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1.	Introduction
We provide analyses on uplink timing error requirements taking into account a composite UE positioning error. Based on the presented analyses, observations and proposals are provided for the following requirements.
· Initial Transmit Timing Error
· Gradual Timing Adjustment
· TA Adjustment Accuracy
And we also present our view on the following aspect.
· Double Correction issue due to infrequent UE position update 
2. 	Discussion
In NTN, there are roughly four distinctive differences from the traditional TN systems as below:
1) UL timing pre-compensation even including PRACH transmission
2) Open-loop and Closed-loop TA
a. Open-loop TA: UE autonomous TA estimation based on estimated UE position, projected satellite position, derived timing drifted over feeder link, and other common/fixed parameters
b. Closed-loop TA: TAC from the serving cell as legacy
3) Scheduling offset to ensure causality in the system for which K_offset parameter is introduced
4) Separate MAC application time instances for DL and UL for which K_mac is introduced

All the above attributes can affect UE UL timing requirements. For the fourth item, it was agreed in the last RAN4 meeting that the application time of TA adjustment shall be updated accordingly. And for the third item, it is expected that it shall be ensured by the system based on reported UE specific TA. In this contribution, we will present our views on the first and second items.

· Initial Transmit Timing Error
According to analysis/simulation presented in R4-2109855, 5m of satellite’s position prediction error can be achieved by reading the ideal ephemeris information every 10s and the PV ephemeris format based prediction shows better performance in terms of accuracy.
Observation 1-1: PV ephemeris can provide better satellite position estimation performance in terms of accuracy than orbital ephemeris.
Observation 1-2: Transmit timing error requirement shall not be defined such that UE is forced to read serving satellite’s ephemeris information more frequently than 10sec.
Proposal 1: RAN4 NTN UE timing requirements shall be based on PV ephemeris format and shall not include an error due to inaccurate ephemeris information from NW.

In order to preserve inter-symbol and -carrier orthogonality in uplink, the total UL timing error shall not be larger than half of CP minus fading channel delay spread. In TR38.811, it is observed that 250ns of channel delay spread covers 90% of FR1 NTN environments.
Proposal 2: The max tolerance for NTN UL timing error is defined as (T_cp/2 -T_ch) where
· T_cp: CP length of UL SCS
· T_ch: 250ns for FR1

With the above criterion, we observe that UL SCS 60kHz cannot be supported in NTN. For SSB SCS 30kHz, the criterion can be met by a small margin only when 2D UE position estimation error can be smaller than 10m, which is unlikely.

Observation 2: For UL SCS 60kHz, NTN UE initial timing error requirements cannot be met under the following conditions:
· 10deg of the elevation angle to the satellite from UE
· 5m of serving satellite’s position prediction error
· For SSB SCS 15kHz, even when 2D UE position estimation is perfect
· For SSB SCS 30kHz, 2D UE position estimation error > 10m
· 250ns of channel delay spread
Proposal 3: For UL SCS 60kHz, RAN4 does not define NTN UE initial timing error requirements.

For other UL SCSs, we observed that the criterion can be met with the following assumptions: 
· 50m of 2D UE position estimation error (RAN4#100 agreements)
· 10deg of the elevation angle to the satellite from UE
· 5m of serving satellite’s position prediction error
· No error due to timing drift on the feeder link as per WA made in RAN1#106 “No offset between the common TA according to the parameters provided by the network and the actual feeder link RTT is considered when defining UE UL timing error requirements.”

Proposal 4: NTN UE initial transmit timing error in FR1 is defined as below:
	Frequency Range
	SCS of SSB signals (kHz)
	SCS of uplink signals (kHz)
	Te_NTN

	1
	15
	15
	24*64*Tc

	
	
	30
	22*64*Tc

	
	
	60
	NA

	
	30
	15
	20*64*Tc

	
	
	30
	20*64*Tc

	
	
	60
	NA

	NOTE: Tc is the basic timing unit defined in TS 38.211



Another issue that should be discussed is time reference for UL transmit time error measurement and downlink frame boundary. In NGSO environment, DL signal is transmitted from moving satellite, hence, DL frame boundary should also be adjusted accordingly, i.e. UL perceived DL frame boundary won’t be perfectly periodic. In such a case, the reference time of “the reception of the first detected path” should be clarified because it changes over time according to satellite position change and elevation angle. Similarly, the reference time of open loop TA control parameters, N_{TA,UE-specific} and N_{TA,common}, shall be also clarified.

