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1	Introduction
[bookmark: _Hlk16769266]RAN#80 approved a new study item (SI) on evaluating solutions for NR to support non-terrestrial network (NTN). The latest version of the study item description (SID) is given in [1]. One RAN1 objective is to address issues related to initial access such as timing advance (TA), RACH (random access channel) procedure and PRACH (physical random access channel) format design.
RAN1#97
Agreement:
Performance evaluations of the synchronization for DL are encouraged. For these evaluations, 
· For LEO systems, beam specific pre-compensation of the common frequency shift at satellite with respect to the spot beam center can be considered. 

Agreement:
For UL frequency compensation at least in LEO systems:
· Both open and closed-loop can be studied 
· Beam specific post-compensation of common frequency offset at gNB can be considered.
· FFS: Further indication of common frequency offset
· FFS: Signalling details
· FFS: Compensation of common frequency offset at UE side
· For Open-loop method:
· Estimation of UE-specific frequency offset and pre-compensation at UE side can be conducted based on:
· DL RSs
· UE location and satellite ephemeris
· FFS: Determination of UE location

Agreement:
The scenarios where the Rel-15 PRACH design is sufficient and the scenarios where an extended or new PRACH design is required should be identified as part of the study.



In this contribution, we continue the discussion on adapting related UE procedures in NR for NTN. The existing connection establishment and random access procedures in NR are not suitable for non-terrestrial networks such as a satellite communications system. This is because non-terrestrial networks typically suffer from larger propagation delays and Doppler frequency shifts than those seen by terrestrial networks.
2.	Frequency compensation in NTN 
[bookmark: _Hlk16769447][bookmark: _Hlk16769400]2.1	Meanings of open-loop and closed-loop
The terms “open-loop” and “closed-loop” have been used extensively in NTN work. Our understanding is that open-loop method refers to the case where the UE uses cell information as well as other source(s) to adjust timing and frequency before MSG1 transmission. For example, a GNSS-equipped UE may use GNSS to estimate timing advance before MSG1 transmission.  
Closed-loop method refers to the case where a UE only relies on the cell information before MSG1 transmission. For example, a GNSS-equipped UE only uses the cell information to adjust its timing before MSG1 transmission (e.g., it may choose to use GNSS sparingly to conserve power). The term “closed-loop” comes from the assumption that after MSG1 the network can feedback information such as timing advance and frequency adjustment commands.
[bookmark: _Toc16849413]Open-loop method refers to the case where the UE uses cell information as well as other source(s) to adjust timing and frequency before MSG1 transmission.
[bookmark: _Toc16849414]Closed-loop method refers to the case where a UE only relies on the cell information before MSG1 transmission. The term “closed-loop” comes from the assumption that after MSG1 the network can feedback information such as timing advance and frequency adjustment commands to “close the loop”.
To avoid confusion, the meanings of these terminologies must be clarified and agreed. 
[bookmark: _Toc16849426]RAN1 to clarify the meanings of open-loop and closed-loop methods in the context of NTN.
2.2	Views on frequency compensation
To access the NR network, a UE must acquire time and frequency synchronization on the downlink (DL) using synchronization signals. UEs in the same cell may tune to significantly different frequencies due to different Doppler shifts, even if pre-compensation is used by the gNB. Further, since the frequency of the DL signal is typically the only time/frequency reference a UE has, the DL Doppler shift will translate to a corresponding frequency shift in the UL at the UE. In addition, the UL signals received at the gNB will also be subjected to Doppler shifts.
This is illustrated in Figure 1 and Figure 2. In Figure 1, there is no Doppler shift and the UL transmissions of the two UEs are frequency aligned. In Figure 2, one UE experiences a positive Doppler shift while the other a negative Doppler shift. Their uplink signals are transmitted at frequencies misaligned by the (residual) DL Doppler shift difference and received at frequencies further misaligned by the (residual) UL Doppler shift difference. For example, assuming the Doppler difference magnitude of 8 kHz for both UL and DL, the total received UL frequency difference between the two UE will be up to 16 kHz. By this, the orthogonality of OFDMA/SC-FDMA would be significantly impacted.
[image: ]
[bookmark: _Ref16774166]Figure 1: Illustration of frequency aligned uplink transmissions from two UEs in absence of Doppler shifts.


