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1	Introduction
[bookmark: _Hlk94878371]A work item (WI) for enhancements of NR NTN was approved at RAN#94-e. The latest WID can be found in [1]. One objective of the WI is NTN-specific coverage enhancements. A 6-month study phase has been pursued, focusing on evaluating the coverage performance and identifying the candidate physical radio channels that have coverage issues specific to NTN. Based on the outcome, RAN#97 agreed to study and specify support for Msg4 HARQ-ACK PUCCH repetitions and DMRS bundling for PUSCH. In this contribution, we discuss signaling, performance and other aspects for these enhancements.
[bookmark: _Ref178064866]2	Discussion
2.1	PUCCH for Msg4 HARQ-ACK
2.1.1	RSRP threshold
In RAN1#112, the following working assumption was made:
	Working assumption
For PUCCH repetition for Msg4 HARQ-ACK,
· A RSRP threshold can be configured via SIB at least when the number of repetitions is configured by SIB.
· If the RSRP threshold is configured and the configured RSRP threshold is smaller than X,
· UE capable of PUCCH repetition for Msg4 HARQ-ACK transmits repetition request if measured RSRP is lower than a RSRP threshold.
· If the RSRP threshold is not configured, or if the configured RSRP threshold is X,
· UE capable of PUCCH repetition for Msg4 HARQ-ACK reports the capability of PUCCH repetition for Msg4 HARQ-ACK
· FFS: value of X (the maximum configurable value of the RSRP threshold)
· Down-select one from the following alternatives for the RSRP threshold.
· Alt A: The same RSRP threshold as R17 Msg3 repetition (i.e., rsrp-ThresholdMsg3-r17) is used.
· Alt B: New RSRP threshold is introduced.
· Note: UE incapable of PUCCH repetition for Msg4 HARQ-ACK transmits neither repetition request nor capability report



The solution outlined by the working assumption supports both that the UE requests repetition and indicates repetition capability, depending on network configuration. After this working assumption was agreed, some companies have questioned the need for an RSRP threshold. However, the solution also allows capability indication regardless of RSRP threshold, and the threshold can be made optional in SIB. 
In the WA, two options for how to instruct the UE to indicate its capability are mentioned:
1. Not configuring the RSRP threshold
2. Configuring the RSRP threshold with value X (the maximum configurable value)

Functionally, the two options are equivalent. The difference is only a matter of RRC signaling. Option 1 has the advantage that it saves SIB bits in case the network wants the UE to indicate its capability. No advantage has been identified for Option 2.
[bookmark: _Toc142655497]In the RAN#112 working assumption about RSRP threshold for PUCCH repetition for Msg4 HARQ-ACK, the two options how to instruct the UE to indicate its capability (not configuring the RSRP threshold or configuring the RSRP threshold with value X) are equivalent from a functional point of view. The option of not configuring the RSRP threshold is preferred since it saves bits in SIB.
[bookmark: _Toc142655518]If the RSRP threshold for PUCCH repetition for Msg4 HARQ-ACK is not configured, UE always indicates its capability. 
In the WA, two options for how to define the RSRP threshold for Msg4 HARQ-ACK PUCCH repetition are listed:
Alt A: The same RSRP threshold as for R17 Msg3 repetition (i.e., rsrp-ThresholdMsg3-r17) is used.
Alt B: A new RSRP threshold is introduced.
Simulations comparing the performance of Msg3 PUSCH and Msg4 HARQ-ACK PUCCH are presented below. Simulation assumptions are summarized in Table 4 and Table 5 in Appendix A. Results are shown in Figure 1. It can be seen that the SNR limit for when repetitions are needed is approximately -7 dB for Msg4 HARQ-ACK PUCCH (at 1% ACK to MD target) and -5 dB for Msg3 PUSCH (at 10% iBLER target). Due to the performance difference of approximately 2 dB, a new threshold is preferred.
 [image: ]
[bookmark: _Ref130834111]Figure 1: Performance of Msg4 HARQ-ACK PUCCH without repetitions and Msg3 PUSCH without repetitions.
[bookmark: _Hlk130834745]Further, Rel-17 Msg3 PUSCH repetition and Rel-18 Msg4 HARQ-ACK PUCCH repetition are optional features both for the network and the UE. Support for one of the features should not require support of the other.
According to 38.331 [7], presence of rsrp-ThresholdMsg3 means that both set(s) of Random Access resources with Msg3 repetition indication and set(s) of Random Access resources without Msg3 repetition indication are configured in the BWP. If Msg3 repetition is not enabled, or enabled for all UE, the threshold is absent. Therefore, reusing rsrp-ThresholdMsg3 for Msg4 HARQ-ACK PUCCH repetition is not always possible and it is beneficial to decouple the RSRP thresholds corresponding to the repetitions of Msg3 PUSCH and Msg4 HARQ-ACK PUCCH. 
For these reasons, we propose to have separate thresholds for triggering request for Msg3 repetition and Msg4 HARQ-ACK PUCCH repetition from the UE.
[bookmark: _Toc142655498]The SNR limits corresponding to the repetition requests are different for Msg4 HARQ-ACK PUCCH and Msg3 PUSCH.
[bookmark: _Toc142655499]Rel-17 Msg3 PUSCH repetition and Rel-18 Msg4 HARQ-ACK PUCCH repetition are optional features both for the network and the UE. Support for one of the features should not require support of the other.
[bookmark: _Toc142655500]Reusing rsrp-ThresholdMsg3 for Msg4 HARQ-ACK PUCCH repetition is not always possible, since the threshold is absent if Msg3 repetition is enabled for all UE or disabled for all UE.
[bookmark: _Toc142655519]Define a new RSRP threshold for triggering request for Msg4 HARQ-ACK PUCCH repetition.
In summary, we propose that the working assumption should be confirmed with the following changes:
[bookmark: _Toc142655520]Confirm the working assumption from RAN1#112 with the following changes:
For PUCCH repetition for Msg4 HARQ-ACK, a RSRP threshold can be configured via SIB
•  A RSRP threshold can be configured via SIB at least when the number of repetitions is configured by SIB.
   •  If the RSRP threshold is configured and the configured RSRP threshold is smaller than X,
      •  UE capable of PUCCH repetition for Msg4 HARQ-ACK transmits repetition request if measured RSRP is lower than a RSRP threshold.
   •  If the RSRP threshold is not configured, or if the configured RSRP threshold is X,
      •  UE capable of PUCCH repetition for Msg4 HARQ-ACK reports the capability of PUCCH repetition for Msg4 HARQ-ACK
   •  FFS: value of X (the maximum configurable value of the RSRP threshold
   •  Down-select one from the following alternatives fFor the RSRP threshold.
      •  Alt A: The same RSRP threshold as R17 Msg3 repetition (i.e., rsrp-ThresholdMsg3-r17) is used.
      •  Alt B: New RSRP threshold is introduced.
•  Note: UE incapable of PUCCH repetition for Msg4 HARQ-ACK transmits neither repetition request nor capability report
2.1.2	Details of “repetition request or capability report”
At RAN1#113, the following working assumption was agreed:
	Working assumption
[bookmark: _Hlk137720227]For PUCCH repetition for Msg4 HARQ-ACK, 
· Two-state information is transmitted as ‘repetition request or capability report’ in the existing agreements/working assumptions.
· The two-state information represents state 1: ‘repetition request or capability report’ or state 2: no indication.
· How to transmit the two-state information is up to RAN2 when higher layer signaling is used for the transmission.
· In state 1, only either repetition request or capability report is transmitted from each UE when transmitted, and they are not differentiated in the signaling.
· Note: repetition request and capability report are defined as in the working assumption reached at RAN1#112.



