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Introduction
The work item on NR support for dedicated spectrum less than 5MHz for FR1 was approved at RAN#94-e, with the latest revision agreed at RAN#95-e [1]. The WI relates to so called specialized networks, which are used to provide mission critical communications for industry verticals such as smart energy and infrastructure, public safety, and railway communications. These networks would benefit not only from the high spectral efficiency of 5G NR, but also from its other features like ultra-reliability and low latency.  

This contribution deals with the following objectives of the WID: 

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:
· 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 the following, we discuss the changes that are necessary to support the new optional 3 MHz channel bandwidth and other bandwidths below 5 MHz. We consider synchronization raster and PBCH in Section3, PDCCH and especially CORESET#0 in Section 4, and PUCCH and CSI-RS in Section 5. In Section 2, we discuss what new signal bandwidths should be introduced to NR to successfully support the use cases targeted in the WID. 
Necessary new transmission bandwidths for physical channels and signals
[bookmark: _Hlk118039789]While NR transmission bandwidths can be flexibly configured for most of the physical channels and signals, only limited transmission bandwidths are supported for PDCCH CORESET#0. Furthermore, SSB has a single Tx BW for each SCS. Hence, there is a need to consider what new transmission bandwidths are introduced in the sub-5 MHz WI, especially for SSB and PDCCH. 
RAN4 will introduce RF requirements for 3 MHz channel bandwidth according to the WID. LTE supports 15 RB transmission bandwidth on the 3 MHz channel bandwidth, with 0.9 spectrum utilization. As the NR supports up to 25 RBs with 15 kHz SCS for 5 MHz channel bandwidth, corresponding to the same 0.9 spectrum utilization, it is natural to assume that NR will support up to 15 RBs on the 3 MHz channel bandwidth. Correspondingly, RAN1 agreed in RAN1#111 to send an LS to RAN4, asking RAN4 responses on the maximum Tx BW in terms of number of PRBs for the 3 MHz channel BW. RAN1 also agreed to assume maximum Tx Bw of 15 RBs or 16 RBs before getting RAN4 responses for evaluation and analysis.
3 MHz channel bandwidth and the corresponding maximum Tx BW are sufficient for the use cases relevant for bands n8, n26 and n28. For these bands, there is no motivation to consider narrower max Tx BWs than 15 RBs; quite the contrary, due to coverage drawbacks of narrower BWs. However, band n100 of 5.6 MHz, allocated to railway mobile radio, requires further considerations as there the sub-5 MHz BW is needed during the migration from GSM-R to FRMCS (Future Railway Mobile Communication System that will use NR). One can anticipate numerous different kinds of migration scenarios depending e.g. on the operation and characteristics of the related railway and GSM-R network deployments. This means that a variety of BWs may be available for FRMCS. 
When the available BW is between 4 MHz and 5 MHz (i.e. from 20 to 25 RBs), the NR design with e.g. 20 RB SSBs works as such. That is, the system will just occypy a fraction of the 5 MHz channel BW.  
On the other hand, when the available BW is between 3 MHz and less than 4 MHz (i.e. from 15 to 19 RBs), the UE may assume 3 MHz / 15 RB BW prior to SIB1 acquisition. In other words, 15-RB SSB and CORESET#0 options would be used in such cases.
In [2], [3] UIC states that roughly 10-14 GSM-R carriers are required for safe railway communications on band n100. 10-14 GSM-R carriers occupy 2–2.8 MHz leaving 3.6–2.8 MHz for the NR based FRMCS and necessary guard bands. While 15 RB BW is narrow enough to leave sufficient space for 10 GSM-R carriers, it is too wide to facilitate coexistence with 14 GSM-R carriers. Hence it is important to introduce a second narrower BW for SSB and PDCCH in addition to the 15 RB Tx BW discussed above. 12 or 13 RB BW can be considered as the optional second narrow BW, leaving a total of 640 kHz for the guard bands at the n100 band lower edge as well as between GSM-R and NR.
Observation 1: For FRMCS gradual migration, 3 MHz and 5 MHz channel bandwidths are sufficient from RF viewpoint, while it is important to support a larger set of L1 transmission bandwidths to facilitate co-existence with up to 14 GSM-R carriers on the n100 band. 
Proposal 1: 12 or 13 RB transmission BW is introduced for SSB and CORESET#0 in addition to 15 RB Tx BW for FRMCS migration on band n100.
Two important aspects related to the new SSB transmission bandwidths are how can a UE determine the right PBCH transmission bandwidth prior to PBCH decoding and how can the impact to legacy UEs be mitigated. Our overall view on these issues is briefly summarized in here, with more thorough discussions in the following Section 3. In RAN1#111, it was agreed that  
	Agreement
Before getting RAN4 responses, RAN1 assume that the UE could know which RBs are used for SSB transmission after PSS/SSS is detected for evaluation and analysis. 
Note: it does not mean indication signaling is needed.
Note: include this agreement into the LS



There is a need to modify the synchronization raster for reasonable support of 3 MHz CBW, as discussed in the next section. One attractive solution is to introduce new synchronization raster that is not overlapping with the legacy synchronization raster. With that, the PBCH transmission bandwidth can be bound to the synchronization raster on which the PSS/SSS is detected. In other words, when PSS/SSS is detected on a lecacy synchronization raster, 5 MHz CBW with 20-RB SSB is assumed. On the other hand, when PSS/SSS is detected on a new synchronization raster, UE assumes 3-MHz CBW and punctured PBCH. Such arrangement mitigates the impact on legacy UE behaviour, as they will not be able to detect the SSB corresponding to a 3-MHz CBW. Possible dependencies between the different channel BWs, SSB transmission BWs, and synchronization rasters are illustrated in Table 1 for bands n8, n26 and n28. 
Due to gradual migration from GSM-R to FRMCS, more flexibility is needed on band n100 in terms of supported Tx bandwidths. However, the PBCH transmission bandwidth can still be bound to the detected synchronization point, without any need for indication signalling, which would easily be cumbersome. Possible relations between channel BWs, SSB transmission BWs, and synchronization raster points for band n100 are illustrated in Table 2. In case of 4-5 MHz Tx BW, BW limitation for 24-RB CORESET#0 can be handled by PDCCH scheduling.  
[bookmark: _Ref127277491]Table 1. Channel BW, SSB BW and synchronization raster relations for bands n8, n26 and n28
	Band n8, n26, n28
	3 MHz Tx BW
	5 MHz Tx BW

	Channel BW
	3 MHz
	5 MHz

	Sync raster
	New raster
	Legacy raster

	SSB BW
	15 RBs
	20 RBs



[bookmark: _Ref127277514]Table 2. Channel BW, SSB BW and synchronization raster relations for bands n100
	Band n100
	Sub-3 MHz Tx BW
	3 MHz Tx BW
	3-4 MHz Tx BW
	4-5 MHz Tx BW
	5 MHz Tx BW

	Channel BW
	3 MHz
	3 MHz
	3 MHz during initial access – 5 CBW indicated in SI
	5 MHz
	5 MHz

	Sync raster
	New raster
	New raster
	New raster
	Legacy raster
	Legacy raster

	SSB BW
	12 or 13 RBs
	15 RBs
	15 RBs
	20 RBs
	20 RBs

	Synch raster point
	Few predefined new raster points
	Other points on the new synch raster
	Other points on the new synch raster
	Legacy raster points
921.65
921.75
921.85
922.85
922.95
	Legacy raster points
921.65
921.75
921.85
922.85
922.95



