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1 Introduction
In RAN#96e [1], the revised WID on IoT NTN enhancements has been endorsed for Release 18. The work item aims to specify further enhancements for E-UTRA (LTE-RAN) based NTN (non-terrestrial networks) according to the following assumptions:
-	GEO and NGSO (LEO and MEO).
-	Earth fixed Tracking area. Earth fixed & Earth moving cells for NGSO
-	FDD mode
-	UEs with GNSS capabilities
The WID considers Rel-17 IoT-NTN as baseline as well as Rel-17 NR-NTN outcome and the further IoT-NTN performance enhancements objective related to improved GNSS operations as follows:
Study and specify, if needed, improved GNSS operations for a new position fix for UE pre-compensation during long connection times and for reduced power consumption. Simultaneous GNSS and NTN NB-IoT/eMTC operation is not assumed. [RAN1]
· NOTE: The need for RAN4 Core requirements for this objective will be identified after the conclusion on the need for improvements.

This contribution aims to discuss aspects related to improved GNSS operations for IoT NTN.
2 Discussion on improved GNSS operations
For the Rel-17, only sporadic traffic is considered. In Rel-18, operations for the UE to update its GNSS position during a long connection is considered. According to Rel-18 WID, define further enhancements for NB-IoT NTN and eMTC NTN in order to optimize the GNSS operation with sparse use of GNSS and power efficiency for long-term connection (compared to Rel-17) is part of the work item. 
[bookmark: _Hlk108535982]2.1 Analysis of the impact of GNSS position error to TA error and Frequency error 
The position error depends on the UE velocity. In the analysis in Sections 2.1.1 and 2.1.2, we assume worst case for GNSS UE position error is for vehicular with UE velocity of up to 120 km/h. 
2.1.1 Impact of UE velocity on UE-specific tracking of TA
We are now discussing the TA error due to UE velocity. We consider the maximum TA error at beam edge elevation at 1000 km/h in LEO-600 km as illustrated in Figure 1 (a).
,
where
.

Where c = 3*108 m/s is the velocity of light, β is the beam edge elevation angle, and D is UE-satellite distance. Assuming LEO-600 km with beam edge elevation β=30 degrees and D=1075 km.

Figure 1: TA and frequency error for elevation at beam edge and at Nadir[image: ]


Table 1 shows the TA error due to the position error of a UE that is moving without GNSS measurements for up to 60 seconds in NTN.
Table 1: TA tracking error due to UE velocity for elevation angle 30 degrees
	Validity     of UE location
	                                                                    
30 s
	
60 s

	UE Velocity
	UEpos,error 
	β
	TAerror 
	UEpos,error
	β
	TAerror

	3 km/h
	25 m
	30 deg
	0.14 us
	50 m
	30 deg
	0.29 us

	30 km/h
	250 m
	30 deg
	1.4 us
	500 m
	30 deg
	2.9 us

	40 km/h
	333 m
	30 deg
	1.9 us
	666 m
	30 deg
	3.8 us

	60 km/h
	500 m
	30 deg
	2.9 us
	1000 m
	30 deg
	5.8 us

	120 km/h
	1000 m 
	30 deg
	5.8 us
	2000 m
	30 deg
	11.6 us



Observation 1: The TA error due to the position error of a UE that is moving without GNSS measurements can be approximately 5.8 us and 11.6 us within 30 seconds and 60 seconds at UE velocity of 120 km/h in IoT NTN for LEO 600km.
The transmit timing error is Te = 80*Ts= 2.6 us for NB-IoT according to TS 36.133 [6] Table 7.20.2-1. 
Table 7.20.2-1: Te Timing Error Limit
	Downlink Bandwidth (MHz)
	Te_

	0.18
	80*TS

	Note 1:	TS is the basic timing unit defined in TS 36.211


Based on the analysis in Table 1, we make the following observation: 
Observation 2: For UE velocity above 30 km/h, if no closed loop time correction exists, UE needs to do GNSS position fix within 60 seconds to make TA error due to the position error of a UE smaller than transmit time error 2.6 us in NB-IoT NTN for LEO 600km.

