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[bookmark: _Ref20820921]1	Introduction
In RAN1#97, RAN1#98 and RAN1#98bis, several agreements (as cited in Appendix A.1) were made related to NTN synchronization, random access and timing advance. In this contribution, we provide our views on these aspects for further progress. 
2 Downlink synchronization
In RAN1#98, it was concluded that the SSB design in Rel-15 can provide robust initial DL synchronization performance for LEO systems if the DL carrier frequency is pre-compensated for Doppler shift. 
In RAN1#98bis, it was further concluded that additional complexity is needed at the UE receiver to achieve robust performance on synchronization based on Rel-15 SSB for the case of LEO without pre-compensation of Doppler shift by the network.
To make the synchronization procedure even more efficient, it is assumed beneficial for a UE to possess knowledge of the satellite ephemeris data. This will allow the UE to point its receiver beam towards the expected location of the satellite. In case of initial cell acquisition and PLMN selection this information can only be made available through pre-programming of the UE, or its uSIM. It is proposed that RAN1 agrees to the benefits of assisting the UE with pre-programmed information on the satellite orbit data for improving the initial cell acquisition performance. The importance of a correct initial RX beam orientation is also clearly indicated by the below plotted VSAT normalized antenna diagram. It shows that the gain is expected to drop 20 dB or more if the antenna is off by 2 degrees or more compared to its optimal orientation.
[bookmark: _Toc24119538]RAN1 to conclude that pre-programming the UE, or its uSIM, with satellite ephemeris is beneficial.
[image: ]
[bookmark: _Ref24100562]Figure 1: VSAT antenna diagram. 

3 Uplink frequency correction  
In RAN1#98, RAN1 agreed that for UL frequency compensation at least in LEO systems, parameter(s) for frequency correction can be indicated by gNB to UE. The main motivation behind this is to establish uplink orthogonality for OFDMA based NR. Specifically, RAN1 agreed that the PRACH preamble from a non-GNSS UE received at the gNB has an UL frequency misalignment equal to
[image: ]
Discarding the second order terms, the initial UL frequency offset of a UE’s PRACH preamble received at the gNB is approximately two times of the (residual) Doppler offset in the DL at the UE. 
[bookmark: _Toc24119524]RAN1 has agreed that the initial UL frequency offset of a UE’s PRACH preamble received at the gNB is approximately two times of the (residual) Doppler offset in the DL at the UE. 
Different UEs have different UL frequency offsets, as illustrated in Figure 2. The different frequency offsets would need to be corrected to establish uplink orthogonality for OFDMA based NR.
[image: ]
[bookmark: _Ref16774168]Figure 2: Illustration of frequency misaligned uplink transmissions from two UEs in presence of Doppler shifts.
The purpose of UL frequency correction is to establish uplink orthogonality for OFDMA based NR.
· The transmissions from different UEs in a cell are time-aligned at the gNB to maintain uplink orthogonality. Time alignment is achieved by using different timing advance values at different UEs to compensate for their different propagation delays.
· Similarly, for UL frequency correction, the transmissions from different UEs in a cell should be frequency-aligned at the gNB to maintain uplink orthogonality. Frequency alignment is achieved by using different frequency correction values at different UEs to compensate for their different frequency offset values.
NR supports timing advance methods, including timing advance command in MSG2 and MAC CE based timing adjustment command. Due to the similar purpose of UL frequency correction, it is natural that similar mechanisms should be supported for UL frequency correction, i.e., frequency correction command in MSG2 and MAC CE based frequency correction command. Due to the fast-varying frequency offset, it might be beneficial to support DCI based frequency correction command as well, which deserves further study.
[bookmark: _Toc24119539]UL frequency correction command can be transmitted in MSG2 and MAC CE. FFS DCI based frequency correction command.
4 [bookmark: _Hlk16771078]Time and frequency tracking
It is important that UE can track DL time and frequency after the initial DL synchronization, especially in a LEO NTN where satellites are moving at high speed. The NTN design should facilitate UE tracking the DL time and frequency. 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. 
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. 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(a). 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.
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(a)                                                                                 (b)
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(c)                                                                                (d)