[bookmark: _Ref118022175]Initial access
Synchronization signal/PBCH block (SSB) is a core building block of the NR system (Figure 1). Two challenges related to SSB can be identified: the PBCH occupies bandwidth of 3.6 MHz, or 20 RBs, and the existing set of possible frequency positions for SSB is rather coarse for bandwidths below 5 MHz. The PBCH needs to be narrowed down to the desired transmission bandwidth, preferably by means of puncturing, and this is discussed in the following subsection. Additionally, the set of possible SSB frequency positions needs to be redesigned to support NR bandwidths below 5 MHz. This is considered in the subsection 3.2.
[image: ]
[bookmark: _Ref118487837]Figure 1. SSB structure at 15 kHz subcarrier spacing.
SSB transmission
In the cell search procedure, the UE acquires time and frequency synchronization to a cell, and determines the physical layer cell ID. The UE does this by searching for the PSS and SSS and decoding the PBCH. The 3GPP work item assumes that the current PSS/SSS design is reused without puncturing, which is possible as its bandwidth, 1.905 MHz, is narrower than the transmission bandwidths, down to around 2.16 MHz, that need to be considered.
Puncturing of the transmitted signal is considered as a solution with minimum change to narrow the transmission bandwidth. In the puncturing operation, the NR base station just blanks the signal mapped on certain predefined RBs that fall outside the desired transmission bandwidth (i.e., it does not transmit them), but otherwise the NR base stations encoding and transmit processing can be kept unchanged. When the UE receives the transmission with punctured RBs, it may just null the punctured RBs at the receiver (e.g. setting the log-likelihood ratios (LLRs) to zero in the channel decoder). Otherwise, the UE’s receiver processing can be kept unchanged. To limit the impact to other UE procedures such as channel estimation for the PBCH demodulation, it may be preferable to perform puncturing with RB granularity and avoid puncturing of RB fractions. From performance viewpoint, straightforward puncturing is not strictly the optimal solution. For example, PBCH in SSB symbol 3 simply repeats (except for 8 bits) the PBCH bits transmitted in SSB symbol 1 almost on the same subcarriers (with subcarrier offset of 5). As results of puncturing, some codeword bits are not transmitted at all while others are repeated. With an interleaver, the number of different codewords bits actually transmitted on a punctured PBCH could be maximised, improving detection. However, the simplicity and minimised implementation impact of straightforward puncturing outweigths any gains achievable with performance optimisation..
Adding a 3 MHz spectrum allocation to NR would result in a 15 RB channel bandwidth with 15 kHz sub-carrier spacing when 90 % spectrum utilization is assumed. Transmitting PSS and SSS without puncturing means that SSB transmission bandwidth in 3 MHz allocation with 90 % spectrum utilization can be 12, 13, 14 or 15 RBs. For the PBCH, this would mean that 8, 7, 6 or 5 RBs need to be punctured. To avoid affecting the PSS/SSS, at most 4 RBs of the PBCH can be punctured on either side of the SSB, requiring both sides of the PBCH to be punctured to a certain extent.
Observation 2: To avoid affecting the PSS/SSS, less than 5 RBs of the PBCH can be punctured on either side of the SSB, requiring that both sides of the PBCH are punctured to a certain extent.
When considering puncturing of the PBCH to limit the bandwidth, it is evident that the detection performance will degrade compared to the non-punctured case. However, the performance impact of the puncturing can be mitigated if the UE can determine which RBs are punctured before trying to decode the PBCH. In this way, the UE can avoid the noise and potential interference from punctured RBs. Next we analyse the PBCH demodulation performance with different amount of puncturing applied to the SSB. For the reception the UE has basically two options:
· Option 1: the UE is aware of the transmission bandwidth and puncturing pattern of the SSB
· Option 2: the UE is not aware of the transmission bandwidth or puncturing pattern of SSB. Instead, UE detects SSB with current design of 20 RBs.
Table 3 compares the simulated SNR that is required for 1% PBCH BLER for both Options 1 and 2 with and without interference. Interference was modelled as AWGN with 1 RB width and 10 dB higher PSD than NR. The simulation parameters are given in the appendix. In the table, the required SNR is shown when transmission bandwidth of PBCH is 12, 14, 15, 18 or 20 RBs. It can be noted that in the case of 15 RB PBCH, for example, there is 1.1 dB difference in detection performance depending whether the UE is aware of the RBs punctured or not, even when there is no interference present. This difference is dramatically larger with the presence of interference, and the decoding of 15 RB PBCH, for example, does not reach the adequate 1% BLER within reasonable SNR range. Hence, it is crucial for PBCH performance that UE has knowledge of punctured PBCH RBs prior to the PBCH decoding. 
Observation 3: It is crucial for PBCH performance that UE has knowledge of punctured PBCH RBs prior to the PBCH decoding.
This observation is also reflected in the following RAN1 agreement from RAN1#111:
	Agreement
Before getting RAN4 responses, RAN1 assume that the UE could know which RBs are used for SSB transmission after PSS/SSS is detected for evaluation and analysis. 
Note: it does not mean indication signaling is needed.


One possible way for the UE to ascertain which RBs are punctured is to define a relationship between the synchronization raster position and the puncturing pattern. There can be several ways to define the relationship, and the most reasonable way can depend e.g. on the number of supported puncturing patterns and transmission bandwidths of the punctured SSB transmissions. As also discussed in the following section, a new synch raster is needed for the punctured SSB transmissions in order to flexible allocate 3 MHz channel in the band. The new synch raster for the punctured transmissions limits also impact on legacy UEs.
[bookmark: _Hlk127531771]Observation 4: Determination of the puncturing pattern applied for the SSB transmission can be based on the detected synch raster point (new sync raster point) and the location of the synch raster point within the band. 
[bookmark: _Ref127277389]Table 3. Required SNR for PBCH detection with 1 % BLER for different puncturing options with and without UE awareness of the transmission bandwidth 
	
Receiver BW
	Interference vs. PBCH PSD [dB]
	SNR @ 1% BLER

	
	
	12 RBs TX BW
	14 RBs TX BW
	15 RBs TX BW
	18 RBs TX BW
	20 RBs TX BW

	Option 1: same as Tx BW
	No interf.
	-0.9
	-3.1
	-4.0
	-5.4
	-6.3

	
	+10
	-0.8
	-2.9
	-3.9
	-5.4
	-6.3

	Option 2: 20 RBs
	No interf.
	1.2
	-1.8
	-2.9
	-5.0
	-6.3

	
	+10
	>> 10
	>> 10
	>> 10 
	-4.7
	-6.3



Table 3 shows also considerable increase in the required SNR with increasing amount of puncturing. In RAN1#111, it was also agreed to study whether there is need to recover PBCH detection performance and how to do it:
	Agreement
Study whether and how to recover PBCH detection performance for transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth. The following options are considered, 
· Opt.1: Power boosting
· Opt.2: Multiple PBCH receptions 
· Opt.3: PBCH remapping
· Opt.4: PBCH payload reduction
· Opt.5: PBCH rate matching around the punctured PRBs
· Opt.6: no enhancement specified



It can be noted that from these options only option 3, 4, and 5 require standardization. Option 1 can be left for gNB implementation and option 2 for UE implementation (UE can combine four PBCH transmissions within 80 ms BCH TTI assuming default 20 ms periodicity). As a simple example for option 1, gNB can increase PSD when the transmission bandwidth reduces to maintain the same overall PBCH Tx power. This can be taken into account by considering the loss in MCL instead of SNR degradation alone. In Table 4, performance for both PBCH decoding and PBCH DMRS detection is compared for different Tx bandwidths in terms of both required SNR and MCL loss (calculated for constant PBCH Tx power). It can be noted that PBCH decoding is a more limiting factor than the PBCH DMRS detection. It is also noted that PBCH bandwidth reduction to 15 RB or 12 RB results roughly 1 dB and 3 dB loss in MCL, respectively. 
Results from the extensive coverage simulation campaign comparing different NR channels are summarized in [6]. From there it can be noted that SSB detection performs well with a clear gap to other channels. For example, looking at the scenario of rural 700 MHz FDD NLOS outdoor-to-indoor, it can be noted that SSB performance, in terms of MCL and MIL, is over 9 dB better than for any simulated uplink channel. Given the tight schedule of this WI, we see that implementation based compensation methods are sufficient and we don’t see that there is a need to standardize any methods for improving PBCH detection and, hence, corresponding further studies can be deprioritized.
[bookmark: _Hlk127531976]Proposal 2: Further studies on the recovering of PBCH detection performance are deprioritized as the evaluated SSB performance is still better than for any other investigated UL channel.       
The results also show that PBCH with 15 RBs outperforms the 14-RB case by 0.5 dB in MCL when the UE is aware of the puncturing. This is quite remarkable difference given that the MCL is degraded from the non-punctured case by roughly 1 dB with 15-RB Tx bandwidth. Thus, we consider that punctured PBCH should be transmitted using 15 RBs when 15-RB spectrum is available. The performance loss increases further with decreasing PBCH Tx BW, but also 12-RB or 13-RB PBCH transmission bandwidth should be supported as required for FRMCS co-existence. 
Proposal 3: For punctured PBCH, support transmission bandwidth of 15 RBs as well as a narrower, 12-RB or 13-RB, transmission bandwidth. 
[bookmark: _Ref127277620]Table 4. Required SNR for PBCH detection with 1 % BLER for different puncturing options with UE awareness of the transmission bandwidth
	Detected channel/signal
	Metric
	Transmission bandwidth

