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1.	Introduction
We provide analyses on uplink timing error requirements taking into account time varying UL/DL timing relation between UE and uplink timing synchronization reference point. Based on the presented analyses, observations and proposals are provided for the following requirements.
· Reference point for UE UL timing accuracy measurement
· TA Adjustment Accuracy
· Gradual Timing Adjustment and Double Correction
2. 	Discussion
Reference point for UE UL timing accuracy measurement
In NTN, as opposed to TN, frame boundary keeps changing over time unless it is GEO. Therefore, UE has to predict downlink slot/frame boundary based on UE location and NW assistance information such as satellite Ephemeris information and feeder link time drift information before transmitting UL signals/channels. In order to define UE requirements on uplink transmission timing accuracy, a specific reference timing of the propagation delay derivation shall be precisely defined because it is not fixed and will change the amount of measured timing error. Besides, for the propagation delay derivation, satellite mobility should be modeled based on a specific algorithm.
The time varying timing relation between UE and uplink timing synchronization reference point is illustrated in Fig 1 and Fig 2. As can be seen from the diagrams, UE DL reception timing keeps changing. And according to the technical report of NTN (TR38.821), maximum delay variation for LEO 600km can be up to 0.8 µs/20msec, which means the change from T0 to T4 can be more than CP, therefore, UE has to predict a reference DL reception timing, corresponding to UL slot index where UE transmits the UL signal/channel, based on UE location, Ephemeris information, and Timing drift information. For the prediction, a UE will use a specific propagation model which will be eventually also part of UL timing accuracy requirements. However, when UE timing accuracy is measured, any inaccuracy in Ephemeris information provided by serving cell should not be part of UE requirements.
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Fig 1. Reference system model of timing relation between UE and UL timing synchronization reference point in NTN
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Fig 2. Timing Relation between UE DL Reception and UE UL Transmission

Based on the diagrams above, we propose a time reference for UE UL transmit timing accuracy measurement. The reference time shall not include inaccuracy of Ephemeris information, i.e. satellite positions needed to derive the time reference should not be based on true satellite positions but projected based on the provided Ephemeris and a propagation model. For the propagation model, it should be more accurate than a reference model which is one of the most accurate models that can be used by real UEs so that UE using an accurate model is not penalized. In the last meeting, ‘Eckstein Hechler’ was suggested by one company as the reference model. Based on our survey on orbit propagation model, the Eckstein-Hechler based propagator predicts better than the basic-Kepler model because it considers the effect of non-spherical Earth. Therefore, we agree that the Eckstein-Hechler based propagator model can be used to define the reference timing in UE UL timing requirements.

Proposal 1: A time reference for the UL transmit timing requirement is 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 DL slot corresponding to UL slot index where UE transmits the UL signal/channel.
· Reference timing of N_{TA,UE-specific} is S3 + S4, where
· for S3, the slot when the UL transmission is supposed to arrive at the target satellite based on provided valid ephemeris information (no error in the provided ephemeris information will account for UE error) and Eckstein Hechler based propagator model
· for S4, the slot when the DL transmission corresponding to the reference timing of downlink is supposed to arrive at the target satellite based on actual received time of the slot and provided valid ephemeris information (no error in the provided ephemeris information will account for UE error) and Eckstein Hechler based propagator model
· Reference timing for N_{TA,common}, F3+F4, 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.

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. 

Table 1. 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
	5m UE position error
	Total TA adjustment margin
	increase

	SCS
	Tc
	us
	us
	us
	Tc
	%

	15
	256
	0.130208
	0.0328
	0.163035
	320.54
	25%

	30
	256
	0.130208
	0.0328
	0.163035
	320.54
	25%



Proposal 2: 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 [10]% of the effective UE position estimation error that is assumed for the derivation of UE initial transmission timing error (50m)
· The requirement applies only to a stationary UE.

Gradual Timing Adjustment and Double Correction
Although views were almost equally split between Option 1 and Option 2 for Double correct issue (Issue 2-3-1 below) in the previous RAN4 e-meeting, when we look at companies’ position on Issue 2-4-1 about Gradual timing adjustment requirement, companies do not seem really comfortable with Option 1 under Issue 2-3-1 because Option 1 additionally implies replacing gradual timing adjustment requirement with NTN UE initial timing accuracy requirement. We still do not think gradual timing adjustment due to LoS path blocking is much relevant to NTN systems because UE autonomous TA correction is always based on LoS path. However, to move forward, we have tried to come up with one unified core requirement that can address Double Correction issue based on the current gradual timing adjustment requirement by redefining detailed parameters.