[image: ]
[bookmark: _Ref16774168]Figure 2: Illustration of frequency misaligned uplink transmissions from two UEs in presence of Doppler shifts.
To deal with large Doppler shift in LEO/MEO satellite communication systems, pre-compensation can be applied to the signal in the DL. This means that a frequency offset is applied to the TX frequency such that the DL signal received at a reference point in the spotbeam (e.g., the center of a spotbeam) appears to have zero Doppler shift from the satellite movement relative to the reference point. 
Similarly, post-compensation can be applied to the signal in the UL, meaning that a frequency offset is applied to the RX frequency such that the UL signal transmitted from a reference point in the spotbeam (e.g., the center of a spotbeam) appears to have zero Doppler shift at the network side. Note however that in a multiple access scenario, post-compensation can only be applied to one reference location, and thus orthogonality of OFDMA may not be guaranteed for signals from different locations.
[bookmark: _Hlk16770001]As noted in the following RAN1#97 agreement, methods to manage the Doppler shifts should be further studied. Some aspects of this are discussed as follows.
The Doppler shift can be calculated if the positions and velocities of the satellite and UE are known. Therefore, prior to initial access, the UE may estimate the DL and UL Doppler. The UE can adjust its UL TX frequency by the sum of the estimated UL and DL Doppler shifts (in opposite direction of the Doppler shift) when sending MSG1.
If estimation of Doppler shift prior to initial access is not possible, frequency compensation during initial access may be necessary. After UE transmits MSG1, the network may estimate the frequency offset in MSG1 and send back a frequency adjustment command for example in MSG2. The UE then adjusts its frequency based on the command in MSG2 before sending MSG3.

[bookmark: _Toc16849427]NTN should support network to signal a frequency adjustment command for UE uplink frequency to preserve uplink multiple access orthogonality.

There are several FFS’s from the last RAN1 meeting regarding UL frequency compensation. However, as discussed in Section 2.1, the meanings of open-loop and closed-loop in the context are not clear, which makes it difficult to resolve the FFS’s. 
Agreement:
For UL frequency compensation at least in LEO systems:
· Both open and closed-loop can be studied 
· Beam specific post-compensation of common frequency offset at gNB can be considered.
· FFS: Further indication of common frequency offset 
· FFS: Signalling details 
· FFS: Compensation of common frequency offset at UE side 
· For Open-loop method:
· Estimation of UE-specific frequency offset and pre-compensation at UE side can be conducted based on:
· DL RSs
· UE location and satellite ephemeris
· FFS: Determination of UE location 

