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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. As a first step, 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 some UL enhancements.
In this contribution, we discuss signaling and other aspects for Msg4 HARQ-ACK PUCCH repetitions. Further, we evaluate performance enhancements for DMRS bundling for PUSCH. Finally, we discuss the support of Msg3 repetitions for CFRA.
[bookmark: _Ref178064866]2	Discussion
2.1	WID objectives
The objectives for coverage enhancement in the NTN enhancements WID [1] are copied below.
The Rel-18 NTN objectives are focused on the applicability of the solutions developed by general NR coverage enhancement to NTN, and identifying potential issues and enhancements if necessary, considering the NTN characteristics including large propagation delay and satellite movement. Only NTN-specific characteristics are to be included in this coverage enhancement work, otherwise it should be part of another WI (e.g., UL enhancement of coverage). 

The following sentence will be revisited in RAN#99 as part of the DL enhancements discussion:
“The evaluation should also take into account any related regulatory requirements, e.g., ITU limitation of power flux density.” No work on this topic will take place in RAN WGs before the discussion on DL enhancements in RAN#99.

The following reference scenario is considered for the definition of uplink coverage enhancements for NTN: parameter set-1 for LEO-1200 satellite operating at Line of Sight (LOS) and commercial smartphones with -5.5 dBi antenna gain and 3 dB polarisation loss (per antenna port). 
Note: It is understood that the enhancements defined for LEO can also apply to GEO and MEO scenarios as appropriate. No additional work is expected for MEO/GEO.
The targeted services are VoIP using AMR 4.75 kbps and data transmission services with Low data rate of 3 kbps.


 The detailed objectives are for NTN:
· To specify PUCCH enhancements for Msg4 HARQ-ACK (e.g. repetition) [RAN1, RAN4]
· To specify if necessary, enhancements to the Rel-17 procedures for DMRS bundling for PUSCH taking into account NTN-specifics (e.g. time-frequency pre-compensation) [RAN1]


2.2	Link budget calculations
A link budget analysis for the reference scenario agreed at RAN#97-e is shown in Table 1.
[bookmark: _Ref115269545]Table 1: Link budget analysis for LEO1200 uplink with Set-1 parameters and 30° elevation angle.
	TX EIRP [dBm]
	17.5

	RX G/T [dB/K]
	1.1

	Free space path loss [dB]
	164.5

	Atmospheric loss
	0.066

	Shadow fading margin [dB]
	3

	Scintillation loss [dB]
	2.2

	Polarization loss [dB]
	3

	Additional losses [dB]
	0

	Target SNR [dB]
	1 PRB
	-8.1

	
	2 PRBs
	-11.1


2.3	PUCCH for Msg4 HARQ-ACK
At RAN1#111, the following working assumption was agreed:
Working assumption
For PUCCH repetition for Msg4 HARQ-ACK,
· One or more repetition factors may be configured via SIB
· If only one repetition factor is configured via SIB and if the value is one of {[1], 2, 4, 8}, UE capable of PUCCH repetition for Msg4 HARQ-ACK can perform repetition with the repetition factor
· FFS: whether UE requests repetition or indicates repetition capability
· If multiple factors from {1, 2, 4, 8} are configured via SIB, PUCCH repetition for Msg4 HARQ-ACK may be dynamically determined and indicated by gNB 
· FFS: whether UE requests repetition or indicates repetition capability
· FFS: whether repetition factor is indicated by UE
· FFS: UE behavior when repetition factor is not configured via SIB
· FFS: whether one or more UE capabilities are needed for the above is for further discussion


2.3.1	Whether UE requests repetition or indicates repetition capability
Different options for whether to indicate capability or request repetitions have been discussed. Their pros and cons are summarized in Table 2.
[bookmark: _Ref124933418]Table 2: Indication/request options and their pros and cons.
	Option
	1a
	1b
	2

	Description
	UE requests Msg4 HARQ-ACK repetition based on an SSB RSRP threshold
	UE requests Msg4 HARQ-ACK repetition and indicates a preferred number of repetitions based on multiple SSB RSRP thresholds
	UE indicates Msg4 HARQ-ACK repetition capability regardless of DL signal level

	Pros
	If the UE requests repetitions, the network knows that the UE sees a need for UL repetitions based on DL measurements.
	If the UE requests repetitions, the network knows how many repetitions UE sees a need for based on DL measurements.
	The network always knows the UE capability and can therefore command repetitions based on UL measurements, e.g., on Msg3, even when DL measurements do not reveal UL coverage problems.

	Cons
	If the UE does not request repetitions, the network does not know that the UE is capable of repetitions and cannot schedule repetitions even if UL coverage is poor.
Threshold needed in SIB.
	If the UE does not request repetitions, the network does not know that the UE is capable of repetitions and cannot schedule repetitions even if UL coverage is poor.
Multiple RSRP thresholds needed in SIB.
Multiple Msg3 bits or multiple PRACH partitions needed to indicate preferred number of repetitions.
	The network does not know whether the UE sees a need for UL repetitions based on DL measurements.



