[bookmark: _Hlk68690920][bookmark: _Hlk510705081][bookmark: _Hlk68691050]3GPP TSG RAN WG1 #107 	R1-2111276
e-Meeting, Nov 11th – Nov 19th, 2021

Agenda item:		8.15.1
Source:	Nokia, Nokia Shanghai Bell
Title:		Enhancement to time and frequency synchronization for NB-IoT/eMTC over NTN
Document for:		Discussion and Decision
Introduction
In RAN1 #106bis meeting, there has been lots of discussion and some progress on validity timer of UL synchronization and segment pre-compensation for long UL transmission of PUSCH and PRACH, but not good progress on GNSS measurement window in IDLE mode and CONNECTED mode, new UL gap, phase discontinuity, etc.
All these issues should be discussed and solved in Rel17 to make a workable system for IoT over NTN.This paper will discuss candidate solutions and pros/cons on these points.
Discussion
Validity of GNSS and ephemeris 
GNSS and ephemeris information are two important information for UE automatic T/F synchronization. The accuracy of them will directly impact on the accuracy of the synchronization. However, from power saving point of view, NB-IoT/eMTC UE does not need to acquire GNSS or read SIB for satellite ephemeris frequently. As in TR, it could be assumed that validity of GNSS and ephemeris could last for a validity time after UE gets GNSS fix or read ephemeris information, where UE can assume the GNSS and ephemeris is valid and utilized for synchronization. 
After the validity time expires, the previously acquired GNSS and/or ephemeris may be already inaccurate because of UE movement or satellite perturbation. If UE still want to do UL transmission, new acquisition for GNSS and/or ephemeris should be done to guarantee UL synchronization before any UL transmission.
Observation 1: The acquired GNSS/ephemeris will be out-of-date after some time because of e.g. UE movement or satellite perturbation. UE need to keep valid GNSS/ephemeris before any UL transmission.
According to the WID (RP-211601) simultaneous GNSS and IoT NTN operation is not assumed. Furthermore, the IoT devices are half-duplex. Therefore, there are limitations on when the UE can acquire GNSS and read SIB. Such limitations need also be known by the eNB such that it can perform scheduling decisions, which do not make UL/DL colliding with GNSS acquisition or UL transmission colliding with SIB reading for satellite ephemeris data. From this PoV, eNB and UE must have a common understanding of the validity timer for GNSS and validity timer for satellite ephemeris data. Without common understanding, there will be unexpected/uncontrolled behavior from UE, causing that network can not schedule as no information onwhen UE can/will transmit or receive..
Observation 2: there would be unexpected/uncontrolled operation of UE for eNB scheduling if there is no common understanding on validity timer of GNSS and ephemeris, causing that network can not schedule as no information on when UE can/will transmit or receive.
Proposal 1: there should be common understanding on start time and expire time of validity timer for GNSS and validity timer for ephemeris between UE and network, which should be specified in IoT NTN.
When UE requires a new GNSS or reads a new satellite ephemeris data, UE should report to network so that both UE and network reset the validity timer and keep common understanding on the duration of the validty timer. Like TAT timer in RAN2, a similar design can also be used for validity timer for GNSS measurement and satellite ephemeris reading.
However, signalling overhead for UE reporting should be considered. One possible way to reduce the overhead for reporting can be UE only report the validity information to network when UE requires a new GNSS or reads a new satellite ephemeris data. Then both UE and network reset the validity timer automatically when it expire unless UE report a failure for requiring a new GNSS or new satellite ephemeris data.
Proposal 2: TAT like validity timer could be used as a baseline, where UE should report to network so that both UE and network reset the validity timer and keep common understanding.
Proposal 3: To reduce overhead, UE reporting should be reduced, where e.g. only first report valid information and failure report.
While, when either GNSS or ephemeris data are not valid, it means UL sync for UE is lost and UE should stop UL transmission before achieve new one. One possible way that has been discussed is UE go back to IDLE mode and initiate a new random access. However, the resulting long latency and power consumption could be an issue for IoT UE. Actually, if only UL synchronization is not available, it is still possible for UE to do a contention free random access based on network configuration, as proposed by ZTE in [32]. Additionally, it will reduce the latency and power consumption if RRC CONNECTED mode can also be kept considering it is not a wireless failure but just assistance information update.
Proposal 4: To save power consumption and latency, one possible way is only to perform a new UL synchronization by CFRA instead of CBRA or going back to IDLE mode.
In RAN1 #106bis-e discussion, there is consensus that UE and network should have common understanding on validity timer of ephemeris, so that the network can know when it can or can not scheduled UE for UL. It is discussed that ” UE signalling to indicate the validity timer for UL synchronization is about to expire” or UE to keep RRC CONNECTION if UE read the ephemeris successfully, where UE may need to report whether the ephemeris is valid again or not, before the validity timer of ephemeris is about to expire. On which UL resource the report is scheduled should be specified.
For IoT UE, the repetitions may last for long time, e.g. several seconds or even larger. But the validity timer may already expire when the repetition complete. In this case, UE may need to stop the UL repetitions for some time, in which time UE read the ephemeris report whether new ephemeris is read successfully of not. 
Proposal 5: Network configured UL resource for report for validity of ephemeris should be specified.
Proposal 6: Validity report within the repetitions should be specified.
GNSS measurement window 
GNSS measurement window in IDLE mode
In RAN1 #104-e meeting in SI phase, there has been discussed whether GNSS measurement window should be considered as UE need to do T/F pre-compensation before random access procedure. In order to perform the T/F synchronization before PRACH transmission, the UE needs to obtain valid GNSS information. According to the discussions, a hot start may require a few seconds while a warm start takes considerably longer. 
For mobile terminated traffic, the network will first page the UE. If the network is not aware that the UE has to obtain the valid GNSS information, i.e. delaying the start of the random access procedure, the network may interpret the lack of UE response as a sign that the UE did not receive the paging. Therefore, the network may repeat the paging, potentially escalating it to a larger area and thus affecting more UEs. Figure 1 illustrates the paging scenario where the UE applies either hot or warm start GNSS before being able to respond with start of random access procedure. Similarly, if (G)WUS is utilized, the network may need to accommodate the time to obtain valid GNSS information either between sending the WUS and the paging message, or after the paging message.
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Figure 1 Illustration of GNSS start delay in a paging scenario.
Observation 3: If the network is not aware that a UE requires time to obtain valid GNSS information the network may trigger additional paging before the UE has a chance to initiate the pre-compensated random access procedure.
In RAN1 #106-bis-e there was a discussion as follows:Acquisition of GNSS position fix during paging procedure is up to UE implementation and network configuration of paging timers considering GNSS measurement duration (e.g. GNSS Time To First Fix with cold start of typically 10 seconds) impact in NTN scenario. These paging timers are not specified in 3GPP in legacy paging procedure (i.e. T3413 / T3415).