There is no need to indicate the preferred repetition factor since the network can determine the number of repetitions, e.g., based on measurements on Msg3 PUSCH. Therefore, the working assumption should be confirmed.
[bookmark: _Toc142655521]Confirm the working assumption for PUCCH repetition for Msg4 HARQ-ACK from RAN1#113 (“Two-state information is transmitted as ‘repetition request or capability report’ in the existing agreements/working assumptions…”)
2.1.3	Dynamic indication of repetition factor
The following was agreed at RAN1#113:
	Agreement
For PUCCH repetition for Msg4 HARQ-ACK, 
· Support Alt 1-1d for dynamic indication of repetition factor:
· Alt 1-1d: DAI field
· DAI field in DCI format 1_0 with CRC scrambled by TC-RNTI is used for indication.



This agreement was captured in the endorsed draft CR to 38.212 [3] as follows:
	Downlink assignment index – 2 bits, reserved
-	2 bits indicating the number of repetitions for PUCCH as defined in Clause x.x.x of [5, TS38.213], if the higher layer parameter numberOfPUCCHforMsg4HARQACK-RepetitionsList is configured with at least two values;
-	otherwise, reserved.



It should be clarified that if the higher layer parameter numberOfPUCCHforMsg4HARQACK-RepetitionsList is configured with exactly two values, only one of the DAI bits need to be used.
[bookmark: _Toc142655522]If the higher layer parameter numberOfPUCCHforMsg4HARQACK-RepetitionsList is configured with exactly two values, only the LSB bit of the DAI bits is used for dynamic indication (i.e,, the MSB is still reserved).
2.1.4	UE capability signalling
This section discusses open issues related to UE capability signalling for Msg4 HARQ-ACK PUCCH repetition for NTN. Corresponding updates to the UE feature list from RAN1#113 [2] are proposed in [4] for AI 9.16.5.
[bookmark: _Hlk142582342]According to the UE features list [2], FG 44-1 that indicates support for Msg4 HARQ-ACK PUCCH repetition is optional without capability signalling. According to working assumption from RAN1#112bis-e, support of FG 44-1 is reported through higher layer signalling in Msg3 PUSCH. Since these information bits are costly, a single UE capability should be defined for PUCCH repetition of Msg4 HARQ-ACK PUCCH, covering both the cases of semi-static and dynamic (DCI-based) repetition factor indication.
[bookmark: _Toc142327966][bookmark: _Toc142655523]Since the bits used to indicate Msg4 HARQ-ACK PUCCH repetition capability are costly (higher layer signaling in Msg3), a single UE capability should be defined for repetition of Msg4 HARQ-ACK PUCCH, covering both the cases of semi-static and dynamic (DCI-based) repetition factor selection.
Even though repetition for Msg4 HARQ-ACK PUCCH (and possibly other cell-specific PUCCH) is specified within the NR NTN enhancements work item, the feature as such should not be limited to non-terrestrial networks. Indeed, coverage on cell-specific PUCCH can potentially be a problem also in terrestrial networks. The need for Msg4 HARQ-ACK PUCCH repetitions in terrestrial networks was evaluated during the Rel-17 coverage enhancement study. The results in TR 38.830 [9] were inconclusive since only a few companies evaluated this channel, but the results indicate that the Msg4 HARQ-ACK PUCCH might be the bottleneck in some FDD scenarios (see e.g. Table 5.1.1.5-2 in TR 38.830 [9]).
[bookmark: _Toc134708301][bookmark: _Toc142655501]Repetition of Msg4 HARQ-ACK PUCCH (and other cell-specific PUCCH) can be useful also in terrestrial networks.
[bookmark: _Toc134708315][bookmark: _Toc142327967][bookmark: _Toc142655524]The UE capability of repetition of Msg4 HARQ-ACK PUCCH (and other cell-specific PUCCH) should be possible to indicate for both NTN and TN bands. 
To allow early configuration of dedicated PUCCH resources with the Rel-17 feature dynamic PUCCH repetition enabled, we propose that a UE that supports “PUCCH repetition when dedicated PUCCH is not configured” also supports the Rel-17 feature dynamic PUCCH repetition on dedicated PUCCH.
[bookmark: _Toc134708316][bookmark: _Toc142327968][bookmark: _Toc142655525]A UE that supports the Rel-18 feature for Msg4 HARQ-ACK PUCCH (and other cell-specific PUCCH) repetition shall also support the Rel-17 feature dynamic PUCCH repetition (FG 30-5).
2.2	PUSCH for VoIP
2.2.1	UE pre-compensation of phase rotation
At RAN1#112bis-e, the following working assumption was made:
	Working assumption
For NTN-specific PUSCH DMRS bundling, to satisfy the phase difference limit without causing phase discontinuity, it is assumed that pre-compensation to keep phase rotation due to timing drift within the phase difference limit can be performed at UE side.
· UE shall not perform TA pre-compensation update within an actual TDW if it causes phase discontinuity that may violate the phase difference limit.
· FFS: how to determine the actual TDW
· FFS: specification impact
· Send an LS to RAN4