Option 1b should be avoided due to the need for multiple RSRP thresholds in SIB and multiple signaling bits in UL (i.e., multiple Msg3 bits or multiple PRACH partitions). Option 1a is most similar to the solution for Msg3 repetition. Option 2 has the advantage that the network always knows the UE capability and therefore has full freedom in using Msg 4 HARQ-ACK repetition. However, it can be noted that if option 1a is configured with a sufficiently high RSRP threshold, it will be equivalent to option 2. Therefore, in practice, there is no need to down-select between option 1a and option 2. The solution can be further optimized by defining absence of the SSB RSRP threshold in SIB as an implicit indication that the UE capable of repetition shall always request repetition (i.e., indicate capability). Therefore, we propose to adopt a combination of option 1a and option 2 as follows:
[bookmark: _Toc127545075]If the SSB RSRP is below a threshold configured by the network in system information, or if no threshold is configured, the UE capable of Msg4 HARQ-ACK repetition shall request Msg4 HARQ-ACK repetition. The UE does not indicate a preferred number of repetitions.
Since the network needs to allocate uplink resources for the PUCCH carrying Msg4 HARQ-ACK, it should always be in control of the number of repetitions performed by the UE. Otherwise, if the UE were to determine the number of repetitions, the network would have to blindly allocate the maximum number of UL resources, some of which might be left unused by the UE.
[bookmark: _Toc127545076]If a UE requests Msg4 HARQ-ACK repetition, the network selects the number of repetitions (if any) from the set of possible number of repetitions configured in SIB.
2.3.2	How the UE requests repetition/indicates repetition capability
Two main solutions to request repetition/indicate repetition capability have been proposed:
· PRACH resource partitioning (preamble and/or occasion)
· Msg3 PUSCH

PRACH resource partitioning is used for request for Msg3 repetition. The UE requests repetition of Msg3 by using separate PRACH resources/preambles if the RSRP is below a configured threshold. Using PRACH resource partitioning also to request Msg4 HARQ-ACK repetition would result in further fragmentation of the PRACH resources. E.g., assuming that Rel-17 Msg3 repetition and Rel-18 Msg4 HARQ-ACK repetition are independent features that are both needed in a coverage limited scenario, four PRACH resource partitions would be needed to support all combinations just for these two features.
PRACH partitioning is also used for RedCap, slicing and SDT, and is being considered for the Rel-18 PRACH repetition feature. All these features could potentially be used in NTN but would then imply further PRACH resource partitioning. Excessive partitioning of the PRACH resources may cause PRACH capacity problems and increase complexity. Therefore, we think that for Msg4 HARQ-ACK repetition request, of which knowledge is not needed until after Msg3, PRACH partitioning should not be used.
[bookmark: _Toc127545052]PRACH resource partitioning is used for Msg3 repetition, RedCap, slicing, SDT and other features that are potentially useful in NTN. It is also considered for Rel-18 PRACH repetition. 
[bookmark: _Toc127545053]Excessive partitioning of the PRACH resources may cause capacity problems for PRACH and increases complexity.
[bookmark: _Toc127545054]Knowledge of the UE’s need for Msg4 HARQ-ACK repetition is not needed in the network until after Msg3 is received.
[bookmark: _Toc127545077]Msg3 PUSCH is used to request Msg4 HARQ-ACK repetition.
Regarding signaling in Msg3 PUSCH, it is possible to convey information in the MAC subheader for Msg3, shown in Figure 1 (from TS 38.321, clause 6.1.2 [6]):

[image: ]
[bookmark: _Ref124419606]Figure 1: R/LCID MAC subheader
The header consists of an LCID field and two reserved bits. The reserved bits are set to 0 by legacy UE. The LCID field is encoded as shown in the table below (from TS 38.321, clause 6.2.1 [6]):
[bookmark: _Ref125028773]Table 3: Values of LCID for UL-SCH
	Codepoint/Index
	LCID values

