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Introduction
At the RAN#86 meeting, a new Study Item was approved for IoT Non Terrestrial Network (NTN) [1]. In this contribution, we make observations and proposals for UL synchronization to support NB-IoT and eMTC over satellite. 
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Timing synchronization aspects
RAN1#103e made the following agreement on Indication of common timing offset for NR NTN:
· In NTN, the network may broadcast 
· A common timing offset value 
· FFS details of the common timing offset
· FFS: A common timing drift rate
· Before Msg1/MsgA transmission, the NR NTN UE in idle/inactive mode calculates its TA as follows:
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Where:
[image: cid:image014.png@01D6B99F.FFA30260]is derived from the User specific TA self-estimation
[image: cid:image015.png@01D6B99F.FFA30260] is derived at least from the common timing offset value if broadcasted by the network. The granularity of [image: cid:image016.png@01D6B99F.FFA30260] and whether [image: cid:image016.png@01D6B99F.FFA30260] is indicated as a Timing Advance or as a Timing Offset value [unit] are FFS. Upon resolving the FFS, one of the X in the equation will be removed.
[image: cid:image017.png@01D6B99F.FFA30260]depends on band and LTE/NR coexistence and is specified in TS 38.213 section 4.2.
[image: cid:image018.png@01D6B99F.FFA30260] is specified in TS 38.211 section 4.1. 
Note: UE will not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.





This agreement also holds for NB-IoT and eMTC, with Ts substituted in the TTA formula –i.e.    . It is stated in TS 36.211 section 8.1 that transmission of the uplink radio frame number  from the UE shall start  seconds before the start of the corresponding downlink radio frame at the UE. The value of X can be derived from the common timing offset value based on the assumption in the UE for the TA. For frame structure type 1  and for frame structure type 2  unless stated otherwise in TS 36.213. Similarly to NR NTN as further described in [3], we make the following proposal 

 Proposal 1: The value of X in  shall be determined as:
· UL subframe and DL subframe timing aligned at the gNB:  if X is expressed at a unit of Ts or   if expressed as a unit of time
· UL subframe and DL subframe timing aligned at the satellite: X = 0.
It is up to the network to configure the value of X.



Figure 1: Uplink-downlink timing relation (TS 36.211 section 8.1)

Because of the satellite movement the feeder link delay is not fixed. Indication of a common timing drift rate on SIB could be beneficial for both of the gNB and UE implementation. The UE can acquire the common timing value X broadcast occasionally on SIB and predict the common timing variation in time based on the common timing drift. This can be used for determination of the full TA for MAC timers
Proposal 2:   The common timing drift over the feeder link is broadcast.

The downlink timing is defined as the time when the first detected path (in time) of the corresponding downlink frame is received from the reference cell. The value of[image: ]depends on the duplex mode of the cell in which the uplink transmission takes place and the frequency range (FR). [image: ]is defined in Table 7.1.2-2 as shown in Table 1.
The UE can under or over-estimate the TA for pre-compensation. To avoid over compensation of the TA, a negative TA_offset = -CP/2  of PRACH preamble can be applied as shown in Figure 3.  TA_offset need to be known by eNB and the UE. The eNB can then send a valid initial TA to UE in RAR.
[image: ]
Figure 2: Pre-compensation of TA using TA_offset =CP/2
Since the UE pre-compensation of satellite delay can be very accurate as will be discussed in Section 3, the over compensation is likely to be very small. One potential solution is to include implicitly the TA margin in the broadcast TA offset value X. This way allows to broadcast only one TA offset value X. The TA margin may depend on the cyclic value of UL transmission on PUSCH or PUCCH in connected mode with normal CP being approximately 4.69 µs. In initial access, the TA margin will depends on the PRACH format. Both options are acceptable from UE viewpoint.   
Proposal 3: for UE with Autonomous acquisition of the TA, UE shall use one of:
· TA_offset of half the cyclic prefix of PRACH preamble which is added to Timing Offset value X broadcast by the network when applying the TA pre-compensation.
· Timing Offset value X including a margin TA_offset broadcast by the network when applying the TA pre-compensation.

