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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 SSB transmission in Section 2, PDCCH and especially CORESET#0 in Section 3, and PUCCH and CSI-RS in Section 4. 





SSB transmission
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, by means of puncturing, and this is discussed in the following. The other challenge, the coarse set of synchronization raster points, is discussed by RAN4.
In RAN#99, RAN Plenary discussed the transmission bandwidths for 3 MHz and 5 MHz channel BWs and concluded on PBCH that 
· PBCH transmission bandwidth is 12 PRBs for the 3 MHz channel BW in band n100 
· PBCH transmission bandwidth is 20 PRBs for the 5 MHz channel BW. 
RAN1 was requested to consider whether the 12-PRB PBCH transmission BW or 15-PRB PBCH transmission BW is applied for other bands with 3MHz channel bandwidth. [6] 
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[bookmark: _Ref118487837]Figure 1. SSB structure at 15 kHz subcarrier spacing.
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 SSB transmission bandwidths, down to 2.16 MHz, that are to be supported.
Puncturing of the transmitted signal is 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. Correspondingly, RAN1#112 agreed on a working assumption [7]:
Working Assumption
For transmission bandwidth[s] of <5MHz, for PBCH, in the case[s] that available PRBs for PBCH transmission is 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)
· Note: No other optimization is needed
Based on the RAN Plenary LS response [6], it remains open whether 12-RB or 15-RB PBCH is supported for other bands than n100. For 15-RB PBCH, it can be observed:
· As support for 12-RB PBCH is already agreed, 15-RB PBCH would result in additional specification and implementation efforts. This would also mean that different implementations for 3 MHz CBW are needed for different bands, reducing the number of bands where the same 3 MHz CBW implementation can be used.  
· The benefit of 15-RB PBCH is better PBCH detection performance when compared against 12-RB PBCH. This is discussed further in the following paragraphs. 
· Synchronization raster for 3 MHz CBW is currently discussed in RAN4, with two main options:
· Option I: N * 600kHz + M * 50 kHz + A kHz, N ϵ {1:2499}, M ϵ {1,3,5}, A = TBD. 
· Option II: N * 100 kHz + B kHz, N ϵ {9206:1:9232}, B = TBD. 
In the case of Option I, two separate channel raster points use the same synchronization raster point. In the case of 15-RB PBCH on 3 MHz CBW, this means that 
· UE synchronised to a raster point needs to detect PBCH with two different hypothesis for PBCH puncturing. Alternatively, UE uses just those RBs that are common for both PBCH puncturing patterns, which in turn reduces the detection performance improvement possible with the wider PBCH. It is worth noting that: 
· A UE testing two PBCH puncturing hypothesis for PBCH decoding deviates from the RAN1#111 agreement, copied below, that RAN1 assumes for evaluation and analysis that the UE could know which RBs are used for SSB transmission after the PSS/SSS is detected.
· Design of such PBCH puncturing patterns should take into account synchronization raster design, which is not yet completed in RAN4.
· At least one of the PBCH puncturing patterns is not RB-level puncturing if the PBCH transmission bandwidth is kept at 15 RBs. This follows from the difference between the channel raster points which are a multiple of 100 kHz and not a multiple of 180 kHz for such channel raster differences that still allow the PSS/SSS to fit into the 3 MHz CBW.
· These drawbacks are not faced when 12-RB PBCH is used within 15-RB overall transmission bandwidth configuration.
When considering puncturing of the PBCH to limit the transmission bandwidth, it is evident that the detection performance will degrade with reducing PBCH transmission BW. In the following, we compare detection performance of single SSB with the assumption that the UE is aware of the transmission bandwidth and puncturing pattern of the SSB. This assumption follows the RAN1#111 agreement for evaluation [8]:  
	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.


