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Introduction
[bookmark: _Ref178064866]It has been agreed [4] that SSB (PSS and SSS) shall be used for T/F synchronization for the purposes of receiving signals transmitted from an NR cell. Furthermore, it has been agreed that SSB will be QCL with system access signals like RAR, RMSI, and paging. However, in some special deployments and scenarios, the default SSB may not be usable or available as a sync source for receiving additional signals. This contribution first demonstrates the existence of such scenarios and use cases where alternative sync support should be considered. It then presents a framework for additional, possibly dynamic, sync provision proposed via special SSB configurations or other signals.

This contribution has been significantly revised from R1-1717761. 
Discussion
[bookmark: _Ref480811488]A variety of deployments
In order to handle the expected broad range of NR network requirements, the prospective NR deployments may differ significantly. Some aspects that will differ are the ISD of the TRPs and the degree of synchronization between the gNBs and their TRPs, standalone and non-standalone operation, different SSB transmission periods, possible SFN distribution of SSB and system information, etc.  
In such varying deployments, different signals will be transmitted with different spatial and temporal characteristics. In some cases, a mismatch may occur that does not satisfy the preferred QCL assumptions in baseline deployments. This may complicate the use of the default SSB signals as a T/F reference for reception of other signals. Not all attractive and feasible deployment combinations can be foreseen at this time.  
[bookmark: _Toc485117318][bookmark: _Toc485122755][bookmark: _Toc485148411][bookmark: _Toc485294686][bookmark: _Toc485407855][bookmark: _Toc492598278][bookmark: _Toc492598315][bookmark: _Toc492629150][bookmark: _Toc492631145][bookmark: _Toc492915161][bookmark: _Toc494198301][bookmark: _Toc494199969][bookmark: _Toc494199981][bookmark: _Toc494200022][bookmark: _Toc494200030][bookmark: _Toc494200090][bookmark: _Toc494716909][bookmark: _Toc494746957][bookmark: _Toc498673311][bookmark: _Toc498721265]There will exist a variety of network deployments where default SSB reception does not spatially or temporally match the reception of other transmitted signals. 
Below we will provide some examples of scenarios and use cases where the different transmission characteristics for different signals may deteriorate system performance or make intended operation impossible.
Some use cases deviating from SSB QCL assumptions
CSI-RS RSRP measurements for beam management
In intra-TRP beam management, CSI-RS RSRP measurements are used to evaluate the quality of candidate beams and compare them to the current serving beam. The CSI-RS measurements are typically performed in the frequency domain after applying an FFT based on T/F reference values of the serving beam. However, in some deployments, narrow beams transmitted from a given TRP can take different paths to the UE. It is not uncommon that reflections from farther-away objects may incur a path distance difference of hundreds of meters compared to another, short-distance path, while still remaining viable signal-strength-wise. Due to the effective timing error for the candidate beam, even if it does not exceed the CP length of the CSI-RS symbol, the RSRP estimates will be overly pessimistic. Such occurrences have already been observed in practice in 5G test deployments. While moderate such offsets can in principle be compensated in the F-domain, in other cases the resulting offset may well exceed the CP length and make measurements impossible.
[bookmark: _Toc498673312][bookmark: _Toc498721266]In some deployments, beam management RSRP measurements using solely CSI-RS may not be reliable. 
CSI-RS RSRP measurements for active mode mobility
CSI-RS will also be used for active mode mobility measurements. RSRP from CSI-RS from serving and neighbor cells or TRPs can be reported by the UE. Performing an RSRP measurement on a neighbor-cell CSI-RS presumes the availability of T/F sync for the candidate cell. If the received candidate cell signals are not T/F aligned with the serving cell at the UE location, the candidate cell’s SSB should be used as a T/F reference source. However, there are scenarios where the neighbor-cell SSB may not be detectable, e.g. when the UE is simultaneously receiving high-gain data from the serving cell. The power density imbalance of the signals may be 20-30 dB when large antenna arrays are employed and SSB reception may be impossible due to ADC dynamic range or extreme interference limitations. Another problematic use case is performing CSI-RS measurements on silent nodes that do not transmit the SSB. 
[bookmark: _Toc498673313][bookmark: _Toc498721267]In some deployments, neighbor-cell CSI-RS RSRP measurements for active mode mobility, using the cell’s default SSB as the sync source, may not be reliable. 
