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Introduction
A RAN2-led Rel-17 Working Item on Solutions for NR to support non-terrestrial networks (NTN) was revised in RAN Plenary #88e [1].  The study item phase identified issues and made recommendations on NR UL synchronization in TR 38.821 [2]. In this contribution, we make observations and proposals to address issues discussed in RAN1#104e and summarized in FL summary  for UL synchronization in [3].
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UL Timing synchronization aspects
Indication of common timing offset 
This section addresses Issue#1-1 Indication of common TA in FL summary in [3]. Moderator made proposal: 
The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:
 
When common TA is indicated by the Network:


Where:
·   and  are defined as in Release-16.
·     is UE self-estimated TA 
·    is network-controlled common TA, and may include any timing offset considered necessary by the network.
·  FFS:  Signaling and the granularity of  
   FFS: When common TA is not indicated
-        Note-1: Definition of  is different from that in   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: This agreement does not preclude aligned DL & UL timing at gNB or unaligned DL & UL timing at gNB with decision up to future discussion if any.
-        Note-4:  is the common timing offset as agreed in RAN1 #103-e


It is stated in TS 38.211 Section 4.1 that Uplink frame number  for transmission from the UE shall start  before the start of the corresponding downlink frame at the UE. [image: ]value depends on the Frequency range and band of cell used for uplink transmission and is defined in TR 38.133 Table 7.1.2-2.


Figure 1: Uplink-downlink timing relation.
Proposal 1: Configuration of NTA,common is up to gNB depending on assumption for reference point for DL subframe and UL subframe alignment
· NTA,common = RTD of feeder link if reference point is gNB
· NTA,common =0 if reference point is satellite

Indication of common TA drift rate
This section addresses Issue#1-2 Indication of common TA in FL summary in [3]. Figure 2 shows the plots of Common TA, NTA,common, Common TA drift rate NTA,common,drift,rate, and Common TA drift rate variation NTA,common,drift,rate,variation over feeder link for LEO=600 km Set 1 parameters. [image: ]

Figure 2: common TA, Common TA drift rate, and Common TA drift rate variation
In case the reference point is at the gNB, broadcast common TA is not sufficient to maintain accurate UL-UL subframe alignment. The maximum drift rate can be in the order of ±20 μs/s and the maximum drift rate variation can be in the order of ±0.29 μs/s2.  Assuming the common TA is broadcast very second, the delay error could be up to 20 μs, which exceeds the cyclic prefix for PUSCH and PUCCH transmission. Figure 3 shows that broadcast of NTA,common,drift,rate and  NTA,common,drift,rate,variation can reduce the maximum delay error over the feeder link. Within 10 seconds of reading the NTN SIB carrying NTA,common and NTA,common,drift,rate, the maximum delay error is around 8 us; if NTA,common,drift,rate,variation is also broadcast the maximum delay error reduces to approximately 0 us and less than 1 us with prediction ahead of over 30 s. It was observed via simulations that a 18 bit field, 8 bit field and a 6-bit field for NTA,common , NTA,common,drift,rate and NTA,common,drift,rate,variation respectively are sufficient to allow accurate delay prediction.
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Figure 3: Maximum delay error over the feeder link

It is preferable to avoid frequent TA update via CL MAC CE TAC in case reference point is at the gNB.  The common delay drift rate is up to 20 us/s. If it is not broadcast, it will require near continuous MAC CE TAC signalled to the UE  to avoid breaking the maximum timing error Te ± 0.39 μs and more seriously breaking the orthogonality of OFDM waveform if drift exceeds the cyclic prefix . The other way is network signals common delay including first order and second order derivatives and rely on OL TA adjustment. The error for the UE calculation of delay over 20 is in the order of 0.25 us. This may avoid need for gNB to send a MAC CE TAC due to satellite delay drift. The CL MAC CE TAC could still be used as in cellular IoT depending on UE mobility assumption.

NTN SIB with satellite ephemeris (~16 bytes for PV, 18 bytes for orbital as discussed in Section 4) and common delay including fist order and second order derivatives (34 bits) can be broadcast say with 1second periodicity. This is needed for access. The total system overhead could in the order of 20 bytes to 22 bytes per second. The UE can read NTN SIB at time n and predict the UE-specific TA over service link and common TA over feeder link and pre-compensate these autonomously over time it is in connected mode over typically n+10 seconds. The algorithms for UE pre-compensation for the service link and feeder link are low processing complexity. Reading the NTN SIB once when moving to connected mode seems be reasonable.

