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Introduction
In RAN1#104-e, the following agreements are achieved regarding the agenda item (AI) 8.4.2, Enhancements on UL Time and Frequency Synchronization [5]. Moreover, there was a majority consensus with respect to a proposal for calculation of timing advance (TA) in NTN [6]. The agreements together with the TA proposal are listed below:


RAN1#104-e:
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

Agreement:
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

Updated proposal 1-1: 
· The Timing Advance applied by an NR NTN UE is given by:


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



The main focus of this contribution is related to the signaling of the common TA in NTN, i.e.,  .
Discussion 
One of the unique features of NTN is the large propagation delays experienced between user equipment (UE) and satellite systems, and as a consequence, the gNB. Typically, the propagation delays in terrestrial systems are less than 1 ms. However, in NTN, the propagation delays can potentially range from several milliseconds to hundreds of milliseconds depending on the altitudes of the spaceborne or airborne platforms and payload type in NTN. In order to be able to cope with large propagation delays in NTN, several RAN procedures, from physical layer to higher layers, need to be enhanced [1], [2]. 
One particular procedure from RAN1 perspective that is affected by large propagation delay is the timing advance (TA) procedure, which is at the heart of UL time synchronization and is the focus of the AI 8.4.2. Before discussing the signaling of , in the following, we first provide some examples of the procedures, from RAN1/2 perspective, affected by large propagation delays in NTN. 
Example Procedures Affected by UE-gNB RTT/Delay
From RAN2 perspective, 4-step random access channel (RACH) and 2-step RACH procedures are affected. In particular, in  RAN2#112e [3] it was agreed to compensate the start of “ra-ResponseWindow” and “msgB-ResponseWindow” by UE-gNB round trip time (RTT). The agreement is provided below: 
	Agreement
If the start of the ra-ResponseWindow and msgB-ResponseWindow is accurately compensated by UE-gNB RTT, ra-ResponseWindow and msgB-ResponseWindow are not extended in LEO/GEO.



Another procedure in RAN2 affected by UE-gNB delay (or RTT) is related to HARQ. Specifically, in RAN2#112e & RAN2#113e [3]-[4] it is agreed that for NTN UEs with pre-compensation capability, “drx-HARQ-RTT-TimerDL” is offset by UE-specific RTT (UE-gNB delay) . The agreement is provided below: 
	Agreement
For UE with pre-compensation capability (at least for the HARQ-feedback enabled case. FFS for HARQ-feedback disabled, if supported), drx-HARQ-RTT-TimerDL is offset by UE-specific RTT (UE-gNB delay) in LEO/GEO. FFS if offset is applied to: 1) the start of the timers or 2) the timer value range (i.e. existing values within value range increased by offset)



From RAN1 perspective, one of the important procedures affected by large propagation delays in NTN is the timing advance procedure [2]. In timing advance procedure, after gNB estimates the RTT of the UE, it sends the timing advance command for adjusting the uplink transmission timing of UE. Clearly, the value of timing advance command is related to UE-gNB RTT. In RAN1#104e, there was a majority consensus for the following proposal.
	Updated proposal 1-1: 
· The Timing Advance applied by an NR NTN UE is given by:


