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1	Introduction
RAN#80 approved a new SI on solutions evaluation for NR to support non-terrestrial network (NTN). The latest version of the SID is given in [1]. The SI has the following RAN1 objectives.
Physical layer
Consolidation of potential impacts as initially identified in TR 38.811 and identification of related solutions if needed  [RAN1]: 
· Physical layer control procedures (e.g. CSI feedback, power control)
· Uplink Timing advance/RACH procedure including PRACH sequence/format/message
· Making retransmission mechanisms at the physical layer more delay-tolerant as appropriate. This may also include capability to deactivate the HARQ mechanisms.
Performance assessment of NR in selected deployment scenarios (LEO based satellite access, GEO based satellite access) through link level (Radio link) and system level (cell) simulations [RAN1]


In this contribution, we highlight the key considerations for adapting random access procedures in NR for NTN.
2	Random access in terrestrial networks
2.1	Random access in LTE/NR
The random access procedures in LTE and NR are similar. In the existing random access design, random access procedures serve multiple purposes such as initial access when establishing a radio link, scheduling request, etc. Among others, an important objective of the random access procedures is to achieve uplink synchronization, which is important for maintaining the uplink orthogonality in LTE and NR. To preserve the orthogonality of uplink signals from different UEs in an OFDMA based system, the time of arrival of each UE’s signal needs to be within the cyclic prefix (CP) of the OFDM signal at the base station.
LTE and NR random access can be either contention-based or contention-free. The contention-based random access procedure consists of four steps, as illustrated in Figure 2: (1) UE transmits a random access preamble; (2) the network transmits a random access response that contains timing advance (TA) command and the scheduling of uplink resource for the UE to use in the third step; (3) the UE transmits its identity to the network using the scheduled resources; and (4) the network transmits a contention-resolution message to resolve any contention due to multiple UEs transmitting the same random access preamble in the first step.
For contention-free random access, the UE uses reserved preambles assigned by the BS. In this case, contention resolution is not needed, and thus only Steps 1 and 2 are required.


Figure 2: Contention-based random access procedure
3.	Random access in non-terrestrial networks 
The existing random access procedures in LTE/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. 
3.1	Large propagation delay
In LTE/NR, the timing relationship is based on the terrestrial propagation radio environment, where the round-trip delay is usually within 1 ms. As a result, it cannot handle the long propagation delays in satellite communications systems that range from tens of milliseconds (LEO) to hundreds of milliseconds (GEO), and the large differential delay in a spotbeam in satellite communications systems that may range from sub-milliseconds to tens of milliseconds (depending on the size of the spotbeam).
The potential approaches for solving this issue can be broadly categorized into open loop or closed-loop methods. As an example of an open-loop approach, the UE may obtain the terminal position relative to the satellite by leveraging GPS and satellite ephemeris data. It may then use this information to adjust its timing before sending a random access preamble. Alternatively, building on the existing random access methods in NR, a closed-loop timing advance procedure for NTN can also be devised for UEs not equipped with GPS. However, the pros and cons of the potential approaches need further study.  
Study both open-loop and closed-loop approaches for adapting random access procedure to cope with large propagation delays in NTN.
3.2	Large Doppler frequency shifts 
Non-GEO satellites move rapidly with respect to any given UE location. Also, GEO satellites are in practice not perfectly geostationary due to that their orbits are inclined and/or elliptical. One consequence of this is that the signals will be subject to Doppler effects [3].
[bookmark: _Ref4449632]3.2.1	Doppler effects
Doppler is a physical phenomenon that must be properly taken into account in a satellite communication system. The following Doppler effects are particularly relevant. 
· Doppler shift: the perceived shift of the signal frequency due to the motion of the transmitter, the receiver, or both.
· Doppler variation rate: the derivative of the Doppler shift as a function of time, i.e., how fast the Doppler shift evolves over time. 

The magnitude of the Doppler shift  depends on the relative speed of the satellite and the UE, and the carrier frequency  as follows:

where  is the speed of light,  is the component of relative velocity towards the satellite (i.e., how the distance between transmitter and receiver changes with time). This velocity can be calculated by projecting the velocity vectors of the satellite and the UE onto the line connecting the satellite and the UE, as illustrated in Figure 1.

[image: ]
[bookmark: _Ref528851409]Figure 1: Illustration of how the Doppler shift depends on the satellite and UE velocities’ projections onto the line connecting the satellite and UE.
The Doppler shift can thus be expressed as


