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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 Transmission Timing Error
· TA Adjustment Accuracy
· Gradual Timing Adjustment
2. 	Discussion
Initial Transmission Timing Error
As per RAN1 agreement, UE calculates its TA as follows:
TA = (NUE-TA + NTA,offset + NTA + X) × Tc or (NUE-TA + NTA,offset + NTA) × Tc + X where
· NUE-TA is derived from the User specific TA self-estimation
· X is derived at least from the common timing offset value if broadcasted by the network. The granularity of X and whether X is indicated as a Timing Advance or as a Timing Offset value [unit] are FFS. Upon resolving the FFS, one of the X in the equation will be removed.
· NTA,offset depends on band and LTE/NR coexistence and is specified in TS 38.213 section 4.2.
· NTA is 0 for PRACH, otherwise TA value signaled by the serving cell
· Tc is specified in TS 38.211 section 4.1. 

If it can be assumed that UEs transmitting uplink at the same slot in a cell (beam footprint) will apply the same value of X and there is no ambiguity on how to derive X between the UEs and a serving cell, the only parameter which is unknown to the serving cell is NUE-TA, hence, it needs to be additionally factored in initial transmission error requirement.
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(a) An example network topology of NTN
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(b) DL and UL timeline
Figure 2. DL and UL timeline in NTN when reference point is at the gNB and X=NGW-Sat, NTA=0, and NTA,offset=0

As can be seen in Figure 1, when a UE is subject to a UE positioning error ΔUE-pos, satellite positioning error ΔSat-pos, and SSB timing estimation error ΔUE-TE, a composite UE transmission timing error can be modelled as below:
T’e = (ΔUE-pos/v + ΔSat-pos/v + NUE-TE) × Tc where
· ΔUE-pos is UE position estimation error 
· ΔSat-pos is satellite position estimation error
· v is the speed of light 
· NUE-TE is UE SSB-based timing estimation error

And its maximum can be formulated as below:
Max(T’e) = (max(ΔUE-pos)/v + max(ΔSat-pos)/v + max(NUE-TE)) × Tc
      = (max(ΔUE-pos)/v + max(ΔSat-pos)/v) × Tc  + Te

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.

If NTN initial transmission timing error follows the legacy requirements and if UE SSB timing estimation is assumed to be perfect, allowed relative positioning errors are limited to the values on the rightmost column of Table 1.

Table 1: Te Timing Error Limit
	Frequency Range
	SCS of SSB signals [kHz]
	SCS of uplink signals [kHz]
	Te
	Te [us]
	Ratio bw Te and uplink CP [%]
	Allowed relative positioning error corresponding to Te when UE SSB timing estimation is perfect [m]

	1
	15
	15
	12*64*Tc
	0.39
	8.3
	117

	 
	 
	30
	10*64*Tc
	0.33
	14
	99

	 
	 
	60
	10*64*Tc
	 0.33
	28
	99

	 
	30
	15
	8*64*Tc
	 0.26
	5.5
	78

	 
	 
	30
	8*64*Tc
	  0.26
	11.1
	78

	 
	 
	60
	7*64*Tc
	0.23
	19.6
	69

	2
	120
	60
	3.5*64*Tc
	0.11
	9.4
	33

	 
	 
	120
	3.5*64*Tc
	 0.11
	18.8
	33

	 
	240
	60
	3*64*Tc
	0.098
	8.4
	29.4

	 
	 
	120
	3*64*Tc
	0.098
	16.7
	29.4

	Note 1:	Tc is the basic timing unit defined in TS 38.211 



A-GNSS requirements defined in TS38.171 are tabulated below. As can be seen from Table 2, the range of position errors in the requirement is so large that the 2-D position error alone can be larger than the maximum of allowed initial transmission timing error in Table 1. This is because the requirements in TS38.171 are defined for TTFF (Time To First Fix) without prior location information (except fine sensitivity requirements) which may not be always relevant for NR UEs accessing NTN network.
Observation 2: A-GNSS requirements of TS38.171 are not relevant for NR NTN requirement development.