RAR reception
In some deployments, an NR cell will consist of multiple TRPs. In order to improve the link budget, the TRPs may transmit the same SSB information (a single SS block) from all TRPs in an SFN manner. A UE therefore obtains an initial timing reference associated with a highly dispersive SFN channel. However, it may be desirable to transmit the RAR from a single TRP in the cell, preferably the closest to the UE based on UL evaluation by the gNB. In that case, the UE may obtain the timing reference from the SFN PSS but the receive the PDCCH from a nearby TRP. Depending on the instantaneous fading realization, this may lead to a severe timing mismatch for RAR reception. Additionally, the Doppler difference with respect to the RAR-transmitting TRP and the dominant TRP in the SFN profile may exceed a critical fraction of the SCS and also degrade PDCCH reception. 
An example of PDCCH reception performance in the presence of time and frequency synchronization errors is depicted in Fig. 1. Clearly, even modest timing errors degrade the BLER performance (e.g. 1.4 dB penalty for a 25% CP timing offset at 1% BLER) and larger errors drastically reduce the PDCCH coverage area (e.g. over 6 dB penalty for a 100% CP timing error). The strong impact of the additional offset is due to the ISI created by the timing error – a positive offset added to correctly estimated symbol timing leads to eliminating a part of the OFDM symbol contents and inserting samples from the next symbol. 
The performance in the presence of frequency errors is relatively more robust. Using an advanced OFDM receiver that performs frequency correction using CP samples, as in Fig. 1, the performance does not notably degrade for frequency errors up to 10% of the subcarrier spacing (SCS). However, for simple UE receivers that may omit the correction step, a 10% SCS offset causes performance degradation between 0.5-1 dB, depending on the operating point (not shown). 
[bookmark: _Hlk486248412]Based on the simulation results, avoiding excessive PDCCH reception penalties requires timing accuracy less than 25% of the CP length and, assuming that UEs with simple receivers should be supported, frequency accuracy better than 10% of the SCS. 
[bookmark: _Hlk486248674]In standard deployments, the criteria above guarantee a sufficient margin, given that PSS/SSS detection typically ensures frequency accuracy within 2% of SCS and a that the timing error will not exceed a few time samples. But considering an example NW deployment using 15 kHz numerology with gNBs placed at ISD of 2 km – a presumably common setup in deployments where the LTE cell plan is reused for NR – the PDCCH reception may be compromised e.g. SFN or other non-QCL transmission scenarios. In LTE, SFN transmission is used for MBSFN distribution, where the adopted channel model [5] includes copies of the EVA profile at offsets 0, 12, and 27 us, with attenuation 0, -10, and -20 dB respectively. The rms delay spread of the effective channel is 4.4 us and the 90%-energy power delay profile window extends beyond 12 us. The 25% of CP length, on the other hand, is limited to 1.2 us. Thus, if the timing synchronization is based on the receiver PSS from a single nearby node while the PDCCH is transmitted using SFN, depending on instantaneous fading, the effective PDCCH timing offset may significantly exceed the CP length of the PDCCH and critically impair its detection performance.
[bookmark: _Hlk486248798]The non-QCL relation of SSB and PDCCH may also give rise to excessive frequency offsets: For example, a UE moving at 120 km/h in 4 GHz carrier can incur a Doppler error of up to 0.9 kHz. Including the residual error after SSB detection (2% of the 15 kHz SCS), the worst case error 1.2 kHz approaches the robust operating range of PDCCH.
[bookmark: _Toc492598280][image: ]
Figure 1: PDCCH BLER performance with inaccurate time and frequency synchronization. 
Another possible deployment type where the received SSB does not necessarily reflect the relevant T/F alignment parameters for the RAR PDCCH is the silent node deployment. Some of the nodes, e.g. the macro gNB layer, transmit the SSB, while others, e.g. the pico gNB layer, do not. However, the NW may choose to respond with a RAR from one of the silent nodes for which the T/F parameters of the detected SSB node are suboptimal or outright unsuitable. For example, the 2 km ISD macro deployment case above may cause timing errors up to 3 us (if the timing reference is based on a macro node half an ISD away) compared to the closest pico node, significantly degrading PDCCH reception.  
