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1. Introduction

This tdoc discusses the following open objective [1]:
· Study on NB-IoT/eMTC support for Non-Terrestrial Network

· Enhancements on HARQ
HARQ analysis for IoT NTN must be split into two studies, one each for LTE-M and NB-IoT given that legacy LTE-M supports 8 HARQs and NB-IoT supports only 2. 

Observation 1: HARQ analysis for IoT NTN must be studied separately for LTE-M and NB-IoT.
The lengthy over-the-air (OTA) propagation time or RTT in NTNs results in gaps while using HARQ transmissions if enough parallel HARQ processes are not scheduled to fill all the gaps. One solution suggested in TR 38.821 [2] is to increase the number of HARQ processes so that the stop-and-wait times are reduced. Typical values of RTT for different satellite altitudes are shown below (only the values for transparent payload types as agreed in [1] are shown):

	Satellite Type
	RTT (ms)

	LEO600
	8-26

	LEO1200
	16-42

	GEO
	477-541


2. Enhancements on HARQ for IoT NTN - LTE-M
2.1. Number of HARQs Needed
This section evaluates whether the number of HARQs needs to be increased from 8 or not.

To maximize UEs data speed and thus power consumption, from a UEs perspective there should be no gaps in the HARQ pattern (i.e. HARQ pattern should be the same as terrestrial case). However, the long RTT associated with NTN will create “gaps” if the number of HARQs is not large enough. The number of HARQs needed to fill the “gaps” can be calculated as:  
N_HARQ = ceil(RTT/ N_rep)  

Where N_rep is the number of repeats used in each TB
From link-level simulations, the following UL repeats on PUSCH are required to achieve a 10% iBLER. Based on those N_rep, the optimal require number of HARQS to fill the gaps, N_HARQ, was calculated for two different TBS of 144 and 504 (see appendix A for detailed simulation assumptions):
Table 1 The number of PUSCH repeats required to obtain a UL BLER of 10% with an elevation angle of 30 degrees, and the corresponding number of HARQs required to fill the stop-and-wait gaps

	
	
	TBS = 144
	TBS = 504

	Satellite 
	RTT (ms)
	N_rep
	N_HARQ
	Bits/PRB
	N_rep
	N_HARQ
	Bits/PRB

	LEO 600km T
	20.02
	4
	6
	36
	12
	2
	42

	LEO 1200km T
	34.2
	12
	3
	12
	24
	2
	21

	GEO T
	528.3
	32
	17
	4.5
	64
	9
	7.9


From the above results, it can be seen that using a higher transport block size (TBS) provides better spectral efficiency which will result in higher data speeds. Also, using a higher TBS increases the number of repeats and thus reduces the burden on required # of HARQs. For example, 9 HARQs are enough to fill the stop-and-wait gaps with 64 repeats even for GEO cases with TBS = 504. 
Observation 2: A higher TBS increase number of repeats but results in faster speeds, increased spectral efficiency, and lower number of required HARQs.
Observation 3: With TBS = 504, no additional HARQs are needed for LEO and 1 additional HARQs is needed for GEO to fill gaps for LTE-M.
Proposal 1:   Do not increase the number of HARQs for LTE-M.

When using more than 4 repeats, which is typically the case for NTN-IoT scenarios as seen in Table 1, only one TB can be scheduled per HARQ cycle as shown in Figure 1, where HARQ cycle represents the interval consisting of one set of transmissions and receptions, before beginning another set of transmissions and receptions. This is because the PDSCH to ACK delay and UL grant to PUSCH delay = 3 for LTE-M. Waiting for ACK of the transmitted TB (in case of DL) or for PUSCH (in case of UL) can take an excessive duration of time under large RTT conditions. Hence, HARQ pipelining must be use where subsequent HARQs are scheduled even before receiving ACK for a previous TB, as shown in Figure 2. 
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Figure 1 UL transmissions for RTT=16ms without the use of HARQ pipelining.
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Figure 2 UL transmissions for RTT=16ms using HARQ pipelining.
For the system shown in Figure 1 and Figure 2, the use of HARQ pipelining results in a speed that is 2x higher than the case with no HARQ pipelining.
Observation 4: Sending grants before the UE has completed PDSCH or PUSCH can double the data rates for LOE600 LTE-M. Note - this does not require any standard changes.
2.2. Multiple Transport Blocks per HARQ Cycle (MTBHC)
As seen from above, only one TB with repeats can be scheduled in one HARQ cycle, irrespective of the use of HARQ pipelining. This leads to a higher percentage of SFs used for scheduling and switching between TX and RX. Scheduling more than one TB in a HARQ cycle will lower the percentage of SFs used for scheduling and switching thus boosting speeds. An example of this is shown in Figure 3 for an RTT = 16ms for LEO600 systems.
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Figure 3 DL transmission for RTT=16ms with 2 TBs scheduled per HARQ cycle.
For the example shown in Figure 3, the scheduling two TBs per HARQ cycle instead of one, results in a 9% increase in UL speeds. However, depending on the RTT even a higher number of TBs can be scheduled in one HARQ cycle such that the total number of HARQs is <=8. For the example shown above with RTT = 16 ms, up to 6 TBs can be accommodated in one HARQ cycle, i.e. #TBHC = 6. This increases the UL speed by 28%. The following table shows the improvement in UL speeds for LEO600 and LEO1200 satellite systems that are achievable with scheduling MTBHC. Note: this assumes an elevation angle of 30 degrees (see appendix for detailed simulation assumptions).
	