Table 2: A-GNSS requirements from TS38.171
	
	Requirement type
	Success rate
	2-D position error
	Max response time

	A-GNSS minimum performance requirements for UE supporting A-GPS L1 C/A only
	Sensitivity requirements (Coarse)
	95%
	100m
	20s

	
	Sensitivity requirements (Fine)
	95%
	100m
	20s

	
	Nominal
	95%
	30m
	20s

	
	Dynamic range
	95%
	100m
	20s

	
	multi-path scenario
	95%
	100m
	20s

	
	moving scenario and periodic update
	95%
	100m
	2s

	A-GNSS minimum performance requirements for UE supporting other or additional GNSSs
	Coarse
	95%
	100m
	20s

	
	Fine
	95%
	100m
	20s

	
	Nominal
	95%
	15m
	20s

	
	Dynamic range
	95%
	100m
	20s

	
	multi-path scenario
	95%
	100m
	20s

	
	moving scenario and periodic update
	95%
	50m
	2s


(Note) AWGN channel model is used.
(Note) Sensitivity requirements: performance of A-GNSS receiver in weak satellite signal conditions, 8 satellites are generated for the terminal
(Note) Nominal requirements: performance of A-GNSS receiver in ideal conditions, 8 or 6 satellites are generated for the terminal
(Note) Dynamic range requirements: performance of A-GNSS receiver when visible satellites have rather different signal levels, 6 satellites are generated for the terminal
(Note) Requirements under multi-path scenario: performance of A-GNSS receiver in terms of receiver's tolerance to multipath, 5 satellites are generated for the terminal
(Note) Requirements under moving scenario and periodic update: performance of A-GNSS receiver in terms of receiver's tolerance to multipath
(Note) Coarse: Minimum requirements when the UE is provided with only coarse time assistance.
(Note) Fine: Minimum requirements when the UE is provided with fine time assistance.
(Note) In this requirement 8 satellites are generated for the terminal. AWGN channel model is used.

Since in NTN, as per RAN1 agreement, before initial uplink transmission UE shall read satellite ephemeris information which will be broadcasted periodically via system information, by making use of the prior location information GNSS receiver’s TTSF (Time To Subsequent Fix) based UE position estimation error and response time can be assumed to be better than Table 2. However, it may require more frequent UE GNSS measurements, which leads to detrimental impacts on overall UE power consumption, and a higher degree of integration of NR transceiver and GNSS receiver on UE.
Observation 3: 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.

In addition, the UE power consumption impact due to frequent GNSS measurements and interactions between NR UR transceiver and UE GNSS receiver can differ by RRC State because of the following aspects:
· In RRC Connected mode, as opposed to RRC Idle/Inactive mode, UE GNSS receiver may experience intra-UE interruptions due to NR NTN UL transmission, hence, UE NR transceiver may not be able to always get the most recent GNSS information prior to every UL transmission.
· There can be a UE implantation sharing some processing blocks between GNSS receiver and NR transceiver. For such an implementation, a requirement mandating a frequent GNSS processing for NR NTN UL transmission shouldn’t be pursued.
· Considering GNSS receiver’s response time in the order of seconds and K1/K2 (PDSCH-to-PUCCH gap and UL grant-to-PUSCH gap, respectively) in the order of milliseconds, a tight transmission timing requirement may force UE GNSS receiver to read GNSS signals very often which results in a significant UE power consumption for those UEs in RRC Connected state, i.e. since RRC Connected UEs will get to know PUSCH/PUCCH scheduled in a slot#n just a few slots before the slot#n, GNSS receiver will end up having to remain in almost always-on mode because its response time is 1000 times larger than NR scheduling time unit. By contrast, for RRC Idle/Inactive state UE, GNSS receiver doesn’t have to be always-on or wake-up mode because the initial UL transmission time, i.e. PRACH, is determined by the UE, hence, GNSS response time is not critical.

Observation 4: UE power consumption impact due to frequent GNSS measurements and interactions between NR UR transceiver and UE GNSS receiver differs by UE RRC State.

Based on the observations above, it is desirable to relax NTN UE’s initial uplink transmission timing error requirements appropriately to the extent that UE power consumption and implementation are not considerably affected. On the other hand, if the relaxation is larger than a certain threshold, ISI and ICI will be incurred due to timing misalignment at a gNB receiver. Therefore, the relaxation of the composite the timing error, T’e, should be limited to satisfy the following condition.
Max(T’e) = (max(ΔUE-pos) + max(ΔSat-pos))/v × Tc  + Te ≤ (Tcp - Tch)/2 where
· Tcp is an uplink CP length
· Tch is a maximum delay of effective channel, e.g. time difference from the earliest channel response to the latest one having no larger than 20dB power offset from the earliest one

As shown in Table 1, on average, Te accounts for less than 15% of respective CP lengths. And if a total positioning error is limited to 50m, a maximum channel delay satisfying the above condition can be expressed as below:
Max(Tch) = Tcp – 2 × (Tpro  + Te) where Tpro ≈ 167nsec

As shown in Table 3, if limits of initial transmission timing error requirements are extended by 5Ts to allow a total UE positioning error up to 50m, a ratio of an effective channel length relative to CP length can decrease to 15% and 6% for 60kHz SCS in FR1 and 120 SCS in FR2, respectively. However, considering NTN channel PDP (Power Delay Profile) will have a much shorter effective rms delay than that for TN, we believe 5Ts requirement relaxation can be a proper compromise between UE power consumption/implementation restriction and performance. Note that an effective channel delay longer than 50% of CP length can be supported without ISI/ICI for SCSs of 15kHz and 30kHz in FR1 and for SCS of 60kHz in FR2.

