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Introduction
[bookmark: _Ref481671177]At the RAN#92 meeting, a new Work Item was approved for IoT Non Terrestrial Network (NTN) and revised in RAN#91 [1]. This TDoc addresses aspects of Time and frequency synchronization Enhancements in IoT NTN.

Validity timer for UL Synchronization
In Rel-17 IoT NTN Work Item [1], GNSS capability in the UE is taken as a working assumption for both NB-IoT and eMTC devices. With this assumption, UE can estimate and pre-compensate timing and frequency offset with sufficient accuracy for UL transmission. Simultaneous GNSS and NTN NB-IoT/eMTC operation is not assumed. There are two objectives that we addressed in this section:
· Validity timer for UL synchronization: satellite ephemeris, and potentially other aspects
· GNSS Measurements: Validity of a GNSS position fix and details of acquiring a GNSS position fix, duration of validity, in RRC CONNECTED mode for sporadic short transmission

RAN1#105-e Agreement:
A validity timer for UL synchronization (e.g., for satellite ephemeris and potentially other aspects) configured by the network is recommended.
· Details e.g. when to set/reset the timer, timer duration and UE behaviour upon timer expiry can be discussed in the normative phase
For sporadic short transmission:
· The idle UE wakes up from idle DRX / PSM, access the network, perform uplink and/or downlink communications for a short duration of time and go back to idle. 
· Before accessing the network, the UE acquires GNSS position fix and does not need to re-acquire a GNSS position fix for the transmission of the packets.
Details of the duration of the short transmission, acquisition of the GNSS position and validity of the GNSS position can be discussed in normative phase.

GNSS position measurements for sporadic short transmission
In Typical IoT applications with intermittent delay-tolerant small packets, the UE position may be fixed (e.g. IoT sensor on a gas pipeline) or the UE position needs to be reported by application layer (e.g. asset tracking, vehicle tracking). 
Observation 1:  A UE may only need a new GNSS position solely for UE pre-compensation for UL synchronization in corner case scenarios where (i) it is not fixed; (ii) reporting of the GNSS position is not needed by application layer.
Observation 2: GNSS measurement duration depends on assumption for GNSS receiver for Time To First Fix (TTFF) – hot start can be 1 second; warm start can be 5 seconds; cold start can be 30 seconds.

	Assumption for GNSS TTFF
	GNSS TTFF

	Cold start
	No valid ephemeris, almanac
	< 30 seconds (first TTFF of GNSS module)

	Warm start
	Valid almanac if used at least once within 180 days of last TTFF
	< 5 seconds (at least a few TTFF within 180 days for optimised prediction algorithms)
Up to 30 seconds (un-optimized algorithms) 

	Hot start
	Valid ephemeris  if used within 4 hours of last TTFF
	< 1 second


Table 1: Assumption for GNSS TTFF
It can be shown by analysis that high velocity UE without a new GNSS position fix before for up to 60 seconds have marginal impact on delay error and frequency error. This is sufficient validity duration of GNSS position fix for sporadic short transmission. At higher speed velocity, the UE velocity and trajectory do not change abruptly. Extrapolation of the UE position in time can be used to further mitigate the TA tracking error or Doppler shift tracking error due to UE mobility.
TA tracking error due to UE mobility:
The delay error due to UE mobility is illustrated in Figure 1.
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Figure 1: Determination of satellite delay error due to UE mobility

The satellite delay error due to UE mobility can be determined as
	







The satellite delay error is maximized at the beam edge. We consider a 30 degree elevation angle in a LEO system at 600 km orbit, which gives a maximum UE-satellite distance D = 1075 km. It is shown to be quite small assuming GNSS position fix is done every 10 seconds, 30 seconds or every 60 seconds as shown in Table 2. The TA error due to UE mobility for NTN is similar to TA in legacy non-NTN system and can be addressed by the PRACH CP for idle mode and the TA closed loop in connected mode.
Observation 3: GNSS acquired position with UE mobility up to 120 km/h is not significant factor for satellite TA tracking accuracy.