Proposal 5: The time reference for the UL transmit timing requirement shall be the downlink timing of the reference cell minus (N_TA + N_{TA,UE-specific} +N_{TA,common} + N_{TA,offset}) x T_c where
· Reference timing of downlink is the slot when UE transmits the UL signal/channel
· Reference timing for N_{TA,UE-specific} is the slot when the UL transmission is supposed to arrive at the target satellite based on true satellite position
· Reference timing for N_{TA,common} is derived according to N_{TA, common} related parameters broadcasted within a validity duration.
· Note that downlink frame boundary should also be adjusted according to open-loop TA control related parameters provided by serving cell.

· Gradual Timing Adjustment
The current gradual timing adjustment requirement is to verify how UE reflects the estimated DL frame boundary drift to UL transmit timing when both UE and gNB are static in terms of mobility, therefore, UE autonomous TA pre-compensation corresponding to UE position change, satellite position change, and feeder link timing drift amount shall not eat into the allowed min/max aggregated adjustment rate. For this, RAN4 can update the definition of the current reference timing taking into account those factors, i.e. the reference timing shall include time variation due to satellite position change and feeder link timing drift amount.

Observation 3-1: The current gradual timing adjustment requirement is to verify how UE reflects the estimated DL frame boundary drift to UL transmit timing when both UE and gNB are stable in terms of mobility.
Observation 3-2: Relaxing UE gradual timing adjustment requirement to accommodate the timing change/drift due to satellite position change and feeder link time drift will make the requirement specification complicated unnecessarily, i.e. it will create multiple tables for different satellite types and altitudes.
Proposal 6: NTN gradual timing adjustment requirement should be the same as the current gradual timing adjustment requirement with the following modifications:
· The time reference for the gradual timing adjustment requirement follows the same definition of the time reference for UT initial transmit timing error requirement, i.e. UE autonomous TA adjustment due to updates of satellite position prediction and feeder link time drift shall be accounted for in the definition of reference timing not in the number of samples for the allowed gradual timing adjustment.
· To resolve an uncertainty on the amount of additional TA adjustment due to UE position estimation, the current requirement shall be extended by [X]% of the effective UE position estimation error that is assumed for the derivation of UE initial transmission timing error, e.g. X=10 and the effective UE position error with respect to service link=50m x cos(10deg).
· The requirement applies only to a stationary UE.
· The requirement applies to GEO, i.e. NTN UE is tested under GEO environment, unless the benefit of testing the UE in non-GEO mode is justified and the framework is further clarified in terms of how to differentiate DL reception timing drift due to satellite position change from the drift due to some other reason.

· TA Adjustment Accuracy
When UE applies the received TAC (close-loop TA) to the subsequent UL transmissions, UE autonomous TA pre-compensation (open-loop TA) can be additionally applied. Therefore, in the legacy requirement verification mechanism there can be an uncertainty on the accuracy requirement on TA adjustment in response to MAC.
Table 2 shows the increase in the error margin when 5m of UE position estimation error in a static environment is taken into account in the requirement relaxation to resolve the uncertainty on the amount of additional TA adjustment due to UE position estimation. If infra doesn’t feel comfortable with 202% increase in the FR2 requirement, RAN4 can consider X<10% and/or ask RAN1/2 to enhance the granularity of TAC interpretation.

Table 2. An analysis of TA adjustment requirement relaxation when 50m of 2D UE position estimation error and α = 10deg are assumed
	current TA adjustment error requirement
	TUE-P (50m)
	X% of TUE-P (X=10)
	Total TA adjustment margin
	increase

