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1	Introduction
In RAN1#96, the following conclusion was made:
Conclusion:
The following physical layer aspects for mobility enhancements have been identified in RAN1#96 and are to be further studied (but not limited to):
· Potential physical layer aspects of RACH-less HO
· TA for target cell (if applicable)
· Power control for PUSCH for the target cell
· UL grants configuration 
· Tx/Rx beam related aspects
· PUSCH transmission aspects (e.g. repetition, etc.)
· Potential physical layer aspects of dual connectivity (DC) based HO
· Feasibility/applicability (with respect to various Tx/Rx RF capability and carrier frequencies of source/target cell)
· PDCCH monitoring for source and target cells.
· Procedures related to DL/UL operation
· Power control for PUSCH/PUCCH/SRS 
· Tx/Rx beam related aspects 
· Note: this may interact with multi-TRP discussion in Rel-16 eMIMO
· Potential physical layer aspects of Make-before-break (MBB) related to 0ms HO interruption latency (if supported)
· If supported, whether or not PHY impacts are similar/the same to those under dual connectivity (DC) based HO
· Potential physical layer aspects of solutions/enhancements that are not explicitly mentioned in the WID
· Measurement procedure to provide low latency reports (e.g. L1 based measurements)
· Methods of conveying QCL information for target cell (e.g. MAC CE based indication of QCL information for target cell)
· Link recovery on non-serving cells

In this contribution, we discuss all the above physical layer aspects for mobility enhancements. We also discuss the possibility to perform early CSI reporting during handover.
[bookmark: _Ref178064866]2	Discussion

2.1	Physical layer aspects of RACH-less HO
In normal handover, the network uses Msg1 for derive a new timing advance, and also to determine the Tx beam for Msg2 and subsequent downlink transmissions. Msg2 contains the UL grant for Msg3 and also a new timing advance value.
In RACH-less HO/SCG change, Msg1 and Msg2 in the target cell are skipped. Instead, the first transmission in the target cell is Msg3. The signalling diagram for RACH-less HO is depicted in Figure 1. RACH-less HO was standardized for LTE in Rel-14.
[image: ]
[bookmark: _Ref4485206]Figure 1: RACH-less handover. The first message in the target cell is Msg3.
2.1.1	Timing advance for target cell
Since Msg3 is the first message transmitted by the UE in the target cell, it is important that an appropriate timing advance (TA) is used to ensure that the gNB can receive Msg3 (PUSCH). In LTE RACH-less HO, there are two possible values for TA in the target cell: either the TA is the same as in the source, or TA=0. Using either of these values limits the usability of RACH-less HO.
[bookmark: _Hlk4571253]During the LTE RACH-less HO, there was a discussion to allow autonomous update of the TA during HO. In the reply LS [6], RAN4 stated that the legacy accuracy requirements for uplink timing alignment, i.e. the accuracy of TA for initial uplink transmission would not suffice to handle the autonomous. Only recently, RAN4 has agreed to allow autonomous update of TA in the beam management context [7]. In this case, the accuracy was deemed acceptable. It would seem that at least in some cases, the RACH-less HO is very similar to a beam switch with respect to timing adjustments.
The relation between these two RAN4 statements are no fully clear to us. What is clear is that if RACH-less HO is limited to TA=0 or same TA as in the source cell, the situations where RACH-less handover is applicable would be quite scarce. Therefore, we propose
[bookmark: _Hlk4571634][bookmark: _Toc4784284]Further investigate the possibility for the UE to perform autonomous TA adjustment before transmitting Msg3 in the target cell.
2.1.2	UL grants configuration and Tx/Rx beam related aspects
Since there is no Msg2 transmitted in the target cell, the UE must be provided with the UL resources in another way. For LTE, two different ways have been proposed:
· Preschedule UL resources in the RRC reconfiguration message.
· Dynamically schedule UL resources using PDCCH in target cell
So far, the only identified physical layer aspects are related to the beam formed reception and transmission. This is true for both allocation methods.
[bookmark: _Hlk4572194]In normal handover, the UE selects the best DL beam based on measurements performed just before the transmission of Msg1. Based on the best DL beam, the UE determines the RACH resource, and its Tx beam. The selected DL reference signal (beam) may be different from the beam(s) that triggered the neighbour cell report. Hence, the NW may not know which RACH resource the UE selects. To facilitate a gNB implementation based on analogue beamforming, the NW may configure RACH opportunities that are time-multiplexed. The gNB will then sweep its Rx beam during the RACH opportunities. Note that the gNB needs to perform this sweep anyway to support initial access.