Since the UE has the most accurate knowledge of the timing drift, UE pre-compensation of phase rotation per sub-carrier is the preferred solution. No critical problem has been identified for this solution and it is included as a component of FG 44-2 in the UE features list after RAN1#113 [2]. It seems there is consensus on this and we therefore propose to confirm the working assumption from RAN1#112bis-e.
[bookmark: _Toc142655526]Confirm the working assumption from RAN1#112bis-e (“For NTN-specific PUSCH DMRS bundling, to satisfy the phase difference limit without causing phase discontinuity, it is assumed that pre-compensation to keep phase rotation due to timing drift within the phase difference limit can be performed at UE side…”)
2.2.2	Signalling support
2.2.2.1	Background
When DMRS bundling is used, the UE needs to transmit coherently across bundled UL slots. This means that updates of the TA and frequency offset should be avoided (unless the UE can maintain coherent transmission despite the updates of TA/frequency pre-compensation). However, updates due to open-loop TA and Doppler shift pre-compensation are sometimes necessary to maintain timing and frequency of the received signal at gNB within RAN4 accuracy requirements.
A similar problem exists in IoT NTN and was solved in Rel-17 by the so called segmented UL transmission. When repetitions are transmitted by the UE, pre-compensation updates are prohibited within segments of consecutive slots, while pre-compensation updates are allowed between the segments. The segment length is configured by RRC signaling by the network. How the network determines the segment length is up to implementation, but it will typically be derived from the drift rate that in turn can be estimated from the satellite ephemeris.
The configuration of Rel-17 PUSCH DMRS bundling for NR NTN allows the network to configure a nominal TDW (time-domain window) during which coherent transmission is required, while TA updates and other operations which cause power consistency and phase continuity not to be maintained are allowed between the TDWs. The length of the nominal TDW for PUSCH is configured by UE-specific RRC signaling using the pusch-TimeDomainWindowLength-r17 IE (see TS 38.331 [7]) and can take any value in the range (2..32) slots (also depending on UE capability). Therefore, the Rel-17 feature DMRS bundling already supports a similar configuration framework as Rel-17 IoT NTN segmented uplink transmissions.
[bookmark: _Toc142655502]The Rel-17 feature DMRS bundling already supports configuration of transmission segments equivalent to Rel-17 IoT NTN segmented uplink transmission through UE-specific RRC configuration of the nominal TDW length. No enhancement of the configuration is necessary.
The gNB can e.g. determine the max Doppler/timing drift rate in a cell based on serving satellite ephemeris, and/or estimated/predicted timing drift based on the UL signal from the UE, and configure the UE with a nominal TDW such that time/frequency pre-compensation updates can be paused within the TDW without exceeding requirements on time/frequency accuracy.
[bookmark: _Toc142655503]The gNB can e.g. determine the max Doppler/timing drift rate in a cell based on serving satellite ephemeris, and/or estimate/predict timing drift based on the UL signal from the UE, and configure the UE with a nominal TDW such that pre-compensation updates can be paused within the TDW without exceeding requirements on time/frequency accuracy.
At RAN1#112bis-e, the following was agreed:
	Agreement
For NTN-specific PUSCH DMRS bundling, support Alt 2 for TDW determination.
· Alt 2: gNB-centric TDW determination
· Nominal TDW is determined based on gNB configuration.
· Actual TDW is determined based on gNB configuration/indication.
· Note: Alt 2 does not imply that spec impact of actual TDW determination is assumed for NTN.
· FFS: details, including UE capability and assistance information reporting



At RAN1#113, the following working assumption was made:
	Working assumption
For NTN-specific PUSCH DMRS bundling, reuse clause 6.1.7 in TS38.214 for nominal TDW determination, except for aspects related to UE capabilities and assistance information (if needed).
· i.e., if PUSCH-TimeDomainWindowLength is configured, nominal TDW is determined by PUSCH-TimeDomainWindowLength; otherwise, nominal TDW is determined based on UE capability(ies) signaling.
· FFS: which UE capability(ies) signaling is(are) used
· FFS: whether/how to use UE assistance information, if supported



2.2.2.2	Assistance information from UE
At RAN1#113, the following options related to assistance information from UE were agreed:
	Agreement
For NTN-specific PUSCH DMRS bundling, 
[…]
· As UE assistance information (i.e., report by signaling other than UE capability report (FFS details)), one or more of the following is down-selected.
· Option 2a: No assistance information
· Option 2b: Max TDW size based on reporting timing
· FFS which timing is referred
· Option 2c: TA adjustment timing
· Option 2d: Antenna switching interval



In TR 38.821 [8], a cell diameter of 90 km is assumed for LEO 1200 with Set-1 satellite parameters. At a given point in time, the difference between maximum and minimum timing drift within a 90 km cell is small, approximately 1.8 ppm difference or less, with the maximum values obtained in beams near nadir. This is illustrated in Figure 2 and Figure 3.