Table 3: T’e Timing Error Limit when a total UE positioning error is allowed up to 50m
	Frequency Range
	SCS of SSB signals [kHz]
	SCS of uplink signals [kHz]
	Te
	Te [us]
	max(Tch) [us]
	max(Tch)/Tcp [%]
	Max(T’e)

	1
	15
	15
	12*64*Tc
	0.39
	3.57
	76
	17*64*Tc

	 
	 
	30
	10*64*Tc
	0.33
	1.35
	58
	15*64*Tc

	 
	 
	60
	10*64*Tc
	 0.33
	0.17
	15
	15*64*Tc

	 
	30
	15
	8*64*Tc
	 0.26
	3.83
	82
	13*64*Tc

	 
	 
	30
	8*64*Tc
	  0.26
	1.49
	64
	13*64*Tc

	 
	 
	60
	7*64*Tc
	0.23
	0.38
	32
	12*64*Tc

	2
	120
	60
	3.5*64*Tc
	0.11
	0.62
	53
	8.5*64*Tc

	 
	 
	120
	3.5*64*Tc
	 0.11
	0.03
	6
	8.5*64*Tc

	 
	240
	60
	3*64*Tc
	0.098
	0.64
	55
	8*64*Tc

	 
	 
	120
	3*64*Tc
	0.098
	0.06
	10
	8*64*Tc

	Note 1:	Tc is the basic timing unit defined in TS 38.211 
	



Observation 5: Inter-symbol and -carrier orthogonality in uplink can be preserved even with 5Ts relaxation of initial timing error requirement.

As far as UE power consumption is concerned, we can consider a further relaxed timing error limit requirement for FR1 to allow UE GNSS receiver to receive signals less frequently. Note that handheld type terminals, to which UE battery life is critical, is not considered for above-6GHz band in NTN. With this, in order to further prolong NTN UE battery life in FR1, a further relaxed timing error limit requirement accommodating a total UE positioning error up to 100m is presented in Table 4. Note that the analysis doesn’t include 60kHz SCS as it is an optional capability mostly for (UR)LLC application which is not expected relevant for NTN.

Table 4: T’e Timing Error Limit when a total UE positioning error is allowed up to 100m
	Frequency Range
	SCS of SSB signals [kHz]
	SCS of uplink signals [kHz]
	Te
	Te [us]
	max(Tch) [us]
	max(Tch)/Tcp [%]
	Max(T’e)

	1
	15
	15
	12*64*Tc
	0.39
	3.24
	72
	22*64*Tc

	 
	 
	30
	10*64*Tc
	0.33
	1.02
	66
	20*64*Tc

	 
	30
	15
	8*64*Tc
	 0.26
	3.5
	75
	18*64*Tc

	 
	 
	30
	8*64*Tc
	  0.26
	1.16
	49
	18*64*Tc

	Note 1:	Tc is the basic timing unit defined in TS 38.211 
	



Observation 6: For handheld type FR1 NTN terminals, a 10Ts relaxation of initial timing error requirement can prolong UE battery life while preserving inter-symbol and -carrier orthogonality in uplink.

Proposal 1: NTN UE initial timing error requirements should be relaxed to account for at least 50m of a composite position estimation error.
· For FR1 NTN UE in RRC Connected state, the requirement should be further relaxed to accommodate a composite position estimation error up to 100ms.
· FFS on whether and how much different relaxations are required for different sets of SCS of SSB and SCS of uplink signals.

TA Adjustment Accuracy
As per RAN1 spec, UE shall adjust uplink transmission timing at time slot n+ k+1 in response to a timing advance command received in slot n, and the value of k is defined in clause 4.2 in TS 38.213. The corresponding accuracy requirement is defined as Table 5.
Table 5. UE Timing advance adjustment accuracy in 38.133
	UL Sub Carrier Spacing(kHz)
	15
	30
	60
	120

	UE Timing Advance adjustment accuracy
	±256 Tc
	±256 Tc
	±128 Tc
	±32 Tc



In NTN, as opposed to TN, a propagation delay change during k slot(s) may have to be reflected into TA adjustment on top of timing advance command signalled by serving cell, hence, UE position and satellite position estimation error may need to be additionally accounted for in timing advance accuracy requirement for NTN.