However, delaying the paging procedure based on duration of GNSS cold start is not optimal, because different UEs with different capabilities and channel conditions will have varying time to get GNSS position fix. 
If the timer to repeat and/or escalate paging is set to 10 s it results in a very slow paging procedure. If the network e.g. follows a paging procedure where it attempts to page the UE in the coverage area of the last known serving cell first and then repeat the paging at least once in that cell (area) if the UE does not respond, the long timer would mean that the network would potentially be paging in different cells due to the satellite movement (recall cell availability time is about 7 s in case of a small earth moving cell). This may not be an issue for the UE, because it would anyway need to perform cell reselection, but it complicates the network’s book keeping. Likewise, if the UE has moved from the area of the last serving cell to a neighbor cell within the tracking area, the delay until the network escalates the paging to that larger area is significantly prolonged if a long timer, based on GNSS cold start time, is used.
Observation 4: Basing paging repetition/escalation on GNSS cold start time value significantly delays the paging procedure.
A simple solution to the issue is to require that the UE always obtains valid GNSS information prior to monitor for paging. However, such an approach is rather energy consuming since the UE is not likely to be paged in every paging occasion. For example, the paging probability may be in the order of 0.1-1 % for IoT devices and thus it is a waste of energy to validate GNSS in 99 % or more of the paging occasions.
Observation 5: If UE validates GNSS before every paging occasion it will waste energy due to low paging probability.
An alternative solution is that the UE, at a prior occasion, provides its GNSS capability including an estimate of how long time is needed to obtain valid GNSS information (i.e.. GNSS measurement gap). Having such knowledge on network side enables the network to postpone further paging after sending the initial paging until after the GNSS measurement gap related to the reported UE capability has expired. The network may also consider the last time the UE was active to distinguish between whether the UE is expected to perform a warm or hot start. Alternatively, it can be specified that the UE shall always have either up-to-date GNSS information or be ready to perform hot start after being paged, i.e. excluding the longer cold and warm start options.
Proposal 7: UE shall report GNSS measurement capability such that network can allocate sufficient time between sending a paging message and when to expect random access procedure initialization from UE. 
Proposal 8: Network shall not repeat the paging message for a UE during the UE’s GNSS measurement gap.
The position and duration of the GNSS measurement gap within the paging procedure can be further discussed and should be supported in Rel 17.
Proposal 9: A GNSS measurement gap, corresponding to the time the UE requires to validate GNSS, shall be configured in the paging procedure. The position and duration of the gap can be decided and supported in Rel 17.
GNSS measurement window in CONNECTED mode
In RAN1 #105-e meeting, there was agreement for GNSS measurement window as
Agreement:
· With a GNSS position fix that can be assumed to be valid for some period of time X, the following apply for UE in RRC_CONNECTED 
· TA error due to UE velocity satisfies the requirements defined in RAN4 
· Doppler shift error due to UE velocity satisfies the requirement defined in RAN4 
· FFS: Validity of a GNSS position fix and details of acquiring a GNSS position fix, value of X, in RRC CONNECTED mode
· FFS: Potential impact on the existing closed loop TA maintenance mechanism
· NOTE: The detailed requirement will be defined in RAN4 during normative work.

