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[bookmark: _Ref54129494]Introduction
A work item on IoT-NTN [1] was approved at RAN plenary #92e with the following RAN1-related objectives related to time and frequency synchronization:

Specify the following time and frequency synchronization enhancements, using NR_NTN_solutions WI  agreements as baseline, according to Section 8 in TR 36.763: 
-	UE pre-compensation including ephemeris format (orbital / Position -Velocity)
-	UE pre-compensation for UL synchronization in RRC_IDLE and RRC_CONNECTED states based at least on its GNSS-acquired position and the serving satellite ephemeris 
-	Timing advance formula (granularity of the timing advance may be different)
-	Combination of Open (i.e. UE autonomous TA estimation, and common TA estimation) and Closed TA (i.e., received TA commands) control loops in RRC_CONNECTED state
Agreements on the above are up to the decision in NR_NTN_Solutions WI and will be used for IoT NTN with minimum changes, if any. 

Specify the following time and frequency synchronization enhancements that are not covered by NR_NTN_Solutions WI agreements, according to Section 8 in TR 36.763:
-	Long PUSCH and PRACH Transmission enhancements: segmented UE pre-compensations, new UL gaps and/or implementation solutions, time units and duration of segments.
-	Validity timer for UL synchronization: satellite ephemeris, and potentially other aspects
-	DL synchronization enhancements: A single solution will be selected between: new channel raster, (part of) ARFCN-indication-in-MIB. 
-	GNSS Measurements: Validity of a GNSS position fix and details of acquiring a GNSS position fix, duration of validity, in RRC CONNECTED mode for sporadic short transmission

This document considers the following initial issues in IoT-NTN relating to timing and frequency synchronization:
· Timing advance
· Timing advance formula
· Reference time for timing advance commands
· Applicability of closed loop TA to IoT-NTN
· Segmentation of long PUSCH and PRACH transmissions
· Validity timer for UL synchronization
· DL synchronization enhancements


Enhancements using NR-NTN solutions as baseline
As stated in the WID, the agreements in the NR_NTN_Solutions WI will be used for IoT NTN with minimum changes. 
UE pre-compensation using ephemeris format
In RAN1#105e, the following agreement was made in the NR_NTN solutions work item:
Agreement:
Specifications should support delivery of ephemeris information using both ephemeris formats, i.e., state vectors and orbital elements.
Hence for IoT-NTN, the specifications should support delivery of ephemeris information both via state vectors (i.e. position and velocity information) and orbital elements. The UE can pre-compensate its timing and frequency based on its knowledge of GNSS location and this ephemeris information.
Timing advance 
Timing advance formula
In RAN1#104bis_e, the NR_NTN_Solutions WI agreed the following in terms of the timing advance calculation:
Agreement:
The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:

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

Note-1: Definition of  is different from that in RAN1#103-e agreement. 
Note-2: UE might not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.
Note-3:  is the common timing offset X as agreed in RAN1 #103-e.

The definition of timing advance for IoT-NTN should be consistent with the above agreement, as per the guidance in the NR NTN WID.
Reference time
An issue with IoT-NTN is that many repetitions may be applied to the DL PDSCH that transmits the timing advance command. Since a LEO satellite may have moved significantly between the time at which the PDSCH transmission starts and the PDSCH transmission ends, there is an ambiguity as to the reference time to which the timing advance command relates. 
The reference time defines at which time instant the TA is valid. Due to the speed of the satellite, the UE will adjust the TA that is actually applied, where the adjustment accounts for the time drift between the reference time and the time at which the TA is applied.
The problem with reference time is exacerbated when long UL transmissions are considered, as shown in Figure 1. The figure shows a PDSCH transmission consisting of ‘R’ repetitions, where the PDSCH transmission conveys a timing advance command to the UE. At time t3, the satellite is at location L2 and the UE receives the first of the R repetitions. At time t4, the satellite is at location L3 and the UE receives the n’th repetition. At time t5, the satellite is at location L4 and the UE receives the R’th repetition. To which time does the timing advance command relate? The time at which the first repetition is received by the UE? The time that the last of the R repetitions is received by the UE?
For a PDSCH with 1024 repetitions, the difference in reference time between the 1st repetition and the 1024th repetition is 26ms, which is much larger than the cyclic prefix.
The reference time to which a timing advance command relates needs to be unambiguously known by the UE, either by specification or via signaling.
[image: ]
[bookmark: _Ref79188924]Figure 1 – Reference time for a UE transmission with multiple repetitions

Proposal 1: A timing advance command is associated with a reference time. The reference time indicates the time at which the timing advance is valid. The reference time of the timing advance command can be signaled to the UE either in MAC CE or PDCCH.

Combination of open and closed loop TA
The NR_NTN_Solutions WI supports a combination of open and closed loop TA, as per the following agreement from RAN1#104bis_e:
Agreement:
The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:

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

Note-1: Definition of  is different from that in RAN1#103-e agreement. 
Note-2: UE might not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.
Note-3:  is the common timing offset X as agreed in RAN1 #103-e.