Table 1 shows the simulated SNR that is required for 1% PBCH BLER for different PBCH bandwidths of 12, 15 and 20 RBs. The simulation parameters are given in the appendix.When the SSB transmission bandwidth reduces, gNB can increase PSD to maintain the same overall PBCH Tx power. In the performance comparison, this can be taken into account by considering the loss in MCL instead of SNR degradation alone. In Table 1, performance for both PBCH decoding and PBCH DMRS detection is compared for different Tx bandwidths in terms of both required SNR and MCL (calculated for constant PBCH Tx power). It can be noted that PBCH decoding is of a more limiting factor than the PBCH DMRS detection. It is also noted that PBCH bandwidth reduction to 15 RB or 12 RB results in roughly 1 dB or 4 dB loss in MCL, respectively, and the MCL difference between 15 RBs and 12 RBs is 3 dB.
Results from the extensive coverage simulation campaign comparing different NR channels are summarized in [4]. 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. Hence, the performance of 12-RB PBCH seems sufficient and there is no need to complicate the design by supporting three different PBCH transmission bandwidths (12, 15 and 20 RBs) for different bands and channel bandwidths. 15-RB PBCH can be seen as an optimization that goes beyond the necessary minimum change for functional support and, hence, is not inline with the WI objective setting. Further, given the tight schedule of this WI, we see that the implementation based compensation methods identified in RAN1#111, e.g. multiple PBCH receptions (UE can combine four PBCH transmissions within 80 ms BCH TTI assuming default 20 ms periodicity) are sufficient and we can keep the RAN1#112 working assumption noting that no other optimisation is needed. 
[bookmark: _Hlk127531976]Observation 1: 15-RB PBCH is an optimisation that is not strictly a necessary change for functional support. 

Proposal 1: PBCH transmission bandwidth is 12 PRBs for the 3 MHz channel BW on all bands of interest. 






Proposal 2: Confirm the RAN1#112 working assumption: 
For transmission bandwidth[s] of <5MHz, for PBCH, in the case[s] that the number of available PRBs for PBCH transmission is less than 20PRB, 
· PBCH is 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 the available PRBs for PBCH transmission are punctured)
· Note: No other optimization is needed
To support 12-RB PBCH transmission bandwith with RB-level puncturing but without puncturing PSS or SSS means that 4 RBs on both sides of PSS/SSS are punctured, leaving the 12 central RBs unpunctured.  
Proposal 3: The lowest 4 RBs and the highest 4 RBs of PBCH are punctured for 12-RB PBCH.
[bookmark: _Ref127277620]Table 1. 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
	15 RBs
	20 RBs

	PBCH
	SNR @ 1% BLER
	-0.2
	-4.0
	-6.3

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

	PBCH
	MCL loss
	3.9
	1.1
	n/a

	PBCH DMRS
	MCL loss
	0.5
	0.2
	n/a


As analyzed in our earlier contribution, it is important that the UE can avoid the noise and potential interference from punctured RBs in the PBCH detection. This can lead to dramatical difference in the performance with the presence of interference [5]. This to be achieved, the UE should be able to determine which RBs are punctured before trying to decode the PBCH. One possible way is to use new synchronization raster for 3 MHz CBW and punctured PBCH. The new synch raster for the punctured transmissions limits also impact on legacy UEs, as noted also on the RAN Plenary LS response for RAN4 [2]. 
Observation 2: Determination of the puncturing pattern applied for the SSB transmission can be based on the detected synch raster point (new synch raster point). 
[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 2.	 
[image: ]
[bookmark: _Ref93670400]Figure 2. 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 may lead 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
The following was concluded in RAN#99 [6]:
· For the 3MHz channel bandwidth in band n100 (max channel utilization 15 PRBs as already agreed in RAN1/RAN4):
· PBCH transmission bandwidth is 12 PRBs
· 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:
· PBCH transmission bandwidth is 20 PRBs
· CORESET#0 transmission bandwidth is to be decided by RAN1
· Other details (including sync raster details) are to be progressed in the WGs.

Based on that, we think that it makes sense to consider two new tables for NR<5MHz scenarios:
· The first new table is defined for 3 MHz channel bandwidth scenario.
· It supports CORESET#0 transmission bandwidths between 12 and 15 RBs
· It covers both PBCH options: 12 RBs and 15 RBs (if supported)
· The first table is selected when PSS/SSS is detected from a new synch raster point.
· The second new table is defined for band n100, and it is applied when operating according 5 MHz channel bandwidth scenario on that band.
· It supports CORESET#0 transmission bandwidths between 20 and 24 RBs
· The second table is selected when PSS/SSS detected from a legacy synch raster point
Proposal 5: Introduce two new tables, one for cases with 3MHz CBW, another for 5MHz CBW on band n100.