[bookmark: _Ref16690794]Figure 3: Frequency tracking: (a) Beam centers on earth surface; (b) DL Doppler shift; (c) Residual DL frequency offset after UE DL synchronization; (d) Residual DL frequency offset after UE DL synchronization with linear frequency drift compensation.
Other simulation parameters are summarized in Table 4 (see Section A.3.1	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.3.2	Simulation results: 1200 km altitude, S-band for S-band, A.3.3	Simulation results: Ka-band for Ka-band and A.3.4	Simulation results: Larger constellations, larger beam widths for impact of larger cell sizes).
For LEO at 600 km altitude in 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 3(b). The frequency offset is in the range ±18.5 kHz. 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 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 3(c). 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.
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.3.5). 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 residual frequency offset after this tracking is shown in Figure 3(d).. Clearly, the linear approximation is sufficient in this scenario. The maximum remaining frequency offset is in the range of 34 Hz.
The insights from the simulation results (including those in Appendix A.3) are summarized as follows.
[bookmark: _Toc24119525]Continuous frequency tracking will be necessary to mitigate the Doppler shift variation in LEO NTN. 
[bookmark: _Toc24119526]Doppler shift appears to vary approximately linearly with time in each cell.
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. 
One might argue that the impact of frequency drift (Doppler rate) in DL synchronization is small and therefore need not be signalled to the UE. Indeed, looking solely at DL synchronization, the Doppler rate reported above may be manageable by the UE receiver without indication of Doppler rate from the network. However, the UE needs to continuously adjust the UL frequency as well. This is much more challenging without assistance from the network. To facilitate the UE to continuously update its UL frequency as the Doppler shift changes with time, the network signals the Doppler rate, and the UE can update its UL TX frequency offset linearly with time according to (twice) the signaled Doppler rate. 
It should be noted that the Doppler shift is proportional to the timing drift. Therefore, knowledge of the instantaneous Doppler shift (e.g. through a combination of an initial Doppler shift and a Doppler rate) is sufficient information for the UE to know how to continuously update the TA, and in principle no additional timing drift information is needed.
[bookmark: _Toc24119527]Doppler shift is proportional to the timing drift. Therefore, knowledge of the instantaneous Doppler shift (e.g. through a combination of an initial Doppler shift and a Doppler rate) is sufficient information for the UE to know how to continuously update the TA, and in principle no additional timing drift information is needed.
[bookmark: _Toc16849429][bookmark: _Ref16863459][bookmark: _Toc24119540]At least LEO NTN should support network to signal Doppler rate to assist with UE frequency and time tracking, especially in the UL.
5	PRACH
In the last RAN1 meeting, it was agreed that
· If pre-compensation of timing and frequency offset is assumed (e.g., if UE knowledge of geo-location of the UE at the requisite level of accuracy is available), existing Rel-15 PRACH formats and preamble sequences can be reused in NTN.
· If pre-compensation of timing and frequency offset is not performed, introduction of enhanced PRACH formats and/or preamble sequences is beneficial.
In an NTN network, some UEs may perform pre-compensation of timing and frequency offset (e.g. GNSS UEs) and other UEs may not perform pre-compensation of timing and frequency offset (e.g. GNSS-less UEs). If they would access on the same RACH resources, there can be potential issues due to the sheer disparities in delays and Doppler shifts for the two types of UEs. 
[bookmark: _Toc16849431][bookmark: _Toc24119541]NTN should support configuration of separate RACH occasions for UEs performing pre-compensation of timing and frequency offset and UEs not performing pre-compensation of timing and frequency offset closed-loop access UEs.
5.1	On the need of a new PRACH format 
The existing NR PRACH formats design utilize Zadoff-Chu (ZC) sequences and are illustrated in Figure 4. The formats have been designed to facilitate UL timing estimation, with the assumption that the UL frequency offset between the transmitter (UE) and the receiver (gNB) is small after DL synchronization. The assumption of small UL frequency offset between UE and gNB in Msg1 is valid in a terrestrial network, where the gNB is stationary and the frequency offset is mainly determined by the UE’s DL frequency synthesizer error plus the Doppler frequency due to UE movement.
[image: ]
[bookmark: _Ref21025347]Figure 4: NR PRACH formats
In a LEO NTN, the assumption of small UL frequency offset between UE and gNB in Msg1 is no longer valid due to the fast movement of a LEO satellite that results in high Doppler shift. Indeed, RAN1 now well recognizes the large frequency offset between UE and gNB in the UL of a LEO NTN and has made the following agreement to mitigate the UL frequency misalignment issue. 
Agreement:
For UL frequency compensation at least in LEO systems, parameter(s) for frequency correction can be indicated by gNB to UE
· FFS: Signaling details including whether signalling is broadcast or UE specific, and which parameter(s) are signalled.