Proposal 2: In case reference point for UL-DL subframe timing alignment is gNB, broadcast on NTN SIB
· Common delay NTA,common in a 18 bit field
· Common delay drift rate NTA,common,drift, rate in a 8 bit field
· Common delay drift rate variation NTA,common,drift,rate,variation in a 6 bit field

Indication of TA Margin
This section addresses Issue#1-3 in FL summary in [3]. Moderator’s view in RAN1#104e was:
· TA-margin is needed to account for TA estimation uncertainty when applying the TA pre-compensation in initial access: During the first acquisition of its UE-specific TA, the UE can overestimate the TA. In case of overestimation, the PRACH preamble will be received at gNB side in advance w.r.t. the PRACH occasion leading to unwanted interference with previous slot or PRACH occasion.
· If initial TA does not include a margin for maximum TA estimation error. A bipolar TA command is needed in msg2. i.e support negative TA adjusting in RAR. It is preferable to avoid such specification impact.
The TA margin was supported by a majority of companies. Several companies commented on how the TA margin is specified – i.e.
· Configured by the network
· Autonomously determined by UE
· Giving by the specifications
The main argument against reaching consensus on specification of a TA margin was that RAN1 could wait for RAN4 to determine synchronization timing requirement, before making an agreement on the margin. It seems reasonable that RAN4 first discuss specification of the requirements and need for a TA margin, and whether indication of the TA margin needs to be discussed in RAN1.
Proposal 3: TA margin can be included in scope of discussions for timing synchronization requirements in RAN4.

TA update in connected mode
This section addresses Issue#2-2 in FL summary in [3]. RAN1#104e made the following agreement:
· An NTN UE in RRC_CONNECTED state is required to support UE specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris.
· FFS: Operation of closed loop and open loop TA control

· For TA update in RRC_CONNECTED state, combination of both open (i.e. UE autonomous TA estimation, and common TA estimation) and closed (i.e., received TA commands) control loops shall be supported for NTN.
· FFS: Details of the combination of open and closed loop TA control

Open loop only solution and combined open and closed loop solution for TA update in connected mode are as follows:
· Open-loop only: 

· Combined open and closed loop: 

Where  is the propagation delay variation self-estimated by the UE and (TA-31) is the received TA command. The TA adjustment NTA is indicated in a TAC with 6 bits in MAC CE with a granularity of 0.52 µs with numerology µ=0, where TA={0,1,2,…,63} and  where   and  Tc=0.508 ns.
In open-loop solution, UE autonomously adjusts the TA based on ephemeris and GNSS-acquired UE position. In combined open and closed solution, the legacy MAC-CE TA can also be used. It can be seen in Figure 2 that the maximum common delay drift rate is ±20 μs/s for LEO=600 km Set 1, which gives a time drift 0.56μs (=±20 * 28.4/1000 μs) over RTD = 28.4 ms. To maintain UL timing alignment, MAC CE TAC needs to be sent every RTD. If gNB broadcast NTA,common,drift, rate  and NTA,common,drift,rate, variation , UE can autonomously predict and correct the common delay drift within 0.01 μs which avoids need for TAC via MAC CE due to common TA drift over the feeder link.  MAC CE TAC can still be used – e.g. in case of UE pre-compensation timing mismatch due to UE location changing since last GNSS TTFF  

Observation 1: If the common delay drift rate NTA,common,drift, rate and NTA,common,drift,rate, variation are broadcast the UE could autonomously predict and correct to common delay drift rate with an accuracy within 0.01 μs without need to receive a MAC CE TAC. 
Observation 2: For TA update in RRC_CONNECTED, MAC CE TA command can be used for UL timing alignment correction without specification change. 

[bookmark: _Ref31705530]UE Pre-compensation for UL synchronization
This section addresses Issue#5 in FL summary in [3]. RAN1#104e made the following agreements:
RAN1 to support satellite ephemeris broadcast based at least on one of the following format options:
· Option 1: Ephemeris format based on satellite position and velocity state vectors
· FFS: Details on state vectors formats 
· FFS: Details on time reference provisioning/format
· Option 2: Ephemeris format based on orbital elements
· FFS: Details on orbital elements formats 
· FFS: Details on time reference provisioning/format
· FFS: Whether down-selection is needed or both options are supported

Before the ephemeris format are discussed, it is beneficial to discuss use cases. The orbital parameters can be transformed to state vector position and velocity at epoch time t0 followed by propagation of satellite position and velocity to time t; or the orbital parameters can be propagated to time t followed by transform to state vectors position and velocity at time t. This is a choice of implementation in the UE that depends on accuracy and complexity of the propagation methods for UE pre-compensation for UL synchronization. The satellite orbital parameters are illustrated in Figure 6 
[image: ]