The IoT-NTN WID states that closed-loop TA is to be supported according to the following objective:
Combination of Open (i.e. UE autonomous TA estimation, and common TA estimation) and Closed TA (i.e., received TA commands) control loops in RRC_CONNECTED state
One of the 5G mMTC KPIs is to be able to transmit a mobile originated (MO) report with a size of 85 or 200 bytes within a latency of 10 seconds. These MO reports are sporadic short transmissions. An analysis of how eMTC meets this requirement is provided in [2]. The steps required to transmit this application message using the RRC Resume procedure are shown in Figure 2. The figure shows that there are several PUSCH / PDSCH transmissions during this signalling exchange. The application message is shown as being transmitted in a single PUSCH message (in step 8), but this application message could be segmented into smaller transport blocks according to scheduler design. During the 10 seconds over which this message can be transmitted, there can be a significant change in timing advance (given that a LEO satellite can be moving at 7.56km / sec). The figure shows that there are multiple opportunities for the eNB to transmit closed loop TA commands to the UE. We hence observe that closed loop TA commands can be sent in IoT-NTN for a “sporadic short transmission” traffic model. 
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[bookmark: _Ref79184029]Figure 2 – Signalling exchange to transmit a 200 byte MO message using the RRC Resume procedure (from [2])
Observation 1: Closed loop TA commands can be sent in IoT-NTN for a “sporadic short transmission” traffic model.

The IoT-NTN WID objective of supporting closed TA in IoT-NTN is hence confirmed as being relevant for IoT-NTN.
Enhancements not covered by the NR-NTN solutions WI
As stated in the WID, the agreements in the NR_NTN_Solutions WI will be used for IoT NTN with minimum changes. 
Long PUSCH and PRACH transmission enhancements
There are basically two proposed methods for dealing with timing advance updates during an ongoing UL transmission:
· Segmented UL transmissions. A constant timing advance can be applied to each UL segment, where the UL segment spans ‘N’ subframes. An UL gap is inserted between segments to stop UL segments colliding with one another.
· Implementation means. An example implementation solution that has been discussed is that the UE would gradually change its clock frequency to compensate for the change in timing. This would mean that there would be no abrupt change in timing from one subframe to the next.

A motivation for the IoT-NTN work item is to have a workable solution within the Rel-17 timeframe. Segmentation of UL transmissions would potentially allow a legacy eMTC / NB-IoT device to be software upgraded to IoT-NTN. Implementation methods that rely on changing the clock frequency may require hardware changes in some implementations and may require increased testing in other implementations. Our preference is hence that IoT-NTN supports segmented UL transmissions in order to allow for timing advance during long PUSCH and PRACH transmissions.
Proposal 2: IoT-NTN supports segmented UL transmissions for long PUSCH and PRACH transmissions. Each segment of the UL transmission may have a different timing advance value applied. 

The following sections consider the length, ‘N’, of the UL transmission segments.

Rate of change of flight time
A LEO-600 satellite has a speed of 7.56km / sec relative to the UE and eNB located on Earth. When the satellite is at a low elevation angle, this corresponds to an increase in path distance from the UE to the satellite of approximately 7.56km / sec[footnoteRef:2]. In the case that the UE and eNB / ground station are located close to one another, both the UE to satellite and the satellite to eNB path distance increase at this rate of 7.56km / sec, leading to a rate of increase of path distance of 15.1 km / sec. [2:  Due to the trigonometry of the situation, the path distance increases at slightly less than 7.56 km / sec, but for the sake of simplicity, we assume the path distance changes by 7.56km / sec.] 

[image: ]
[bookmark: _Ref68551099]Figure 3 - At low elevation angles, the UE to eNB path distance can increase at 15.1km / sec

When the path distance increases at a rate of 15.1 km/sec, the flight time between UE and eNB increases at a rate of 50ms / sec. If the satellite is approaching the UE / eNB, the flight time can decrease by the same rate. Hence the maximum rate of change of flight time between UE and eNodeB is ± 50ms / sec.
Observation 2: The maximum rate of change of flight time between UE and eNodeB is ± 50ms / sec.
Impact of timing misalignment on cyclic prefix
The LTE normal cyclic prefix has a duration of 4.7 ms. Assuming that 10% of the cyclic prefix duration can be assigned to cope with timing misalignment, the system should be designed with an assumption of a maximum of 0.47 ms timing misalignment. Given that the maximum rate of change of flight time is ± 50ms / sec, the change of flight time can exceed the cyclic prefix budget within 0.47 / 50 seconds = 9.4ms. 
We note that the eNB can autonomously compensate for the change of flight time on the feeder link, leading to a reduction of the maximum effective rate of change of flight time to ± 25ms / sec, but we consider the worst case when the eNB does not perform this autonomous compensation.
Observation 3: The cyclic prefix budget for time misalignment can be exceeded within 9.4ms.
Hence, in order to maintain timing alignment, the UE needs to update the timing of its UL transmissions at least approximately every 8-16ms.
Impact of timing misalignment on phase discontinuity
For single subcarrier NB-IoT, TS36.211 section 10.1.5 defines the waveform in a way that ensures phase continuity between transmitted symbols and slots. The phase continuity between symbols reduces the PAPR of the waveform. The relevant part of the specification is copied below:
#################