Specifically, according to TR 38.821, NTN should address
· Max differential delay: 10.3 ms for GEO and 3.18 ms for LEO
· Max Doppler shift: 0.93 ppm for GEO and 24 ppm for LEO (note that companies have consensus at RAN1#98bis to update these values as now the max differential delay is significantly increased due to the increased beam size)
· Max residual Doppler shift: n/a for GEO and 1.91 ppm for LEO (note that companies have consensus at RAN1#98bis to update these values as now the max differential delay is significantly increased due to the increased beam size)
[bookmark: _Toc24119542]Based on the consensus at RAN1#98bis, RAN1 to update the applicable max Doppler shift value and max residual Doppler shift value in NTN based on the updated assumptions on beam/cell size (3500 km for GEO and 1000 km for LEO). 
For GEO, the large max differential delay cannot be accommodated by even the longest CP in the existing PRACH formats. Note that extending the CP length beyond an OFDM symbol duration is equivalent to increasing the number of repetitions. Having a PRACH format of similar length as the max differential delay of 10.3 ms for GEO is highly inefficient in terms of radio resource usage. A more appropriate approach would be to use implementation-based techniques to deal with the large max differential delay in GEO (with small Doppler). For example, the gNB can have a large PRACH receiving window and use multiple timing hypotheses to detect random-access preamble and estimate TA accordingly. Figure 5 gives an illustration of this method: the receiver can detect the third preamble with timing hypothesis 7 and estimate x by processing the received signal, leading to a time-of-arrival estimate equal to 3*(0.8+0.8)+(0.8-x) ms. Note that in Figure 5 we choose the smallest SCS to get the longest symbol duration in PRACH. Using a PRACH format with a larger SCS may be more robust to Doppler, but the number of hypotheses required would scale up with the SCS, leading to increased receiver complexity. The performance of such method deserves further study in RAN1.
[image: ]
[bookmark: _Ref21027677]Figure 5: PRACH receiver processing for GEO (max differential delay up to 10.3 ms)
[bookmark: _Toc24119528]Extending the CP length in a PRACH format beyond an OFDM symbol duration is equivalent to increasing the number of repetitions in the PRACH format.
[bookmark: _Toc24119543]PRACH preamble for GEO NTN with large max differential delay (up to 10.3 ms) can be handled by implementation-based techniques using a long enough PRACH processing window and multiple hypotheses. 
For LEO, the large max differential delay of 3.18 ms cannot be accommodated by even the longest CP in the existing PRACH formats. Implementation-based techniques using multiple timing hypotheses can be used, similar to the GEO case. However, for LEO, the PRACH receiver needs to handle a large Doppler shift in addition to a large differential delay. 
As noted earlier, the applicable max Doppler shift value and max residual Doppler shift value in NTN based on the updated assumptions on beam/cell size (3500 km for GEO and 1000 km for LEO) should be updated accordingly. In the sequel, we use the current (outdated) values for the purpose of discussion. 
In the UL, the Doppler shift is about doubled in Msg1, resulting in 48 ppm Doppler. The 48 ppm equals 96 kHz in S band (2 GHz) and 1440 kHz in Ka band (30 GHz). This magnitude of Doppler and the large timing uncertainty make it difficult to detect existing PRACH formats and estimate timing accordingly.
· Long sequence with 1.25 kHz (resp. 5 kHz) subcarrier spacing together with restricted set B can handle Doppler up to 2.5 kHz (resp. 10 kHz), which is much less than 96 kHz in S band and 1440 kHz in Ka band.
· Short sequence with {15 kHz, 30 kHz} in FR1 and {60 kHz, 120 kHz} in FR2 does not have restricted set defined. Even with restricted set, the level of Doppler that can be handled is much less than 96 kHz in S band and 1440 kHz Doppler in Ka band.
Since the magnitude of absolute Doppler shift is too large, it is reasonable to assume that the gNB would apply post-compensation such that the PRACH receiver only needs to handle max residual Doppler shift, which is 3.82 ppm.  The 3.82 ppm equals 7.64 kHz in S band (2 GHz) and 114.6 kHz in Ka band (30 GHz). Note that 2 GHz and 30 GHz are chosen for reference. If NTN needs to support higher frequency in FR1 (410 MHz to 7.125 GHz) and FR2 (up to 52.6 GHz), the 3.82 ppm would imply larger frequency error in higher frequency (e.g. 27.2 kHz at 7.125 GHz and 200.9 kHz at 52.6 GHz). The bottom line is that the magnitude of max residual Doppler, even the current (outdated) value, seems challenging to be handled by the existing PRACH formats. The large timing uncertainty compounds the challenge further.
Thus, a suitable PRACH format for a LEO NTN should facilitate UL timing estimation in the presence of large UL frequency offset between UE and gNB. It would be even more desirable that the PRACH format could facilitate both UL timing estimation and UL frequency estimation. This would allow gNB to send a frequency correction command besides timing advance command in Msg2, which could help to establish the uplink orthogonality before UEs transmit Msg3. Otherwise, uplink orthogonality would be lost in Msg3 transmissions, causing inter-subcarrier interference to other transmissions (not just Msg3) overlapping in time.
[bookmark: _Toc20737458][bookmark: _Toc24119529]The existing NR PRACH formats based on ZC sequences have been designed to facilitate UL timing estimation, with the assumption that the UL frequency offset between UE and gNB is small after DL synchronization. The assumption of small UL frequency offset is not valid in LEO NTN.
[bookmark: _Toc20737460][bookmark: _Toc24119544]At least for LEO NTN, a suitable PRACH format should be designed to facilitate both UL timing estimation and UL frequency estimation.
5.2	A new PRACH format for UL time and frequency alignment 
To design a suitable PRACH format for both UL timing estimation and UL frequency estimation, it is imperative to first understand why the existing NR PRACH formats based on ZC sequences cannot meet the target. 
It is well known that there are several peaks in the ambiguity function of ZC sequences in the Delay-Doppler plane, leading to many timing and Doppler ambiguities [3]. 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. This issue exists, even if cyclic shifted ZC sequences with the same root are not used. 
· If cyclic shifted ZC sequences are used, the composite shift may make sequence A become sequence B, leading to misdetection. This issue has resulted in the introduction of restricted sets in PRACH formats.
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 received signal with its reference copy of the transmitted 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 6(a) and Figure 6(b) 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 6(a) or Figure 6(b)  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][image: C:\local_data\SataliteComm\MyFiles\PRACH\2.png]
[bookmark: _Ref7617281]Figure 6: Time-frequency uncertainty: (a) ZC with root 56; (b) ZC with root 714.
We can understand the timing and frequency offset ambiguities of ZC sequences by examining their theoretical properties. To this end, we introduce the following notation.
· : the length of a ZC sequence
· : the root of a ZC sequence, and 
· : the inverse modulo  of , i.e., , and 
· : the subcarrier spacing of an OFDM signal
· : the frequency offset between transmitted and received signals
· : the delay of received signals relative to the transmitted signal