	0
	CCCH of size 64 bits (referred to as "CCCH1" in TS 38.331 [5]), except for a RedCap UE

	1–32
	Identity of the logical channel of DCCH and DTCH

	33
	Extended logical channel ID field (two-octet eLCID field)

	34
	Extended logical channel ID field (one-octet eLCID field)

	35
	CCCH of size 48 bits (referred to as "CCCH" in TS 38.331 [5]) for a RedCap UE 

	36
	CCCH of size 64 bits (referred to as "CCCH1" in TS 38.331 [5]) for a RedCap UE

	37–42
	Reserved

	43
	Truncated Enhanced BFR (one octet Ci)

	44
	Timing Advance Report

	45
	Truncated Sidelink BSR

	46
	Sidelink BSR

	47
	Reserved

	48
	LBT failure (four octets)

	49
	LBT failure (one octet)

	50
	BFR (one octet Ci)

	51
	Truncated BFR (one octet Ci)

	52
	CCCH of size 48 bits (referred to as "CCCH" in TS 38.331 [5]), except for a RedCap UE

	53
	Recommended bit rate query

	54
	Multiple Entry PHR (four octets Ci)

	55
	Configured Grant Confirmation

	56
	Multiple Entry PHR (one octet Ci)

	57
	Single Entry PHR

	58
	C-RNTI

	59
	Short Truncated BSR

	60
	Long Truncated BSR

	61
	Short BSR

	62
	Long BSR

	63
	Padding



One of the reserved bits and/or the reserved LCID values (37-42, 47) can potentially be used for Msg4 HARQ-ACK repetition related signaling.
[bookmark: _Toc127545055]In the MAC subheader for the PUSCH carrying Msg3, there are two reserved bits and seven reserved LCID values that can potentially be used for Msg4 HARQ-ACK repetition related signaling.
It can be noted (see Table 3) that some LCID codepoints are used for indicating a CCCH for a RedCap UE. It should be possible to independently indicate CCCH for RedCap and request Msg4 HARQ-ACK repetitions. Considering also that there are two sizes of CCCH (48 and 64 bits), four of the seven reserved LCID codepoints would be needed to support the request for Msg4 HARQ-ACK repetition either with/without RedCap, and with CCCH size of 48/64 bits with full flexibility.
[bookmark: _Toc127545056]If LCID codepoints are used to request Msg4 HARQ-ACK repetitions, four of the seven reserved LCID codepoints would be needed to also support simultaneous indication of CCCH for a RedCap UE and CCCH size of 48 and 64 bits.
Therefore, we propose to instead use the reserved bits in the MAC subheader when requesting Msg4 HARQ-ACK repetition.
[bookmark: _Toc127545078]The UE requests Msg4 HARQ-ACK repetition using the R bit(s) in the MAC subheader of Msg3.
2.3.3	Compact power headroom report
If the UE requests Msg4 HARQ-ACK repetitions, the network needs to adapt the number of repetitions to the current radio conditions in UL. For this purpose, UL measurements of signal level/quality can be done on Msg3 PUSCH. This solution is similar as for Msg3 repetitions, for which the network can determine the number of Msg3 repetitions based on UL measurements of PRACH.
Adaptation is complicated by the fact that the UL transmission power of Msg3 PUSCH is unknown due to TPC, as pointed out in [11]. If the received signal level of Msg3 is low due to that the UE is not transmitting at full power, it is likely better to increase the TX power when Msg4 HARQ-ACK is transmitted than to use repetitions. However, it is unclear if this is a problem in practice:
· If the power control parameters for Msg3 PUSCH are reasonably configured, and the received power level is below the target power level at gNB, this indicates that the UE is power limited. Measurements on Msg3 can then be used to determine the number of repetitions needed for Msg4 HARQ-ACK. The UE should use the same (i.e., the maximum) TX power for Msg4 HARQ-ACK PUCCH when repetitions are used.
· If the received power level of Msg3 PUSCH is on (or above) the target power level configured by the TPC parameters, the network does not know if the UE is transmitting at full power or not. But since UE can meet the target power level for Msg3 PUSCH, it can likely meet the target power level for Msg4 HARQ-ACK as well, so repetitions of Msg4 HARQ-ACK are not needed. By proper configuration of the SSB RSRP threshold for Msg4 HARQ-ACK repetition, UE will not request Msg4 HARQ-ACK repetition in this case.

However, to enhance the link adaptation for Msg4 HARQ-ACK repetition, introduction of a compact PHR report in Msg3 PUSCH can be considered. The compact PHR report can be provided in one or two of the reserved bits in the MAC subheader and could be combined with the bit for requesting Msg4 HARQ-ACK repetition. Examples with one and two bits are shown in Table 4 and Table 5, respectively. The request for Msg4 HARQ-ACK repetition is then conditioned not only on the SSB RSRP being below a configured threshold but also on the Msg3 TX power not being reduced below a certain level relative to PCMAX.
[bookmark: _Ref125063796]Table 4: Combined compact PHR and request for Msg4 HARQ-ACK repetition provided in one of the reserved bits in the MAC subheader of Msg3.
	Codepoint
	Meaning

	0
	No request for Msg4 HARQ-ACK repetition.

	1
	Request for Msg4 HARQ-ACK repetition
[bookmark: _Hlk127383732]Msg3 TX power is < 2 dB below PCMAX 




[bookmark: _Ref127382426]Table 5: Combined compact PHR and request for Msg4 HARQ-ACK repetition provided in two of the reserved bits in the MAC subheader of Msg3.
	Codepoint
	Meaning

	0
	No request for Msg4 HARQ-ACK repetition.

	1
	Request for Msg4 HARQ-ACK repetition.
Msg3 TX power is 4-6 dB below PCMAX 

	2
	Request for Msg4 HARQ-ACK repetition.
Msg3 TX power is 2-4 dB below PCMAX

	3
	Request for Msg4 HARQ-ACK repetition.
Msg3 TX power is < 2 dB below PCMAX



[bookmark: _Toc127545057]If a UE requests Msg4 HARQ-ACK repetition, the network can select the number of repetitions (if any) based on UL measurements on Msg3 PUSCH.
[bookmark: _Toc127545058]Selection of the number of Msg4 HARQ-ACK repetition based on measurements on Msg3 PUSCH is complicated by the fact that the UL transmission power of Msg3 PUSCH is unknown due to TPC. It is unclear if this is a problem in practice since coverage problems for Msg3 and Msg4 HARQ-ACK are strongly correlated and full TX power is likely needed for Msg3 when repetitions are needed for Msg4 HARQ-ACK.
[bookmark: _Toc127545079]To enhance measurements on Msg3 PUSCH for adaptation of Msg4 HARQ-ACK repetition, consider the following options:
– Introduce a "combined compact PHR and request for Msg4 HARQ-ACK repetition" using one or two of the reserved bits in the MAC subheader of Msg3 PUSCH.
– Require that the UE transmits Msg3 PUSCH at max power if requesting Msg4 HARQ-ACK repetition.
[bookmark: _Toc127545059]The compact PHR information is useful also for initial link adaptation in RRC_CONNECTED state.
2.3.4	Indication of repetition factor by gNB
According to the working assumption from RAN1#111, the solution is different depending on if one or more repetition factors are configured in SIB.
If only one repetition factor is configured via SIB (first sub-bullet in the working assumption), it is our understanding that there is no dynamic indication in DCI that the network can use to request the UE to perform the number of repetitions configured in SIB. In this case, all UE requesting Msg4 HARQ-ACK repetitions will transmit the configured number of repetitions, while (obviously) UE without repetition capability will not. To allocate the appropriate amount of UL resources, the network needs to know the UE capability. Therefore, the UE needs to request repetitions as proposed in section 2.3.2 even if only one repetition factor is configured.
If multiple repetition factors are configured via SIB (second sub-bullet in the working assumption), there is dynamic indication that the network can use to request the UE to perform repetitions according to one of the number of repetitions configured in SIB. In this case, the reserved DAI bits in the DCI scheduling Msg4 (i.e., DCI format 1_0 with CRC scrambled by TC-RNTI, see excerpt from 38.212 [3] below) can be used to indicate the repetition factor to use. Also in this case, the UE needs to request repetitions as proposed in section 2.3.2.

