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[bookmark: _Ref54129494]Introduction
At RAN#95e, the work item description [1] for Rel18 was updated. In this work item description, RAN1 is charged with, amongst other things, conducting a 6 months’ study on coverage enhancements for NR NTN in the following terms:
This contribution discusses some aspects of coverage enhancement for NTN.4.1.1	Coverage enhancement

The Rel-18 NTN objectives are focused on the applicability of the solutions developed by general NR coverage enhancement to NTN, and identifying potential issues and enhancements if necessary, considering the NTN characteristics including large propagation delay and satellite movement. Only NTN-specific characteristics are to be included in this coverage enhancement work, otherwise it should be part of another WI (e.g., UL enhancement of coverage). The work needs to cover the use case of voice and low-data rate services using commercial smartphones with more realistic assumptions on antenna gains instead of 0dBi currently assumed for link budget analysis for non-terrestrial networks. The specific realistic antenna gain assumption will be determined at the working group level. The evaluation should also take into account any related regulatory
requirements, e.g., ITU limitation of power flux density.

Have a 1-TU 6-month study phase focusing on the following (to derive clear & limited scope):

· Evaluate the coverage performance and identify the candidate physical radio channels that have coverage issues specific to NTN with following target services taking into account the studies in TR38.830 where appropriate, as well as general coverage enhancement techniques specified in Rel-18 [RAN1,RAN2,RAN4]
· VoIP and low-data rate services for commercial handset terminals

[bookmark: _Hlk90207880]The following items are shown as examples of areas to consider in the next step of the study. The actual items for study will be based on the evaluation of coverage issues specific to NTN identified above.

· NTN-specific repetitions enhancements beyond techniques covered in Rel-17 CovEnh WI for the relevant channels
· NTN-specific techniques for improved diversity and/or reduced polarization loss
· Improved performance of low-rate codecs in link budget limited situation including reducing RAN protocol overhead for VoNR
· NOTE: Intent is not to introduce a new codec.

[bookmark: _Hlk86407239]RAN to determine by RAN#97 (for RAN1 items) and RAN#98 (for RAN2 items) whether the study phase has identified any need for NTN-specific coverage enhancements in Rel-18. If needed, the set of NTN-specific work item objectives will be updated.


[bookmark: _Hlk63428477]NTN Coverage Enhancement
In NTN, the coupling loss (CL) between the UE and the satellite depends largely on the orbital height of the satellite. To a lesser extent, the CL is also influenced by propagation conditions such as fading due to precipitation and shadowing especially at low elevation angles. On the DL, coverage can be improved by transmitting more power from the satellite. However, there is a limit to how much power a satellite can transmit due to regulations but also limitations in the onboard power that can be generated by its batteries and solar panels. In the UL, the situation is even more dire considering that the power a UE of a given class can transmit is limited by regulation even if the UE batteries can sustain a higher power. In addition, the polarization mismatch between the UE and satellite play a critical role for NTN coverage in both DL and UL directions, which need to be carefully addressed for the sake of coverage enhancement. 

In this section we analyse potential ways of counteracting the large CL between the satellite and the UE.

UL Coverage Enhancement

Waveform Switching
A Rel17 UE can be configured to use DFT-s-OFDM in the UL. The use of DFT-s-OFDM would allow a given UE to achieve the maximum output power for its class very efficiently and to save battery power. Furthermore, because of its low PAPR, DFT-s-OFDM has a lower ACLR which allows the UE to operate with a lower maximum power reduction (MRP) factor than a UE transmitting CP-OFDM. This means that a UE transmitting DFT-s-OFDM in the UL is allowed to transmit more power (in some cases as much as 1.5dB) than a UE using CP-OFDM in the UL. This suggests that it would be advantageous for a UE with CP-OFDM configured as its UL waveform and needing to increase its coverage (for example because it has been handed over to a target satellite much lower in the horizon than before) to switch to DFT-s-OFDM.

Proposal 1: RAN1 should study configuration of UL waveform switching from CP-OFDM to DFT-s-OFDM for UEs in need of coverage enhancement.

Finer beamforming
If the UL transmit beam is pointed more accurately with higher gain towards the satellite, this will improve coverage. However, the finer UL beam forming requires the use of more transmit antennas (or larger antenna aperture) with high resolution phase shifters at the UE, which inevitably would require an increased cost, size and power consumption. Therefore, its feasibility needs to be carefully investigated.  
Proposal 2: Study more accurate UE beamforming for coverage enhancement of the NTN UL.
It is also worth mentioning that the polarization mismatch between satellite and UE can potentially affect the accuracy of UL beam selection, which we will discuss more in section 2.3.
Smaller UL Transmit Bandwidth
If the UE uses a smaller bandwidth for UL transmissions, the power spectral density would be higher at the center of the transmit band where the information is carried. Smaller transmit bandwidths can be achieved by allocating only one or a few PRBs for UL transmission and by ensuring that the few PRBs allocated are contiguous. As in terrestrial NB-IoT and eMTC, even the use of sub-PRB transmissions can be investigated for NTN.
Proposal 2: Study the impact of configuration of small transmission bandwidths for enhancement of the NTN UL coverage.