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. 
Proposal 6: The new CORESET#0 configuration table indicates the puncturing pattern for Type0-PDCCH with =24. 


When considering the new configuration tables, 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. This would 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].
This principle is well captured in the previous FL proposal 3.2.2-1, Opt. 2. 
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Offset (RB): In the legacy operation Offset (RB) defines the frequency domain offset between the first RB in which the SSB is located and the first RB of CORESET#0 (see Figure 2). This may not be the best definitition for the Offset (RB) parameter in the 3MHz CBW scenario where both PBCH and Type0-PDCCH are punctured: as discussed earlier (Proposal 4), if puncturing is applied, it makes sense to puncture PDCCH only from one end of the CORESET#0. 
FL proposal 3.2.1-2 contains three options for the PRB offset.
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We think that the best option would be to define the PRB offset according to Opt 1. As a matter of fact, when considering 3MHz CBW scenario and PBCH with 12 RBs, Opt. 1 and Opt. 2 are functionally the same. One benefit of Opt 1 is that it supports also the potential PBCH scenario of 15 RBs: in case that RAN1 agrees to support 15-RB PBCH on the other bands than n100 with clustered synchronization raster design, each synchronization raster point is associated to two channel raster points. Correspondingly, there are two different PBCH puncturing pattern candidates. If UE detetermines wrong PBCH puncturing pattern, and the PRB offset is relative to the first PRB of the wrong SSB puncturing pattern, UE makes an error also in the CORESET determination. Opt 1 does not suffer from such drawback.  
When considering 5MHz CBW scenario, we can use the legacy approach (Opt 3). 

Proposal 7: Define Offset (RB) in the following way:
· 3MHz CBW: Offset (RB) is relative to the first RB of the RB of the RBs for PSS/SSS transmission
· 5MHz CBW: Offset (RB) follows the legacy operation

(Non-)Interleaved CCE-to-REG mapping: Depending on the actual solution, the new configuration table could support also selection of the non-interleaved CCE-to-REG mapping. This can be made by introducing one additional column in the CORESET#0 configuration table. We think that it makes sense to support non-interleaved CCE mapping for the 3MHz CBW. This is due to the fact that with 3OS, non-interleaved mapping can provide up-to 2CCEs less puncturing (for AL8) compared to interleaved mapping. However, for the 5 MHz CBW, support for non-intereleaved CCE-to-REG mapping does not provide similar benefits. 
[bookmark: _Hlk127532073]Proposal 8: Support non-interleaved CCE-to-REG mapping for scenario with 3MHz CBW  
Figure 3 shows our proposal for CORESET#0 table for cases with 3MHz CBW. We also show all reasonable CORESET#0 position/size options w.r.t. PSS/SSS. The proposed table covers all reasonable options with full CCE (entries #0-8). The remaining entries are made available for non-interleaved CCE-to-REG mapping with 3 OFDM symbols. 
· We assume that the UE knows the puncturing pattern for PBCH when decoding Type0-PDCCH. 
· The penultimate column (”# of non-punctured RBs”) indicates the number of transmitted RBs (à the remaining of the 24 RBs are punctured).
· Offset RB indicates the RB offset w.r.t PSS/SSS
· The last column of the table indicates whether interleaved or non-interleaved CCE-to-REG mapping is applied.
Figure 4 shows alternative table for 3MHz CBW, without non-interleaved CCE-to-REG mapping.
Proposal 9: Adopt the table shown in Figure 3 for scenarios with 3 MHz CBW.
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[bookmark: _Ref133995126]Figure 3. Proposed table for 3MHz CBW (supporting non-interleaved mapping). The # of included OFDM symbol s/ # of CORESET RB combinations (middle) and CORESET position/size options (right) are also illustrated.    