	
	
	12 RBs
	14 RBs
	15 RBs
	18 RBs
	20 RBs

	PBCH
	SNR @ 1% BLER
	-0.9
	-3.1
	-4.0
	-5.4
	-6.3

	PBCH DMRS
	1% missed detection
	-6.8
	-7.9
	-8.1
	-9.1
	-9.5

	PBCH
	MCL loss
	3.2
	1.6
	1.1
	0.4
	n/a

	PBCH DMRS
	MCL loss
	0.5
	0.1
	0.2
	0.0
	n/a



Channel and synchronization raster
Channel raster defines a subset of RF reference frequencies that can be used to identify the RF channel position in the uplink and downlink. The RF reference frequency for an RF channel maps to a resource element on the carrier. The channel raster for n8, n26 and n28 bands is 100 kHz. [4] The synchronization raster indicates the frequency positions of the synchronization block that can be used by the UE for system acquisition when explicit signalling of the synchronization block position is not present. In order to expedite cell search, the synchronization raster is much sparser than the channel raster. In the bands of interest, the channel raster typically has a 100 kHz spacing, but the synchronization raster points are defined in clusters of three points where the points in the cluster are separated by 100 kHz (the raster offsets within a cluster are 50, 150 and 250 kHz) and the clusters are separated by 1200 kHz from each others. The principle is depicted in Figure 2. 
[image: ]
[bookmark: _Ref118487911]Figure 2. Principle of synchronization raster points at frequency range 0-3000 MHz. 
Now, for an allowed bandwidth of 3 MHz, and with the principle of not modifying PSS and SSS, the clusters of synchronization raster points need to be separated by less than 1.2 MHz to facilitate two synchronization clusters, as shown in Figure 3. In this figure, two channels of 3 MHz bandwidth separated by 100 kHz are shown. The synchronization raster will therefore need redesigning for narrowband NR operation. 
[image: ]
[bookmark: _Ref118487965]Figure 3. Synchronization raster consideration for 3 MHz bandwidth.
[bookmark: _Hlk127531785]Observation 5: For a bandwidth of 3 MHz, and with the principle of not modifying PSS and SSS, the clusters of synchronization raster points need to be separated by less than 1.2 MHz in order to have at least one valid synchronization raster point for each 3 MHz channel when 100 kHz channel raster is applied. 
For the analysis of band n100, two guard band assumptions are considered: 142.5 kHz assuming 3 MHz bandwidth allocation and 242.5 kHz assuming 5 MHz bandwidth allocation, both with 90 % spectrum utilization (SU). Valid sync raster points (so that PSS/SSS can be allocated in the band) for n100 based on existing sync raster design are [4]:
	N
	M
	SS_REF [Hz]
	GSCN

	768
	1
	921650000
	2303

	768
	3
	921750000
	2304

	768
	5
	921850000
	2305

	769
	1
	922850000
	2306

	769
	3
	922950000
	2307



One can observe that current sync raster design in FR1 does not provide sync raster points in n100 to support narrow channel bandwidth allocation in either of the edges of the band when assuming guard bands of 5 MHz NR allocation. In addition, when assuming guard bands necessary for 3 MHz NR allocation (e.g., 142.5 kHz guard) PSS/SSS can be allocated only in the lower part of the n100 band. Thus, a new design would be needed for n100 sync raster in order to support narrowband NR allocation in both ends of the band. 
[bookmark: _Hlk127531793]Observation 6: A new sync raster design is needed for band n100 to support narrowband NR allocation in both ends of the band.
To reflect that RAN1 sent an LS to RAN4
	Agreement
RAN1 would like to ask RAN4 if finer sync. raster for the 3MHz and/or 5MHz channel bandwidth is feasible, as well as any input from RAN1 for RAN4’s answer to this question.


As discussed above, the sync raster points (or clusters) should be placed more closely than every 1.2 MHz for 3 MHz NR operation. There are e.g. following two options for the new synch raster:
· Option 1: 100 kHz sync raster, i.e. the same as channel raster 
· Option 2: A clustered synch raster where the clusters are located more densely than every 1.2 MHz.

[bookmark: _Hlk127531807]Observation 7: Two options can be considered for the new synch raster for punctured SSB transmissions: 
· Option 1: 100 kHz sync raster with a certain offset to channel raster
· Option 2: A clustered synch raster where the clusters are located more densely than every 1.2 MHz.

In the following we discuss these two options in more detail. 
Option 1: 100 kHz sync raster with a certain offset to channel raster
One tempting design would be to define sync raster points with 100 kHz raster, i.e. same as channel raster. With this approach, only a single SSB puncturing pattern for a given SSB Tx BW would need to be defined.   
[bookmark: _Hlk127531820]Observation 8: A possible design would be to define sync raster points with 100 kHz raster, i.e. same as channel raster. With this approach, only a single SSB puncturing pattern for a given SSB Tx BW would need to be defined.
As an illustration in high level, the synchronization raster points for the bands of interest would be as in Figure 4.
[image: ]
[bookmark: _Ref118488001]Figure 4. Synchronization raster points for punctured and non-punctured SSBs in the bands of interest. 
SSB using full transmission bandwidth, e.g. 15 entire RBs within a 15 RB channel bandwidth, means that subcarrier offset between the first subcarrier of the SSB and the first subcarrier of the RB of the common RB grid should be zero. 
[bookmark: _Hlk127531837]Observation 9: Subcarrier offset between the first subcarrier of the SSB and the first subcarrier of the RB of the common RB grid should be zero in order to have 15 RB transmission bandwidth for the SSB within a 15 RB channel bandwidth.
For the 15 RB SSB transmission bandwidth in a 15 RB CBW, there are four different options for defining the synchronization raster point as well as the SSB puncturing pattern (‘x+y’) as illustrated in Figure 5. 
[image: ]
[bookmark: _Ref105497927]Figure 5. Synchronization raster and puncturing pattern options for the SSB for the 15 RB allocation. 
In order to limit the complexity, for 15 RB channel bandwidth it would be feasible to select one puncturing pattern and thus also one synchronization raster point per channel raster point. Given the channel raster is 100 kHz, also the synchronization raster should be 100 kHz.
Existing synchronization raster points in n8, n26, n28 and n100 bands are in 50, 150 or 250 kHz offset from the channel raster. The new synchronization raster points for the punctured transmissions in the four options illustrated in Figure 5 would be in either +90, -90, -270 or +270 kHz offset to the channel raster meaning that the new synchronization raster points would have 40 kHz (option 1 and option 2) or 20 kHz (option 3 and option 4) minimum offset to the existing sync raster points. Thus, it would make sense to select either option 1 or option 2 so that the minimum frequency difference between new synchronization raster points and existing raster points is maximized. The PBCH detection performance is assumed to be similar for options 1 and 2.
[bookmark: _Hlk127531850]Observation 10: In case of 100 kHz synchronization raster, the offset between channel raster and synch raster should be either +90 or -90 kHz offset to the channel raster.
Observation 11: In case of 100 kHz synchronization raster, one of the following puncturing patterns for the SSB for 15 RB SSB bandwidth can be applied:
1) 2 RBs are punctured from the lower edge of the SSB and 3 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is 90 kHz
2) 3 RBs are punctured from the lower edge of the SSB and 2 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is -90 kHz

Then, as discussed in the section 2 we consider also the 12 or 13 RB transmission bandwidth at the n100 band. As shown in Figure 6 by following the same principle as above regarding the offset between channel raster and synch raster in the 15 RB case, we can allocate 13 RB SSB into 13 RB transmission bandwidth. In the figure, we have +90 kHz offset between channel raster and corresponding synch raster (also -90 kHz offset could be used).
[image: ]
[bookmark: _Ref118373114]Figure 6. Allocating 13 RB SSB on 13 RB transmission bandwidth.
[bookmark: _Hlk127531864]Observation 12: In case of 100 kHz synchronization raster, 13 RB SSB allocation on 13 RB transmission bandwidth can be facilitated with the following assumptions:
· 100 kHz synchronization raster for the punctured SSB transmissions is either in +90 or -90 kHz offset to the channel raster, as for 15 RB SSB allocation
· Puncturing patterns that are possible for 13 RB SSB bandwidth
· 3 RBs are punctured from the lower edge of the SSB and 4 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is 90 kHz
· 4 RBs are punctured from the lower edge of the SSB and 3 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is -90 kHz