38.212, clause 7.3.1.2.1:
The following information is transmitted by means of the DCI format 1_0 with CRC scrambled by TC-RNTI:
-	Identifier for DCI formats – 1 bit
-	The value of this bit field is always set to 1, indicating a DL DCI format

-	Frequency domain resource assignment – bits

-	 is the size of CORESET 0
-	Time domain resource assignment – 4 bits as defined in Clause 5.1.2.1 of [6, TS38.214]
-	VRB-to-PRB mapping – 1 bit according to Table 7.3.1.2.2-5
-	Modulation and coding scheme – 5 bits as defined in Clause 5.1.3 of [6, TS38.214], using Table 5.1.3.1-1
-	New data indicator – 1 bit
-	Redundancy version – 2 bits as defined in Table 7.3.1.1.1-2
-	HARQ process number – 4 bits
-	Downlink assignment index – 2 bits, reserved
-	TPC command for scheduled PUCCH – 2 bits as defined in Clause 7.2.1 of [5, TS38.213]
-	PUCCH resource indicator – 3 bits as defined in Clause 9.2.3 of [5, TS38.213]
-	PDSCH-to-HARQ_feedback timing indicator – 3 bits as defined in Clause 9.2.3 of [5, TS38.213]
-	ChannelAccess-CPext – 2 bits indicating combinations of channel access type and CP extension as defined in Table 7.3.1.1.1-4, or Table 7.3.1.1.1-4A if channelAccessMode-r16 = "semiStatic" is provided, for operation in a cell with shared spectrum channel access in frequency range 1; 2 bits indicating channel access type as defined in Table 7.3.1.1.1-4B if ChannelAccessMode2-r17 is provided for operation in a cell in frequency range 2-2; otherwise 0 bit
-	Reserved bits – 2 bits when the DCI format is monitored in common search space for operation in a cell in frequency range 2-2 and the number of bits for the field of 'ChannelAccess-CPext' is 0; 0 bits otherwise



[bookmark: _Toc127545080]Regardless of whether one or more Msg4 HARQ-ACK repetition factors are configured in SIB, the UE needs to request Msg4 HARQ-ACK repetition when the RSRP condition is fulfilled.
[bookmark: _Toc127545081]If more than one repetition factor is configured in SIB, the network indicates the repetition factor to use (among the configured) in the reserved DAI field in the DCI scheduling Msg4.
2.3.5	DMRS bundling for Msg4 HARQ-ACK PUCCH repetitions 
It has been proposed to support DMRS bundling for Msg4 HARQ-ACK PUCCH repetitions. However, this requires early indication of this UE capability, e.g., in PRACH or Msg3 PUSCH, in addition to the capability of Msg4 HARQ-ACK repetitions. Considering that the target performance is met with PUCCH repetitions without DMRS bundling, we do not support the introduction of DMRS bundling for Msg4 HARQ-ACK PUCCH repetitions.
[bookmark: _Toc127545060]Support of DMRS bundling for Msg4 HARQ-ACK PUCCH repetition requires early indication of this UE capability, e.g., in PRACH or Msg3 PUSCH, in addition to the capability of Msg4 HARQ-ACK repetitions.
[bookmark: _Toc127545082]Do not introduce support for DMRS bundling for Msg4 HARQ-ACK PUCCH repetitions.
2.3.6	Inter-slot frequency hopping
Intra-slot frequency hopping is already supported for PUCCH. Inter-slot frequency hopping should be introduced only if it is justified by performance gains needed to reach the coverage performance target.
[bookmark: _Toc127545083]Do not introduce support for inter-slot frequency hopping for Msg4 HARQ-ACK PUCCH repetitions unless it is needed to meet the coverage performance target.
2.4	PUSCH for VoIP
2.4.1	Signalling enhancements
The WID objective for DMRS bundling enhancements for PUSCH was slightly updated at RAN#98-e [1] but still leaves it open if enhancements are necessary:
· To specify if necessary, enhancements to the Rel-17 procedures for DMRS bundling for PUSCH taking into account NTN-specifics (e.g. time-frequency pre-compensation) [RAN1]