Table 2 shows the TA error due to the position error of a UE that is moving without GNSS measurements for up to 60 seconds in TN.
Table 2: TA tracking error due to UE velocity for TN
	Validity     of UE location
UE Velocity
	
30 s
	
60 s

	
	UEpos,error
	TAerror
	UEpos,error
	TAerror

	3 km/h
	25 m
	0.16 us
	50 m
	0.33 us

	30 km/h
	250 m
	1.6 us
	500 m
	3.3 us

	40 km/h
	333 m
	2.2 us
	666 m
	4.4 us

	60 km/h
	500 m
	3.3 us
	1000 m
	6.6 us

	120 km/h
	1000 m
	6.6 us
	2000 m
	13.3 us



Compare the TAerror from NTN (Table 1) and TN (Table 2), the analysis in Table 2 shows that the TA error caused by UE velocity in TN is larger than that in NTN. In Rel-17, it has been agreed that “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 IoT-NTN”. The TA error caused by UE velocity in NTN can be taken care of by legacy closed loop time correction in Rel-18.

Observation 3: TA error caused by UE velocity in TN is larger than that in NTN.

Observation 4: The TA error caused by UE velocity in NTN can be taken care of by legacy closed loop time correction in Rel-18.

2.1.2 Impact of UE velocity on UE-specific tracking of Doppler shift
The maximum Doppler shift error at Nadir due to UE velocity over the service link is illustrated in Figure 1 (b).  It can be determined by considering initial UE positions is at Nadir point and re-calculating the angle θ between the satellite velocity vector and the radial distance Satellite-UE, due to the UE position error. The frequency error is then simply computed as the difference of the Doppler shift at Nadir with angle θ =90 degrees and the recalculated value of angle θ. Table 3 shows the Frequency error due to the position error of a UE that is moving without GNSS measurements for up to 120 seconds. Assuming a maximum beam diameter of 1700 km in Set 4 parameters [7], a maximum frequency error of 337.7 Hz would be experienced at Nadir where the Doppler shift rate is at its highest value of about 640 Hz/s and UE-satellite distance is at its smallest, with UE acquiring a GNSS position fix and accessing the satellite cell when it comes into coverage (i.e. 120 seconds ~= 1700 km / 2/ 7.56 km/s). For any other elevation angle, the frequency error will be significantly lower (e.g. at elevation angle 30 degrees, the Doppler shift rate is about 90 Hz/s and UE-satellite distance is 1076 km for LEO-600 and frequency error will be in the order of a few Hz).

Observation 5: The maximum Doppler shift error due to the position error of a UE that is moving without GNSS measurements at Nadir can be approximately 168.8Hz and 337.7Hz within 60 seconds and 120 seconds at UE velocity of 120 km/h for LEO 600km. At the lower elevation angle 30 degree, the frequency error is in the order of a few Hz for LEO 600km.

[bookmark: _Hlk108544913]Table 3: Doppler shift tracking error due to UE velocity at Nadir
	Validity of UE location
	        
10 s
	
30 s
	
60 s
	
120 s

	UE Velocity
	UEpos,error
	θ
	Fderror
	UEpos,error
	θ
	Fderror
	UEpos,error
	θ
	Fderror
	UEpos,error
	θ
	Fderror

	3 km/h
	8m
	89.999deg
	0.7Hz
	25m
	89.997 deg
	2.1Hz
	50 m
	89.99 deg
	4.2Hz
	100 m
	89.989deg
	8.4Hz

	30 km/h
	83m
	89.99deg
	7Hz
	250m
	89.97 deg
	21Hz
	500 m
	89.95 deg
	42Hz
	1000 m
	89.895deg
	84.1Hz

	40 km/h
	111m
	89.988deg
	9.3Hz
	333m
	89.96 deg
	28Hz
	666 m
	89.93 deg
	56.1Hz
	1333 m
	89.86deg
	112.2Hz

	60 km/h
	166m
	89.98deg
	14Hz
	500m
	89.95 deg
	42.1Hz
	1000 m
	89.9 deg
	84.2Hz
	2000 m
	89.79 deg 
	168.5Hz

	120 km/h
	333m
	89.96deg
	28.1Hz
	1000m
	89.9 deg
	84.4Hz
	2000 m
	89.79 deg
	168.8Hz
	4000 m
	89.58 deg 
	 337.7Hz




Table 4 shows Doppler shift error due to UE velocity without GNSS measurements in TN, considering initial UE positions is where the elevation angle θ is 90 degree with BS antenna height equals to 35 m. The Doppler shift error is almost constant if the UE velocity doesn’t change.