The question then arises if we should allow the same flexibility for RACH-less handover: should we allow the UE to re-select the DL beam just before transmission of Msg3, and configure several PUSCH resources corresponding to different beams? Clearly, this would require the gNB to use different Rx beams for the different PUSCH resources, leading to additional overhead. In contrast to the time slots reserved for PRACH transmission (which are reused for initial access purposes), the resources reserved for Msg3 cannot be used for anything else. Furthermore, the PUSCH transmissions will most typically use a full slot, in contrast to the PRACH transmissions. 
Based on the above discussion, we propose that the NW signals to the UE which DL reference signal to base its UL transmission, and subsequent DL receptions on. For UL transmission, we reuse the spatial relation framework specified for beam management:
[bookmark: _Toc4567452][bookmark: _Toc4784285]To transmit Msg3, the UE shall use a spatial relation defined by a DL RS signalled by the NW.
For the DL reception, we reuse the QCL framework:
[bookmark: _Toc4567453][bookmark: _Toc4784286]Until reconfigured/activated, the UE may assume that all DL signals from the target gNB are quasi co-located with respect to QCL-TypeA, and QCL-TypeD properties with a DL RS signalled by the NW. 
Thus, the UE will use the signalled RS both for DL reception and UL transmission.
Additionally, the signalled DL RS is used as pathloss reference RS in the PUSCH power control:
[bookmark: _Toc4567454][bookmark: _Toc4784287]The Msg3 Tx power is determined using the PUSCH power control rules specified in section 7.1.1. in [1] using the RS used for QCL assumptions and spatial relation determination as pathloss reference RS.
More details can be found in [8].
2.2	Make-Before-Break and DC-based HO
RAN2 has agreed to study Make-Before-Break (MBB) solutions to push HO interruption to 0ms. The MBB solution requires that the UE can simultaneously receive and transmit to more than one cell. In parallel, RAN2 is also studying if dual connectivity (DC) could be used to achieve 0ms delay. Note that MBB and DC-based HO are two different things: the MBB solutions may not rely on the signalling defined for dual connectivity.
From a L1 point of view, the MBB solution and DC-based HO is quite similar, since they both require that the UE can communicate with two cells at the same time. The source and target cells may be on the same or on different carriers. Note that for the DC-based solutions, the two cells involved in the HO are the PCell and the PSCell, which are both source cells, but for simplicity, we will use the terms ‘source’ and ‘target’ throughout this contribution.
Simultaneous reception from several TRPs on the same carrier from the same cell or different cells, has been discussed in the eMIMO WID, as part of the multi-DCI solutions for multi-TRP communication. Some of the agreements made during that discussion are relevant also here: the technical issues are identical. 
2.2.1	Simultaneous reception/transmission
The feasibility of simultaneous reception/transmission was discussed for LTE in the recent RAN1 reply LS [9]. In summary, RAN1 stated that simultaneous reception/transmission was feasible under some circumstances for most cases, with the important exceptions inter-frequency/intra-band and intra-frequency asynchronous deployments, where RAN1 could not conclude. RAN4 provided a similar response in [10], with additional details on bandwidth of the source and target cell. RAN4 also makes the distinction of single or dual FFTs and discusses the Tx power difference and UL timing.
There is also the reply LS [11], which discusses the same topic. Here, there is also additional statements that dual RF chains is not a typical implementation. Furthermore, FR2 is discussed, and RAN4 states that simultaneous Rx/Tx from two intra-frequency cells is not feasible.
Overall, seems difficult to draw conclusions on the feasibility of simultaneous Rx/Tx in general. However, for the important intra-frequency case, there has been some progress in the eMIMO work, in particular for the multi-TRP, multi-DCI topic. In our understanding, the situations are very similar:
[bookmark: _Toc4414723][bookmark: _Toc4784278]Simultaneous Rx/Tx required for intra-frequency MBB and DC-based HO is equivalent to the simultaneous Rx/Tx required for multi-TRP Rx/Tx using multiple PDCCH.
In the eMIMO work, some agreements have been made. A reasonable interpretation of these agreements is that simultaneous PDSCH reception and simultaneous PUCCH transmission would require synchronous deployments where the TRPs (cells) are coordinated to some level:
[bookmark: _Toc4414726][bookmark: _Toc4784279]UE designs for multi-TRP using multiple PDCCHs will require synchronous deployments where the TRPs are coordinated to some level.
In our understanding, the restrictions agreed to multi-TRP using multiple PDCCHs will be relevant also for intra-frequency MBB and DC-based HO solutions that require simultaneous Rx/Tx. Thus, it does not seem realistic to assume that the restrictions for simultaneous Rx/Tx related to intra-frequency MBB and DC-based HO will be less strict than those applicable for multi-TRP transmission. Thus,
[bookmark: _Toc4414727][bookmark: _Toc4784280]Simultaneous Rx/Tx for intra-frequency MBB and DC-based HO are associated with restrictions in network deployment.