[image: ]
[bookmark: _Ref125986471]Figure 2: A spotbeam pointing (almost) at nadir.
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[bookmark: _Ref125987426]Figure 3: One-way satellite-to-UE Doppler shift versus offset from nadir for a LEO 1200 satellite.
[bookmark: _Toc142655504]At a given point in time, the difference between maximum and minimum timing drift within a LEO 1200 cell with 90 km diameter is small, approximately 1.8 ppm difference or less.
Given the working assumption that UE pre-compensates the phase rotation, the TDW length in a beam is limited by the timing drift, which should not accumulate to exceed the RAN4 timing accuracy requirement (e.g., 29Ts for 15 kHz SCS, see TS 38.133 [6]). If gNB does not have UE-specific drift information, gNB can assume the worst-case drift in each spotbeam when determining nominal TDW. E.g., for the illustrated nadir beam, the small maximum drift of 1.8ppm does not require any restriction in the TDW length. For an edge beam, the worst-case drift for LEO 1200 at 30° elevation is 70.5 ppm, which limits the TDW length to 13 slots (which RAN1 agreed as an Observation at RAN1#112). The timing drift difference within the edge beam is even smaller than 1.8 ppm, and the best-case (smallest) drift in the same edge beam also limits the TDW to 13 slots. Therefore, for typical cell sizes, a suitable TDW length can be derived by gNB without assistance information from UE.
[bookmark: _Toc142655505]For LEO 1200 with typical cell sizes, a suitable TDW length can be derived by gNB for each cell without assistance information from the UE.
For extreme beam sizes (max beam size is assumed to be 1000 km in TR 38.821), there may be minor differences within a beam regarding drift rate and therefore maximum TDW length. However, assuming the worst-case drift per beam also in this case is not expected to have a significant impact on DMRS bundling performance. 
Regarding indicating antenna switching interval (Option 2d), there is a trade-off between using long TDWs for improved channel estimation performance, and short TDWs with antenna switches in between for improved diversity. As long as the gNB knows the number of TX antennas for which the UE supports antenna switching, it is possible for gNB to make the TDW length optimization based on this information and UL measurements (i.e., configure shorter TDWs to allow antenna switches in between the TDWs if the UE supports antenna switching). There is no reason to believe that the UE would be able to make a better choice in selecting the antenna switching interval than the gNB. Therefore, we do not think assistance information indicating the antenna switching interval is needed (instead, antenna switching should be indicated as a UE capability).
[bookmark: _Toc142655506]gNB can configure the TDW length based on knowledge of the UE capability of antenna switching and UL measurements, without assistance information from the UE. 
In summary, we propose the following regarding UE assistance information:
[bookmark: _Toc142655527]Do not introduce UE assistance information related to timing of time/frequency pre-compensation updates or antenna switching interval (i.e., support only Option 2a).
2.2.2.3	Actual TDW
As discussed in section 2.2.2.2, the timing drift difference within a typical LEO 1200 cell is small at a given point in time. However, for a pseudo-Earth-fixed cell, larger timing drift variation will occur over time as the satellite moves. Therefore, the TDW length might need to be changed over time.
[bookmark: _Toc142655507]For a pseudo-Earth-fixed LEO cell, the timing drift will vary as the satellite moves and the TDW length might need to be changed over time.
The following was agreed at RAN1#113:
	Agreement
For NTN-specific PUSCH DMRS bundling, one or more of the following is down-selected for actual TDW determination.
· Actual TDW is determined by the existing events and,
· Alt A: No additional event
· i.e., no spec impact is assumed for actual TDW determination.
· Alt B: New event of TA pre-compensation timing dynamically indicated by gNB
· i.e., TA pre-compensation timing can be dynamically indicated by gNB
· Note: UE can perform TA pre-compensation update at the indicated timing
· FFS: detailed indication
· Alt C: as dynamically indicated by gNB
· i.e., actual TDW can be dynamically indicated by gNB
· FFS: detailed indication
· Alt D: New event based on epoch time
· FFS details
· Alt E: New event based on antenna switching



Regarding Alt A/B/C
With Alt A, existing semi-static RRC signalling can be used to update the nominal TDW. Alt B and Alt C imply that the gNB dynamically (directly or indirectly) indicates the actual TDW. It is not clear how this is indicated but presumably using MAC CE or DCI. The need for dynamic indication in addition to RRC configuration depends on how frequently the TDW needs to be changed.
Below, the needed frequency of TDW updates is evaluated through simulations. Based on the working assumption from RAN1#112bis-e that the UE pre-compensates phase rotation to meet the phase continuity requirements in Table 6.4.2.5-1 in 38.101-1 [5], the maximum TDW length will be limited by the timing error requirements in Table 7.1C.2-1 in 38.133 [6]. The upper bound on the TDW (disregarding UE capability limitations) can be derived from the following expression:
	
	[bookmark: _Ref138088211]Equation 1



 is the number of slot repetitions and  is the timing error requirement. The timing drift versus time of LEO 600/1200 satellites with 30° minimum elevation angle (passing zenith at time t=0), is shown in Figure 4.
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[bookmark: _Ref138086561]Figure 4: Timing drift versus time for LEO 600 and LEO 1200 with 30° min elevation angle.
[bookmark: _Hlk142590233]The TDW is further restricted by that the number of slot repetitions  should be (roughly) divisible by the TDW. E.g., with , a TDW of 13 slots is in principle possible at the minimum elevation angle (30°), but that would split the 20 repeated slots into TDWs of 13+7 slots, which would give worse performance than a 10+10 split.. Similarly, for , a TDW of 13 ( split into 13+13+6 slots) is worse than TDW=11 (11+11+10 slots). 
Table 1 lists the considered TDW lengths for PUSCH with 20 repetitions and 32 repetitions (the latter assuming 2x voice frame aggregation).
[bookmark: _Ref138088060]Table 1: Considered TDW lengths
	N
	TDW lengths