UE pre-compensation
UE pre-compensation has been discussed in Rel-16 NR NTN SI and Rel-17 NR NTN WI, with several agreements made in RAN1#103e.
· An NTN UE in RRC_IDLE and RRC_INACTIVE states can at least support UE specific TA calculation 
· An NR NTN UE in RRC_IDLE and RRC_INACTIVE states is capable of at least using its acquired GNSS position and satellite ephemeris to calculate frequency pre-compensation to counter shift the Doppler experienced on the service link.
· An NR NTN UE in RRC_CONNECTED states is capable of at least using its acquired GNSS position and satellite ephemeris to perform frequency pre-compensation to counter shift the Doppler experienced on the service link.
A key working assumption in the IoT NTN SI is that the device uses its GNSS capability for Doppler and TA pre-compensation with sufficient accuracy. Figure 1 illustrates the UE pre-compensation method. The following steps apply:
1) The gateway gets from a telemetry link the position and velocity of the satellite typically using on-board GNSS, processes it and determines the satellite position and speed.
2) The Gateway propagates the satellite position and velocity determined from the telemetry link to the end of the frame containing the SIB used to broadcast the current satellite position and velocity.
3) The UE reads the current satellite position and velocity on the SIB and uses its GNSS-acquired position to determine the satellite delay and satellite Doppler shift.
4) The UE pre-compensates the satellite delay and Doppler before transmitting on the UL.   
The above method has the advantage of only using the “short term” current satellite position and velocity which allows simpler processing due to shorter propagation over a much smaller time duration and more accurate than using “long-term” ephemeris. The satellite position and velocity are indicated as ECEF co-ordinates. The knowledge of the Gateway position is not needed for UE pre-compensation of satellite delay and Doppler over the access link.
[image: ]
[bookmark: _Ref31702042]Figure 1: Satellite Propagation delay and Doppler in NTN Network.
Propagation of the position and velocity to compare against satellite position and velocity orbit data provided by Eutelsat for LEO 500km can be achieved with periodicity of 10 seconds or longer as shown in Table 1. The simple propagation algorithm based on gravity using earth spherical model (see Annex A) allows to achieve a very good accuracy. The satellite position and velocity broadcast periodicity can be made very low. 
	Periodicity
	Radial Velocity error
	Radial Position error
	Doppler error
	Delay error

	2 s
	0.02 m/s
	0.01 m
	0.14 Hz
	0 us

	5 s
	0.09 m/s
	0.17 m
	0.55 Hz
	0.0006 us

	10 s
	0.18 m/s
	0.82 m
	1.23 Hz
	0.003 us

	20 s
	0.4 m/s
	3.7 m
	2.6 Hz
	0.01 us

	30 s
	0.6 m/s
	8.6 m
	4.1 Hz
	0.03 us

	[bookmark: _GoBack]60 s
	1.3 m/s
	36.9 m
	8.9 Hz
	0.12 


Table 1: Simulations of accuracy of propagation based on gravity 
Note that other sub-optimum propagation method based on linear extrapolation could also be used in the device with reasonable accuracy over 10 seconds with Eutelsat satellite position and velocity orbit data as shown on Table 2.
	Periodicity
	Radial Velocity error
	Radial Position error
	Doppler error
	Delay error

	2 s
	0.06 m/s
	12.8 m
	0.42 Hz
	0.04 us

	5 s
	0.8 m/s
	153.4 m
	5.1 Hz
	0.51 us

	10 s
	3.6 m/s
	728.5 m
	24.4 Hz
	2.4 us

	20 s
	15.9 m/s
	3156.4 m
	105.9 Hz
	10.5 us


Table 2: Simulations of accuracy of propagation based on linear extrapolation 

Observation 1: UE pre-compensation using satellite ephemeris can be applied to NR, NB-IoT, or eMTC with accuracy in the prediction of the serving satellite position and velocity in the order of a meter and 0.18 m/s respectively up to 10 seconds after reading the instantaneous serving satellite position and velocity state vectors broadcast on an NTN-specific SIB (i.e. corresponding to implicit reference time linked to the Downlink subframe where the SIB is broadcast). 