Let us consider the following form of ZC sequences:

If  is prime, each  is associated with a unique inverse modulo . It can be shown that if  (and for simplicity  is assumed to be an integer), the peak of cross correlation of the transmitted and received signals is located at the position of . Clearly, both delay and frequency shift cause cyclic shift in the received ZC sequences, resulting in a composite cyclic shift from which the effect of delay cannot be separated from the effect of frequency shift.
The above analysis also sheds light on how to design a PRACH format to resolve the timing and frequency offset ambiguities. Intuitively, two equations can be used to solve for two unknowns (delay and frequency offset). In particular, if a transmitter sends two signals based on two ZC sequences (that have different properties), the receiver can resolve the timing and frequency offset ambiguities by processing the two received signals. 
For example, for 2 ZC sequences with roots  and  respectively, the peak of cross correlation of the transmitted and received signals locate at two positions:
· Position 1: 
· Position 2: 

In this case, the second ZC sequence can be treated as the complex conjugate of the first ZC sequence, as shown in Figure 7. With two equations, the delay  can be estimated as 

Once the delay is estimated, the frequency offset can then be readily estimated. 
Note that for simplicity we assume that the frequency offset is an integer multiple of the subcarrier spacing. For more general case, it can be shown that the squared autocorrelation of ZC sequence is given by [4]

Here the  function is defined as . Then by processing the two received ZC sequences with roots  and  respectively, we could estimate the delay  and the frequency offset  accordingly.
[image: ]
[bookmark: _Ref20737613]Figure 7: PRACH format with 2 ZC sequences, where the second ZC sequence is the complex conjugate of the first ZC sequence.
Note that the PRACH format illustrated in Figure 7 has minimal specification impact. The transmission of the first ZC sequence follows an existing NR PRACH format, and the change would be merely to request one additional transmission of a second ZC sequence that is the complex conjugate of the first ZC sequence.
[bookmark: _Toc24119530]Two different ZC sequences are needed for UL timing estimation and UL frequency estimation in LEO NTN.
[bookmark: _Toc24119545]A suitable PRACH format for LEO NTN should be composed of two parts: the first part is a ZC sequence transmitted using an existing NR PRACH format, and the second part is a ZC sequence that is the complex conjugate of the first ZC sequence. Note that the complex conjugate of a ZC sequence can be considered as a ZC sequence with a root different from the original ZC sequence. So, this solution belongs to Option 2 agreed at RAN1#99: A solution based on multiple ZC sequences with different roots.
[bookmark: _Ref24100893]5.3	Evaluation results on the proposed new PRACH format 
[bookmark: _GoBack]We evaluated the performance of the proposed PRACH format with the simulation parameters tabulated in Appendix A.4. In each simulation run, the root of the first ZC sequence (PRACH format 0 with 1.25 kHz subcarrier spacing) was chosen randomly from the allowed set of sequences. The PRACH missed detection rate (MDR) for the UE with weaker SNR is plotted in Figure 8 for two different ranges of residual frequency shifts. We observe that the MDR is extremely small for the given SNR range. The trend holds even for the extreme case with very high frequency offset of up to +/-400 kHz. In Figure 9, we plot the CDF of the timing estimation error when the frequency error is randomly chosen from [-400 kHz 400 kHz]. For a wide range of SNR, the timing estimation error is within 1.04 . The results show that the proposed PRACH design can cope with the large differential Doppler shifts expected in a LEO NTN system.                            
[image: ]
[bookmark: _Ref24100582]Figure 8  Missed detection rate vs. SNR for the weaker UE.
[image: ]
[bookmark: _Ref24100732]Figure 9 CDF of timing estimation error of the weaker UE under frequency offset range [-400 kHz, 400 kHz].
5.4	Comparison of different new PRACH design options
At RAN1#98bis, it was agreed that at least for the case without pre-compensation of timing and frequency offset, at least the following options for enhanced PRACH formats and/or preamble sequences can be considered:
· Option-1: A single Zadoff-Chu sequence based on larger SCS, repetition number
· Option-2: A solution based on multiple Zadoff-Chu sequences with different roots
· Option-3: Gold/m-sequence as preamble sequence with additional process, e.g., modulation and transform precoding
This is a typical case where multiple alternatives are proposed to address the same objective. It is important to limit the potential normative work to the most promising option to minimize the efforts from specification and testing to NW/UE implementations. Otherwise, it would just adversely result in many “NR universes” and intractable bundles of features.
[bookmark: _Toc24119531]NR NTN features (including PRACH) should have synergies with NR terrestrial solutions as much as possible​ to help NTN benefit from economies of scale.
[bookmark: _Toc24119546]RAN1 to limit the potential normative work of enhanced PRACH for NTN to the most promising option to minimize the efforts from specification and testing to NW/UE implementations.
To facilitate limiting the scope of enhanced PRACH in NTN, we provide a comparison of the options in the table below.
[bookmark: _Ref23873906]Table 2: Comparison of different new PRACH design options
	Option
	Description
	Meet the design target for facilitating both UL timing and freq estimation?
	Specification effort
	Implementation complexity