· Issue 2-3-1: Double correction issue related to combination of open and closed loop TA control.
· Option 1: (QC, Ericsson, MTK, CMCC, LGE, OPPO, Nokia, THALES)
· Double correction issue can be addressed by defining NTN UE initial timing accuracy requirement for all UL transmissions.
· Option 2: (Apple, Ericsson, Xiaomi, CMCC, Huawei, Intel)
· Double correction issue can be addressed under the framework of gradual timing adjustment accuracy requirement.
· Issue 2-4-1: The principles for defining gradual timing adjustment requirement
· Option1: (Apple, Xiaomi, CMCC, Ericsson, THALES, Huawei, Intel, CATT, Nokia)
· Whether and how to relax the gradual timing adjustment requirement accordingly to accommodate the timing change/drift, i.e. updating Tq, Tp, and/or the rate
· FFS on the propagation delay drift for service link and feeder link.
· NTN UE is required to adjust its UL timing towards updated UE specific TA and DL timing gradually, according to minimum and maximum aggregate adjustment rate requirements
· Option 2: (QC, LGE, Ericsson)
· Not define gradual timing adjustment requirement for NTN UE;
· Replace gradual timing adjustment requirement with NTN UE initial timing accuracy requirement, i.e. NTN UE initial timing accuracy requirement applies to all UL transmissions.

In Figure 3, impacts on UE uplink transmission timing due to a propagation path change (a motivation of gradual timing adjustment requirement) and a low frequency of UE position update (e.g. relatively slot GNSS fix reading frequency compared to UE mobile speed) are compared. As can be seen from the illustration on the right hand side of Figure 3-A, LoS path blocking can be equivalently modeled as UE position estimation error which is a similar impact with a non-ideal GNSS fix update in mobile environment as shown in Figure 3-B.
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Fig 3-A. Impact on UE uplink transmission timing due to propagation path change
[image: ]
Fig 3-B. Impact on UE uplink transmission timing due to non-ideal GNSS fix update, i.e. low frequency of UE position update

In such a case, the impact on UL transmission timing is illustrated in Figure 4. When UE is scheduled with UL transmission every slot, the transmission timing interval from the previous transmission and the current transmission shall be constant except the allowed uplink transmission timing error, which can be up to 2*Te_NTN at worst, if there is neither propagation path change nor UE mobility in TN systems. However, in NTN, even in that case (neither propagation path change nor UE mobility), the interval keeps continuously changing due to satellite movement and feeder link propagation delay change, which shall be automatically compensated by NTN UE. However, due to propagation delay change and UE position change, the transmission timing interval from the previous transmission and the current transmission can be more than what is supposed to be. For instance, the transmission timing interval from the previous transmission to the current transmission should not differ from absolute value of “slot_length*(number of slots between the two transmissions) – 0.5*TA_c + 0.5*TA_p” by more than 2*Te_NTN if there is neither propagation path change nor UE mobility. If the condition is not fulfilled, the additional amount needs to be gradually reflected into uplink transmission timing which can be regulated by the framework of gradual timing adjustment requirement.

[image: ]
Fig 4. A gradual uplink transmission timing adjustment when a time interval between two adjacent uplink transmissions is larger than a certain threshold

In order to verify whether the current gradual timing adjustment requirement can address and alleviate the impact of Double correction issue, we performed simulations based on the same test environment presented in R1-2110184 which identified the issue for the first time in RAN4.
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 (108km/h). 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 smooths 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 5. 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 5. As can be seen from the figure, whenever there is a new GNSS fix, there will be a big jump in UL timing error.
In Figure 5, the red line is for the case where the current gradual timing adjustment rules with values defined in Table 7.1.2.1-1 are applied. And the green line and cyan line are for the cases where the rate of gradual timing adjustment is reduced by half and quarter, respectively. Note that when UE reads GNSS fix every 10sec, the UE position change between GNSS fix update can be up to 278m which can account for 20% of CP length in 15kHz SCS, which in turn means UE GNSS fix update frequency should get higher considering UE should be able to tell its mobile speed in NTN. Figure 5-A, 5-B, and 5-C present a progression of UE uplink transmission timing error when GNSS update period is 10sec, 5sec, and 3sec, respectively. As can be seen from the performance evaluation, when UE reads GNSS fix at a reasonable frequency, the current gradual timing adjustment requirement can effectively alleviate the performance impact due to timing error oscillation caused by the double correction issue.


