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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] and RAN#83 meeting [3] 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 provided the calibration results and the link budget analysis results for this SI, and moreover shared our views about the rest issues for performance evaluation.
2 Calibration Results
The DL calibration results of single-satellite evaluation with uniform UE distribution are provided in Fig. 1 and associated excel document, including coupling loss, wideband SINR and wideband SIR. The simulation assumptions are based on Section 6.1.1 of TR 38.821 [4].
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(a) Coupling loss (Left: handheld UE in S band; Right: VSAT UE in Ka band)
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(b) Wideband SINR (Left: handheld UE in S band; Right: VSAT UE in Ka band)
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(c) Wideband SIR (Left: handheld UE in S band; Right: VSAT UE in Ka band)
Fig. 1 Calibration results (single-satellite evaluation with uniform UE distribution)
Based on these calibration results, it can be observed that the wideband SINR with frequency reuse factor of 3 is 2 dB ~ 10 dB higher than the wideband SINR with frequency reuse factor of 1, and moreover the wideband SINR with satellite parameter Set-1 is better than the wideband SINR with satellite parameter Set-2, especially when frequency reuse factor is 3. More details are provided in Fig. 2. Therefore, the inter-cell interference mitigation is needed in NTN. 
Observation 1: Inter-cell interference mitigation may be beneficial in NTN. 
Proposal 1: Capture the calibration results above into TR 38.821.
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                           (a) Wideband SINR @ 5%                                                    (b) Wideband SINR @ 95%
Fig. 2 DL wideband SINR (single-satellite evaluation with uniform UE distribution)
3 Link Budget Analysis
The link budget analysis results are provided in Table 1 and Table 2. The simulation assumptions are based on Table 6.1.3.2-1 of TR 38.821 [4].
Table 1 Link budget analysis results in DL 
	Case
	1
	2
	4
	5
	6
	7
	9
	10
	11
	12
	14
	15

	Satellite/altitude/parameter
	GEO/35786/Set-1
	LEO/600/Set-1
	LEO/1200/Set-1

	Carrier frequency (GHz)
	20
	2
	20
	2
	20
	2

	UE type
	VSAT
	Handheld
	VSAT
	Handheld
	VSAT
	Handheld

	Frequency reuse factor
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3

	TX: EIRP/spot/BW [dBm]
	96.02
	91.25
	103.77
	99.00
	60.02
	55.25
	78.77
	74.00
	66.02
	61.25
	84.77
	80.00

	RX: G/T [dB/T]
	15.86
	15.86
	-31.61
	-31.61
	15.86
	15.86
	-31.61
	-31.61
	15.86
	15.86
	-31.61
	-31.61

	Bandwidth [MHz]
	400.00
	133.33
	30.00
	10.00
	400.00
	133.33
	30.00
	10.00
	400.00
	133.33
	30.00
	10.00

	Free space path loss [dB]
	210.58
	210.58
	190.58
	190.58
	179.10
	179.10
	159.10
	159.10
	184.49
	184.49
	164.49
	164.49

	Atmospheric loss [dB]
	1.48
	1.48
	0.20
	0.20
	0.51
	0.51
	0.07
	0.07
	0.51
	0.51
	0.07
	0.07

	Shadow fading margin [dB]
	0
	0
	3
	3
	0
	0
	3
	3
	0
	0
	3
	3

	Scintillation Loss [dB]
	1.08
	1.08
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2

	Polarization loss [dB]
	0
	0
	3
	3
	0
	0
	3
	3
	0
	0
	3
	3

	Additional losses [dB]
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	CNR [dB]
	11.32
	11.32
	0.00
	0.00
	8.54
	8.54
	6.62
	6.62
	9.16
	9.16
	7.23
	7.23

	CIR [dB]
	1.21
	11.55
	1.42
	11.64
	-1.43
	8.82
	-1.47
	8.96
	-1.45
	8.79
	-1.37
	9.11