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


  
Another RAN1/2 procedure, dedicated to NTN, is the procedure of feeder link switch [2]. In particular, feeder link switch occurs when the gateway changes due to satellite moving from coverage of one gateway into coverage of another gateway. Since the new gateway has a different geographical location compare to the old gateway, UE-gNB RTT is changed and the new feeder link RTT/delay must be signaled to the UE. 
Furthermore, from RAN1 perspective, several timing relationships in NR NTN must be enhanced  (e.g. PDSCH reception timing, PUSCH scheduled by DCI, and more discussed in AI 8.4.1) where and offset  is added to the existing timing constants and . The value of  is known to be closely related to the UE-gNB RTT.  
It can be observed from the above discussion that there are several procedures (RAN1 and RAN2) in NTN specifically need to be enhanced via UE-gNB RTT. 
Observation 1: Several procedures in RAN1 and RAN2 require enhancement based on end-to-end UE-gNB RTT/delay. 
UE-gNB RTT/Delay Components
Generally, the end-to-end delay experienced by NTN UE can be split into two major parts namely, UE specific delay and UE common delay. Calculation of both UE specific and UE common delay depends on the choice of the so-called reference point (RP). In particular, RP is defined as the point with respect to which the downlink and uplink frames are aligned after UE applies the TA command in RACH procedure and/or autonomously obtains TA. As a result of this, the value of TA is calculated with respect to RP. Typically, RP can be chosen to be at gNB, at feeder link, at the satellite, or at a point located at service link. It is decided in RAN1 that the choice of RP is arbitrary and it must be under control of the network, and should at least include the RP at gNB, see Figure 1 below. For instance, when the RP is chosen to be at satellite (RP3 in Figure 1), the uplink and downlink frames are aligned at satellite and gNB has to deal with not aligned uplink and downlink frame timing and applies a post timing compensation based on RTT of feeder link. On the other hand, the choice of RP at gNB (RP1 in Figure 1) leads to frames timing in uplink and downlink that are aligned at gNB. Given the definition of the reference point above, we can define the UE specific delay and UE common delay as follows: 
· UE specific delay: is defined as the delay of the UE to the satellite. In Rel17, NTN UE is assumed to be equipped with GNSS unit. As a result of this, GNSS equipped UE can estimate the distance to satellite together with the assistance of satellite ephemeris and calculates the UE-Sat delay. 
· UE common delay: is defined as the delay of satellite to the RP (Sat-RP). Depending on the location of RP, UE common delay can be evaluated as follows: 
· It can capture the partial delay of the feeder link, when RP is chosen on the feeder link, e.g. RP 2 in Figure 1. 
· It can be set to zero. This is the case when RP is chosen to be at the satellite, e.g. RP 3 in Figure 1. 
· It can capture the partial delay of the service link, when RP is chosen on the service link, e.g. RP 4 in Figure 1. 
· It can capture the entire feeder link delay, i.e., gNB-gateway-Sat delay, when the RP is chosen to be at gNB, e.g. RP 1 in Figure 1.
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Figure 1 - Components of UE-gNB delay
In addition to the common delay, we also define the feeder link delay as the delay of gNB to the satellite. It is important to emphasize that the majority of the procedures reviewed in the beginning of this section require the knowledge of end-to-end UE-gNB delay. Given the definition of the UE specific and UE common delay as above, unless for the case of RP at the gNB, for calculation of UE-gNB delay, signaling of both common delay and feeder link delay from network to UE is required. 
Note: In the remainder of this contribution we refer to the feeder link delay and common delay together, for conciseness of presentation, as common delay. In other words, we assume that RP is located at gNB. However, the procedures introduced in the following sections are also valid for other choices of RP as well. 
Based on the definition of common delay and the discussion in the beginning of this section, it is clear that for several RAN1 and RAN2 procedures, where end-to-end UE-gNB RTT/delay is targeted, signaling of the common RTT/delay is required. Thus, it is important that a unified approach for signaling of common delay is adopted in order to reduce duplicate signaling.  
Observation 2: Signaling of the common RTT/delay is shared (or common) among several RAN1 and RAN2 procedures. In particular, among the procedures that require enhancement based on end-to-end UE-gNB RTT/delay. 
Proposal 1: RAN1 to strive for a unified design of common RTT/delay signaling in order to avoid duplicate signaling of common RTT/delay. 
Common RTT/Delay Characterization
In this section, we study the characteristics of the UE common delay component. This discussion facilitates the signaling design of the common delay in the next section. 
As mentioned in the previous sections. The end-to-end UE-gNB can be split into two parts: UE specific delay and UE common delay. In order to be able to understand the details of the signaling of the common delay, we further split the UE common delay into its constituent components. Furthermore, in the following we use the terms RTT and delay interchangeably. In particular, given Figure 1, the UE common delay/RTT can be written as follows: 

