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Introduction
To complement the traditional downlink mobility mechanism for power saving and latency reduction in NR, we proposed uplink (UL) based design [2, 3, 11, 12] using an UL tracking signal, the format of which is being discussed in RAN1. The proposals were targeting inactive state low frequency (LF) mobility, light connection small data, and/or densely deployed small cells. Similar proposals [6, 8, 13] were given in for LF macro/micro-cell with high-speed UEs. 
For [4], agreements were reached as below:

1: Concerning RRC driven UL-based connected mode mobility:
•	For connected active state mobility, DL-based handover is supported, and UL based mobility can continue to be studied.
•	For connected inactive state, DL-based reselection is supported, and UL-based mobility can also be studied
•	Benefits of UL based mobility, compared to DL based mobility, should be studied with performance analysis.

Given the above agreements, concerns exist regarding the feasibility of UL mobility in high frequency (HF) [7]. As such, this document generalizes the UL based mobility concept into active state mobility in HF by clarifying at high level the HF mobility design challenges and open issues. Then we will see that the UL tracking (termed UL beaconing here) applied to HF scenarios potentially bring even more benefits than in LF, regardless standalone HF or LF-assisted HF. More details can be found in companion proposals, e.g., [5] for on UL based mobility and beamforming in RAN1, [15] for HF UL mobility in inactive state in RAN2, and [14] for LF UL mobility protocols in RAN2.

Discussion
The Study Item on NR for the next generation wireless system, as proposed in RAN#71 [1], considers frequency ranges up to 100GHz. Beamforming is an essential means to enhance cell coverage due to large attenuation with high frequency radio propagation, yet beamformed HF systems suffer from link intermittency due to blockage and difficult beam alignment in mobility. Naturally traditional DL and UL synchronization in time/frequency/code needs to be extended with an extra dimension, i.e., the space or beamforming, which implies much more complexity in synchronization and connection maintenance. 
Take Figure 1 for example.  Given densely deployed HF TRPs synchronized under the management of the same gNB, a moving UE traversing this area may demand seamless handover, in other words it expects lossless data connection and RRC_ACTIVE control state with the gNB and/or (one of) TRPs. Regardless of DL or UL based mobility, such a system involves very complex and mission critical L1 and L2 beam management actions, such as beam alignment between UE and specific serving or target TRPs, beam refinement, and beam tracking. The beam alignment enables UE-TRP discovery of each other in space (beyond time/frequency/code), while the overall mobility management involves serving TRP selection based on real-time RRM measurements, and possibly L2/L3 control protocols including serving TRP addition/removal, context sharing, measurement reports, and security/PN context update, etc.. Due to frequent mobility and/or blockage, even in a benign environment where UE may constantly maintain its connected active state, UE and (target) TRP(s) still need frequent beam alignment to discover each other, while UE and (serving) TRP(s) need continuous beam refinement and beam tracking to maintain the services. In one word, the traditional mobility process will have to be revisited with respect to HF beamforming.
Observation 1: mobility in NR HF needs to be redesigned due to beamforming in HF.



Figure 1.  TRPs coordinated to appear as one "cell" serving a mobile UE
DL based mobility problems in HF
In RAN2 95bis meeting [10], agreements below with regard to DL mobility were reached:
Agreements for DL-based mobility in RRC_CONNECTED mode (optimized for data transmission, at least for network-controlled mobility) mobility with RRC involvement, concerning beams and the relation to the NR cell definition:

1. UE at least measures one or more individual beams and gNB should have mechanisms to consider those beams to perform HO. Note: This is necessary at least to trigger inter-gNB handovers and to optimize HO ping-pongs / HO failures.
–	FFS: whether UE report individual and/or combined quality of multiple beams

2. UE should be able to distinguish between the beams from its serving cell and beams from non-serving cells for RRM measurements in active mobility. UE should be able to determine if a beam is from its serving cell.
–	FFS whether serving/non serving cell may be termed 'serving/non serving set of beam)
–	FFS: whether the UE is informed via dedicated signalling or implicitly detected by the UE based on some broadcast signals.
-	FFS how the cell in connected relates to the cell in idle

3. 	Study how to derive a cell quality based on measurements from individual beams

4. 	In connected mode, intra-cell mobility can be handled by mobility without RRC involvement. 
-FFS whether there may be cases that do require RRC involvement.

