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Introduction
A RAN3-led Study Item on Rel-16 enhancements for NR-NTN was approved at RAN Plenary #80 [1]. The study item phase has identified range of expected values for the Round Trip Time (RTT) for the considered NR-NTN deployment scenarios [2, 3]. Solutions in the satellite and the UE will be required to compensate and correct the impact of RTT during initial NR-NTN cell acces, where the transmission timing can be most significant.
This contribution aims to discuss Timing Advance (TA) mechanisms and RACH during initial access procedure for the Low Earth Orbit (LEO) satellite deployment.
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Doppler Compensation
In satellite system at low earth orbit, larger values for the Doppler shift and Doppler variation rate can be typically experienced due to the motion of the satellite. The max Doppler shift depends on the satellite orbit and elevation angle of the beam spot within the satellite cell. Table 1 shows Max Doppler shift as a function of the frequency and the satellite deployment. As an example, at an orbit of 600 km, the satellite moving speed is ~7.5622 km/s. The maximum Doppler shift for an earth fixed user equipment is 24 ppm as indicated in [3]. At a frequency of 2 GHz the max Doppler shift is 48 kHz (=24 ppm * 2 GHz).  
	Scenarios
	GEO based non-terrestrial access network (Scenario A and B)
	LEO based non-terrestrial access network (Scenario C & D)

	Altitude
	35,786 km
	600 km
1,200 km

	Max distance between satellite and user equipment at min elevation angle
	40,586 km
	1,932 km (600 km altitude)
3,131 km (1,200 km altitude)

	Max beam foot print diameter at nadir
	500 km
	200 km

	Max Doppler shift (earth fixed user equipment)
	0.93 ppm
	24 ppm (600km)
21ppm(1200km) 

	Max Doppler shift variation (earth fixed user equipment)
	0.000 045 ppm/s 
	0.27ppm/s (600km)
0.13ppm/s(1200km)



	Frequency (GHz)
	Max doppler
	Relative Doppler
	Max Doppler shift variation
	

	2
	+/- 48 kHz
	0.0024 %
	- 544 Hz/s
	LEO at 600 km altitude

	20
	+/- 480 kHz
	0.0024 %
	-5.44 kHz/s
	

	30
	+/- 720 kHz
	0.0024 %
	-8.16 kHz/s
	

	2
	+/- 40 kHz
	0.002 %
	-180 Hz/s
	LEO at 1500 km altitude

	20
	+/- 400 kHz
	0.002 %
	-1.8 kHz/s
	

	30
	+/- 600 kHz
	0.002 %
	-2.7 kHz/s
	

	2
	+/- 15 kHz
	0.00075 %
	-6 Hz/s
	MEO at 10000 km altitude

	20
	+/- 150 kHz
	0.00075 %
	-60 Hz/s
	

	30
	+/- 225 kHz
	0.00075 %
	-90 Hz/s
	


Table 1: Summary of Doppler shift and shift variation for different altitudes [2]

Legacy satellite solution typically use pre-compensation to reduce the Doppler shift, where the satellite blindly compensates the Doppler shift relative to the beam centre due to the satellite motion. Legacy satellite phones typically use Doppler shift to reduce Doppler shift before UL transmission to the satellite. 
This means that the initial frequency error can be significantly higher than 10 ppm if the Doppler shift due to satellite motion also needs to be corrected. In the considered example, with pre-compensation the Doppler shift at the centre of the beam is 0 Hz. With a spot beam diameter of 100 km and assuming LEO=600 km, frequency carrier =2 GHz in S band, the residual Doppler can be ±3.6 kHz (=544 Hz * 100 km / 7.5622 km/s / 2) or ±1.8 ppm. With a 200 km beam spot dimeter, the residual Doppler is ±7.2 kHz or ±3.6 ppm. In practical chipset implementation, a ±10 ppm crystal accuracy may be used for the internal clock of the UE. The frequency error is the sum of the crystal error and residual Doppler shift. Assuming satellite pre-compensate Doppler at centre of the beam, the initial frequency error can be in the order of ±13.6 ppm. This seems reasonable. It is expected that the initial AFC lock can be of the order of one second or less for this scenario. At higher frequency of 20 or 30 GHz in Ka band, the frequency error could be significantly higher by over an order of magnitude higher. Note that the Doppler shift becomes less at higher satellite orbit and becomes marginal for GEO scenario.  
Observation 1: After satellite transmitter pre-compensation of Doppler relative to beam center, the Doppler at the beam centre can be assumed to be 0 Hz. 
Observation 2: LEO scenario in Ka band may experience a frequency error to be over an order of magnitude higher compare to S band due to higher Doppler shift.
Proposal 1: Satellite transmitter pre-compensate Doppler shift relative to the centre beam.