In RAN1 #106bis-e meeting, some companies proposed “UE in RRC_CONNECTED should go back to idle mode and re-acquire a GNSS position fix if GNSS becomes outdated.” in email discussion. However, technically, we think it is unreasonable. A fast GNSS re-acquisition may only take e.g. less than 1s or even shorter considering UE with good channel status of GNSS and considering the hot start of GNSS. This latency can be much shorter than the latency for restarting of initial access and RRC connection, considering UE’s repetitions for the steps in the initial access/connection procedures.
From this PoV, UE should not go back to IDLE mode but keep RRC CONNECTION, while a simple new GNSS measurement will be the best choice for IoT UE in NTN scenario.
Additionally,the transmit timing error is defined as Te= 80Ts (=2.6 us) for NB-IoT, and Te=24Ts (=0.78 us) for eMTC. While in evaluation of R1-2109171 (MediaTek), the TA changing will be larger than Te at 30s with UE speed 60km/h or at 60s with UE speed 30km/h for NB-IoT, and the TA changing will be larger or much larger than Te at 10s with UE speed 60km/h or 30s at 30km/h for eMTC. When the service can not be completed in 10s/30s or 60s, then based on RAN4 requirement, the performance of NB-IoT/eMTC will be impacted. From ths PoV, also a new GNSS measurement is needed in RRC CONNECTED mode. 
Proposal 10: GNSS measurement window in CONNECTED mode should be specified for a new GNSS measurement when GNSS is about to outdated.
Considering “Simultaneous GNSS and NTN NB-IoT/eMTC operation is not assumed”, the GNSS measuerement will impact on IoT data performance, as the GNSS measurement window will impact the available time for IoT UE for UL/DL data transmission. A larger GNSS measurement window will impact more on IoT data performance.
[bookmark: _Hlk87092609]Observation 6: Common understanding on GNSS measurement window between UE and network is needed.
Like all other measurements, the time requested for UE's GNSS measurement will depend on UE capability and GNSS channel status. Obviously a better GNSS channel status will provide a better GNSS receiving quality, which will request less time to receive the GNSS signal from multiple GNSS satellite and less time to achieve a accurate GNSS information for UE.
While for UE capability, two aspects should be considered for GNSS measurement:
· A UE with more receiving antenna will have more receiving gain, which will provide a higher GNSS receiving quality.
· A UE with more processing capability can provide a faster processing on same size of packets with same receiving signal qualtiy.
Obviously, NB-IoT UE may have less number or receiving antenna and less processing capability than eMTC UE, while both of them will have less capability than normal UE. A UE with higher UE capability on GNSS processing will request less time for GNSS measurement. 
[bookmark: _Hlk87092628]Observation 7: Multiple IoT UE with different capability and channel status may request different GNSS measurement window.
Two alternatives can be considered: network selection and UE selection.
When network has to select the GNSS measurement window, UE assistance information is needed. Although UE capability for GNSS measurement is fixed, the GNSS channel status may change especially for moving UE, resulting the requested GNSS measurement window size and periodicity to be changed accordingly.
As IoT UL transmission may last for long time with repetitions, it will take much resource if GNSS channel status is reported every time when it is e.g. changed larger than a threshold. Meanwhile, the GNSS channel status may already changed when UE report it and then eNB configured the GNSS measurement window to it.
Therefore, it is better for eNB to control the GNSS measurement window based on UE’s suggestion of GNSS measuerement window as UE has full information to do the selection. In this solution, UE can initially select the candidate effective accurate GNSS measurement window according to its GNSS related capability and GNSS channel status. Then UE can report the parameters of candidate GNSS measuerement window to network and network to finally decide the GNSS meausurement window and configure to UE.
[bookmark: _Hlk87092636]Proposal 11: Overhead reduction should be considered for selection of GNSS measurement window and coordination between UE and eNB.
Proposal 12: UE report the GNSS measurement gap should be the specified, to keep a low overhead.
Long PUSCH/PRACH transmission
In RAN1 #106-e meeting, there were discussion on UE pre-compensation for long term PUSCH transmission and agreements as below.
Agreement:
· For NB-IoT/eMTC NTN, the network configures one of K candidate values for the UL transmission segment duration of NPUSCH/PUSCH in a k-bit field. 
· For NB-IoT, maximum 3-bit field with a maximum number of K=8 candidate values 2 ms, 4 ms, 8 ms, 16 ms, 32 ms, 64 ms, 128 ms, 256 ms  
· FFS: Down scoping of K candidate values, size of k-bit field

Also, RAN1 #106-e meeting had a discussion on long transmission on PRACH. 
Agreement:
· For NB-IoT NTN, the network configures one of K values for the UL transmission segment duration of each PRACH preamble format in a k-bit field, where the size of the k-bit field and the number of K candidate values depend on the preamble format.
· Format 0 and format 1: 3-bit field, K=6 candidate values 2.4.(TCP+TSEQ), 4.4.(TCP+TSEQ), 8.4.(TCP+TSEQ), 16.4.(TCP+TSEQ), 32.4.(TCP+TSEQ), 64.4.(TCP+TSEQ)
· Format 2:  2-bit field, K=4 candidate values 2.6.(TCP+TSEQ), 4.6.(TCP+TSEQ), 8.6.(TCP+TSEQ), 16.6.(TCP+TSEQ)  
· FFS: Down scoping of K candidate values, size of k-bit field
· FFS: Whether the same segment duration can be used for all preambles within a preamble format
Agreement:
For eMTC, the network configures one of K values for the UL transmission segment duration of PRACH in a k-bit field.
· FFS: K candidate values, size of k-bit field

In RAN1 #106bis-e meeting, the following agreements were made. 
	Agreement:
Configuration of UL transmission segment is indicated on SIB at least for initial access
· FFS via UE-specific RRC signalling in RRC_CONNECTED.
 