Proposal 2: RAN4 to discuss whether a propagation delay change from a slot when UE received timing advance command to a slot when the indicated timing advance shall be applied to uplink transmission needs to be estimated and reflected into the transmission timing adjustment. If supported, NTN UE timing advance adjustment accuracy requirements should be relaxed to account for UE position and satellite position estimation error.
· FFS on if the accuracy requirement relaxation shall be the same as that for initial timing error requirement.

Gradual Timing Adjustment
To maintain uplink transmission timing accuracy within Te, UE is required to autonomously adjust transmission timing according to downlink timing synchronization update. However, to minimize an ambiguity of close-loop timing adjustment from serving cell, UE gradual timing adjustment is regulated by requirements in terms of the following aspects:
1)  The maximum amount of the magnitude of the timing change in one adjustment shall be Tq. 
2)  The minimum aggregate adjustment rate shall be Tp per second. 
3)  The maximum aggregate adjustment rate shall be Tq per 200ms.

Table 6. Tq Maximum Autonomous Time Adjustment Step and Tp Minimum Aggregate Adjustment rate
	Frequency Range
	SCS of uplink signals (kHz)
	Tq
	Tp

	1
	15
	5.5*64*Tc
	5.5*64*Tc

	
	30
	
	

	
	60
	
	

	2
	60
	2.5*64*Tc
	2.5*64*Tc

	
	120
	
	

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



In NTN, depending on a rate of change of round-trip time between UE and satellite/gNB, UE may have to be allowed to adjust uplink transmission timing more than the legacy requirements. For example, a rate of change of round-trip time can be up to 40µs/s for LEO at 600km altitude with 10° elevation angle of service and feeder links. In addition, UE speed also needs to be taken into consideration, e.g. NTN terminal speed can be up to 500km/h and 1,000km/h for HST and aircraft. Note that the corresponding requirements for HST LTE has been updated.
Observation 7: The current gradual timing adjustment requirements cannot be applied to NTN systems.

Based on the above observation, the legacy requirements on gradual timing adjustment need to be differently defined from the legacy ones.
Proposal 3: NTN UE gradual timing adjustment requirements should be differently defined from the legacy ones, and the following aspects should be taken into consideration.
· Whether or not different requirements need to be defined for different NTN topologies in terms of, e.g. GEO, MEO, LEO, HAPS, HIBS, altitude, elevation angles for feeder/service links, UE speed, etc.
· Whether and how to account for feeder link propagation delay time change.
· A framework on UE timing adjustment which will be provided by RAN1.

3.	Conclusion
Observations and Proposals are summarized below:
Initial Transmission 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: A-GNSS requirements of TS38.171 are not relevant for NR NTN requirement development.
Observation 3: 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 4: UE power consumption impact due to frequent GNSS measurements and interactions between NR UR transceiver and UE GNSS receiver differs by UE RRC State.
Observation 5: Inter-symbol and -carrier orthogonality in uplink can be preserved even with 5Ts relaxation of initial timing error requirement.
Observation 6: For handheld type FR1 NTN terminals, a 10Ts relaxation of initial timing error requirement can prolong UE battery life while preserving inter-symbol and -carrier orthogonality in uplink.
Proposal 1: NTN UE initial timing error requirements should be relaxed to account for at least 50m of a composite position estimation error.
· For FR1 NTN UE in RRC Connected state, the requirement should be further relaxed to accommodate a composite position estimation error up to 100ms.
· FFS on whether and how much different relaxations are required for different sets of SCS of SSB and SCS of uplink signals.

TA Adjustment Accuracy
Proposal 2: RAN4 to discuss whether a propagation delay change from a slot when UE received timing advance command to a slot when the indicated timing advance shall be applied to uplink transmission needs to be estimated and reflected into the transmission timing adjustment. If supported, NTN UE timing advance adjustment accuracy requirements should be relaxed to account for UE position and satellite position estimation error.
· FFS on if the accuracy requirement relaxation shall be the same as that for initial timing error requirement.

Gradual Timing Adjustment
Observation 7: The current gradual timing adjustment requirements cannot be applied to NTN systems.
Proposal 3: NTN UE gradual timing adjustment requirements should be differently defined from the legacy ones, and the following aspects should be taken into consideration.
· Whether or not different requirements need to be defined for different NTN topologies in terms of, e.g. GEO, MEO, LEO, HAPS, HIBS, altitude, elevation angles for feeder/service links, UE speed, etc.
· Whether and how to account for feeder link propagation delay time change.
· A framework on UE timing adjustment which will be provided by RAN1.
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