	Option 1
	One ZC sequence with larger SCS, repetition number
	No
· As elaborated in Section 5.2, a single ZC sequence is not sufficient
	Small
	Small

	Option 2
	Multiple ZC sequences with new root pairs
	Yes
· Mathematical properties of ZC sequences can be exploited for time and freq estimation
	Large
· Significant efforts required to specify new root pairs
· There may not be enough root pairs: each cell would need 64 root pairs and there are many cells in the network.
	Moderate
· Moderately modified implementation at NW/UE would be required


	
	Multiple ZC sequences with an existing root and a complex-conjugate root
	Yes
· Mathematical properties of ZC sequences can be exploited for time and freq estimation
	Small
· The change would be merely to request transmission of a second ZC sequence that is the complex conjugate of an existing ZC sequence
	Small
· Slightly modified implementation at NW/UE would be required

	Option 3
	Gold/m-sequence with additional process, e.g., modulation and transform precoding
	Unclear
· It requires multiple frequency hypotheses at gNB, which is not desirable
	Extremely large
· Deviate from well-established ZC sequences
· With new types of sequences, there is huge impact on specification such as sequence selection, PRACH format design (SCS, CP, GP, etc.), RACH occasion configuration, many new RRC parameters, etc.
	Extremely Large
· Completely new implementation at NW/UE would be required
· In particular, it requires multiple frequency hypotheses at gNB 