So far, the multi-TRP discussion has been limited to a few channels, and FR2 has been discussed to a very small extent. However, it is foreseen that more channels will be discussed before the completion of the WI. There seems to be little reason to discuss intra-frequency simultaneous Rx/Tx in the mobility WI in RAN1: the conclusions from the multi-TRP can be used as is:
[bookmark: _Toc4414730][bookmark: _Toc4784288]The feasibility for simultaneous Rx/Tx for intra-frequency MBB and DC-based HO can be based on the agreements from the multi-TRP work.
For cases not applicable to the multi-TRP discussion, i.e., inter-frequency or even inter-band, further studies may be needed, but based on the information in [9][10][11], it seems premature to state that simultaneous Rx/Tx is possible in the majority of cases. 
A more comprehensive discussion can be found in [12].
 2.2.2	Rx/Tx beam aspects
Beam aspects were brought up for discussion and included in the conclusion from RAN1#96. However, it is not fully clear what is meant by ‘beam aspects’. In this context, we make the interpretation that beam operation implies FR2 operation: 
[bookmark: _Toc4784281]In the context of MBB and DC-based HO, beam based operation is equivalent to FR2 operation.
Although the UE may use beams also in FR1, the beam-based operation will have no impact on the system as the UE is still capable of omni-directional reception in FR1. 
[bookmark: _Hlk4413042]In the reply LS [10], RAN4 stated that the possibility for simultaneous Rx/Tx is more restricted in FR2 than in FR1. If the statements in the LS remain, MBB and DC-based HO solutions are not applicable in FR2, and there are no beam related aspects to MBB and DC-based HO solutions:
[bookmark: _Toc4414728][bookmark: _Toc4784282]If simultaneous Rx/Tx is not feasible in FR2, there are no beam related aspects to MBB and DC-based HO solutions.
If on the other hand the RAN4 statement is updated, so that simultaneous Rx/Tx is indeed feasible in FR2, there will be a need to maintain separate beam pair links between the UE and each TRP. Also in this case, the work on multi-TRP will provide the necessary input to the mobility WID:
[bookmark: _Toc4414732][bookmark: _Toc4784289]Beam related aspects of intra-frequency MBB and DC-based HO solutions are described in the multi-TRP work, and any agreements and solutions are reused in the mobility work.
Due to the analog front-end, the beam related aspects for intra-band ,inter-frequency can also be reused from the multi.TRP work. This leaves the inter-frequency, inter-band case. Here it becomes necessary to perform independent beam management for the source and target cells during the transition period. For the DC-based solution, this should be relatively straightforward, since the PCell and PSCell are already established entities in the UE. In the MBB solution, there is a need to establish a way to perform beam management procedures independently for the source and target.
A more comprehensive discussion can be found in [12].
2.3	Lower-layer mobility enhancements 
Already early during the Rel-15 standardization, it was agreed that NR would support two types of mobility: 
· Mobility without RRC involvement
· Mobility with RRC involvement
Mobility with RRC involvement is quite similar to the LTE mobility functionality: it is based on event-driven reporting over RRC, where the UE performs measurement on various reference signals (mapping to cells) and filters these measurements. When the filtered measurements fulfil certain criteria parametrized by the NW, the UE will trigger a measurement report. 
Mobility without RRC involvement is also known as beam management. Although designed for a scenario where one TRP generates several narrow beams, it is equally applicable to a multi-TRP cell as depicted in Figure 2.
.
[bookmark: _Ref4584220][image: ]
[bookmark: _Ref4587195]Figure 2: A multi-TRP cell. All TRPs transmit the same SS/PBCH block(s). The UE performs intra-cell mobility, and the NW tracks the UE using either UL receptions or measurements on CSI-RS. RRC reconfigurations are not needed to handle the mobility.
For the network topology in Figure 2, it would also be possible to make each TRP its own cell, as depicted in Figure 3
[image: ]
[bookmark: _Ref4588792]Figure 3: Five separate cells. All TRPs transmit different SS/PBCH block. The UE performs inter-cell mobility using RRC reconfiguration with sync.  
Comparing Figure 2 and Figure 3, the mobility procedures become significantly more complicated, and the handovers between the cells causes interrupts. The fact that the network is now transmitting different SS/PBCH blocks from the different TRPs creates an artificial border in the network, leading to a performance degradation.
The deployment in Figure 2 has some complications. The UE would be configured to use the SS/PBCH block as QCL source for TRS, despite the fact that the TRS would be transmitted from only one of the TRPs. This may lead to some performance degradation. Also, if intra-cell mobility is handled using CSI-RS leads to additional overhead. Also, from an O&M point of view, the single-cell configuration may also not be preferred: if LTE and NR are co-sited, keeping the 5-cell configuration from LTE would be easier to maintain. 
