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1	Introduction
In RAN#86, a Rel-17 Study Item (SI) on IoT NTN was approved to evaluate the feasibility of Non-terrestrial networks (NTN) for NB-IoT and eMTC and the study item description was updated in [1]. It was agreed to use the existing work on NR NTN captured in TR 38.821 [2] as a baseline. One of the main RAN1 objectives in this SI is to study “Aspects related to HARQ operation”. 
 Several agreements related to HARQ operation were made in RAN1#104 and can be found in the Appendix.
In this document, we present our views on aspects related to HARQ operation in IoT NTN for both NB-IoT and eMTC.
2	HARQ operation in eMTC
In this section, we analyze the eMTC HARQ operation in relation to the metrics proposed in the agreements, including peak data rate, latency, power consumption, and complexity. Based on this analysis, we discuss whether any further enhancements are required for eMTC HARQ operation in NTN.
2.1	Background: HARQ operation in eMTC 
The purpose of introducing the eMTC feature in 3GPP was to tailor the LTE air interface to support massive MTC use cases, that is, creating an ecosystem of devices with the following characteristics: low complexity, low cost, long battery lifetime, extended coverage compared to LTE, and supporting a massive number of devices. 
In this section, we summarize eMTC UE procedures that are relevant to our HARQ operation analysis including UE capabilities, scheduling, and HARQ-ACK feedback mechanism. Table 1 shows different eMTC UE categories and their capabilities. We use the transport block size and the scheduling cycle length to calculate peak data throughput for an NTN network and we compare the results to the peak data rates indicated in this table, to get a sense of how peak data rates will be affected by the RTT delay of NTN, specifically in satellite systems. 
2.1.1 	LTE retransmission and HARQ procedure
In LTE, typically downlink scheduling assignment and data reception in full-duplex (FD) mode are performed in the same subframe. Downlink retransmission is asynchronous and adaptive, and it is scheduled the same way as new data transmission, and the NDI bit in DCI is used to indicate whether the transmitted TB is a new data or a retransmission, so that UE can perform soft combining. Furthermore, if the TB is sent in subframe n the HARQ ACK feedback will be sent in subframe n+4. The delay of 4 ms counts for UE processing time of received TB and DL propagation delay. The next data for the same HARQ process, regardless of new or retransmission, can be sent no earlier than 4 ms after the HARQ ACK feedback. This delay is used to accommodate eNB scheduling and preparing for a new data or re-transmit data and propagation delay in UL. Therefore, the transmission cycle for a HARQ process is 8 ms in DL.
[bookmark: _Ref68605888]Table 1: device capabilities for Cat-M UEs
	
	DL peak data rate (bps)
	UL peak data rate (bps)
	Max DL TBS (bits)
	Max ULTBS (bits)
	#of HARQ processes
	Operation al BW (MHz)

	
	HD
	FD
	HD
	FD
	
	
	CE mode A
	CE mode B
	

	Cat-M1 (Rel-13)
	300k
(588k in Rel-14)
	800k
(1M in Rel-14)
	375k
	1M (3M Rel-14)
	1000
	1000 (2984 in Rel-14)
	UL: 8
DL:8 (increased to 10 in Rel-14, increased to 14 for HD in Rel-17)
	2
	1.4

	Cat-M2
(Rel-14)
	
	~4M (nominal)
	