Based on the comparison of different new PRACH design options in Table 2, we make the following proposal.
[bookmark: _Toc24119547]RAN1 not to deviate from Zadoff-Chu sequences in enhancing PRACH for NTN.
6	Timing advance
In RAN1#98 and RAN1#98bis, two options about timing advance were considered.
· Option 1: Autonomous acquisition of the TA at UE with known location and satellite ephemeris
· Option 2: Indication of common TA to all users within the coverage of the same beam
We note that the two options are not mutually exclusive.
[bookmark: _Toc24119532]If an NTN network needs to serve UEs with different capabilities, both Option 1 and Option 2 will be needed.
For Option 1, as the UE already knows the UE location and satellite ephemeris, it can autonomously estimate the TA before MSG1 transmission. Then, we need to decide whether the UE applies full TA before MSG1 transmission or only the UE-specific differential TA. 
[bookmark: _Toc24119533]If the UE of Option 1 applies full-TA before MSG1 transmission, the network needs to only deal with the residual timing error. 
When full-TA is applied, the residual timing error is small enough to be estimated by the PRACH receiver as done in terrestrial cellular networks. The network can then send any further timing corrections to the UE in MSG2 which the UE will apply for MSG3 transmission. 
[bookmark: _Toc20851434][bookmark: _Toc24119534]If the UE of Option 1 applies UE-specific differential TA before MSG1 transmission, the network needs to deal with a frame timing offset as large as the common delay in the cell/beam. 
We note that the common delay in the beam/cell varies with time. 
[bookmark: _Toc24119535]If the UE applies UE-specific differential TA, the network needs to cope with a time-varying frame timing offset. 
Our view is that Option 2 will be needed for UEs without UE location information or satellite ephemeris. In this case, the UE will have to acquire common TA from system information broadcast by the network. The UE will apply common TA before MSG1 transmission. This means that the network will have to cope with the differential timing offset as large as the maximum differential delay within the cell/beam. In MSG2, the network will send the UE-specific differential TA that the UE will apply for MSG3 transmission. 
[bookmark: _Toc24119536]If the UE of Option 1 applies UE-specific differential TA and that of Option 2 applies common TA before MSG1 transmission, the network needs to cope with drastically different frame timing offsets for the two cases. 
To simplify and synergize the TA design for both cases, we support keeping the difference in the frame timing offsets for the two cases as small as possible. 
[bookmark: _Toc24119548]The UE in Option 1 applies full-TA before MSG1 transmission and the UE in Option 2 applies the signaled common-TA before MSG1 transmission. 
NTN system will require the network to broadcast the propagation delay for a reference point (common delay) in the cell/beam. Due to satellite motion, the common delay will vary with time as well as the reference location. The choice of reference point is to a large extent up to network configuration. 
[bookmark: _Toc24119549]The reference point for common TA calculation is up to network configuration.
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.  
[bookmark: _Toc24119537]The network can leverage the timing drift information to send an adjusted TA value that accounts for the expected TA inaccuracy.
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 3. To cope with a large timing drift of , several such commands per second are required.
[bookmark: _Ref16776495]Table 3 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]
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 drifts at a given time. Therefore, the signaling should be UE specific.
MAC CE command for timing advance may come with excessive overhead to cope with the large timing drift in LEO NTN. One alternative would be to transmit timing advance command directly in DCI, e.g. a configurable field in non-fallback DCI format 0_1/1_1 or a group common DCI specifically designed for timing advance command (similar to DCI format 2_2/2_3 designed for the transmissions of TPC commands).          
[bookmark: _Toc24119550]Consider using DCI to transmit timing advance command to cope with the large timing drift in LEO NTN.
Conclusions
In the previous sections, we discuss NTN synchronization, random access and timing advance related issues. We made the following observations: 
Observation 1	RAN1 has agreed that the initial UL frequency offset of a UE’s PRACH preamble received at the gNB is approximately two times of the (residual) Doppler offset in the DL at the UE.
Observation 2	Continuous frequency tracking will be necessary to mitigate the Doppler shift variation in LEO NTN.
Observation 3	Doppler shift appears to vary approximately linearly with time in each cell.
Observation 4	Doppler shift is proportional to the timing drift. Therefore, knowledge of the instantaneous Doppler shift (e.g. through a combination of an initial Doppler shift and a Doppler rate) is sufficient information for the UE to know how to continuously update the TA, and in principle no additional timing drift information is needed.
Observation 5	Extending the CP length in a PRACH format beyond an OFDM symbol duration is equivalent to increasing the number of repetitions in the PRACH format.
Observation 6	The existing NR PRACH formats based on ZC sequences have been designed to facilitate UL timing estimation, with the assumption that the UL frequency offset between UE and gNB is small after DL synchronization. The assumption of small UL frequency offset is not valid in LEO NTN.
Observation 7	Two different ZC sequences are needed for UL timing estimation and UL frequency estimation in LEO NTN.
Observation 8	NR NTN features (including PRACH) should have synergies with NR terrestrial solutions as much as possible​ to help NTN benefit from economies of scale.
Observation 9	If an NTN network needs to serve UEs with different capabilities, both Option 1 and Option 2 will be needed.
Observation 10	If the UE of Option 1 applies full-TA before MSG1 transmission, the network needs to only deal with the residual timing error.
Observation 11	If the UE of Option 1 applies UE-specific differential TA before MSG1 transmission, the network needs to deal with a frame timing offset as large as the common delay in the cell/beam.
Observation 12	If the UE applies UE-specific differential TA, the network needs to cope with a time-varying frame timing offset.
Observation 13	If the UE of Option 1 applies UE-specific differential TA and that of Option 2 applies common TA before MSG1 transmission, the network needs to cope with drastically different frame timing offsets for the two cases.
Observation 14	The network can leverage the timing drift information to send an adjusted TA value that accounts for the expected TA inaccuracy.