[bookmark: _Ref133995118][image: ]
[bookmark: _Ref134999643]Figure 4. Alternative design for 3MHz CBW (no support for non-interleaved mapping). The # of included OFDM symbols / # of CORESET RB combinations (middle) and CORESET position/size options (right) are also illustrated.    
Figure 5 shows our proposal for CORESET#0 table for scenarios with 5MHz CBW and n100. We also show all reasonable CORESET#0 position/size options w.r.t SSB (PBCH). 
· Entries #0-8 correspond to punctured CORESET#0
· Entries #9-14 correspond to non-punctured CORESET#0. Those values are included also in the legacy table (5MHz CBW).
· Entries #0, #3 and #4 include one partial CCE.
Proposal 10: Adopt the table shown in Figure 5 for scenarios with 5 MHz CBW on band n100.
[bookmark: _Ref133995098][image: ]
[bookmark: _Ref134999755]Figure 5. Proposed table for 5MHz CBW, band n100. The # of included OFDM symbols / # of CORESET RB combinations (middle) and CORESET position/size options (right) are also illustrated.    
PDCCH performance and performance recovery options
NR below 5MHz BW may create a performance degradation for PDCCH compared to 5MHz BW scenario. Regarding to possible recovery in PDCCH performance the following agreements were made in RAN1#111 [8]:
	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 6 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 6. 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 2 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 3: 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 11: To minimize the loss due to PDCCH puncturing, UE should know the punctured RBs in advance. 
[bookmark: _Ref118488512]Table 2. 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 2).
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 6 above. For example, for a 3 MHz carrier with only 12-15 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 4-5. 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 4-5 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 3. 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 4 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 4: 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 5: PDCCH puncturing is unavoidable with 3MHz channel bandwidth. 
[bookmark: _Ref127531135][bookmark: _Ref135000296]Table 3. 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 4. 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 12 RBs, only 4 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 6 full CCEs. Based on the results shown in Table 2, CORESET with 6CCEs (supported by non-interleaved CCE mapping & 3-symbol CORESET) provides 1.3dB MCL gain for Type0-PDCCH when compared to 4CCEs (supported by interleaved CCE mapping & 3-symbol CORESET).
[bookmark: _Hlk127532144]Proposal 12: Support non-interleaved CCE mapping for CORESET#0 in 3MHz CBW scenarios. 
Proposal 13: 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 [3].


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 2 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:2] 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.  [2:  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 14: 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 for 3MHz CBW scenario.
· 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 [8]:
	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 [5]. 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 15: Possibility to disable by network configuration FH on PUCCHs that are used before UE specific PUCCH configuration is supported. 

CSI-RS
Regarding CSI-RS for transmission bandwidths of <5MHz for 3 MHz channel bandwidth it was concluded in RAN1#112 that, for CSI-RS other than for RRM measurements, no enhancements are needed [7]: 
	Conclusion
For transmission bandwidths of <5MHz for 3MHz channel bandwidth, for CSI-RS other than for RRM measurements, no enhancements are needed.
· FFS: CSI-RS for RRM