	CINR [dB]
	0.81
	8.42
	-2.36
	-0.28
	-1.85
	5.67
	-2.10
	4.62
	-1.81
	5.96
	-1.93
	5.06

	Case
	16
	17
	19
	20
	21
	22
	24
	25
	26
	27
	29
	30

	Satellite/altitude/parameter
	GEO/35786/Set-2
	LEO/600/Set-2
	LEO/1200/Set-2

	Carrier frequency (GHz)
	20
	2
	20
	2
	20
	2

	UE type
	VSAT
	Handheld
	VSAT
	Handheld
	VSAT
	Handheld

	Frequency reuse factor
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3

	TX: EIRP/spot/BW [dBm]
	88.02
	83.25
	98.27
	93.50
	52.02
	47.25
	72.77
	68.00
	58.02
	53.25
	78.77
	74.00

	RX: G/T [dB/T]
	15.86
	15.86
	-31.61
	-31.61
	15.86
	15.86
	-31.61
	-31.61
	15.86
	15.86
	-31.61
	-31.61

	Bandwidth [MHz]
	400.00
	133.33
	30.00
	10.00
	400.00
	133.33
	30.00
	10.00
	400.00
	133.33
	30.00
	10.00

	Free space path loss [dB]
	210.41
	210.41
	190.41
	190.41
	179.10
	179.10
	159.10
	159.10
	184.49
	184.49
	164.49
	164.49

	Atmospheric loss [dB]
	1.48
	1.48
	0.20
	0.20
	0.51
	0.51
	0.07
	0.07
	0.51
	0.51
	0.07
	0.07

	Shadow fading margin [dB]
	0
	0
	3
	3
	0
	0
	3
	3
	0
	0
	3
	3

	Scintillation Loss [dB]
	1.08
	1.08
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2

	Polarization loss [dB]
	0
	0
	3
	3
	0
	0
	3
	3
	0
	0
	3
	3

	Additional losses [dB]
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	CNR [dB]
	3.48
	3.48
	-5.33
	-5.33
	0.54
	0.54
	0.62
	0.62
	1.16
	1.16
	1.23
	1.23

	CIR [dB]
	1.30
	11.48
	1.01
	11.62
	-1.44
	8.94
	-1.32
	9.77
	-1.43
	9.08
	-1.20
	10.32

	CINR [dB]
	-0.75
	2.84
	-6.24
	-5.42
	-3.57
	-0.04
	-3.47
	0.12
	-3.34
	0.51
	-3.16
	0.72



Table 2 Link budget analysis results in UL 
	Case
	1
	2
	4
	5
	6
	7
	9
	10
	11
	12
	14
	15

	Satellite/altitude/parameter
	GEO/35786/Set-1
	LEO/600/Set-1
	LEO/1200/Set-1

	Carrier frequency [GHz]
	30
	2
	30
	2
	30
	2

	UE type
	VSAT
	Handheld
	VSAT
	Handheld
	VSAT
	Handheld

	Frequency reuse factor
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3

	TX: EIRP/spot/BW [dBm]
	76.20
	76.20
	23.00
	23.00
	76.20
	76.20
	23.00
	23.00
	76.20
	76.20
	23.00
	23.00

	RX: G/T [dB/T]
	28.00
	28.00
	19.00
	19.00
	13.00
	13.00
	1.10
	1.10
	13.00
	13.00
	1.10
	1.10

	Bandwidth [MHz]
	400
	133.33
	0.36
	0.36
	400
	133.33
	0.36
	0.36
	400
	133.33
	0.36
	0.36

	Free space path loss [dB]
	214.10
	214.10
	190.58
	190.58
	182.62
	182.62
	159.10
	159.10
	188.01
	188.01
	164.49
	164.49

	Atmospheric loss [dB]
	1.41
	1.41
	0.2023
	0.2023
	0.4897
	0.4897
	0.0703
	0.0703
	0.4897
	0.4897
	0.0703
	0.0703