where
· : captures the RTT of the gNB to gateway. Due to the fix locations of both gNB and gateway,  is a constant. 
· : accounts for the estimation error of UE specific delay/RTT. The value of this term depends on the accuracy of GNSS unit and can be considered to be constant.
· : takes the delay/RTT of the gateway to the satellite into account. Due to the motion of the satellite,  is a time-varying term. However, since the motion of the satellite is quasi-deterministic, i.e., predictive satellite orbital motion plus minor random box motion of the satellite,  itself can be split into two terms. A deterministic and time-varying term plus a constant term accounting for estimation error of the RTT of gateway to satellite due to the box movement of the satellite.  
Given the discussion above,  can be well approximated via the right-hand-side of the equation above, i.e.,  , where  captures the effects of all constant terms and  is the only time-varying and deterministic term. 
Before discussing the details of the signaling, it is worth to mention how  can be evaluated. In particular,  is a function of satellite altitude (), minimum elevation angle (), maximum elevation angle (), and satellite orbit inclination (). Below, we show  for different system parameters. For all curves presented in this contribution, the time  corresponds to the time, where the satellite has the closet distance to the gateway.
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Figure 2 - Feeder link RTT as a function of time for different satellite altitudes 
In Fig. 2, RTT of the feeder link is plotted as a function of time for different satellite altitudes  km, for system parameters  degree,  degree, and  degree. First of all, as it was expected, increasing the altitude of the satellite increases the visibility window of the satellite for the gateway. For instance, for  km (VLEO scenario) the visibility window is approximately 200 s, whereas for  km (LEO scenario) the visibility window increases to approximately 800 s. Furthermore, the following important observation can be made. It can be observed that for all cases independent of the satellite altitude , feeder link RTT has a “U” shape characteristic. This particular characteristic of the feeder link RTT/delay can be exploited for the design of common delay signaling to reduce the signaling overhead. 
Observation 3: The visibility or observation window of a satellite for the gateway increases by increasing the satellite altitudes. 
Observation 4: The feeder link RTT/delay obey a well behaviour trend or characteristic, with respect to satellite altitude, that can be exploited for the signaling of common RTT/delay to reduce signaling overhead. 
[image: ]
Figure 3 - Feeder link RTT as a function of time for different maximum elevation angles.
In Fig. 3, RTT of the feeder link is plotted as a function of time for different maximum elevation angles   degree, for system parameters  km,  degree, and  degree. It can be observed from Fig. 3 that by increasing the maximum elevation angle the visibility window of the satellite for the gateway increases. For instance, by increasing  from 20 degree to 30 degree, the visibility window is increased from approximately 400 s to 500 s. This result was expected. An interesting observation is that a change in the maximum elevation angle  does not change the overall characteristic of the feeder link RTT. In other words, the “U” shape characteristic of the feeder link RTT is preserved.  
Observation 5: The visibility or observation window of a satellite for a gateway increases by increasing the maximum elevation angle. 
Observation 6: The feeder link RTT/delay obey a well behaviour trend or characteristic, with respect to maximum elevation angle, that can be exploited for the signaling of common RTT/delay to reduce signaling overhead. 
Similar observations for the behaviour of feeder link RTT have been made with respect to the variations of minimum elevation angle  and orbital inclination angle . Here, for conciseness of presentation, we omit the corresponding results.  
Observation 7: The feeder link RTT/delay obey a well behaviour trend or characteristic, with respect to minimum elevation angle and orbital inclination angle, that can be exploited for the signaling of common RTT/delay to reduce signaling overhead. 
Proposal 2: The characteristic of the common RTT/delay (or feeder link RTT/delay) shall be taken into account for the design of its corresponding signaling.
Common RTT/Delay Signaling
 In this section, we discuss the common RTT/delay signaling design. It is shown in the previous section that the common delay is a function of the minimum elevation angle, maximum elevation angle, satellite orbit inclination, and satellite altitude. It has its minimum value when the satellite is in closet distance to gateway and gradually increase via satellite motion. Typically, the common delay has a “U” shape characteristic. In the following, we propose and analyse several, from network centric to UE centric, solutions for the signaling of the common delay. 
Network Centric Design 
The first option is network centric (option#1) and gNB signals the absolute value of the common delay to the UE. However, due to the  time-varying nature of the common delay, this approach demands for a very large signaling overhead, as frequent update of the value of the common delay is required especially for LEO and VLEO satellites. For option#1,  can be obtained as follows : 

Observation 8: Network centric design of common delay signaling, where absolute value of the common delay is signalled from gNB to the UE requires large signaling over head. 
Proposal 3: RAN 1 should agree on studying common delay signaling design with reduced signaling overhead. 
Joint Network-UE Centric Design 
Another option (option#2) which is joint network and UE centric relies on the calculation of the common delay at the UE side via a given function and signaling (or updating) the parameters of the function from gNB to the UE. In particular, the employed function at the UE must be able to capture the behaviour and the characteristics of the common RTT/delay studied in the previous section. We showed in Section 3 that  can be approximated as the summation of two terms; one time-varying term capturing the RTT of gateway to the satellite and a constant term. Thus, for option#2, we propose to approximate the actual common RTT/delay as 
,
where and  are some constant values that can be obtained offline given the satellite orbit parameters and/or trajectory. Function  is an arbitrary function that can best capture the characteristics of .  is a reference time that can be implicitly or explicitly signaled to the UE. Several design options can be investigated depending on the choices of the function . Here, we adopt a simple approach by choosing . In other words, we approximate  as a power function   

