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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
Besides, we touch upon a potential issue on the following which may need a further study.
· Conflict between Closed-loop and Open-loop TA compensation
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 detailed timing relations, the relevant agreements are summarized below.
A summary of RAN1/RAN2 agreements on timing relations
UL time synchronization
· An NTN UE in RRC_IDLE and RRC_INACTIVE states is required to at least support UE specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris.
· The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:

Where:
·   is defined as 0 for PRACH and updated based on TA Command field in msg2/msgB and MAC CE TA command. 
· FFS: details of NTA update/accumulation.
·   is UE self-estimated TA to pre-compensate for the service link delay.
·  is network-controlled common TA, and may include any timing offset considered necessary by the network.
·  with value of 0 is supported. 
· FFS:  details of signaling including granularity.   
·  is a fixed offset used to calculate the timing advance. 

Note-1: Definition of  is different from that in RAN1#103-e agreement. 
Note-2: UE might not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.
Note-3:  is the common timing offset X as agreed in RAN1 #103-e.
· For TA update in RRC_CONNECTED state, combination of both open (i.e. UE autonomous TA estimation, and common TA estimation) and closed (i.e., received TA commands) control loops shall be supported for NTN.
· Conclusion: The Doppler shift over the feeder link and any transponder frequency error for both Downlink and Uplink is compensated by the GW and satellite-payload without any specification impacts in Release 17.

Timing relationship enhancements (K_offset)
· For K_offset configured in system information and used in initial access, at least a cell specific K_offset configuration, which is used in all beams of a cell, should be supported.
· K_offset can be applied to indicate the first transmission opportunity of PUSCH in Configured Grant Type 2 in the same way as K_offset is applied to the transmission timing of DCI scheduled PUSCH.
· Update of K_offset after initial access is supported
· Introduce K_offset to enhance the adjustment of uplink transmission timing upon the reception of a corresponding timing advance command.
· When UE is not provided with K_offset value other than the one signaled in system information, the K_offset value signaled in system information is used for all timing relationships that require K_offset enhancement.
· The K_offset value signaled in system information is always used for
· The transmission timing of RAR / fallbackRAR grant scheduled PUSCH
· The transmission timing of Msg3 retransmission scheduled by DCI format 0_0 with CRC scrambled by TC-RNTI
· The transmission timing of HARQ-ACK on PUCCH to contention resolution PDSCH scheduled by DCI format 1_0 with CRC scrambled by TC-RNTI
· FFS: The transmission timing of HARQ-ACK on PUCCH to contention resolution PDSCH scheduled by DCI format 1_0 with CRC scrambled by C-RNTI
· The transmission timing of HARQ-ACK on PUCCH to MsgB scheduled by DCI format 1_0 with CRC scrambled by MsgB-RNTI
· FFS: The transmission timing of HARQ-ACK on PUCCH to MsgB scheduled by DCI format 1_0 with CRC scrambled by C-RNTI

Timing relationship enhancements (K_MAC)
· Denote by K_mac a scheduling offset other than K_offset:
· If downlink and uplink frame timing are aligned at gNB: 
· For UE action and assumption on downlink configuration indicated by a MAC-CE command in PDSCH, K_mac is not needed. 
· For UE action and assumption on uplink configuration indicated by a MAC-CE command in PDSCH, K_mac is not needed.
· If downlink and uplink frame timing are not aligned at gNB: 
· For UE action and assumption on downlink configuration indicated by a MAC-CE command in PDSCH, K_mac is needed. 
· For UE action and assumption on uplink configuration indicated by a MAC-CE command in PDSCH, K_mac is not needed.
· Note: This does not preclude identifying exceptional MAC CE timing relationship(s) that may or may not require K_mac.
· UE can be provided by network with a K_mac value.
· When UE is not provided by network with a K_mac value, UE assumes K_mac = 0.
· If a UE is provided with a K_mac value, when the UE would transmit a PUCCH with HARQ-ACK information in uplink slot n corresponding to a PDSCH carrying a MAC CE command on a downlink configuration, the UE action and assumption on the downlink configuration shall be applied starting from the first slot that is after slot n+3N_slot^(subframe,µ)+K_mac, where µ is the SCS configuration for the PUCCH.