We assume the beams are moving with the satellite. This is the worst case for Doppler shift due to satellite motion. For simplicity, we do not take into account the Doppler shift due to the UE motion. For UEs on the ground, the Doppler due to the UE motion is relatively small compare to that for the satellite motion.   
For the DL, we assume the satellite transmitter can pre-compensate for Doppler relative to the beam centre. The UE needs first to achieve DL synchronization during initial cell access. At the beam centre, after pre-compensation the Doppler is 0 Hz. The UE synchronizes to Fc_DL+Fd_residual  (= Fc_DL– Fd + Fd +Fd_ residual), where Fd_residual is the residual Doppler due to satellite motion when UE not in the centre of the beam and Fd is the Doppler due to satellite motion at the centre of the beam before pre-compensation. 
Observation 3: On the DL, the UE synchronizes to Fc_DL + Fd_residual where Fd_residual is the residual Doppler due to satellite motion when UE not in the centre of the beam. 
Observation 4: The frequency offset due to crystal is corrected by the UE during the initial AFC lock.

For demodulation, it is fine if UE use received signal at frequency Fc_DL + Fd_residual. This is the frequency at which the gNB transmit as seen by the UE at the UE receiver. However, to ensure correct symbol, slot, frame timing at the UE receiver, the frequency error due to the Doppler shift needs to be corrected before internal UE clock is generated to avoid internal clock drift relative to the Base station timing. After frequency correction, the UE can transmit at frequency Fc_UL with Doppler post compensated. 
Observation 5: Residual Doppler shift Fd_residual needs to be corrected before internal UE clock is generated to avoid internal clock drift relative to the Base station timing.
For the UL, we consider 3 options for UE post-compensation of Doppler shift before the UE transmit the RACH preamble during initial cell access. We assume that the satellite pre-compensate the Doppler F_DL relative to the centre beam. We further assume that before transmitting on the UL, the UE has corrected the Doppler shift F_DL and also corrected the residual Doppler F_DL as this is needed to be done anyway for the internal UE clock generation. We referred to this correction of Doppler at the UE receiver as post compensation of Doppler. We consider 3 options for the transmission of RACH preamble after post compensation of Doppler at the UE receiver:
· Option 1: The UE transmit the RACH preamble at F_DL without pre-compensation of Doppler. The signal at the satellite receiver is F_DL + F_DL + F_DL. Even assuming that the satellite receiver can pre-compensate for Doppler shift F_DL relative to the beam centre for all the UEs transmitting concurrently, it cannot post-compensate F_DL as it is UE specific – i.e. depends on UE location within the beam. There is issue with PRACH preamble multi-user detection at the satellite receiver, as the UE transmissions will not synchronized in frequency due to having different F_DL values. 
· Option 2: The UE pre compensate Doppler shift F_DL before transmitting RACH preamble. The UE transmit at F_DL – F_DL. The UE needs to be able to determine F_DL. This can be done with knowledge of the satellite ephemeris (at least including the orbit and elevation angle of the beam spot and indication that satellite pre-compensate Doppler shift relative to the beam spot). The signal at the satellite receiver is Fc_UL - Fd_residual  (=Fc_UL - Fd + Fd - Fd_residual). There is issue with PRACH preamble multi-user detection at the satellite receiver because Fd_residual is UE specific as in Option 1.
· Option 3: The UE pre-compensate Doppler shift Fd and residual Doppler Fd_residual before transmitting RACH preamble. The UE transmit at Fc_UL – Fd – Fd_residual. The signal at the satellite receiver is Fc_UL (=Fc_UL - Fd –Fd_residual +  Fd - Fd_residual). The UE needs to be able to determine the Doppler shift Fd from the satellite ephemeris as in Option 2, and also estimate the Fd_residual with an AFC tracking algorithm. Assuming effective AFC tracking algorithm performance, the Doppler shift impact could be minimize for  UL transmissions from UE1, UE2, … The orthogonality of the RACH preambles transmitted by different UEs can be maintained since the UEs post-compensate Doppler before transmission.
Note that if the residual Doppler Fd_residual is not post compensated by the UE receiver, the pre-compensation at the UE transmitter will need to be done with 2*Fd_residual.  
[bookmark: _GoBack]Proposal 2: UE post compensate Doppler shift Fc_UL – Fd – Fd_residual before transmitting RACH preamble, where Fd_residual is the residual Doppler due to satellite motion when UE not in the centre of the beam and Fd is the Doppler due to satellite motion at the centre of the beam before pre-compensation.
Proposal 3: UE can use knowledge of its position, knowledge of satellite ephemeris, and knowledge of satellite transmitter pre-compensation of Fd to estimate Fd_residual.
Legacy satellite solution typically use pre-compensation to reduce the Doppler shift, where the satellite blindly compensates the Doppler shift relative to the beam centre where it can be assumed to be 0 Hz.  It can be expected that the UE will experience a discontinuity in the Doppler shift experienced when it falls out of coverage of a beam spot #n and within coverage of a new beam spot #(n+1). With LEO=600 km, the satellite speed is around 7.5622 km/s. Assuming a beam spot diameter of 100 km, the UE is within a beam spot coverage for approximately 13.2 seconds (=100 km / 7.5622 km/s). With a Doppler variation rate of -544 Hz/s, the Doppler shit in 13.2 seconds is 7.2 KHz (=13.2*544 Hz). If pre-compensation is used, the Doppler shift at centre of the beam is 0 Hz. The Doppler shift with a satellite moving beam is in range [-3.6 KHz, +3.6 KHz]. The Doppler discontinuity can be expected to be 7.2 kHz (=544 Hz * 100 km / 7.5622 km/s). The discontinuity in Doppler shift occurs because the satellite pre-compensate the Doppler relative to beam spot #n with a different value than that used relative to beam spot #(n+1). The Doppler discontinuity is illustrated in Figure 1 and Figure 2.
Observation 6: Assuming LEO=600 km, a beam spot diameter of 100 km, frequency carrier 2 GHz, the Doppler shift with a moving beam is in range [-3.6 KHz, +3.6 KHz] and the Doppler discontinuity between adjacent beam spots can be 7.2 kHz.
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Figure 1 Case with 2 GHz signal at 600 km on D/L and U/L: fixed UE and UE in motion
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Figure 2: Doppler discontinuity with LEO=600 km @ 2 GHz