	~7M (nominal)
	4008
	6968
	
	
	5



Typically, LTE uplink retransmissions are synchronous and nonadaptive (resource blocks are identical to initial transmission). Therefore, only HARQ-ACK signaling (ACK/NACK) is required for UL and that is sent on PHICH, telling the UE whether to retransmit if NACK is sent (adaptive retransmission capability was added in later releases). Similar to DL, the transmission timing cycle of a HARQ process is 8 ms with the same principles as explained for DL. The HARQ-ACK on PHICH is sent 4 ms after the first transmission and UE can send a retransmission or new data after 4 ms after receiving the PHICH. Overall, 8 HARQ stop-and-wait processes are required to keep continuous transmission in MAC layer for both UL and DL. Having the same number of HARQ processes in UL and DL helps balancing the transmission and reception for half-duplex device as well. 
What is explained in the above is FDD communication which we focus on in this analysis. For TDD the scheduling timing and retransmission process are more complicated.
2.1.2 	eMTC retransmission and HARQ procedures
In case of eMTC, the cross subframe data scheduling is introduced, that is, the PDSCH should be scheduled 2 ms after the last subframe that carries the corresponding control information. The reason for this design is that the eMTC downlink control channel, MPDCCH, can occupy all symbols of a subframe (in contrast to LTE PDCCH which only occupies the first 3 or 4 symbols of the subframe, similar to EPDCCH), and also it can be transmitted repeatedly for a period of time. Therefore, UE cannot receive and decode the PDSCH within the same subframe as MPDCCH. 
This cross-scheduling delay introduces a 2 ms delay in MAC layer TB delivery and consequently causes peak data rate reduction with 8 HARQ processes. To compensate for that, in Rel-14 the number of HARQ processes was increased to 10 in DL so that MAC layer can continuously deliver TBs without any interruption. 
In case of eMTC HD mode, the UE cannot transmit and receive at the same time and also one subframe is required to switch from transmit to receive or vice versa. Counting for the 4 ms delay between PDSCH transmission in DL and HARQ-ACK feedback in UL, when receiving PDSCH in DL, after 3 TBs are received, UE needs to switch to UL to transmit the HARQ-ACK. Therefore, only 3 TBs can be sent within 10 ms before attempting new DL transmission (assuming no repetitions), which results in 300 kbps peak data rate for Cat-M1 in Rel-13. Therefore, in Rel-14 HARQ-ACK bundling of up to 4 TBs was introduced. 
Also, the possibility of scheduling a variable time offset for HARQ-ACK feedback for DL with different delays was introduced so that UE can receive more TBs before switching to UL, and can transmit more HARQ-ACK feedbacks within a subframe. The HARQ-ACK delay is indicated using 3 bits in the DCI scheduling the corresponding PDSCH. The interpretation of the 3 bits is RRC configured and can have different values hardcoded in specification. With these enhancements, the peak data rate for HD mode in DL was increased to 588 kbps. To increase the peak data rate even further in HD mode, in Rel-17, it is agreed to increase the number of HARQ processes in DL to 14, and maximum DL TBS to 1736 bits for HD-FDD Cat. M1 UEs in CE mode A.
In eMTC UL, the retransmission is asynchronous and scheduled explicitly using MPDCCH. The timing between receiving the grant in MPDCCH and transmission of PUSCH is similar to LTE. That is, if grant is received in subframe n, the UL TB can be sent in subframe n+4. Therefore, for the UL case, if the UE needs to continuously transmit in uplink, network can provide grants in advance and the enhancements explained for DL are not needed for UL. In Rel-15, the possibility of sending positive HARQ-ACK feedback to the UE is introduced. This feature can be used to enable early transmission of PUSCH as well as early termination of MPDCCH, both when repetition is used for transmission. 
2.2 	Peak data rate analysis
In this section, first we will look at peak data rates for the FD mode and HD mode without repetition, and then we discuss the case with repetition. In our analysis, we consider both GEO and LEO satellites.
2.2.1 	Full-duplex mode
The peak data rate is calculated as the maximum number of TBs that can be delivered by MAC layer, over the duration of one scheduling cycle of all number of HARQ processes. One scheduling cycle for a TB is the time between transmission of a TB for a HARQ process until the next TB can be sent using the same HARQ process after receiving the HARQ feedback. Furthermore, we assume that the BLER target of PDSCH in PHY layer is 10%. Also, we assume that higher layers are not the bottleneck for delivering of MAC layer packets. Based on this we can calculate the peak data rate as follow. 

