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Introduction
In RAN1#106e, the agreements made on UL time and frequency synchronization for NTN are listed below [1]:
Agreement:
· A validity duration configured by the network for satellite ephemeris data indicates the maximum time during which the UE can apply the satellite ephemeris without having acquired new satellite ephemeris.
· FFS: Associated UE behaviour if the UE does not read the ephemeris within the validity duration.
· FFS: Whether the same validity duration can be applied for Common TA.

Conclusion:
Indication of common post-compensation frequency offset for Uplink is not needed.

Agreement:
Confirm the working assumption on non-extension of TAC 12-bit field in msg2 (or msgB) and that the UE follows the requirements on UL time pre-compensation for Msg1/MsgA transmission as defined by RAN4.

Agreement:
Serving satellite ephemeris Epoch time is implicitly known as a reference time defined by the starting time of a DL slot and/or frame.
· FFS: Whether this starting time is given by predefined rule or it is indicated by the Network

Agreement:
In NTN, to avoid that the UE over pre-compensates its TA during RACH procedure, down-select one option from below:
· Option 1: PRACH transmission is delayed by 
· Option 2: TA margin can be considered, and it is explicitly indicated to the UE
· Option 3: TA margin can be considered, and it is included within the Common TA
· Option 4: UE handles it via implementation


Agreement:
In NR NTN, NTA update based on TA Command field in msg2/msgB and MAC CE TA command is used for UL timing alignment correction as follows:
· When TAC ( in msg2/msgB is received, UE receives the first adjustment and  is updated as follows:
 , FFS: the value of ,

· When TACs ( provided within the MAC CE is received,  is updated as follows:
 ,



[bookmark: _Hlk81237118]Working assumption:
Common TA may include parameter(s) indicating timing drift.
· The UE will apply common TA according to the parameters provided by the network (if any). No offset between the common TA according to the parameters provided by the network and the actual feeder link RTT is considered when defining UE UL timing error requirements.

[bookmark: _Ref473802466][bookmark: _Ref462669569]In this contribution, we discuss remaining issues for UL timing and frequency control with focus on UEs with GNSS capability.



Open and Closed Loop Timing Control 
It has been agreed that both open and closed-loop timing control will be used while the update/accumulation of closed-loop TA is FFS. The use of two control loops raises the concern whether adding the open-loop TA and the closed-loop TA  achieves the expected accuracy. With GNSS, a UE may update its location on the order of seconds or more due to the minimum amount of time needed for performing a GNSS fix. Thus, the UE keeps using a GNSS location obtained from the previous GNSS fix for seconds or more until the next GNSS fix, and the GNSS location may become outdated as the UE moves, causing an error in the open-loop TA. This error can be corrected by the closed-loop TA. However, after a new GNSS fix, an update in the open-loop TA can correct the error due to UE movement, which has already been fully or partially corrected by the closed-loop TA. This gives rise to the problem of double correction.
We illustrate the double correction problem by simulation results. In the simulation setup, the UE finishes a GNSS fix every 10 seconds, receives a TA command if the timing error is greater than 0.05 µs, and makes a UL transmission every 0.1 second. The UE moves north at a speed of 30 meters/s. The satellite moves from north to south at an altitude of 600km. At time 0, the UE’s GNSS location is [32.896775, -117.201768, 0], and the satellite is right above the UE. The network measures the UL timing error based on the UL transmissions, averages the timing errors in a window of 0.5 sec, and smoothies the average with an AR-1 filter with a weight 0.8 (applied to the raw timing error). After transmitting a TA command, the gNB clears the timing errors in the average window and resets the AR-1 filter. It is assumed that the timing error measurement is perfect at the Network side. The timing error as a function of time is shown in Figure 1. If the open-loop TA and the closed-TA are simply added, then at the time of GNSS fixes a jump in the timing error occurs, caused by the double correction as illustrated as the blue curve in Figure 1. As can be seen from the figure, whenever there is a new GNSS fix, there will be a big jump in UL timing error.
Observation 1: For calculating the TA in RRC_CONNECTED state, always adding the open-loop TA and the closed-loop TA may cause large timing errors due to double correction of timing error caused by UE movement. 
The double correction problem is caused by large adjustment of UL timing by UE, which is unknown to the receiver, i.e., the network. Any large timing adjustment unknown to the network will cause receiver problem. In terrestrial network, UE autonomous UL timing adjustment is required to be “gradual” as specified by Sec 7.1 of [2]. Similarly, the UE-specific TA adjustment rate in NTN as a result of changes of UE location in TA calculation needs also to be gradual.  Following the same principle of existing requirement on UE autonomous timing adjustment, we have the following proposal.