Option 2: A clustered synch raster where the clusters are located more densely than every 1.2 MHz
Under this option we consider two possible approaches, that are to set a new synch raster to have the required density but to also differentiate from the legacy sync raster to prevent issues for legacy UEs:
Approach 1: 
-	A first range of new synchronization raster points given by 600 kHz + N * 1200 kHz + M * 50 kHz, N ϵ {1:2499}, M ϵ {1,3,5} and within the targeted band.
-	A second range of new synchronization raster points given by 120 kHz + N * 1200 kHz + M * 50 kHz, N ϵ {1:2499}, M ϵ {1,3,5} and within the targeted band.
Approach 2:
· 120 kHz + N * 600 kHz + M * 50 kHz, N ϵ {2:4999}, M ϵ {1,3,5}
With the option 2, UE may need to use two hypotheses for the punctured PBCH detection in initial access, because the number of sync rasters is less than the channel raster and thus each sync raster point may need to cover two channel raster points.
· In the case of approach 1 and 15 RB SSB, there would be a pair of offsets between channel raster and synch raster points associated to each sync raster point. Additionally, there would be two offset pairs alternating between the sync raster point clusters:
· For first range of synch raster points, there would be ±150 kHz (10 SCs) offsets associated to each sync raster point. 
· For second range of synch raster points, there would be both -30 kHz (2 SCs) and 270 kHz (18 SCs) offsets associated to each sync raster point. 
· In the case of approach 2, there would be an offset pair of -30 kHz (2 SCs) and 270 kHz (18 SCs) associated to each sync raster point.
The SSB puncturing patterns corresponding to these offsets are illustrated in Figure 7. It can be also noted that the puncturing on one of the tested offset hypothesis is not aligned with RB grid. In other words, this approach may lead to puncturing in RE granularity instead of RB level granularity which may have some complexity impact on the demodulation operation of the PBCH.
[image: ]
Figure 7. SSB puncturing pattern options for ±150 kHz, -30 kHz, and 270 kHz offsets 
between channel raster and synch raster points with 15 RB SSB


Summary of options (Option 1 vs Option 2)
The first approach requires higher number of PSS/SSS searches as there are sync raster point every 100 kHz while in the second approach there are three points per 600 kHz. However, in the first approach the PBCH puncturing pattern is unique for each sync raster point while the second approach requires blind detection of multiple PBCH puncturing patterns and this approach may lead to RE level puncturing granularity instead of RB level granularity which may cause added complexity in the PBCH demodulation. It’s also to be noted that target bands are relatively narrow in bandwidth and the number of target bands (4) is low among the number of bands the UE may typically need to search through. Thus, the increased number of sync raster points with 100 kHz raster is not seen as remarkable added complexity. 
[bookmark: _Hlk127531880]Observation 13: In the 1st approach the UE has more sync raster points to search for PSS/SSS in the initial search whereas in the 2nd approach the UE may need to blindly detect the applied puncturing pattern for the PBCH where the puncturing may be in RE level instead of RB level. 
Observation 14: Target bands are relatively narrow in bandwidth and the number of target bands (4) is low compared to the number of bands the UE may typically need to search through. Thus, the increased number of sync raster points with 100 kHz raster is not seen remarkable added complexity.


[bookmark: _Ref118022185]PDCCH
Discussion
It is stated in [1] that RAN1 should “identify and specify necessary minimum changes to PDCCH […] for functional support based on existing design, without optimization”. During system information acquisition, UE monitors PDCCH on resources spanning at least 4.32 MHz (i.e. 24 RBs), i.e., exceeding the targeted transmission bandwidths. The PDCCH changes that are necessary to support NR in narrow spectrum allocations should therefore be focused on these PDCCH resources. Another PDCCH aspect requiring attention is the PDCCH frequency domain location with respect to SSB.
The PDCCH is mapped to sets of physical resources known as CORESETs (Control Resource Sets), which in turn is comprised of control channel elements (CCEs). CORESETs can be flexibly configured to the UE after the initial access. However, there are limited configuration options available for the CORESET#0 that are used e.g. for the PDCCH that schedules the transmission of System Information Block 1 (SIB1), known as Type0-PDCCH.
CORESET #0 configuration according to legacy:
First, we consider the CORESET#0 frequency domain location with respect to SSB. After the UE has detected PSS and SSS and demodulated the PBCH, the UE has acquired the Master Information Block (MIB) on the PBCH. Next the UE needs to acquire the remaining minimum system information, carried by the SIB1. The UE reads the CORESET#0 configuration index from the MIB on the PBCH, which indicates time and frequency resource allocation parameters for the CORESET. One of the parameters defines the frequency domain offset between the first RB in which the SSB is located and the first RB of CORESET#0. This procedure is illustrated in Figure 8.	 
[image: ]
[bookmark: _Ref93670400]Figure 8. CORESET#0 frequency domain resource allocation signalling.

Similar to the PBCH transmission, puncturing may be needed to constrain CORESET#0 within the available spectrum. This leads to situations where the constrained CORESET#0 would contain some partial CCEs. For example when the available spectrum is not an integer multiple of CCE size and is less than 24 RBs, there would be at least one partial CCE. However, if the puncturing of PBCH is not taken into account on the CORESET#0 frequency domain allocation, there would be unnecessarily two CCEs that are punctured. As a CCE is used as the basic resource unit in channel estimation, partial CCEs can degrade channel estimation. Although the use of partial CCEs is unavoidable, it makes sense to minimize the number of partial CCEs. Thus, the CORESET#0 frequency domain allocation may require re-consideration to keep CORESET#0 aligned at the CCE level with the non-punctured RBs of the SSB.
[bookmark: _Hlk127532012]Proposal 4: Keep CORESET#0 aligned at the CCE level with the non-punctured RBs of the SSB
CORESET #0 configuration for narrowband scenario
Regarding CORESET configuration the following agreement was made in RAN1#111:
	Agreement
For CORESET#0 configuration for transmission bandwidths <5 MHz for 3MHz and 5MHz channel bandwidth, following options are for study, 
· Opt.1: Existing configuration table for 15kHz SCS, 5MHz minimum channel BW (i.e., table 13-1 in TS38.213) is reused for configuration
· Opt.2: A new CORESET#0 configuration table is to be introduced for the configuration.



We think that UEs could always follow the legacy approach when PSS/SSS is detected on a legacy synch raster point as discussed in Section 2. However, when PSS/SSS is detected on a new sychn raster point the UE would operate according to a new CORESET#0 configuration table. This will maximize opportunities for optimizing the CORESET#0 configuration table for different NR<5 MHz scenarios including different transmission bandwidth configurations: sub-3MHz, 3MHz and 3-5 MHz. The new CORESET#0 configuration table corresponds to Opt. 2 in the agreement made in RAN1 #111 (“Opt.2: A new CORESET#0 configuration table is to be introduced for the configuration.”). When considering the new configuration table, it makes sense to take the existing table 13-1 in TS 38.213 (defined for 5 MHz CBW & 15 kHz SCS scenario) as the starting point. 

[bookmark: _Hlk127532042]Proposal 5: A new CORESET#0 configuration table is taken into use when PSS/SSS is detected on a new sync raster point.
· Take Table 13-1 in TS 38.213 as the starting point

“Taking Table 13-1 in TS 38.213 as the starting point” could mean the following:
· Maintain 16 indexes: Index  [0, 1, … 15]
· SS/PBCH block and CORESET multiplexing pattern = 1
· Number of RBs () = 24.  
· Number of Symbols ()  [2, 3].