	20
	{1,2,4,5,7,10,20}

	32
	{1,2,4,8,11,16,32}



By mapping the timing drift of Figure 4 to the largest TDW within the sets of Table 1 that fulfils Equation 1, the progression of the optimal TDW versus time has been derived. This is shown in Figure 5 with  for LEO 600 (left) and LEO 1200 (right), and in Figure 6 with  for LEO 600 (left) and LEO 1200 (right). It can be seen that the TDW changes within the set {10,20} for  and in the set {11,16,32} for  2-4 times during the passing of the satellite, with higher optimal TDW for higher elevation angles. In all cases, the average time between TDW updates is more than 60 seconds.
[bookmark: _Toc142655508]On average, the optimal TDW for PUSCH DMRS bundling with 20 or 32 repetitions is changed less frequently than once per minute in LEO. Such infrequent updates can be accommodated with existing RRC configuration, if needed.
To illustrate the potential gain of adaptively selecting the optimal TDW, simulated PUSCH BLER with different TDW is shown in Table 7 and Table 8 in Appendix B for 20 slot repetitions and 32 slot repetitions (assuming 2x voice frame aggregation), respectively. For , the gain between TDW=10 and TDW=20 is 0.7 dB. For , the gain between TDW=11 and TDW=32 is also 0.7 dB.
It should be noted that the pathloss also decreases with higher elevation angle. Therefore, at high elevation angles when a larger TDW size can potentially be used, there is less need for it.
[bookmark: _Toc142655509]Dynamically adapting to the optimal TDW for PUSCH DMRS bundling with 20 or 32 repetitions in LEO can potentially provide up to 0.7 dB link gain, but this gain is available at high elevation angles when then SNR is higher. Therefore, using a fixed TDW adapted to the maximum timing drift might be a viable option.
[bookmark: _Toc142655528]Do not specify support for new events or dynamic adaptation of the actual TDW (Alt B/C in the agreement from RAN1#113).
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[bookmark: _Ref138088297]Figure 5: Max TDW length among {1,2,4,5,7,10,20} for DMRS bundled PUSCH with 20 repetitions in LEO 600 (left) and LEO 1200 (right).
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[bookmark: _Ref138088300]Figure 6: Max TDW length among {1,2,4,8,11,16,32} for DMRS bundled PUSCH with 32 repetitions in LEO 600.
Regarding Alt D:
There is no need for a new event related to epoch time (Alt D). An update of epoch time occurs when UE acquires new ephemeris/common TA parameters in SIB19, which happens when the UL sync validity timer expires. The minimum value of the validity timer is 5 seconds. In contrast, the nominal TDW length is in the order of ms (e.g. 20 ms or 32 ms). Therefore, the time/frequency pre-compensation update due to new epoch time (and ephemeris/common TA parameters) can be postponed until the end of the nominal TDW.
[bookmark: _Toc142655510]The maximum nominal TDW length is orders of magnitude shorter than the minimum time between updates of epoch time. Therefore, the time/frequency pre-compensation update due to new epoch time can be postponed until the end of the nominal TDW.
[bookmark: _Toc142655529]Do not define an event related to epoch time (i.e., Alt D in the agreement from RAN1#113).
Regarding Alt E:
There is no need for a new event related to antenna switching (Alt E). As discussed in section 2.2.2.2, the gNB can configure the nominal TDW based on knowledge of the UE capability of antenna switching.
[bookmark: _Toc142655530]Do not define a new event related to antenna switching (i.e., Alt E in the agreement from RAN1#113).
2.2.2.4	UE capability signalling
This section discusses open issues related to UE capability signalling for PUSCH DMRS bundling enhancements for NTN. Corresponding updates to the UE feature list from RAN1#113 [2] are proposed in [4] for AI 9.16.5.
The following was agreed at RAN1#113:
	Agreement
For NTN-specific PUSCH DMRS bundling, 
· As UE capability report (in addition to FG 44-2), one or more of the following is down-selected.
· Option 1a: No new capability except for FG44-2
· Note: FG 30-4 is reported [in consideration of pre-compensation to keep phase rotation due to timing drift within the phase difference limit and without taking TA pre-compensation update into account]
· Option 1b: Max TDW size when pre-compensation to keep phase rotation due to timing drift within the phase difference limit is performed and without taking TA pre-compensation update into account
· Note: FG 30-4 is not reported for NTN band
· Option 1c: Support of antenna switching with DMRS bundling in NTN
· Option 1d: Max TDW size per NTN platform (e.g., LEO, MEO, GEO) with taking TA pre-compensation update into account
· FFS details
· Option 1e: Max TDW size per elevation angle with taking TA pre-compensation update into account
· Option 1f: Whether to support actual TDW across pre-compensation segments
· Segments defined in R17 IoT-NTN is baseline, FFS details
· Option 1g: Whether to support TA pre-compensation update within an actual TDW that does not violate the phase difference limit



[bookmark: _Hlk142052114]In the UE features list after RAN1#113 [2], FG 44-2 is defined as follows (not all columns are shown):
	Features
	Index
	Feature group
	Components
	Prerequisite feature groups
	Type

	Note
	Mandatory/Optional

	44. NR_NTN_enh
	44-2
	NTN DMRS bundling enhancement for PUSCH
	1. Support of DM-RS bundling for PUSCH over consecutive slots
2. Support of pre-compensation to keep phase rotation due to timing drift within the phase difference limit
[3. Support not to perform TA pre-compensation update within an actual TDW if it causes phase discontinuity that may violate the phase difference limit.]
	30-4a/b
	Per Band
	Note: This UE feature group is applicable only for bands in Table 5.2.2-1 in TS 38.101-5 [and HAPS operation bands in Clause 5.2 of TS 38.104]
	Optional with capability signaling