	SCS
	Tc
	us
	us
	us
	us
	Tc
	%

	15
	256
	0.130208
	0.328
	0.0328
	0.163035
	320.54
	25%

	30
	256
	0.130208
	0.328
	0.0328
	0.163035
	320.54
	25%

	60
	128
	0.065104
	0.328
	0.0328
	0.097931
	192.54
	50%

	120
	32
	0.016276
	0.328
	0.0328
	0.049103
	96.54
	202%



[bookmark: _Hlk85787111]Proposal 7: NTN TA adjustment accuracy requirement should be the same as the current TA adjustment requirements with the following modifications:
· UE autonomous TA adjustment due to updates of UE position estimation, satellite position prediction, and feeder link time drift shall be excluded from the definition of TA adjustment error in response to TAC, i.e. “a relative accuracy to the signalled timing advance value compared to the timing of preceding uplink transmission” shall be modified to not include UE autonomous TA update due to satellite position update and N_{TA,common} update.
· To resolve the uncertainty on the amount of additional TA adjustment due to UE position estimation, TA adjustment error margin shall be extended by [X]% of the effective UE position estimation error that is assumed for the derivation of UE initial transmission timing error, e.g. X=10 and the effective UE position error with respect to service link=50m x cos(10deg).
· The requirement applies only to a stationary UE.
· The requirement applies to GEO, i.e. NTN UE is tested under GEO environment, unless the benefit of testing the UE in non-GEO mode is justified and the framework is further clarified in terms of how to differentiate DL reception timing drift due to satellite position change from the drift due to some other reason.

· New requirements to resolve Double Correction issue due to infrequent UE position update 
In the legacy UL timing requirements (initial transmission timing accuracy requirement, gradual timing adjustment requirements, TA adjustment requirement) based NTN requirement, we don’t consider UE mobility in relaxing/modifying the current requirements. However, when UE mobility can’t be assumed stable, there can be a so called ‘double correction’ issue between open-loop and close-loop TA control. And the issue is also indicated in R1-2110604, “LS on Combination of open and closed loop TA control in NTN,” RAN1#106-bis-e.
	As part of the WI NR-NTN-solution, under agenda item 8.4.2, RAN1 discussed the issue related to combination of open and closed loop TA control. 
As per the RAN1#104-bis-e Agreement specifying the Timing Advance applied by an NR NTN UE, it is assumed that an NTN UE always add the accumulated TA command and UE autonomous TA. However, double TA adjustment may happen when the parameters that affect open loop control (including at least common TA, ephemeris, and GNSS position) are updated. 
Specifically, a UE may use old open loop TA control parameters which leads to TA error. This TA error is already corrected by closed loop TA control. When the UE updates open loop TA control parameters, it actually corrects this TA error one more time (since this TA error is already corrected by closed loop TA control). 
In light of the new open-loop TA control mechanism defined for NTN, RAN1 identified the following question:

Question 1: Considering the new open-loop TA control for NTN, will the requirement of  gradual timing adjustment as defined in R4-2115347 apply and, if applies, what’s the reference timing in the requirement?



The relevant details and simulation results are presented in R1-2110184 and reproduced below.
With GNSS, a UE may update its location on the order of seconds or more due to the minimum amount of time needed for performing a GNSS fix. Thus, the UE keeps using a GNSS location obtained from the previous GNSS fix for seconds or more until the next GNSS fix, and the GNSS location may become outdated as the UE moves, causing an error in the open-loop TA. This error can be corrected by the closed-loop TA. However, after a new GNSS fix, an update in the open-loop TA can correct the error due to UE movement, which has already been fully or partially corrected by the closed-loop TA. This gives rise to the problem of double correction.
We illustrate the double correction problem by simulation results. In the simulation setup, the UE finishes a GNSS fix every 10 seconds, receives a TA command if the timing error is greater than 0.05 µs, and makes a UL transmission every 0.1 second. The UE moves north at a speed of 30 meters/s. The satellite moves from north to south at an altitude of 600km. At time 0, the UE’s GNSS location is [32.896775, -117.201768, 0], and the satellite is right above the UE. The network measures the UL timing error based on the UL transmissions, averages the timing errors in a window of 0.5 sec, and smoothies the average with an AR-1 filter with a weight 0.8 (applied to the raw timing error). After transmitting a TA command, the gNB clears the timing errors in the average window and resets the AR-1 filter. It is assumed that the timing error measurement is perfect at the Network side. The timing error as a function of time is shown in Figure 1. If the open-loop TA and the closed-TA are simply added, then at the time of GNSS fixes a jump in the timing error occurs, caused by the double correction as illustrated as the blue curve in Figure 1. As can be seen from the figure, whenever there is a new GNSS fix, there will be a big jump in UL timing error.
Observation 4: For calculating the TA in RRC_CONNECTED state, always adding the open-loop TA and the closed-loop TA may cause large timing errors due to double correction of timing error caused by UE movement. 