The scheduling cycle for PDSCH without repetitions for 10 HARQ process is shown in Figure 1, taking into account the large RTT of NTN. 
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Figure 1: Scheduling cycle for PDSCH using 10 HARQ processes for NTN network in FD mode.

The RTT values used in our calculations are the maximum values of the NTN reference scenarios that are listed in table 4.2-2 in [2] and reproduced in Table 2: 
[bookmark: _Ref68605798]Table 2: RTT values in NTN reference scenarios
	
	GEO regenerative payload (35786 km altitude)
	LEO transparent payload (600 km altitude)
	LEO transparent payload (1200 km altitude)

	Maximum propagation delay contribution to the Round-Trip Delay on the radio interface between the eNB and the UE
	541.46 ms
	25.77 ms
	41.77 ms



[bookmark: _Hlk68090137]The total scheduling cycle for DL FD is:

For a 600 km LEO satellite with 10 HARQ processes, we get 2 + 26 + 4 + 4 = 36 ms. Assuming Cat-M1 UE with TBS of 1000 bits we get:

For a GEO satellite the scheduling cycle equals 2+ 542 + 4 + 4 = 552 ms and accordingly we reach:

For UL FD-FDD, the grant should be sent 4 ms before the PUSCH transmission, and UE will send its data immediately if it has the grant. Based on this assumption, the UE can maintain continous transmission in MAC layer without any delay using 8 HARQ processes in TN, considering UE delay, eNB delay and channel progagation delay (overall of 8 ms). If we count RTT delay and the number of HARQ processes, the overall scheduling cycle for UL FD is:


For 600 km orbit LEO satellite, we get 8+26=34 ms. Fro Cat-M1 UE with 2984 bits TBS, we get:

For GEO satellite the scheduling delay equals to 8+542=550 ms and accordingly we reach:


2.2.2 	Half-duplex mode
For HD mode, as explained previously, in Rel-14 HARQ-ACK bundling with variable HARQ-ACK feedback delay was introduced which improves the peak data rate for HD UEs. Furthermore, in Rel-17, it is agreed that the number of HARQ processes is increased to 14. With this, eNB can schedule data in twelve consecutive subframes in the DL and UE can transmit all the ACKs in three consecutive subframes without any gaps as shown in Figure 2. As the topic is under discussion currently, the details of scheduling delay, HARQ ACK response delay, etc. are not yet determined. However, for the sake of our peak data rate calculation, we assume all delays can be optimized so that UE can receive and transmit without any gaps except for DL-UL switching points and propagation delays. The scheme is shown in Figure 2.
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Figure 2 Scheduling cycle for PDSCH using 14 HARQ processes in HD mode.

If we include the RTT of NTN for HD mode, the difference compared to FD mode is that UE cannot transmit the HARQ-ACK of the received PDSCHs until it switches to UL after all HARQ processes have been received. Also, eNB needs to receive all HARQ-ACKs before scheduling HARQ processes in the DL again. As we can see, increasing the number of HARQ processes compensates for the delay of cross-subframe scheduling. Taking all of these into account the scheduling cycle equals to:
Scheduling cycle = RTT/2 + #PDSCH+ DL-UL switch + RTT/2 + #HARQ-ACK + UL-DL switch

For a 600 km LEO satellite, we get a scheduling cycle time of 26 + 12 + 1 + 3 + 1 = 43 ms. For the newly agreed TB size for HD cat-M1 in Rel-17 we get:


For a GEO satellite the scheduling delay equals 542 + 12 + 1 + 3 + 1 = 559 ms and we get:


In case of HD for UL, peak data rate is achieved when receiving 3 TBs before switching back for HARQ-ACK transmission. The overall transmission time without RTT equals to 8 ms (3 TBs, 3 HARQ-ACK feedback, 2 ms switching time). Including the RTT time of a 600 km LEO satellite for cat-M1, we get:

For a GEO satellite, using the same steps, we reach:


2.2.3 	Summary of peak rate analysis	
The peak data rates are summarized in Table .
[bookmark: _Ref68294222]Table 3: Peak data rates of eMTC.
	Duplex mode
	Direction
	Number of HARQ processes
	Orbit

	
	
	
	LEO 600 km
	GEO

	FD
	DL
	10
	250 kbps
	16 kbps

	
	UL
	8
	632 kbps
	40 kbps

	HD
	DL
	14
	436 kbps
	34 kbps

	
	UL
	3
	237 kbps
	15 kbps



Table B.2-1 in 38.821 provides the NTN target performances per usage scenarios (NR). The target values for IoT NTN connectivity is shown below for reference. According to the analysis we performed in this section, the target experience data rates can be fulfilled by eMTC HARQ in NTN network without any enhancements.  
Table 4: IoT NTN performance targets according to Table B.2-1 in 38.821
	Usage scenarios
	Experienced data rate (note 2)
	Overall UE density per km2
	Activity factor (note 3)
	Max UE speed
	Environment

	
	DL
	UL
	
	
	
	

	IoT connectivity (note 4)
	2 kbps
	10 kbps
	400
	1,00%
	0 km/h
	Extreme coverage



However, from the very beginning, eMTC devices were designed to support use cases that require higher data rates compared to NB-IoT. One of these use cases is real time voice applications. The audio codec usually provides bit rates from approximately 4 to 12 kbps. We can see that also this type of service can be supported by current eMTC HARQ operation for NTN according to the analysis results in this section.
2.3 	Device complexity in relation to HARQ enhancements
Disabling HARQ processes does not impose any computational complexity on the device. However, the degradation of the link reliability should be compensated for by other means in PHY layer, e.g. lower code rates, or by ARQ of RLC or higher layers. 
On the other hand, increasing number of HARQ processes to absorb the large propagation delays in NTN can impose a large computational complexity, specifically on the device.
Furthermore, the HARQ process ID is indicated in the DCI and, increasing the number of HARQ processes requires more bits in DCI as well, which results in more signaling overhead and degradation in MPDCCH performance if not compensated. 
In summary, the analysis in section 2.3 shows that no HARQ enhancements are necessary to support the required data rates of IoT NTN. However, the reductions in peak data rates due to stalling are substantial, especially for GEO. Therefore, enhancements that do not impose a significant complexity/cost increase could still be considered, even if not strictly necessary to fulfil the minimum requirements. This suggests that increasing the number of HARQ processes should be avoided, while support for disabling HARQ feedback might still be of interest.
[bookmark: _Toc68624003]No HARQ enhancements are necessary to support the required data rates of IoT. However, the reductions in peak data rates due to stalling are substantial, especially for GEO. Therefore, enhancements that do not impose a significant complexity/cost increase could still be considered.
[bookmark: _Toc68624006]Do not increase the number of HARQ processes for eMTC.
[bookmark: _Toc68624007]Study further the benefits and drawbacks of disabling HARQ feedback.
2.4	Latency and power saving 
The 3GPP 5G evaluation of small data transmission latency requires that the latency should be studied for the delivery of a 105-byte MAC protocol data unit. Specifically, in [3] the 5G latency for small packets delivered for infrequent application layer packets is defined as follows:
For the definition above, the latency shall be no worse than 10 seconds on the uplink for a 20-byte application packet (with uncompressed IP header corresponding to 105 bytes physical layer) measured at the maximum coupling loss (MaxCL) of 164 dB.
Based on this, the latency should be analyzed for overall delay from application layer including delays introduced in different layers. The general effect of the RTT of the NTN network should be counted to estimate the overall delay of the eMTC for NTN. Therefore, the latency analysis for NTN eMTC should include more details besides delay introduced by HARQ operation. In general, if the latency becomes the bottleneck for the NTN network, one way is to introduce support for disabling HARQ feedback and use other means to maintain the reliability.
Similar to the latency, battery lifetime calculation requires more details to be considered than the effect of HARQ operation. 
[bookmark: _Toc68624004]Latency should be analyzed for overall delay from application layer including delays introduced in different layers. The general effect of the RTT of the NTN network should be counted to estimate the overall delay of the eMTC for NTN.
[bookmark: _Toc68624005]Battery lifetime calculation requires more details to be considered than the effect of HARQ operation.
3	HARQ operation in NB-IoT
A similar analysis can be made for NB-IoT. This will be added in a future contribution.
Conclusion
In the previous sections we made the following observations: 
Observation 1	No HARQ enhancements are necessary to support the required data rates of IoT. However, the reductions in peak data rates due to stalling are substantial, especially for GEO. Therefore, enhancements that do not impose a significant complexity/cost increase could still be considered.
Observation 2	Latency should be analyzed for overall delay from application layer including delays introduced in different layers. The general effect of the RTT of the NTN network should be counted to estimate the overall delay of the eMTC for NTN.
Observation 3	Battery lifetime calculation requires more details to be considered than the effect of HARQ operation.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Do not increase the number of HARQ processes for eMTC.
Proposal 2	Study further the benefits and drawbacks of disabling HARQ feedback.
[bookmark: _In-sequence_SDU_delivery]
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Appendix
Agreement:
Study further the potential benefits and/or drawbacks of increasing the number of HARQ processes on throughput, latency, power consumption and complexity

