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Introduction
The topic of Uplink timing in HST FR2 deployments was actively discussed at the previous RAN4#100-e meeting [1]. The main challenge is how to keep the correct value of UL timing advance (TA) when a CPE is switching between the beam of non-collocated RRHs belonging to the same cell, i.e., with the same Physical Cell ID (PCI). In this case the propagation delays between the RRHs can be significant but the CPE does not need to go through the RACH process like in a regular HO between the RRHs of different cells. Moreover, the legacy network-controlled UL timing mechanism is not fully applicable either because the target RRH does not have information about the difference in propagation delays to the source RRH before the beam switch.
In the previous meetings (e.g., RAN4#99-e, WF [2]), several possible solutions for the problem were proposed:
	· Solution 1: One-time large TA adjustment
· Solution 2: NW-based pre-compensation of different propagation delays
· Solution 3(a): Only use bi-directional with Scheme-1, i.e., don’t use uni-directional; and don’t use bi-directional with Scheme-2/3.
· Solution 3(b): Bi-directional deployment with interruption allowed by following Scheme-2 but no dedicated beam for coverage hole from neighboring RRH.
· Solution 4: Uni-directional deployment with interruption allowed.



However, at the last RAN4#100-e meeting, the discussion focused mostly on Solution 1, that can have at least two interpretations: network controlled large TA adjustment or UE autonomous large timing adjustment. The possible standardization impact of these approaches and involvement of other RAN WGs were important aspects also discussed at the GtW session. The UE autonomous TA looks to be as more RAN4 -centric solutions, and therefore it is considered as a priority option in the WF [3]:
	Uplink timing 
· RAN4 will further study the below options to address uplink timing issues 
· Option 1: One shot UE autonomous large uplink timing adjustment
· Option 2: Other implementation/deployment based solution 

Session chair note: Other WG impacts are not in the scope of the latest FR2 HST WID and whether new solutions with RAN1/2 impacts shall be defined require RAN decision. The discussion shall focus on RAN4 solutions and additional discussion can take place if it is identified that RAN4 solutions are not feasible.



As it is mentioned by many companies in the second round of e-mail discussion summary [1], the issue requires further detailed analysis.
In this contribution, we thoroughly consider a set of possible solutions for UL timing in HST FR2 scenario taking into account not only the TA adjustment as such but the procedure as a whole.


Discussion
Problem description
In HST FR2 scenario, change of beams between source and target non-collocated RRHs of the same cell does not occur using HO. This is because these beams belong to the same cell, i.e., have the same Physical Cell Id (PCI). Instead, the CPE is instructed by the network to change serving RRHs within the same cell with beam/TCI state switching command.
Currently, the beam/TCI state switching procedure assumes that the same Timing Advance (TA) is applicable in source and target beam and does not include RACH process. This is acceptable when the beams are co-located. However, the propagation delays and, hence, needed TA of UL transmission can be very different when the beam transmission points are far away from each other. Such a situation is illustrated in Figure 1 on the example of uni-directional HST FR2 deployment. It can be easily observed that the propagation delays (PD) PD1 and PD2 can be very different, and for the typical inter-RRH distance Ds=700m it can reach a few micro-seconds.



[bookmark: _Ref83115825]Figure 1: Change in propagation delay and TA for UE (train CPE) moving over the railway track to the right. Consecutive CPE locations are shown.

It was discussed that several transmission scheme in bi-directional deployments might help to mitigate the difference in propagation delays at the beams switching point (Figure 2). However, such an approach limits deployment and system flexibility to the very specific bi-directional deployments. In practice, it is hard to restrict the physical locations of DL beam changes only to the area in the middle between the RRHs where the propagation delays to the source and target RRHs are similar. This can also reduce the reliability of the system, e.g., if one of the beams or RRHs get blocked.
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[bookmark: _Ref83115854]Figure 2: Bi-directional deployments, potentially without jump in propagation delay.

Do not consider specific bi-directional deployments as a resolution of UL TA problem in HST FR2.

Legacy TA mechanism and requirements
Following TS 38.133 (Section 7.1) and TS 38.213 (Section 4.2), Timing Advance (TA) is the advance in time a UE applies to its UL transmission compared to the time at which the DL frame (from the serving cell/RRH) is received. This way, the signal arrives at gNB receiver aligned with the start of the UL frame from gNB perspective. TA is essential for network operation and performance since it allows the gNB to avoid the overlap of DL Tx and UL Rx in TDD and to synchronize the reception of multiple UEs to arrive at the gNB at the same time



Figure 3: UL TA shown in two different UE positions, RRC connected state.

