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[bookmark: _Ref54129494]Introduction
The following agreements were made at RAN1#104e:

Agreement:
Study the UE pre-compensation of satellite delay during long UL transmission on (N)PUSCH in NB-IoT and eMTC. 

Agreement:
Study the UE pre-compensation of satellite delay and Doppler during long UL transmission on PRACH in NB-IoT and eMTC.

Agreement:
Study the UE pre-compensation of satellite Doppler shift during long UL transmission on (N)PUSCH in NB-IoT and eMTC.

Agreement:
Study potential impact of NTN SIB carrying the satellite ephemeris on 
· UE power consumption in NB-IoT and eMTC 
· Accuracy of satellite location tracking
· PRACH congestion


This document considers the pre-compensation and ongoing compensation of satellite delay during long UL transmissions. The document takes a generic approach to this issue that is applicable to both NB-IoT and eMTC.
The document also considers whether the NTN SIB should indicate satellite ephemeris information or satellite position and velocity information.
Finally, the document outlines the reasons why the need to read NTN SIB leads to PRACH congestion.

Impact of long transmissions on timing advance

A GEO satellite does not move at a significant speed relative to the Earth’s surface. In contrast, a LEO-600 satellite moves with a relative speed of 7.56 km/sec relative to the Earth [table 7.1-1 of [2]].

Depending on coverage, an NB-IoT UL transmission can have a duration of 4.096 seconds. An eMTC UL transmission can have a duration of up to 2.048 seconds. The path distance can change by a significant amount during the length of such a transmission. For a LEO-600 satellite, with a  speed of 7.56 km/sec, the path distance can change by 28km during the time it takes to transmit a 4.096 second long UL transmission.
The following issues need to be addressed:
· The UE needs to update its timing advance during a long UL transmission. The following need to be accounted for:
· The changes in path distance between UE and satellite
· The changes in path distance between eNB and satellite
· The times at which the UE needs to update its timing advance need to be defined, such that:
· The PAPR is not adversely affected by phase discontinuity as the UE changes its timing advance
· The eNB can perform cross-subframe channel estimation and / or symbol combining in a known and predictable manner  
Furthermore, when the UE receives a timing advance command, it needs to adjust that timing advance command (TAC) to account for the change in propagation time between when the TAC was derived and the time that the TAC is applied.
Updating TA during a long transmission
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.] 
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[bookmark: _Ref68551099]Figure 1 - 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 1: The maximum rate of change of flight time between UE and eNodeB is ± 50ms / sec.
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.
Observation 2: 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 approximately every 8-16ms.

There are several approaches to maintaining timing alignment:
· The UE updates the timing of its UL transmissions every subframe. A problem with this approach is that there will be discontinuities between the waveforms of adjacent subframes, leading to PAPR increase. It may also be more difficult to perform cross-subframe channel estimation and symbol combining if the waveform transmitted by the UE changes from subframe to subframe.
· The UE updates the timing of its transmissions after a known number of ‘N’ transmissions. The value of ‘N’ should be low enough to allow for the maximum rate of change of timing misalignment and should also be high enough to allow the eNB to perform cross-subframe channel estimation and / or symbol combining. While there are still phase discontinuities when the timing advance is changed, there are fewer such discontinuities. While it could be possible to configure the value of ‘N’, e.g. to allow for different constellations and different eNB locations, it may be preferable to specify a fixed timing at which the UE updates its timing advance.
Proposal 1: The UE updates the timing of its PUSCH transmissions every ‘N’ ms, where ‘N’ is either 8 or 16ms.
Note that the functionality in this proposal is specific to IoT-NTN, since NR-NTN transmissions are not as long as IoT-NTN transmissions. The functionality is also essential functionality for Release-17.
[bookmark: _Ref68642408]Timing advance of feeder link
The UE can determine the timing advance to apply to a PUSCH transmission by summing:
· The UE-derived timing advance. The is calculated based on the UE’s location (e.g. determined by GNSS) and the satellite ephemeris or PV information. This can be calculated “offline”, without needing to receive DL signals (either GNSS or on the Uu interface).
· The eNB-signalled timing advance. This timing advance accounts for the timing advance on the feeder link and any residual timing error in the UE’s UL transmissions.
As described in the previous section, the maximum rate of change of the subframe timing due to the motion of the LEO-600 satellite relative to the UE can be up to 25ms / sec. Adding the maximum rate of change of the subframe timing due to the motion of the LEO-600 satellite relative to the eNB leads to an overall maximum rate of change of subframe timing of 50ms / sec. Clearly, PUSCH transmissions need to be timing-corrected (timing-advanced) during ongoing PUSCH transmissions such that the PUSCH transmissions arrive at the eNB with the correct subframe timing.
The total rate of change of subframe timing depends on both the UE location and the eNB location, as shown in Figure 2. When the UE and eNB are essentially at the same location, the rate of change of subframe timing for both the service link and feeder link are positive and the overall rate of change of subframe timing can be up to 50ms / sec. Conversely, when the UE and eNB are at opposite low elevation angle locations relative to the satellite, such that satellite is moving away from the UE and towards the eNB, the rates of change of subframe timing are equal and opposite, leading to no overall change of subframe timing. When the satellite is directly overhead the eNB and the UE is at a low elevation angle, only the path distance to the UE contributes to the rate of change of subframe timing and the overall rate of change of subframe timing is 25ms / sec.
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[bookmark: _Ref68552338]Figure 2 - Rate of change of subframe timing at different eNB locations