[bookmark: _Toc494199970][bookmark: _Toc494199982][bookmark: _Toc494200023][bookmark: _Toc494200031][bookmark: _Toc494200091][bookmark: _Toc494716910][bookmark: _Toc494746958][bookmark: _Toc498673314][bookmark: _Toc498721268]In some deployments, PDCCH carrying RAR may not be reliably received using the default SSB as the sync source. 
Paging reception
Paging signaling for UEs in idle/inactive mode may suffer from situations similar to the ones described for RAR reception above. From NW efficienct viewpoints, it may be preferable to first transmit the paging indication from the TRP closest to the UE, and the T/F reference obtained by the UE from SSB detection may be inappropriate for PDCCH reception. 
In non-standalone deployments, the SSB period may be configured to be long, 80-160 ms, to maximize NW energy efficiency. In paging or RAR configurations where the PDCCH reception occasion is temporally separated from the closest previous SSB occasion, a long delay between SSB and detection and PDCCH reception may cause the UE local frequency reference, operating in an open-loop mode, to drift by a non-negligible fraction of the SCS. Using a typical frequency drift rate of 1 ppm/s when a UE transitions from active to inactive mode, the frequency offset after 150 ms is up to 1.5 kHz, including initial residual SSB detection error. This again deteriorates RAR reception quality or may make reception impossible.  
[bookmark: _Toc485122758][bookmark: _Toc485148414][bookmark: _Toc485294689][bookmark: _Toc485407858][bookmark: _Toc492598282][bookmark: _Toc492598318][bookmark: _Toc492629153][bookmark: _Toc492631148][bookmark: _Toc492915163][bookmark: _Toc494198304][bookmark: _Toc494199972][bookmark: _Toc494199984][bookmark: _Toc494200024][bookmark: _Toc494200032][bookmark: _Toc494200092][bookmark: _Toc494716911][bookmark: _Toc494746959][bookmark: _Toc498673315][bookmark: _Toc498721269]In some deployments, PDCCH carrying paging indication may not be reliably received using the default SSB as the sync source. 
[bookmark: _Ref490219802]RMSI reception
According to the following RAN2 agreement from RAN2#95 [1]
Agreements
1: Broadcasting some kind of index/identifier in minimum SI to enable the UE to avoid re-acquisition of already stored SI-block(s)/SI message(s). The index/identifier and associated system information can be applicable in more than one cell. System information valid in one cell may be valid also in other cells.
FFS what the index/identifier is (e.g. single index or area plus value tag, etc.)
it follows that the RMSI carried by PDCCH/PDSCH may be common for multiple cells, while the SI provided via PBCH is cell-specific. In the contribution [3], we further discuss and propose that NR shall support transmitting the RMSI in a wide (sector or omni) beam also for the case when the SS Blocks are transmitted in narrow beams. Since the SS Block is used for other purposes than providing a sync reference for the RMSI (e.g. active mode mobility measurements) there is a need to allow for separate optimization of different functionalities (such as AMM and SI broadcast) in NR. 
[bookmark: _Toc485122756][bookmark: _Toc485148412][bookmark: _Toc485294687][bookmark: _Toc485407856][bookmark: _Toc492598279][bookmark: _Toc492598316][bookmark: _Toc492629151][bookmark: _Toc492631146][bookmark: _Toc492915164][bookmark: _Toc494198305][bookmark: _Toc494199973][bookmark: _Toc494199985][bookmark: _Toc494200025][bookmark: _Toc494200033][bookmark: _Toc494200093][bookmark: _Toc494716912][bookmark: _Toc494746960][bookmark: _Toc498673316][bookmark: _Toc498721270]In some deployments, PDCCH carrying RMSI may not be reliably received using default SSB as sync source. 
OSI reception
OSI will be transmitted on-demand to individual UEs, preferably in conjunction with RMSI transmissions. The QCL relationship of OSI with SSB is therefore not guaranteed in the same situations as described for RMSI transmission.
[bookmark: _Toc494716913][bookmark: _Toc494746961][bookmark: _Toc498673317][bookmark: _Toc498721271]In some deployments, PDCCH carrying OSI may not be reliably received using default SSB as sync source. 
Additional sync provision 
As seen in the previous section, there are many potential use cases where the default SSB does not serve as a viable source of T/F sync for e.g. PDCCH reception or CSI-RS measurements. Situations affecting initial access to the NW, e.g. the RA process, are of particular importance. The described use cases therefore motivate introduction of a mechanism for additional sync provisioning. 