In the following, we investigate several design options based on the equation above and compare their respective pros and cons. 
Option#2a 
For option#2a, the parameter . In other words, the power function is reduced to its special case of a linear function. Thus,  presents a constant and  shows a drift rate describing the slope of the corresponding linear function. However, Given the behavior of the common RTT/delay presented in the previous section, see Figs. 2-3, the entire common RTT/delay cannot be approximated with one linear function. Thus, the entire common delay can be approximated via a piecewise linear function. Compare to option#1, the signaling over head is reduced. However, there is a trade off between accuracy and signaling over head. This option require the signaling of two parameters, i.e., (), with frequent (but relatively less than option#1) update of parameters (). For option#2  can be evaluated as 
 , 
where 
·  is a drift rate that can be obtained from parameter  in unit of  per slot.
·  is a constant that can be obtained from the parameter  in unit of .
·  is the reference slot number indicated (implicitly or explicitly) to the UE. 
·  is the targeted slot number for calculation of the common delay. 
Observation 9: Piecewise linear approximation of the actual common RTT/delay reduces the signaling overhead.
Option#2b 
For option#2b, the parameter , i.e., the power function is employed for approximation of the common RTT/delay. Comparing with option#2a, an extra parameter needs to be signaled, i.e., the set of parameters (). However, since the power function can precisely approximate the common RTT/delay characteristics, the signaling overhead is reduced substantially comparing with option#1 and option#2a. In other words the rate of the update of the parameters () is reduced substantially. 
To show the accuracy of option#2b, in the figure below, the feeder link RTT of a VLEO with  km.  
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Figure 4 - Feeder link RTT as a function time for VLEO. 
It can be observed that the RTT of the feeder link (red curve) (common delay for the case of RP at gNB) can be well approximated via the power function (blue curve). Furthermore, from the inset of Fig. 4, it can be seen that the accuracy of approximation is less than , which is less than 5% of the CP duration for 15 kHz scs. For the considered scenario depicted in Fig. 4, the estimated parameters are . An interesting observation is that for about 10 seconds, parameters () are required to be signaled only once. This reduces the signaling overhead substantially. In particular, for option#2b,  can be calculated as follows 
 , 
where 
·  is a drift scale rate that can be obtained from parameter  in unit of  per slot to the power of .
·  is a constant that can be obtained from the parameter  in unit of .
·  is a power exponent that can be obtained from parameter .  
·  is the reference slot number indicated (implicitly or explicitly) to the UE. 
·  is the targeted slot number for calculation of the common delay.  
Observation 10: approximation of the actual common RTT/delay with a power function reduces the signaling overhead substantially, and at the same time it can provide a very accurate estimate of the actual common RTT/delay. 
Option#2c 
The following option, option#2c, is the special case of option#2b with fixed integer power exponent or a range of integer power exponents. In other words, parameter  takes a range of integer powers. By fixing the parameter , option#2c requires two parameters () for signaling, similar to option#2a, but the signaling overhead is substantially reduced compare with option#2a and option#2b. One particular choice of integer value of parameter . Below, in Fig. 5, we consider the same scenario as in Fig. 4, and show the accuracy of the proposed option#2c.
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Figure 5 - Feeder link RTT as a function time for VLEO. 
It can be observed that option#2c provides a very accurate approximation of the actual RTT of the feeder link. For times in the range of , the accuracy of the approximation is less than 5% of the CP duration for 15 kHz scs. For the times  or  the accuracy of the approximation is less than 10% of the CP duration for 15 kHz scs. The results for LEO 600 km and LEO 1200 km are shown in the Appendix. 
For option#2c,  can be calculated as follows 
 , 
where 
·  is a drift scale rate that can be obtained from parameter  in unit of  per slot to the power of .
·  is a constant that can be obtained from the parameter  in unit of .
·  is the reference slot number indicated (implicitly or explicitly) to the UE. 
·  is the targeted slot number for calculation of the common delay. 
Note: here for simplicity, we assumed that the exponent takes a single integer value. However, it is straightforward to extend the above mentioned method so that parameter  can take a range of integer values, e.g., . gNB can signal the value of the exponent to the UE. 
Observation 11: approximation of the actual common RTT/delay via a power function with fixed power exponent reduces the signaling overhead substantially, and at the same time it can provide a very accurate estimate of the actual common RTT/delay. 
Proposal 4: RAN1 to consider the signaling of the parameter set , drift scale rate, , a constant, and , an exponent (can take integer values), for signaling of common RTT/delay in NTN.    
UE Centric Design 
In the following, we propos a UE centric design, which we refer to as option#3. For option#3, UE autonomously acquire common RTT/delay drift rate. This is different from option#2a, option#2b, and option#2c, where UE autonomously acquire the absolute value of common RTT/delay. The accuracy of the power function approximation of the actual common RTT/delay and its corresponding advantages in reducing signaling overhead are discussed in the previous subsection for the design of option#2b and option#2c. We have shown that signaling of the three parameters () can substantially reduce the signaling overhead. Here, for option#3, we further assume that parameters ()  are signaled to the UE. Then UE can autonomously calculate the common RTT/delay drift rate as follows 