[bookmark: _Toc16849415]When gNB performs beam-specific post-compensation of common frequency offset, it is not clear why further indication of common frequency offset is needed.
[bookmark: _Toc16849416]When gNB performs beam-specific post-compensation of common frequency offset, the need of further common frequency offset compensation at the UE side should be clarified.
[bookmark: _Toc16849417][bookmark: _Ref16773476]For open-loop method, a GNSS-equipped UE can determine its location and share it with the gNB. It is unclear why further study on determination of UE location is needed.
[bookmark: _Toc16849428]RAN1 to clarify the intentions of the FFS’s for UL frequency compensation after clarifying the meanings of open-loop and closed-loop.
2.3	A case study of LEO networks with moving beams
[bookmark: _Hlk16771078]In this section, the Doppler shift of a LEO satellite with beams moving with the satellite (scenario C2/D2) is analyzed in detail. Simulations are run to assess the magnitude of the Doppler shift and Doppler variation rate per beam. The possibility to do Doppler frequency compensation based on statistical knowledge of the Doppler shift is investigated. 
2.3.1	Simulation assumptions
The beam layout has been defined as a hexagonal pattern in UV plane with seven tiers of beams (127 cells) of which the six innermost tiers are evaluated while the outermost tier is used only to define the border of the evaluation area (see [5] for related discussions on simulation assumptions). The center beam bore sight direction is at (0,0). The projection on earth of the beam centers at the time instant when the satellite is at latitude=0, longitude=0 is shown in Figure 3. The green crosses correspond to beams in the evaluation area (tiers 1-6) while the red crosses correspond to beams used to define the limit of the evaluation area.
[image: ]
[bookmark: _Ref16690794]Figure 3: Beam centers on earth surface. 
Other simulation parameters are summarized in Table 6 (see Section A.1 	Simulation Parameters in the appendix). For brevity, only simulation results for S-band at 600 km altitude are discussed here. The simulation results for remaining scenarios are relegated to the appendix (see A.2	1200 km altitude, S-band for S-band, A.3	Ka-band for Ka-band and A.4	Larger constellations, larger beam widths for impact of larger cell sizes).
2.3.2	Simulation results: 600 km altitude, S-band
The DL Doppler shift versus UE position on earth surface (with satellite at position latitude=0°, longitude =0°) in the evaluation area is shown in Figure 4. The frequency offset is in the range ±18.5 kHz.
[image: ]
[bookmark: _Ref16258725]Figure 4: DL Doppler shift.
When DL pre-compensation per beam is applied based on the center of each beam to reduce the Doppler shift, the residual Doppler shift is in the range ±1.8 kHz, as shown in Figure 5.
[image: ]
[bookmark: _Ref16259558]Figure 5: Residual DL Doppler shift with pre-compensation.
As the satellite coverage area passes the UE, the UE will synchronize to the received DL frequency for each new cell it enters. As the UE moves further into a cell (or rather when the cell moves since moving beams are assumed), the received DL frequency will drift relative to the frequency at the initial synchronization. Assuming the UE synchronizes perfectly to the perceived DL frequency during initial DL synchronization at the time a UE enters each new cell but not performing further tracking of the DL frequency as the UE passes through the cell, the UE DL frequency offset is shown in Figure 6. The offset ranges from 0 Hz to -3.4 kHz. This indicates that continuous frequency tracking will be necessary to mitigate the Doppler shift variation.
[image: ]
[bookmark: _Ref16260387]Figure 6: Residual DL frequency offset after UE DL synchronization.
A noteworthy observation is that the Doppler shift appears to vary approximately linearly with time in each cell (more detailed plots can be found in Appendix A.5). A potential way to manage the Doppler drift induced by the satellite movement is that the network signals to the UE the Doppler rate to apply in a given cell (beam). After initial DL synchronization, the UE gradually reduces its RX frequency by the given rate. The insights from the simulation results are summarized as follows.
[bookmark: _Toc16849418]Continuous frequency tracking will be necessary to mitigate the Doppler shift variation in LEO NTN. 
[bookmark: _Toc16849419]Doppler shift appears to vary approximately linearly with time in each cell.
[bookmark: _Toc16849420]The trends observed for S-band carry over to Ka-band.
[bookmark: _Toc16849421]The linear approximation of Doppler shift (as a function of time) becomes more accurate as cell size and/or constellation size is reduced.

The residual frequency offset after this tracking is shown in Figure 7. Clearly, the linear approximation is sufficient in this scenario. The maximum remaining frequency offset is in the range of 34 Hz.


[image: ]
[bookmark: _Ref16261430]Figure 7: Residual DL frequency offset after UE DL synchronization with linear frequency drift compensation.
In the preceding discussion, the UE was assumed to continuously update its local RX frequency to compensate for the Doppler drift. It is of interest to know how frequent this compensation should be done, which depends on the absolute Doppler rate. The Doppler rate for the baseline scenarios is summarized in Table 1.
[bookmark: _Ref16773599]Table 1 Doppler variation rate.
	Band
	S-band
	Ka-band

	Satellite altitude
	600 km
	1200 km
	600 km
	1200 km

	Maximum Doppler rate in any beam
	580 Hz/s
	250 Hz/s
	5.8 kHz/s
	2.4 kHz/s



Based on pre-calculated average (or beam center) Doppler rate per beam and linear post-compensation in the UE, the residual Doppler shift of a LEO satellite can be kept at manageable levels under typical conditions. The applicable Doppler rate can be signaled to the UE. The information is not only useful for UE frequency tracking but also for UE timing tracking. 
[bookmark: _Toc16849429][bookmark: _Ref16863459]At least LEO NTN should support network to signal Doppler rate to assist with UE frequency and time tracking. 
2.4	Considerations on UL frequency compensation
[bookmark: _GoBack]In Section 2.3, only the downlink was considered. However, the observation that the frequency drift is approximately linear (at least for small to medium cell sizes) holds also for uplink.
A UE in connected mode will access a new cell as it enters it. If closed-loop frequency compensation is used during the random access procedure, the network will estimate the frequency offset of the UL signal based on the transmission on PRACH. The frequency offset will be the sum of the DL Doppler shift and UL Doppler shift, as illustrated in Figure 2. The network communicates the frequency offset to the UE that adjusts its UL TX frequency by that amount in subsequent transmissions.
As the beam continues to move, the UL Doppler shift will decrease approximately linearly, just as the DL Doppler shift. It should therefore be considered to apply a linear compensation also to the UL frequency. The rate of this compensation can be derived from the DL Doppler rate signaled by the network.
[bookmark: _Toc16849422][bookmark: _Hlk16838171]If a Doppler rate is signaled to the UE according to Proposal 4, it can be used by the UE also for linear Doppler frequency pre-compensation of the UL signal.
3. 	Random access in NTN
[bookmark: _Hlk16771966]In this section, we share our views on issues related to random access procedure in NTN.
[bookmark: _Hlk16772312]3.1	PRACH formats
Based on the agreement made in RAN1#97, RAN1 will identify where the Rel-15 PRACH design is sufficient and the scenarios where an extended or new PRACH design is required. We list the possible scenarios in the context of random access in Table 2. 
[bookmark: _Ref16772892]Table 2 Need of new PRACH format for different scenarios.
	