Agreement:
For eMTC PUSCH, a 3-bit field to indicate K=8 values for the uplink transmission segment duration:
· Full-PRB allocation (unit: subframes): 2 4 8 16 32 64 128 256
· Sub-PRB allocation (unit: resource units): 1 2 4 8 16 32 64 128

Agreement:
For eMTC, a 3-bit field is defined in the SIB to indicate the following K=8 values for the uplink transmission segment duration of PRACH:
(TCP+TSEQ+TGP), 2*(TCP+TSEQ+TGP), 4*(TCP+TSEQ+TGP), 8*(TCP+TSEQ+TGP), 16*(TCP+TSEQ+TGP), 32*(TCP+TSEQ+TGP), 64*(TCP+TSEQ+TGP), 128*(TCP+TSEQ+TGP)  

Agreement:
For eMTC, the same value is used for segment durations for all PRACH preambles
 
Agreement:
For NB-IOT, the same value is used for segment durations for all NPRACH preambles for a particular NPRACH format



In RAN1 #106-e and #106bis-e meetings, the TA pre-compensation issue in long PUSCH/PRACH transmission was discussed, and the candidate values of the UL transmission segment durations for NB-IoT and eMTC were agreed. As a next step, we discuss the configuration of UL transmission segment indicated by SIB and the applicability of UE-specific RRC signaling. 
To apply the agreed UL transmission segment durations in RAN1 #106-e and #106bis-e, it should guarantee that, after the time adjustment in a certain segment repetition unit, the amount of TA error is still less than the maximum covered by the cyclic prefix while not enter into the next symbol when received by eNB.
[bookmark: _Hlk87092642]Proposal 13: Within the segment duration, the accumulated timing error due to TA drift should not exceed the tolerance provided by the cyclic prefix.
For how UE pre-compensate for the time advance, there could be multiple different solutions. 
One simple solution is that the base station configures a set of TA values when it schedules the UL transmission, e.g. allowing the UE to apply a new TA value of the set after each transmission gap or alternatively that each TA-entry in the set has a corresponding time when the UE shall apply it. This ensures UL transmissions from different UEs are time-aligned at that reference point and no interference is caused by non-synchronizaiton in UL.
Receiving a set of TA values enable the UE to adjust the uplink transmission timing without having to use GNSS. Bundling a set of TA values also reduces the signaling overhead compared to allowing the network to send additional TA values during the transmission gaps of the repetition.
[bookmark: _Hlk87092647]Proposal 14: For TA value changing during the repetitions of PUSCH, a simple configuration of a bundle of TA and corresponding time to utilize from Node B to UE, should be considered as one option.
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Figure 2. TA change during the transmission period of 256 ms.
Next, we investigate the impact of the segment durations on the TA change with the different elevation angles. In NTN, especially in LEO scenario, the distance between satellite and UE is continuously changing. Also, in the case of transparent satellites the distance to the NTN gateway is continuously changing. In RAN1 #106-e and #106bis-e meetings, the maximum transmission segment duration is limited to 256 ms. Figure 2 shows the TA change during the maximum transmission segment of 256 ms for the different elevation angles from 10 to 90 degrees when UE is connected to a LEO600 satellite. In Figure 2, we can observe that the largest TA change is smaller than 25 μs. Therefore, when a small TA adjustment gap is added to keep the TA change within the timing error tolerance, the TA adjustment gap between two UL transmission segments does not require more than one symbol.  
[bookmark: _Hlk87092651]Proposal 15: A TA adjustment gap between adjacent segments should be no longer than one SC-FDMA symbol length.
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Figure 3. TA changes of NB-IoT and eMTC for the different elevation angles at LEO600 and LEO1200
Also, when applying the segment durations from the agreements of RAN1 #106-e and #106bis-e meetings, the time shift must not exceed the maximum timing error requirement defined by RAN4. For instance, the timing error requirement is 80Ts (2.6 μs) for NB-IoT and 24 Ts (0.78 µs) for eMTC. Figure 3 shows the amount of the TA value change over the different transmission segment durations within X = 256 ms at different elevation angles from 10 to 90 degrees when LEO satellite altitude is 600 km and 1200 km, respectively. In Figure 3, we observe that the amount of TA value change (i.e., TA error) of a long transmission segment is exceeding the maximum tolerance if the elevation angle is low. 
[bookmark: _Hlk87092657]Observation 8: The TA error in a transmission segment duaration is related to the elevation angle.
Since the different elevation angles (at the beginning of the transmission period) result in the significantly different TA error values, it is important that the proper length of the segment is selected based on the elevation angle since the TA drift rate varies with the elevation angle. For example, at 10⁰ elevation angle, the TA drift rate is the highest, so the segment length should be the shortest. As the elevation angle increases, the TA drift rate decreases, and the segment length can be longer.
Table 1. Indexed table for the segment lengths of NB-IoT and eMTC (LEO600)
	Index
	Elevation angle range for NB-IoT UE (deg)
	Elevation angle range for eMTC UE (deg) 
	Segment 
duration (ms)
	Number of TA adjustments in X

