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[bookmark: _Ref67694016][bookmark: _Toc67700556]Introduction
[bookmark: _Hlk510705081]The following can be noted from the work item description (WID) for Rel-17 coverage enhancement [1]:
· “Specify mechanism(s) to enable joint channel estimation [RAN1, RAN4]
· Mechanism(s) to enable joint channel estimation over multiple PUSCH transmissions, based on the conditions to keep power consistency and phase continuity to be investigated and specified if necessary, by RAN4 [RAN1, RAN4]
· Potential optimization of DM-RS location/granularity in time domain is not precluded
· Inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation [RAN1]”
This new feature targets improving the channel estimation quality for the demodulation of PUSCH at the receiver by using jointly the DM-RS symbols among the PUSCHs that satisfy the requirements in power consistency and phase continuity. This document will discuss the recent reply LSs from RAN4 to RAN1 [2]-[4][3] on these requirements and open issues from the previous RAN1 meetings.
[bookmark: _Toc67700557]Discussion
[bookmark: _Toc67700558]Use cases 
In RAN1#104-e, the following use cases for joint channel estimation were identified:
	Agreements (RAN1#104-e):
· Following potential use cases are considered for joint channel estimation for PUSCH:
· Use case 1: back-to-back PUSCH transmissions within one slot.
· Use case 2: non-back-to-back PUSCH transmissions within one slot.
· Use case 3: back-to-back PUSCH transmissions across consecutive slots.
· Use case 4: non-back-to-back PUSCH transmissions across consecutive slots.
· Use case 5: PUSCH transmissions across non-consecutive slots.
Note: RAN1 assumes “back-to-back PUSCH transmission” has zero gap in-between adjacent PUSCH transmissions.



RAN1 only agreed to support necessary design aspects to enable joint channel estimation for Use case 3 in RAN1#104-e meeting. Two specific scenarios of this use case (one was agreed, and one resulted in a working assumption) were noted as follows:
	Agreements (RAN1#104-e):
· For back-to-back PUSCH transmissions across consecutive slots, support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation at least for the following case:
· Over back-to-back PUSCH transmissions (of the same TB) for repetition type A scheduled by dynamic grant or configured grant
· FFS details (including possible other cases)

Working assumption:
· For back-to-back PUSCH transmissions across consecutive slots, support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation for the following case:
· Over back-to-back PUSCH transmissions for one TB processed over multiple slots
· It’s subject to UE capability



In RAN1#104-e meeting, the following scenario under Use case 3 was further supported:
	Agreement (RAN1#104-bis-e):
· For back-to-back PUSCH transmissions across consecutive slots, support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation for the following cases:
· Over back-to-back PUSCH transmissions (of the same TB) for repetition type B scheduled by dynamic grant or configured grant, if it reuses only those joint channel estimation specification enhancements defined to support repetition Type A. 
· FFS: additional specification enhancements on top of that defined to support repetition Type A
· Only for single layer transmissions
· Subject to UE capability
· FFS: Over back-to-back PUSCH transmissions with different TBs



In RAN1#105-e meeting the following agreements were made:
	Agreement:
· Joint channel estimation over non-back-to-back PUSCH transmissions within one slot is not supported.

Agreement:
· For back-to-back PUSCH transmissions within one slot, support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation for the following cases:
· Over back-to-back PUSCH transmissions (of the same TB) for repetition type B scheduled by dynamic grant or configured grant, if it reuses only those joint channel estimation specification enhancements defined to support repetition Type A with consecutive slots 
· FFS: additional specification enhancements on top of that defined to support repetition Type A
· Only for single layer transmissions
· Subject to UE capability
· Joint channel estimation over back-to-back PUSCH transmissions with different TBs within one slot is not supported.

