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1 Introduction
A new Study Item (SI) on “Study on Solutions for NR to Support Non-Terrestrial Networks” was approved in RAN#80 meeting [1] and further updated in RAN#82 meeting [2] with the considered scenarios of transparent GEO satellite and transparent/regenerative LEO satellite (moving beam on earth) for pedestrian UEs and on board vehicle UEs in NTN. The objectives of this SI for physical layer are as follows.
· 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 shared our views on NR supporting non-terrestrial network (NTN) for this SI.
2 Potential Enhancements for NTN
[bookmark: _Hlk536725292]2.1 Random access procedure
The propagation delay in NTN can be much larger than that in terrestrial network, for example the maximal one-way propagation delay is 270.66ms for transparent GEO. This kind of propagation delay will cause longer random access procedure, especially when considering the traditional gNB-UE handshaking based legacy preamble transmission/retransmission mechanism, and so it is necessary to shorten the random access transmission/retransmission delay based on the given satellite information for the purposes of efficiency and power saving. Additionally, for LEO-based NTN, there is a strong varying delay due to fast relative speed between satellite and UE. If cell search and random access are not properly managed, it may result in significant impact on delay-sensitive applications and finally degrade overall performance. Another problem is that the individual timing advances of the UEs must be updated quickly and dynamically, so the appropriate timing advance index values are needed. Furthermore, how to select the final serving satellite based on the results of both cell search and random access is very important for the UE. Therefore, the NTN-specific fast beam searching solution will be needed to quickly find one reliable satellite-UE beam pair in the random access procedure with the consideration of multiple critical factors including latency, timing advance adjustment, link reliability and UE power consumption simultaneously, rather than thinking about just a single aspect. 
Proposal 1: The random access procedure should consider multiple factors simultaneously including latency, timing advance adjustment, link reliability and UE power consumption, rather than a single aspect.
The UE needs to perform downlink time and frequency synchronization before random access procedure. The UE first performs downlink synchronization to air-borne neighboring cells and does downlink measurement, and then reports the results to the network, which will finally select one or more appropriate cells for access. However, the key challenges for downlink based measurement are 1) NTN satellite cell access: beamforming-based transmission for synchronization signal, such as PSS/SSS/PBCH, etc. 2) Huge power consumption and time delay because UE must first align its beam to the target satellite before downlink synchronization and downlink measurement. When the UE performs initial downlink synchronization, the Doppler shift needs to be pre-compensated by location information or by CP/SSBs, after that, there is still a small residual Doppler shift left probably. This residual Doppler shift will still impact the synchronization performance. Therefore, it is better to pre-compensate this Doppler shift during cell search phase.Fig. 1. NTN and NTN UE-Relay joint deployment scenario

Proposal 2: [bookmark: _Ref514697]It is better to pre-compensate Doppler shift for both GNSS and Non-GNSS UEs in the downlink synchronization during cell search procedure to facilitate the following random access procedure.
The existing random access procedures in NR could be either contention-based pattern or contention-free pattern. The contention-based pattern consists of four steps: 1) uplink preamble transmission from UE (Msg.1); 2) gNB transmits a random access response that contains RA-RNTI, RA-preamble identifier, timing advance command, backoff indicator (BI), temporary C-RNTI and the scheduling of uplink resource (Msg.2); 3) UE sends Msg.3 information containing uplink timing adjustment and UE identity; 4) gNB transmits Msg.4 to resolve the contention. At this time, an NTN UE-Relay could be introduced between UE and air-borne gNB for efficient information exchange as a role of buffer, relay and controller. 
Proposal 3: NTN UE-Relay could be introduced between UE and air-borne gNB for efficient information exchange to support fast access in the case of longer propagation delay.
2.2 Uplink timing advance
For the uplink timing advance, to preserve the orthogonality of uplink signals from different UEs in an OFDMA based system, the timing advance of each UE’s signal needs to be within the CP of the OFDM signal at the gNB. In NTN, the uplink timing advance correction for one UE could be divided into satellite-specific common delay and UE-specific differential delay. The satellite-specific common delay can be defined as the minimum propagation delay across the entire beam foot print and derived based on the predictable satellite motion information at the network side. Hence, the satellite-specific common delay can be broadcasted to UE by system information. The UE-specific differential delay could be estimated by network based on received random access preamble and/or based on UE positioning information.
Observation 1: The UE-specific differential delay in NTN can be estimated based on the random access preamble and/or based on the UE positioning information.