	Open-loop or Closed-loop?
	Architecture
	Residual timing uncertainty
	Residual Doppler shift
	New formats needed?

	Case 1
	Closed-loop
	LEO
	Small
	Large
	?

	Case 2
	Closed-loop
	LEO
	Large
	Large
	?

	Case 3
	Closed-loop
	GEO
	Very large
	Small
	?

	Case 4
	Open-loop
	LEO/GEO
	Small
	Small
	No

	Note 1: “Small” residual timing uncertainty means that the timing uncertainty is small enough to be handled by one or more existing NR PRACH formats. “Small” residual Doppler shift means that the residual Doppler shift is small enough to be handled by one or more existing NR PRACH formats.
Note 2: Open-loop refers to the case where the UE uses cell information as well as other source(s) such as GNSS to adjust timing and frequency before MSG1 transmission.
Note 3: Closed-loop refers to the case where a UE only relies on the cell information before MSG1 transmission. 



· For Case 1, PRACH formats need to be evaluated to see if they can cope with large residual Doppler shifts. This scenario is possible when the cell size (beam footprint) is similar to that handled by an existing NR PRACH format. 
· For Case 2, PRACH formats need to be adapted to allow for large timing uncertainty of up to 0.65 ms in the presence of large residual Doppler shifts. This is the most challenging scenario which may need a new PRACH format. 
· For Case 3, PRACH formats need to be evaluated to see if they can cope with large timing uncertainty of up to 1.6 ms.
· For Case 4, existing PRACH formats can be used. For example, the UE can leverage GNSS position information and the satellite-related (e.g., satellite ephemeris) information broadcasted by the network to estimate its propagation delay and Doppler shift relative to the satellite. Before MSG1 transmission, it can tackle the propagation delay by applying a timing advance and the Doppler shift by performing frequency compensation. There will still be some residual time/frequency errors that the gNB receiver needs to estimate. Since the residual errors will likely be within the same range as in legacy cellular networks, the existing PRACH formats may suffice for this case.
When both open-loop access and closed-loop access are allowed on a RACH resource, there can be potential issues due to the sheer disparities in delays and Doppler shifts for the two cases. 
[bookmark: _Toc16849430]RAN1 to use Table 2 as the starting point for discussing PRACH formats in different NTN scenarios.
[bookmark: _Toc16849431]NTN should support configuration of separate RACH occasions for open-loop access UEs and closed-loop access UEs.
We need to evaluate the PRACH performance for various formats in each of these scenarios.
3.1.1	Discussion on Case 1: PRACH amid large Doppler 
Consider Case 1 from Table 2 where the frequency shift is large but the residual timing error is within the CP duration. A natural question is how the detector performs in the presence of large Doppler shifts. The simulation parameters are provided in Table 3. The residual timing error is fixed to the CP duration and a legacy NR PRACH detector (i.e., the detector not optimized for handling large frequency shift) is used.
[bookmark: _Ref16775241]Table 3 PRACH simulation parameters.
	PRACH format
	SCS
	
	
	