Based on the observations above, it seems reasonable to re-use the agreements on UE pre-compensation for NR NTN for IoT NTN (NB-IoT and eMTC).

In IoT NTN, depending on the coverage class many repetitions may be needed. In NB-IoT, up to 1024 repetitions of PUSCH may be scheduled for UL transmission on data on the PUSCH. In the NB-IoT specification 36.211, the NPUSCH UL Compensation Gap (UCG) definition is given as 
After transmissions and/or postponements due to NPRACH of   time units, a gap of   time units shall be inserted where the NPUSCH transmission is postponed. The portion of a postponement due to NPRACH which coincides with a gap is counted as part of the gap. 

When 2 HARQ processes are configured, the total maximum duration of both NPUSCH transmissions is not more than 256 ms, and any scheduling gap between the two NPUSCHs counts as part of the 256 ms as illustrated in an example in  Figure 2. TS 36.213 section 16.6 states 
For a NPDCCH UE-specific search space, if a NB-IoT UE is configured with higher layer parameter twoHARQ-ProcessesConfig and if the NB-IoT UE detects NPDCCH with DCI Format N0 ending in subframe n, and if the corresponding NPUSCH format 1 transmission starts from n+k
-	the UE is not required to monitor an NPDCCH candidate in any subframe starting from subframe n+k-2 to subframe n+k-1; and
-	the UE does not expect to receive a DCI Format N0 before subframe n+k-2 for which the corresponding NPUSCH format 1 transmission ends later than subframe n+k+255.



Figure 2: Example of UL Compensation Gap with 2 HARQ processes

The time drift in LEO @ 600 km is around 0.71 us in one RTD of 28.4 ms as given in TR 38.821. In a time duration of 256 ms, the total drift can be around 6.4 us which is larger than the Cyclic Prefix for UL transmission on PUSCH. The device need to (i) maintain DL synchronization; (ii) maintain UL synchronization for UL transmission. For (1), the UE can re-synchronize on the DL during the Uplink Compensation Gap. For (2), the UE can autonomously determine its UE-specific TA support for UL time synchronization during continuous UL transmission. The alternative for UL synchronization without UE autonomously determining its UE-specific TA support for UL time synchronization during continuous UL transmission would be to insert more frequent UL compensation Gaps where the UE would re-synchronize on DL, then determine UE-specific TA for UL time synchronization and start again to transmit on the UL. This seems unnecessary specification change as UE can propagate UE-specific TA over the whole of the UL transmission duration in advance and pre-compensate the satellite delay accordingly during continuous UL transmission.

Observation 2: The UE can autonomously determine its UE-specific TA support for UL time synchronization during continuous UL transmission up to 256 ms without need for more frequent UL Compensation Gaps for UL synchronization.

Proposal 4: For UE pre-compensation of satellite delay:  
· An IoT NTN UE in RRC_IDLE and RRC_INACTIVE states is required to at least support UE specific TA calculation 
· An IoT NTN UE in RRC_CONNECTED state is required to at least support UE specific TA calculation. 
Proposal 5: For UE pre-compensation of satellite Doppler shift
· An IoT NTN UE in RRC_IDLE and RRC_INACTIVE states shall be capable of at least using its acquired GNSS position and satellite ephemeris to calculate frequency pre-compensation to counter shift the Doppler experienced on the service link.
· An IoT NTN UE in RRC_CONNECTED states is capable of at least using its acquired GNSS position and satellite ephemeris to perform frequency pre-compensation to counter shift the Doppler experienced on the service link.