Different to other CSI-RS types, the CSI-RS for RRM is having a configurable bandwidth with minimum bandwidth being 24 PRBs and without relation to the certain 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 6: CSI-RS for RRM is having configurable bandwidth with minimum bandwidth being 24 PRBs and there is no relation to the BWP size. 
On the other hand, mobility/RRM measurements can be, and typically are, performed based on the SSBs (SS-RSRP measurements) [3GPP TS 38.133, section 10.1] without explicitly configured CSI-RS for RRM.
Observation 7: Mobility/RRM measurements can be, and typically are, performed based on the SSBs (SS-RSRP measurements) without explicitly configured CSI-RS for RRM.
Thus, we consider that there is no need to enhance CSI-RS for RRM either for 3 MHz channel bandwidth. 
Proposal 16: Mobility/RRM measurements based on CSI-RS are not supported for below 5 MHz NR bandwidths.
Observation 8: No changes are required to CSI-RS for RRM 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: 
SSB transmission
Observation 1: 15-RB PBCH is an optimisation that is not strictly a necessary change for functional support. 
Proposal 1: PBCH transmission bandwidth is 12 PRBs for the 3 MHz channel BW on all bands of interest. 
Proposal 2: Confirm the RAN1#112 working assumption: 
For transmission bandwidth[s] of <5MHz, for PBCH, in the case[s] that the number of available PRBs for PBCH transmission is less than 20PRB, 
· PBCH is 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 the available PRBs for PBCH transmission are punctured)
· Note: No other optimization is needed
Proposal 3: The lowest 4 RBs and the highest 4 RBs of PBCH are punctured for 12-RB PBCH.
Observation 2: Determination of the puncturing pattern applied for the SSB transmission can be based on the detected synch raster point (new synch raster point). 
PDCCH
Proposal 4: Keep CORESET#0 aligned at the CCE level with the non-punctured RBs of the SSB
Proposal 5: Introduce two new tables, one for cases with 3MHz CBW, another for 5MHz CBW on band n100.
Proposal 6: The new CORESET#0 configuration table indicates the puncturing pattern for Type0-PDCCH with =24. 
Proposal 7: Define Offset (RB) in the following way:
· 3MHz CBW: Offset (RB) is relative to the first RB of the RB of the RBs for PSS/SSS transmission
· 5MHz CBW: Offset (RB) follows the legacy operation
Proposal 8: Support non-interleaved CCE-to-REG mapping for scenario with 3MHz CBW  
Proposal 9: Adopt the table shown in Figure 3 for scenarios with 3 MHz CBW.
Proposal 10: Adopt the table shown in Figure 5 for scenarios with 5 MHz CBW on band n100.
Observation 3: 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 11: To minimize the loss due to PDCCH puncturing, UE should know the punctured RBs in advance. 
Observation 4: 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 5: PDCCH puncturing is unavoidable with 3MHz channel bandwidth. 
Proposal 12: Support non-interleaved CCE mapping for CORESET#0 in 3MHz CBW scenarios. 
Proposal 13: Support PDCCH puncturing with RB resolution for CORESET#0 in NR<5MHz scenarios
Proposal 14: 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 for 3MHz CBW scenario.
· 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 15: Possibility to disable by network configuration FH on PUCCHs that are used before UE specific PUCCH configuration is supported. 
Observation 6: CSI-RS for RRM is having configurable bandwidth with minimum bandwidth being 24 PRBs and there is no relation to the BWP size. 
Observation 7: Mobility/RRM measurements can be, and typically are, performed based on the SSBs (SS-RSRP measurements) without explicitly configured CSI-RS for RRM.
Proposal 16: Mobility/RRM measurements based on CSI-RS are not supported for below 5 MHz NR bandwidths.
Observation 8: No changes are required to CSI-RS for RRM 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 5. 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 12,15 and 20 RBs for PBCH is studied
PBCH puncturing patterns: 15 RB – 3 RB from lower end, 2 RB from upper end (L3/U2); 12 RB – L4/U4

	Receiver assumptions on bandwidth
	Receiver uses the same BW as transmitted 



Table 6. 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 and15 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

RAN1#112
Conclusion
For transmission bandwidths of <5MHz for 3MHz channel bandwidth, for CSI-RS other than for RRM measurements, no enhancements are needed.
FFS: CSI-RS for RRM 
Agreement 
· For transmission BWs for 3MHz and 5MHz channel BW, send an LS to RAN plenary for operators input for the following and RAN plenary guidance,
· For 5MHz channel BW, whether to allow/support transmission BW(s) for physical channels of approximate 3 MHz up to below 5 MHz. What is the recommended transmission BW(s) to consider?
· For 3MHz channel BW, whether to allow/support transmission BW(s) for physical channels of approximate 3 MHz. What is the recommended transmission BW(s) to consider?
· No intention to change the WID scope and TU
Working Assumption
For transmission bandwidth[s] of <5MHz, for PBCH, in the case[s] that available PRBs for PBCH transmission is 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)
· Note: No other optimization is needed
Agreement
Final LS R1-2302186 is endorsed.
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Proposal 3.2.2-1: For transmission bandwidths <5 MHz for 3MHz and SMHz channel bandwidth, for
CORESET#0 configuration table,

* A new CORESET#0 configuration table is to be introduced for the configuration.

O Opt.1: the table includes a set of PRBs that are less than (or equal to) 24 PRBs. No puncturing is
needed.

O Opt.2: the table is designed based on puncturing of 24PRBs CORESET#0.
«  For both options,

O 16 entries are included in the table

© Maximum number of CORESET#0 symbols is 3

o SSB and CORESET#0 multiplexing pattern 1 is used
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Proposal 3.2.1-2: For transmission bandwidths <5 MHz for 3MHz and SMHz channel bandywidth, for
configuring CORESET#0 location, select from

* Opt.1: The PRB offset is relative to the first PRB of the PRBs for PSS/SSS transmission
*  Opt.2: The PRB offset is relative to the first PRB of the punctured SSB.
©  Opt.3: The PRB offset is relative to the first PRB of the non-punctured SSB
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