	Shadow fading margin [dB]
	0
	0
	3
	3
	0
	0
	3
	3
	0
	0
	3
	3

	Scintillation Loss [dB]
	1.08
	1.08
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2

	Polarization loss [dB]
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	Additional losses [dB]
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	CNR [dB]
	0.19
	4.96
	-10.95
	-10.95
	18.37
	23.14
	2.77
	2.77
	12.98
	17.75
	-2.62
	-2.62

	CIR [dB]
	-0.36
	9.95
	0.91
	11.33
	-2.60
	7.10
	-2.53
	7.47
	-2.11
	7.95
	-1.80
	8.12

	CINR [dB]
	-3.11
	3.76
	-11.22
	-10.97
	-2.63
	6.99
	-3.65
	1.50
	-2.24
	7.52
	-5.24
	-2.97

	Case
	16
	17
	19
	20
	21
	22
	24
	25
	26
	27
	29
	30

	Satellite/altitude/parameter
	GEO/35786/Set-2
	LEO/600/Set-2
	LEO/1200/Set-2

	Carrier frequency [GHz]
	30
	2
	30
	2
	30
	2

	UE type
	VSAT
	Handheld
	VSAT
	Handheld
	VSAT
	Handheld

	Frequency reuse factor
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3
	1
	3

	TX: EIRP/spot/BW [dBm]
	76.20
	76.20
	23.00
	23.00
	76.20
	76.20
	23.00
	23.00
	76.20
	76.20
	23.00
	23.00

	RX: G/T [dB/T]
	20.00
	20.00
	14.00
	14.00
	5.00
	5.00
	-4.90
	-4.90
	5.00
	5.00
	-4.90
	-4.90

	Bandwidth [MHz]
	400
	133.33
	0.36
	0.36
	400
	133.33
	0.36
	0.36
	400
	133.33
	0.36
	0.36

	Free space path loss [dB]
	213.94
	213.94
	190.41
	190.41
	182.62
	182.62
	159.10
	159.10
	188.01
	188.01
	164.49
	164.49

	Atmospheric loss [dB]
	1.41
	1.41
	0.2023
	0.2023
	0.4897
	0.4897
	0.0703
	0.0703
	0.4897
	0.4897
	0.0703
	0.0703

	Shadow fading margin [dB]
	0
	0
	3
	3
	0
	0
	3
	3
	0
	0
	3
	3

	Scintillation Loss [dB]
	1.08
	1.08
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2
	0.3
	0.3
	2.2
	2.2

	Polarization loss [dB]
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	Additional losses [dB]
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	CNR [dB]
	-7.65
	-2.87
	-15.78
	-15.78
	10.37
	15.14
	-3.23
	-3.23
	4.98
	9.75
	-8.62
	-8.62

	CIR [dB]
	-0.53
	9.73
	0.98
	11.27
	-3.08
	6.90
	-2.60
	7.34
	-2.49
	7.54
	-1.91
	8.28

	CINR [dB]
	-8.42
	-3.11
	-15.87
	-15.79
	-3.27
	6.29
	-5.94
	-3.60
	-3.21
	5.50
	-9.46
	-8.71



Proposal 2: Capture the link budget analysis results in Table 1 and Table 2 into TR 38.821.
4 Doppler Shift
According to TR 38.821 PRACH evaluations shall be based on agreed assumptions for the cases listed in Table 3.
[bookmark: _Ref23966497]Table 3. Agreed study cases.
	Case
	Elevation angle
	Differential delay
	UL Frequency offset (Both S- and Ka-band)
(with compensation of common Doppler)
	Beam Set at satellite

	1
	90 degree for LEO
	Small
	Large
	Set-2

	2
	45 degree for LEO
	Medium
	Medium
	Set-2

	3
	10 degree for GEO and 30 degree for LEO
	Large
	Small
	Set-2

	4
	With both open loop timing and frequency compensation
	Small
	Small
	Set-2


In this contribution we focus evaluation on case 1-3 and LEO-600 scenario. Table 5 summarizes the calculated beam diameter, maximum differential delay and compensated frequency offset in uplink direction for S-band. For calculation a set of natural constants plus gNB velocity listed in Table 4 had been used. 
Table 4. Constants used for calculation of max. delay and Doppler.
	