Satellite ephemeris for UE pre-compensation 
With the observed accuracy for Doppler and TA pre-compensation, there is no need for PRACH enhancements. The serving satellite ephemeris (satellite position and satellite velocity) is assumed to be broadcast every second (it could be longer). The SIB indicates satellite position {X, Y, Z} and satellite velocity {Xvel, Yvel, Zvel} as shown below as an example 
· at time n,                       6978.137000    0.000000     0.000000    0.000000000   -0.973419758   7.494916974
· at time n+1 second,      6978.132789    -0.973438    7.495204   -0.008197108   -0.973418993   7.494911714
· at time n+2 seconds,    6978.120384     -1.946874  14.990395   -0.016394201   -0.973417086   7.494897640
· …
The SIB overhead for state vectors position and velocity is about 18bytes. It can be lower if resolution is changed from 0.33m to 1.3m for position and 0.015m/s to 0.06m/s for velocity, which can save ~2Bytes with about 16 bytes now needed. Assuming serving satellite ephemeris is broadcast every second, the SIB indicates satellite position {SX, SY, SZ} and satellite velocity {VX, VY, VZ} as shown below as an example. The payload on NTN-specific SIB to indicate serving satellite cell position and velocity is (84+60)/8 = 18 Bytes or (78+54)/8 = 16 Bytes as shown in Table 1.  
	Information
	Range
	Resolution
	#bits
	Resolution
	#bits

	Satellite Location
	±43000 km
	0.33m 
	3*28=84 
	1.3m 
	3*26=78 

	Satellite Velocity
	±8 km/s
	0.015 m/s 
	3*20=60 
	0.06 m/s 
	3*18=54 


Table 3: real-time satellite Position and Velocity payload on SIB

For LEO=600 km, the satellite speed is 7.6 km/s and velocity of light c=3.108 m/s. The time drift assuming maximum Round Trip Delay of 28.4 ms in TR 38.811 Table 5.3.4.1-1 is approximately 0.71μs, where
· d=v*t= 7600 m/s * 28.4 ms=215.8 m
· t=d/c = 215.8/3.108 = 0.71 us
According to TS 36.133, section 7,the UE initial transmission timing error shall be less than or equal to ± Te = ±80Ts = ± 2.6 μs corresponding to a position error of ±780 m for NB-IoT,  ± Te = ±24Ts = ± 0.78 μs corresponding to a position error of ±234m for eMTC, where this requirement applies for the first transmission in a DRX cycle whether it is a PUSCH or PRACH.
Proposal 6: The base Station broadcast Position/ Velocity and implicit Time in each beam in the satellite cell:
-	Satellite location/velocity in ECEF coordinates
-	Validity Time is the end of SFN where SIB was transmitted (from the satellite)
Proposal 7: Satellite Position and Velocity information field sizes broadcast on SIB with periodicity X
· The field size for position is 78 bits
· The field size for velocity is 54 bits
· Value of X – e.g. 200 ms, 500 ms, 1000 ms, 1500 ms, 2000 ms

Random Access Procedure Aspects
Aspects related to random access procedure/signals are included in the objectives of Rel-17 IoT NTN SID. A note in the SID  states that 

NOTE: GNSS capability in the UE is taken as a working assumption in this study for both NB-IoT and eMTC devices. With this assumption, UE can estimate and pre-compensate timing and frequency offset with sufficient accuracy for UL transmission. Simultaneous GNSS and NTN NB-IoT/eMTC operation is not assumed.

In the previous sections, aspects related to timing synchronization, UE pre-compensation, and satellite ephemeris for UE pre-compensation were discussed. The requirements for accuracy of satellite position and velocity state vectors are for discussion in the REl-17 NR NTN WI in RAN1 and RAN2.  For UE pre-compensation of satellite delay during initial cell access, UE can apply the TA within a timing error at the satellite ΔT = ± CP/2 for initial PRACH transmission. The TA error applied by the UE is proportional to 2* SAT-UE distance error. Hence, the satellite position error is   where c=3.108 m/s is the velocity of light. In connected mode, similarly UE applies the TA within a timing error at the satellite ΔT = ± CP/2 for PUSCH transmission. For UE pre-compensation in RRC_IDLE, RRC_INACTIVE, and RRC_CONNECTED states, UE can apply frequency correction of satellite Doppler shift within maximum UL frequency error of ± 0.1ppm. These requirements can well be met based on the simulated performance as observed in Table 1 in Section 3.