Observation 3: The rate of change of subframe timing depends on the eNB location relative to the UE location.
It is unlikely that IoT-NTN will signal the location of the eNB. Hence, the UE is unable to calculate the rate of change of subframe timing on the feeder link. Furthermore, since the IoT-NTN UE is likely to be a half-duplex UE, the IoT-NTN UE is not able to receive timing advance updates related to changing path distance on the feeder link during an ongoing PUSCH transmission.
Observation 4: The IoT-NTN UE cannot determine the rate of change of subframe timing on the feeder link.
Since the IoT-NTN UE is unable to determine the rate of change of subframe timing on the feeder link, the eNB needs to signal this parameter to the UE, in addition to the absolute timing advance to apply at a known time. This allows the UE to timing advance its UL subframe timing during an ongoing UL transmission.
Proposal 2: The eNB signals the rate of change of subframe timing on the feeder link, or timing drift rate, to the UE. The UE adds the timing drift rate on the feeder link to the rate of change of subframe timing on the service link to determine the timing adjustments that are applied during long UL transmissions.

Reference Point of TA value
In a terrestrial network, the UE moves relatively slowly with respect to the eNB. Hence, when the UE is signaled a timing advance value, it just applies that timing advance to future UL transmissions until it receives an updated timing advance value.
In an NTN network, and particularly for the LEO-600 case, the UE appears to move rapidly relative to the eNB due to the motion of the satellite. In such a case, the UE needs to know the reference point at which the timing advance applies. The UE can then autonomously update the timing advance (e.g. based on GNSS measurements, satellite ephemeris information and the signaled timing drift rate of the feeder link) based on the reference point. The issue is illustrated in Figure 3 and Figure 4.
Figure 3 shows a case where the signaled TA relates to a reference point at the eNB. The signaled timing advance relates to the path between the eNB and the satellite in location L0, which is the satellite location at the time  t0 that the timing advance command was transmitted. The timing advance command is actually received at the UE at time t3, at which time the satellite has moved to a new location, L2.
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[bookmark: _Ref68556627]Figure 3 - Reference time is at eNB transmission
Figure 4 shows the case where the signaled TA relates to a reference point at the UE. The signaled timing advance relates to the path between the eNB and the satellite at location L2. The eNB would predict (based on satellite ephemeris information) the location of the satellite at time t3 and would signal the value of timing advance applicable at time t3.
At a low elevation angle, for LEO-600, the time difference between the UE and eNB reference timing is 12.8ms. For a LEO-600 satellite travelling at 7.56 km/sec, the path distance from UE to eNB increases by up to 96m in this time, equating to an additional timing advance of 0.32ms. If the UE has a different understanding of the reference point to the eNB, the error in the understanding of the reference point for the timing advance can double to 0.64ms. The error in the understanding of the reference point hence becomes a significant proportion (13.6%) of the cyclic prefix.
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[bookmark: _Ref68556628]Figure 4 - Reference time is at UE reception
Proposal 3: A timing advance command is associated with a reference point. The reference point indicates which node (UE, eNodeB or satellite) the timing advance command refers to.

In addition to defining a reference point for the timing advance, it is also necessary to define a reference time for the timing advance. 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 5. 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.
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[bookmark: _Ref68558236]Figure 5 – Reference time for a UE transmission with multiple repetitions

Proposal 4: 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.


Whether to signal ephemeris or PV information
It is still to be studied whether to the UE (1) signal satellite ephemeris information or (2) position and velocity information of the satellite.
The advantage of signaling satellite ephemeris information is that once the UE has received the satellite ephemeris information, the UE can use this information for a long time, assuming the orbital path can be accurately determined from the ephemeris information. It is not always possible to rely on the satellite ephemeris information as it may not account for perturbations in the orbit, orbital corrections etc.
While satellite information may work in some / most circumstances for satellite NTN, its applicability to HAPS is less clear. A HAPS platform does not necessarily follow a well-defined orbital trajectory. Hence, for a HAPS platform, it is preferable to transmit position and velocity (PV) information of the HAPS platform.
It is preferable to have a single signaling method for the path of an NTN aerial platform, whether satellite or HAPS. Given that PV information is applicable to both satellite and HAPS platforms, but ephemeris information cannot be applied to HAPS platforms, our preference is that NTN adopts the unified solution of signaling PV information.
In section 2.2, it was shown that the eNB needs to signal the timing drift rate of the feeder link to allow the UE to adjust its timing during long UL transmissions. This timing drift rate can be signaled along with the satellite position and velocity information: the raw satellite PV information allows the UE to calculate the rate of change of timing on the service link and the drift rate allows the UE to calculate the rate of change of timing on the feeder link. These pieces of information form a package of motion-related information that the UE needs to know in order to correctly apply timing advance to its transmissions.
Proposal 5: The motion of the NTN aerial platform is signaled to the UE using position and velocity information and the drift rate of the timing on the feeder link.
Proposal 6: The position / velocity / drift rate (PVD) information is signaled using SIB signalling.