To control the UL signal transmission timing at the UE, Timing Advance adjustment Command (TAC) is used. The TAC is MAC-CE based command used by the network to update the used TA in the UEs when this is needed. gNB constantly measures, tracks and indicates to the UE when to compensate for its time-varying propagation delay due to movement by sending TA updates to the UE. To estimate the amount of TAC a UE needs, the gNB constantly measures the time of arrival of the received UL channels (e.g., PUSCH/PUCCH/SRS) compared to the actual start of the UL frame/slot.
The TAC can be indicated in two ways (3GPP TS 38.213):
1. Through MAC-CE command in case UE is in RRC connected mode (associated to residual timing offset)
1. Through RAR (Random Access Response) as a part of the random access procedure (associated to initial timing offset).

In case the UE is in RRC connected state, the timing advance in seconds is defined as:
,
[bookmark: _Hlk85459616]where ;  is the TA the UE is currently applying to its UL transmissions,  is the numerology of the UL transmission and . In this case, since TAC value can be as large as 63, 6 bits are needed to convey the TAC through MAC-CE. Thus, the TA adjustments that can be carried by TAC at 120kHz SCS () are in the range from  to  with  resolution.

In the case, the UE is performing the random access (RA) procedure,  does not apply and the equation simplifies as:

where .
Therefore, the maximum TA than can be signaled with after the RA procedure is up to 251 µs.
UL timing advance is applied by UE to all UL transmissions (i.e., PUSCH, PUCCH, SRS) based on TAC from gNB.

The UE initial transmission timing error shall be less than or equal to Te. The reference point for the UE initial transmit timing control requirement shall be the downlink timing of the reference cell minus [image: ]. The downlink timing is defined as the time when the first detected path (in time) of the corresponding downlink frame is received from the reference cell. NTA for PRACH is defined as 0.
For FR2, 120KHz SCS, Te = 3.5*64*Tc = 227.5*0.506 ns = 115 ns.

When the transmission timing error between the UE and the reference timing exceeds Te then the UE is required to adjust its timing to within Te. At RAN4#99-e meeting [R4-2108342] it was agreed that autonomous timing adjust step Tq for FR2 in high-speed scenario is [4.5]Ts. The maximum aggregate adjustment rate shall be Tq per 200 ms.
For FR2, 120KHz SCS, Tq =4.5* 32.552ns = 147 ns.
It is obvious that such autonomous TA adjustment is not sufficient to compensate for the propagation time difference of a few us between the RRHs 700m far away from each other.

The maximum range of TAC in the case of RAR is up to 251 µs, whereas in RRC connected mode it is limited to .

The UE shall adjust the timing of its transmissions with a relative accuracy better than or equal to the UE Timing Advance adjustment accuracy requirement (±32 Tc = 16 ns at 120KHz SCS) to the signaled timing advance value compared to the timing of preceding uplink transmission.

Finally, there is a requirement on the time the UE has to adjust its timing. For a timing advance command received on uplink slot [image: ] and for a transmission other than a PUSCH scheduled by a RAR UL grant or a fallback RAR UL grant as, or a PUCCH with HARQ-ACK information in response to a success RAR, the corresponding adjustment of the uplink transmission timing applies from the beginning of uplink slot [image: ].

Following these requirements, TS 38.533 also defines UE transmit timing tests:
· Section 4.4.1: UE transmit timing, i.e. the UE shall meet the Te requirement for an initial transmission. The requirement applies when it is the first transmission in a DRX cycle for PUCCH, PUSCH and SRS or it is the PRACH transmission.
· Section 4.4.2: UE timer accuracy. This test combines testing that the UE shall adjust the timing of its transmissions with a relative accuracy better than or equal to the UE Timing Advance adjustment accuracy requirement, i.e. ±32 Tc at 120kHz SCS and that the timing shall be adjusted within at time slot n+ k for a timing advance command received in time slot n.

Currently UL timing adjustment procedure is network controlled except for the UE autonomous TA adjustment. However the step size cannot exceed Tq=[4.5]Ts which is considerably smaller than the potential propagation time difference change between neighbor RRHs of the same cell.
The UE initial transmission timing error shall not exceed Te. = 3.5*64*Tc.
UE shall adjust the timing of its transmissions with a relative accuracy better than ±32 Tc and within k+1 slots from the TAC received on uplink slot n.