Based on the discussion in the previous sections we propose the following:
Proposal 1	RAN1 to conclude that pre-programming the UE, or its uSIM, with satellite ephemeris is beneficial.
Proposal 2	UL frequency correction command can be transmitted in MSG2 and MAC CE. FFS DCI based frequency correction command.
Proposal 3	At least LEO NTN should support network to signal Doppler rate to assist with UE frequency and time tracking, especially in the UL.
Proposal 4	NTN should support configuration of separate RACH occasions for UEs performing pre-compensation of timing and frequency offset and UEs not performing pre-compensation of timing and frequency offset closed-loop access UEs.
Proposal 5	Based on the consensus at RAN1#98bis, RAN1 to update the applicable max Doppler shift value and max residual Doppler shift value in NTN based on the updated assumptions on beam/cell size (3500 km for GEO and 1000 km for LEO).
Proposal 6	PRACH preamble for GEO NTN with large max differential delay (up to 10.3 ms) can be handled by implementation-based techniques using a long enough PRACH processing window and multiple hypotheses.
Proposal 7	At least for LEO NTN, a suitable PRACH format should be designed to facilitate both UL timing estimation and UL frequency estimation.
Proposal 8	A suitable PRACH format for LEO NTN should be composed of two parts: the first part is a ZC sequence transmitted using an existing NR PRACH format, and the second part is a ZC sequence that is the complex conjugate of the first ZC sequence. Note that the complex conjugate of a ZC sequence can be considered as a ZC sequence with a root different from the original ZC sequence. So, this solution belongs to Option 2 agreed at RAN1#99: A solution based on multiple ZC sequences with different roots.
Proposal 9	RAN1 to limit the potential normative work of enhanced PRACH for NTN to the most promising option to minimize the efforts from specification and testing to NW/UE implementations.
Proposal 10	RAN1 not to deviate from Zadoff-Chu sequences in enhancing PRACH for NTN.
Proposal 11	The UE in Option 1 applies full-TA before MSG1 transmission and the UE in Option 2 applies the signaled common-TA before MSG1 transmission.
Proposal 12	The reference point for common TA calculation is up to network configuration.
Proposal 13	Consider using DCI to transmit timing advance command to cope with the large timing drift in LEO NTN.

[bookmark: _In-sequence_SDU_delivery][bookmark: _Ref510504022][bookmark: _Ref510814820][bookmark: _Ref174151459][bookmark: _Ref189809556]References
[bookmark: _Ref20141770]3GPP TR 38.821, ”Solutions for NR to support non-terrestrial networks (NTN)”
[bookmark: _Ref20142339]3GPP TR 38.811, “Study on New Radio (NR) to support non terrestrial networks”
[bookmark: _Ref16847400]Y. S. Shinakov, "Ambiguity Functions of Zadoff-Chu Signals for 5-G Synchronization Systems," 2018 Systems of Signal Synchronization, Generating and Processing in Telecommunications (SYNCHROINFO), Minsk, 2018, pp. 1-7.
[bookmark: _Ref24030151]Hua, Min, et al. "Analysis of the frequency offset effect on Zadoff–Chu sequence timing performance." IEEE Transactions on Communications 62.11 (2014): 4024-4039.
Appendix
A.1	RAN1 agreements
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.



RAN1#98
Agreement:
For DL initial synchronization in NTN, 
· SSB design in Rel-15 can provide robust performance in the following cases
· GEO
· With pre-compensation for LEO 
· Note: The above observation can be revised if proved by other results
· FFS: Whether SSB design in Rel-15 can provide robust performance for LEO without Doppler pre-compensation
· Factors that need to be considered include at least latency and complexity for SSB detection
Agreement:
Companies are encouraged to evaluate whether Rel-15 mechanisms are sufficient for time/frequency tracking
 Agreement:
Companies are encouraged to provide the evaluations based on agreed assumptions for the following cases to justify their proposed PRACH design: 
[Table omitted]
Agreement:
For UL frequency compensation at least in LEO systems, parameter(s) for frequency correction can be indicated by gNB to UE
· FFS: Signaling details including whether signalling is broadcast or UE specific, and which parameter(s) are signalled.
Agreement:
Following options can be considered to support TA adjustment for UL transmission:
· Option 1
· Autonomous acquisition of the TA at UE with known location and satellite ephemeris:   
· FFS: how to compensate the TA, e.g., full TA or only UE-specific differential TA 
· Note: If only UE-specific differential TA is compensated, timing offset between gNB DL and UL frame should be managed by network and acquisition of common TA is needed.
· FFS: additional TA signalling from BS considering the potential inaccuracy.
· Option 2
· Indication of common TA to all users within the coverage of the same beam with broadcasting as a baseline for signalling, e.g., via SIB/MIB
· FFS: additional UE-specific differential TA signalling from BS.
· FFS: the reference point(s)  for common TA calculation
· Additional enhancements to existing TA signaling in Rel-15 can be considered for TA maintenance
· Parameters indicated by gNB to enable the TA adjustment
· Cell/UE-group specific signalling