	RTT
	# grant repeats
	Speed w/o MTBHC
	For MTBHC #TBHC
	Speed w/ MTBHC
	% Increase

	LEO600
	20 ms
	1
	29.6 kbps
	6
	37.8 kbps
	28%

	LEO1200
	34 ms
	1
	17.4 kbps
	6
	19.9 kbps
	14.5%

	LEO1200
	34 ms
	2
	16.8 kbps
	6
	19.1 kbps
	13.9%


Observation 5: Scheduling multiple TBs per HARQ cycle increases UL speeds by 28% for LEO600. 
To support MTBHC in DL, a variable downlink data to ACK (DD2A) delay value is required. The ACK-Bundling capability already supports this and can likely be adjusted to support repeats.

Proposal 2:   Study how the variable PDSCH to ACK mechanism for ACK-Bundling can be adjusted to support scheduling more than one TBs per HARQ cycle.

In the UL, a variable uplink grant to data (UG2D) is required similar to the variable grant to UL data delay specified in NB-IoT. 

Observation 6: To support multiple TBs scheduled in one HARQ cycle for UL, a variable delay between the UL grant and PUSCH would need to be specified.

Proposal 3:   Specify a variable UL grant to PUSCH delay to support scheduling more than one TBs per HARQ cycle.

3. Enhancements on HARQ for IoT NTN – NB-IoT

3.1. Number of HARQs needed
This section evaluates whether the number of HARQs for NB-IOT needs to be increased from 2 or not.

Similar to LTE-M, to maximize UE’s data speed and thus power consumption, from a UE’s perspective there should be no gaps in the HARQ pattern (i.e. HARQ pattern should be the same as terrestrial). However, the long RTT associated with NTN will create “gaps” if the number of HARQs is not large enough. The number of HARQs need to fill the “gaps” can be calculated as: 

N_HARQ = ceil(RTT/TX_LEN)  

where TX_LEN is the transmission time in ms of TBs scheduled by grant 

When TX_len = 1 ms, this leads to a significant and unreasonable increase in the number of HARQs to fill the RTT entirely. However, NB-IoT systems typical use multiple repeats and/or multiple RUs (i.e. TX_Len >1). When repeats or multiple RUs are used TX_LEN is calculated as:
TX_LEN = N_SF * N_rep 

for DL
TX_LEN = N_RU * N_rep 

for UL
where 
N_SF is the length of the 1 repeat in sub-frames (SF) 
N_RU is the length of the resource units in sub-frames

N_rep is the number of repetitions 

Increasing the number of HARQS from 2 in the DL increases UE complexity by imposing further burden on soft buffer. Therefore, IoT NTN should only consider increasing the number of HARQs in the UL. This may introduce a small increase in the number of DCI bits to support a greater number of HARQs.

Observation 7: In NB-IoT, consider increasing the number of HARQs only in the UL since UE complexity is not a factor.
From link-level simulations for UL NTN channels, the following TX_LENs are required to achieve a 10% iBLER. Based on those TX_LEN, the optimal number of HARQS, N_HARQ, was calculated:
Table 1 Transmission time (TX_LEN) required to obtain a UL BLER of 10% with an elevation angle of 30 degrees, and the corresponding number of HARQs required to fill the stop-and-wait gaps. 
	