Table 4: Doppler shift tracking error due to UE velocity for TN
	Validity of UE location
	        
10 s
	
30 s
	
60 s

	UE Velocity
	UEpos,error 
	θ
	Fderror 
	UEpos,error
	θ
	Fderror
	UEpos,error
	θ
	Fderror

	3 km/h
	8 m
	76.6deg
	1.2Hz
	25 m
	54.5deg
	3.2Hz
	50 m
	35deg
	4.5Hz

	30 km/h
	83m 
	22.7deg
	51.2Hz
	250 m 
	8deg
	55Hz
	500 m
	4deg
	55.4Hz

	40 km/h
	111m
	17.5deg
	70.6Hz
	333 m
	6deg
	73.7Hz
	666 m
	3deg
	73.9Hz

	60 km/h
	166m 
	11.8deg
	108.7Hz
	500 m 
	4deg
	110.8Hz
	1000 m
	2deg 
	111Hz

	120 km/h
	333m 
	6deg
	221Hz
	1000 m 
	 2deg
	222.1Hz
	2000 m
	1deg 
	 222.2Hz

	
	
	
	
	
	
	
	
	
	
	



[bookmark: _Hlk114229841]Compare the frequency error from NTN (Table 3) and TN (Table 4), when time elapsed is below 60 seconds, since UE acquired GNSS location for UE velocity up to 120 km/h, the frequency error from NTN is smaller than that of TN. When time elapsed is above 120 seconds, the frequency error from NTN can be significantly larger than that of TN. Note that the time elapsed since UE acquired GNSS location can be longer that the GNSS validity duration reported by UE in Rel 17. This would have the advantage of reducing the use of GNSS module to re-acquire GNS location after the GNSS validity duration has expired and relying on legacy closed-loop time corrections and potentially on new closed-loop frequency correction mechanisms.

Observation 6: Depending on UE velocity and time elapsed since UE last acquired GNSS location, the frequency error could become increasingly large and exceed the frequency error requirements without closed-loop frequency correction. 

Observation 7: Closed loop frequency correction is not used in legacy TN system, which will require specifications if it is found to be beneficial.

2.2 Report GNSS assistance information
There were agreements in Rel-17 and Rel-18 IoT NTN on UE reporting GNSS related information [2-5].
	Agreement (RAN1 107-e):
The UE autonomously determines its GNSS validity duration X and reports information associated with this valid duration to the network via RRC signalling.
· X = {10s, 20s, 30s, 40s, 50s, 60s, 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, 60 min, 90 min, 120 min, infinity}
Send LS to RAN2 to take the following RAN1 agreements into consideration to specify the aspects related to GNSS position validity:
· For sporadic short transmission, UE in RRC_CONNECTED should go back to idle mode and re-acquire a GNSS position fix if GNSS becomes outdated 
· The UE autonomously determines its GNSS validity duration X and reports information associated with this valid duration to the network via RRC signalling. 
· X = {10s, 20s, 30s, 40s, 50s, 60s, 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, 60 min, 90 min, 120 min, infinity}
· Note: The duration of the short transmission is not longer than the “validity timer for UL synchronization” referred to in the WID objective (but which still needs further discussion for specifying further details)