For , the time-continuous signal  for sub-carrier index in SC-FDMA symbol  in an uplink slot is defined by 








for  where parameters for  and  are given in Table 10.1.5-1,  is the modulation value of symbol , and the phase rotation  is defined by




.2
where   is the number of transport blocks defined in 16.5.1 of TS 36.213 [4].
#################
Note that similar functionality for 2-of-3 p/2 BPSK sub-PRB modulation is specified in section 5.6A.2 for eMTC. In this section, we discuss only the NB-IoT to simplify the discussion, but the rationales and consequences are also applicable to eMTC.
From this part of the TS36.211 specification, it is apparent that the phase discontinuity depends on the index of the subcarrier, k, assigned to the single subcarrier transmission. Given that the timing can drift by up to ± 50ms / sec, in one 1ms slot the timing can drift by 50ns. A 50ns timing drift for the 12th subcarrier in NB-IoT (located at 180kHz) can lead to a phase discontinuity of 3 degrees. After 8ms, the phase discontinuity increases to 26 degrees.
We thus observe that from the perspective of phase continuity, the timing needs to be corrected approximately every 8 subframes.
Observation 4: Timing misalignment during long PUSCH transmissions leads to phase discontinuity for single subcarrier transmissions. 
Observation 5: From the perspective of phase continuity, the timing of UL transmissions needs to be corrected at least every 8 subframes.

Proposal 3: The UE updates the timing of its PUSCH transmissions every ‘N’ ms, where ‘N’ is less than or equal to 8ms.
Validity timer for UL synchronisation
A validity timer is needed for satellite ephemeris information, as per the WID objectives.
The periodicity with which the satellite ephemeris information is transmitted affects the latency for a UE being able to connect to the network since the UE needs to read the ephemeris information in order to achieve time and frequency synchronization for the PRACH transmission. 
The ephemeris information may be valid for longer than the periodicity of its transmission. It would be undesirable for a UE to have to repeatedly read SIB for the ephemeris information if the ephemeris it already had was valid. Hence IoT-NTN should not link the validity time of the ephemeris information with the periodicity of transmission of the ephemeris information. In other words, the eNodeB should be able to frequently transmit ephemeris information that is valid for a long time. The eNodeB should signal the validity time of the ephemeris information.
Proposal 4: The validity time of the ephemeris information is signalled in system information.
The UE shouldn’t have to drop its connection once the validity timer has expired.
Proposal 5: Once the validity timer for satellite ephemeris information has expired, it should be possible for the UE to refresh its ephemeris information without dropping the connection.
DL synchronization enhancements
The IoT-NTN WID states that for DL synchronization enhancements, there should be a down-selection between an increased raster size and signalling part of the ARFCN in MIB:
DL synchronization enhancements: A single solution will be selected between: new channel raster, (part of) ARFCN-indication-in-MIB.
As stated in [3], a new channel raster with a step size of greater than 100kHz provides a clean solution. Signalling of ARFCN in MIB would also remove ambiguity of the frequency location of the NB-IoT / eMTC carrier, but makes the assumption that the UE can read the MIB. While either of these solutions could work, our preference when choosing between the two approaches is that UE implementation impacts should be minimized.
Proposal 6: For DL synchronization enhancements, the down-selection between (1) new channel raster and (2) ARFCN indication in MIB should be based on minimizing UE implementation impacts.

[bookmark: _Hlk47387515]Conclusions
This document has considered aspects related to time and frequency synchronization in IoT-NTN. The following aspects have been considered:
· Timing advance
· Timing advance formula
· Reference time for timing advance commands
· Applicability of closed loop TA to IoT-NTN
· Segmentation of long PUSCH and PRACH transmissions
· Validity timer for UL synchronization
· DL synchronization enhancements

The following observations are made:
Observation 1: Closed loop TA commands can be sent in IoT-NTN for a “sporadic short transmission” traffic model.
Observation 2: The maximum rate of change of flight time between UE and eNodeB is ± 50ms / sec.
Observation 3: The cyclic prefix budget for time misalignment can be exceeded within 9.4ms.
Observation 4: Timing misalignment during long PUSCH transmissions leads to phase discontinuity for single subcarrier transmissions. 
Observation 5: From the perspective of phase continuity, the timing of UL transmissions needs to be corrected at least every 8 subframes.
The following proposals are made:
Proposal 1: A timing advance command is associated with a reference time. The reference time indicates the time at which the timing advance is valid. The reference time of the timing advance command can be signaled to the UE either in MAC CE or PDCCH.
Proposal 2: IoT-NTN supports segmented UL transmissions for long PUSCH and PRACH transmissions. Each segment of the UL transmission may have a different timing advance value applied. 
Proposal 3: The UE updates the timing of its PUSCH transmissions every ‘N’ ms, where ‘N’ is less than or equal to 8ms.
Proposal 4: The validity time of the ephemeris information is signalled in system information.
Proposal 5: Once the validity timer for satellite ephemeris information has expired, it should be possible for the UE to refresh its ephemeris information without dropping the connection.
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