Residual Timing Advance in NR-NTN
In satellite system, larger values of RTT can be typically experienced due to the large propagation delay between the UE and the satellite. The RTT depends on the satellite orbit and elevation angle of the beam spot within the satellite cell. As an example, at an orbit of 600 km, at the zenith point corresponding to elevation angle of 90 degrees the RTT is 24 ms (=2ms + 7.77ms+14.2ms). At elevation angle 10 degrees, the RTT is 28.4 ms (=6.44ms+7.63ms+14.2ms). Table 1 shows RTT for LEO and MEO satellite deployment scenarios.
	 
	 
	LEO at 600 km
	LEO at 1500 km
	MEO at 10000 km

	Elevation angle
	Path
	Distance D (km)
	Delay (ms)
	Distance D (km)
	Delay (ms)
	Distance D (km)
	Delay (ms)

	UE: 10°
	satellite - UE
	1932.24
	6,440
	3647.5
	12,158
	14018.16
	46.727

	GW: 5°
	satellite - gateway
	2329.01
	7.763
	4101.6
	13.672
	14539.4
	48.464

	90°
	satellite - UE
	600
	2
	1500
	5
	10000
	33.333

	Bent pipe satellite

	One way delay
	Gateway-satellite_UE
	4261.2
	14.204
	7749.2
	25.83
	28557.6
	95.192

	Round Trip Delay
	Twice 
	8522.5
	28.408
	15498.4
	51.661
	57115.2
	190.38

	Regenerative satellite

	One way delay
	Satellite -UE
	1932.24
	6.44
	3647.5
	12.16
	14018.16
	46.73

	Round Trip Delay
	Satellite-UE-Satellite
	3864.48
	12.88
	7295
	24.32
	28036.32
	93.45


Table 1: Propagation delays for different NGSO satellites (altitude and payload types) [2]

The large RTT experienced in typical satellite deployments require UE to adjust its transmission timing to the satellite. The UE first need to synchronise in time as well as frequency on the DL.
Legacy satellite solution typically aim to reduce the impact of the propagation delay to avoid need for large timing advance for the UE. This can be done by the satellite by pre-compensating the common propagation delay at the satellite receive time window. Knowing the common propagation delay from edge of the beam spot to the satellite, the satellite can delay its receiving window to coincide with the UE received signal. This way works as long as the UE is able to advance its transmission to compensate for the differential propagation delay. The common and differential delay in NR NTN are illustrated in Figure 1.
· Differential delay is difference between total propagation delay d2/c and common delay d1/c in satellite beam. 
· If common delay d1/c between UEs within same beam spot is pre compensated, residual TA only needed to compensate differential delay d3/c.
Observation 7: If common delay between UEs within same beam spot is pre compensated, a UE only needs the residual TA to compensate differential propagation delay before transmitting to satellite. 
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Figure 1: Common and differential delay in NR NTN

