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Introduction
In [1], the following way forward is proposed:
· Frequency Error: Despite a proposed tentative agreement from Moderator that we should not update pre-compensation during a segment, it was later commented that more discussion is needed. Therefore, it is proposed to progress the detailed conditions further as part of the TP drafting until next meeting:
· P5: Proposed that the need for an Annex to cover doppler can be decided further once RAN5 has started their WI, as this is not directly required for core requirements completion. 
· P2: Discuss the “compensation” text further until next meeting.
In this paper, we present our view on the IoT frequency error and following with TP proposed in the end.
Discussion
Frequency error
Measurement reference point
As the UE pre-compensation of doppler frequency function is to combat the satellite movement, the frequency of transmitted signal will be shifted by the amount with doppler frequency UE would experience in UL.. As such when UE transmitted signal arrives at SAN antenna, the doppler frequency for such UE received at network will be canceled out with opposite frequency shift applied by UE pre-compensation. Therefore, the frequency of UE transmitted signal received at SAN is expected to be the configured UL frequency with certain remaining frequency error. The frequency error performance at the SAN antenna connector or at the SAN baseband is expected to be 0.1ppm, taking into account other factors, e.g the period during which UE make the pre-compensation, the UE estimation error on the doppler frequency, the network frequency error tolerance etc. the frequency error between the SAN antenna connector to SAN baseband should be neglectable[4]. 
Our view is that  this can be measured at UE connector, what is matters is which frequency to be compared and in which period of time. For example, the above-mentioned factors can be tested even so long as the reference frequency to compared with is set as configured UL frequency and test is measured over certain period of time. It should be noted that whether to consider the doppler frequency channel should be further discussed in RAN5 as test environment discussion. The frequency error calculation should be defined by RAN4 relating to the requirement definition. 
[bookmark: _Ref118732559]The expectation of the frequency error performance is at SAN network, e.g  SAN antenna connector or SAN baseband.
[bookmark: _Ref118732568]To take account the different factors impacting the frequency error, it can be measured at UE antenna connector as well.
  
Frequency error requirement 
Doppler Frequency error tolerated at SAN network
The frequency error drift when UE does not apply new value of the doppler frequency should be considered as one factor in the frequency error bugget olerated by SAN network. This could be calculated based on the different satellite scenarios with the worst frequency error drift rate in TR 36.763:
Table 6.1-1: IoT NTN reference scenario parameters
	Scenarios
	GEO based non-terrestrial access network - scenario A 
	LEO based non-terrestrial access network -Scenario B & C
	MEO based non-terrestrial access network -Scenario D

	Max Doppler shift variation (earth fixed user equipment) (NOTE 6)
	0.000 045 ppm/s 
	  0.27 ppm/s (600km) 
  0.13 ppm/s (1200km) 
	0.003 ppm/s



