCH fragmentation. In cell 2, using index 5 in Table 5 places the PUCCH resources with a 2RB offset from the edge of the BWP. The PUCCH resources in cell 2 do not overlap with PUCCH in cell 1 but the resources for PUSCH are fragmented with the largest size for a PUSCH being 5 RBs. In cell 3, using index 6 in Table 5 places the PUCCH resources with a 4RB offset from the edge of the BWP. There is a similar degree of fragmentation. Note in the figure, the cell arrangements are possible, and they are shown for illustration purposes.
As shown in Fig. 4(b), with hopping disabled for Rel-17 RedCap UEs, PUCCH resources for one cell (cell a) can be located on one side of the UL BWP while for an adjacent cell (cell b), the PUCCH resources are located on the other side of the UL BWP. Because hopping is disabled, UE1 uses the same resource for both symbols. Note for both cells a and b, the largest size PUSCH is 9 RBs. Even if a 4RB offset were introduced for cell c, the degree of fragmentation is not as severe as cell 2 and cell 3. With hopping disabled, another benefit is that it may also be easier to multiplex the 6 or 12 RB RACH with the PUCCH within the system bandwidth. 
Frequency
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b) Rel-17 RedCap
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Cell 2
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2
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1
2
1
1
1
1
1
1
2
2
2
2
2
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[bookmark: _Ref117605905]Fig. 4. For illustration purposes, a 2 symbol slot is shown. (a) Location of two symbol PUCCH resources for legacy UEs for 3 cells with 0, 2, and 4 RB offsets. UE1 and UE2 use different resources on each symbol. (b) Location of two symbol PUCCH resources for Rel-17 RedCap UE during initial access for 3 cells (lower RBs in cell a, upper RBs in b, and with a 4 RB offset in cell c). For both symbols, UE1 uses the same resource; likewise for UE2.
When the channel bandwidth is larger, it may be possible to enable frequency hopping with minimal effects on PUCSH fragmentation. As mentioned before, hopping can be disabled in the idle state but is always enabled in the connected state for RedCap UEs. The example shows that there is a benefit to disable hopping even in the connected state.
Proposal 7: Support the disabling of frequency hopping for PUCCH for both idle and connected states.
Connected state
Once the idle state is managed, the connected state is generally easier. However, one observation from the Rel-17 RedCap work item is how to manage FG6-1 “bandwidth part with restrictions”. Since one component of the FG is “BW of a UE-specific RRC configured BWP includes BW of CORESET#0 (if CORESET#0 is present) and SSB for PCell/PSCell (if configured)”, the component assumes the entire 20 RB SSB is received. With a reduced size SSB, a new FG equivalent to FG6-1 may be needed.

[bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
Proposal 1: Send an LS to RAN4 asking RAN4 to provide the number of RBs available in a channel when the channel bandwidth is less than 5 MHz.
Proposal 2: Use the estimated number of RBs in Table 1 to start discussions about the impact to channels.
Proposal 3: The entire PSS and SSS are located within the <5MHz channel.
Observation 1: When the channel < 20 RBs, the size of the SSB and which RBs are transmitted need to be determined.
Proposal 4: Send LS to RAN4 regarding the alignment of SSB and the sync raster.
Proposal 5: To find the location of CORESET#0 in relation to the SSB for less than 5 MHz channels, determine how to find the first RB of the SS/PBCH (once raster location in SSB is established) and then continue to use the first RB of the SS/PBCH 
Proposal 6: RAN1 examines how to receive SIB1 reliably with less than 5 MHz channels
Observation 2. A limited number if RACH configurations can be supported in a less than 5 MHz channel.
Proposal 7: Support the disabling of frequency hopping for PUCCH for both idle and connected states.
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Appendix
The synchronization raster for bands n100, n8, n26, and n28 as well as the downlink frequencies are obtained from Tables 5.2-1 and 5.4.3.3-1 of [5]) are listed in Table 6.
[bookmark: _Ref117581888]Table 6. Frequency and sync bands of the bands listed in WID
	Band
	DL frequency
	GSCN

	n8
	925 MHz – 960 MHz
	2318 – <1> – 2395

	n26
	859 MHz – 894 MHz
	2153 – <1> – 2230

	n28
	758 MHz – 803 MHz
	1901 – <1> – 2002

	n100
	919.4 MHz – 925 MHz
	2303 – <1> – 2307



Where the center frequency of the SSB is given by (Table 5.4.3.1-1 of [5])
N × 1200 kHz + M × 50 kHz,
with N = 1:2499, M  {1,3,5}. The GSCN is a linear combination of N and M
3N + (M-3)/2
The calculation ensures at a 4.1 MHz SSB (20 RB SSB with guard) located at the center frequency is fully within the band. When examining band n100, the lowest center frequency is 921.65 MHz (N=768, M=1) while the highest center frequency is 922.95 MHz (N=769, M=3). Table 7 shows the mapping of M and N into center frequencies in band n100.
[bookmark: _Ref117581817]Table 7. Mapping of M and N into center frequencies for band n100
	N
	M=1
	M=3
	M=5

	766
	
	919.35
	919.45

	767
	920.45
	920.55
	920.65

	768
	921.65
	921.75
	921.85

	769
	922.85
	922.95
	923.05

	770
	924.05
	924.15
	924.25



[bookmark: _Hlk118271482]The following figure examines band n100. Fig. 5a) shows the location of the 20 RB (4.1 MHz) SSB with the current GSCN. There is a 200 kHz difference between the lower edge of the band and the lower edge of the SSB. 200 kHz is slightly bigger than the bandwidth of 1 RB.
Frequency
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[bookmark: _Ref117579408]Fig. 5. Location of sync raster within band n100. a) shows the locations of a 20 RB SSB with the current GSCN within the band. b) shows the location of a 3 MHz SSB with the current GSCN within the band. c) shows the center frequencies of the 3 MHz SSB when the SSBs are aligned to band edge.
Fig. 5b) shows the location of the 3 MHz SSB with the current GSCN. There are 750 kHz and 550 kHz differences between the SSB and lower and upper band edges, respectively. 750 kHz and 550 kHz are slightly bigger than the bandwidth of 4 RBs and 3 RBs, respectively.
Fig. 5c) shows the location of the 3 MHz SSB aligned to band edges. The sync raster locations should be preferably 920.9 and 923.5 MHz for the lower and upper band edges, respectively. With the current sync raster, the closest frequencies are 920.45 and 923.05 MHz, respectively, are obtained from Table 7; which has a difference of 450 kHz (~2.5 RBs) from the preferable frequencies.
It is up to RAN4 to decide whether the sync raster should be modified to account for the alignment to the channel to the band edges.
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