	Validity of UE location
	10 s
	 30 s
	60 s

	UE Velocity
	UEpos,error 
	TAerror 
	UEpos,error 
	TAerror 
	UEpos,error
	TAerror

	3 km/h
	4.2 m
	0.02 us
	25 m
	0.14 us
	50 m
	0.29 us

	30 km/h
	83.3 m
	0.48 us
	250 m
	1.4 us
	500 m
	2.9 us

	60 km/s
	166.7 m
	0.95 us
	500 m
	2.9 us
	1000 m
	5.8 us

	120 km/h
	333.3 m
	1.92 us
	1000 m
	5.8 us
	2000 m
	11.6 us



Table 2: TA tracking error due to UE mobility for elevation angle 30 degrees

Doppler shift tracking error due to UE mobility:
The Doppler shift error due to UE mobility is illustrated in Figure 2.
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Figure 2: Determination of satellite Doppler shift error due to UE mobility

The maximum Doppler shift error due to UE mobility over service link can be determined at Nadir point by re-calculating the beam center elevation angle θ due to the UE position error and comparing the Doppler shift with and without the UE position error. At Nadir point, it is shown to be quite small assuming GNSS position fix is done every 30 seconds or every 60 seconds as shown in Table 3.
Observation 4: GNSS acquired position with UE mobility up to 120 km/h is not significant factor for satellite Doppler shift tracking accuracy.

	Validity      of UE location
	                                                                    
30 s
	 
60 s

	UE Velocity
	UEpos,error 
	θ
	Fderror 
	UEpos,error
	θ
	Fderror 

	3 km/h
	25 m
	89.999 deg
	0.01 Hz
	50 m
	89.999 Hz
	0.61 Hz

	30 km/h
	250 m
	89.998 deg
	1.45 Hz
	500 m
	89.993 deg
	6.1 Hz

	60 km/s
	500 m
	89.993 deg
	6.1 Hz
	1000 m
	89.9 deg
	24.9 Hz

	120 km/h
	1000 m
	89.9 deg
	24.9 Hz
	2000 m
	89.87 deg
	97 Hz



Table 3: Doppler shift tracking error due to UE mobility at Nadir

The above analysis and observations are consistent with RAN1#105e agreement on sporadic short transmission. We make the following proposal:

Proposal 1: GNSS position fix is acquired by device before moving to RRC_CONNECTED and is assumed to be valid for the duration of sporadic short transmission.

Validity of satellite ephemeris 
The validity of satellite ephemeris for UL synchronization is under discussion in NR NTN Work Item in Issue#7 in FL summary in [3]. In RAN1#105-e, the moderator made the initial proposal:

From RAN1 perspective validity timers for satellite ephemeris and common TA are needed to maintain UL
synchronization in NTN:
· A validity timer configured by the network for satellite ephemeris defines the maximum time during which the UE can apply the satellite ephemeris without having acquired new satellite ephemeris. 
· A validity timer configured by the network for Common TA defines the maximum time during which the UE can apply the Common TA without having acquired new Common TA parameters to be used for Common TA calculation.
FFS: Whether only one validity timer is configured for both Common TA and satellite ephemeris information


Based on the views expressed via the reflector in NR NTN in RAN1#105e it seems that some companies need more time to investigate the need of validity timers for satellite ephemeris and Common TA parameters. Therefore, we will come back on this issue in next RAN1e-meeting.

UE pre-compensation on TA and Doppler shift over service link is illustrated in Figure 3. The accuracy of service link prediction of TA calculation and Doppler shift calculation based on GNSS-acquired UE location and satellite ephemeris was shown to be very accurate in our NR NTN contribution in [4]. The main difference with NR NTN device is that IoT NTN device has restriction on using its GNSS module, which means it cannot be assumed that the device has an accurate GNSS-acquired location in case of UE mobility. It was shown in the previous section that GNSS acquired position in UE is not significant factor for time alignment validity timer.
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Figure 3: UE pre-compensation on TA and Doppler shift over service link

To avoid duplication of discussion on validity of satellite ephemeris, we make the following proposal.
Proposal 2: Postpone discussion on validity of satellite ephemeris until this issue under discussion in NR NTN WI has been resolved.