Agreement (RAN1 109-e):
UE reports additional GNSS assistance information and further study the detailed GNSS assistance information, including e.g. GNSS position fix measurement time 
Note: Since RAN1 agreed that GNSS validity duration is reported by UE in Rel-17, it is already included in GNSS assistance information.
Agreement (RAN1 110):
GNSS assistance information that UE reports to eNB at least consists of:
· [bookmark: _Hlk113526036]GNSS position fix time duration for measurement 
· GNSS validity duration 
Agreement (RAN1 110)
When eNB triggers UE to make GNSS measurements, UE re-acquires GNSS position fix
· FFS details of signalling
· FFS how UE reports GNSS assistance information after eNB trigger and the detailed content
· Note: further discuss whether a UE is expected to handle all eNB triggers

Agreement (RAN2 116b-e):
UE need to have a valid GNSS fix before going to connected. RAN2 assumes that the UE may need to re-aquire the GNSS fix right before establishing the connection (regardless if previously valid or not), if needed to avoid interruption during the connection. 
When the GNSS fix becomes outdated in RRC_CONNECTED mode, the UE goes to IDLE mode.



[bookmark: _Hlk113526271][bookmark: OLE_LINK114]Based on UE reported GNSS assistance information and residual transmit timing error, eNB can trigger UE to do GNSS measurement by RRC signalling. After UE re-acquiring GNSS position fix in connected, UE can aperiodically report GNSS related information with MAC CE, similarly to the UE_specific TA report in RRC connected mode using MAC CE specified in Rel-17. 

Proposal 1: Based on UE reported GNSS assistance information and residual transmit timing error measurements at the eNB, the eNB can trigger UE to do GNSS measurement by RRC signalling.

Proposal 2: After eNB triggers UE to re-acquire GNSS position fix in connected, UE can report GNSS related information with MAC CE.

We discuss further the fields that may be considered in GNSS assistance information that UE reports to eNB:
· [bookmark: OLE_LINK115][bookmark: OLE_LINK116]Differential GNSS validity duration: indication of the difference between the updated GNSS validity duration and the latest reported GNSS validity duration to save signalling overhead. 
· GNSS position fix time duration for measurement: allow network and UE to have common understanding on the GNSS measurement duration. 
· Fixed UE indication: indicate whether the UE is assumed to be stationary. This can allow network to have more efficient scheduling for paging, cell re-selection and so on.

Note that the GNSS position fix time duration for measurement was already agreed in RAN1#110. The Differential GNSS validity duration and Fixed UE indication are new. One or more fields may be omitted in the report. For example, the GNSS position fix time duration for measurement may not change over the time the UE stays in connected. Likewise, if UE is stationary for the time the UE is in connected there is no need for UE reporting fixed UE indication every time.

Proposal 3: Add the following fields to GNSS assistance information that UE reports to eNB:
· Differential GNSS validity duration
· Fixed UE indication

Proposal 4: When one or more fields of GNSS assistance information are not reported by UE, the eNB behaviour is to assume that the information remains same as the latest reported one.
[bookmark: _Hlk101271438]2.3 GNSS measurement triggering in connected
There were agreements on GNSS measurement triggering in connected.
	Agreement (RAN1 109e)
Further study on whether there is a need for potential enhancements on the following for long connection time
· UE triggered GNSS measurement.
· Network triggered GNSS measurement. 
Agreement (RAN1 110)
When eNB triggers UE to make GNSS measurements, UE re-acquires GNSS position fix
· FFS details of signalling
· FFS how UE reports GNSS assistance information after eNB trigger and the detailed content
· Note: further discuss whether a UE is expected to handle all eNB triggers
Second Round Proposal 1-1a:
eNB triggers connected UE to make a GNSS measurement for new GNSS position fix
· Before GNSS validity duration expires
· After GNSS validity duration expires and closed-loop corrections are applied
FFS Additional signalling
  



[bookmark: OLE_LINK121][bookmark: OLE_LINK122]In last meeting, it has been agreed that eNB can trigger UE to make GNSS measurements in connected and when eNB can trigger was also discussed. With the closed-loop mechanism for time correction, the eNB can determine whether the residual transmit timing error, after GNSS validity duration expiration and after MAC CE TA is applied, is sufficiently small for UE to continue transmitting. The eNB may determine this by making timing measurements from UE signal transmission, SNR measurements, packet detection rates and so on. A simple way would be that the eNB can request UE to continue transmission even after GNSS validity has expired if residual transmit timing error is within transmit timing requirements and stop transmitting if not.
There are several conditions when eNB can aperiodically trigger UE to make GNSS measurements:
· [bookmark: OLE_LINK16][bookmark: OLE_LINK17]if transmit timing error / frequency error above some eNB receiver measurement threshold even after MAC TAC and maybe MAC CE frequency compensation indication sent to UE.
· when GNSS validity duration expires, and Timing Alignment Timer (TAT) has expired