Number of RBs & Puncturing pattern: Instead of defining multiple frequency domain size options for CORESET#0, it makes sense to keep the number of RBs always as 24. On top of that, the new CORESET#0 configuration table should indicate the puncturing pattern for Type0-PDCCH. One benefit of this approach is that there is no need to define new size options for CORESET#0, and the size stays as multiple of 6RBs according to the legacy. Another benefit is that it makes it possible to use different puncturing pattern (i.e. larger Tx BW) for RRC configured search spaces associated to CORESET#0. This can be beneficial especially in the 3-5 MHz BW scenario.   

[bookmark: _Hlk127532054]Proposal 6: The new CORESET#0 configuration table indicates the puncturing pattern for Type0-PDCCH with =24. 
Offset (RB): Offset (RB) defines the frequency domain offset between the first RB in which the SSB is located and the first RB of CORESET#0. This may not be the best definitition for the Offset (RB) parameter in the NR<5MHz scenario where both PBCH and Type0-PDCCH are punctured. As discussed earlier (see Proposal 4) it makes sense to keep CORESET#0 aligned at the CCE level with the non-punctured RBs of the SSB. We see two alternatives for indicating frequence domain location of CORESET#0.
· Alternative 1:
· Low edge of the CORESET#0 is aligned with low edge of the punctured PBCH[footnoteRef:2]. In this alternative, Offset (RB) parameter is not needed at all.  [2:  We assume that UE knows the PBCH puncturing pattern after correct detection of PBCH. This is inline with the agreement made in RAN1 #111: “RAN1 assume that the UE could know which RBs are used for SSB transmission after PSS/SSS is detected”] 

· Puncturing pattern of Type0-PDCCH is indicated via the new CORESET#0 configuration table. In this alternative puncturing happens only in the high end of the CORESET#0. One approach for indicating the puncturing pattern is to indicate the number of non-punctured RBs in the CORESET#0 configuration table.
· Alternative 2:
· The existing Offset (RBs) parameter (relative to the non-punctured PBCH) is kept. New parameter values may be needed to provide sufficient frequency domain flexibility for CORESET#0.
· Puncturing pattern of Type0-PDCCH is indicated via the new configuration table. Depending on the parameter values for Offset (RB), Type#0-PDCCH may need to be punctured from both ends. 

(Non-)Interleaved CCE-to-REG mapping: Depending on the actual solution, the new configuration table can support also selection of the non-interleaved mapping. This can be made by introducing one additional column in the CORESET#0 configuration table. See more discussion in Section 4.3. 
[bookmark: _Hlk127532073]Proposal 7: The new CORESET#0 configuration table can indicate also the interleaving option (interleaved vs. non-interleaved). 
Figure 9 shows an example how to use the new CORESET#0 configuration table of Table 5 based on Alternative 1 depicted above:
· We assume that the UE knows the puncturing pattern for PBCH when decoding Type0-PDCCH. 
· The low edge of CORESET#0 is aligned with the low edge of the punctured PBCH.
· The penultimate column (”# of non-punctured RBs”) of Table 5 indicates the number of transmitted RBs (à the remaining of the 24 RBs are punctured).
· The last column of Table 5 indicates whether interleaved or non-interleaved CCE-to-REG mapping is applied.
· Example shown in Figure 9 assumes Configuration table shown in Table 3, and with Index=2.

   
[bookmark: _Ref127279111]Table 5. Example for new CORESET#0 configuration table
[image: ] 

[image: ]
Figure 9. Example for CORESET#0 configuration according to new table. 

PDCCH performance and performance recovery options
NR<5MHz may create a performance degradation for PDCCH compared to 5MHz scenario. Regarding to possible recovery in PDCCH performance the following agreements were made in RAN1#111:
	Agreement
Study whether and how to recover PDCCH detection performance of CORESET#0 for transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth. The following options are considered, 
· Opt.1: Power boosting 
· Opt.2: Non-interleaved CCE-to-REG mapping
· Opt.3: A new interleaver to ensure PDCCH is fully mapped in the spectrum
· Opt.4: New aggregation level(s) for fit in the spectrum
· Opt.5: PDCCH rate matching
· Opt.6.: no enhancement specified 



In the following, we discuss these options in more detail. Before that we first consider how to fit Type0-PDCCH to a narrower bandwidth than earlier. CORESET#0 spans at least 24 RBs (i.e., 4.32 MHz) with 15 kHz subcarrier spacing. Hence, the CORESET#0 needs to be reduced, for example, by 9 RBs or 12 RBs to reach 15 RB or 12 RB Tx bandwidth, correspondingly. Figure 10 shows the normal CCE indices for 2 and 3 OFDM symbol durations. Two CCE mappings are defined in NR: interleaved and non-interleaved CCE. According to the current NR specification, CORESET#0 always utilizes the interleaved CCE mapping, while other CORESETs that are read later by the UE can use either interleaved or non-interleaved CCE mapping. Hence, we discuss in the following two alternatives for the CORESET#0 changes: use of non-interleaved PDCCH with minor puncturing or solely relying on PDCCH puncturing with interleaved CCE mapping (Opt. 2).
[image: ]
[bookmark: _Ref127531516]Figure 10. 2-symbol and 3-symbol CORESETs with interleaved and non-interleaved CCEs. PDCCH candidates with AL4 (2-symbol CORESET) and AL8 (3-symbol CORESET) highlighted. 
Next we consider the PDCCH link performance with CCE puncturing. As mentioned, the need for puncturing varies according the bandwidth available, interleaving configuration and the number OFDM symbols in the CORESET. To see the performance limits for CCE puncturing we consider the scenario relying solely on CCE puncturing with interleaved CCE mapping.
Table 6 compares the simulated PDCCH link performance for Type0-PDCCH with different transmission bandwidths, for a two-symbol CORESET with interleaved mapping. The simulation parameters are given in the appendix. In all cases the Type0-PDCCH is rate matched for AL8 PDCCH (within 24-RB CORESET) but some of the RBs are punctured, resulting in PDCCH transmission bandwidths of 6 CCEs (18 RBs), 5 CCEs (15 RBs) and 4 CCEs (12 RBs). In the table, a change in MCL is shown when punctured PDCCH performance is compared against the unmodified AL8 PDCCH on 24 RB CORESET. 
The results show that puncturing an 8-CCE PDCCH down to 5 CCEs (i.e., 15 RBs) and to 4 CCEs (12 RBs) will cause a 0.9 dB loss and 2.0 dB loss, respectively, in MCL when compared to the non-punctured case. In the simulations, UE had prior knowledge of the punctured RBs, which is important for keeping the PDCCH performance degradation at a reasonable level. For RRC connected UEs, the knowledge can be made available for UE via RRC configuration, while for UEs without RRC configuration, the puncturing information can be derived from PBCH/MIB.
[bookmark: _Hlk127532089]Observation 15: Puncturing an 8-CCE PDCCH down to 5 CCEs (i.e., 15 RBs) and to 4 CCEs (i.e. 12 RBs) will cause a 0.9 dB loss and 2.0 dB loss, respectively, in MCL when compared to the non-punctured case in case of 2-symbol CORESET
Proposal 8: To minimize the loss due to PDCCH puncturing, UE should know the punctured RBs in advance. 
[bookmark: _Ref118488512]Table 6. PDCCH detection loss due to puncturing [dB] @ 1% BLER (compared to aggregation of 8 CCEs) with interleaved CCE mapping. 
	