Agreement:
· For NTN, further study potential benefits and/or drawbacks of disabling HARQ feedback for NB-IoT.
· For NTN, further study potential benefits and/or drawbacks of disabling HARQ feedback for eMTC.

Agreement:
In relation to HARQ operation in NTN IoT, further study at least 
· The necessity, potential benefits and drawbacks of any other potential HARQ feedback mechanisms
· The necessity, potential benefits and drawbacks of reduced PDCCH monitoring
· The necessity, potential benefits and drawbacks of coverage enhancements
· The necessity, potential benefits and drawbacks of uplink transmission gaps with multiple HARQ processes
· The necessity, potential benefits and drawbacks of maintaining HARQ process continuity in serving cell change 
· The necessity, potential benefits and drawbacks of multiple Transport Blocks scheduling
· The necessity, potential benefits and drawbacks of throughput enhancements
· FFS: Whether target throughput in NTN will be the same as target throughput in terrestrial networks

Agreement:
The motivation for introducing HARQ enhancements in NR NTN needs further consideration for HARQ enhancements in NTN IoT. Capture the following in the TR:
· For NTN IoT, potential HARQ enhancements need to consider the main characteristics of an IoT device, which are low complexity, low cost, low power consumption and low throughput, and key requirements of IoT services which are extended coverage, delay-tolerant and infrequent data transmissions, and support of massive communications.  
· The peak throughput of IoT UEs operating over NTN is not expected to be higher than the peak throughput of IoT UEs operating over TN.   


Agreement:
Further study to identify whether HARQ stalling happens at least in the GEO satellite scenario.

Agreement:
· Further discuss the potential benefits and/or drawbacks of increasing the number of HARQ processes in the UL for NB-IoT and eMTC, and for the analysis consider at least the following for the number of HARQ processes
· NB-IoT: 1,2,4
· eMTC: 2,4,8,14
· And discuss at least power consumption and peak data rate as performance metrics
· FFS: Whether to consider DL
· Other values for number of HARQ processes below the maximum value can be discussed


Agreement:
· Further discuss the potential benefits and/or drawbacks of disabling HARQ feedback for NB-IoT and eMTC, and consider at least the following number of HARQ processes for the analysis
· NB-IoT: 
· Total: 2, disabled: {1,2}
· eMTC:
· Total: 2, disabled: {1,2}
· Total: 8, disabled: {1,2,7,8}
· Other values for number of HARQ processes below the maximum value can be discussed
· FFS: whether to consider separately LEO and GEO scenarios
· FFS: whether to allow disabling of HARQ feedback in case of single HARQ process
· FFS: whether to allow disabling of all HARQ feedback
· FFS: other details for the evaluation/analysis
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