Long UL Transmission on PUSH and PRACH
In Rel-17 IoT NTN Work Item [1], there is objective:
· Long PUSCH and PRACH Transmission enhancements: segmented UE pre-compensations, new UL gaps and/or implementation solutions, time units and duration of segments.

RAN1#105 and 104bis-e agreements:
A specification change is needed for UL transmission with repetitions R>1. 
For segmented UE pre-compensation how the following is handled can be further discussed 
· Phase discontinuity at subframe boundary when applying new pre-compensation
· Coherence time limitation due to delay/frequency drift rate during segment
· Signal overlapping between different TA segments
FFS: Need for more frequent new UL gaps during long transmission 
FFS: Whether sampling frequency adjustment to avoid new UL gaps can be achieved by implementation
FFS: Value of N for the number of time units and what is the time unit for the segmented UE pre-compensation

UE pre-compensation done per N time units for long PUSCH is the baseline solution. 
· The pre-compensation does not vary within a block of N time units
· FFS: the definition and value of N
UE pre-compensation done per N time units for long PRACH is the baseline solution. 
· The pre-compensation does not vary within a block of N time units
· FFS: the definition and value of N

Coherence time and cyclic prefix:
If duration of UL transmission segment = N*Time units is longer than coherence time the combining gain may not be optimum and also the cyclic prefix may be broken. Satellite Delay drift per second is 0.1us/ ms or 100 us/s as illustrated for LEO @ 600 km in Figure 4. To be consistent with the specified transmit timing error Te = 80*Ts= 2.6us in TS 36.133 Table 7.20.2-1, the UL transmission segment must be in the order or smaller than 26 ms. This corresponds to a residual Doppler shift after segmented UE pre-compensation (max Doppler shift drift  rate ~640 Hz /s with satellite speed of 7.56 km/s)  in the order of ± 40 Hz - i.e. coherence time = 1 / residual Doppler shift = 1 / 40 Hz = 25 ms. The Doppler shift due to UE movement is negligible (i.e. ~222 Hz / s or ~0.22 Hz/ms @ UE velocity of 120 km/h).  
Observation 5: UL transmission segment must be in the order or smaller than 26 ms to be consistent with specified transmit timing error Te = 80*Ts= 2.6us in TS 36.133 Table 7.20.2-1.
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Figure 3: 2-way delay drift in LEO @ 600 km


Phase discontinuity:

UE pre-compensation during UL transmission segment depends on Phase discontinuity Δφ which occurs  when UE pre-compensation of satellite delay is applied via sample skip at subframe boundary. The phase discontinuity value depends on satellite drift 0.1us/ ms (or 100 us/s) and sampling frequency Fs=180 kHz/2 and can be large as shown in Table 4. 





Observation 6: Assuming a UL transmission segment of several ms or 10 ms, the phase discontinuity could be in the order of several 10s of degrees, which would likely have significant impact on demodulation performance.

Proposal 3: UE pre-compensation of satellite delay is not applied during UL transmission segment.


	Δf
	
	
	
	TRU 
	ΔTdrift 
	Δφ

	15 kHz
	12
	2
	7
	1 ms
	0.1 us
	3.36 deg

	15 kHz
	6
	4
	7
	2 ms
	0.2 us
	6.72 deg

	15 kHz
	3
	8
	7
	4 ms
	0.4 us
	13.44 deg

	15 kHz
	1
	16
	7
	8 ms
	0.8 us
	26.88 deg

	3.75 kHz
	1
	16
	7
	32 ms
	3.2 us
	103.68 deg



Table 4: Phase discontinuity  for NB-IoT NTN


Values on N and time units for UL transmission segment for NPUSCH:
We make the following proposals for the determination of the value of N and the time units for UL transmission segment for NPUSH.