	CORESET#0 size in frequency

	
	12 RBs
	15 RBs
	18 RBs

	MCL loss [dB]
	2.0
	0.9
	0.7


[bookmark: _Ref118022194]
Next we consider the options agreed in RAN1 #111 in more details.
Opt.1: Power boosting 
As discussed above, we think that Opt. 1 can be seen as an implementation issue. As a matter of fact, power boosting has been taken into account in our results already (see e.g. Table 6).
Opt.2: Non-interleaved CCE-to-REG mapping
The limited number of CCEs available for PDCCH transmission in a narrow bandwidth scenario for interleaved CCE-to-REG mapping can be observed from Figure 10 above. For example, for a 3 MHz carrier with only 15 available RBs, the maximum number of CCEs that can be used for PDCCH in the non-interleaved mapping with a 2-symbol CORESET duration is 5. If the PDCCH coverage requirement is such that more CCEs are needed, then the CORESET would have to be extended to a third symbol, allowing up to 7 full CCEs. This will improve the PDCCH coverage.   
With the interleaved mapping, the maximum number of full CCEs would be 5 assuming PDCCH punctured from aggregation level 8. On other hand, with non-interleaved CCE mapping and 3-symbol CORESET, only few CCEs (or just one RB) need to be punctured with large aggregation levels. The differences in the amount of required puncturing are shown in Table 7. In the table, we show the maximum number of non-punctured CCEs usable with different ALs for transmission of single PDCCH for both interleaved and non-interleaved mappings. The values are shown for both 15 RB or 12 RB Tx BW. It can be seen that considerably more CCEs can be used for PDCCH transmission with non-interleaved puncturing. 
Further, non-interleaved CCE mapping limits the number of PDCCHs that can be multiplexed on the CORESET#0 without extensive puncturing. Multiplexing is important aspect as CORESET#0 is used also for other scheduling than just SIB1. The differences on the multiplexing capacity are illustrated in Table 8  showing the maximum number of AL2 PDCCHs that can be multiplexed without any puncturing for 2-symbol and 3-symbol CORESETs with 15 RB and 12 RB Tx BWs. For example, there exists only two AL2 PDCCH candidates for the interleaved 15 RB CORESET (aggregation of CCE indeces #0 & #1 or CCE indeces #1 & #2). Otherwise to reach 2 CCE transmission, the PDCCH should be transmitted with AL4, from which two CCEs are punctured (e.g. aggregation of CCE indeces #2, #3, #4, #5, from which CCEs #3 and #5 would be punctured).
Hence, the simplest, and preferred, way to maximize the PDCCH coverage and multiplexing capability for Type0-PDCCH in transmission bandwidths of 15 RBs or less is to introduce non-interleaved CCE mapping to CORESET#0 with the necessary minor puncturing. The drawback is reduced PDSCH capacity due to use of 3-symbol CORESET and of course the total PDCCH capacity is reduced compared to the 5 MHz case. To further mitigate the loss from the puncturing, we see that the puncturing should be done with RB resolution, despite of the potential degradation of channel estimation for partial CCEs. 
[bookmark: _Hlk127532102]Observation 16: Interleaved CCE mapping limits the number of CCEs available for a single PDCCH as well as the number of PDCCHs that can be multiplexed on the CORESET#0 without extensive puncturing. 
Observation 17: PDCCH puncturing is unavoidable with 3MHz channel bandwidth. 


[bookmark: _Ref127531135]Table 7. Maximum number of full CCEs that can aggregated for single PDCCH with different PDCCH aggregation levels and for 2-symbol and 3-symbol CORESETs having 15 RB or 12 RB Tx BW
	Transmission BW
	CCE mapping
	Max number of transmitted full CCEs 

	
	
	2-symbol CORESET
	3-symbol CORESET

	
	
	AL8
	AL4
	AL8
	AL4

	15 PRBs
	Interleaved CCE
	5
	3
	5
	3

	
	Non-interleaved
	5
	4
	7
	4

	12 PRBs
	Interleaved
	4
	2
	4
	2

	
	Non-interleaved
	4
	4
	6
	4


[bookmark: _Ref127531159]Table 8. Maximum number of AL2 PDCCHs that can be multiplexed on 2-symbol and 3-symbol CORESETs without puncturing for 15 RB and 12 RB Tx BWs.
	Transmission BW
	CCE mapping
	Max # of AL2 PDCCHs multiplexed

	
	
	2-symbol CORESET
	3-symbol CORESET

	15 PRBs
	Interleaved CCE
	1
	1

	
	Non-interleaved
	2
	3

	12 PRBs
	Interleaved
	n/a
	n/a

	
	Non-interleaved
	2
	3




As discussed, when considering 3MHz scenario with 15 RBs, only 5 full CCEs can be supported using 2-symbol CORESET, or 3-symbol CORESET with interleaved CCE mapping. At the same time, usage of 3-symbol CORESET with non-interleaved CCE mapping allows up-to 7 full CCEs. Based on our analysis, 3-symbol CORESET with non-interleaved CCE mapping provides up-to 1dB MCL gain for Type0-PDCCH when compared to 3-symbol CORESET with interleaved CCE mapping.
[bookmark: _Hlk127532144]Proposal 9: Support non-interleaved CCE mapping also for CORESET#0 in NR<5MHz scenarios. 
Proposal 10: Support PDCCH puncturing with RB resolution for CORESET#0 in NR<5MHz scenarios
Opt.3: A new interleaver to ensure PDCCH is fully mapped in the spectrum
We see that the only reasonable option ensuring PDCCH is fully mapped in the spectrum corresponds to Opt 2 (non-interleaved CCE-to-REG mapping). Therefore, we think no other interleaving option than enabling non-interleaved and legacy interleaved CCE-to-REG mapping is needed.
Opt.4: New aggregation level(s) for fit in the spectrum, Opt.5: PDCCH rate matching
The current PDCCH processing involves rate matching already. With QPSK modulation, a CCE contains 54 payload REs and therefore can carry 108 bits. This requires the output size of the rate matching block to be 𝐿 ⋅ 108, where 𝐿 is the associated AL [5].

When comparing Opt. 4 and Opt. 5:
· In current specs, L
· Option 4 corresponds to supporting also output sizes with L
· Option 5 corresponds to supporting output size values with RB resolution. Following this approach, the output size of the rate matching block would be M ⋅ 18 bits, with M.

As shown in Table 6 excessive puncturing creates performance degradation. Part of the loss could be avoided by aggregating a smaller number of CCEs via rate matching (according to Option 4 or Option 5). However, based on our results[footnoteRef:3] even in the extreme case with 50% puncturing (12 RBs with 2-symbol CORESET: 8CCE à 4CCE), the maximum loss due to puncturing (compared to rate matching) is about 0.8 dB.  [3:  See simulation assumptions in Appendix 1] 

· SNR requirement for puncturing (8CCE à 4CCE), 1% BLER: -0.4dB
· SNR requirement for 4CCE, non-interleaved, 1% BLER: -1.2dB
Furthermore, in this scenario the loss can be completely avoided by means of AL4 and non-interleaved CCE mapping. Based on our analysis, performance loss due to puncturing is less than 0.3 dB in typical 3 MHz scenarios. Furthermore, the loss is the smallest with 3-symbol CORESET, and when using non-interleaved CCE-to-REG mapping causing anyway minimal amount of puncturing. 
Finally, we think that rate matching is not inline the spirit of the WID: “Identify and specify necessary minimum changes to PDCCH, CSI-RS/TRS, PUCCH, and PRACH for functional support based on existing design, without optimization.“
Based on discussion above, we don’t see a need for Opt 4 or Opt. 5.
[bookmark: _Hlk127532169]Proposal 11: The following mechanisms were discussed to recover PDCCH detection performance of CORESET#0 for transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth.   
· Opt.1 (Power boosting): Support, no standard impacts.  
· Opt.2 (Non-interleaved CCE-to-REG mapping): Support.
· Opt.3 (A new interleaver to ensure PDCCH is fully mapped in the spectrum): Don’t support.
· Opt.4: (New aggregation level(s) for fit in the spectrum): Don’t support.
· Opt.5: (PDCCH rate matching): Don’t support.


Other channels
PUCCH
Regarding the PUCCH, the following conclusion was reached in RAN1#111:
	Conclusion 
No enhancements are needed for PUCCH to support transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth, 
· FFS: the necessity for PUCCH FH disabling.


Frequency hopping can be freely configured on UE’s dedicated PUCCH resource configuration. Before UE receives dedicated PUCCH resource configuration, e.g. during the initial access to the cell, UE uses PUCCH resources from a PUCCH resource set determined in Table 9.2.1-1, TS38.213. Frequency hopping is currently used on these resources, without possibility to disable it. 
Before transmitting HARQ-ACK on these resources, UE has received SIB1. From the system information the UE determines the initial UL BWP configuration used in the cell. The PUCCH resource frequency domain allocation is determined relative to the BWP edges of initial UL BWP, which in turn can be flexibly configured in the SIB1.
In RAN1#111, there were concerns raised that all UEs do not support arbitrary BWP sizes other than nominal channel BWs, in which case UEs’ access to a cell with other than 3 MHz or 5 MHz initial BWP could have problems. On the other hand, FRMCS may have access to bandwidths other than 3 MHz or 5 MHz. One solution to avoid such problem is to support PUCCH FH disabling in system information also for cell-specific PUCCH resources in Table 9.2.1-1, TS38.213. For example, PUCCH resource determination for the first frequency hop could be used for the whole PUCCH, in which case the specification effort would be acceptable. The approach is not optimal, as disabling PUCCH frequency hopping can cause considerable sensitivity loss even on 3 MHz channel BW [7]. However, we see it as reasonable to introduce this configuration option to support various UE implementations, especially as PUCCH without frequency hopping is already supported on UE specific resources.    
[bookmark: _Hlk127532196]Proposal 12: Possibility to disable by network configuration FH on PUCCHs that are used before UE specific PUCCH configuration is supported. 