RAN1#98bis
Agreement:
· If pre-compensation of timing and frequency offset is assumed (e.g., if UE knowledge of geo-location of the UE at the requisite level of accuracy is available), existing Rel-15 PRACH formats and preamble sequences can be reused in NTN.
· FFS: Whether enhancements based on existing formats and sequences, e.g., repetitions and/or larger sub-carrier spacing may be necessary in certain conditions to ensure coverage.
· If pre-compensation of timing and frequency offset is not performed, introduction of enhanced PRACH formats and/or preamble sequences is beneficial.
· At least for the case without pre-compensation of timing and frequency offset, at least the following options for enhanced PRACH formats and/or preamble sequences can be considered:
· Option-1: A single Zadoff-Chu sequence based on larger SCS, repetition number
· FFS: CP and Ncs
· Option-2: A solution based on multiple Zadoff-Chu sequences with different roots
· Option-3: Gold/m-sequence as preamble sequence with additional process, e.g., modulation and transform precoding
Agreement:
Capture the following in the TR:
Additional complexity is needed at the UE receiver to achieve robust performance on synchronization based on Rel-15 SSB for the case of LEO without pre-compensation of Doppler shift by the network
Agreement:
W.r.t the Option 1 of a previous agreement on TA adjustment for UL transmission, the following alternatives can be considered: 
· Alt-1: Compensation of the full-TA is conducted at the UE. 
· Note: Full-TA includes impact due to service link.
· FFS: impact of feeder link
· Alt-2: Compensation of UE specific differential TA only is conducted at the UE.
· FFS: The reference point(s) for UE specific differential TA calculation
Agreement:
W.r.t the Option 2 of TA adjustment from a previous agreement for UL transmission in NTN, 
· Single reference point per beam for common TA calculation is considered as the baseline.
· FFS: Multiple reference points per beam for common TA calculation
· In addition to the signalling of the common TA, Rel-15 signaling for UE-specific differential TA indication from BS can be considered
· Extension of range (explicit or implicit) for TA indication in RAR can be considered.
· FFS: Negative values of TA
Agreement:
Indication of timing drift rate by gNB to the UE is beneficial to enable TA adjustment.
· FFS: whether indication of frequency drift rate is beneficial
Agreement:
If compensation of the frequency offset is conducted by the network in the uplink and/or the downlink respectively, indication of compensated frequency offset values by the network is beneficial.



[bookmark: _Ref16773803]A.3	Parameters and additional results for Doppler shift simulations
[bookmark: _Ref20820937]A.3.1	Simulation Parameters 
The parameters for the simulation results in Section 2.3 are tabulated below.
[bookmark: _Ref16773086]Table 4 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.3.2	Simulation results: 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 10. The maximum remaining frequency offset is 37 Hz.
[image: ]
[bookmark: _Ref16777570]Figure 10: Residual DL frequency offset after UE DL synchronization with linear frequency drift compensation.
[bookmark: _Ref16812810]A.3.3	Simulation results: 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.3.4	Simulation results: 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 5.
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 6, where the beam width (defining the ABS in the UV plane) is doubled compared to the previous examples.
[bookmark: _Ref16777509]Table 5 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 6 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.3.5	Detailed view of residual DL frequency offset after UE DL synchronization
Figure 11 zooms in on one cell in Figure 3(c). Figure 12 shows the same cell but from a different angle. The arrows in Figure 12 indicate the movement of the UEs relative to the cell. The DL frequency offset appears to be approximately linear. Figure 13 shows that the Doppler rate in the same cell is approximately constant, which confirms the observation in Figure 11 and Figure 12.
[image: ]
[bookmark: _Ref16866497]Figure 11: Residual DL frequency offset after UE DL synchronization.
[image: ]
[bookmark: _Ref16866627]Figure 12: Residual DL frequency offset after UE DL synchronization, viewed from above.
[image: ]
[bookmark: _Ref16866726]Figure 13: Doppler rate.
A.4	Parameters for link-level PRACH simulations
Simulation parameters for the simulations results provided in Section 5.3 are listed as follows.
    Table 7 NR PRACH format for link level simulation
	PRACH format
	
	SCS
	BW
	
	
	

	0
	839
	1.25 kHz
	1.08 MHz
	24576 
	3168 
	2975 

	
	Note:  ms



Table 8 Parameters for NR PRACH link level simulations
	Antenna configuration
	1 TX, 2 RX

	Band
	S band

	Carrier frequency
	2 GHz

	Number of UEs
	2

	Channel
	AWGN

	UE power offset
	 3 dB

	Differential delay
	Uniformly drawn from [0, 95]  
(Note: this is about the same range as the CP of PRACH format 0. If the CP is extended to e.g. 800 , the max timing error can be as large as ~800  and can be further extended by using multiple timing hypotheses.)

	Maximum differential Doppler shift 
	400 kHz

	Differential Doppler Shift
	Uniformly drawn from [  ]

	False alarm rate
	0.1% (or  for each preamble)

	Number of preambles
	64
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