In figure 1, the red line, green line, cyan line, and magenta line are for the maximum aggregate adjustment rate of 6 meters, 5 meters, 4 meters, and 3 meters per adjustment, respectively. Note that a 6-meter location adjustment corresponds to a TA adjustment no more than 12/3e8=0.04 ms/adjustment. As a comparison, we also show the timing error for the scheme where the open-loop and the closed-loop TAs are simply added but with the UE location used to calculate the UE-specific fixed at the initial GNSS fix. From the results, it is clear that appropriate slew rate control is effective in mitigating the double correction problem and also outperforms the case where only a first GNSS reading is used without updating. 

[image: ]

Figure 1 Timing error at the gNB: (1) simple addition of the open-loop TA and the closed-loop TA (blue line), (2) max slew rate on the UE location of 6 meters per adjustment (red line), (3) max slew rate on the UE location of 5 meters per adjustment (green line), (4) max slew rate on the UE location of 4 meters per adjustment (cyan line), (5) max slew rate on the UE location of 3 meters per adjustment (magenta line), (6) simple addition of the open-loop TA and the closed-loop TA, but keeping using the initial UE GNSS as the UE location (black line).

In summary, when UE updates its position infrequently, the double correction causes a large timing error fluctuation because when and how much UE position update will be reflected to UL timing pre-compensation is unknown to the receiver, i.e. the network. This can be mitigated either by forcing UE to read and update its position frequently, e.g. mandating GNSS fix read or UE position update before transmission at a rate of [X]Hz, or by defining a new requirement on how often and how much UE is allowed to reflect its position update in UL timing pre-compensation. 
For the former, we can consider applying initial timing accuracy requirement to every single UL transmission, thereby, indirectly mandating GNSS fix read at a high rate. In such a case, we should discard the gradual timing adjustment requirements for NTN UEs.
For the latter, we can define a new requirement in a similar manner as gradual timing adjustment. In such a case, the major different between the two requirements would be what is regulated by the requirement, i.e. the legacy requirement is about so-called slew rate control due to DL reception time change, and the new requirement is a slew rate control due to UE position change.

Proposal 8: RAN4 to define a new requirement to address the double correction issue (indicated in R1-2110604):
· (Option 1)  the new requirement is the same as NTN UE initial timing accuracy requirement and the requirement applies to all UL transmissions, i.e. replace gradual timing adjustment with NTN initial timing accuracy requirement.
· (Option 2) the new requirement is based on NTN gradual timing adjustment accuracy requirement, e.g. the requirement regulates the maximum amount of UE specific TA change of shot adjustment due to UE position change, the minimum and maximum aggregate adjustment rates.
3.	Conclusion
Observations and Proposals are summarized below:
· Initial Transmit Timing Error
Observation 1-1: PV ephemeris can provide better satellite position estimation performance in terms of accuracy than orbital ephemeris.
Observation 1-2: Transmit timing error requirement shall not be defined such that UE is forced to read serving satellite’s ephemeris information more frequently than 10sec.
Proposal 1: RAN4 NTN UE timing requirements shall be based on PV ephemeris format and shall not include an error due to inaccurate ephemeris information from NW.
Proposal 2: The max tolerance for NTN UL timing error is defined as (T_cp/2 -T_ch) where
· T_cp: CP length of UL SCS
· T_ch: 250ns for FR1

Observation 2: For UL SCS 60kHz, NTN UE initial timing error requirements cannot be met under the following conditions:
· 10deg of the elevation angle to the satellite from UE
· 5m of serving satellite’s position prediction error
· For SSB SCS 15kHz, even when 2D UE position estimation is perfect
· For SSB SCS 30kHz, 2D UE position estimation error > 10m
· 250ns of channel delay spread
Proposal 3: For UL SCS 60kHz, RAN4 does not define NTN UE initial timing error requirements.