Timing relationship enhancements (ra-ResponseWindow and msgB-ResponseWindow )
· The starts of ra-ResponseWindow and msgB-ResponseWindow are delayed by an estimate of UE-gNB RTT. 
· The estimate of UE-gNB RTT is equal to the sum of UE’s TA and K_mac.
· Note 1: The UE’s TA is based on the RAN1#104bis-e agreement on Timing Advance applied by an NR NTN UE given by  T_TA=(N_TA+N_(TA,UE-specific)+N_(TA,common)+N_(TA,offset) )×T_c. The estimate of gNB-satellite RTT is equal to the sum of N_(TA,common)×T_c and K_mac.  How to treat N_TA and N_(TA,offset) can be further discussed.
· Note 2: According to the RAN1#104bis-e agreement: When UE is not provided by network with a K_mac value, UE assumes K_mac = 0.
· Note 3: The accuracy of the estimated UE-gNB RTT with respect to the true UE-gNB RTT can be further discussed.
· Note 4: Other options of determining the estimate of UE-gNB RTT can be further discussed.

And to see the whole picture better, the timing relationships between DL and UL from gNB and UE perspectives are illustrated as Figure 1 and Figure 2 in which those parameters related to NTN UE UL transmission and MAC application time are incorporated. In Figure 2, H1 and H2 represent the altitudes of GEO and LEO, respectively, and the parameters are denoted based on the right-hand side of the equation below.
TTA=(NTA+NTA,UE-specific+NTA,common+NTA,offset) × TC= KTA+KTA,UE-specific+KTA,common+KTA,offset
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Fig. 1. A Diagram of timing relationships between DL and UL from gNB and UE perspectives
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Fig. 2. An illustration of Geometric and Timing relation between terminals and satellites

· Initial Transmit Timing Error
As it has been presented in many contributions over the past meetings, the maximum composite UL initial transmission timing error in NTN consists of maximum of UE position estimation error, maximum of satellite position estimation error, and the current timing error limits. And the contributing factors to the current timing error are DL fame boundary estimation error, TAC resolution error, and TA adjustment accuracy.
Observation 1: A maximum composite UE initial transmission timing error in NTN consists of maximum of UE position estimation error, maximum of satellite position estimation error, and the current timing error limits.

As per RAN1 agreement, before UL transmission UE shall read satellite ephemeris information which will be broadcasted periodically via system information and UE location information from GNSS receiver, which may lead to detrimental impacts on overall UE power consumption, and a higher degree of integration of NR transceiver and GNSS receiver on UE.
Observation 2: Unnecessarily stringent requirements on UE position estimation error will lead to detrimental impacts on overall UE power consumption and a degree of integration of NR transceiver and GNSS receiver.

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 3: PV ephemeris can provide better satellite position estimation performance in terms of accuracy.
Observation 4: Transmit timing error requirement shall not be defined such that UE is forced to read serving satellite’s ephemeris information more frequently than 10sec.

In order to prolong UE battery life while preserving inter-symbol and -carrier orthogonality in uplink, the analysis of relaxed initial timing error requirement is analyzed in Table 1 assuming 50m of UE position estimation error and 5m of satellite position prediction error can be achieved. Note that in the analysis α is assumed to be 10deg.