In TS 36.300, Clause 23.21.2.2, it is mandated that UE shall make the frequency pre-compensation. But it does not mandate when the UE shall make the pre-compensation. UE shall autonomously make the pre-compensation. 
For the serving cell, the network broadcast ephemeris information and common Timing Advance (common TA) parameters.
The UE shall have valid GNSS position as well as the satellite ephemeris and common TA before connecting to an NTN cell. To achieve synchronisation, before and during connection to a cell, the UE shall autonomously pre-compensate the Timing Advance (TTA, see TS 36.211 [4] clause 8.1), see Figure 23.21.2.2-1, as well as the frequency doppler shift by considering the common TA, UE position and the satellite position through the satellite ephemeris.
In connected mode, the UE shall continuously update the Timing Advance and frequency pre-compensation, but the UE is not expected to perform GNSS acquisition. In connected mode, upon outdated satellite ephemeris and common Timing Advance, the UE re-acquires the broadcasted parameters and upon outdated GNSS position the UE moves to idle mode.
The UEs may be configured to report Timing Advance at initial access or in connected mode. In connected mode triggered reporting of the Timing Advance is supported.
In 36.213, such pre-compensation is not mandated either. 
For a BL/CE UE communicating over NTN, time and frequency pre-compensation is adjusted per uplink segment with a transmission duration of  time units, where the quantity  is provided by system information, as specified in 3GPP TS 36.331.
[bookmark: _Ref118732576]It is not mandated for IoT UE when to apply pre-compensation for doppler frequency in RAN1 specification.
According to our understanding, the reason of not mandating the UE to apply pre-compensation at specific time is that some companies think it can be decided by UE so long as the UE fulfills the frequency error requirement. However, to set the frequency error requirement, the maximum time when UE does not make frequency pre-compensation should be known so that the frequency error drift during this period can be calculated. 
As a starting point, we think the frequency pre-compensation can be assumed to be applied every segment, which is the same assumption as the re-synchronization gap during the large UL repetition specified for BL/CE UE and NB-IoT UE. As such, the frequency error at the start/end of each segment should meet the RAN4 frequency error requirement. The maximum duration of the segment is 256ms, thus the maximum frequency error caused by the constant frequency pre-compensation is 0.256 x 0.27 ppm/s = 0.07 ppm for LEO600, 0.035ppm for LEO1200 and 0.00001152 ppm for GEO.
[bookmark: _Ref118732608]RAN4 makes assumption of UE apply pre-compensation at each segmentation.
RAN1 had a discussion on whether the pre-compensation should be applied at least once every 256ms in case of long PUSCH greater than 256ms [3]. In case of RAN4 cannot conclude on the assumption during RAN1#104bis-e. A LS can be sent to RAN1 to confirm the assumption.
[bookmark: _Ref118732620]LS to RAN1 to confirm the pre-compensation period if needed.
As segmentation is UE capability, there is also IoT NTN UE without the segmentation capability. This includes the NB-IoT for GEO as TS 36.306 stated below. The doppler shift variation for GEO is quite small and thus it has no issue. For LEO, if UE does not support segmentation, there is a need to discuss how to test the frequency error requirement.  
[bookmark: _Toc115459300]4.3.38.6	ntn-SegmentedPrecompensationGaps-r17
This field indicates the supported gap length between segments for PUSCH and PUCCH required by a UE supporting ce-ModeA-r13 or for NPUSCH required by a UE supporting ue-category-NB, for TA pre-compensation. This feature is only applicable if the UE supports either ue-category-NB or ce-ModeA-r13 and also supports ntn-Connectivity-EPC-r17. If a UE does not include this field but includes ntn-Connectivity-EPC-r17, in case of overlapped transmission between successive uplink segments, UE shall follow the procedure specified in TS 36.213 [22]. This field is not applicable for UEs indicating support of ue-Category-NB and ntn-ScenarioSupport-r17 with value GSO.
In section 2.4 [1], there is examples on how long the continuous transmission:
In extreme coverage MCL > 164 dB, the maximum PUSCH transmission can be max RU length x max number of RUs per TBS x max number repetitions. For 1 RB transmission, it is  (1 ms x 1) x 10 x 128 = 1.28 s; for single tone transmission with 15 kHz, it is (1 ms x 16 x 0.5) x 10 x 128 = 10.24 s; for single tone transmission with 3.75 kHz, it can be as long as  (4 ms x 16 x 0.5) x 10 x 128 = 40.96 s. 
For UE without supporting segmentation capability, the frequency error could be accumulated to 41 x 0.27 ppm /s = 11ppm and for 2GHz band, it means the 22kHz which is more than the half of SCS of 15kHz, this means the orthogonality of OFDM will be lost. In such a case, the maximum MCL for such UE will be reduced and it is a question whether network should bar the UE if the network target to support maximum MCL of 164 dB. As the frequency error for such UE with long transmission is increasing proportional to the transmission time, it is difficult to budget in the frequency error. It will be network task to make sure that the long transmission will be avoided, Otherwise the frequency error would exceed the network tolerance limit.  The frequency error test for such UE can only be maximum 256ms if the same frequency error requirement would be applied for such UE and the UE with segmentation capability.
[bookmark: _Ref118732634]Apply the 256ms maximum test duration for the long PUSCH transmission for UE without segmentation capability.
Another factor is the pre-compensation estimation accuracy. The formular of the doppler frequency is below:

Where the satellite position is  and satellite velocity is and NTN IoT UE position is   at time T. Assuming now there is error associated with   and , the doppler frequency error can be calculated as below:

So from above equation, there are three items relating to the doppler frequency estimation error. Namely the frequency error by velocity error, position error and by both velocity error and position error. 
The satellite max speed of 7.5km/s for LEO, the maximum frequency error caused by position error:

Assuming such frequency error not exceed 0.01ppm 

then the sum of satellite and UE position error vector should be less

The doppler frequency error caused by velocity error is:

If the budget for velocity error is 0.01ppm, the velocity error should be less than


The frequency error caused by both velocity error and position error can be deduced with above calculation

So the frequency error caused by both velocity and position error is less than 0.004ppb which can be ignored. The summary of the above analysis is summarized as below in Table 1.

Table 1: Doppler frequency error estimation budget and relating constrains.
	Doppler frequency error budget items
	Doppler frequency error factor
	range
	Doppler frequency error budget 

	1
	Satellite velocity 
	3m/s
	0.01ppm

	2
	Position error (sum of Satellite position error and UE position error)
	240m
	0.01ppm

	3
	Satellite velocity and position error
	As above
	0.004ppb



With above analysis, it can be observed that the doppler frequency estimation error can be controlled within 0.02 ppm if the satellite velocity and position error would be within the required ranged in Table 1. Any deviation above the range in Table 1 will result in a new frequency budget which needs to be taking account. The above budget could be improved if the LEO satellites equip GNSS receiver in [5], RAN4 can confirm with it.
[bookmark: _Ref118732645]The doppler frequency estimation error can be within 0.02 ppm if the satellite velocity error and position error be within 3m/s and 240m respectively. 

As the UE will transmit on a frequency on off-raster grid with pre-compensation, we believe such frequency error should be kept small so it is negligible if it is below 0.01ppm, which corresponding to 20Hz for 2GHz frequency. 
[bookmark: _Ref118732659]Confirm in RAN4 if there is frequency error budget due to the off-raster grid transmission and confirm the frequency budget caused by satellite/UE position error and satellite velocity error
On top of the frequency error budget discussed above, the BS tolerance over frequency error also play role when discussing the frequency error tolerance requirement. In TR 36.878, it stated that for high doppler shift due to high speed, ICI could become severe and the receiver capability to track the doppler shift with reasonable channel estimation performance is another limiting factor. In 36.104, clauses 8.2.1 and 8.2.3 specify several optional BS PUSCH demodulation requirements in high-speed train scenario. In the HST scenario, the BS can declare the supported maximum doppler frequency and some performance is only required when BS supported maximum doppler frequency is a value other than 600Hz, 1.1/1.3kHz, 1.7kHz or 1.9kHz. If the frequency error tolerance requirement would be too large compared with legacy requirement, there may be a need to discuss what would be tolerated limit for NTN BS. 
[bookmark: _Ref118732672] There is no need to discuss the BS doppler frequency error tolerance if the UE Frequency error would be set within around 0.2ppm.

Based on the above discussion, the frequency error requirement can be set differently for different satellite system as table 2 below.
		Table 2: Frequency error requirement suggestion for IoT UE for LEO and GEO 
	
	Frequency error requirement ( frequency > 1GHz)
	Frequency error requirement ( frequency < 1GHz)
	Comment

	LEO
	0.2ppm (0.1ppm +0.07 ppm + 0.02ppm )
	0.3ppm (0.2ppm +0.07 ppm + 0.02ppm )
	Observed at SAN antenna, the 0.07ppm relating to the constant doppler shift within 256ms

	GEO
	0.12ppm
	0.22ppm
	Observed at SAN antenna.



[bookmark: _Ref118732682]RAN4 discuss above frequency error requirement for LEO and GEO separately.