	0
	*
	*
	2
	127

	1
	*
	*
	4
	63

	2
	*
	[10, 58]
	8
	31

	3
	[10, 28]
	[59, 74]
	16
	15

	4
	[29, 63]
	[75, 82]
	32
	7

	5
	[64, 77]
	[83, 86]
	64
	3

	6
	[78, 83]
	[87, 88]
	128
	1

	7
	[84, 90]
	[89, 90]
	256
	0



To configure the segment duration of a UE, we use the fact that the elevation angle affects the timing drift rate. For example, the network can configure an indexed table including the different segment durations. For instance, Table 1 uses a 3-bit field to indicate K=8 segment repetition units for NB-IoT and eMTC (with full-PRB allocation), respectively, when assuming UE is connected with a LEO satellite at 600 km altitude. In Table 1, the second and third columns, respectively, are the elevation angle range for NB-IoT and eMTC corresponding the different segment druations. Table 1 shows that a short segment can be used if the elevation angle is low. This is due to the fact that the TA drift rate changes over elevation angle as shown in Figure 3. Also, since NB-IoT has a higher timing error tolerance than eMTC, a longer segment can be used for NB-IoT UE than eMTC UE when the elevation angle is the same. 
[bookmark: _Hlk87092663]Observation 9: Long segment duration can be used by the UE at a high elevation angle to keep the TA change within the timing error tolerance.
Observation 10: NB-IoT UE can use equivalent or longer segments than eMTC UE for a given elevation angle, due to the high timing error tolerance of NB-IoT. 
The information in the indexed table can be used by UE to determine a proper UL transmission configuration format. In Table 1, we observe that the segment duration with an asterisk mark (*) in the elevation angle range field can be replaced with a longer segment duration to efficienctly use the uplink resources. For example, when an NB-IoT UE’s elevation angle is 10 degrees, the applicable segment durations include 2, 4, 8, and 16 ms. Among them, a 16 ms segment can be used instead of 2 ms. If UE uses a 16 ms segment instead of 2 ms, the number of TA adjustment can be reduced from 127 to 31, and therefore, the number of TA adjustment gaps can be further reduced. 
[bookmark: _Hlk87092668]Observation 11: When multiple segment durations satisfy the timing error tolerance, UE can use the longest segment for efficient utilization of uplink resources. 

[bookmark: _Hlk87092674]Proposal 16: UE selects the segment duration that is applicable to the elevation angle and has the smallest number of gaps / TA adjustments.

To enable UE to decide the segment duration, eNB need to indicate the elevation angle range of the different segment durations. Then, UE can select a suitable segment duration so that the TA error is maintained lower than the timing error tolerance. Therefore, when the configuration of UL transmission segment is indicated by SIB (at least) during the initial access, the relationship between elevation angle range and segment durations can be essential for UE to decide a proper segment length. 
[bookmark: _Hlk87092680]Observation 12: An indexed table can be used to indicate the relationship between elevation angle range and segment duration. 
Observation 13: When the applicable segment durations are known, UE can decide the most suitable segment length depending on the UE’s elevation angle. 
[bookmark: _Hlk87092703]Proposal 17: A set of applicable UL transmission segments is indicated in SIB.
Once a set of applicable UL transmission segments are received by UE, the UE can estimate its elevation angle with the satellite based on the UE’s location acquired from GNSS and satellite ephemeris. Afterwards, the UE selects a segment duration that is applicable to the estimated elevation angle from the indexed table. Next, UE signals the segment index to the network. Here, it is essential for the network to be aware of the UE’s selection, such that the network knows when an UL transmission period ends. Also, signaling the segment index enables the network to know how many repetitions it can schedule within X. 
[bookmark: _Hlk87092712]Observation 14: The network should be aware of the UE’s selection in order to know when an UL transmission period ends and how many repetitions are scheduled. 
[bookmark: _Hlk87092718]Proposal 18: After UE selects a segment duration, the index of the selected segment duration should be sent to the network. 
After the network indicates the applicable UL transmission segments via SIB during the initial access, if a UE’s elevation angle changes, the applicable segments need to be updated. In that case, UE first detects the change of elevation angle or location, and a signaling needs to be sent to the network to inform of the change. Then, eNB can update the applicable UL transmission segment depending on the UE’s new elevation angle / location. The updated segment can be sent to the UE via UE-specific RRC signaling. 
[bookmark: _Hlk87092724]Observation 15: If UE is in RRC CONNECTED mode, the network can select a new segment duration based on the UE’s elevation angle, which can be derived from the UE’s location and satellite ephemeris. 
[bookmark: _Hlk87092729]Proposal 19: When UE location is available to the network, eNB can indicate the transmission segment duration to UE via RRC signaling.
Issue from time drifting
Time drifting in LEO scenario
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk87091499]In RAN1 106-e meeting, there is agreement to have similar design as NR NTN for combination of open loop and close loop TA update.
Regarding the operation of closed and open look TA control, we believe that the update rate on the UE side should be the UE’s responsibility. In any case, the UE needs to read and update both  and  in such way that the NTA fulfilles the given RAN4 time synchronization requirements.
[bookmark: _Hlk87092734]Proposal 20: The update rate that the UE applies for both the UE-specific TA and Common TA should be such that the applied TA fulfilles the RAN4 time synchronization requirements.
The way of calculation of the Common TA should be deterministic and same for all UEs. Ideally this should be given by an equation, based on input parameters and defined as a function of time. 
[bookmark: _Hlk87092738]Proposal 21: The Common TA should be calculated in a deterministic way and applied at the same time for all UEs.
A combination of open and closed loop TA control needs careful study. As of now, it has been agreed for UEs in RRC connected state to support UE-specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris. At the same time, the network has the responsibility of providing the common TA value to all UEs in the cell. It is still unclear how to handle the potential risks that are associated with having two control loops acting at the same time, and how to avoid that these cause instabilities .For example, there is a risk that UE autonomous estimation, when relying on inaccurate or outdated GNSS location information, leads to erroneous calculation of the UE-specific TA. Considering the large round-trip times during which the UE might be applying incorrect TA,this could lead to accumulation of large errors and potentially create instability to the closed loop procedure. 
[bookmark: _Hlk87092744]Observation 16: Operation of closed loop and open loop TA control in RRC connected state needs careful design to avoid instability due to erroneous calculation of the UE-specific TA value by the UE.
[bookmark: _Hlk87092750]Proposal 22: For UE in RRC connected mode, in case closed loop TA control is used, open loop TA control should be applied only in a way that does not impact the stability and accuracy as provided by closed loop TA control.
TS 36.133 contains the timing requirements for UEs: “ The UE initial transmission timing error shall be less than or equal to ±Te.“. The possible values of Te can be found in 36.133 section 7.1.2 and are in the range of Te = ±80Ts = ± 2.6 μs for NB-IoT,  ± Te = ±24Ts = ± 0.78 μs for eMTC. The timing is relative to the downlink reception. The challenge is however that the satellite that provides the downlink signals moves. This is shown in Figure 4 and works as follows:
· The eNb transmit the downlink frame at a certain point in time. The delays of the feeder and service link are at that point in time are d and c respectively
· This downlink frame arrives at the UE after d+c+u1, where u1 is the change due to movement of the satellite.
· The UE may not respond immediately but first after a scheduling delay s. At that point the time is d+c+s+u1+u2, where u2 is due to the satellite movement during scheduling delay s. 
[image: ] 
Figure 4. Satellite movement and timing
[bookmark: _Ref71656259]Table 2 Example maximum values for u1 and u2 for different scheduling delays s for LEO at 600 km.
	RTT(ms)
	S (ms)
	u1 (μs)
	u2 (μs)
	u1+u2 (μs)