Proposal 4: NTN UE initial transmit timing error in FR1 is defined as below:
	Frequency Range
	SCS of SSB signals (kHz)
	SCS of uplink signals (kHz)
	Te_NTN

	1
	15
	15
	24*64*Tc

	
	
	30
	22*64*Tc

	
	
	60
	NA

	
	30
	15
	20*64*Tc

	
	
	30
	20*64*Tc

	
	
	60
	NA

	NOTE: Tc is the basic timing unit defined in TS 38.211



Proposal 5: The time reference for the UL transmit timing requirement shall be the downlink timing of the reference cell minus (N_TA + N_{TA,UE-specific} +N_{TA,common} + N_{TA,offset}) x T_c where
· Reference timing of downlink is the slot when UE transmits the UL signal/channel
· Reference timing for N_{TA,UE-specific} is the slot when the UL transmission is supposed to arrive at the target satellite based on true satellite position
· Reference timing for N_{TA,common} is derived according to N_{TA, common} related parameters broadcasted within a validity duration.
· Note that downlink frame boundary should also be adjusted according to open-loop TA control related parameters provided by serving cell.

· Gradual Timing Adjustment
Observation 3-1: The current gradual timing adjustment requirement is to verify how UE reflects the estimated DL frame boundary drift to UL transmit timing when both UE and gNB are stable in terms of mobility.
Observation 3-2: Relaxing UE gradual timing adjustment requirement to accommodate the timing change/drift due to satellite position change and feeder link time drift will make the requirement specification complicated unnecessarily, i.e. it will create multiple tables for different satellite types and altitudes.
Proposal 6: NTN gradual timing adjustment requirement should be the same as the current gradual timing adjustment requirement with the following modifications:
· The time reference for the gradual timing adjustment requirement follows the same definition of the time reference for UT initial transmit timing error requirement, i.e. UE autonomous TA adjustment due to updates of satellite position prediction and feeder link time drift shall be accounted for in the definition of reference timing not in the number of samples for the allowed gradual timing adjustment.
· To resolve an uncertainty on the amount of additional TA adjustment due to UE position estimation, the current requirement shall be extended by [X]% of the effective UE position estimation error that is assumed for the derivation of UE initial transmission timing error, e.g. X=10 and the effective UE position error with respect to service link=50m x cos(10deg).
· The requirement applies only to a stationary UE.
· The requirement applies to GEO, i.e. NTN UE is tested under GEO environment, unless the benefit of testing the UE in non-GEO mode is justified and the framework is further clarified in terms of how to differentiate DL reception timing drift due to satellite position change from the drift due to some other reason.

· TA Adjustment Accuracy
Proposal 7: NTN TA adjustment accuracy requirement should be the same as the current TA adjustment requirements with the following modifications:
· UE autonomous TA adjustment due to updates of UE position estimation, satellite position prediction, and feeder link time drift shall be excluded from the definition of TA adjustment error in response to TAC, i.e. “a relative accuracy to the signalled timing advance value compared to the timing of preceding uplink transmission” shall be modified to not include UE autonomous TA update due to satellite position update and N_{TA,common} update.
· To resolve the uncertainty on the amount of additional TA adjustment due to UE position estimation, TA adjustment error margin shall be extended by [X]% of the effective UE position estimation error that is assumed for the derivation of UE initial transmission timing error, e.g. X=10 and the effective UE position error with respect to service link=50m x cos(10deg).
· The requirement applies only to a stationary UE.
· The requirement applies to GEO, i.e. NTN UE is tested under GEO environment, unless the benefit of testing the UE in non-GEO mode is justified and the framework is further clarified in terms of how to differentiate DL reception timing drift due to satellite position change from the drift due to some other reason.

· New requirements to resolve Double Correction issue due to infrequent UE position update 
Observation 4: For calculating the TA in RRC_CONNECTED state, always adding the open-loop TA and the closed-loop TA may cause large timing errors due to double correction of timing error caused by UE movement. 
Proposal 8: RAN4 to define a new requirement to address the double correction issue (indicated in R1-2110604):
· (Option 1)  the new requirement is the same as NTN UE initial timing accuracy requirement and the requirement applies to all UL transmissions, i.e. replace gradual timing adjustment with NTN initial timing accuracy requirement.
· (Option 2) the new requirement is based on NTN gradual timing adjustment accuracy requirement, e.g. the requirement regulates the maximum amount of UE specific TA change of shot adjustment due to UE position change, the minimum and maximum aggregate adjustment rates.
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