Analysis of challenges and possible solutions
Following the discussions in the previous RAN4#100-e meeting [1], the problem of the large difference in propagation delays may be resolved by one-shot UL timing adjustment when the DL serving beam/TCI state is switched between the RRHs. There are two principally different ways to perform such large enough UL timing adjustment:
A1	By allowing autonomous timing adjustment on UE side beyond currently allowed Tq
A2	Based on signaling from the network, like in legacy TA mechanism (i.e., network-based solution)

Autonomous UL timing adjustment-based solutions
We, firstly, analyze the challenges related to the approach (A1), as follows:
Ch1.1
There are strictly defined requirements on the UE UL timing as we overview in the previous section. Therefore, any modification to the existing TA mechanism shall be either fully compliant with these requirements or shall not provide any impact on the existing TA mechanism, i.e., shall be agnostic to the network.
However, if autonomous UE timing adjustments are performed without any coordination with the network, the information about TA of the UE on the network side can become wrong. We are illustrating such a situation in Figure 4. Thus, the existing UE timing requirements might not be followed any more.



[bookmark: _Ref85113571]Figure 4: Illustration of TA mismatch between gNB and UE when UL timing is adjusted autonomously by the UE.

If large time adjustments are performed autonomously by the UE it can result in the mismatch of TA information between the UE and the network.
Autonomous change in timing has no new signaling as such but TA alignment between the UE and the network is needed.

Ch1.2
Alternatively, any newly introduced methods of timing adjustment shall be thoroughly tested to avoid any ambiguousness on the network side. This goal is challenging to achieve because the current testing setup is based on the assumption that the UE is connected only to one RRH. Thus, testing of TA adjustment that compensates for the propagation delay difference between two non-collocated RRHs would require the presence (or at least emulation of presence) of two RRHs in the test setup, i.e., it might be necessary to design a new testing setup.

Autonomous transmit timing adjustment on UE side beyond currently allowed Tq shall be agnostic to the network (i.e., fully complaint with existing timing requirements).
The solution based on the autonomous transmit timing adjustment on UE side might require a design of a new testing setup.
The latter option is time and resource consuming task that might require the involvement of other RAN WGs, e.g. RAN5. Hence,
RAN4 to consider introduction of UE autonomous timing adjustment beyond Tq only if it is agnostic to the network and follows existing UE timing requirements.
RAN4 to introduce a fallback solution that can be enabled and is fully controlled by the network so that the existing TA mechanism and UE UL timing requirements are preserved.

In general, we can expect that the fallback solution does not need to be enabled all the time if the network is able to predict the autonomous time adjustments of UE accurately enough. However, this is not straightforward because the exact locations of the beam switches between the RRHs are not fixed and depend on many factors including radio conditions, the exact deployment of a particular RRH, etc. One solution could be development of a dedicated model for the prediction of change in UE UL timing on the network side.

Next, we are considering the following solutions to the challenge Ch1.1:
S1.1.a. UE reporting-based solution.
The UE needs to inform the network about a needed for or about performed autonomous timing adjustment. Then, the network will be able either to signal TAC or at least to adjust its TA information accordingly.
The downside of this approach is that new signaling is needed that requires involvement of other WGs.

S1.1.b RA-based solution.
As a fallback solution proposed above, the use of RA procedure can be considered.
The UE can be instructed by the network to transmit (PRACH) preamble towards the target RRH following the beam change so that the network is able to calculate the needed TA value to be applied by the UE and/or signaled to the UE.
The indication to transmit the preamble can be signaled/indicated to the UE, e.g., either with TCI switch command or PDCCH Order following the TCI switch.
Alternatively, such reporting can be enabled in HST FR2 deployment every time large autonomous timing adjustment or TCI/beam switch is performed. In this latter case, the impact on the specifications/other WGs are minimized.
In order to accelerate RA procedure the UE can be allocated with dedicated PRACH resources, i.e., Contention Free Random Access (CFRA) procedure can be used. This is a valid approach in HST FR2 deployment because the number of UEs/CPE is rather limited.

RAN4 to consider the usage of RA procedure as a fallback solution for UE autonomous timing adjustment beyond Tq (Option 2).
When the fallback solution is enabled, UE is not allowed to transmit any UL signals and shall wait for the scheduling decision from the network in DL direction.
RAN4 to discuss the ways of indication of the fallback operations to the UE. Among the possible options are:
Option 1: dynamic configuration, e.g., network is signaling PDCCH Order at necessary beam switches
Option 2: semi-static configuration, e.g., RA is sent at any large autonomous timing adjustment when enabled

Network-based solutions
The benefit of the network-based alternative (A2) is that TA adjustment stays under the network control, i.e., all existing requirements can be kept as they are. However, this approach has at least two challenges.
Ch2.1
The target RRH is not receiving UL signals from the UE before the beam switch. Therefore, target RRH does not have a capability to measure the timing offset (TO) of the UE and the TAC cannot be signaled to the UE to compensate for the upcoming jump in propagation delay.
On the other hand, if UE starts to transmit in UL with a considerably wrong TA, such signals can be out of the gNB synchronization window. Thus, such transmissions might be lost completely.