It is expected that the NTN aerial platform PVD information would be signaled in system information (SIB) with a periodicity of 100’s of ms. The PVD information needs to be signaled reasonably frequently so that access latency is not unduly impacted.

Impact of reading SIB on PRACH congestion
At RAN1#104e, the following agreement was made:

Agreement:
Study potential impact of NTN SIB carrying the satellite ephemeris on 
· UE power consumption in NB-IoT and eMTC 
· Accuracy of satellite location tracking
· PRACH congestion


As discussed above, UEs need to have up to date satellite PVD information before they can transmit PRACH, since the UE needs to determine the timing advance and frequency compensation to apply to the PRACH. The UE also needs to apply ongoing compensation to long PRACH transmissions. An eMTC or NB-IoT UE will spend much of its time in IDLE mode in order to save power. Data may arrive in the UE’s buffers while the UE is in IDLE mode. The UE will then have to wait until the satellite PVD information is received on SIB before it can transmit its PRACH. 
Since all UEs that have data to transmit and are covered by the same beam will wait until the same satellite PVD information is received, all the UEs will attempt to send PRACH at the same time, leading to PRACH congestion. This congestion will occur every time SIB transmits satellite PVD information, in contrast to the PRACH congestion issues considered in Rel-11 that were ameliorated by Extended Access Class Barring (EAB).
This congestion issue is illustrated in Figure 6. The figure shows satellite PVD information being sent periodically using a SIB denoted “SIB_x” (RAN2 can decide the SIB in which satellite PVD information is transmitted). Data arrives in the UL transmit buffers of several UEs, UE1 to UE3, while those UEs are in IDLE mode. These UEs wait until the satellite PVD information is transmitted on SIB_x. Once the UEs have the satellite PVD information, all the UEs attempt to transmit at the same time, leading to a spike in PRACH activity and PRACH congestion (lower part of the figure).
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[bookmark: _Ref61888309]Figure 6 – PRACH congestion caused by UEs waiting for satellite PVD information before sending PRACH

PRACH congestion following transmission of satellite PVD information on SIB can be reduced by requiring that UEs defer transmission of their PRACH by a UE specific amount. For example, UEs could be required to defer transmission of PRACH following reception of SIB carrying satellite PVD information by a random amount, such that PRACHs arrive in a uniformly distributed fashion between SIB transmissions. 
Alternatively, UEs may naturally spread out the times at which they transmit PRACH, for example with a goal to transmit PRACH when the satellite is not shadowed. If different UEs are shadowed at different times in the satellite’s orbit, and UEs know when they will be shadowed, the PRACH load would be spread out in time. 
Proposal 7: RAN1 studies ways of mitigating PRACH congestion when IDLE mode UEs simultaneously transmit PRACH after receiving satellite PVD information.

[bookmark: _Hlk47387515]Conclusions
This document has considered the issues related to the timing of long PUSCH transmissions, the nature of the position and velocity information that is signaled to the UE and the mechanism of PRACH congestion caused by the need to read satellite position and velocity information on NTN-SIB.
The following observations and proposals are made:
Observation 1: The maximum rate of change of flight time between UE and eNodeB is ± 50ms / sec.
Observation 2: The cyclic prefix budget for time misalignment can be exceeded within 9.4ms.
Observation 3: The rate of change of subframe timing depends on the eNB location.
Observation 4: The IoT-NTN UE cannot determine the rate of change of subframe timing on the feeder link.
Proposals:
Proposal 1: The UE updates the timing of its PUSCH transmissions every ‘N’ ms, where ‘N’ is either 8 or 16ms.
Proposal 2: The eNB signals the rate of change of subframe timing on the feeder link, or timing drift rate, to the UE. The UE adds the timing drift rate on the feeder link to the rate of change of subframe timing on the service link to determine the timing adjustments that are applied during long UL transmissions.
Proposal 3: A timing advance command is associated with a reference point. The reference point indicates which node (UE, eNodeB or satellite) the timing advance command refers to.

Proposal 4: 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 5: The motion of the NTN aerial platform is signaled to the UE using position and velocity information and the drift rate of the timing on the feeder link.
Proposal 6: The position / velocity / drift rate (PVD) information is signaled using SIB signalling.
Proposal 7: RAN1 studies ways of mitigating PRACH congestion when IDLE mode UEs simultaneously transmit PRACH after receiving satellite PVD information.
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