Observation 3: UE pre-compensation is sufficiently accurate to fulfill the timing and synchronization requirements necessary for UL transmission as listed below:

· For TA update in RRC_IDLE and RRC_INACTIVE states, UE pre-compensation of satellite delay of PRACH transmission is within a timing error at the gNB     corresponding to a satellite position error ΔU
· PRACH format 0,  or       
· For TA update in RRC_CONNECTED state, UE pre-compensation of satellite delay of UL transmission is within a timing error at the satellite    corresponding to a satellite position error ΔU  
·  or  . 
· For UE in RRC_IDLE, RRC_INACTIVE, and RRC_CONNECTED states, accuracy of UE pre-compensation of satellite Doppler shift is within maximum UL frequency error of ± 0.1ppm.
A UE needs to prepare for UE pre-compensation on receiving paging or before initiating data transfer. This requires UE to synchronize on DL and obtain at least once the system information for RRC configuration when first accessing a satellite cell or waking up from long DRX. If UE re-selects a cell, the UE may read the MIB and SIB1, which contains indication on whether the system information needs to be refreshed. 
However, it is not necessary for the UE to re-acquire the whole system information for RRC configuration for UE pre-compensation. Similarly to SIB9 in NR URLLC and SIB16 in LTE HRLLC that is acquired to get GNSS timestamp with low latency, the UE could acquire the serving satellite ephemeris Position and Velocity in an NTN-specific SIB. The SIB1 can indicate the scheduling of the new NTN-specific SIB carrying the satellite Position and Velocity. Once there is paging or UE needs to transmit data, the UE may need to acquire the NTN-specific SIB with the satellite position and velocity. This only requires the UE to decode 16 bytes every time it wakes up from DRX and is either paged or needs to transmit data.     
Observation 4: The UE does not needed to read all the system information necessary to configure a device before accessing satellite cell. It is sufficient if the UE acquired at least once the system information with SIB1 to know the scheduling of NTN-specific SIB carrying the serving satellite ephemeris position and velocity state vector with a payload of around 16 bytes.

Observation 5: The device only needs to acquire the serving satellite ephemeris position and velocity state vector broadcast on SIB if it is paged or if it needs to transmit data. This is small additional SIB reading over the baseline where the System Information for RRC configuration is read when there is a change of system information when there is a change of cell or satellite. Receiving and decoding small payload of 16 bytes on an NTN-specific SIB has no significant impact on power consumption as it is a small fraction of the processing and transmission power required by the device needs to transmit / receives Msg1, Msg2, Msg3, Msg4, Msg5 in the initial cell access procedure to transmit data and further messages to receive data.    

Observation 6: With sufficient accuracy of time and frequency for UE pre-compensation to achieve UL synchronization and broadcast with low latency of 16 bytes for serving satellite Position and Velocity on NTN-specific SIB, the legacy PRACH procedure and signals for NB-IoT and eMTC can be re-used to support Non Terrestrial Networks without enhancements.  

Conclusion
In this contribution, we summarize issues and discuss potential solutions for IoT NTN that are common to NR-NTN and IoT NTN for LEO and GEO. 
Proposal 1: The value of X in  shall be determined as:
· UL subframe and DL subframe timing aligned at the gNB:  if X is expressed at a unit of Ts or   if expressed as a unit of time
· UL subframe and DL subframe timing aligned at the satellite: X = 0.
It is up to the network to configure the value of X.

Proposal 2:   The common timing drift over the feeder link is broadcast.
Proposal 3: for UE with Autonomous acquisition of the TA, UE shall use one of:
· TA_offset of half the cyclic prefix of PRACH preamble which is added to Timing Offset value X broadcast by the network when applying the TA pre-compensation.
· Timing Offset value X including a margin TA_offset broadcast by the network when applying the TA pre-compensation.
Observation 1: UE pre-compensation using satellite ephemeris can be applied to NR, NB-IoT, or eMTC with accuracy in the prediction of the serving satellite position and velocity in the order of a meter and 0.18 m/s respectively up to 10 seconds after reading the instantaneous serving satellite position and velocity state vectors broadcast on an NTN-specific SIB (i.e. corresponding to implicit reference time linked to the Downlink subframe where the SIB is broadcast). 

Observation 2: The UE can autonomously determine its UE-specific TA support for UL time synchronization during continuous UL transmission up to 256 ms without need for more frequent UL Compensation Gaps for UL synchronization.