Figure 6: Satellite ephemeris Orbital parameters
Assuming serving satellite ephemeris is broadcast every second, the SIB indicates satellite orbital parameters shown below as an example. It should be noted that the orbital elements are osculating elements (instantaneous ones to give the same accuracy as the position/velocity), and not the average/mean ones. The orbital parameters eccentricity, periapsis, semi-major axis vary significantly over the duration. The mean anomaly varies significantly as this reflects the difference between the assumption that the satellite orbit is a perfect ellipse/circle assuming the earth is a perfect sphere, and the reality that the orbit does not follow a Keplerian orbit of a perfect ellipse/circle due to the non-spherical earth shape. This is explained by the perturbations that affect the orbital propagation, mainly the non-sphericity of the Earth shape (Earth’s oblateness). Earth radius at pole is 21 km smaller than Earth radius at equator. For a nearly polar orbit (and very close to the Earth), it impacts significantly the propagation of the orbital elements.
  Epoch time to                              α (km)                  e                     I (deg)              Ω (deg)               ω (deg)                M (deg)    
 ------------------------------------------------------------------------------------------------------------------------------------------------------------
 2021/01/01-00:00:00.000     6919.955143    0.001650732      97.574021193    36.126537772    64.902440674      295.175021671     
 2021/01/01-00:00:01.000     6919.951705    0.001651935      97.574022789    36.126537826    64.940253179      295.200230115     
 2021/01/01-00:00:02.000     6919.948274    0.001653137      97.574024401    36.126537882    64.978022032      295.225482138

The corresponding satellite position {SX, SY, SZ} and satellite velocity {VX, VY, VZ} are shown below for the example 
  Epoch time                           SX (km)             SY (km)                SZ (km)        VX (km/s)          VY (km/s)          VZ (km/s)                                                                                                                                                                                                                                                      
 ---------------------------------------------------------------------------------------------------------------------------------------------------
 2021/01/01-00:00:00.000     5584.564377     4078.146732      -11.231645     0.591075179    -0.807929297     7.528623249                                                                                                                                                                                                                                                      
 2021/01/01-00:00:01.000     5585.151982     4077.336215       -3.702637      0.584333173    -0.812851898     7.528630518                                                                                                                                                                                                                                                      
 2021/01/01-00:00:02.000     5585.732846     4076.520777        3.826369      0.577590439    -0.817773537     7.528628699  

Time reference provisioning for PV ephemeris and orbital ephemeris formats:
The orbital parameters can be transformed to state vector position and velocity at epoch time t0 followed by propagation of satellite position and velocity to time t; or the orbital parameters can be propagated to time t followed by transform to state vectors position and velocity at time t. This is a choice of implementation in the UE that depends on accuracy and complexity of the propagation methods for UE pre-compensation for UL synchronization. 
Figure 5 shows that prediction 120 s ahead for UE pre-compensation is accurate within 0.247 us for delay error and within 10.7 Hz for Doppler error for position and velocity ephemeris format; and accurate within 0.523 us for delay error and within 17.6 Hz for Doppler error for position and velocity ephemeris format. Although the prediction can be done ahead over several minutes, it is necessary that the ephemeris is broadcast with low latency and high accuracy. A UE that is paged for a mobile-terminated call or a UE that needs to transmit data as triggered by the application layer for a mobile originated call cannot wait up to several minutes to initiate random access procedure and move to connected. 
Observation 3: A UE first coming into coverage of a satellite needs to immediately access if it is paged or if it needs to transmit data. The UE must be able to receive the satellite ephemeris on NTN SIB broadcast with periodicity 0.5s or 1 s. A longer SIB periodicity is not desirable due to short satellite dwell time (~10 minutes)

For both ephemeris formats, it is not necessary to include the epoch time if it is implicitly known as a reference time linked to DL subframe where NTN SIB is broadcast. This saves signaling payload on NTN SIB. ECEF can be used as referential for PV. Orbital parameters initial reference frame redefined at each epoch time.
Proposal 5: Epoch time is implicitly known as a reference time linked to DL subframe where NTN SIB is broadcast. 
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Figure 5: Prediction of delay error and frequency error over service link

Payload of Position and velocity state vector ephemeris format: 
It was observed via simulations that a SIB overhead for satellite position {SX, SY, SZ} and velocity {VX, VY, VZ} ephemeris of 16 bytes are sufficient to allow accurate prediction of satellite delay and Doppler shift as shown in Table below.  
	Position and Velocity Ephemeris
	Resolution
	#bits
	Resolution
	#bits

	Satellite Location (Range  ≤ ±43000 km)
	0.33m 
	3*28=84 
	1.3m 
	3*26=78 

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

	Payload
	18 bytes
	16 bytes



Payload of Orbital parameter ephemeris format: 
It was observed via simulations that a SIB overhead for orbital parameters of 16 bytes are sufficient to allow accurate prediction of satellite delay and Doppler shift as shown in Table below.  
	Orbital ephemeris
	α
	e
	ω
	Ω
	I
	Mo