Table 1. An analysis of TA relaxation when 50m and 5ms of 2D UE position estimation error and serving satellite’s position prediction error are assumed
	Frequency Range
	SCS of SSB signals [kHz]
	SCS of uplink signals [kHz]
	Te [us]
	Ta (TAC resolution error) [us]
	Tb (TA adjustment accuracy) [us]
	Tg (guard time) [us]
	TUE-P [us]
	TST-P [us]
	T'g [us]
	T'g/Tcp [%]
	Relaxation [Ts]

	1
	15.00
	15.00
	0.39
	0.260417
	0.130208
	3.91
	0.328
	0.033
	3.54
	76%
	11.11

	
	15.00
	30.00
	0.33
	0.130208
	0.130208
	1.76
	0.328
	0.033
	1.40
	60%
	11.11

	
	15.00
	60.00
	0.33
	0.065104
	0.065104
	0.72
	0.328
	0.033
	0.35
	30%
	11.11

	
	30.00
	15.00
	0.26
	0.260417
	0.130208
	4.04
	0.328
	0.033
	3.67
	78%
	11.11

	
	30.00
	30.00
	0.26
	0.130208
	0.130208
	1.82
	0.328
	0.033
	1.46
	62%
	11.11

	
	30.00
	60.00
	0.23
	0.065104
	0.065104
	0.81
	0.328
	0.033
	0.45
	39%
	11.11

	2
	120.00
	60.00
	0.11
	0.065104
	0.065104
	0.93
	0.328
	0.033
	0.57
	48%
	11.11

	
	120.00
	120.00
	0.11
	0.032552
	0.016276
	0.42
	0.328
	0.033
	0.06
	11%
	11.11

	
	240.00
	60.00
	0.10
	0.065104
	0.065104
	0.94
	0.328
	0.033
	0.58
	50%
	11.11

	
	240.00
	120.00
	0.10
	0.032552
	0.016276
	0.44
	0.328
	0.033
	0.08
	13%
	11.11


(Note) TUE-P is an effective round trip timing error due to UE position estimation error when 50m of 2D UE position estimation error is assumed at 10deg of the elevation angle to the satellite from UE
(Note) TST-P is an effective round trip timing error due to satellite position estimation error when 5m of serving satellite’s position prediction error is assumed
(Note) Te is the current initial timing error requirement in us
(Note) T’g is an effective guard period, i.e. Tcp – Te – Ta – Tb – TUE-P – TST-P
(Note) Tcp is the CP length of respective SCSs of uplink signals

Observation 5: With 11Ts relaxation of initial timing error requirement, additional timing error due to 50m of UE position estimation error and 5m of satellite position prediction error provided that ideal satellite ephemeris information is provided by network can be absorbed while inter-symbol and -carrier orthogonality in uplink can be preserved.

Based on the analysis in Table 1, the relaxation proposed below can still leave more than 39% and 11% of CP for guard period for FR1 and FR2, respectively. Considering NTN channel will most likely be LoS dominant, the 39% and 11% of CP should be enough to be served as the guard period.
Proposal 1: NTN UE initial timing error requirements shall be relaxed to account for at least 55m of a composite position estimation error with the following details:
· 50m of 2D UE position estimation error
· 10deg of the elevation angle to the satellite from UE
· 5m of serving satellite’s position prediction error which can be achieved when the provided satellite ephemeris information is ideal and UE reads the system information not more frequently than 10sec
· FFS on whether and how to accommodate timing drift on the feeder link

· 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, 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 6: The current gradual timing adjustment requirement is to verify how UE reflects the estimated DL frame boundary drift to UL transmit timing.
Proposal 2: NTN UE gradual timing adjustment requirement shall be updated to follow the current test purpose which is to verify how UE reflects the estimated DL frame boundary drift to UL transmit timing, i.e. UE autonomous TA adjustment due to updates of UE position estimation, 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.

· TA Adjustment Accuracy
Due to newly introduced timing relation parameters such as K_offset and K_mac, TA adjustment in response to TAC may have to be updated accordingly which should be further confirmed by RAN1 and/or RAN2.
Proposal 3: Application time of TA adjustment upon TAC shall be updated to incorporate the newly introduced K_offset and K_mac parameters.

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%



Proposal 4: 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. 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). And satellite ephemeris information is broadcasted assuming its position is fixed and timing drift on feeder is assumed zero for the core requirements and tests.