It is possible to introduce flexible sync provisioning approaches that build upon the established SSB framework, avoiding the need for introducing additional physical signals. The UE can then use the PSS/SSS receiver structure designed for SSB reception for detecting the additional sync as well.
1. [bookmark: _Toc484684183][bookmark: _Toc484684359][bookmark: _Toc484702642][bookmark: _Toc484770623][bookmark: _Toc485117319][bookmark: _Toc485122761][bookmark: _Toc485148417][bookmark: _Toc485294693][bookmark: _Toc485407861][bookmark: _Toc492598285][bookmark: _Toc492598321][bookmark: _Toc492629156][bookmark: _Toc492631151][bookmark: _Toc492915167][bookmark: _Toc494198308][bookmark: _Toc494199976][bookmark: _Toc494199988][bookmark: _Toc494200028][bookmark: _Toc494200036][bookmark: _Toc494200096][bookmark: _Toc494716916][bookmark: _Toc494746964][bookmark: _Toc498673318][bookmark: _Toc498721272]An additional sync signal provision mechanism building on the established SSB structure will be utilized by the UE by reusing existing receiver structures.
In one such approach, the NW can transmit one or more SSBs as a wide-beam or cell-covering transmissions that are QCL (i.e. can be used as the sync reference) for access-related signals (RMSI, RAR, paging, etc.) while other SSBs (e.g. off the cell search grid) can be more narrowly beamformed to provide higher-resolution beam direction info during access or to support active mode procedures; they can also be dynamically activated and configured. This is possible since existing agreements allow the NW to flexibly configure SSB transmissions for the different sweep time indices – it is not necessary to use the same beam width or power for all transmissions, or contiguous directions.
One possible deployment is depicted in Figure 1. In this example, the idle mode functions are handled by SSB0 which has an omni-coverage (blue) while the SS Blocks SSB1, SSB2, and SSB3 are transmitted with sector wide beams and handle active mode related functions. Note that different nodes (base stations, gNBs) constitute different cells in this example and hence have different PCIs (PCI1, PCI2, PCI3, …).

[image: ]
[bookmark: _Ref493669226]Figure 1: Example low-frequencies (<3GHz) deployment with L=4 SS Blocks. 3-sector site with same PCI.
In Figure 2 we depict an example scenario where 7 different nodes (TRPs) are assigned with one SS Block index each (red circles). In addition, the 7 TRPs in the cell jointly transmit an additional SSB0 (e.g. in a single frequency network (SFN) joint synchronized transmission fashion). In this example, groups of 7 TRPs constitute one cell (as seen from the UE) and the network consist of several such cells with different PCIs (PCI1, PCI2, PCI3, …). 
[image: ]
[bookmark: _Ref493669511]Figure 2: Example medium-frequency deployment (3-6 GHz) L=8 and 7-TRP cluster with same PCI.
For high frequency bands, the number of SS Blocks per NR cell can be L=64 and there are a large number of possible ways to utilize those beams in a network deployment. One example is depicted in Figure 3 showing an indoor system consisting of one radio base station (RBS) with multiple transmission points (TRPs), each TRP associated with one SSB for active mode functionalities. In addition, the TRPs jointly transmit SSB0 for support of one or more idle mode functionalities. This kind of deployment is sometimes referred to as distributed massive MIMO, see e.g. [7]. An alternative way to use 64 beams is to assign 1 PCI to a group of 7 TRPs and then assign 7 SS Block indexes to each of the TRPs. In combination with a jointly transmitted SSB0 for some idle mode functionality this would add up to 9x7+1 = 64 beams. 
[image: ]
[bookmark: _Ref493676514]Figure 3: Example high-frequency deployment (above 6GHz) L=64:
e.g. building-covering Indoor deployment.
Time multiplexing of SS Blocks and RMSI transmissions is suitable for scenarios when the system bandwidth is limited. This is exemplified in Figure 4 where one sector contains one wide beam (SSB0) and 3 narrow beams (SSB1-SSB3). By transmitting the RMSI, OSI and/or paging only in the wide beam and not in narrow beams corresponding to the SSB1-SSB3 we can reduce the amount of spatial repetition required.
[image: ]
[bookmark: _Ref493675715]Figure 4: Example deployment in narrow bandwidth.