Option 1b:
FG 44-2 has FG 30-4a or FG 30-4b as prerequisite, which in turn have FG 30-4 as prerequisite. For Option B, the note that FG 30-4 is not reported is therefore contradictory. Option 1a and Option 1b seem to be more or less equivalent since in both options, the capability of phase pre-compensation as well as the max TDW size are indicated. Therefore, we propose to remove Option 1b from the list.
[bookmark: _Toc142655511]In the agreement for UE capability signalling from RAN1#113, Option 1b states that FG 30-4 is not reported, which contradicts that FG 30-4 (via 30-4a/b) is a prerequisite for FG 44-2 according to the UE features list after RAN1#113.
Option 1c:
It has been shown that if the UE supports TX antenna switching, a shorter TDW in combination with antenna switching gives better performance than a longer TDW without antenna switching (see e.g. simulation results in Appendix B). Therefore, knowing the UE’s antenna switching capability (Option 1c) is useful when configuring the TDW.
[bookmark: _Toc142655512]Knowledge of the antenna switching capability (Option 1c in the agreement for UE capability signalling from RAN1#113) is useful when configuring the TDW.
[bookmark: _Toc142655513]Option 1d/1e:
Given the working assumption from RAN1#112bis-e that UE pre-compensates the phase rotation, the TDW length is limited by the timing drift, which should not accumulate to exceed the RAN4 timing accuracy requirement (e.g. 29Ts for SCS=15 kHz). Option 1d and 1e try to capture the fact that more frequent TA pre-compensation updates are needed when the timing drift is higher (e.g for LEO with low elevation angle), but this is already known by gNB and should be the same for all UE. Therefore, indicating separate max TDW sizes per platform and/or elevation angle is wasteful. It is better if the UE reports its maximum TDW size (reusing FG 30-4) disregarding the need for pre-compensation updates, while gNB configures a shorter nominal TDW than the indicated UE capability when the timing drift is higher (similar to IoT NTN segmented UL transmission).
[bookmark: _Toc142655514]The fact that more frequent TA pre-compensation updates are needed when the timing drift is higher (e.g for LEO with low elevation angle) is known by gNB and therefore, indicating separate UE capabilities for max TDW size per platform and/or elevation angle (Option 1d/1e in the agreement for UE capability signalling from RAN1#113) is wasteful.
[bookmark: _Toc142655515]Option 1f/1g:
Option 1g was proposed as a rewording of Option 1f to avoid defining pre-compensation segments in NR. Besides the terminology, Option 1f and 1g seem equivalent. Therefore, we propose to remove Option 1f from the list.
[bookmark: _Toc142655516]Option 1f and Option 1g in the agreement for UE capability signalling from RAN1#113 are equivalent. Since Option 1f uses terminology that is not defined for NR NTN, Option 1g is preferred over Option 1f.
Regarding Option 1g, it is up to UE vendors to determine if this is feasible. If UE supporting Option 1g are feasible, UE capability indication is useful.
[bookmark: _Toc142655517]The feasibility of supporting TA pre-compensation update within an actual TDW that does not violate the phase difference limit (Option 1g in the agreement for UE capability signalling from RAN1#113) needs further discussion.
In summary, we propose the following:
[bookmark: _Toc142655531]As UE capability report for NTN-specific PUSCH DMRS bundling
•  UE reports FG 44-2 (FG 30-4 is reported in consideration of pre-compensation to keep phase rotation due to timing drift within the phase difference limit and without taking TA pre-compensation update into account)
•  UE reports its supported number of TX antennas for antenna switching (Option 1c)
•  Option 1a/1b/1d/1e/1f are not supported.
•  FFS: feasibility of UE support of TA pre-compensation update within an actual TDW that does not violate the phase difference limit
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2.3	RRC parameters
2.3.1	PUCCH repetition
The terminology related to the “repetition request/capability report” can be simplified. The “repetition request” is in principle also a capability report that is sent only if the RSRP is below a given threshold. Therefore, we propose to always use the term “capability report” to avoid lengthy descriptions in the specifications.
[bookmark: _Toc142655532]For “repetition request or capability report”, always use the term “capability report” in the specifications regardless of whether an RSRP threshold is configured or not.
Further, as discussed in section 2.1.1, omitting the RSRP threshold is a better way to request the UE to always indicate its repetition capability than configuring a pre-defined value X. Therefore, the description can be simplified.
Updates to the list of RRC parameters after RAN1#113 are proposed in Table 2.
[bookmark: _Ref134627545]Table 2: Preliminary list of RRC parameters for PUCCH repetition.
	Parameter name in the text
	Description
	Value range
	Default value aspect
	Per (UE, cell, TRP, …)
	Comment

	numberOfPUCCHforMsg4HARQACK-RepetitionsList
	Indicates the number of repetitions for PUCCH transmission for Msg4 HARQ-ACK. If multiple values are configured, a single value from the configured values is indicated in DCI.
	One or more of {1,2,4,8} except for configuring {1}
  

	NA
	Per cell
	

	rsrp-ThresholdPUCCHforMsg4HARQACK
	If configured, this parameter indicates RSRP threshold to determine whether UE capable of PUCCH repetition for Msg4 HARQ-ACK transmits [repetition request] reports its capability of PUCCH repetition for Msg4 HARQ-ACK.
If not configured, or configured with its maximum value X, this parameter indicates that UE capable of PUCCH repetition for Msg4 HARQ-ACK reports its capability of PUCCH repetition for Msg4 HARQ-ACK


	TBD
	NA
	Per cell
	



[bookmark: _Toc142655533]Take the input in Table 2 into account when discussing RRC parameters for Msg4 HARQ-ACK PUCCH repetition.
2.3.2	PUSCH DMRS bundling
It has been agreed to specify support for phase pre-compensation for DMRS bundling in NTN. In addition, it has been proposed that support for TX antenna switching in conjunction with DMRS bundling be specified. Both these features should be controlled by the network. Therefore, we propose addition of two new RRC parameters, as shown in Table 3.
[bookmark: _Ref134629213]Table 3: Preliminary list of RRC parameters for PUSCH DMRS bundling for NTN.
	Parameter name in the text
	Description
	Value range
	Default value aspect
	Per (UE, cell, TRP, …)
	Comment

	pusch-DMRS-BundlingPhase Precompensation
	Indicates that UE shall pre-compensate phase rotation per sub-carrier based on timing drift during PUSCH DMRS bundling
	ENUMERATED {‘enabled’}
	Disabled
	UE-specific
	Working assumption that UE performs phase pre-compensation is not yet confirmed.

	pusch-DMRS-BundlingTxAntennaSwitching
	Indicates that UE shall perform TX antenna switching between nominal TDWs during PUSCH DMRS bundling
	ENUMERATED {‘enabled’}
	Disabled
	UE-specific
	If agreed by RAN1.



[bookmark: _Toc142655534]Take the input in Table 3 into account when discussing RRC parameters for PUSCH DMRS bundling enhancements for NTN.