5	UE should be able to identify a beam. FFS how beams are identified (to be defined by RAN1)

From the highlighted above, we know it is widely accepted that the (HF) beamforming causes re-consideration of mobility from many aspects, i.e., TRP selection, cell definition, beam identification (and alignment) and signalling, RRM and measurement reporting. Many topics need RAN1’s design first, e.g., beam identification and/or design and detection of beamformed synchronization and reference signals.

Take an RRC_CONNECTED UE in DL mobility for example: if it were LF, the usual CRS-based DL measurement of the serving TRP (and neighboring TRPs) derives DL RSRP/RSRQ, which are used to check against A2/A3/A4/A6 event-trigger conditions. While it is straightforward in LF, given the necessity of HF beam alignment, it is becoming very difficult. Refer to Figure 2(a): first of all, UE has to be spatially beam aligned with neighboring TRPs in order to be able to measure the quality of their DL signals. However, unless there is LF/macro-assistance or designed otherwise (as UL mobility does), UE doesn’t even know the existence of any neighboring TRPs until UE has aligned its beam with each TRP’s in both space and time/frequency/code: 

· Beam alignment based on DL xSS is a very time- and power-consuming action to the UE, and a non-trivial design issue in RAN1, not to mention possibly multiple TRPs in a UDN may need to be aligned with the same UE. In addition, it is commonly agreed that multiple beams from each TRP have to be measured and combined before a valid HO decision can be made, which adds even more complexity.
· Additionally in HF, any signalling with the serving or target TRP(s) requires DL/UL synchronization in all the 4 dimensions (time, frequency, code, and space) beforehand: 
· slight changes of UE location, frequent traverses of TRPs’ coverage areas, or a dynamic blockage environment may all cause beam misalignment, and hence mandate rounds of UE-TRP beam refinement/tracking actions; 
· even the measurement reports with the serving TRP(s) (assuming in a standalone HF system) may suffer from beam mis-alignment, hence causing generally more frequent handovers, ping-pongs, and RLF/HOFs in HF than in LF. 
· The same complexity exists with any other beam-formed mobility signalling, such as DL HO commands reception with the source TRP, DL SSS/PSS detection, and RACH with the target TRPs, etc. 
· It is often very difficult to distinguish between serving channel oscillation, blockage, or mobility-incurred channel degradation at L1/L2, and hence the responsive RRM measurement and report-triggered network control in DL mobility are either tangled with beam management, or becomes too slow to meet the NR mobility latency requirements.
· Also refer to [5, 16, 17] for more beamforming related challenges in HF systems including those in DL mobility.

Observation 2: DL mobility even in connected active state requires UE to conduct complex and time/power-consuming beam alignment with target TRP(s) in HF.

Observation 3: DL mobility in HF UDN requires more frequent DL scanning and beam alignment than in LF, making UE-side power consumption a top concern.