CSI-RS
CSI-RS is configured with granularity of 4 RBs in frequency domain. This is rather coarse for a bandwidth of, e.g., 15 RBs for which the widest integer multiple of 4 RBs is 12 RBs. However, the CSI-RS can be allocated to cover entirely bandwidth parts that are not integer multiple of 4 RBs. That can be provided by configuring CSI-RS allocation that is wider in frequency domain than the corresponding bandwidth part. That is applicable for CSI-RS for tracking and CSI-RS for L1-RSRP/SINR and CSI acquisition as shown in the following.
CSI-RS for tracking [3GPP TS 38.214, section 5.1.6.1.1]:
	if carrier , ,  and the carrier is configured in paired spectrum, the bandwidth of the CSI-RS resource, as given by the higher layer parameter freqBand configured by CSI-RS-ResourceMapping, is X resource blocks, where  resource blocks if the UE indicates trs-AddBW-Set1 for the trs-AdditionalBandwidth capability for CSI-RS for tracking or addBW-Set1 for the aperiodicCSI-RS-AdditionalBandwidth capability for aperiodic CSI-RS for fast SCell activation and  if the UE indicates trs-AddBW-Set2 for the AdditionalBandwidth capability for CSI-RS for tracking or addBW-Set2 for the aperiodicCSI-RS-AdditionalBandwidth capability for aperiodic CSI-RS for fast SCell activation; in these cases, if the UE is configured with CSI-RS comprising X<52 resource blocks, the UE does not expect that the total number of PRBs allocated for DL transmissions but not overlapped with the PRBs carrying CSI-RS for tracking is more than 4, where all CSI-RS resource configurations shall span the same set of resource blocks; otherwise, the bandwidth of the CSI-RS resource, as given by the higher layer parameter freqBand configured by CSI-RS-ResourceMapping, is the minimum of 52 and  resource blocks, or is equal to  resource blocks. For operation with shared spectrum channel access in FR1, freqBand configured by CSI-RS-ResourceMapping, is the minimum of 48 and  resource blocks, or is equal to  resource blocks.



CSI-RS for L1-RSRP/SINR and CSI acquisition [3GPP TS 38.214, section 5.2.2.3.1]:
	The bandwidth and initial common resource block (CRB) index of a CSI-RS resource within a BWP, as defined in clause 7.4.1.5 of [4, TS 38.211], are determined based on the higher layer parameters nrofRBs and startingRB, respectively, within the CSI-FrequencyOccupation IE configured by the higher layer parameter freqBand within the CSI-RS-ResourceMapping IE. Both nrofRBs and startingRB are configured as integer multiples of 4 RBs, and the reference point for startingRB is CRB 0 on the common resource block grid. If  the UE shall assume that the initial CRB index of the CSI-RS resource is , otherwise . If , the UE shall assume that the bandwidth of the CSI-RS resource is , otherwise . In all cases, the UE shall expect that .



Exception is for the CSI-RS for mobility that is having configurable bandwidth with minimum bandwidth being 24 PRBs and there is no relation to the BWP size [3GPP TS 38.331, 3GPP TS 38.214, section 5.1.6.1.3]:
	CSI-RS-CellMobility ::=             SEQUENCE {
    cellId                              PhysCellId,
    csi-rs-MeasurementBW                SEQUENCE {
        nrofPRBs                            ENUMERATED { size24, size48, size96, size192, size264},
        startPRB                            INTEGER(0..2169)
    },
    density                             ENUMERATED {d1,d3}                                                      OPTIONAL,   -- Need R
    csi-rs-ResourceList-Mobility        SEQUENCE (SIZE (1..maxNrofCSI-RS-ResourcesRRM)) OF CSI-RS-Resource-Mobility
}



[bookmark: _Hlk127532212]Observation 18: CSI-RS for mobility is having configurable bandwidth with minimum bandwidth being 24 PRBs and there is no relation to the BWP size. 
Then on the other hand, mobility/RRM measurements can be performed based on the SSBs (SS-RSRP measurements)   [3GPP TS 38.133, section 10.1] without explicitly configured CSI-RS for mobility signals.   
As a summary, CSI-RS for other than mobility can support narrowband NR operation where the configured bandwidth part has bandwidth of 15 RBs for instance and mobility/RRM mobility measurements can be performed based on SSBs. Thus, we consider that no changes are required to CSI-RS to support below 5 MHz NR bandwidths. 
Observation 19: No changes are required to CSI-RS to support below 5 MHz NR bandwidths.
Conclusion 
In this contribution we have discussed the required changes to support NR operation with below 5 MHz bandwidth. Based on the discussion we make the following observations and proposals: 
Bandwidth
Observation 1: For FRMCS gradual migration, 3 MHz and 5 MHz channel bandwidths are sufficient from RF viewpoint, while it is important to support a larger set of L1 transmission bandwidths to facilitate co-existence with up to 14 GSM-R carriers on the n100 band. 
Proposal 1: 12 or 13 RB transmission BW is introduced for SSB and CORESET#0 in addition to 15 RB Tx BW for FRMCS migration on band n100.

Initial access
Observation 2: To avoid affecting the PSS/SSS, less than 5 RBs of the PBCH can be punctured on either side of the SSB, requiring that both sides of the PBCH are punctured to a certain extent.
Observation 3: It is crucial for PBCH performance that UE has knowledge of punctured PBCH RBs prior to the PBCH decoding.
Observation 4: Determination of the puncturing pattern applied for the SSB transmission can be based on the detected synch raster point (new sync raster point) and the location of the synch raster point within the band. 
Proposal 2: Further studies on the recovering of PBCH detection performance are deprioritized as the evaluated SSB performance is still better than for any other investigated UL channel.       
Proposal 3: For punctured PBCH, support transmission bandwidth of 15 RBs as well as a narrower, 12-RB or 13-RB, transmission bandwidth. 
Observation 5: For a bandwidth of 3 MHz, and with the principle of not modifying PSS and SSS, the clusters of synchronization raster points need to be separated by less than 1.2 MHz in order to have at least one valid synchronization raster point for each 3 MHz channel when 100 kHz channel raster is applied. 
Observation 6: A new sync raster design is needed for band n100 to support narrowband NR allocation in both ends of the band.
Observation 7: Two options can be considered for the new synch raster for punctured SSB transmissions: 
· Option 1: 100 kHz sync raster with a certain offset to channel raster
· Option 2: A clustered synch raster where the clusters are located more densely than every 1.2 MHz.
Observation 8: A possible design would be to define sync raster points with 100 kHz raster, i.e. same as channel raster. With this approach, only a single SSB puncturing pattern for a given SSB Tx BW would need to be defined.
Observation 9: Subcarrier offset between the first subcarrier of the SSB and the first subcarrier of the RB of the common RB grid should be zero in order to have 15 RB transmission bandwidth for the SSB within a 15 RB channel bandwidth.
Observation 10: In case of 100 kHz synchronization raster, the offset between channel raster and synch raster should be either +90 or -90 kHz offset to the channel raster.
Observation 11: In case of 100 kHz synchronization raster, one of the following puncturing patterns for the SSB for 15 RB SSB bandwidth can be applied:
3) 2 RBs are punctured from the lower edge of the SSB and 3 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is 90 kHz
4) 3 RBs are punctured from the lower edge of the SSB and 2 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is -90 kHz
Observation 12: In case of 100 kHz synchronization raster, 13 RB SSB allocation on 13 RB transmission bandwidth can be facilitated with the following assumptions:
· 100 kHz synchronization raster for the punctured SSB transmissions is either in +90 or -90 kHz offset to the channel raster, as for 15 RB SSB allocation
· Puncturing patterns that are possible for 13 RB SSB bandwidth
· 3 RBs are punctured from the lower edge of the SSB and 4 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is 90 kHz
· 4 RBs are punctured from the lower edge of the SSB and 3 RBs from the higher edge of the SSB in frequency when the offset between synch and channel raster is -90 kHz
Observation 13: In the 1st approach the UE has more sync raster points to search for PSS/SSS in the initial search whereas in the 2nd approach the UE may need to blindly detect the applied puncturing pattern for the PBCH where the puncturing may be in RE level instead of RB level. 
Observation 14: Target bands are relatively narrow in bandwidth and the number of target bands (4) is low compared to the number of bands the UE may typically need to search through. Thus, the increased number of sync raster points with 100 kHz raster is not seen remarkable added complexity.