In GEO scenario with 1000 km as the diameter of one beam footprint and 10 as the minimal elevation angle [3], the UE-specific differential delay can be up to 966 km. However, the maximal link distance which can be supported by the existing uplink timing advance mechanism is 300 km for SCS = 15kHz, 150 km for SCS = 30kHz, 75 km for SCS = 60kHz, 37.5 km for SCS = 120 kHz and 18.75km for SCS = 240kHz. Therefore, the existing uplink timing advance mechanism during the initial random access procedure should be revisited. The uplink timing advance of one UE might be changed due to the relative motion of this UE and its serving satellite, where the speed of the UE is about up to 1000 km/h, and the speed of the serving satellite is up to 27223 km/h. Therefore, the mechanism for dynamical uplink timing advance adjustment due to the relative motion of UE and satellite should be studied.  
Proposal 4: Study the solutions to support the uplink timing advance including dynamical uplink timing advance adjustment in NTN. 
2.3 PRACH
Large frequency uncertainties, propagation delays and pathloss figures between satellite and terminal may impose significant PRACH performance limitations. 
2.3.1 High Delays
The CP for random access (RA) preamble is specified to conduct timing advance estimation in specific terrestrial scenarios. The round-trip time in NTN may be orders of magnitude larger than for terrestrial networks. It has been proposed to employ GNSS information in order to obtain timing advance estimates at the UE. Unfortunately, GNSS information is not always available. In this situation the gNB may conduct timing advance estimations under different offset hypotheses within a detection window. Under the different hypotheses the one with highest correlation figure is selected as the “true” hypothesis. The offset between different hypotheses can be as large as one CP. If prior knowledge of a common delay figure within a beam can be exploited at UE, then the PRACH detection window at gNB side can be as small as two times the maximum expected differential delay within a beam. Another possibility to overcome the large delay issue is that the UE transmits subsequently several different preambles with different timing advance hypotheses. The UE may receive a random access response from the gNB containing information on the detected preamble and the timing advance. This timing advance plus the hypothesis advance is the total timing advance.
Observation 2: Delays may be determined via proprietary timing advance estimation algorithms.
2.3.2 High Pathloss
Depending on the satellite constellation, the free space pathloss is on the order 150-214 dB. Even with high antenna gain figures at gNB detection of a RA preamble may be a challenge. One possibility to overcome high pathloss is to repeat sequences within a preamble, and further gains beyond sequence repetitions may be obtained via employing coherent signal combining instead of non-coherent combining schemes.
Observation 3: Use sequence repetition and enhanced signal processing to overcome high pathloss figures.
2.3.3 Large Doppler Frequency Shifts
Even with pre- and post- compensation there may be still significant residual Doppler shifts. RA preambles of length 839 may not be a good choice because the available subcarrier spacings do not allow significant Doppler shifts. Another disadvantage is that restricted sets should be employed in scenarios with high (residual) Doppler shift. Therefore, RA preambles of length 139 with a minimum SCS to 15 kHz seem to be a better choice. Larger subcarrier spacings can be obtained via applying scaling factors. Scaling factors currently available for FR1 and FR2 may not be enough when residual Doppler shifts are large. Therefore, higher subcarrier scaling factors should be allowed for FR1 ( up to 3) and FR2 ( up to 7). UE specific frequency offset estimation might be conducted on the received RA preamble signals at gNB.
Observation 4: Preamble formats with length 139 are preferred in NTN.
Proposal 5: Support RA subcarrier scaling factor up to 3 for FR1 and scaling factor up to 7 for FR2.
Proposal 6: Study frequency offset estimation on received RA preamble signals.
2.3.4 Format
In order to mitigate RA detection impairments caused by large delays, pathloss and frequency uncertainties a new preamble C1 might be preferred. The preamble is similar to the C2 preamble format, but has CP length equal to sequence length, more symbol repetitions and supports higher scaling factors. Support of higher scaling factor may be restricted to the new format.
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The Fig. 2 shows the missed-detection performance of the format C2 and the proposed format C1 and in SISO configuration, AWGN channel, non-coherent signal combining and 2 GHz carrier frequency. The RA subcarrier spacing is 120 kHz (=3). The results show that very low missed-detection rates can be achieved even in presence of large one-way Doppler shifts. A higher number of symbol repetitions decreases the minimum required SNR for 1% missed detection.

[image: ]
Fig. 2.  Missed-detections as function of SNR. Blue/red lines are for low/high one-way Doppler shifts. Solid/dashed lines are for 12 (C1 format) / 4 (C2 format) symbol repetitions.

Proposal 7: Use RA sequences with length 139 in NTN.
Proposal 8: Support higher subcarrier scaling factors for both FR1 and FR2.