Figure 2.  (a) DL/UL synchronization/scanning in DL mobility vs. (b) UL beaconing/TRP measurement in UL mobility, all with HF beamforming
UL based mobility mechanisms in HF
In light of the above challenges, UL based mechanism for mobility was proposed as a complementary to DL based mechanism by several companies in the RAN1 86 and 86bis [6-10] and RAN2 95[11, 12] and 95bis [2-4] meetings. The main characteristics and benefits of UL based mobility described in [2, 3, 14] (mainly for LF therein) can be briefly summarized and extended to HF as below:
· Regardless of UL or DL mobility, UL and DL synchronization and beam alignment are always needed in HF systems, and often by a time/frequency-consuming beam sweeping from either or both sides. DL beam sweeping of xSS by each TRP demands power consuming scanning (RX) at the UE-side. Though UL beam sweeping (TX) of beacon by UE sounds more costly than scanning (RX), the actual energy consumption and performance (QoS) still depends on the actual ON time of TX vs. RX, ON-OFF switch frequencies, and also  the overall duration to achieve beam management and handover between UE and multiple TRPs. 
· UL-based mobility including UL synchronization and beam alignment and RRM can be based on a proactive,  single step, or event-driven UL transmission(s) of a beamformed tracking signal. This facilitates both power saving at the UE and a proactive serving TRP selection mechanism by the network mainly, reducing the RAN signalling overhead and service interruptions as in reactive DL mobility. In [3, 6, 8], it is shown that considerable UE power saving is achieved through UL UE tracking in LF, while similar logic can be expected in a scaled down HF small “cell” systems with low ~ medium velocity UEs and smaller coverage by each TRP.
Observation 4: Both DL and UL mobility in HF require time/power-consuming beam management between UE-and target TRP(s), regardless of LF assistance or not, while UL mobility saves power at UE.
· The advantage of UL-based mobility is more prominent in scenarios where the ratio of TRPs to UEs is large,  such as HF ultra dense network (UDN) deployment, where there may always be a nearby TRP that hears UL beacon beam-swept towards certain direction. In a UDN, DL-based mobility may require excessive DL RS measurements and feedback by the UE for multiple-beam alignment of multiple TRPs, while UL-based mobility only requires event-driven UL beaconing in one sweep, as long as the surrounding TRPs constantly monitor/scan a pre-configured beaconing channel, which is being studied in RAN1. 
· The UL beaconing would also enable the multi-connectivity design and “cell-less” or hyper-cell concept, where a set of serving TRPs under one gNB’s coverage can be dynamically updated and seamlessly “track/serve” the travelling UE without much mobility overhead particularly at L3. Inter-gNB handover can be done similarly as long as the neighboring gNBs exchange over CN proper UE- and TRP-context across their boundary, while UL beacon and beam management design for intra- and inter-gNB scenarios are FFS mainly in RAN1.
· Using only one (serving) TRP for example as shown in Figure 2 (b), compared to that of DL mobility in 2(a), the proactive UL beaconing facilitates a series of network-side actions that would be computational or power intensive to UE in 2(a). Such actions in DL mobility would include UE-side UE-TRP discovery and beam alignment, beam tracking, DL RRM measurement, and UL measurement reports. In other words, UL beaconing and TRP-based scanning (of a pre-configured narrow-band beaconing channel, not shown here) on the network-side would save UE-side actions, and hence the associated power consumption as well as signalling overhead. The proactive or event-triggered UL beaconing also speeds up the network-controlled TRP selection and UE handover.  
Observation 5: UL mobility in HF potentially saves UE-TRP mobility signalling overhead, and enables hyper-cell or UE-centric UDN mobility, and network-controlled RRM and TRP selections .
· Although we have emphasized the benefits of UL mobility, we see that for most scenarios in legacy LF macro-cell, DL mobility is still applicable. UL and DL-based mobility may coexist or even be harmonized into one framework in future studies. In short, there are still a lot of detailed open designs issues in both RAN1 and RAN2.
· For the detailed design of UL mobility in general:
· The over-the-air protocol of UL beaconing and mobility in a standalone HF or LF-assisted HF system can be FFS in both RAN1 and RAN2.
· Which of the UE or network better controls the HO or the serving TRP(s) selection, and how to do so, is FFS in both RAN1 and RAN2.
· Whether or how to conduct TRP on-off (similar to small cell ON/OFF in HetNet) in UL mobility can be FFS in both RAN1 and RAN2.
· It is FFS in RAN1 and RAN2 regarding the performance of UL-based vs. DL-based RRM.
· How to harmonize or prioritize UL vs. DL mobility is FFS in RAN2 mainly.
· Multi-connectivity and RRM with multiple beams from the same TRP or different TRPs are FFS.
· How to design the UL RS or beacon format for different UE states (e.g., connected active, connected inactive, and idle) or their sub-states can be FFS, a RAN1 issue mainly.
· Whether UL transmission of the tracking signal needs DL synchronization beforehand, i.e., before or after UE finishes the power-hungry DL beam alignment and measurements at the UE-side, can be FFS in RAN1 mainly.
· In a RAN controlled connected inactive state or idle state, or in a connected active state when UE is searching for neighboring HF TRP(s), the uplink tracking signal aims to assist initial synchronization/beam alignment and the following beam tracking, etc., with either a specific TRP or a group of TRPs: the tracking signal could use RACH (PRACH, preamble) as a reference for beam-formed UL beacon along a pre-assigned narrowband channel [6, 15]. Depending on the channel design, strict DL or UL synchronization may be avoided before UE does beamformed beaconing.
· In a connected active state, where UE is already connected and synchronized to a specific serving TRP, stable signalling and rough synchronization are already achieved. Hence the UL tracking signal between the UE and this specific TRP may use an uplink RS, such as a SRS-like signal, as a baseline to facilitate TRP-side fast UL measurement or beam tracking/refinement.
· We see that different formats of tracking signals for UL-based mobility may be used alternatively or in parallel, while UE/beam ID embedded inside the beacon may be helpful to beam management and mobility.
· How to design the narrow-band UL beaconing or tracking signal channel is FFS in RAN1 mainly. 
· The key difference between beaconing channel and the PRACH is that UL beaconing is NOT necessarily TRP specific and not necessarily after DL synchronization, unless it is configured or scheduled by the (LF) network, say, with target TRP direction knowledge, beaconing opportunities, etc.
· Concrete beam management mechanism, e.g., beamforming reciprocity, signal sweeping and CH structure, in HF UL mobility is FFS in RAN1.
Observation 6: Abundant detailed design issues with respect to UL mobility in HF are FFS in both RAN1 and RAN2.