Testing aspects
There is a question on how to emulate the satellite movement when measurement reference point would be defined at SAN antenna not at the UE antenna connector.  In TR38.811, the modeling of the doppler spread is modeled in 6.9.2 for LOS and for the purpose discussion, the Figure 6.9.2-1 is quoted below:
[image: ]
Figure 6.9.2-1[4]: Illustration of Doppler power spectrum in NTN in LOS conditions
In Figure 6.9.2-1[4], the additional Doppler shift due to satellite motion fd,shift is modelled by using the equation 
,	



Where  denotes the satellite speed, c denotes the speed of light, R denotes the earth radius, h denotes the satellite altitude,  denotes the satellite elevation angle, and  denotes the carrier frequency.
So the doppler impact by satellite movement is modeled with two elements: one is the frequency shift  and other other is the Doppler spread due to local scattering around the UE because of UE mobility (v).
In TS 38.521-1, the frequency error is tested with Annex B.0 which is without addtitive Gaussian Noise, and has no fading or multipath effects. This means there is no additional channel modeled in the legacy test and UE also is assumed to be static without moving.  This means that doppler spread due to the mobile movement can be assumed to be zero if such assumption will be inherited in NTN frequency error test. This will leave only the frequency shift by  . 
[bookmark: _Ref114578192][bookmark: _Ref118732693]Emulation satellite movement could be frequency shift with the amount of the doppler frequency for the static UE.
In real NTN network, the DL signal received by NTN IoT UE will experience varying doppler frequency due to the satellite movement, UE shall calculate the pre-compensated doppler frequency for UL according to received ephemeris data and its position retrieved from GNSS. UE should at least adjust its pre-compensation frequency once per 256ms according to previous discussion. In this sense, to emulate the satellite movement in DL seems not necessary if UE is required to make one adjustment within 256ms. For UL, the emulation of satellite movement could be by compensating the ideally UE pre-compensated frequency in opposite direction, as TE does not know when UE would adjust frequency, so such compensation should be per segmentation wise. 
[bookmark: _Ref118732704]Emulation of the satellite movement for UL by compensating the ideally UE pre-compensated frequency in opposite direction per segmentation-wise is necessary.
When TE use the same parameter as UE to derive the ideal pre-compensated doppler frequency, the frequency error due to satellite velocity error and position error will not be reflected in the test. The system error due to the satellite velocity and position error will not be tested. In such a case, it is important to test at least one point without the doppler frequency pre-compensation or zero frequency pre-compensation, this will make sure that UE will not relax more on the frequency error and thus the system error still be budgeted into the frequency error requirement. 
[bookmark: _Ref118732718]Test at least one point with zero frequency pre-compensation with legacy frequency error requirement.
The remaining question could be how to derive the ideally doppler frequency shift set by TE. RAN1 and RAN2 has designed the mechanism based on GNSS + ephemeris data (satellite position + satellite velocity), the same method could be assumed to be used by TE and UE. One thing to align this aspect is that how to derive the UE position, As rel-17 only assume NTN UE with GNSS capability, so UE should derive its UE position from GNSS integrated in the UE, however, TE should also assume the same UE position by accessing a GNSS receiver; alternatively the AT command could be designed to make sure UE and TE use the same UE position, however, this method does not cover the UE pre-compensation function with accessing its position data via GNSS and thus the test coverage is limited. RAN4 could leave this issue to RAN5 decide. 
[bookmark: _Ref114578269]Whether to have GNSS access at TE could leave to RAN5 to decide.
The UE position could be assumed pre-known to TE and the doppler frequency derivation from the ephemeris data should be specified in Annex so that the frequency error caused by the deviation from the non ideally pre-compensation doppler frequency would be minimized. 
Assuming the satellite position is =(Sx1, Sy1,Sz1) and satellite velocity is =( (Vx1, Vy1,Vz1), and UE position is   =(Ux, Uy, Uz) at time T1,  the satellite position is   =(Sx2, Sy2,Sz2) and satellite velocity is  =(Vx2, Vy2,Vz2) at time T2,  