Observation 5: One new preamble format for NTN might be needed.

2.4 Doppler compensation
Doppler shift in NTN might result in a very substantial frequency error and by far exceed the typical frequency errors in terrestrial network. For example, in the scenario of regenerative LEO satellite at altitude of 600km with earth fixed UE, the maximal Doppler shift is ± 24 ppm (i.e. ± 48kHz@2 GHz, ± 480kHz@20 GHz, ± 720kHz@30 GHz). In a typical scenario as shown in Fig. 3, where one UE has positive Doppler shift and the other UE has negative Doppler shift, if the downlink frequencies at the UE receivers are misaligned by one DL Doppler shift and the uplink frequencies at the gNB receiver are further misaligned by a UL Doppler shift, the orthogonality of OFDMA would be significantly impacted or PRACH detection/initial access procedure would fail. If considering additional frequency shifts may originate from oscillator frequency uncertainties in the gNB and the UE, the maximum frequency uncertainty under LOS propagation condition can be (approximately):

where  and  denote the gNB and UE frequency uncertainties respectively, denotes the one-way Doppler shift and  denotes the total frequency shift in UL at the gNB receiver. Since the satellite data transmission signal might suffer from much more significant Doppler effects due to the satellite orbital motion, the fast Doppler compensation technology appears to be one very key issue for satellite data transmission system.
Proposal 9: Doppler pre-compensation before random access procedure is preferred in NTN for fast frequency offset acquisition.
The frequency synchronization could be divided into two cases [3]: 1) Open loop synchronization with GNSS or Non-GNSS UE; 2) Closed loop synchronization on tracking of UE frequency by the network and frequency adjustment commands. In Case 1, the Doppler shift can be calculated if the positions and velocity-vectors of the satellite and the UE are known. Therefore, before random access procedure, the UE can adjust its uplink transmission frequency when sending Msg1.[image: C:\Users\wenjianw\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Picture5.jpg]
Fig. 3.  frequency misaligned due to Doppler shifts of two UEs



Proposal 10: Doppler pre-compensation for GNSS UE with known satellite ephemeris information is preferred for simplification and overhead reduction.
Proposal 11: Doppler pre-compensation method for Non-GNSS UE should be further studied with the target of low complexity. 
In Case 2, if it is impossible to estimate Doppler shift before initial access, the closed-loop frequency compensation during the initial access procedure may be necessary. After UE transmits Msg.1, the network may estimate the frequency offset in Msg.1 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.
Proposal 12: Doppler compensation during random access procedure could be used for fine frequency correction.
One possibility to reduce (residual) Doppler shifts is to use elliptical beams instead of circular shaped beams as shown in Fig. 4. The achievable reduction between UE1 and UE2 depends on the ratio between semi-major and semi-minor axes. For instance, Fig. 5 shows the differential Doppler of two UEs that are 200 km (Fig. 4 left) and 66 km (Fig. 4 right) apart. The UE velocities against earth are 0 m/s, the satellite velocity is 7562 m/s and the UE mobility due to earth rotation is 464 m/s. It is assumed that satellite and earth velocity direction vectors are the same and beams are stationary on earth. The carrier frequency is 2 GHz. Assuming a 1:9 axis ratio for the elliptical beam the maximum differential Doppler is approximately 5.2 kHz. In contrast, the maximum differential Doppler for the circular beam is about 15.5 kHz. Under the assumption that the cell-center common Doppler shift is dynamically compensated for DL and UL the total Doppler shifts at the gNB will be in the range [-5.2 … +5.2] kHz for the elliptical beam and in the range [-15.5 … +15.5] kHz for the circular beam. It is very likely that the PRACH ZC-sequence length in NTN is 139 and the subcarrier spacing (SCS) is 15 kHz at 2 GHz carrier frequency. The acceptable frequency uncertainty for ZC-sequences during sequence detection should be (significantly) less than ±0.5*SCS. This sequence detection criterion is fulfilled for elliptical beams, but detection with circular beams would be not possible for the same SCS. 
Observation 6: Unwanted Doppler shifts can be suppressed via beam forming.
[bookmark: _GoBack]
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Fig. 4.  Beam pattern on earth: Circular beam pattern on the left and elliptical beam pattern on the right.
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Fig. 5.  Differential Doppler between UE1 and UE2 as function of cell-center elevation and different beam shapes.