Proposal 4: After transmissions of NPUSCH continuously of N time units in IoT NTN, a gap of NUL gap  shall be inserted at a repetition boundary of PUSCH, Brep, where the PUSCH transmission is postponed.
· FFS value of  – e.g. NUL gap  = 1ms


Proposal 5: The pre-compensation for NPUSCH does not vary within an UL transmission segment Tsegment defined as 





Time units is Tslot = 15360.Ts for Δf=15 kHz; 61440.Ts for Δf=3.75 kHz 

FFS configuration and value of K, Tsegment,max


The formula for Tsegment allows to have UL transmission segment duration as large as can be depending on numerology and coherence time. The value of K can be configured by the network. For example, applying the left term in the max(.) function formula in above proposal with repetitions we get
· For 15 KHz,   12 tones,   Tsegment =  K * 4 * 2 * 0.5 ms  = K *   4 ms 
· For 15 KHz,     6 tones,   Tsegment =  K * 4 * 4 * 0.5 ms  = K *   8 ms 
· For 15 KHz,     3 tones,   Tsegment =  K * 4 * 8 * 0.5 ms  = K * 16 ms 
· For 15 KHz,     1 tone,    Tsegment =  K * 1 * 16 * 0.5 ms = K *   8 ms 
· For 3.75 KHz,  1 tone,    Tsegment =  K * 1 * 16 * 2 ms    = K * 32 ms 

The value of K can then be determined by applying the max(.) function depending on value of Tsegment,max .

Consider the example below with SCS=15kHz,  12 sub-carriers, 2 RUs,  8 Repetitions, the repetition boundary is at the beginning of sf4/sf8/sf12 and UL transmission segment Tsegment can be chosen to be K * 4ms = 8 ms which corresponds to a value of K equal to 2 – i.e. UL gap is inserted between end of SF7 and beginning of SF8. 
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Figure 4: Example of NPUSCH pattern with SCS=15 kHz, 12 subc, 2 RUs, 8 repetitions
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Figure 5: UL transmission segment and UL gap - NPUSCH SCS=15 kHz, 12 subc, 2 RUs, 8 repetitions

Consider another example below with SCS=15kHz,  12 sub-carriers, 4 RUs,  8 Repetitions illustrated in Figure 5. The repetition boundary is at the beginning of sf4/sf8/sf12/sf16/sf20/sf24/sf28  and UL transmission segment Tsegment can be chosen to be 8 ms = K * 4 ms (with K=2) – i.e. UL gap is inserted between end of SF7 and beginning of SF8; or chosen to be 16 ms = K * 4 ms (with K = 4) – i.e. UL gap is inserted between end of SF15 and beginning of SF16
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Figure 5: Example of NPUSCH pattern with SCS=15 kHz, 12 subc, 4 RUs, 8 repetitions

Consider another example below with SCS=15kHz,  6 sub-carriers, 4 RUs,  8 Repetitions illustrated in Figure 6. The repetition boundary is at the beginning of sf4/sf8/sf12/sf16/sf20/sf24/sf28/sf32/sf36/sf40/sf44/sf48/sf52/sf56/sf60  and UL transmission segment Tsegment can be chosen to be 16 ms = K * 4 ms (with K=4) – i.e. UL gap is inserted between end of SF15 and beginning of SF16; or chosen to be 32 ms = K * 4 ms (with K = 8) – i.e. UL gap is inserted between end of SF31 and beginning of SF32. Other values of K are also possible.
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Figure 6: Example of NPUSCH pattern with SCS=15 kHz, 6 subc, 4 RUs, 8 repetitions


Table 5 shows numerology examples above for the UL transmission segments Tsegment.