	28.4
	1
	0,355
	0,025
	0,38

	28.4
	5
	0,355
	0,126
	0,48

	28.4
	10
	0,355
	0,25
	0,61

	28.4
	100
	0,355
	2,5
	2,86

	28.4
	200
	0,355
	5,0
	5,36



[bookmark: _Hlk83885487]The value of u1 depends on RTT/2, while the value of u2 depends on the scheduling delay s. Some example values for u1+u2, which represent the drift due to satellite movement can be seen in Table 2 for different values of the scheduling delay s. To solve this UE autonomous TA adjustment was added.  The challenge is that tight requirements need to be set to the UE timing so that this is aligned with network timing. That is, at which time and by which amount the UE shall auto-adjust its transmit timing. One critical element of the UE autonomously adjusting or adapting its transmit timing is that the eNB may potentially not be aware of such adjustments, and any TA command to the UE may be based on an UL signal that is no longer applicable. Such a situation could create error propagation and oscillations, and should be avoided.
· The network sends timing adjustment commands at a high rate so that the signals stay within the cyclic prefix.
· The UE autonomously adjusts its timing based on the satellite ephemeris data.

The first approach significantly increases the number of needed TA messages, which may be undesirable from network throughput point of view, whereas if the second method is used, tight requirements need to be set to the UE timing so that this is aligned with network timing. That is, at which time and by which amount the UE shall auto-adjust its transmit timing. One critical element of the UE autonomously adjusting or adapting its transmit timing is that the eNB may potentially not be aware of such adjustments, and any TA command to the UE may be based on an UL signal that is no longer applicable. Such a situation could create error propagation and oscillations, and should be avoided.
Therefore, once current agreements enable TA autonomous compensation at the UE side, it is important to guarantee that the closed loop (legacy) mechanism can co-exist in harmonious way with the open loop TA operation which is based on TA autonomous compensation relying on NTA,UE-specific. The fundamentals and principles NTN specifications are such that the central node (eNB) bares the main responsibility to manage the connection. In order to maintain this principle, the closed loop solution, i.e., the TA commands generated by the eNB may not be deactivated or ignored by the UE, in any circustance. 
[bookmark: _Hlk87092758]Proposal 23: The eNB should be able to use the closed-loop solution (Timing Advance Commands over DL MAC-CE) at any time.  
There are different situations where the eNB may need to issue a TAC (timing advance command). We now refer to two main cases from which other scenarios may derive: 
A. The UE autonomous compensation (for both the service link and/or the common delay) is innacurate. 
B. The gNB needs to offset UE timing. 

In case A. the UE algorithms for the autonomous compensation component may become inaccurate (for example, for GNSS instability), or delayed. The algorithms themselves, which are not under control of the RAN, may also present rounding or interpolation errors that may sum up for a timing deviation. A potential problem in this scenario, is that the eNB may generate a TAC, and due to the very large RTT times observed in NTN, the situation that created the timing deviation at the UE side may be in the meantime mitigated by the UE algorithms. For example, by the acquisition of updated data on one or more of the following: GNSS, ephemeris, or common delay parameters. In this case, the TAC and the UE updates will act on the same direction, aiming for compensating twice for the deviation. 
[bookmark: _Hlk87092926]Observation 17: If TAC is generated to fix a temporary deviation in the UE transmission timing, when UE updates their autonomous components on the timing advance formula, there may be an overcompensation of the timing advance, generating a similar deviation on the opposite direction (Figure 5).
[image: ]
[bookmark: _Ref83910119]Figure 5. Example of timing overcompensation by the UE, when TAC and UE correction are both applied together. The solid line represents the UE estimation of Timing Advance (open-loop only) with some error deviations. The dotted line represents the Timing Advance when closed loop and open loop are applied together leading to instability. 
In case B, the eNB may just require the UE to offset its transmission timing. For example, this may happen if the eNB has identified a jitter caused by the processing times at the satellite or gateway , or simply to cause some offset that allows for a buffer as part of the cyclic prefix such that there is a headroom to absorb timing inaccuracies in the UE transmit timing. Another situation that may entice such offset are due to eNB implementations. 
[bookmark: _Hlk87092932]Observation 18: If TAC is generated to introduce an offset in UE timing due to eNB internal optimizations, the TAC should be applied regardless of UE accuracy for timing estimation. 
While the case A. creates a scenario where TAC may come in bursts, as there will be overcompensation by the fact closed-loop and open-loop are acting in similar directions, and therefore generating overhead and potential loop instability in the PHY. On the other hand, in case B. the TAC is required to create a unique long-lasting offset on UE timing. As a consequence, both cases should be treated differently by the UE. In the first case, both nodes would benefit if the TAC would be a “temporary” Timing Advance Command, that lasts until UE autonomous compensation is updated. So, regarding the agreements of previous meetings that state the details for NTA update/accumulation merit further studies, we then propose: 
[bookmark: _Hlk87092939]Observation 19: In order to guarantee TA update loop stability, two operation modes for TAC update are needed.
[bookmark: _Hlk87092944]Proposal 24: The TAC should operate in two different states to allow both differential and absolute indication of the TAC updates.
Timing-drift-induced phase error 
In RAN1 105-e meeting, there was a discussion on phase discontinuity when applying pre-compensation for UL transmission. 
Agreement:
· A specification change is needed for UL transmission with repetitions R>1. 
· For segmented UE pre-compensation how the following is handled can be further discussed 
· Phase discontinuity at subframe boundary when applying new pre-compensation
· Coherence time limitation due to delay/frequency drift rate during segment
· Signal overlapping between different TA segments
· FFS: Need for more frequent new UL gaps during long transmission 
· FFS: Whether sampling frequency adjustment to avoid new UL gaps can be achieved by implementation
· FFS: Value of N for the number of time units and what is the time unit for the segmented UE pre-compensation