Observation 8: RAN1 should further discuss how the UE can be kept in connected after GNSS validity expiration if residual transmit timing error after closed-loop timing correction is within the transmit timing error requirements.

Proposal 5: eNB can trigger UE to make GNSS measurements:
· if transmit timing error / frequency error above some eNB receiver measurement threshold even after MAC TAC and maybe MAC CE frequency compensation indication sent to UE.
· when GNSS validity duration expires, and Timing Alignment Timer (TAT) has expired

2.4 Schemes for GNSS measurement in connected
In Rel-17, it has been agreed that when the GNSS fix becomes outdated in RRC_CONNECTED mode, the UE goes to IDLE mode. For Rel-18, a solution will be needed. Depending on UE velocity, it was discussed in Rel-18 that UE in RRC-connected state may need a new GNSS position fix in order to accommodate the accumulated time and frequency errors to reduce the possible radio link failure for long connection times. 
	Conclusion (RAN1 109-e)
IoT NTN UE may need to re-acquire a valid GNSS position fix in long connection time. 
· FFS: Whether and how to update or reduce the need to update GNSS position fix in long connection time 

Agreement (RAN1 109-e)
At least the following options can be considered on GNSS measurement in connected for potential enhancements for improved GNSS operations: 
· Option 1: UE re-acquires GNSS position fix during RLF procedure
· Option 2: UE re-acquires GNSS position fix with a new gap 
Note: this does not imply that a Rel-18 IoT NTN UE is mandated to support one or both of the options.
Second Round Proposal 2-1a:
If eNB triggers connected UE to make GNSS measurement, UE re-acquires GNSS position fix with a new gap
Second Round Proposal 2-2a:
If eNB does not trigger UE to make GNSS measurements, UE can re-acquire GNSS position fix based on a new GNSS measurement timer 
· FFS Configuration of new GNSS measurement timer
· FFS When the UE starts new GNSS measurement timer



A network-configured GNSS measurement gap (Option 2) or re-acquisition of GNSS position fix in a new timer (Option 1) could be considered when GNSS validity expires or after GNSS validity expiration depending on mitigation of residual transmit timing error via closed-loop timing correction. Two options for GNSS measurement in connected were discussed. 

· [bookmark: OLE_LINK117][bookmark: OLE_LINK118]Option 1, UE can re-acquire GNSS position fix based on a new GNSS measurement timer. The UE will stay in connected and start the new timer when GNSS validity duration expires and eNB doesn’t trigger GNSS measurements for UE in connected after legacy Timing Alignment Timer expires. On starting the new timer, UE re-acquire GNSS position fix and re-synchronize on DL, then it can reset the new timer.  Assuming a hot fix of 1-2 seconds and re-synchronization time in the order of several hundred ms, the total time will be consistent with connected DRX of 2.56 s. In Rel-17, when UE initiates T317 upon acquisition of SystemInformationBlockType31, it is kept in RRC_CONNECTED and Upon recovery from loss of pre-compensation synchronization while the Timing Alignment Timer (TAT) has not expired, UE resumes UL operation, and no RACH is needed. Note that the above procedure is similar to the procedure for re-acquiring SIB31 with a new timer specified by RAN2 in Rel-17 when UL ephemeris validity expired.

· [bookmark: OLE_LINK21][bookmark: OLE_LINK22]Option 2, the eNB can configure a scheduling gap to make UE re-acquire GNSS position fix. The scheduling gap allows UE to acquire a new GNSS position fix with a typical measurement time in the order of 1 or 2 seconds. When the new scheduling gap starts, the UE may stop all IoT operations to re-acquire GNSS position fix and DL synchronization. When the new scheduling gap ends, IoT operations may start again. Note that the above procedure is similar to the procedure for the legacy UL Compensation Gap in cellular, where the UE stops transmitting repetitions in a long UL transmission exceeding 256 ms to re-acquire DL synchronization.