	Carrier frequency
	Channel

	1
	1.25 kHz
	684 
	1600 
	839
	2 GHz
	AWGN



[image: ]
[bookmark: _Ref16870348]Figure 8 Missed-detection rate vs. SNR for various Doppler shifts.
In Figure 8, the missed-detection rate (for 0.1% false alarm rate) is plotted against the signal-to-noise ratio (SNR) for various values of frequency error (Doppler shift). As the residual frequency error approaches half the subcarrier spacing, there is a substantial degradation in the detector performance.
[bookmark: _Toc16849423]With a legacy PRACH detector not particularly optimized for handling large frequency shift, the existing PRACH formats can cope with residual frequency errors up to half the subcarrier spacing.
[bookmark: _Toc16849432]RAN1 to study whether it is possible to improve legacy PRACH detector to cope with large Doppler shift using existing PRACH formats. 
3.1.2	Discussion on Case 2: PRACH amid timing and Doppler ambiguities  
Let us consider the most challenging case with large timing and frequency ambiguities. The large time and frequency uncertainties may make existing Zadoff-Chu (ZC) sequence based PRACH detection difficult. In particular, there are several peaks in the ambiguity function of ZC sequences in the Delay-Doppler plane, leading to many timing and Doppler ambiguities [6]. Due to the nature of ZC sequences, both delay and frequency shift cause cyclic shift in the observation window of received ZC sequences at the gNB. As a result, two issues may arise. 
· It is difficult if not impossible to separate the two effects (delay and frequency shifts) by observing the composite cyclic shift. Separating them in order to estimate delay and/or frequency shift is needed
· The composite shift may make sequence A become sequence B, leading to misdetection.
We give a concrete example, illustrating the timing and Doppler ambiguities in PRACH. Assume zero delay and 1.25 kHz frequency offset between transmitter and receiver. The receiver aims to estimate delay and frequency offset by cross correlating the receive signal with its reference copy of the transmit signal. The correlation is performed at multiple hypotheses of frequency offsets that are on the step size of 1.25 kHz. The sampling rate is 30.72 MHz. The cross correlation results are plotted in Figure 9 and Figure 10 for ZC sequences with roots 56 and 714, respectively. The correlation values in each figure are normalized by the maximum correlation value, yielding a maximum value of 0 dB in each figure. It is clear that in either Figure 9 or Figure 10 multiple correlation peaks of the same height are observed. This implies that it is impossible to separate the effects of delay and frequency offset in PRACH in the presence of both large timing and frequency uncertainties, leading to difficulties in timing estimate at the gNB and misdetection of random access preambles.

[image: C:\local_data\SataliteComm\MyFiles\PRACH\1.png]
[bookmark: _Ref7617281]Figure 9: Time-frequency uncertainty: ZC with root 56.
[image: C:\local_data\SataliteComm\MyFiles\PRACH\2.png]
[bookmark: _Ref7617302]Figure 10: Time-frequency uncertainty: ZC with root 714.

[bookmark: _Hlk16728962][bookmark: _Toc16849433]RAN1 to study how to resolve the timing and Doppler ambiguities in PRACH for LEO NTN where there may be large timing errors and Doppler shifts associated with MSG1.
3.2 	RAR window
RAN2 is currently discussing issues related to RAR window and several agreements have been made. We believe it is better to wait for the outcome from RAN2 discussions.
[bookmark: _Toc16849434]RAN1 to wait for RAN2 input before proceeding on issues (if any) related to RAR window in NTN.
4.	TA maintenance in NTN
The following issues have been identified related to TA maintenance. 
4.1	Initial TA command in RAR 
In NR, the RAR has 12 reserved bits to signal an index  where .  A UE calculates the initial TA value  using  (in units of  where for a subcarrier spacing of  kHz, where . The following table shows the maximum TA value that can be indicated for various subcarrier spacings.
[bookmark: _Ref16776433]Table 4 Maximum TA value in RAR for various SCS.
	SCS
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	Max. TA value
	2 ms
	1 ms
	0.5 ms
	0.25 ms

	Cover max differential delay of 0.65 ms in LEO
	Yes
	Yes
	No
	No

	Cover max differential delay of 1.6 ms in GEO
	Yes
	No
	No 
	No



The  field in RAR is not sufficient for higher subcarrier spacings considering the maximum differential delays of 0.65 ms (LEO) and 1.6 ms (GEO). 
[bookmark: _Toc16849424]The TA field size in a RAR is not sufficient for all scenarios as illustrated in Table 4.
4.2	TA update in connected mode
The network sends timing advance commands to a UE in connected mode to maintain uplink timing. There are 6 bits in the MAC-CE for indicating an index  where  to the UE. The UE calculates the new TA value  using  (in units of  where . This allows a maximum change in the TA value of  which is shown in Table 5. To cope with a large timing drift of , several such commands per second are required.
[bookmark: _Ref16776495]Table 5 Maximum change in TA value in connected mode for various SCS.
	SCS
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	Max. change in TA per MAC-CE
	16.67 
	8.33 
	4.16 
	2.08 