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. 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 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]). Therefore, the Rel-17 feature DMRS bundling already supports a similar configuration framework as Rel-17 IoT NTN segmented uplink transmissions.
[bookmark: _Toc127545061]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 time-domain window length. No enhancements of the signaling are deemed necessary.
[bookmark: _Toc127545084]Conclude that signaling/configuration enhancements for PUSCH DMRS bundling are not needed for NTN.
To increase the TDW length without creating ISI, advanced UE implementations can be considered that compensate their local clock so that the Doppler shift effect is cancelled. If the oscillator frequency is adjusted to cancel the Doppler shift at the start of the TDW, time drift is initially zero and increases only when the Doppler shift changes during the TDW, which should have a very limited effect. E.g., for LEO 1200, the max one-way Doppler drift rate is 0.09 ppm/s (see table 6.1.1.1-8 of TS 38.821 [8]), and the max (service link) Doppler shift after 20 ms is 2*0.09*0.020 ppm = 0.0036 ppm or 7 Hz at 2 GHz carrier frequency, which is negligible.
[bookmark: _Toc127545062]With an advanced UE implementation that pre-compensates its local clock to cancel the Doppler shift effect at the start of the TDW, the need for TDW length limitation due to pre-compensation updates can be avoided.
[bookmark: _Toc127545085]Consider defining a UE capability to distinguish
1) UE that can pre-compensate its local clock to cancel the Doppler shift effect at the start of the TDW
2) UE that can apply time and frequency pre-compensation that is updated at TDW borders
2.4.2	Timing drift
If the UE is synchronized to the DL signal, Doppler shifts in both DL and UL will contribute to timing drift in the signal gNB receives. According to table 4.2.2 in TR 38.821 [8], the maximum Doppler shift due to satellite movement is 21 ppm for a LEO1200 satellite with 10° minimum elevation angle. This applies for both the service link and the feeder link and in both UL and DL. Therefore, the total timing drift can be up to 84 ppm with 10° elevation angle. In the NTN CE study, the minimum elevation angle is assumed to be 30° and the maximum Doppler shift is 17.6 ppm (according to own simulations), resulting in a total two-way timing drift rate of up to 71 ppm.
[bookmark: _Toc127545063]For LEO1200, the timing drift can be up to 71 ppm at 30° elevation angle.
The timing accuracy requirement for NTN UE is 29Ts (assuming 15 kHz SCS) (see clause 7.1c.2 of TS 38.133 [2]). Not all of this timing error budget can be used for managing the timing drift due to paused updating of the open-loop TA, since there are also other sources of timing error (e.g., UE position inaccuracy, satellite ephemeris/propagation inaccuracy, TAC granularity, TA adjustment inaccuracy, DL synchronization inaccuracy and other UE-internal sources of error). In other words, there is likely a timing error already at the start of a transmission of DMRS bundled slots.
[bookmark: _Toc127545064]The timing accuracy requirement for NTN UE is 29Ts (assuming 15 kHz SCS) but not all of this timing error budget can be used for managing the timing drift due to paused updating of the open-loop TA within the TDW.
[bookmark: _Toc127545086]RAN1 to discuss how to model the timing drift during DMRS bundling in terms of initial timing error at the start of the TDW and maximum timing drift within the TDW.
For VoIP in LEO1200, the regular UL transmissions and the moderate RTT would likely make closed-loop TAC efficient. Therefore, it can be assumed that at least part of the timing error can be cancelled by TAC, so that the timing error at the start of a transmission of DMRS bundled slots is mainly due to TAC granularity and UE TA adjustment inaccuracy. For 15 kHz SCS, the granularity of TAC is 8Ts (see clause 4.3 of TS 38.213 [4]), which means that the timing error could ideally be cancelled to within ±4 Ts. The tolerance of TA updates is 4Ts (see clause 7.3C.2.2 of TS 38.133 [2]). Therefore, (29-4-4)Ts = 0.684 µs can be assumed to be available to handle the timing drift. With a timing drift of 71 ppm (assuming 30° minimum elevation angle), the timing error will exceed 0.684 µs in 0.684/71 s = 9.6 ms. This means that DMRS bundling can be performed only within segments of 9.6 ms, or 9 slots in case of 15 kHz SCS. Considering suboptimal closed-loop TA control, shorter TDW may be needed.
[bookmark: _Toc127545065]With a timing drift of 71 ppm and an optimistic assumption on the efficiency of closed-loop TA control, the UE has to update its autonomous TA pre-compensation every 9 slots to avoid excessive timing offset. With a less optimistic assumption on the initial timing error, shorter TDW lengths may be needed.
2.4.3	Post-compensation in gNB
To handle the timing drift within the TDW, post-compensation in gNB has been suggested. It should be noted that in the gNB receiver, the FFT is applied to the whole UL signal with an RX window that cannot be adjusted individually per UE. The UEs in a spotbeam will not necessarily have aligned TDWs and will therefore autonomously update their TAs at different times. Therefore, each UE must meet the transmit timing accuracy requirements in TS 38.133 [2] (e.g. 29Ts for 15 kHz SCS) to avoid creating ISI. The TDW length limit (see estimate in section 2.4.2) cannot be increased by post-compensation of the RX timing.
[bookmark: _Toc127545066]The TDW length cannot be increased by post-compensation of the RX timing in gNB.
The timing drift also gives rise to phase rotation that is proportional to the sub-carrier frequency relative to the DC subcarrier. The phase drift is caused by the time drift of the received signal in combination with a fixed receiver window. This phase drift can be post-compensated to enhance channel estimation within a TDW. Since the exact UE position is not known by the gNB, the post-compensation can be based on the drift at a reference point in the beam. Phase drift post-compensation is a receiver enhancement in gNB that is not expected to have specification impact.
2.4.4	Performance evaluation
Simulations of DMRS bundling have been performed. Simulation assumptions are according to agreements from RAN1#109-e. Specific simulation assumptions are listed in Table 6. Time drift is modeled in the simulation as described in section 2.4.2.
[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: 4, 5, 7, 10, 20
With voice frame aggregation: 8, 16