The doppler frequency at time T could be linear extrapolation with information of T1 and T2. 
[bookmark: _Ref114578281]The ideally UE pre-compensation doppler frequency should be specified in annex so that frequency error caused by the deviation from the non ideally pre-compensation doppler frequency would be minimized.
TP for the frequency error requirements
With the above discussion, the current frequency error requirement could be specified as below, TE need to calculate the frequency error according the annex. 
TP proposal for frequency error requirement for cat-M1:
[bookmark: _Toc112156214][bookmark: _Toc108617008][bookmark: _Toc111062051]6.4.1A	Frequency error for UE category M1
For category M1 UE, the basic measurement interval of modulated carrier frequency is 1 UL timeslot (0.5ms). The UE pre-compensates the uplink modulated carrier frequency by the estimated Doppler shift based on received ephemeris information of the SAN in IE EphemerisInfo (TS 36.331[7]), its own location and UL carrier frequency signalled to the UE by the SAN (according to TS36.300 [10]  clause 16.14.2). 
For category M1 FD-FDD UEs and for category M1 HD-FDD UEs with continuous uplink transmissions of duration ≤ 64 ms, the mean value of basic measurements of UE pre-compensated modulated carrier frequency shall be accurate to within ± 0.1 PPM observed over a period of one time slot (0.5 ms) compared with the ideally pre-compensated UL carrier frequency.
For category M1 HD-FDD UEs with continuous uplink transmissions of duration > 64 ms, the mean value of basic measurements of UE pre-compensated modulated carrier frequency shall be accurate within the limits in Table 6.4.1A-1 observed over a period of one time slot (0.5 ms) compared with ideally pre-compensated UL carrier frequency.
When a repetition period is configured on the uplink for which repetition period (R ) >1, the UE shall not change Doppler pre-compensation during an ongoing repetition period, except in the transmission gaps as defined in clause 10.1.3.6 of TS 36.211[4]. When segmentation is applied, then the UE shall update pre-compensation at the beginning of each segment prior to segment transmission.
[NOTE:    The ideally pre-compensated reference uplink carrier frequency consists of the UL carrier frequency signalled to the UE by SAN and UL pre-compensated Doppler frequency shift corresponding to the estimated Doppler frequency at the beginning of the transmission. For the test case, the location of the UE is explicitly provided to the UE from the test equipment.]

Requirement will be verified for at least two cases of which one has zero Doppler conditions.
Table 6.4.1A-1: Frequency error requirement for UE category M1
	Carrier frequency (GHz)
	Frequency error (ppm)

	≤1
	±0.2

	>1
	±0.1











Conclusions
In this contribution, we present our view on the frequency error requirement with below observations and proposal:
Observation 1The expectation of the frequency error performance is at SAN network, e.g  SAN antenna connector or SAN baseband.
Observation 2To take account the different factors impacting the frequency error, it can be measured at UE antenna connector as well.
Observation 3It is not mandated for IoT UE when to apply pre-compensation for doppler frequency in RAN1 specification.
Proposal-1:RAN4 makes assumption of UE apply pre-compensation at each segmentation.
Proposal-2:LS to RAN1 to confirm the pre-compensation period if needed.
Proposal-3:Apply the 256ms maximum test duration for the long PUSCH transmission for UE without segmentation capability.
Observation 4 The doppler frequency estimation error can be within 0.02 ppm if the satellite velocity error and position error be within 3m/s and 240m respectively.
Proposal-4: Confirm in RAN4 if there is frequency error budget due to the off-raster grid transmission and confirm the frequency budget caused by satellite/UE position error and satellite velocity error
Observation 5 There is no need to discuss the BS doppler frequency error tolerance if the UE Frequency error would be set within around 0.2ppm.
Proposal-5:RAN4 discuss above frequency error requirement for LEO and GEO separately.
Observation 6 Emulation satellite movement could be frequency shift with the amount of the doppler frequency for the static UE.
Proposal-6:Emulation of the satellite movement for UL by compensating the ideally UE pre-compensated frequency in opposite direction per segmentation-wise is necessary.
Proposal-7:Test at least one point with zero frequency pre-compensation with legacy frequency error requirement.
Proposal-8:Whether to have GNSS access at TE could leave to RAN5 to decide.
Proposal-9:The ideally UE pre-compensation doppler frequency should be specified in annex so that frequency error caused by the deviation from the non ideally pre-compensation doppler frequency would be minimized. 
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