	Bit allocation
	26 bits
	19 bits
	24 bits
	18 bits
	17 bits
	24 bits

	Range  
	±43000 km
	≤ 0.015
	[0, 2π]
	[-180o , +180o]
	[-90o  , +90o ]
	[0, 2π]

	Payload
	~18 bytes



Proposal 6: Support satellite ephemeris format bit allocations
· Position and velocity state vector ephemeris format (16 bytes payload). 
· The field size for position [m]  is 78 bits
· The field size for velocity [m/s] is 54 bits
· Orbital parameter ephemeris format (18 byte payload)
· Semi-major axis α [m] is 33 bits
· Eccentricity e is 19 bits
· Argument of periapsis ω [rad] is 24 bits 
· Longitude of ascending node Ω [rad] is 21 bits
· Inclination i [rad] is 20 bits
· Mean anomaly M [rad] at epoch time to is 24 bits


Satellite ephemeris format for UE wake up  
It is sufficient of the UE wakes up from DRX at approximately the right time, preferably a little bit before the next satellite flyby. This does not require high accuracy of satellite position. For the RRM measurements, likewise it is sufficient if the UE approximately starts measurements with the measurement gaps for inter-satellite measurements. The orbital parameters at epoch time t0 could be stored in memory and used for the next flyby. Trajectory errors due to change of the orbital parameters could result in the UE waking up too early assuming that the some margin is used to avoid the UE waking up too late, but could be acceptable if no significant impact on power consumption. 
Prediction over a LEO-600 km satellite orbit period of 1h 35 min 16 s ahead for UE pre-compensation is accurate within 31000 m or 104 us for delay error and within 423 m/s or 2.8 kHz for Doppler error. This assumes that the prediction use orbital parameters, which are computationally efficient way for long prediction times. This long-term prediction although not sufficiently accurate for UE pre-compensation is adequate for UE wake up from eDRX. Assuming an error of 31000 m and a satellite velocity of around 7.5 km/s, the UE needs to wake up from eDRX about ~5s seconds early before next satellite flyby after one orbit period 1h 35min 16s.

Conclusion
In this contribution, we summarize issues and discuss impact on specifications for solutions for UL time and frequency synchronization. 
Proposal 1: Configuration of NTA,common is up to gNB depending on assumption for reference point for DL subframe and UL subframe alignment
· NTA,common = RTD of feeder link if reference point is gNB
· NTA,common =0 if reference point is satellite
Proposal 2: In case reference point for UL-DL subframe timing alignment is gNB, broadcast on NTN SIB
· Common delay NTA,common in a 18 bit field
· Common delay drift rate NTA,common,drift, rate in a 8 bit field
· Common delay drift rate variation NTA,common,drift,rate,variation in a 6 bit field
Proposal 3: TA margin can be included in scope of discussions for timing synchronization requirements in RAN4.
Observation 1: If the common delay drift rate NTA,common,drift, rate and NTA,common,drift,rate, variation are broadcast the UE could autonomously predict and correct to common delay drift rate with an accuracy within 0.01 μs without need to receive a MAC CE TAC. 
Observation 2: For TA update in RRC_CONNECTED, MAC CE TA command can be used for UL timing alignment correction without specification change. 
Proposal 4: RAN1 working assumptions for UL synchronization:
· GW pre/post compensates common Doppler shift / Doppler shift variation over the feeder link 
· GW pre/post compensates any transponder frequency error at the satellite
Observation 3: A UE first coming into coverage of a satellite needs to immediately access if it is paged or if it needs to transmit data. The UE must be able to receive the satellite ephemeris on NTN SIB broadcast with periodicity 0.5s or 1 s. A longer SIB periodicity is not desirable due to short satellite dwell time (~10 minutes)
Proposal 5: Epoch time is implicitly known as a reference time linked to DL subframe where NTN SIB is broadcast. 
Proposal 6: Support satellite ephemeris format bit allocations
· Position and velocity state vector ephemeris format (16 bytes payload). 
· The field size for position [m]  is 84 bits
· The field size for velocity [m/s] is 60 bits
· Orbital parameter ephemeris format (18 byte payload)
· Semi-major axis α [m] is 33 bits
· Eccentricity e is 19 bits
· Argument of periapsis ω [rad] is 24 bits 
· Longitude of ascending node Ω [rad] is 21 bits
· Inclination i [rad] is 20 bits
· Mean anomaly M [rad] at epoch time to is 24 bits

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  
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