	
	Value
	Unit

	Earth equatorial radius
	re
	6378.137103
	m

	Earth mass
	me
	5.97221024
	kg

	Speed of Light in Vacuum
	c0
	299792458
	m/s

	Atmosphere refractive index
	n
	1
	

	Gravitational Constant
	G
	6.6743010-11
	m3/(kgs2)

	Orbital speed 600 km above ground
	vo
	7557.89
	m/s



As expected, beam diameter and differential delay increase with decreasing minimum UE elevation angle. Due to low UE mobility (3km/h) maximum frequency offset decreases with decreasing elevation angle.
Table 5. S-Band max. differential delay and frequency offset.
	Case
	Min. UE elevation angle
	Beam-diameter 
	Max. two-way (RTT) differential delay 
	Max. two-way (RTT) frequency offset in UL with common Doppler compensation incl. RO

	
	[°]
	[km]
	[s]
	[ppm]
	[kHz]

	1
	85.2 (nominal 90°)
	92.8
	13.1
	3.99 
	8.0

	2
	45
	153.9
	660.2
	3.17
	6.3

	3
	30
	257.3
	1400.0
	2.60
	5.2


Table 6. provides the obtained figures for Ka-Band. Frequency offset as function of minimum UE elevation angle depends on UE speed. For slow UE the frequency offset decreases with decreasing elevation angle. In contrast, frequency offset increases with decreasing elevation angle for high speed UE. The reason is that for small elevation angles the UE mobility becomes the dominant contribution to total frequency offset.


Table 6. Ka-Band max. differential delay and frequency offset.
	Case
	Min. UE elevation angle
	Beam-diameter
	Max. two-way (RTT) differential delay
	Max. two-way (RTT) frequency offset in UL with common Doppler compensation incl. RO

	
	
	
	
	UE velocity

	
	
	
	
	0 km/h
	1000 km/h
	1200 km/h

	
	[°]
	[km]
	[s]
	[ppm]
	[kHz]
	[ppm]
	[kHz]
	[ppm]
	[kHz]

	1
	87.6 (nominal 90°)
	46.3
	3.3
	2.04
	61.3
	2.12
	63.7
	2.14
	64.2

	2
	45
	82.2
	370.4
	1.61
	48.2
	2.92
	87.6
	3.18
	95.4

	3
	30
	144.3
	809.0
	1.32
	39.5
	2.92
	87.7
	3.24
	97.3



[bookmark: _Ref24103284]Proposal 3: Capture tables for differential delay and frequency offset for LEO-600 case in chapter 6.3 of [4].
Table 6.3.2-1. LEO-600, S-Band max. differential delay and frequency offset.
	Case
	Min. UE elevation angle
	Beam-diameter 
	Max. two-way (RTT) differential delay 
	Max. two-way (RTT) frequency offset in UL with common Doppler compensation incl. RO

	
	[°]
	[km]
	[s]
	[ppm]
	[kHz]

	1
	85.2 (nominal 90°)
	92.8
	13.1
	3.99 
	8.0

	2
	45
	153.9
	660.2
	3.17
	6.3

	3
	30
	257.3
	1400.0
	2.60
	5.2



Table 6.3.2-2. LEO-600, Ka-Band max. differential delay and frequency offset.
	Case
	Min. UE elevation angle
	Beam-diameter
	Max. two-way (RTT) differential delay
	Max. two-way (RTT) frequency offset in UL with common Doppler compensation incl. RO

	
	
	
	
	UE velocity

	
	
	
	