 , 
where 
·  is the UE self-estimated drift rate, in the unit of  per slot, that can be obtained from parameters  (after proper normalization).
·  is a constant that can be obtained from the parameter  in unit of .
·  is the reference slot number that parameters () are signaled to the UE.   
·  is the reference slot number that UE updates the self-estimated drift rate. 
·  is the targeted slot number for calculation of the common delay. 
For the special case of , as in option#2b, the autonomous drift rate calculation simplifies to 

 The main difference between option#3 and option#2a is the reduced signaling overhead in option#3, as the drift rate is calculated/updated autonomously at the UE. Signaling the parameter  is common in both options.   
Observation 12: UE autonomous drift rate calculation can further reduce the signaling overhead of the piecewise approximation method for signaling of the common RTT/delay. 
Proposal 5: RAN1 to consider UE autonomous drift rate calculation for common RTT/delay signaling. 
Conclusions 
Observation 1: Several procedures in RAN1 and RAN2 require enhancement based on end-to-end UE-gNB RTT/delay. 
Observation 2: Signaling of the common RTT/delay is shared (or common) among several RAN1 and RAN2 procedures. In particular, among the procedures that require enhancement based on end-to-end UE-gNB RTT/delay. 
Observation 3: The visibility or observation window of a satellite for the gateway increases by increasing the satellite altitudes. 
Observation 4: The feeder link RTT/delay obey a well behaviour trend or characteristic, with respect to satellite altitude, that can be exploited for the signaling of common RTT/delay to reduce signaling overhead. 
Observation 5: The visibility or observation window of a satellite for a gateway increases by increasing the maximum elevation angle. 
Observation 6: The feeder link RTT/delay obey a well behaviour trend or characteristic, with respect to maximum elevation angle, that can be exploited for the signaling of common RTT/delay to reduce signaling overhead. 
Observation 7: The feeder link RTT/delay obey a well behaviour trend or characteristic, with respect to minimum elevation angle and orbital inclination angle, that can be exploited for the signaling of common RTT/delay to reduce signaling overhead. 
Observation 8: Network centric design of common delay signaling, where absolute value of the common delay is signalled from gNB to the UE requires large signaling over head. 
Observation 9: Piecewise linear approximation of the actual common RTT/delay reduces the signaling overhead.
Observation 10: approximation of the actual common RTT/delay with a power function reduces the signaling overhead substantially, and at the same time it can provide a very accurate estimate of the actual common RTT/delay. 
Observation 11: approximation of the actual common RTT/delay via a power function with fixed power exponent reduces the signaling overhead substantially, and at the same time it can provide a very accurate estimate of the actual common RTT/delay. 
Observation 12: UE autonomous drift rate calculation can further reduce the signaling overhead of the piecewise approximation method for signaling of common RTT/delay. 
Proposal 1: RAN1 to strive for a unified design of common RTT/delay signaling in order to avoid duplicate signaling of common RTT/delay. 
Proposal 2: The characteristic of the common RTT/delay (or feeder link RTT/delay) shall be taken into account for the design of its corresponding signaling.
Proposal 3: RAN 1 should agree on studying common delay signaling design with reduced signaling overhead. 
Proposal 4: RAN1 to consider the signaling of the parameter set , drift scale rate, , a constant, and , an exponent (can take integer values), for signaling of the common RTT/delay in NTN.    
Proposal 5: RAN1 to consider UE autonomous drift rate calculation for common RTT/delay signaling. 
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Appendix 
In the following figures, same scenario as in Fig. 5 is considered, but for LEO satellite with 600 km (Fig. 6) and 1200 km (Fig. 7) altitudes, respectively. For LEO 600 km, the approximation error is less than 5% of the CP duration of 15 kHz SCS for times , i.e., for around 20 seconds, and less than 10% of the CP duration of 15 kHz SCS for entire depicted time. For LEO 1200 km, the approximation error is less than 5% of the CP duration of 15 kHz SCS for times .
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Figure 6 - Feeder link RTT as a function time for LEO 600 km.
[image: ]
Figure 7 - Feeder link RTT as a function time for LEO 1200 km.
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