Ch2.2
Even if the network can by any means determine the needed level of TA adjustment at beam change (e.g., without explicit signaling from the UE side or preamble transmission, etc.), the maximum value of TA adjustment that can be carried by the TAC in RRC Connected state might not be sufficient to cover the difference in propagations delay. For example, as we discussed in our previous contribution [4], the maximum adjustment in FR2 at 120KHz SCS is  whereases the jump in Round Trip Time (RTT) can be 4.8µs and even more.

The challenge Сh2.1 can be treated at least in the following ways:
S2.1.a
The UE can be instructed to always trigger RA. Hence, following a network-controlled beam switch the UE will perform RA. RA procedure includes RA response that carrier TA value.
S2.1.b
The network can indicate to the UE dynamically, that the UE shall transmit (RACH) preamble to the network in the target beam following a beam change (hence, after the TCI state change). The indication can be signaled/indicated to the UE, e.g., either with TCI switch command or PDCCH Order following the TCI switch.
Based on the received preamble from the UE the network is able to calculate the needed TA value to be applied by the UE and signal the TA value to the UE.
This solution was already introduced by us in our previous contribution [4].
S2.1.c
The UE can measure the time difference between RRH1 and RRH2, e.g., based on SSBs or CSI-RSs, and then report it back to the network so that the corresponding TA adjustment could be signaled by the gNB.
The complexity of fully network-based solution can be kept on the level of fallback solution in Proposal 5. 

Solution to the Ch2.2 was already discussed in our previous contribution [4]:
S2.2.a:
It is possible to shift a symmetrical TA adjustment range () to positive or negative area depending on the deployment. In such a way the maximum TA adjustment range is effectively extended, however, the accuracy of the TAC stays the same.
On the downside is that this solution would need an involvement of other WGs, what is currently not desirable.
Existing scale of TAC in RRC connected state does not always allow to compensate the large jump in propagation delay between the RRHs. 

RAN4 to consider network-based solution as an option to address uplink timing issue in HST FR2 deployment (Option 3).

Conclusion
In this paper, we provide an in-depth analysis of possible solutions to the UL timing issue in the HS FR2 deployment.
The following observations and proposals are made:

1. Do not consider specific bi-directional deployments as a resolution of UL TA problem in HST FR2.
1. The maximum range of TAC in the case of RAR is up to 251 µs, whereas in RRC connected mode it is limited to .
Currently UL timing adjustment procedure is network controlled except for the UE autonomous TA adjustment. However the step size cannot exceed Tq=[4.5]Ts which is considerably smaller than the potential propagation time difference change between neighbor RRHs of the same cell.
The UE initial transmission timing error shall not exceed Te. = 3.5*64*Tc.
UE shall adjust the timing of its transmissions with a relative accuracy better than ±32 Tc and within k+1 slots from the TAC received on uplink slot n.

On autonomous timing adjustment on UE side:
If large time adjustments are performed autonomously by the UE it can result in the mismatch of TA information between the UE and the network.
Autonomous change in timing has no new signaling as such but TA alignment between the UE and the network is needed.
Autonomous transmit timing adjustment on UE side beyond currently allowed Tq shall be agnostic to the network (i.e., fully complaint with existing timing requirements).
The solution based on the autonomous transmit timing adjustment on UE side might require a design of a new testing setup.
RAN4 to consider introduction of UE autonomous timing adjustment beyond Tq only if it is agnostic to the network and follows existing UE timing requirements.
RAN4 to introduce a fallback solution that can be enabled and is fully controlled by the network so that the existing TA mechanism and UE UL timing requirements are preserved.
RAN4 to consider the usage of RA procedure as a fallback solution for UE autonomous timing adjustment beyond Tq (Option 2).
When the fallback solution is enabled, UE is not allowed to transmit any UL signals and shall wait for the scheduling decision from the network in DL direction.
RAN4 to discuss the ways of indication of the fallback operations to the UE. Among the possible options are:
Option 1: dynamic configuration, e.g., network is signaling PDCCH Order at necessary beam switches
Option 2: semi-static configuration, e.g., RA is sent at any large autonomous timing adjustment when enabled

On network-based solution:
The complexity of fully network-based solution can be kept on the level of fallback solution (Proposal 5). 
Existing scale of TAC in RRC connected state does not always allow to compensate the large jump in propagation delay between the RRHs. 
RAN4 to consider network-based solution as an option to address uplink timing issue in HST FR2 deployment (Option 3).
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