[bookmark: _Toc16849425]Relying solely on TA update commands to deal with timing drift will lead to excessive signaling overhead.
Due to the aforementioned reasons, there is a need to empower the UE to adjust its uplink timing amid large propagation delays and timing drift. It has been argued that different UEs in a cell typically experience similar timing drift, which motivates broadcasting drift information for the UEs. We would like to point out that this may not always be an efficient approach. For example, in certain LEO scenarios, different UEs may experience different timing drift at a given time. Therefore, it needs to know when to apply the drift information.          
[bookmark: _Toc16849435]RAN1 to identify the scenarios where broadcast signaling is sufficient and where dedicated signaling is needed to cope with the timing drift.
4.3	TA accuracy
Due to high speed satellite motion, the propagation delay between the UE and gNB is constantly changing. When the propagation delay is large, the TA command sent by the gNB could be stale by the time the UE receives it. For example, with a maximum timing drift of 40  and a propagation delay of 15 ms, the timing indicated by the TA command can be off by 0.6 . Note that this exceeds the CP durations for 120 kHz SCS. A possible solution is that the TA command sent by the gNB at time  conveys the TA value that should be used at time  where  is the expected delay before the message reaches the UE.  
Observation 1 The network can leverage the timing drift information to send an adjusted TA value that accounts for the expected TA inaccuracy. 
Conclusion
In the previous sections, we discussed the key issues related to frequency compensation, random access and uplink timing in non-terrestrial networks. The random access design should be robust to impairments caused by large timing uncertainties and Doppler frequency shifts. Based on the discussion, we made the following observations: 
Observation 1	Open-loop method refers to the case where the UE uses cell information as well as other source(s) to adjust timing and frequency before MSG1 transmission.
Observation 2	Closed-loop method refers to the case where a UE only relies on the cell information before MSG1 transmission. The term “closed-loop” comes from the assumption that after MSG1 the network can feedback information such as timing advance and frequency adjustment commands to “close the loop”.
Observation 3	When gNB performs beam-specific post-compensation of common frequency offset, it is not clear why further indication of common frequency offset is needed.
Observation 4	When gNB performs beam-specific post-compensation of common frequency offset, the need of further common frequency offset compensation at the UE side should be clarified.
Observation 5	For open-loop method, a GNSS-equipped UE can determine its location and share it with the gNB. It is unclear why further study on determination of UE location is needed.
Observation 6	Continuous frequency tracking will be necessary to mitigate the Doppler shift variation in LEO NTN.
Observation 7	Doppler shift appears to vary approximately linearly with time in each cell.
Observation 8	The trends observed for S-band carry over to Ka-band.
Observation 9	The linear approximation of Doppler shift (as a function of time) becomes more accurate as cell size and/or constellation size is reduced.
Observation 10	If a Doppler rate is signaled to the UE according to Proposal 4, it can be used by the UE also for linear Doppler frequency pre-compensation of the UL signal.
Observation 11	With a legacy PRACH detector not particularly optimized for handling large frequency shift, the existing PRACH formats can cope with residual frequency errors up to half the subcarrier spacing.
Observation 12	The TA field size in a RAR is not sufficient for all scenarios as illustrated in Table 4.
Observation 13	Relying solely on TA update commands to deal with timing drift will lead to excessive signaling overhead.

Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN1 to clarify the meanings of open-loop and closed-loop methods in the context of NTN.
Proposal 2	NTN should support network to signal a frequency adjustment command for UE uplink frequency to preserve uplink multiple access orthogonality.
Proposal 3	RAN1 to clarify the intentions of the FFS’s for UL frequency compensation after clarifying the meanings of open-loop and closed-loop.
Proposal 4	At least LEO NTN should support network to signal Doppler rate to assist with UE frequency and time tracking.
Proposal 5	RAN1 to use Table 2 as the starting point for discussing PRACH formats in different NTN scenarios.
Proposal 6	NTN should support configuration of separate RACH occasions for open-loop access UEs and closed-loop access UEs.
Proposal 7	RAN1 to study whether it is possible to improve legacy PRACH detector to cope with large Doppler shift using existing PRACH formats.
Proposal 8	RAN1 to study how to resolve the timing and Doppler ambiguities in PRACH for LEO NTN where there may be large timing errors and Doppler shifts associated with MSG1.
Proposal 9	RAN1 to wait for RAN2 input before proceeding on issues (if any) related to RAR window in NTN.
Proposal 10	RAN1 to identify the scenarios where broadcast signaling is sufficient and where dedicated signaling is needed to cope with the timing drift.
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Appendix
[bookmark: _Ref16773803]A.1 	Simulation Parameters 
The parameters for the simulation results in Section 2.3 are tabulated below.
[bookmark: _Ref16773086]Table 6 Simulation parameters.
	Band
	S-band
	Ka-band