In addition to the phase discontinuity issue at the NB-IoT transmitter, the high TA drift rate in NTN may also cause a large phase error at the eNB receiver. Such a large timing-drift-induced phase error has a may detrimental impact on the receiver’s decoding performance. In particular, the timing-drift-induced phase error can exceed the phase error tolerance for demodulation. In SC-FDMA, the sequence of bits transmitted is mapped to a complex constellation of symbols. For instance, if the phase discontinuity of QPSK signals is greater than 45 degrees, the receiver can no longer demodulate the QPSK symbol correctly. If not adjusted, the SC-FDMA waveform may have accumulated phase error exceeding the demodulation tolerance well before the transmission is complete. 
Consider the uplink transmissions for NB-IoT in SC-FDMA waveform where the baseband signal is generated according to Section 10.1.5 of TS36.211. When a resource unit contains only one subcarrier (), the time-continuous signal sk ,l (t ) for sub-carrier index k in SC-FDMA symbol l in an uplink slot is defined as


where the signal’s phase  is decided by the following equations:





In the above specified waveform, the phase of current symbol  is an increment of   from the phase of previous symbol . 
In NTN, the required timing advance is time-varying due to the motion of satellite as shown in Figure 6. During a transmission period, the TA change amount is roughly the product of the TA drift rate and the transmission time. For IoT devices that rely on a large number of repetitions in data transmission, the long transmission time will incur a non-negligible timing drift for the UL signal as shown in Figure 6. 
[image: ]
[bookmark: _Ref79141361]Figure 6 TA drift (with a drift rate r) due to satellite motion causes a change in signal propagation time and signal propagation distance
When the signal’s propagation distance changes with the movement of a satellite, Figure 7 shows that a phase error will be encountered at the receiver. When the phase of the transmitted signal is  at time , the transmitted signal arrives at the receiver with an additional delay caused by timing drift. As the received signal is sampled at , the receiver observes the phase of a delayed signal waveform, resulting in a phase error on the received signal as shown in Figure 7. Note that the symbol phase of the received signal increases at a lower rate  as opposed to the original rate .
[image: ]
[bookmark: _Ref79141390]Figure 7 Receiver can observe a lower phase than the transmitted signal’s phase due to TA drift.
As the TA change becomes large, there may be a serious impact on the signal’s phase continuity, causing the data symbols not to be demodulated successfully. In particular, a TA change of  corresponds to a timing drift of  for the UL signal waveform. Figure 8 shows that the accumulated timing drift in the UL signal during the transmission period. This timing drift produces an increasing phase error with the transmission time. Furthermore, the lower the UE’s elevation angle, the faster the phase error accumulates.
[image: ]
[bookmark: _Ref79141458]Figure 8 The amount of phase error in UL transmission period increase with the transmission period.

[bookmark: _Hlk87092953]Observation 20: Timing-drift-induced phase error may exceed the phase error tolerance for demodulation at the receiver. 
Observation 21: The phase error increases as the elevation angle decreases since the TA drift rate is higher at a lower elevation angle.
Observation 22: Accumulating phase error of SC-FDMA symbols occurs due to the TA drift in the IoT NTN scenarios.
Due to the TA drift, the symbol phase slope at the receiver will change by a factor . One possible solution is for the UE transmitter to pre-compensate by scaling up the phase difference across symbols by a factor . The symbol phase for the -th symbol becomes
	   (1)
	