3	Conclusion
In the previous sections we made the following observations: 
Observation 1	In the RAN#112 working assumption about RSRP threshold for PUCCH repetition for Msg4 HARQ-ACK, the two options how to instruct the UE to indicate its capability (not configuring the RSRP threshold or configuring the RSRP threshold with value X) are equivalent from a functional point of view. The option of not configuring the RSRP threshold is preferred since it saves bits in SIB.
Observation 2	The SNR limits corresponding to the repetition requests are different for Msg4 HARQ-ACK PUCCH and Msg3 PUSCH.
Observation 3	Rel-17 Msg3 PUSCH repetition and Rel-18 Msg4 HARQ-ACK PUCCH repetition are optional features both for the network and the UE. Support for one of the features should not require support of the other.
Observation 4	Reusing rsrp-ThresholdMsg3 for Msg4 HARQ-ACK PUCCH repetition is not always possible, since the threshold is absent if Msg3 repetition is enabled for all UE or disabled for all UE.
Observation 5	Repetition of Msg4 HARQ-ACK PUCCH (and other cell-specific PUCCH) can be useful also in terrestrial networks.
Observation 6	The Rel-17 feature DMRS bundling already supports configuration of transmission segments equivalent to Rel-17 IoT NTN segmented uplink transmission through UE-specific RRC configuration of the nominal TDW length. No enhancement of the configuration is necessary.
Observation 7	The gNB can e.g. determine the max Doppler/timing drift rate in a cell based on serving satellite ephemeris, and/or estimate/predict timing drift based on the UL signal from the UE, and configure the UE with a nominal TDW such that pre-compensation updates can be paused within the TDW without exceeding requirements on time/frequency accuracy.
Observation 8	At a given point in time, the difference between maximum and minimum timing drift within a LEO 1200 cell with 90 km diameter is small, approximately 1.8 ppm difference or less.
Observation 9	For LEO 1200 with typical cell sizes, a suitable TDW length can be derived by gNB for each cell without assistance information from the UE.
Observation 10	gNB can configure the TDW length based on knowledge of the UE capability of antenna switching and UL measurements, without assistance information from the UE.
Observation 11	For a pseudo-Earth-fixed LEO cell, the timing drift will vary as the satellite moves and the TDW length might need to be changed over time.
Observation 12	On average, the optimal TDW for PUSCH DMRS bundling with 20 or 32 repetitions is changed less frequently than once per minute in LEO. Such infrequent updates can be accommodated with existing RRC configuration, if needed.
Observation 13	Dynamically adapting to the optimal TDW for PUSCH DMRS bundling with 20 or 32 repetitions in LEO can potentially provide up to 0.7 dB link gain, but this gain is available at high elevation angles when then SNR is higher. Therefore, using a fixed TDW adapted to the maximum timing drift might be a viable option.
Observation 14	The maximum nominal TDW length is orders of magnitude shorter than the minimum time between updates of epoch time. Therefore, the time/frequency pre-compensation update due to new epoch time can be postponed until the end of the nominal TDW.
Observation 15	In the agreement for UE capability signalling from RAN1#113, Option 1b states that FG 30-4 is not reported, which contradicts that FG 30-4 (via 30-4a/b) is a prerequisite for FG 44-2 according to the UE features list after RAN1#113.
Observation 16	Knowledge of the antenna switching capability (Option 1c in the agreement for UE capability signalling from RAN1#113) is useful when configuring the TDW.
Option 1d/1e:
Observation 17	The fact that more frequent TA pre-compensation updates are needed when the timing drift is higher (e.g for LEO with low elevation angle) is known by gNB and therefore, indicating separate UE capabilities for max TDW size per platform and/or elevation angle (Option 1d/1e in the agreement for UE capability signalling from RAN1#113) is wasteful.
Option 1f/1g:
Observation 18	Option 1f and Option 1g in the agreement for UE capability signalling from RAN1#113 are equivalent. Since Option 1f uses terminology that is not defined for NR NTN, Option 1g is preferred over Option 1f.
Observation 19	The feasibility of supporting TA pre-compensation update within an actual TDW that does not violate the phase difference limit (Option 1g in the agreement for UE capability signalling from RAN1#113) needs further discussion.
Based on the discussion in the previous sections we propose the following:
Proposal 1	If the RSRP threshold for PUCCH repetition for Msg4 HARQ-ACK is not configured, UE always indicates its capability.
Proposal 2	Define a new RSRP threshold for triggering request for Msg4 HARQ-ACK PUCCH repetition.
Proposal 3	Confirm the working assumption from RAN1#112 with the following changes: For PUCCH repetition for Msg4 HARQ-ACK, a RSRP threshold can be configured via SIB
 •  A RSRP threshold can be configured via SIB at least when the number of repetitions is configured by SIB.
    •  If the RSRP threshold is configured and the configured RSRP threshold is smaller than X,
       •  UE capable of PUCCH repetition for Msg4 HARQ-ACK transmits repetition request if measured RSRP is lower than a RSRP threshold.
    •  If the RSRP threshold is not configured, or if the configured RSRP threshold is X,
       •  UE capable of PUCCH repetition for Msg4 HARQ-ACK reports the capability of PUCCH repetition for Msg4 HARQ-ACK
    •  FFS: value of X (the maximum configurable value of the RSRP threshold    •  Down-select one from the following alternatives fFor the RSRP threshold.       •  Alt A: The same RSRP threshold as R17 Msg3 repetition (i.e., rsrp-ThresholdMsg3-r17) is used. 
      •  Alt B: New RSRP threshold is introduced.
 •  Note: UE incapable of PUCCH repetition for Msg4 HARQ-ACK transmits neither repetition request nor capability report
Proposal 4	Confirm the working assumption for PUCCH repetition for Msg4 HARQ-ACK from RAN1#113 (“Two-state information is transmitted as ‘repetition request or capability report’ in the existing agreements/working assumptions…”)
Proposal 5	If the higher layer parameter numberOfPUCCHforMsg4HARQACK-RepetitionsList is configured with exactly two values, only the LSB bit of the DAI bits is used for dynamic indication (i.e,, the MSB is still reserved).
Proposal 6	Since the bits used to indicate Msg4 HARQ-ACK PUCCH repetition capability are costly (higher layer signaling in Msg3), a single UE capability should be defined for repetition of Msg4 HARQ-ACK PUCCH, covering both the cases of semi-static and dynamic (DCI-based) repetition factor selection.
Proposal 7	The UE capability of repetition of Msg4 HARQ-ACK PUCCH (and other cell-specific PUCCH) should be possible to indicate for both NTN and TN bands.
Proposal 8	A UE that supports the Rel-18 feature for Msg4 HARQ-ACK PUCCH (and other cell-specific PUCCH) repetition shall also support the Rel-17 feature dynamic PUCCH repetition (FG 30-5).
Proposal 9	Confirm the working assumption from RAN1#112bis-e (“For NTN-specific PUSCH DMRS bundling, to satisfy the phase difference limit without causing phase discontinuity, it is assumed that pre-compensation to keep phase rotation due to timing drift within the phase difference limit can be performed at UE side…”)
Proposal 10	Do not introduce UE assistance information related to timing of time/frequency pre-compensation updates or antenna switching interval (i.e., support only Option 2a).
Proposal 11	Do not specify support for new events or dynamic adaptation of the actual TDW (Alt B/C in the agreement from RAN1#113).
Proposal 12	Do not define an event related to epoch time (i.e., Alt D in the agreement from RAN1#113).
Proposal 13	Do not define a new event related to antenna switching (i.e., Alt E in the agreement from RAN1#113).
Proposal 14	As UE capability report for NTN-specific PUSCH DMRS bundling
 •  UE reports FG 44-2 (FG 30-4 is reported in consideration of pre-compensation to keep phase rotation due to timing drift within the phase difference limit and without taking TA pre-compensation update into account)
 •  UE reports its supported number of TX antennas for antenna switching (Option 1c)
 •  Option 1a/1b/1d/1e/1f are not supported.
 •  FFS: feasibility of UE support of TA pre-compensation update within an actual TDW that does not violate the phase difference limit
Proposal 15	For “repetition request or capability report”, always use the term “capability report” in the specifications regardless of whether an RSRP threshold is configured or not.
Proposal 16	Take the input in Table 2 into account when discussing RRC parameters for Msg4 HARQ-ACK PUCCH repetition.
Proposal 17	Take the input in Table 3 into account when discussing RRC parameters for PUSCH DMRS bundling enhancements for NTN.
[bookmark: _In-sequence_SDU_delivery]
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Appendix A Simulation assumptions 
[bookmark: _Ref131514561]Table 4: Assumptions for PUCCH simulations.
	Parameter
	Value