2.5 HARQ procedure
In NTN network, the long propagation delay will bring many issues on supporting HARQ. The increasing number of HARQ processes will bring the need for the immense memory requirements in both the transmitter and the receiver, moreover, the frequent usage of HARQ would add a lot of jitter to the data link, some packets would experience an additional two-way propagation delay when HARQ retransmission was requested, therefore the HARQ disabling is proposed for study [3]. Considering the different propagation delay for GEO and LEO, the different HARQ disabling mechanism should be studied. For example, in the extreme situation for GEO with bent-pipe satellite system, the RTT will be more than 500ms and the required number HARQ processes will be more than 500 with a normal 1ms slot operation. Therefore, it is better to disable the HARQ function for GEO case. But for LEO, the propagation delay can be in the range of tens of milliseconds, e.g., the round trip delay will be 12.88ms for regenerate LEO at 600km, the HARQ can be disabled with semi-static HARQ disabling and dynamic HARQ disabling based on the actual status at both network and UE side. In addition, how the current protocol is improved to support different HARQ disabling mechanism should also be studied.
Proposal 13: Different HARQ disabling mechanism should be studied for different scenarios.
Proposal 14: How the current protocol is improved to support different HARQ disabling mechanism should also be studied.
With semi-static HARQ disabling, the HARQ function will be disabled for a period which is simple and the HARQ related signalling is not needed in the period of disabling. The dynamic HARQ disabling can decide packet-by-packet which can provide flexible decision in scheduling considering instantaneous information. But with dynamic HARQ disabling, the HARQ related signalling is still needed such as the HARQ Process ID etc. which will need large number of signalling overhead. Therefore, for both the cases of dynamic HARQ disabling and HARQ enabling, the overhead reduction on HARQ related signalling such as HARQ process number should be studied. 
Proposal 15: Signaling overhead reduction should be studied to support HARQ enabling.
When HARQ is disabled, the BLER target should be improved to guarantee the reliability of the first transmission, different scheme can be considered such as the operation point is improved with power increasing or by setting a lower MCS. 
Proposal 16: The mechanism to improve the BLER to guarantee the transmission reliability should be studied when HARQ is disabled.
2.6 Uplink Power control 
Uplink power control scheme in LTE/NR employs a combination of open-loop and closed-loop control to adapt to the characteristics of the radio propagation channel as well as overcoming inter-cell interference, thus to ensure the uplink channel and signals are received with required link quality [5][6]. The open-loop power control set a coarse operating point for the transmission PSD (power spectrum density) based on path-loss estimation. The FPC is used in open-loop power control considering the trade-off between the received signal power and the interference to the users in other cells. In NTN system, the path-loss will be large due to the long propagation distance and will require more transmission power, e.g., the free space path-loss will be 213.7 dB for GEO in Ka band and 182.6dB for LEO in Ka band(uplink at 30GHz) [7]. The inter-cell interference characteristics will also be different from terrestrial network due to the different beam pattern and frequency reuse scheme. Therefore, how to compensate for the path-loss and control the interference for different scenarios should be considered.
Proposal 17: How to compensate for the path-loss and control the interference in open loop power control for different scenarios should be studied.
In addition, the UE position information and the satellite ephemeris can be known in NTN network, thus the free space path-loss variations can be derived. Due to the long distance from the UE to the gNB on board, the path-loss difference from all UEs in a cell (spot beam) is not large for LEO case and can be negligible for GEO case, e.g., the free space path-loss will be 213.7dB, 214.1dB and 213.1dB for UE with 30°,10° and 90° elevation angle respectively for GEO case in Ka band, and will be  182.6 dB, 187.7dB and 177.7dB for UE with 30°,10° and 90° elevation angle respectively for LEO case in Ka band. Therefore, the path-loss difference among UEs at different position will not take dominant role in overall path-loss considering other attenuation factor and slow fading. Furthermore, there will be UEs without location information available. Therefore, in the first step, UL power control without UE location information should be studied. 
Proposal 18: UL power control without UE location information should be studied in the first step.
Furthermore, the closed-loop power control is to adjust the power around the open-loop operating point fast to track the channel variation as well as the interference level. The large propagation delay will also bring challenge on fast power control. For different scenarios, the one-way delay can range from ~6ms to ~272ms and a round-trip delay can range from ~12 ms to ~544 ms. Whether the power control can adapt to the fast fading channels and interference considering the different delay for different scenarios should be studied.
Proposal 19: The close loop power control performance should be studied with the different delay for different scenarios.
Moreover, HARQ disabling are discussed as one important topic [3], when HARQ is disabled, the operation point should be improved to guarantee the reliability. Therefore, how the power control behaviour will be when HARQ is disabled should also be studied.
Proposal 20: The power control behavior should also be studied when HARQ is disabled.