[bookmark: OLE_LINK125][bookmark: OLE_LINK126]Observation 9:  UE can re-acquire GNSS position fix based on when it is triggered to make GNSS measurements utilizing:
· A new GNSS timer
· A new scheduling gap

We have preference for the new GNSS timer as it is similar in principle to the procedure specified in RAN2 for connected UE to re-acquire SIB31 with timer T318. The impact on the RAN1 specifications will be relatively lower. This new timer should only be started in case the closed-loop timing corrections and potentially closed-loop frequency corrections failed to keep UE synchronized in time and frequency after the GNSS validity duration expires.

Observation 10: “UE can re-acquire GNSS position fix based on a new GNSS measurement timer” has lower impact on specifications. 
[bookmark: OLE_LINK127][bookmark: OLE_LINK128]Proposal 6: “UE can re-acquire GNSS position fix based on a new GNSS measurement timer” is baseline for improved GNSS operations.

3 Conclusion
In this contribution, the following proposals were made
Observation 1: The TA error due to the position error of a UE that is moving without GNSS measurements can be approximately 5.8 us and 11.6 us within 30 seconds and 60 seconds at UE velocity of 120 km/h in IoT NTN for LEO 600km.
Observation 2: For UE velocity above 30 km/h, if no closed loop time correction exists, UE needs to do GNSS position fix within 60 seconds to make TA error due to the position error of a UE smaller than transmit time error 2.6 us in NB-IoT NTN for LEO 600km.
Observation 3: TA error caused by UE velocity in TN is larger than that in NTN.
Observation 4: The TA error caused by UE velocity in NTN can be taken care of by legacy closed loop time correction in Rel-18.
Observation 5: The maximum Doppler shift error due to the position error of a UE that is moving without GNSS measurements at Nadir can be approximately 168.8Hz and 337.7Hz within 60 seconds and 120 seconds at UE velocity of 120 km/h for LEO 600km. At the lower elevation angle 30 degree, the frequency error is in the order of a few Hz for LEO 600km.
Observation 6: Depending on UE velocity and time elapsed since UE last acquired GNSS location, the frequency error could become increasingly large and exceed the frequency error requirements without closed-loop frequency correction. 
Observation 7: Closed loop frequency correction is not used in legacy TN system, which will require specifications if it is found to be beneficial.
Proposal 1: Based on UE reported GNSS assistance information and residual transmit timing error measurements at the eNB, the eNB can trigger UE to do GNSS measurement by RRC signalling.
Proposal 2: After eNB triggers UE to re-acquire GNSS position fix in connected, UE can report GNSS related information with MAC CE.
Proposal 3: Add the following fields to GNSS assistance information that UE reports to eNB:
· Differential GNSS validity duration
· Fixed UE indication
Proposal 4: When one or more fields of GNSS assistance information are not reported by UE, the eNB behaviour is to assume that the information remains same as the latest reported one.
Observation 8: RAN1 should further discuss how the UE can be kept in connected after GNSS validity expiration if residual transmit timing error after closed-loop timing correction is within the transmit timing error requirements.
Proposal 5: eNB can trigger UE to make GNSS measurements:
· if transmit timing error / frequency error above some eNB receiver measurement threshold even after MAC TAC and maybe MAC CE frequency compensation indication sent to UE.
· when GNSS validity duration expires, and Timing Alignment Timer (TAT) has expired
Observation 9:  UE can re-acquire GNSS position fix based on when it is triggered to make GNSS measurements utilizing:
· A new GNSS timer
· A new scheduling gap
Observation 10: “UE can re-acquire GNSS position fix based on a new GNSS measurement timer” has lower impact on specifications. 
Proposal 6: “UE can re-acquire GNSS position fix based on a new GNSS measurement timer” is baseline for improved GNSS operations.
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