	
	TBS = 144
	TBS = 504

	Satellite 
	RTT (ms)
	TX_LEN
	N_HARQ
	Bits/PRB
	TX_LEN
	N_HARQ
	Bits/PRB

	LEO 600km T
	20.02
	4
	6
	36
	12
	2
	42

	LEO 1200km T
	34.2
	12
	3
	12
	24
	2
	21

	GEO T
	528.3
	32
	17
	4.5
	64
	9
	7.9


Similar to LTE-M, using a higher transport block size (TBS) provides better spectral efficiency. Also, using a higher TBS increases TX_LEN which reduces the burden on N_HARQ. 

Observation 8: A higher TBS increases required transmission time but results in faster speed, increased spectral efficiency, and lower number of required HARQs.
Observation 9: With TBS = 504, no additional HARQs are needed for LEO but additional HARQs are needed for GEO to fill gaps for NB-IoT.
3.2. Multiple Transport Blocks per HARQ Cycle (MTBHC)
Although for the LEO case, 2 HARQs may be enough to fill the gaps, increasing the number of HARQs will still increase speed as this will support scheduling of more than one TB in a HARQ cycle. Having more than one TB per HARQ cycle splits the scheduling overhead between more TBs. For example, Figure 3 shows the UL timing diagram for RTT = 16ms with N_HARQ increased from 2 to 4 where two TBs are scheduled in the HARQ cycle:
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Figure 3: UL timing diagram for RTT = 16ms with MTBHC and N_HARQ = 4.

Increasing the number of HARQs to 4 increases and scheduling two TBs per HARQ cycle, increases the speed from 22 kbps to 29 kbps - a 32% data rate increase. Assuming an elevation angle of 30 degrees, the following table calculates the data rate using TX_LEN from LLS simulations (see appendix for full simulation assumptions)
	Satellite 
	RTT (ms)
	TX Len
	Data Speed (kbps)
	% 
Increase

	
	
	
	N_HARQ=2
	N_HARQ=4
	

	LEO 600km T
	20
	12
	21.9
	28.8
	31.4 

	LEO 1200km T
	34
	24
	14.4
	17.1
	18.6


Observation 10: Scheduling multiple TBs per HARQ cycle increases UL speeds by 31.4% for LEO600. 
Observation 11: To support scheduling multiple TBs per HARQ cycle, increase the number of HARQs to 4 in the uplink for NB-IoT. 
4. Conclusion 
Observation 12: HARQ analysis for IoT NTN must be studied separately for LTE-M and NB-IoT.

LTE-M:
Observation 13: A higher TBS increase number of repeats but results in faster speeds, increased spectral efficiency, and lower number of required HARQs.
Observation 14: With TBS = 504, no additional HARQs are needed for LEO and 1 additional HARQs is needed for GEO to fill gaps for LTE-M.
Proposal 4:   Do not increase the number of HARQs for LTE-M.
Observation 15: Sending grants before the UE has completed PDSCH or PUSCH can double the data rates for LOE600 LTE-M. Note - this does not require any standard changes.
Observation 16: Scheduling multiple TBs per HARQ cycle increases UL speeds by 28% for LEO600.

Proposal 5:   Study how the variable PDSCH to ACK mechanism for ACK-Bundling can be adjusted to support scheduling more than one TBs per HARQ cycle.
Observation 17: To support multiple TBs scheduled in one HARQ cycle for UL, a variable delay between the UL grant and PUSCH would need to be specified.

Proposal 6:   Specify a variable UL grant to PUSCH delay to support scheduling more than one TBs per HARQ cycle.

NB-IOT:
Observation 18: In NB-IoT, consider increasing the number of HARQs only in the UL since UE complexity is not a factor.

Observation 19: A higher TBS increases required transmission time but results in faster speed, increased spectral efficiency, and lower number of required HARQs.
Observation 20: With TBS = 504, no additional HARQs are needed for LEO but additional HARQs are needed for GEO to fill gaps for NB-IoT.
Observation 21: Scheduling multiple TBs per HARQ cycle increases UL speeds by 31.4% for LEO600.

Proposal 7:   To support scheduling multiple TBs per HARQ cycle, increase the number of HARQs to 4 in the uplink for NB-IoT. 
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6. Appendix – LLS Assumptions
	Parameter
	Value

	Antenna config
	1x2

	Transmission BW
	1 PRB

	Carrier frequency 
	2 GHz

	Channel model
	NTN – TDL-C

	CFO
	34 Hz (residual)

	TBS
	144, 504

	UE velocity
	15 km/h

	Elevation angle
	30 degrees