where  is the velocity vector of the satellite,  is the velocity vector of the UE (due to earth rotation and UE movement on the earth surface),  is a unit length vector directed from the satellite position  towards the UE position , and  denotes dot product.
For GEO satellites, the Doppler effects are mainly due to that they typically have inclined orbits. As a consequence, the GEO satellite will have a perceived trajectory shaped as a figure eight extended in the north-south direction, relative to a fixed observer on earth. E.g., the Doppler shift due to a 6° inclination is up to 0.15 ppm or 300 Hz for a 2 GHz carrier.
For LEO and MEO satellites, the Doppler effects can become remarkable. For instance, consider a LEO satellite orbiting at 600 km altitude above the equator and a UE that is stationary on the equator. The velocity of the satellite will be . Due to earth rotation, the UE speed will be . It is assumed that the UE and satellite move in the same direction. The Doppler shift for a 2 GHz carrier is shown in Figure 2.
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[bookmark: _Ref528854172]Figure 2: Doppler versus time of LEO satellite passing above UE at 600 km altitude.
The maximum Doppler shift in this scenario is 43 kHz or 21 ppm. This is a very substantial frequency error, by far exceeding typical frequency errors in a terrestrial network. In the following, we will use this scenario as an example, bearing in mind that it is not the worst case. For example, with a lower satellite altitude or higher carrier frequency, the Doppler shift will be larger.
In addition to the Doppler effects on the service link (the link between UE and satellite) described above, the feeder link (the link between the satellite and the gateway) will also be subject to Doppler shifts. Depending on the solution (e.g., bent-pipe or regenerative transponder), these Doppler shifts may also be visible to the UE and RAN. For simplicity the feeder link is not considered in this contribution, but the discussion is applicable also to Doppler shifts of that link.
3.2.2	Pre/post compensation
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 NW 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.
3.2.3	Differential Doppler
With pre-compensation, only residual Doppler shift appears in the DL signal received at the other locations in the spotbeam. The residual Doppler shift problem is illustrated in Figure 3. In this example, the spotbeam is directed towards the forward direction of the satellite. Two UEs, UE1 and UE2, are served by the same satellite. The satellite is moving in an orbit around earth. The UEs are also moving. Due to earth rotation and possibly also due to movement relative to the earth surface, UE1 experiences a large positive Doppler shift while UE2 experiences a small positive Doppler shift. With pre-compensation of the DL TX frequency with respect to a center point of the spotbeam, this translates to a positive residual Doppler shift for UE1 and a negative residual Doppler shift for UE2. 

[image: ]
[bookmark: _Ref528918850]Figure 3: Differences in Doppler shift of satellite communication for two UEs.
The difference between these two Doppler shifts is further illustrated in Figure 4. Here it is assumed that the spot beam is directed vertically and the UEs are 100 km apart and stationary relative to the earth surface. The upper plot shows the Doppler shifts versus time of the two UEs, while the lower plot shows the Doppler difference between UE1 and UE2. The altitude is again assumed to be 600 km and the carrier frequency 2 GHz.
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[bookmark: _Ref528922399]Figure 4: Doppler shifts of two UEs and the Doppler difference between them.
3.2.4	Initial synchronization
To access the 5G network, a UE has to acquire time and frequency synchronization using PSS/SSS. As shown in section 2.3, UEs in the same cell may tune to significantly different frequencies due to Doppler shifts, even if pre-compensation is used. 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 shift in the UL. In addition, the UL signals will also be subject to Doppler shifts.
This is illustrated in Figure 5 and Figure 6. In Figure 5, there is no Doppler shift and the UL transmissions of the two UEs are frequency aligned, while in Figure 6, one UE experiences positive Doppler shift and one UE negative Doppler shift. Their uplinks are transmitted at frequencies misaligned by the (residual) DL Doppler shift difference shown in Figure 4, and received at frequencies further misaligned by a (residual) UL Doppler shift difference. Assuming the Doppler difference magnitude in the example shown in Figure 4 in both UL and DL, the total received UL frequency difference between the two UE will be up to approximately 16 kHz. By this, the orthogonality of OFDMA/SC-FDMA would be significantly impacted.
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[bookmark: _Ref528923339]Figure 5: Illustration of frequency aligned uplink transmissions from two UEs in absence of Doppler shifts.
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[bookmark: _Ref528923346]Figure 6: Illustration of frequency misaligned uplink transmissions from two UEs in presence of Doppler shifts.

3.2.5	Methods for managing Doppler effects
Methods to manage the Doppler shifts should be further studied. Some aspects of this are discussed as follows.
As noted in section 3.2.1, the Doppler shifts 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, closed-loop frequency compensation during initial access may be necessary. After UE transmits Msg1, the NW 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: _Toc528934062]Study methods to compensate UL frequency offsets due to Doppler shift during random access. The following compensation schemes may be considered for study:
a. Open loop frequency compensation based on UE and satellite position
b. Closed loop frequency compensation based on feedback from NW
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[bookmark: _Ref528927380]Figure 7: Doppler variation rate.
3.3	Timing and Doppler ambiguities in PRACH 
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. 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 cross correlation results are plotted in Figure 8 and Figure 9 for ZC sequences with roots 56 and 714, respectively. It is clear that in either Figure 8 or Figure 9 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 TOA estimate at the gNB and misdetection of random access preambles.
[image: C:\local_data\SataliteComm\MyFiles\PRACH\1.png]
[bookmark: _Ref7617281]Figure 8: Time-frequency uncertainty: ZC with root 56.
[image: C:\local_data\SataliteComm\MyFiles\PRACH\2.png]
[bookmark: _Ref7617302]Figure 9: Time-frequency uncertainty: ZC with root 714.
RAN1 to study how to resolve the timing and Doppler ambiguities in PRACH.
4.	Conclusions
In the previous sections, we highlight some of the challenges in using existing random access procedures for non-terrestrial networks. It is imperative that adapted random access mechanisms are needed for initial access in non-terrestrial networks. The pros and cons of both open-loop and closed-loop approaches for timing advance estimation require further study. Moreover, the random access design should also be robust to impairments caused by Doppler frequency shifts.  Based on the discussion, we make the following proposals:

1. Study both open-loop and closed-loop approaches for adapting random access procedure to cope with large propagation delays in NTN.

Study methods to compensate UL frequency offsets due to Doppler shift during random access. The following compensation schemes may be considered for study:
a. Open loop frequency compensation based on UE and satellite position
b. Closed loop frequency compensation based on feedback from NW

RAN1 to study how to resolve the timing and Doppler ambiguities in PRACH.
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