The propagation delay depends on the elevation angle, satellite orbit, and beam spot diameter. For example, at LEO=600 km, bent pipe scenario C, beam spot diameter 200 km, elevation angle 10 degrees, the maximum common propagation delay is approximately 6.11 ms and maximum differential delay is 0.65 ms. 
There are two ways that a UE can be have knowledge of the common propagation delay.
· Via broadcast on SIB
· Proprietary legacy satellite solution where UE has knowledge of its location (i.e GNSS-capable UE) and knowledge satellite ephemeris.
We have preference for common propagation delay to be broadcast via SIB for each beam within a satellite cell. This avoids need to store satellite ephemeris data in the device memory and allow more flexibility for the configuration of NR NTN parameters.  
Observation 8: A GNSS-capable UE that has knowledge of its location and has knowledge of satellite ephemeris can determine the common propagation delay.
Proposal 4: A UE can determine the common propagation delay via broadcast in SIB.

RACH Preamble for NR NTN
Once a UE has synchronised on the DL, applied post-compensation for Doppler reduction as discussed in previous section, and determined the common propagation delay, it can select a satellite beam and transmit RACH preamble to the satellite. 
The satellite can centre its RACH detection window around expected reception timing. This requires that the UE can pre-compensate the common propagation delay d1/c by advancing its transmission timing by 2*d1/c. The satellite can then centre its PRACH detection window from 2*d1/c to 2*d3/c. The specified NR PRACH format if the maximum residual propagation delay is < TCP/2. For example, NR PRACH format 1 can be re-used for LEO scenario C as maximum propagation delay 0.65 ms is <  1.3697 ms/2 = 0.684 ms. For GEO scenario A or B, the maximum differential propagation delay exceeds TCP/2 for all NR PRACH preamble formats as shown in Table 2. Consider new preamble formats for this scenario. 
Observation 9: The specified NR PRACH format can be re-used if residual propagation delay is < TCP/2.
Observation 10: The satellite can centre its PRACH detection window from 2*d1/c to 2*d3/c, where d1/c and d3/c are the common propagation delay and residual propagation delay.
Proposal 5: NR PRACH preamble format 1 can be re-used for LEO satellite deployments with NR numerology μ=0.
Proposal 6: New NR PRACH preamble formats can be considered for satellite deployment other than LEO satellite deployments with NR numerology μ=0.
	NR PRACH preamble format
	LRA 
	Δf
	TSEQ 
	TCP  
	Cellular Cell Radius

	0
	839
	1.25 KHz
	0.8006 ms
	0.1032 ms
	15.5 km

	1
	839
	1.25 KHz
	1.6012 ms
	1.3697 ms
	205.4 km

	2
	839
	1.25 KHz
	3.2024 ms
	0.1527 ms
	22.9 km

	3
	839
	5 KHz
	0.8006 ms
	0.1032 ms
	15.5 km


Table 2: NR PRACH preamble format

Residual Timing Advance Command
Initial TAC
The gNB estimates initial TA from PRACH preamble transmitted by the UE and indicates TAC in RAR. The TAC indicates the maximum index value of TA=3846. The TA granularity depends on the choice of subcarrier spacing 2μ*15 kHz, where NTA=16*64/ 2μ * Tc. We have Tc=0.509ⅹ10-6 ms (=1/(Δfmax*Nf) where Δfmax=400 kHz and Nf=4096.
In satellite deployment with LEO=600 km and beam spot diameter = 100 km  in the previous section, the distance 8.2 km correspond to a maximum one-way differential propagation delay of 27.3 us (=8.2 km/3*108 m/s) with elevation angle of 90 degree. For a beam spot diameter 200 km, correspond to a maximum one-way differential propagation delay of 108 us (=32.4 km/3*108 m/s).  For Sub carrier spacing of 15 KHz, up to NTA=2 ms timing advance can be indicated (TS 38.213). This is sufficient for the considered satellite deployment example.  
Proposal 7: Re-use legacy initial TA command for satellite deployment with LEO=600 km.
Closed-loop TAC
The TA adjustment NTA is indicated in TAC with index value of TA=0,1,2,…,63. A max TA adjustment of 32*16*64*Tc/ 2μ = 32768*Tc = 512*Ts = 16.67 us for u=0 (SCS=15 kHz). Upon receiving a TAC in time slot n, UE shall adjust the timing from the beginning of slot n+6. The new NTA value is determined from the ole NTA value as [4]