	HARQ configuration 
	Feedback disabled

	TBS/MCS
	Without voice frame aggregation: MCS-9 (TBS=184) from Table 6.1.4.1-1 of 38.214 [5].
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
	Initial timing error at start of TDW: 8Ts
Timing drift during TDW: 71 ppm (2.18Ts/slot)

	Phase drift post-compensation
	· No post-compensation
· 53 ppm post-compensation (see section 2.4.4.1)

	Performance metric
	2% BLER

	Target CNR
	-8.1 dB



2.4.4.1	Phase drift post-compensation
To evaluate DMRS bundling performance with phase drift post-compensation, a beam at the edge of the satellite footprint (with minimum elevation angle 30°) is considered, as shown in Figure 2. A cell diameter of 1000 km is assumed, which is the worst-case according to TR 38.821 [8]. The UE is located at the outer edge of the beam.
[image: ]
[bookmark: _Ref125986471]Figure 2: A spotbeam at the edge of the satellite footprint.

The drift rate in the beam ranges from 35 ppm to 71 ppm. The numbers have been derived from Figure 3 that shows simulated (one-way, per link) drift rate for the whole satellite footprint versus offset from nadir. When evaluating phase drift post-compensation, the middle-point in this range, i.e., 53 ppm, has been assumed in the post-compensation.
[image: Chart, line chart
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[bookmark: _Ref125987426]Figure 3: One-way satellite-to-UE Doppler shift versus offset from nadir for a LEO 1200 satellite.

Simulation results with 20 repetitions and DMRS bundling (without voice frame aggregation) are summarized in Table 7. Detailed results can be found in Appendix A. Simulation assumptions are according to Table 6. It can be seen that timing drift degrades BLER performance up to 0.5 dB, but also that phase drift post-compensation in gNB reduces the loss to around 0.1 dB.
[bookmark: _Ref111048828]Table 7: PUSCH BLER performance for VoIP (AMR 4.75) with 20 repetitions and DMRS bundling.
	Timing drift
	Phase drift post-compensation
	Simulated SNR at 2% BLER for different TDW lengths

	
	
	TDW=20
	TDW=10
	TDW=7
	TDW=5
	TDW=4

	No
	No
	-4.2
	-3.7
	-3.4
	-3.1
	-2.8

	Yes
	No
	-3.7
	-3.5
	-3.3
	-3.0
	-2.8

	Yes
	Yes
	-4.1
	-3.6
	-3.3
	-3.0
	-2.8



However, as discussed in section 2.4.2, the TDW length might be limited to 9 slots or less to avoid excessive timing errors, depending on the assumed timing drift. As seen in Table 7, when the TDW is less than 9, the loss due to timing drift is small, and the gain due to phase drift post-compensation is also small.
[bookmark: _Toc127545067]For a given TDW length, post-compensation of the sub-carrier phase drift in gNB can improve BLER performance for PUSCH. However, for the TDW lengths that are possible without exceeding RAN4 timing accuracy requirements, phase drift post-compensation has only limited gain in the evaluated scenario.
[bookmark: _Toc127545068]Post-compensation of phase drift can be implemented in gNB without specification impact.
2.4.4.2	TX antenna switching
TX antenna switching has been suggested e.g. in [12]. Below we evaluate performance of 20 PUSCH repetitions with DMRS bundling with TDW lengths of 10 and 5 slots, and one antenna switch after 10 slots. Uncorrelated channels have been assumed for the two TX antennas. Timing drift is modelled and phase drift post-compensation is used. Simulation assumptions are according to Table 6. The results are summarized in Table 8. Detailed results can be found in Appendix A.
[bookmark: _Ref127354258]Table 8: PUSCH BLER performance for VoIP (AMR 4.75) with 20 repetitions, DMRS bundling and antenna switching.
	Antenna switching
	Simulated SNR at 2% BLER for different TDW lengths

	
	TDW=10
	TDW=5

	No
	-3.6
	-3.0

	Yes
	-5.9
	-5.4



The antenna switching gives a gain of 2.3-2.4 dB in the evaluated scenarios.
[bookmark: _Toc127545069]For PUSCH DMRS bundling, TX antenna switching between the TDWs can provide a substantial gain.
[bookmark: _Toc127545070]Antenna switching can be implemented in the UE without specification impact.
Closed-loop, network-controlled TX antenna switching for PUSCH is a Rel-18 TEI proposal (see [13]) and can potentially improve the performance of PUSCH with DMRS bundling further by adaptively selecting the best TX antenna. 
2.4.4.3	Voice frame aggregation
Voice frame aggregation has been suggested e.g. in [12]. Here we evaluate performance of 2x voice frame aggregation at application layer. Without voice frame aggregation, one packet is assumed to consist of 184 bits, of which 95 are payload bits. With voice frame aggregation, two voice frames are bundled at application layer, resulting in a TBS of 278 bits every 40 ms. The number of PUSCH repetitions is 32 and DMRS bundling with TDW lengths of 16 and 8 slots are evaluated. An antenna switch is performed after 16 slots. Uncorrelated channels have been assumed for the two TX antennas. Timing drift is modelled and phase drift post-compensation is used. Simulation assumptions are according to Table 6. The results are summarized in Table 9. Detailed results can be found in Appendix A.
[bookmark: _Ref127354477]Table 9: PUSCH BLER performance for VoIP (AMR 4.75) with voice frame aggregation, 32 repetitions, DMRS bundling and antenna switching.
	Antenna switching
	Simulated SNR at 2% BLER for different TDW lengths