Proposal 1: In connected mode , when UE specific TA calculated based on the UE location corresponds to the last applied UE specific TA  differs from the UE specific TA calculated based on most recent GNSS fix by more than x1 ,  i.e., |TA_ue(GNSS_f, sat_current)-TA_ue(GNSS_c, sat_current)|>x1, where GNSS_f is the most recent GNSS fix, GNSS_c is the UE location corresponding to  the last applied UE specific TA, and sat_current is the current satellite location, UE is required to adjust the  UE location when calculating the UE specific TA such that the applied UE-specific TA is closer to the TA calculated using the most recent GNSS fix than using GNSS_c. The adjustment made to UE specific TA due to UE location adjustments shall satisfy the following conditions:
· the maximum amount of UE specific TA change of one adjustment due to UE location update shall be y,   i.e, |TA_ue_applied-TA_ue(GNSS_c, sat_current)|<x2.
· the minimum aggregate adjustment rate shall be x3 per T1 seconds.
· the maximum aggregate adjustment rate shall be x4 per T2 seconds.
· FFS the values of x1, x2, x3, x4, T1 and T2.

[image: ]

Figure 1 Timing error at the gNB: (1) simple addition of the open-loop TA and the closed-loop TA (blue line), (2) max slew rate on the UE location of 6 meters per adjustment (red line), (3) max slew rate on the UE location of 5 meters per adjustment (green line), (4) max slew rate on the UE location of 4 meters per adjustment (cyan line), (5) max slew rate on the UE location of 3 meters per adjustment (magenta line), (6) simple addition of the open-loop TA and the closed-loop TA, but keeping using the initial UE GNSS as the UE location (black line).  
Timing error results with different limits on slew rate are also shown in Figure 1. Following the requirement as described in proposal 1, the UE updates its location used to calculate the UE-specific TA for an uplink transmission with a maximal location change rate, starting from its previous location used to calculate the previous UE-specific TA until it reaches the most recent GNSS location, at which point it stops the update until it completes a new GNSS fix.
In figure 1, the red line, green line, cyan line, and magenta line are for the maximum aggregate adjustment rate of 6 meters, 5 meters, 4 meters, and 3 meters per adjustment, respectively. Note that a 6-meter location adjustment corresponds to a TA adjustment no more than 12/3e8=0.04 ms/adjustment. As a comparison, we also show the timing error for the scheme where the open-loop and the closed-loop TAs are simply added but with the UE location used to calculate the UE-specific fixed at the initial GNSS fix. From the results, it is clear that appropriate slew rate control is effective in mitigating the double correction problem and also outperforms the case where only a first GNSS reading is used without updating. 


UL Frequency Control

For UE autonomous frequency control, there are two options depending on if UE is synchronized on GNSS:
· Option 1, In this option, DL and UL share the clock source. UE synchronizes to DL signal and estimates DL Doppler and UL Doppler based on the geolocations of the UE and of the satellite. UE then calculates the pre-compensation value required based on the clock driven by the DL received signa and applies the pre-compensation in the UL transmission. If DL received signal is pre-compensated, the compensated value should be signalled and taken into consideration by the UE.
· Option 2: In this option, UL transmission clock is synchronized to GNSS. UE estimates the UL Doppler based on its own geolocation and ephemeris and applies the pre-compensation accordingly (i.e., UL clock is not driven by DL received signal).

Autonomous frequency control option 1 may have larger frequency error as will be discussed whereas option 2 requires additional implementation complexity. In our view, the choice of options 1 or 2 is up to implementation. 
For both autonomous timing and frequency control, UE needs to know the geolocations of itself and of the satellite. Today’s GNSS systems typically provide accuracy within a few meters. However, UE may have moved since its last GNSS reading. To save power UE should not be required to read GNSS frequently. Considering a UE in a vehicle, it can move a few tens of meters per second. 
For UL frequency, there could be multiple sources of error:
· UE geolocation error due to UE movement. A 100 m location error can lead to a UL frequency error of 0.008 ppm for 600 km Orbit.
· Satellite ephemeris error due to limited updating rate
· Residual frequency errors introduced in the feeder link and satellite on-board processing. This only applies to autonomous frequency control option 1. 

It is important to note that Option 1 of autonomous frequency control are not able to compensate any frequency errors introduced in the feeder link or on-board satellite processing. With Option 1, a frequency error occurred in the feeder link from gNB to satellite will lead to a UE transmit frequency error twice of the feeder link error. Consequently, there is a UL frequency bias between frequency control Option 1 and Option 2. The bias is twice of the sum frequency error introduced in the forward link up to satellite.

Observation 2: There could be an UL frequency bias between UEs that are frequency synchronized with GNSS and UEs that are frequency synchronized using DL frequency.

In addition to the potential frequency error bias between UEs, the residual UL frequency error can still be significant even after autonomous frequency control. Hence, we have the following proposal.

Proposal 2: Support closed-loop frequency control commands by MAC-CE.
For efficient time and frequency control, group-common DCI should be considered.
Proposal 3: Consider group-common DCI for UL time and frequency control.