Fortunately, only small changes are needed in the standard to make the deployment in Figure 3 possible and still avoid RRC reconfigurations, thereby reducing interrupts and signalling. With small additions to the standard, it also becomes possible to perform measurements of the neighbour cells using L1 measurements, which would speed up the reporting, and make it possible to increase robustness.
This is achieved using the following functionality:
· Introduce the possibility to include SS/PBCH blocks for non-serving cells in the TCI state [2]. With this, it becomes possible to change the synchronization source of the UE to a non-serving cell. The connection can then be transferred between two cells without any RRC signalling to the UE. Compared to the RRC procedures, the handling is much faster: the TCI update is activated 3ms after the MAC CE command is received. The key NR property that makes this possible is that the physical layer parameters can be completely decoupled from the PCI. In LTE, this is impossible: the PDCCH scrambling is directly derived from the PCI.
· Introduce the possibility to report L1-RSRP[3] from non-serving cells over L1, i.e., using PUCCH/PUSCH. With these reports, the network can determine when the UE crosses the border between cells without involving RRC. Since the reports are leaner, they can be transmitted more often, providing more information to the network. This in turns enables the network to perform more advanced processing of the measurements.
Both these pieces of functionality are simple extensions of beam management procedures to the inter-cell case. These inter-cell extensions should not lead to a significant burden on the UE: the measurements are anyway performed, and the only additional thing is to get the measurements to the network. The MAC CE update of the TCI state is anyway implemented, and the only extension is that the UE should be able to directly use RSs in neighbour cells as QCL sources.
Note that the functionality described here has no impact on the RAN2 procedures, only on the signalling:
[bookmark: _Toc4784283]The lower-layer mobility procedures have no impact on the procedures described in the RAN2 specifications. 
Further details can be found in [13]. 
2.4 Early CSI reporting
After a handover has taken place, the UE is experiencing new channel conditions. The CSI reports collected in the old cell are no longer relevant. This lack of channel knowledge will force the network to rely on the most robust modulation and coding schemes until the first CQI report arrives. If the UE could be asked to provide channel state information earlier, the throughput can be improved. 
One possibility would be to request CSI in the target cell at the first possible occasion, i.e., in Msg3. Fortunately, the RAR grant described in [1] contains a CSI request bit, which would trigger the UE to provide a CSI report. However, there is no description in the specification on how the UE would interpret the bit, and its use is reserved.
The CSI request field was introduced in NB-IoT, with the purpose to aid the PDCCH link adaptation: the UE would provide the NW with a CSI report already in Msg3. This is described in [14][15].
We propose to introduce such CSI reporting also for NR: 
[bookmark: _Toc4754902][bookmark: _Toc4784290]Support CSI reporting in Msg3 triggered by the CSI request bit in the RAR grant, both for contention-based and non-contention-based random access. 
The report format would be different for contention-based and non-contention-based access. The details are described in [16].
Conclusion
In the previous sections we made the following observations: 
Observation 1	Simultaneous Rx/Tx required for intra-frequency MBB and DC-based HO is equivalent to the simultaneous Rx/Tx required for multi-TRP Rx/Tx using multiple PDCCH.
Observation 2	UE designs for multi-TRP using multiple PDCCHs will require synchronous deployments where the TRPs are coordinated to some level.
Observation 3	Simultaneous Rx/Tx for intra-frequency MBB and DC-based HO are associated with restrictions in network deployment.
Observation 4	In the context of MBB and DC-based HO, beam based operation is equivalent to FR2 operation.
Observation 5	If simultaneous Rx/Tx is not feasible in FR2, there are no beam related aspects to MBB and DC-based HO solutions.
Observation 6	The lower-layer mobility procedures have no impact on the procedures described in the RAN2 specifications.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Further investigate the possibility for the UE to perform autonomous TA adjustment before transmitting Msg3 in the target cell.
Proposal 2	To transmit Msg3, the UE shall use a spatial relation defined by a DL RS signalled by the NW.
Proposal 3	Until reconfigured/activated, the UE may assume that all DL signals from the target gNB are quasi co-located with respect to QCL-TypeA, and QCL-TypeD properties with a DL RS signalled by the NW.
Proposal 4	The Msg3 Tx power is determined using the PUSCH power control rules specified in section 7.1.1. in [1] using the RS used for QCL assumptions and spatial relation determination as pathloss reference RS.
Proposal 5	The feasibility for simultaneous Rx/Tx for intra-frequency MBB and DC-based HO can be based on the agreements from the multi-TRP work.
Proposal 6	Beam related aspects of intra-frequency MBB and DC-based HO solutions are described in the multi-TRP work, and any agreements and solutions are reused in the mobility work.
Proposal 7	Support CSI reporting in Msg3 triggered by the CSI request bit in the RAR grant, both for contention-based and non-contention-based random access.
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