Proposal 1: UL mobility in NR HF deserves further investigation in RAN2, and coordination between RAN1 and RAN2 on UL-based tracking signal design and beamforming.
Connected Active State Mobility in HF
As mentioned earlier, this contribution focuses on high level design concepts rather than detailed design protocols. We refer to [5, 14] for LF UL mobility protocol for example, while the key difference with HF mobility flow would be the necessary beam management at different stages, plus the savings of certain UE-TRP signalling actions such as RRM measurement reports and DL HO commands to/from the source TRP, and even RACH with the target TRP(s). However, we don’t expect that the network-side behaviours differ much from that of DL mobility (e.g., forward HO) except that UL based mobility protocol would be by a different trigger (e.g., by TRP-measured UL beacon quality rather than by UE’s measurement reports or RLF detection), and would involve possibly additional content in the context (say, best beam ID, TRP-based UL RRM measurement results, beaconing information, and TRP selections or elections).  We also noticed that different companies naturally may have different call flow design (see [13] for inactive mode UL mobility for example). Further details with respect to the protocols are FFS in RAN2. 
Just to highlight the key differences of HF UL mobility vs. DL mobility during target TRP search and selection phase, we have the Figure 3 below.
(a) DL/UL synchronization, DL scanning, and target TRP-UE alignment in DL mobility


(b) UL beaconing and UL/DL synchronization with target TRP-UE alignment in UL mobility


Figure 3.  TRP search and synchronization for DL mobility (a) vs. UL mobility (b) (w. or w/o network assistance)
As we can tell from comparing Figure 3 (a) and (b): 
· For a specific target TRP uncertain in the service range of UE, UE in (a) has to constantly RX beam sweep and DL synchronize to the unknown TRP, before UE can initiate TX beam sweep to RACH with the heard TRP at all. This process can hardly scale up with the increased number of surrounding TRPs in a UDN. 
· Comparative in (b), where the TRP constantly monitors the (configured) beaconing channel for upcoming one-shot or periodic UE beaconing, the power- and computation-intensive initial beam alignment and later RRM and TRP selections are mainly done by the TRP---UE only needs a burst of beacon transmission along specifically configured direction (if given network assistance over the existing active connection), or otherwise blindly (as in a standalone HF), regardless of how many TRPs are surrounding the UE. It is the TRPs’ responsibility here to capture the beacons and track the UE.  
· A comparison of (a) and (b) shows that UL mobility in (b) naturally combines UL beaconing with TRP search and TRP-UE alignment, and hence saves the efforts of RACH and UL measurement reports and possibly even strict DL synchronization. This speeds up the connection establishment of the UE with any potential target TRP. 