PDCCH
Proposal 4: Keep CORESET#0 aligned at the CCE level with the non-punctured RBs of the SSB
Proposal 5: A new CORESET#0 configuration table is taken into use when PSS/SSS is detected on a new sync raster point.
· Take Table 13-1 in TS 38.213 as the starting point
Proposal 6: The new CORESET#0 configuration table indicates the puncturing pattern for Type0-PDCCH with =24. 
Proposal 7: The new CORESET#0 configuration table can indicate also the interleaving option (interleaved vs. non-interleaved). 
Observation 15: Puncturing an 8-CCE PDCCH down to 5 CCEs (i.e., 15 RBs) and to 4 CCEs (i.e. 12 RBs) will cause a 0.9 dB loss and 2.0 dB loss, respectively, in MCL when compared to the non-punctured case in case of 2-symbol CORESET
Proposal 8: To minimize the loss due to PDCCH puncturing, UE should know the punctured RBs in advance. 
Observation 16: Interleaved CCE mapping limits the number of CCEs available for a single PDCCH as well as the number of PDCCHs that can be multiplexed on the CORESET#0 without extensive puncturing. 
Observation 17: PDCCH puncturing is unavoidable with 3MHz channel bandwidth. 
Proposal 9: Support non-interleaved CCE mapping also for CORESET#0 in NR<5MHz scenarios. 
Proposal 10: Support PDCCH puncturing with RB resolution for CORESET#0 in NR<5MHz scenarios
Proposal 11: The following mechanisms were discussed to recover PDCCH detection performance of CORESET#0 for transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth.   
· Opt.1 (Power boosting): Support, no standard impacts.  
· Opt.2 (Non-interleaved CCE-to-REG mapping): Support.
· Opt.3 (A new interleaver to ensure PDCCH is fully mapped in the spectrum): Don’t support.
· Opt.4: (New aggregation level(s) for fit in the spectrum): Don’t support.
· Opt.5: (PDCCH rate matching): Don’t support.

Other channels and signals
Proposal 12: Possibility to disable by network configuration FH on PUCCHs that are used before UE specific PUCCH configuration is supported. 
Observation 18: CSI-RS for mobility is having configurable bandwidth with minimum bandwidth being 24 PRBs and there is no relation to the BWP size. 
Observation 19: No changes are required to CSI-RS to support below 5 MHz NR bandwidths.
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Appendix 1 Link simulation assumptions
In the calculation of MCL, PBCH Tx power remains constant for all Tx BWs, i.e., PSD increases with reducing Tx BW
Table 9. Simulation assumptions for PBCH
	Carrier frequency
	900 MHz

	Antenna setup
	1x2

	Channel model
	TDL-C 300ns 3km/h

	Subcarrier spacing
	15 kHz

	Resource allocation
	Resource allocations of 12,14,15,18 and 20 RBs for PBCH is studied
PBCH puncturing patterns: 18 RBs – 1RB from lower end, 1 RB from upper end (L1/U1); 15 RB - L3/U2; 14 RB – L3/U3; 12 RB – L4/U4

	GSM interference outside transmission BW
	1 RB allocation with 1 empty RB between interference and PBCH
+10dB PSD offset to NR PSD
Interference modeled as AWGN

	Receiver assumptions on bandwidth
	Receiver detects whole 20 RB BW with GSM interference (Option 2) or uses the same BW as in TX side (Option 1)



Table 10. Simulation assumptions for PDCCH
	Carrier frequency
	900 MHz

	Antenna setup
	1x2

	Channel model
	TDL-C 300ns 3km/h

	Subcarrier spacing
	15 kHz

	CORESET allocation
	2 and 3 symbols
24 RB CORESET limited to 12, 15 and 18 RBs 

	Receiver assumptions on Tx bandwidth
	Receiver detects using same BW as in TX side

	Payload
	40 bits + 24 bit CRC



Appendix 2 Previous RAN1 agreements and conclusions
RAN1#111
Agreement
In an LS to RAN4, in addition to reuse 5 MHz channel bandwidth, RAN1 suppose only 3 MHz channel bandwidth is supported, and would like to get RAN4 responses on the maximum transmission bandwidth (the number of PRBs) for this channel BW.
Agreement
RAN1 would like to ask RAN4 if finer sync. raster for the 3MHz and/or 5MHz channel bandwidth is feasible, as well as any input from RAN1 for RAN4’s answer to this question.
Agreement
Before getting RAN4 responses, RAN1 assume maximum transmission bandwidth, 15RBs or 16RBs for 3 MHz channel BW for evaluation and analysis.
Note: include agreement into the LS
Agreement
Before getting RAN4 responses, RAN1 assume that the UE could know which RBs are used for SSB transmission after PSS/SSS is detected for evaluation and analysis. 
Note: it does not mean indication signaling is needed.
Note: include this agreement into the LS
Agreement 
Including following 2 questions into the LS
Question 1: RAN1’s understanding is that in addition to reuse 5 MHz channel bandwidth, RAN1 suppose only 3 MHz channel bandwidth is supported, and would like to get RAN4 responses on the maximum transmission bandwidth (the number of PRBs) for this channel BW
Question 2: RAN1 have discussed aspects related to synch raster in the spectrum of interest. RAN1 would like to ask RAN4 if finer sync. raster for the 3MHz and/or 5MHz channel bandwidth is feasible, as well as if RAN4 needs any input from RAN1.
Agreement
The Draft LS to RAN4 R1-2212898 is endorsed in principle with modified question as agreed above and all agreements and conclusions made in RAN1#111.
Agreement
Final LS to RAN4 R1-2212919 is endorsed.
[bookmark: _Hlk119584988]Agreement
For transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth, a subset of PRBs of 20-PRB PBCH are used for PBCH transmission if the transmission BW of a channel is less than 20PRBs. 
· FFS which PRBs are used and how to use the PRBs 
· Note: PRBs for PSS/SSS are not punctured.
Agreement
For CORESET#0 configuration for transmission bandwidths <5 MHz for 3MHz and 5MHz channel bandwidth, following options are for study, 
· Opt.1: Existing configuration table for 15kHz SCS, 5MHz minimum channel BW (i.e., table 13-1 in TS38.213) is reused for configuration
· Opt.2: A new CORESET#0 configuration table is to be introduced for the configuration.
Conclusion
No enhancements are required for PRACH to operate NR on transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth. 
· Note: PRACH formats and configurations not fitting into the transmission BW are not applicable
Agreement
Short PRACH formats with 15kHz SCS, and long PRACH formats with 1.25kHz SCS are supported for transmission bandwidths <5 MHz for 3MHz and 5MHz channel bandwidth.
Conclusion 
No enhancements are needed for PUCCH to support transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth, 
· FFS: the necessity for PUCCH FH disabling.
Agreement 
Study whether and how to recover PDCCH detection performance of CORESET#0 for transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth. The following options are considered, 
· Opt.1: Power boosting 
· Opt.2: Non-interleaved CCE-to-REG mapping
· Opt.3: A new interleaver to ensure PDCCH is fully mapped in the spectrum
· Opt.4: New aggregation level(s) for fit in the spectrum
· Opt.5: PDCCH rate matching
· Opt.6.: no enhancement specified 
Agreement
Study whether and how to recover PBCH detection performance for transmission bandwidths of <5MHz for 3MHz and 5MHz channel bandwidth. The following options are considered, 
· Opt.1: Power boosting
· Opt.2: Multiple PBCH receptions 
· Opt.3: PBCH remapping
· Opt.4: PBCH payload reduction
· Opt.5: PBCH rate matching around the punctured PRBs
· Opt.6: no enhancement specified
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