	DL carrier frequency
	2 GHz
	20 GHz

	Beam layout
	91 cells in 6 tiers
hexagonal grid in UV plane
	91 cells in 6 tiers
hexagonal grid in UV plane

	Adjacent beam spacing in UV plane
	0.0668
	0.0267

	Satellite altitude
	600 km
1200 km
	600 km
1200 km

	Elevation angle of center beam
	90°
	90°

	Adjacent beam spacing on earth (center beam vs 1st tier)
	600 km altitude: 40.2 km
1200 km altitude: 80.4 km
	600 km altitude: 16.0 km
1200 km altitude: 32.1 km

	Satellite orbit
	Circular, inclination angle=0
	Circular, inclination angle=0

	UE velocity
	Not modelled
	Not modelled

	Earth rotation
	Not modelled
	Not modelled



[bookmark: _Ref16812808]A.2	1200 km altitude, S-band
Performing the same evaluation but with a satellite altitude of 1200 km yields the residual DL frequency offset with linear frequency drift compensation shown in Figure 11. The maximum remaining frequency offset is 37 Hz.
[image: ]
[bookmark: _Ref16777570]Figure 11: Residual DL frequency offset after UE DL synchronization with linear frequency drift compensation.
[bookmark: _Ref16812810]A.3	Ka-band
In the Ka-band, the maximum residual frequency offset with linear frequency drift compensation is 18 Hz and 21 Hz at altitude 600 km and 1200 km, respectively. The smaller offset is due to the smaller cell size.
[bookmark: _Ref16812813]A.4	Larger constellations, larger beam widths
To determine the validity of the linear approximation, additional scenarios have been evaluated.
With more beams in the antenna constellation, higher absolute Doppler shifts and large cells will be experienced at the outer edge of the coverage area. For example, if the number of tiers of cell in the evaluation area is increased to 10, the maximum residual Doppler will be as shown in Table 7.
If fewer but larger cells are used to cover the satellite coverage area, the Doppler shift differences in a cell will be larger and a linear approximation therefore less accurate. This is confirmed in the examples in Table 8, where the beam width (defining the ABS in the UV plane) is doubled compared to the previous examples.
[bookmark: _Ref16777509]Table 7 Larger constellations.
	Band
	S-band
	Ka-band

	Beam layout
	271 cells in 10 tiers
	271 cells in 10 tiers

	Adjacent beam spacing in UV plane
	0.0668
	0.0267

	Satellite altitude
	600 km
	1200 km
	600 km
	1200 km

	Maximum residual Doppler shift with linear frequency drift compensation
	90 Hz
	96 Hz
	35 Hz
	39 Hz



[bookmark: _Ref16777493]Table 8 Doubled beam widths.
	Band
	S-band
	Ka-band

	Beam layout
	37 cells in 4 tiers
	37 cells in 4 tiers

	Adjacent beam spacing in UV plane
	0.1335
	0.0534

	Satellite altitude
	600 km
	1200 km
	600 km
	1200 km

	Maximum residual Doppler shift with linear frequency drift compensation
	191 Hz
	213 Hz
	94 Hz
	101 Hz



A.5	Detailed view of residual DL frequency offset after UE DL synchronization
Figure 12 zooms in on one cell in Figure 6. Figure 13 shows the same cell but from a different angle. The arrows in Figure 13 indicate the movement of the UEs relative to the cell. The DL frequency offset appears to be approximately linear. Figure 14 shows that the Doppler rate in the same cell is approximately constant, which confirms the observation in Figure 12 and Figure 13.
[image: ]
[bookmark: _Ref16866497]Figure 12: Residual DL frequency offset after UE DL synchronization.
[image: ]
[bookmark: _Ref16866627]Figure 13: Residual DL frequency offset after UE DL synchronization, viewed from above.
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[bookmark: _Ref16866726]Figure 14: Doppler rate.
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