PVT Ephemeris Format

PVT format has been agreed to be supported. For the signaling of position coordinates, it has been shown that for quantized x, y, z coordinates of the satellite a total number of 78 bits are needed to cover a range of ±43000 km with a resolution of 1.3 meters [3].  It is worthy of noting that the altitude of GEO and LEO satellites are either constant or varies much slower as compared to ECEF coordinates. Actually, LEO satellite orbits are typically circular or elliptical with small eccentricity (< 0.25). Consequently, the altitude of these satellite relative to the earth center with a reference earth radius can be updated much less frequently and signaled separately.  From the circular constraint, we have , where R is the altitude of the satellite orbit relative to the earth center. If the network signals x and y, the UE can derive the absolute value of z. To allow the UE to determine the sign of z, the network additionally signals the sign of z, which takes one bit. Thus, leveraging the orbit constraint could reduce the total number of bits for position by about 1/3. 

[bookmark: _Hlk78971636]Observation 3: The altitude of many satellites relative to the earth center varies much slower than the ECEF coordinates and can be signaled separately from the ECEF coordinates. When the altitude is known, only two ECEF coordinates need to be signaled. 


We show that the orbit constraint can be used to significantly reduce the number of bits needed to signal the coordinates for a LEO satellite without sacrificing the accuracy. We assume that the satellite moves north passing from south to north. The quantization errors in x and y lead to errors in the computed z, but the errors can be well confined, as shown in Figure 2 for the case in which 27 bits are used to quantize x and y in the range ±43000 km.    
[image: ]

Figure 2 Error vs time: quantization error of coordinate z (blue line), and the error in computed coordinate z using quantized x and y (red line), where 27 bits are used to quantize each of x and y coordinates in the range ±43000 km. 
Figure 3 shows the error in the z coordinate as a function of the total number of bits used to signal all three position coordinates. We see that with the proposed scheme a bit saving of 26 bits on the mean absolute error and a bit saving of 28 bits on the maximum absolute error can be achieved without sacrificing the accuracy. 



[image: ]
Figure 3 Error in z vs the total number of bits: the maximum absolute error (red solid line with dots) for and the mean absolute error (red solid line with crosses) for independent signaling, and the maximum absolute error (blue dashed line with dots) for and the mean absolute error (blue dashed line with crosses) for the proposed signaling using the orbit constraint. 

Additionally, since the network knows the error in z, it can also signal the error in z along with x, y and the sign of z, and the error may require much fewer bits than required for x and y. For LEO satellites, further reduction in the number of bits is possible by realizing that the absolute values of the ECEF coordinates, x and y, are limited to be smaller than R.

Similarly, once orbit altitude is known, the velocity is known to be within a limited range. Hence the number of bits required for velocity can also be reduced.

Proposal 4: For PVT ephemeris, consider signaling the orbit altitude relative to the earth center and two ephemeris ECEF coordinates.


Conclusions
In this contribution, we have discussed UL time and frequency control mechanisms and the signaling of satellite position as well. Based on the discussion, we have the following observations and proposals:
[bookmark: _Hlk54112923]Observation 1: For calculating the TA in RRC_CONNECTED state, always adding the open-loop TA and the closed-loop TA may cause large timing errors due to double correction of timing error caused by UE movement. 

Observation 2: There could be an UL frequency bias between UEs that are frequency synchronized with GNSS and UEs that are frequency synchronized using DL frequency.

Observation 3: The altitude of many satellites relative to the earth center varies much slower than the ECEF coordinates and can be signaled separately from the ECEF coordinates. When the altitude is known, only two ECEF coordinates need to be signaled. 

Proposal 1: In connected mode , when UE specific TA calculated based on the UE location corresponds to the last applied UE specific TA  differs from the UE specific TA calculated based on most recent GNSS fix by more than x1 ,  i.e., |TA_ue(GNSS_f, sat_current)-TA_ue(GNSS_c, sat_current)|>x1, where GNSS_f is the most recent GNSS fix, GNSS_c is the UE location corresponding to  the last applied UE specific TA, and sat_current is the current satellite location, UE is required to adjust the  UE location when calculating the UE specific TA such that the applied UE-specific TA is closer to the TA calculated using the most recent GNSS fix than using GNSS_c. The adjustment made to UE specific TA due to UE location adjustments shall satisfy the following conditions:
· the maximum amount of UE specific TA change of one adjustment due to UE location update shall be y,   i.e, |TA_ue_applied-TA_ue(GNSS_c, sat_current)|<x2.
· the minimum aggregate adjustment rate shall be x3 per T1 seconds.
· the maximum aggregate adjustment rate shall be x4 per T2 seconds.
· FFS the values of x1, x2, x3, x4, T1 and T2.

Proposal 2: Support closed-loop frequency control commands by MAC-CE.
Proposal 3: Consider group-common DCI for UL time and frequency control.
Proposal 4: For PVT ephemeris, consider signaling the orbit altitude relative to the earth center and two ephemeris ECEF coordinates.

[bookmark: _Ref457730460][bookmark: _Ref450735844][bookmark: _Ref450342757]References	
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