The TA accuracy is ±256.Tc= ±4Ts=0.13 μs for SCS=15 kHz. Consider an example for the time drift impact on Closed Loop TA adjustment for satellite deployment scenario with LEO=600 km. The satellite speed is 7.6 km/s, the sampling frequency is Ts = 1/30720000~ 32.55 ns, and velocity of light c=3.108 m/s. 
The time drift per RTT=28 ms is ~ 0.71μs (=22 Ts), where
· d=v*t= 7600 m/s * 28 ms=212.8 m
· t=d/c = 212.8/3.108 = 0.71 us 
This time drift of 0.71 us per RTT in the considered example is within range of specified max TA adjustment=16.67 μs (=512 Ts). The specified TA adjustment range is sufficient. However, it is greater than specified transmission timing error ±Te = ± 0.39 μs (=12 Ts) [5]. It may be necessary to specify relaxation of transmission timing error ±Te from 0.39 μs to 0.71μs for NR NTN UL transmission.
Observation 11: It may be necessary to specify relaxation of transmission timing error ±Te from 0.39 μs to 0.71μs for NR NTN UL transmission.
Proposal 8: Re-use legacy Closed Loop TA command for satellite deployment with LEO=600 km.

Conclusion
In this contribution, we discussed TA and RACH during initial access procedure.
Observation 1: After satellite transmitter pre-compensation of Doppler relative to beam center, the Doppler at the beam centre can be assumed to be 0 Hz. 
Observation 2: LEO scenario in Ka band may experience a frequency error to be over an order of magnitude higher compare to S band due to higher Doppler shift.
Proposal 1: Satellite transmitter pre-compensate Doppler shift relative to the centre beam.
Observation 3: On the DL, the UE synchronizes to Fc_DL + Fd_residual where Fd_residual is the residual Doppler due to satellite motion when UE not in the centre of the beam. 
Observation 4: The frequency offset due to crystal is corrected by the UE during the initial AFC lock.
Observation 5: Residual Doppler shift Fd_residual needs to be corrected before internal UE clock is generated to avoid internal clock drift relative to the Base station timing.
Proposal 2: UE post compensate Doppler shift Fc_UL – Fd – Fd_residual before transmitting RACH preamble, where Fd_residual is the residual Doppler due to satellite motion when UE not in the centre of the beam and Fd is the Doppler due to satellite motion at the centre of the beam before pre-compensation.
Proposal 3: UE can use knowledge of its position, knowledge of satellite ephemeris, and knowledge of satellite transmitter pre-compensation of Fd to estimate Fd_residual.
Observation 6: Assuming LEO=600 km, a beam spot diameter of 100 km, frequency carrier 2 GHz, the Doppler shift with a moving beam is in range [-3.6 KHz, +3.6 KHz] and the Doppler discontinuity between adjacent beam spots can be 7.2 kHz.
Observation 7: If common delay between UEs within same beam spot is pre compensated, a UE only needs the residual TA to compensate differential propagation delay before transmitting to satellite. 
Observation 8: A GNSS-capable UE that has knowledge of its location and has knowledge of satellite ephemeris can determine the common propagation delay.
Proposal 4: A UE can determine the common propagation delay via broadcast in SIB.
Observation 9: The specified NR PRACH format can be re-used if residual propagation delay is < TCP/2.
Observation 10: The satellite can centre its PRACH detection window from 2*d1/c to 2*d3/c, where d1/c and d3/c are the common propagation delay and residual propagation delay.
Proposal 5: NR PRACH preamble format 1 can be re-used for LEO satellite deployments with NR numerology μ=0.
Proposal 6: New NR PRACH preamble formats can be considered for satellite deployment other than LEO satellite deployments with NR numerology μ=0.
Proposal 7: Re-use legacy initial TA command for satellite deployment with LEO=600 km.
Observation 11: It may be necessary to specify relaxation of transmission timing error ±Te from 0.39 μs to 0.71μs for NR NTN UL transmission.
Proposal 8: Re-use legacy Closed Loop TA command for satellite deployment with LEO=600 km.
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