where  is a function of TA drift rate , . With this phase pre-compensation, the phase of the -th symbol of the received signal will be  after propagation while the TA drifts.
Another solution might be for the eNB to change the reference symbol phase by multiplying a correction factor  to match the timing drift induced phase distortion in its demodulation process. However, this solution requires the eNB to know or estimate the TA drift rate for the UE. We realize there may not be enough time to further discuss this issue in Rel-17 and recommend this issue be investigated in Rel-18.
[bookmark: _Hlk68691077][bookmark: _Hlk87092960]Proposal 25: RAN1 to study the impact of timing drift induced phase error for NB-IoT transmission in NTN.
Conclusion
In this contribution, we discussed time and frequency synchronization for NB-IoT/eMTC over NTN, our observations and proposals are presented as following:
Observation 1: The acquired GNSS/ephemeris will be out-of-date after some time because of e.g. UE movement or satellite perturbation. UE need to keep valid GNSS/ephemeris before any UL transmission.
Observation 2: there would be unexpected/uncontrolled operation of UE for eNB scheduling if there is no common understanding on validity timer of GNSS and ephemeris, causing that network can not schedule as no information on when UE can/will transmit or receive.
Observation 3: If the network is not aware that a UE requires time to obtain valid GNSS information the network may trigger additional paging before the UE has a chance to initiate the pre-compensated random access procedure.
Observation 4: Basing paging repetition/escalation on GNSS cold start time value significantly delays the paging procedure.
Observation 5: If UE validates GNSS before every paging occasion it will waste energy due to low paging probability.
Observation 6: Common understanding on GNSS measurement window between UE and network is needed.
Observation 7: Multiple IoT UE with different capability and channel status may request different GNSS measurement window.
Observation 8: The TA error in a transmission segment duaration is related to the elevation angle.
Observation 9: Long segment duration can be used by the UE at a high elevation angle to keep the TA change within the timing error tolerance.
Observation 10: NB-IoT UE can use equivalent or longer segments than eMTC UE for a given elevation angle, due to the high timing error tolerance of NB-IoT. 
Observation 11: When multiple segment durations satisfy the timing error tolerance, UE can use the longest segment for efficient utilization of uplink resources. 
Observation 12: An indexed table can be used to indicate the relationship between elevation angle range and segment duration. 
Observation 13: When the applicable segment durations are known, UE can decide the most suitable segment length depending on the UE’s elevation angle. 
Observation 14: The network should be aware of the UE’s selection in order to know when an UL transmission period ends and how many repetitions are scheduled. 
Observation 15: If UE is in RRC CONNECTED mode, the network can select a new segment duration based on the UE’s elevation angle, which can be derived from the UE’s location and satellite ephemeris. 
Observation 16: Operation of closed loop and open loop TA control in RRC connected state needs careful design to avoid instability due to erroneous calculation of the UE-specific TA value by the UE.
Observation 17: If TAC is generated to fix a temporary deviation in the UE transmission timing, when UE updates their autonomous components on the timing advance formula, there may be an overcompensation of the timing advance, generating a similar deviation on the opposite direction (Figure 5).
Observation 18: If TAC is generated to introduce an offset in UE timing due to eNB internal optimizations, the TAC should be applied regardless of UE accuracy for timing estimation. 
Observation 19: In order to guarantee TA update loop stability, two operation modes for TAC update are needed.
Observation 20: Timing-drift-induced phase error may exceed the phase error tolerance for demodulation at the receiver. 
Observation 21: The phase error increases as the elevation angle decreases since the TA drift rate is higher at a lower elevation angle.
Observation 22: Accumulating phase error of SC-FDMA symbols occurs due to the TA drift in the IoT NTN scenarios.

Proposal 1: there should be common understanding on start time and expire time of validity timer for GNSS and validity timer for ephemeris between UE and network, which should be specified in IoT NTN.
Proposal 2: TAT like validity timer could be used as a baseline, where UE should report to network so that both UE and network reset the validity timer and keep common understanding.
Proposal 3: To reduce overhead, UE reporting should be reduced, where e.g. only first report valid information and failure report.
Proposal 4: To save power consumption and latency, one possible way is only to perform a new UL synchronization by CFRA instead of CBRA or going back to IDLE mode.
Proposal 5: Network configured UL resource for report for validity of ephemeris should be specified.
Proposal 6: Validity report within the repetitions should be specified.
Proposal 7: UE shall report GNSS measurement capability such that network can allocate sufficient time between sending a paging message and when to expect random access procedure initialization from UE. 
Proposal 8: Network shall not repeat the paging message for a UE during the UE’s GNSS measurement gap.
Proposal 9: A GNSS measurement gap, corresponding to the time the UE requires to validate GNSS, shall be configured in the paging procedure. The position and duration of the gap can be decided and supported in Rel 17.
Proposal 10: GNSS measurement window in CONNECTED mode should be specified for a new GNSS measurement when GNSS is about to outdated.
Proposal 11: Overhead reduction should be considered for selection of GNSS measurement window and coordination between UE and eNB.
Proposal 12: UE report the GNSS measurement gap should be the specified, to keep a low overhead.
Proposal 13: Within the segment duration, the accumulated timing error due to TA drift should not exceed the tolerance provided by the cyclic prefix.
Proposal 14: For TA value changing during the repetitions of PUSCH, a simple configuration of a bundle of TA and corresponding time to utilize from Node B to UE, should be considered as one option.
Proposal 15: A TA adjustment gap between adjacent segments should be no longer than one SC-FDMA symbol length.
Proposal 16: UE selects the segment duration that is applicable to the elevation angle and has the smallest number of gaps / TA adjustments.
Proposal 17: A set of applicable UL transmission segments is indicated in SIB.
Proposal 18: After UE selects a segment duration, the index of the selected segment duration should be sent to the network. 
Proposal 19: When UE location is available to the network, eNB can indicate the transmission segment duration to UE via RRC signaling.
Proposal 20: The update rate that the UE applies for both the UE-specific TA and Common TA should be such that the applied TA fulfilles the RAN4 time synchronization requirements.
Proposal 21: The Common TA should be calculated in a deterministic way and applied at the same time for all UEs.
Proposal 22: For UE in RRC connected mode, in case closed loop TA control is used, open loop TA control should be applied only in a way that does not impact the stability and accuracy as provided by closed loop TA control.
Proposal 23: The eNB should be able to use the closed-loop solution (Timing Advance Commands over DL MAC-CE) at any time.  
Proposal 24: The TAC should operate in two different states to allow both differential and absolute indication of the TAC updates.
Proposal 25: RAN1 to study the impact of timing drift induced phase error for NB-IoT transmission in NTN.
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