2.7 CSI feedback 
The round-trip delay is 12.88ms for regenerative LEO, 25.76ms for transparent LEO, and 541.14ms for transparent GEO. Therefore, the downlink UE scheduling in transparent/regenerative LEO might be beneficial from short-term channel measurement information, while it is probably more realistic to use long-term channel measurement information for downlink UE scheduling in transparent GEO. Whether the existing CSI measurement/reporting mechanism in NR needs to be enhanced for NTN could be for further study.  
Proposal 21: Whether the existing CSI measurement/reporting mechanism in NR needs to be enhanced for NTN could be for further study.
2.8 UE positioning 
As discussed above, Doppler shift should be pre-compensated before the initial access procedure so that the network can receive the information from the UE correctly. Since the Doppler shift is related to the carrier frequency and the relative motion between the transmitter and the receiver, the motion information of the satellite and the UE can be used for Doppler compensation before the initial access procedure if it is available. Additionally, the UE location information also can help the uplink timing advance. Therefore, it is proposed to study UE positioning in this SI for Doppler compensation and delay compensation.
Proposal 22: Study UE positioning in NTN for Doppler compensation and delay compensation. 
A non-terrestrial network is expected to provide global coverage or at least multi-country coverage. This imposes new challenges as compared to the national terrestrial networks. For example, a non-terrestrial network may apply different charging policies for different countries, national authorities may demand the possibility of lawful intercept, and different countries may demand certain services are offered/banned. Finally, there are also international areas such as oceans, which may impose yet another set of policies. Furthermore, it is evident that various countries may require different policies, and the policy are enforced when the UE is RRC CONNECTED.
Proposal 23: Study UE Positioning in NTN for country identification.
3 Conclusions
In this contribution, we share our views on the solutions for NR supporting NTN with following observations and proposals.
Proposal 1: The random access procedure should consider multiple factors simultaneously including latency, timing advance adjustment, link reliability and UE power consumption, rather than a single aspect.
Proposal 2: It is better to pre-compensate Doppler shift for both GNSS and Non-GNSS UEs in the downlink synchronization during cell search procedure to facilitate the following random access procedure.
Proposal 3: NTN UE-Relay could be introduced between UE and air-borne gNB for efficient information exchange to support fast access in the case of longer propagation delay.
Observation 1: The UE-specific differential delay in NTN can be estimated based on the random access preamble and/or based on the UE positioning information.
Proposal 4: Study the solutions to support the uplink timing advance including dynamical uplink timing advance adjustment in NTN. 
Observation 2: Delays may be determined via proprietary timing advance estimation algorithms.
Observation 3: Use sequence repetition and enhanced signal processing to overcome high pathloss figures.
Observation 4: Preamble formats with length 139 are preferred in NTN.
Proposal 5: Support RA subcarrier scaling factor up to 3 for FR1 and scaling factor up to 7 for FR2.
Proposal 6: Study frequency offset estimation on received RA preamble signals.
Proposal 7: Use RA sequences with length 139 in NTN.
Proposal 8: Support higher subcarrier scaling factors for both FR1 and FR2.
Observation 5: One new preamble format for NTN might be needed.
Proposal 9: Doppler pre-compensation before random access procedure is preferred in NTN for fast frequency offset acquisition.
Proposal 10: Doppler pre-compensation for GNSS UE with known satellite ephemeris information is preferred for simplification and overhead reduction.
Proposal 11: Doppler pre-compensation method for Non-GNSS UE should be further studied with the target of low complexity. 
Proposal 12: Doppler compensation during random access procedure could be used for fine frequency correction.
Observation 6: Unwanted Doppler shifts can be suppressed via beam forming.
Proposal 13: Different HARQ disabling mechanism should be studied for different scenarios.
Proposal 14: How the current protocol is improved to support different HARQ disabling mechanism should also be studied.
Proposal 15: Signaling overhead reduction should be studied to support HARQ enabling.
Proposal 16: The mechanism to improve the BLER to guarantee the transmission reliability should be studied when HARQ is disabled.
Proposal 17: How to compensate for the path-loss and control the interference in open loop power control for different scenarios should be studied.
Proposal 18: UL power control without UE location information should be studied in the first step.
Proposal 19: The close loop power control performance should be studied with the different delay for different scenarios.
Proposal 20: The power control behavior should also be studied when HARQ is disabled.
Proposal 21: Whether the existing CSI measurement/reporting mechanism in NR needs to be enhanced for NTN could be for further study.
Proposal 22: Study UE positioning in NTN for Doppler compensation and delay compensation. 
Proposal 23: Study UE Positioning in NTN for country identification.
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