Repetition Transmission
The UE can be configured to transmit the same TB multiple times. The gNB will combine the repetitions either via chase combining or incremental redundancy in order to build up the received energy. If incremental redundancy is to be used, then suitable puncturing patterns and resulting sequence of redundancy indices has to be adopted. However, code rates used for NTN are likely to be quite low because of the link budget. It is therefore not fully clear what impact incremental redundancy would make. These repetitions can also be applied to DL coverage enhancements.
Proposal 3: Study the use of repeat transmissions and impact of incremental redundancy for the low code rates typical of NTN in the enhancement of the NTN UL coverage.

DL Coverage Enhancement
Satellite DL CL is often reduced by use of beam forming that concentrates the power of the satellite spotbeam to as small an area as possible thereby improving the flux density at a given location on earth. The ability of satellites to focus their spot-beams is governed by the aperture of their transmit antennas – the larger the aperture, the more focused the spot beam. However, because of launch weight limitations, there is also a limit to the physical size of antennas on a satellite. This limits the sizes of deployed antennas. So, the next best thing is to increase the power that is transmitted by the satellite. However, because of limitations in the amount of power available at the satellite, transmit power efficiency is the key to increasing the transmitted power. The efficiency is higher for transmit waveforms that have a low PAPR as these allow the HPA at the satellite to operate beyond its saturation point without raising its ACLR too much. In NR, DFT-s-OFDM has a lower PAPR than CP-OFDM. However, in Rel17, DFT-s-OFDM is only configurable for use in the UL. DFT-s-OFDM configurability for the NTN DL would be beneficial for DL coverage enhancement. Whilst this could be thought to have a high UE implementation impact, this may not be the case for UEs that already support DFT-s-OFDM on the sidelink.
Proposal 4: Study the adoption of DFT-s-OFDM configurability for coverage enhancement of the NTN DL.