[image: ]
Fig 5-A. A progression of UE uplink transmission timing error when GNSS update period is 10sec
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Fig 5-B. A progression of UE uplink transmission timing error when GNSS update period is 5sec
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Fig 5-C. A progression of UE uplink transmission timing error when GNSS update period is 3sec

Proposal 3: To address Gradual Timing Adjustment and Double Correction issue, the current gradual timing adjustment requirement is updated as below:
· When a transmission timing interval from the previous transmission to the current transmission differs from absolute value of “slot_length*(number of slots between the two transmissions) – 0.5*TA_c + 0.5*TA_p” by more than 2*Te_NTN, all adjustments made to the current transmission timing apart from “slot_length*(number of slots between the two transmissions) – 0.5*TA_c + 0.5*TA_ p” shall follow these rules:
· The maximum amount of the magnitude of the timing change in one adjustment shall be Tq.
· The minimum aggregate adjustment rate shall be Tp per second.
· The maximum aggregate adjustment rate shall be Tq per 200 ms.
· where the maximum autonomous time adjustment step Tq and the aggregate adjustment rate Tp are specified in Table 7.1.2.1-1.
· TA_p is the amount of timing advance applied in the previous uplink transmission, which is derived based on the previous UE position, satellite position, and N_TA,common.
· TA_c is the amount of timing advance derived based on the current UE position, satellite position, and N_TA,common before applying it to the current uplink transmission.
3.	Conclusion
Observations and Proposals are summarized below:
Reference point for UE UL timing accuracy measurement
Proposal 1: A time reference for the UL transmit timing requirement is 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 DL slot corresponding to UL slot index where UE transmits the UL signal/channel.
· Reference timing of N_{TA,UE-specific} is S3 + S4, where
· for S3, the slot when the UL transmission is supposed to arrive at the target satellite based on provided valid ephemeris information (no error in the provided ephemeris information will account for UE error) and Eckstein Hechler based propagator model
· for S4, the slot when the DL transmission corresponding to the reference timing of downlink is supposed to arrive at the target satellite based on actual received time of the slot and provided valid ephemeris information (no error in the provided ephemeris information will account for UE error) and Eckstein Hechler based propagator model
· Reference timing for N_{TA,common}, F3+F4, 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.
TA Adjustment Accuracy
Proposal 2: 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 [10]% of the effective UE position estimation error that is assumed for the derivation of UE initial transmission timing error (50m)
· The requirement applies only to a stationary UE.
Gradual Timing Adjustment and Double Correction
Proposal 3: To address Gradual Timing Adjustment and Double Correction issue, the current gradual timing adjustment requirement is updated as below:
· When a transmission timing interval from the previous transmission to the current transmission differs from absolute value of “slot_length*(number of slots between the two transmissions) – 0.5*TA_c + 0.5*TA_p” by more than 2*Te_NTN, all adjustments made to the current transmission timing apart from “slot_length*(number of slots between the two transmissions) – 0.5*TA_c + 0.5*TA_ p” shall follow these rules:
· The maximum amount of the magnitude of the timing change in one adjustment shall be Tq.
· The minimum aggregate adjustment rate shall be Tp per second.
· The maximum aggregate adjustment rate shall be Tq per 200 ms.
· where the maximum autonomous time adjustment step Tq and the aggregate adjustment rate Tp are specified in Table 7.1.2.1-1.
· TA_p is the amount of timing advance applied in the previous uplink transmission, which is derived based on the previous UE position, satellite position, and N_TA,common.
· TA_c is the amount of timing advance derived based on the current UE position, satellite position, and N_TA,common before applying it to the current uplink transmission.
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