	Antenna configuration
	1T2R

	Modulation
	BPSK

	Channel model
	NTN-TDL-C Rural

	Elevation Angle
	30°

	Frequency hopping pattern / FH offset
	{No, intra-slot, inter-slot FH per slot} / 50 PRBs

	Channel bandwidth
	1 PRB

	PUCCH format
	format 1

	Payload
	1 bit

	PUCCH duration
	14 OS

	Repetitions
	No reps / 2 reps

	Performance metric
	1% ACK missed and 0.1% NACK to ACK at 1% DTX to ACK rate



[bookmark: _Ref131514591]Table 5: Assumptions for PUSCH of Msg 3 simulations.
	Parameter
	Value

	Antenna configuration
	1T2R

	Channel model
	NTN-TDL-C Rural / TDL-C

	Elevation Angle
	30°

	Allocation PRBs 
	2 PRBs

	TBS
	56 bits

	MCS index
	0

	Waveform
	DFT-s-OFDM

	DMRS setting
	1+2 DMRS

	Performance metric
	10% iBLER




[bookmark: _Ref111048748]Table 6: Assumptions for PUSCH simulations of VoIP.
	Parameter
	Value

	Antenna configuration
	1T1R with/without TX antenna switching

	Modulation order
	QPSK

	Channel Model
	NTN-TDL-C Rural

	Elevation Angle
	30°

	Frequency hopping 
	No

	Channel bandwidth
	1 PRB

	DMRS configuration 
	Type I, 2 DMRS symbols, no multiplexing with data

	PUSCH duration
	14 OS

	Repetitions
	Without voice frame aggregation: 20 slots w/ type A repetition
With voice frame aggregation: 32 slots w/ type A repetition

	TDW length
	Without voice frame aggregation: 1 (no bundling), 2, 4, 5, 7, 10, 20
With voice frame aggregation: 1 (no bundling), 2, 4, 8, 11, 16, 32

	HARQ configuration 
	No HARQ

	TBS/MCS
	Without voice frame aggregation: MCS-9 (TBS=184) from Table 6.1.4.1-1 of 38.214 Error! Reference source not found..
With voice frame aggregation: TBS=278 with QPSK

	Carrier frequency offset (CFO)
	0.1 ppm

	CFO compensation
	Inter-slot correlation-based CFO compensation

	Timing drift model
	None

	Performance metric
	2% BLER

	Target CNR
	-8.1 dB





Appendix B Detailed simulation results
PUSCH BLER vs SNR is shown in Figure 7, Figure 8, Figure 9 and Figure 10. SNR at 2% PUSCH BLER is summarized in Table 7, Table 8, Table 9 and Table 10. Simulation assumptions are according to Table 6.

[bookmark: _Ref141892253]Table 7: SNR at 2% PUSCH BLER with 20 slot repetitions.
	TDW for DMRS bundling

	20
	10
	7
	5
	4
	2
	No bundling

	-4.1
	-3.4
	-3.3
	-3.1
	-2.9
	-2.1
	-1.2



[bookmark: _Ref141892255]Table 8: SNR at 2% PUSCH BLER with 32 slot repetitions and 2x voice frame aggregation.
	TDW for DMRS bundling

	32
	16
	11
	8
	4
	2
	No bundling

	-4.6
	-4.2
	-3.9
	-3.8
	-3.3
	-2.5
	-1.4



[bookmark: _Ref141893466]Table 9: SNR at 2% PUSCH BLER with 20 slot repetitions and antenna switching after 10 slots.
	TDW for DMRS bundling

	20
	10
	7
	5
	4
	2
	No bundling

	
	-5.8
	
	-5.5
	
	-4.5
	-3.4



[bookmark: _Ref141893467]Table 10: SNR at 2% PUSCH BLER with 32 slot repetitions, 2x voice frame aggregation and antenna switching after 16 slots.
	TDW for DMRS bundling

	32
	16
	11
	8
	4
	2
	No bundling

	
	-6.2
	
	-5.9
	-5.4
	-4.7
	-3.6
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[bookmark: _Ref138242726]Figure 7: PUSCH BLER with 20 slot repetitions.

[image: A picture containing text, line, diagram, plot
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[bookmark: _Ref138242728]Figure 8: PUSCH BLER with 20 slot repetitions and antenna switching.
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[bookmark: _Ref138242729]Figure 9: PUSCH BLER with 2x voice frame aggregation and 32 slot repetitions.
[image: A picture containing text, line, diagram, plot
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[bookmark: _Ref138242731]Figure 10: PUSCH BLER with 2x voice frame aggregation, 32 slot repetitions and antenna switching.
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