	
	TDW=16
	TDW=8

	No
	-4.4
	-3.8

	Yes
	-6.4
	-6.0



Comparing Table 9 with Table 8, it can be seen that performance is improved with 2x voice frame aggregation. For the case of TDW=16, the RAN4 transmit timing accuracy requirements may be violated due to timing drift but the TDW length of 8 slots should be possible. The gain in SNR is despite that fewer PUSCH slots are transmitted per voice frame (16 compared to 20). Still, there is a gap to the target SNR (-8.1 dB) of >2 dB.
[bookmark: _Toc127545071]Application level voice frame aggregation can improve the coverage of PUSCH for VoIP due to reduced overhead and increased number of repetitions.
[bookmark: _Toc127545072]Application level voice frame aggregation has no RAN specification impact.
[bookmark: _Toc127545073]Several performance enhancements without specification impact have been evaluated for PUSCH DMRS bundling and were found to give relevant gains. Still, a gap to the target CNR for PUSCH VoIP of >2 dB is observed.
2.5	Downlink
Since RAN#97-e concluded that no work on PFD limitation will take place in the WGs before RAN#99, and the simulation results from RAN1#110 show that DL performance is sufficient without PFD limitation, there is no need to discuss DL enhancements in RAN1 until after RAN#99.
[bookmark: _Toc127545087]Postpone RAN1 discussions of DL enhancements until after RAN#99.
2.6	Msg3 repetition for CFRA
At RAN2#120, the following agreement was made:
From RAN2 perspective we don’t consider msg3 repetition enhancements in R18 NR NTN (apart from msg3 for CFRA, if decided by RAN1)