Polarization loss reduction and Multiplexing improvement.
Apart from the general methods discussed above, polarization mismatch can be potentially a critical factor to constrain the NTN coverage. The polarization indication for NTN communication has been discussed in Rel-17, where explicit indication of polarization for DL by the network is supported through SIB. Meanwhile, polarization information for UL may be indicated in SIB by the network. UE can assume the same polarization for UL and DL when the UL polarization information is absent. For the polarization mode aspect, RHCP or LHCP or linear polarization types can be indicated by SIB for DL and/or UL polarization information. 
With SIB based DL and UL polarization indication, the handover between neighboring cells with orthogonal polarizations can be addressed. However, limited features introduced during Rel-17 may not be sufficient from the NTN coverage aspect especially for the commercial handset terminals which is a main new device type for Rel-18 [1], and thus RAN1 should aim to enhance the polarization support for Rel-18 to improve the coverage of NTN networks In this section, we discuss the possible enhancements to Rel-17 NTN polarization indications, which can provide improved coverage and better support for various UE types including handheld devices. 
Proposal 5: RAN1 should enhance the polarization support for Rel-18 to improve the coverage of NTN.
Polarization loss reduction through UE polarization mode indication
During the discussion in Rel-17, there was no consensus on UE reporting polarization capability, and UE behavior for selecting polarization mode was not specified. The uncertainty of the UE polarization capability and behavior may cause the network to configure the wrong polarization, which can jeopardize the cell coverage and increase the inter-UE interference. Therefore, we believe that providing explicit information of the UE capability is a necessary and straightforward enhancement for Rel-18 NTN to mitigate the polarization loss. 
From the UE perspective, the capability of supporting certain polarizations is defined by the antenna- and RF-implementations. A UE capability to support one or more polarization modes can be divided into:
· Fixed single linear/elliptical polarization (linear or elliptical, e.g., commercial handset terminals in FR1)
· Fixed single circular polarization (LHCP or RHCP, defined by antenna, e.g., low-end VSAT and ESIM antennas)
· Adaptively reconfigurable polarization (e.g., dual feed antennas with advanced receiver designs, high end VSAT, commercial handset terminals in FR2).
For FR1 handsets, the polarization usually depends on the UE orientation and polarization reconfiguration is difficult. Similarly, circular polarized (CP) antenna design is usually a dedicated optimization to control the phase in quadrature and balance the amplitude between the two orthogonal E-field components. A CP antenna may have more limited bandwidth (i.e. may need to be dedicated to a particular frequency band), complicated feeding structure, as well as spatial coverage (the CP performance is usually direction dependent) compared to an arbitrary polarized antenna, and is typically used on the top surface, mounted scenarios, e.g., VSAT or GPS antennas on the roof. Finally, adaptively changing the UE antenna's polarization requires controlling the relative phase between two orthogonal components or switching between multiple antenna ports with different polarizations. High-end VSAT antennas are usually capable of automatically changing polarizations and commercial handset terminals in FR2 are also feasible to do so. 
Observation 1: Depending on the form factor and complexity of the RF implementation, the supported polarization can vary between UE to UE, and may, in FR1 also depend on the UE orientation for some UE types
From the network aspect, it can be expected that the NTN satellite will serve various types of UEs that support different polarization modes. A wrong polarization combination between a satellite and a UE can lead to significant signal drops, e.g., the satellite is transmitting in LHCP while the UE is receiving in RHCP. Moreover, indicating the UL polarization requires the network to have knowledge of which polarization(s) that the UE can support. Considering this feature has been specified in Rel-17, to enable it in a practical scenario, it is necessary for the network to know the polarization capability of the UE.
Observation 2: To support various types of devices with different polarization modes, it is necessary for the network to know the supported polarization modes on UE side to ensure a robust link and configure UEs with proper polarization mode for UL/DL. 
To obtain the UE capability on the supported polarization modes, the network can either request a UE to report its capability on the supported polarization modes explicitly or autonomously determine the UE capability through the DL RS measurement and reporting from the UE side. The former solution provides a straightforward way to indicate the UE capability on the polarization modes but requires more effort in designing the corresponding capability signaling. On the other hand, the latter solution demands less change to the existing NR specification, which may not ask for more than transmitting the DL signal over two orthogonal polarizations. 
Proposal 6: RAN1 can study how network can obtain the UE capabilities on supported polarization modes in Rel-18. 
Multiplexing improvement over polarization domain 
Inter-user multiplexing over polarization domain 
In addition to improving the coverage through the polarization indication, the network can also be more flexible when configuring resources by using the polarization domain if it has knowledge of the UE polarization capability. In the multi-user scenario, the network can multiplex users over the polarization domain if it knows the supported polarization related UE capability. 
· the network can configure the users whose polarizations are orthogonal to each other (e.g., vertical polarization vs. horizontal polarization, or LHCP vs. RHCP) on the same spatial/time/frequency resources to improve the spectral efficiency. In addition, it can be expected that the inter-user interference can be reduced, which can benefit NTN coverage enhancement as well.  
· If UEs can support more than one polarization mode and can adaptively change the polarization, the network can also configure their polarization and the corresponding DL/UL resources on two orthogonal domains through control signaling.  
Proposal 7: RAN1 should study inter-user multiplexing over the polarization domain in Rel-18.   
Polarization indication per SSB
Another dimension to improve the multiplexing is to support the deployment scenario with multiple beams per cell.  Under such a scenario, polarization reuse can be applied among beams to reduce the interference, and with polarization indication per SSB, UE can know the polarization of the serving beam. 
Additionally, it was demonstrated that transmitting the SSB over two orthogonal polarizations and indicating the polarization to UE can improve the gain of the broadcast channel in [2]. Therefore, the polarization per SSB in NTN can be considered.
Observation 3: The UE awareness of gNB polarization per beam or per reference signals, e.g., SSB, can improve the deployment scenario with multiple beams per cell while improving the gain of the broadcast channel.   
Proposal 8: RAN1 should study polarization indication per beam in Rel-18. 


Conclusions
We have discussed numerous areas in which NTN coverage can be enhanced both for the UL and the DL. We make the following proposals based on the relevant observations.
Proposal 1: RAN1 should study configuration of UL waveform switching from CP-OFDM to DFT-s-OFDM for UEs in need of coverage enhancement.

Proposal 2: Study the impact of configuration of small transmission bandwidths for enhancement of the NTN UL coverage.

Proposal 3: Study the use of repeat transmissions and impact of incremental redundancy for the low code rates typical of NTN in the enhancement of the NTN UL coverage.

Proposal 4: Study the adoption of DFT-s-OFDM configurability for coverage enhancement of the NTN DL.

Proposal 5: RAN1 should enhance the polarization support for Rel-18 to improve the coverage of NTN
Observation 1: Depending on the form factor and complexity of the RF implementation, the supported polarization can vary between UE to UE, and may, in FR1 also depend on the UE orientation for some UE types

Observation 2: To support various types of devices with different polarization modes, it is necessary for the network to know the supported polarization modes on UE side to ensure a robust link and configure UEs with proper polarization mode for UL/DL. 

Proposal 6: RAN1 can study how network can obtain the UE capabilities on supported polarization modes in Rel-18. 

Proposal 7: RAN1 should study inter-user multiplexing over the polarization domain in Rel-18.   

Observation 3: The UE awareness of gNB polarization per beam or per reference signals, e.g., SSB, can improve the deployment scenario with multiple beams per cell while improve the gain of broadcast channel.   

Proposal 8: RAN1 should study polarization indication per beam in Rel-18. 
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