	0 km/h
	1000 km/h
	1200 km/h

	
	[°]
	[km]
	[s]
	[ppm]
	[kHz]
	[ppm]
	[kHz]
	[ppm]
	[kHz]

	1
	87.6 (nominal 90°)
	46.3
	3.3
	2.04
	61.3
	2.12
	63.7
	2.14
	64.2

	2
	45
	82.2
	370.4
	1.61
	48.2
	2.92
	87.6
	3.18
	95.4

	3
	30
	144.3
	809.0
	1.32
	39.5
	2.92
	87.7
	3.24
	97.3



In addition, we suggest removing the column for UL frequency offset and add Note 7.
Proposal 4: Replace Table 6.3.1-1 in chapter 6.3 of [4] by the following table:
	
	Elevation angle
	Differential delay
	Beam Set at satellite

	Case 1
	90 degree for LEO
	Small
	Set-2

	Case 2
	45 degree for LEO
	Medium
	Set-2

	Case 3
	10 degree for GEO and 30 degree for LEO
	Large
	Set-2

	Case 4
	With both open loop timing and frequency compensation
	Small
	Set-2

	Note 1: For channel model, NTN TDL-D is considered. Delay scaling factors equals to the mean delay spread and mean K factor for suburban LOS at corresponding elevation angle for each case. Omni-directional antenna with single antenna element is considered for UL transmission.
Note 2: Companies are encouraged to report the receiver for PRACH detection.
Note 3: As the baseline, the number of UEs that simultaneously access the network in a single random access occasion (RO) is 2.
The two UEs may have different timing offsets/Doppler, which are randomly picked within the [0 Max_differential_delay]/[-max_UL_frequency_offset  max_UL_frequency_offset] per case;
Note 4: Fixed power offset between UEs is 3dB.
Note 5: Metrics including CDF of estimation error for frequency/timing, FAR (Based on the preamble pool size is not less than 64), MDR, are considered.
Note 6: The SINR of the stronger UE for simulation is based on the SNR from link budget (with bandwidth for UL = 1MHz for VSAT in Ka, and Handheld for S) with additional offset (e.g., [-6 - log10(Bandwidth [MHz])] dB) per case.
Note 7: max_UL_frequency_offset is the two-way max. UL frequency offset with compensation of common Doppler including 0.1ppm residual offset (RO) (see also frequency offset assumptions in Table 6.1.2-2).



5 UL Carrier Frequency Generation
In this section, we evaluate the total Doppler shift observed by the gNB in uplink direction. The amount of Doppler depends on the method how the carrier frequency in UL is generated. We differentiate two implementation strategies a) via a shift (additive) or b) multiplicative operation. The evaluation covers the following steps:
1. gNB transmits reference signal (SSB) in DL with relative error   
2. UE receives signal with relative Doppler 
3. UE synchronizes its oscillator to observed DL carrier frequency 
4. UE translates DL frequency to target UL frequency
a. UE shifts the DL frequency by Duplex distance 
b. UE applies a nominal multiplier 
5. UE transmits signal (e.g. PRACH) with UL frequency including relative error 
6. gNB receives UL signal with relative Doppler X
7. Total Doppler in UL at gNB is difference between effective carrier frequency in UL and gNB internal UL frequency including gNB error 
Total Doppler shift at gNB with shift operation can be descried as

where  and are the nominal carrier frequencies in DL and UL. Keeping only linear terms in  and  we obtain the approximate expression as follows