The need for Msg3 repetitions for CFRA (contention-free random access) has not been discussed in RAN1 but deserves some attention based on the agreement above. During the study phase, RAN1 evaluated the performance of Rel-17 Msg3 PUSCH repetitions and concluded that there is no need for further enhancements. In this study, RAN1 assumed that up to 16 repetitions can be used. The margin with 16 repetitions reported by different companies was in the order of 0.7 to 4.4 dB. However, RAN1 did not consider that Msg3 repetitions are not supported in case of CFRA. Without repetitions, the performance target is not met. Therefore, the conclusion of RAN1 only applies for the case of CBRA (contention-based random access).
[bookmark: _Toc127545074]There is a coverage gap for Msg3 PUSCH for the case of CFRA since repetitions are not supported in this case.
Support for Msg3 PUSCH repetitions for the CFRA case is not expected to have any RAN1 specification impact. To close the coverage gap, only signalling support for the case of CFRA in RAN2 specifications needs to be added.
Therefore, we propose the following:
[bookmark: _Toc127545088]Conclude that there is a coverage gap for Msg3 PUSCH in case of CFRA that can be solved by Msg3 PUSCH repetition.
[bookmark: _Toc127545089]Send an LS to RAN2 informing them of the coverage gap for Msg3 in case of CFRA and recommend them to specify signalling support for Msg3 repetitions in this case.
3	Conclusion
In the previous sections we made the following observations: 
Observation 1	PRACH resource partitioning is used for Msg3 repetition, RedCap, slicing, SDT and other features that are potentially useful in NTN. It is also considered for Rel-18 PRACH repetition.
Observation 2	Excessive partitioning of the PRACH resources may cause capacity problems for PRACH and increases complexity.
Observation 3	Knowledge of the UE’s need for Msg4 HARQ-ACK repetition is not needed in the network until after Msg3 is received.
Observation 4	In the MAC subheader for the PUSCH carrying Msg3, there are two reserved bits and seven reserved LCID values that can potentially be used for Msg4 HARQ-ACK repetition related signaling.
Observation 5	If LCID codepoints are used to request Msg4 HARQ-ACK repetitions, four of the seven reserved LCID codepoints would be needed to also support simultaneous indication of CCCH for a RedCap UE and CCCH size of 48 and 64 bits.
Observation 6	If a UE requests Msg4 HARQ-ACK repetition, the network can select the number of repetitions (if any) based on UL measurements on Msg3 PUSCH.
Observation 7	Selection of the number of Msg4 HARQ-ACK repetition based on measurements on Msg3 PUSCH is complicated by the fact that the UL transmission power of Msg3 PUSCH is unknown due to TPC. It is unclear if this is a problem in practice since coverage problems for Msg3 and Msg4 HARQ-ACK are strongly correlated and full TX power is likely needed for Msg3 when repetitions are needed for Msg4 HARQ-ACK.
Observation 8	The compact PHR information is useful also for initial link adaptation in RRC_CONNECTED state.
Observation 9	Support of DMRS bundling for Msg4 HARQ-ACK PUCCH repetition requires early indication of this UE capability, e.g., in PRACH or Msg3 PUSCH, in addition to the capability of Msg4 HARQ-ACK repetitions.
Observation 10	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 time-domain window length. No enhancements of the signaling are deemed necessary.
Observation 11	With an advanced UE implementation that pre-compensates its local clock to cancel the Doppler shift effect at the start of the TDW, the need for TDW length limitation due to pre-compensation updates can be avoided.
Observation 12	For LEO1200, the timing drift can be up to 71 ppm at 30° elevation angle.
Observation 13	The timing accuracy requirement for NTN UE is 29Ts (assuming 15 kHz SCS) but not all of this timing error budget can be used for managing the timing drift due to paused updating of the open-loop TA within the TDW.
Observation 14	With a timing drift of 71 ppm and an optimistic assumption on the efficiency of closed-loop TA control, the UE has to update its autonomous TA pre-compensation every 9 slots to avoid excessive timing offset. With a less optimistic assumption on the initial timing error, shorter TDW lengths may be needed.
Observation 15	The TDW length cannot be increased by post-compensation of the RX timing in gNB.
Observation 16	For a given TDW length, post-compensation of the sub-carrier phase drift in gNB can improve BLER performance for PUSCH. However, for the TDW lengths that are possible without exceeding RAN4 timing accuracy requirements, phase drift post-compensation has only limited gain in the evaluated scenario.
Observation 17	Post-compensation of phase drift can be implemented in gNB without specification impact.
Observation 18	For PUSCH DMRS bundling, TX antenna switching between the TDWs can provide a substantial gain.
Observation 19	Antenna switching can be implemented in the UE without specification impact.
Observation 20	Application level voice frame aggregation can improve the coverage of PUSCH for VoIP due to reduced overhead and increased number of repetitions.
Observation 21	Application level voice frame aggregation has no RAN specification impact.
Observation 22	Several performance enhancements without specification impact have been evaluated for PUSCH DMRS bundling and were found to give relevant gains. Still, a gap to the target CNR for PUSCH VoIP of >2 dB is observed.
Observation 23	There is a coverage gap for Msg3 PUSCH for the case of CFRA since repetitions are not supported in this case.
Based on the discussion in the previous sections we propose the following:
Proposal 1	If the SSB RSRP is below a threshold configured by the network in system information, or if no threshold is configured, the UE capable of Msg4 HARQ-ACK repetition shall request Msg4 HARQ-ACK repetition. The UE does not indicate a preferred number of repetitions.
Proposal 2	If a UE requests Msg4 HARQ-ACK repetition, the network selects the number of repetitions (if any) from the set of possible number of repetitions configured in SIB.
Proposal 3	Msg3 PUSCH is used to request Msg4 HARQ-ACK repetition.
Proposal 4	The UE requests Msg4 HARQ-ACK repetition using the R bit(s) in the MAC subheader of Msg3.
Proposal 5	To enhance measurements on Msg3 PUSCH for adaptation of Msg4 HARQ-ACK repetition, consider the following options: – Introduce a "combined compact PHR and request for Msg4 HARQ-ACK repetition" using one or two of the reserved bits in the MAC subheader of Msg3 PUSCH. – Require that the UE transmits Msg3 PUSCH at max power if requesting Msg4 HARQ-ACK repetition.
Proposal 6	Regardless of whether one or more Msg4 HARQ-ACK repetition factors are configured in SIB, the UE needs to request Msg4 HARQ-ACK repetition when the RSRP condition is fulfilled.
Proposal 7	If more than one repetition factor is configured in SIB, the network indicates the repetition factor to use (among the configured) in the reserved DAI field in the DCI scheduling Msg4.
Proposal 8	Do not introduce support for DMRS bundling for Msg4 HARQ-ACK PUCCH repetitions.
Proposal 9	Do not introduce support for inter-slot frequency hopping for Msg4 HARQ-ACK PUCCH repetitions unless it is needed to meet the coverage performance target.
Proposal 10	Conclude that signaling/configuration enhancements for PUSCH DMRS bundling are not needed for NTN.
Proposal 11	Consider defining a UE capability to distinguish 1) UE that can pre-compensate its local clock to cancel the Doppler shift effect at the start of the TDW 2) UE that can apply time and frequency pre-compensation that is updated at TDW borders
Proposal 12	RAN1 to discuss how to model the timing drift during DMRS bundling in terms of initial timing error at the start of the TDW and maximum timing drift within the TDW.
Proposal 13	Postpone RAN1 discussions of DL enhancements until after RAN#99.
Proposal 14	Conclude that there is a coverage gap for Msg3 PUSCH in case of CFRA that can be solved by Msg3 PUSCH repetition.
Proposal 15	Send an LS to RAN2 informing them of the coverage gap for Msg3 in case of CFRA and recommend them to specify signalling support for Msg3 repetitions in this case.
[bookmark: _In-sequence_SDU_delivery]
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Appendix A	Detailed simulation results
A.1	PUSCH for VoIP
[image: Chart

Description automatically generated]
Figure 4: PUSCH BLER for VoIP (AMR 4.75) with 20 repetitions, different TDW lengths, with/without phase drift post-compensation.

[image: Chart

Description automatically generated]
Figure 5: PUSCH BLER for VoIP (AMR 4.75) with 20 repetitions, different TDW lengths, with/without TX antenna switching, with phase drift post-compensation.

[image: Chart, line chart
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Figure 6: PUSCH BLER for VoIP (AMR 4.75) with 2x voice frame aggregation, 32 repetitions, different TDW lengths, with/without TX antenna switching, with phase drift post-compensation.
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