	Δf [kHz]
	
	
	
	TRU 
	
	
	Tslot 
	Tsegment
	Tgap

	15
	12
	2
	7
	1 ms
	8
	4
	0.5 ms
	K*4 ms
	1 ms

	15
	6
	4
	7
	2 ms
	8
	4
	0.5 ms
	K*8 ms
	1 ms

	15
	3
	8
	7
	4 ms
	8
	4
	0.5 ms
	K*16 ms
	1 ms

	15
	1
	16
	7
	8 ms
	8
	1
	0.5 ms
	K*8 ms
	1 ms

	3.75
	1
	16
	7
	32 ms
	8
	1
	2 ms
	K*32 ms
	1 ms



Table 5: Numerology examples for the UL transmission segments Tsegment for NB-IoT NTN


Postponement due to RACH:

There is already some GAPs before NPUSCH transmission (if postponements due to PRACH of  time units). UE could use this period to adjust tx timing. Take following two cases as example as illustrated in Figure 6:
· Case#1:NPUSH start time is postponed due to NRACH. In this case, it seems we don’t need to insert GAPs during the suspend period. We could adjust tx timing before  C point.
· Case#2:NPUSCH is transmitted for 2ms, then postponed by NRACH by 240ms, and continue to transmit for 14ms, then goes to UL GAP. During the 240ms suspend period, if UE still count every Tsegment subframes and insert GAP, the postponement is much longer.
Proposal 6:  After postponements due to RACH of time units in IoT NTN, a gap NUL gap shall not be inserted before continuing transmission of NPUSCH.
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Figure 6: GAPs before NPUSCH transmission (if postponements due to PRACH of  time units)

Values on N and time units for UL transmission segment for NPRACH:

We make the following proposals for the determination of the value of N and the time units for UL transmission segment for NPRACH.

Proposal 7: A gap of NUL gap  ms shall be inserted at a repetition boundary of PRACH determined by the minimum duration of PRACH equals to 5.6ms for format 0 and 6.4ms for format 1.
· FFS value of NUL gap  – e.g. NUL gap  =1 ms

Proposal 8: The pre-compensation for NPRACH does not vary within a block of N time units in IoT NTN, where N is an integer multiplier K of the minimum duration of PRACH equals to 5.6ms for format 0 and 6.4ms for format 1.
•	FFS configuration and value of K for NPRACH format 0 and format 1


DL Synchronization
In Rel-17 IoT NTN Work Item [1], there is objective
· DL synchronization enhancements: A single solution will be selected between: new channel raster, (part of) ARFCN-indication-in-MIB.


The maximum Doppler shift budget for 2.17GHz assuming 100 kHz channel raster of 100 kHz is as follows:
· ±50KHz: Half Tone raster for Initial Cell Search for NB-IoT
· ±10 ppm, ± 20 ppm: typical free running oscillator accuracy
· ± 1ppm : margin. e.g to account for overlapping coverage at beam edge. 
· Doppler budget: ±50Khz - ±11ppm (or ±20 ppm) *2.17GHz = ± 26.13 kHz (or 6.6 kHz)


The maximum Doppler shift at nadir is shown in Table 6 for various beam diameter sizes. The Doppler shift budget is exceeded for beam diameter in the order of 1000 km or above. 


	Beam diameter size @Nadir point
	93km  
	234km  
	1000km
	2000km

	3dB Beam-width in degrees 
	8.86
	22.03
	77.7
	111.5

	Elevation angle at beam edge
	85.15
	77.93
	46.63
	25.26

	Max Doppler shift @fc=2.17 GHz
	+/-4.22KHz
	+/-10.44KHz
	+/-34.32KHz
	+/-45.19KHz



Table 6: Max Doppler shift @ 2 GHz

It was agreed in Rel-17 IoT NTN WID to down-select solutions for DL synchronization. We discuss the solutions below:

New Channel Raster: 
In this option, a new 200 kHz tone raster is used to accommodate +/-20 ppm and large beam spot of 2000 km in IoT NTN. The larger channel raster may be better for power consumption since less cell search time consumption due to less channel rasters. There is no significant impact on DL sync false detection rate at low SNR with channel raster 200 kHz expected, as it can anyway be mitigated by MIB CRC checking

Broadcast the DL frequency on SIB:
In this option, the legacy 100 kHz channel raster is used. There is mismatch of the Satellite Frequency Offset (SFO) and Carrier Frequency Offset (CFO) which arises when the UE makes an error on the DL carrier frequency from the satellite. This can occur when the UE detects the wrong channel raster or if DL common Doppler pre-compensation is used which is therefore unknown to the UE before it is able to decode the SIB.

It is simpler implementation to synchronize to the DL carrier frequency as early as possible with only using the MIB CRC for last checking of correct synchronization. Option 1 has also the added benefit of lower power consumption.

Proposal 9: New channel raster of 200 kHz is supported.

Conclusion
In this contribution, we summarize issues and discuss potential solutions. We made the following observations and proposals 
GNSS measurements for sporadic short transmissions:
Observation 1:  A UE may only need a new GNSS position solely for UE pre-compensation for UL synchronization in corner case scenarios where (i) it is not fixed; (ii) reporting of the GNSS position is not needed by application layer.
Observation 2: GNSS measurement duration depends on assumption for GNSS receiver for Time To First Fix (TTFF) – hot start can be 1 second; warm start can be 5 seconds; cold start can be 30 seconds.
Observation 3: GNSS acquired position with UE mobility up to 120 km/h is not significant factor for satellite TA tracking accuracy.

Observation 4: GNSS acquired position with UE mobility up to 120 km/h is not significant factor for satellite Doppler shift tracking accuracy.

Proposal 1: GNSS position fix is acquired by device before moving to RRC_CONNECTED and is assumed to be valid for the duration of sporadic short transmission.

Proposal 2: Postpone discussion on validity of satellite ephemeris until this issue under discussion in NR NTN WI has been resolved.

Long UL Transmission on PUSH:
Observation 5: UL transmission segment must be in the order or smaller than 26 ms to be consistent with specified transmit timing error Te = 80*Ts= 2.6us in TS 36.133 Table 7.20.2-1.
Observation 6: Assuming a UL transmission segment of several ms or 10 ms, the phase discontinuity could be in the order of several 10s of degrees, which would likely have significant impact on demodulation performance.

Proposal 3: UE pre-compensation of satellite delay is not applied during UL transmission segment.

Proposal 4: After transmissions of NPUSCH continuously of N time units in IoT NTN, a gap of NUL gap  shall be inserted at a repetition boundary of PUSCH, Brep, where the PUSCH transmission is postponed.
· FFS value of  – e.g. NUL gap  = 1ms


Proposal 5: The pre-compensation for NPUSCH does not vary within an UL transmission segment Tsegment defined as 





Time units is Tslot = 15360.Ts for Δf=15 kHz; 61440.Ts for Δf=3.75 kHz 

FFS configuration and value of K, Tsegment,max

Proposal 6:  After postponements due to RACH of time units in IoT NTN, a gap NUL gap shall not be inserted before continuing transmission of NPUSCH.

Long UL Transmission on PRACH:
Proposal 7: A gap of NUL gap  ms shall be inserted at a repetition boundary of PRACH determined by the minimum duration of PRACH equals to 5.6ms for format 0 and 6.4ms for format 1.
· FFS value of NUL gap  – e.g. NUL gap  =1 ms

Proposal 8: The pre-compensation for NPRACH does not vary within a block of N time units in IoT NTN, where N is an integer multiplier K of the minimum duration of PRACH equals to 5.6ms for format 0 and 6.4ms for format 1.
•	FFS configuration and value of K for NPRACH format 0 and format 1

DL Synchronization:
[bookmark: _GoBack]Proposal 9: New channel raster of 200 kHz is supported.
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