Then the total Doppler shift at gNB with multiplicative shift operation becomes

And its approximation is

The difference between the multiplicative and shift method is then given by

The difference between can be significant in Ka-Band with large duplex distance between UL and DL. With  ppm as maximum Doppler shift for LEO-600, Set-2, Ka-band and 10 GHz duplex distance we obtain a 10.5 kHz advantage of the shift method versus the multiplicative method.
Observation 2: In Ka-band, if UE uses shift operation to obtain UL Tx carrier frequency from DL synchronized frequency, then the Doppler shift is smaller.
6 Conclusions
In this contribution, we share our views on performance evaluation for NTN with following proposals and observations.
Observation 1: Inter-cell interference mitigation may be beneficial in NTN. 
Observation 2: In Ka-band, if UE uses shift operation to obtain UL Tx carrier frequency from DL synchronized frequency, then the Doppler shift is smaller.
Proposal 1: Capture the calibration results above into TR 38.821.
Proposal 2: Capture the link budget analysis results in Table 1 and Table 2 into TR 38.821.
Proposal 3: Capture tables for differential delay and frequency offset for LEO-600 case in chapter 6.3 of [4].

Table 6.3.2-1. LEO-600, S-Band max. differential delay and frequency offset.
	Case
	Min. UE elevation angle
	Beam-diameter 
	Max. two-way (RTT) differential delay 
	Max. two-way (RTT) frequency offset in UL with common Doppler compensation incl. RO

	
	[°]
	[km]
	[s]
	[ppm]
	[kHz]

	1
	85.2 (nominal 90°)
	92.8
	13.1
	3.99 
	8.0

	2
	45
	153.9
	660.2
	3.17
	6.3

	3
	30
	257.3
	1400.0
	2.60
	5.2



Table 6.3.2-2. LEO-600, Ka-Band max. differential delay and frequency offset.
	Case
	Min. UE elevation angle
	Beam-diameter
	Max. two-way (RTT) differential delay
	Max. two-way (RTT) frequency offset in UL with common Doppler compensation incl. RO

	
	
	
	
	UE velocity

	
	
	
	
	0 km/h
	1000 km/h
	1200 km/h

	
	[°]
	[km]
	[s]
	[ppm]
	[kHz]
	[ppm]
	[kHz]
	[ppm]
	[kHz]

	1
	87.6 (nominal 90°)
	46.3
	3.3
	2.04
	61.3
	2.12
	63.7
	2.14
	64.2

	2
	45
	82.2
	370.4
	1.61
	48.2
	2.92
	87.6
	3.18
	95.4

	3
	30
	144.3
	809.0
	1.32
	39.5
	2.92
	87.7
	3.24
	97.3





Proposal 4: Replace Table 6.3.1-1 in chapter 6.3 of [4] by the following table:
	
	Elevation angle
	Differential delay
	Beam Set at satellite

	Case 1
	90 degree for LEO
	Small
	Set-2

	Case 2
	45 degree for LEO
	Medium
	Set-2

	Case 3
	10 degree for GEO and 30 degree for LEO
	Large
	Set-2

	Case 4
	With both open loop timing and frequency compensation
	Small
	Set-2

	Note 1: For channel model, NTN TDL-D is considered. Delay scaling factors equals to the mean delay spread and mean K factor for suburban LOS at corresponding elevation angle for each case. Omni-directional antenna with single antenna element is considered for UL transmission.
Note 2: Companies are encouraged to report the receiver for PRACH detection.
Note 3: As the baseline, the number of UEs that simultaneously access the network in a single random access occasion (RO) is 2.
The two UEs may have different timing offsets/Doppler, which are randomly picked within the [0 Max_differential_delay]/[-max_UL_frequency_offset  max_UL_frequency_offset] per case;
Note 4: Fixed power offset between UEs is 3dB.
Note 5: Metrics including CDF of estimation error for frequency/timing, FAR (Based on the preamble pool size is not less than 64), MDR, are considered.
Note 6: The SINR of the stronger UE for simulation is based on the SNR from link budget (with bandwidth for UL = 1MHz for VSAT in Ka, and Handheld for S) with additional offset (e.g., [-6 - log10(Bandwidth [MHz])] dB) per case.
Note 7: max_UL_frequency_offset is the two-way max. UL frequency offset with compensation of common Doppler including 0.1ppm residual offset (RO) (see also frequency offset assumptions in Table 6.1.2-2)
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