Figure 4.  (target) TRP search, alignment, and selection process with network (gNB, MeNB, or a serving TRP) assistance
To further illustrate the UL mobility, we use Figure 4 (Step 1~Step 6) as an example for the LF/network assisted connected active state mobility.
· The network assistance, as shown in plot Figure 3(b) in parenthesis and Figure 4, refers to the configuration and signaling from a serving (HF) TRP or LF gNB/eNB, at RRC for example,  or for faster L1 synchronization, scheduled beaconing opportunities, detected UE/TRP’s current location, and UE-TRPs’ real-time alignment status and UL measurement information. .The flow of actions when a UE is traversing an HF UDN of multiple TRPs, starting from step 1 in Figure 4 for network configuration all the way to Step 6 when the serving TRP set is updated by the network based on beacon monitoring and network-side measurements. Not shown here, a standalone HF UDN would require more time and higher power consumption for the UE-TRP(s) to discover and align with each other in order to have a seamless handover.
· Comparing Figure 3 (b) with 4, we can tell that network-assistance may speed up the TRP-UE discovery and beam alignment using dynamically configured beaconing opportunities and the pooled information of best beam/TRP IDs within the whole network. Such a mechanism, if conducted by Dual Connectivity-like LF RRC signaling with the gNB (or macro-eNB), can greatly reduce the beam management and HO signaling latency over HF links, not to mention the much wider LF coverage and more stable LF signaling channel than a standalone HF system.
· Additionally, given the small coverage of each TRP in HF and the intermittent HF links due to blockage, multi-connectivity is considered a viable solution for stable and seamless HF mobility. If it were for DL mobility, connections with TRPs may frequent re-establishment, incurring frequent DL scanning (synchronization and beam alignment) and poor scalability with increased number of surrounding TRPs. By contrast, in the UL-based mobility, UE does not have to increase the number of its UL beams (beacons) regardless TRP numbers, nor necessarily the beam width.Therefore, UL beaconing and mobility can be a natural choice to enable the multi-connectivity or even soft handover in HF UDN.

Observation 7: UL mobility in HF UDN are more time/power-efficient and scalable than DL mobility in terms of target TRP searching and selection.
Observation 8: UL mobility in HF UDN with network assistance are more time/power/signalling-efficient than the standalone HF UDN.
Proposal 2: Consider the proposed UL mobility and UL tracking signals as a baseline design scheme for NR HF UDN mobility, and consider the harmonization of DL and UL mobility in future L2/L3 signalling and protocol design.
Proposal 3:  In UL mobility for HF UDN,, higher priority shall be given to multi-connectivity handover, and LF/network-assisted mobility than otherwise.
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In this contribution, we provided some initial analysis on UL mobility in HF for connected active state UE, particularly for UDN and regardless standalone or LF assisted. We observe and propose the following:
Observation 1: mobility in NR HF needs to be redesigned due to beamforming in HF.
Observation 2: DL mobility even in connected active state requires UE to conduct complex and time/power-consuming beam alignment with target TRP(s) in HF.

Observation 3: DL mobility in HF UDN requires more frequent DL scanning and beam alignment than in LF, making UE-side power consumption a top concern.

Observation 4: Both DL and UL mobility in HF require time/power-consuming beam management between UE-and target TRP(s), regardless of LF assistance or not, while UL mobility saves power at UE.
Observation 5: UL mobility in HF potentially saves UE-TRP mobility signalling overhead, and enables hyper-cell or UE-centric UDN mobility, and network-controlled RRM and TRP selections .
Observation 6: Abundant detailed design issues with respect to UL mobility in HF are FFS in both RAN1 and RAN2.

Observation 7: UL mobility in HF UDN are more time/power-efficient and scalable than DL mobility in terms of target TRP searching and selection.
Observation 8: UL mobility in HF UDN with network assistance are more time/power/signalling-efficient than the standalone HF UDN.

Proposal 1: UL mobility in NR HF deserves further investigation in RAN2, and coordination between RAN1 and RAN2 on UL-based tracking signal design and beamforming.
Proposal 2: Consider the proposed UL mobility and UL tracking signals as a baseline design scheme for NR HF UDN mobility, and consider the harmonization of DL and UL mobility in future L2/L3 signalling and protocol design.
Proposal 3:  In UL mobility design for HF UDN, higher priority shall be given to multi-connectivity handover, and LF/network-assisted mobility than otherwise.
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