· Conflict between Closed-loop and Open-loop TA compensation
Another distinctive issue in NTN is a potential conflict between close-loop and open-loop TA compensation, e.g., a UE calculates its open-loop TA based on a fresh GNSS fix, then the closed-loop TA control takes over to compensate for the timing error caused by the aging of GNSS fix, and next a new GNSS fix eliminates the timing error that the closed-loop TA control has compensated for, which may lead to unexpected double-correction, thereby making the TA applied to subsequence UL transmissions oscillate unstably. The relevant details and simulation results are presented in R1-2107342.
Observation 7: Due to different estimation/application time/periodicities between open-loop, i.e. UE autonomous TA estimation and pre-compensation, and closed-loop TA compensation, the actually UE TA error at gNB receiver can oscillate in a wide range, hence, a significant performance error.
Proposal 5: RAN4 to investigate an issue due to a conflict between closed-loop and open-loop TA compensation. If identified, send an LS to RAN1 and/or discuss how to resolve the issue in RAN4. Depending on the solution on how to resolve the issue, TA adjustment accuracy requirement can be modified accordingly.
3.	Conclusion
Observations and Proposals are summarized below:
· Initial Transmit Timing Error
Observation 1: A maximum composite UE initial transmission timing error in NTN consists of maximum of UE position estimation error, maximum of satellite position estimation error, and the current timing error limits.
Observation 2: Unnecessarily stringent requirements on UE position estimation error will lead to detrimental impacts on overall UE power consumption and a degree of integration of NR transceiver and GNSS receiver.
Observation 3: PV ephemeris can provide better satellite position estimation performance in terms of accuracy.
Observation 4: Transmit timing error requirement shall not be defined such that UE is forced to read serving satellite’s ephemeris information more frequently than 10sec.
Observation 5: With 5.5Ts relaxation of initial timing error requirement, additional timing error due to 50m of UE position estimation error and 5m of satellite position prediction error provided that ideal satellite ephemeris information is provided by network can be absorbed while inter-symbol and -carrier orthogonality in uplink can be preserved.
Proposal 1: NTN UE initial timing error requirements shall be relaxed to account for at least 55m of a composite position estimation error with the following details:
· 50m of 2D UE position estimation error
· 10deg of the elevation angle to the satellite from UE
· 5m of serving satellite’s position prediction error which can be achieved when the provided satellite ephemeris information is ideal and UE reads the system information not more frequently than 10sec
· FFS on whether and how to accommodate timing drift on the feeder link

· Gradual Timing Adjustment
Observation 6: The current gradual timing adjustment requirement is to verify how UE reflects the estimated DL frame boundary drift to UL transmit timing.
Proposal 2: NTN UE gradual timing adjustment requirement shall be updated to follow the current test purpose which is to verify how UE reflects the estimated DL frame boundary drift to UL transmit timing, i.e. UE autonomous TA adjustment due to updates of UE position estimation, 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.

· TA Adjustment Accuracy
Proposal 3: Application time of TA adjustment upon TAC shall be updated to incorporate the newly introduced K_offset and K_mac parameters.
Proposal 4: 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. 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). And satellite ephemeris information is broadcasted assuming its position is fixed and timing drift on feeder is assumed zero for the core requirements and tests.

· Conflict between Closed-loop and Open-loop TA compensation
Observation 7: Due to different estimation/application time/periodicities between open-loop, i.e. UE autonomous TA estimation and pre-compensation, and closed-loop TA compensation, the actually UE TA error at gNB receiver can oscillate in a wide range, hence, a significant performance error.
Proposal 5: RAN4 to investigate an issue due to a conflict between closed-loop and open-loop TA compensation. If identified, send an LS to RAN1 and/or discuss how to resolve the issue in RAN4. Depending on the solution on how to resolve the issue, TA adjustment accuracy requirement can be modified accordingly.
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