We can utilize the mechanism for configuring off-search-grid SSBs [8]. In this approach, the on-search-grid SSBs may be kept broad and QCL with access signals. In addition, dynamic off-grid (non-cell-defining) SSBs may be employed to support active mode procedures. In this way, the dynamic SSBs become invisible for idle mode UEs. This is depicted in Figure 5. Alternatively, the off-grid SSBs may omit transmitting some information that is required only for system access (e.g. the PBCH) and thus do not assist UEs that use these SSBs for sync purposes only. The off-grid SSBs may be activated dynamically only when signals they are assisting are present and they may be configured with different repetition periods compared to the default SSBs.
[image: ]
[bookmark: _Ref493677079]Figure 5: Example deployment in wide bandwidth. The leftmost part of Figure 4 applies also to this scenario.

[bookmark: _Toc494200099][bookmark: _Toc494716903][bookmark: _Toc494746966][bookmark: _Toc498673319][bookmark: _Toc498721273]NR should support QCL association of beam management and mobility measurement signals with off-grid SSBs.
In order to enable the SSB-based additional sync provision mechanism, the relevant QCL relationships and/or the use of off-grid SSBs must be signaled to the UE in order for the UE to configure system access, paging, or measurement signal reception with proper SSB reference and QCL assumptions.
For the CSI-RS-based beam management and mobility use cases, the suitable UE receiver configuration with regard to SSB QCL relations can be indicated via RRC signaling. The RRC signaling from the NW thus configures the UE to use appropriate (QCL) SSB instances for relevant CSI-RS reception.  The use of TRS as fine sync support for CSI-RS detection is being discussed; the additional sync SSBs may also be used as a reference for TRS reception.
[bookmark: _Toc498673320][bookmark: _Toc498721274]RRC signaling is used to indicate to the UE which time indices in the default SSB sweep and/or which off-grid SSBs should be used as QCL reference for CSI-RS and/or TRS reception for beam management and/or active mode mobility measurements.
[bookmark: _Toc498673321][bookmark: _Toc498721275]RAN2 should define the contents of the respective RRC fields.
For the RAR, OSI, and paging use cases, the suitable UE receiver configuration with regard to SSB QCL relations can be indicated in RMSI. SIB1 thus configures the UE to use appropriate (QCL) SSB instances for relevant PDCCH/PDSCH reception.  
[bookmark: _Toc494716905][bookmark: _Toc494746968][bookmark: _Toc498673322][bookmark: _Toc498721276]RMSI indicates which off-grid SSBs should be used as QCL reference for PDCCH/PDSCH reception for RAR, OSI, and paging.
[bookmark: _Toc494716906][bookmark: _Toc494746969][bookmark: _Toc498673323][bookmark: _Toc498721277]RAN2 should define the contents of the respective SIB1 fields.

 
Conclusion
Based on the discussion in Section 2, we have the following observations:
Observation 1	There will exist a variety of network deployments where default SSB reception does not spatially or temporally match the reception of other transmitted signals.
Observation 2	In some deployments, beam management RSRP measurements using solely CSI-RS may not be reliable.
Observation 3	In some deployments, neighbor-cell CSI-RS RSRP measurements for active mode mobility, using the cell’s default SSB as the sync source, may not be reliable.
Observation 4	In some deployments, PDCCH carrying RAR may not be reliably received using the default SSB as the sync source.
Observation 5	In some deployments, PDCCH carrying paging indication may not be reliably received using the default SSB as the sync source.
Observation 6	In some deployments, PDCCH carrying RMSI may not be reliably received using default SSB as sync source.
Observation 7	In some deployments, PDCCH carrying OSI may not be reliably received using default SSB as sync source.
Observation 1	An additional sync signal provision mechanism building on the established SSB structure will be utilized by the UE by reusing existing receiver structures.
Based on the discussion in Section 2, we propose the following:
Proposal 1	NR should support QCL association of beam management and mobility measurement signals with off-grid SSBs.
Proposal 2	RRC signaling is used to indicate to the UE which time indices in the default SSB sweep and/or which off-grid SSBs should be used as QCL reference for CSI-RS and/or TRS reception for beam management and/or active mode mobility measurements.
Proposal 3	RAN2 should define the contents of the respective RRC fields.
Proposal 4	RMSI indicates which off-grid SSBs should be used as QCL reference for PDCCH/PDSCH reception for RAR, OSI, and paging.
Proposal 5	RAN2 should define the contents of the respective SIB1 fields.
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