Proposal 4: For UE pre-compensation of satellite delay:  
· An IoT NTN UE in RRC_IDLE and RRC_INACTIVE states is required to at least support UE specific TA calculation 
· An IoT NTN UE in RRC_CONNECTED state is required to at least support UE specific TA calculation. 
Proposal 5: For UE pre-compensation of satellite Doppler shift
· An IoT NTN UE in RRC_IDLE and RRC_INACTIVE states shall be capable of at least using its acquired GNSS position and satellite ephemeris to calculate frequency pre-compensation to counter shift the Doppler experienced on the service link.
· An IoT NTN UE in RRC_CONNECTED states is capable of at least using its acquired GNSS position and satellite ephemeris to perform frequency pre-compensation to counter shift the Doppler experienced on the service link.
Proposal 6: The base Station broadcast Position/ Velocity and implicit Time in each beam in the satellite cell:
-	Satellite location/velocity in ECEF coordinates
-	Validity Time is the end of SFN where SIB was transmitted (from the satellite)
Proposal 7: Satellite Position and Velocity information field sizes broadcast on SIB with periodicity X
· The field size for position is 78 bits
· The field size for velocity is 54 bits
· Value of X – e.g. 200 ms, 500 ms, 1000 ms, 1500 ms, 2000 ms
Observation 3: UE pre-compensation is sufficiently accurate to fulfill the timing and synchronization requirements necessary for UL transmission as listed below:

· For TA update in RRC_IDLE and RRC_INACTIVE states, UE pre-compensation of satellite delay of PRACH transmission is within a timing error at the gNB     corresponding to a satellite position error ΔU
· PRACH format 0,  or       
· For TA update in RRC_CONNECTED state, UE pre-compensation of satellite delay of UL transmission is within a timing error at the satellite    corresponding to a satellite position error ΔU  
·  or  . 
· For UE in RRC_IDLE, RRC_INACTIVE, and RRC_CONNECTED states, accuracy of UE pre-compensation of satellite Doppler shift is within maximum UL frequency error of ± 0.1ppm.
Observation 4: The UE does not needed to read all the system information necessary to configure a device before accessing satellite cell. It is sufficient if the UE acquired at least once the system information with SIB1 to know the scheduling of NTN-specific SIB carrying the serving satellite ephemeris position and velocity state vector with a payload of around 16 bytes.

Observation 5: The device only needs to acquire the serving satellite ephemeris position and velocity state vector broadcast on SIB if it is paged or if it needs to transmit data. This is small additional SIB reading over the baseline where the System Information for RRC configuration is read when there is a change of system information when there is a change of cell or satellite. Receiving and decoding small payload of 16 bytes on an NTN-specific SIB has no significant impact on power consumption as it is a small fraction of the processing and transmission power required by the device needs to transmit / receives Msg1, Msg2, Msg3, Msg4, Msg5 in the initial cell access procedure to transmit data and further messages to receive data.    

Observation 6: With sufficient accuracy of time and frequency for UE pre-compensation to achieve UL synchronization and broadcast with low latency of 16 bytes for serving satellite Position and Velocity on NTN-specific SIB, the legacy PRACH procedure and signals for NB-IoT and eMTC can be re-used to support Non Terrestrial Networks without enhancements.  

[bookmark: _Ref54279514]ANNEX A
Serving Cell ephemeris 
· Satellite Position vector  =(Sx, Sy, Sz) 
· Satellite Velocity vector 𝑉 ⃗=(Vx, Vy, Vz)
· Time reference for real-time Satellite position and Velocity is the end of frame where SIB was transmitted at the satellite side
· UE propagate satellite position and velocity between SIB transmissions to track satellite delay drift and Doppler drift
UE acquires its position  using its GNSS receiver
Calculated satellite delay:
·  ,   
· /c
Calculated satellite Doppler:
· 
The UE Propagate the satellite position and velocity in an inertial referential using canonical laws of mechanics:
· 
· 
·     is the gravity force vector with Gravity constant GM = 3.986004418e14  
The propagated satellite position and velocity errors and corresponding satellite Doppler shift and delay errors are shown in Figure A-1 with SIB Periodicity 10 s.   
[image: ]











Figure A-1 Propagation method based on gravity with SIB Periodicity 10 s
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