Working assumption:
· For non-back-to-back PUSCH transmissions (at least for the case of the same TB) across consecutive slots, support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation for the following cases:
· Over non-back-to-back PUSCH transmissions (of the same TB) for repetition type A scheduled by dynamic grant or configured grant.
· Over non-back-to-back PUSCH transmissions (of the same TB) for repetition type B scheduled by dynamic grant or configured grant, if it reuses only those joint channel estimation specification enhancements defined to support repetition Type A. 
· FFS: additional specification enhancements on top of that defined to support repetition Type A
· Only for single layer transmissions 
· Subject to UE capability
· FFS: Over non-back-to-back PUSCH transmissions with different TBs
· FFS: Over non-back-to-back PUSCH transmissions for TBoMS 
· For the non-back-to-back PUSCH transmissions, it is defined as at least when there is no UL transmission between the two successive PUSCH transmissions
· Subject to UE capability with details FFS (e.g., separate vs. joint capability for type A & type B, w.r.t. OFF power requirements, etc.)
· FFS: Joint channel estimation over non-back-to-back PUSCH transmissions with other uplink transmissions between the two successive PUSCH transmissions across consecutive slot.



Based on the agreements so far, the status on the supported scenarios is summarized in Table 1 and Table 2 for the case of PUSCH transmissions of the same TB and PUSCH transmissions of different TBs, respectively. 
[bookmark: _Ref74241210][bookmark: _Ref74241195]Table 1. Summary of supported/not-supported scenario for the case of PUSCH transmissions of the same TB.
	
	Back-to-back
	Non-back-to-back

	
	
	no UL transmission between the two successive PUSCHs
	Other UL transmission(s) between the two successive PUSCHs

	Within a slot
	· PUSCH repetition type B with constraints.
	Not supported
	Not supported

	Across consecutive slots
	· PUSCH repetition type A and type B with constraints.
· TB processed over multiple slots (WA)
	PUSCH repetition type A and type B with constraints (WA).
	To be discussed

	Across non-consecutive slots
	N/A
	Deprioritized according to RAN1 LS [5]
	To be discussed




[bookmark: _Ref74241216]Table 2. Summary of supported/not-supported scenario for the case of PUSCH transmissions of different TBs.
	
	Back-to-back
	Non-back-to-back

	
	
	no UL transmission between the two successive PUSCHs
	Other UL transmission(s) between the two successive PUSCHs

	Within a slot
	Not supported
	Not supported
	Not supported

	Across consecutive slots
	To be discussed
	To be discussed
	To be discussed

	Across non-consecutive slots
	N/A
	Deprioritized according to RAN1 LS [5]
	To be discussed



From the tables above, it can be observed that several scenarios still need further discussion including:
· Back-to-back PUSCHs:
· JCE across consecutive slots for PUSCH transmissions of different TBs.
· Non-back-to-back PUSCHs:
· no UL transmission between the two successive PUSCHs
· JCE across consecutive slots for PUSCH transmissions of the same/different TB(s).
· other UL transmission(s) between the two successive PUSCHs
· JCE across consecutive slots for PUSCH transmissions of the same/different TB(s).
· JCE across non-consecutive slots for PUSCH transmissions of the same/different TB(s).
We herein provide our views on these scenarios.
[bookmark: _Toc67700559]Back-to-back PUSCHs of different TBs across consecutive slots
Concerning the requirements for joint channel estimation for back-to-back PUSCH transmissions, the following can be noted from the first reply LS from RAN4 in January 2021 [2]:
	For back-to-back transmissions with zero gap in-between adjacent transmissions:
· Modulation order does not change.
· RB allocation in terms of length and frequency position should not be changed, and intra-slot and inter-slot frequency hopping is not enabled within a repetition bundle.
· No change on transmission power level of its own CC, i.e., no change on the power control parameters specified in TS 38.213, and also when own CC is not impacted by other concurrent CC(s) that are configured for inter-band CA or DC for same UE with dynamic power sharing and no change in any configured CC s that are part of configured intra-band uplink CA or DC. 
· No UL beam switching for FR2 UE occurs.


[bookmark: _Ref67699205]It can be observed that if the above conditions for back-to-back transmissions with zero gap in-between adjacent transmissions are met, the joint channel estimation can be applied. Therefore, as long as the above conditions are met for a set of back-to-back transmissions, and the UE is capable of maintaining the phase continuity under these conditions, then joint channel estimation can be applied on the set of back-to-back transmissions regardless of how these back-to-back transmissions are used to transmit data.
[bookmark: _Ref67699331][bookmark: _Toc79063442]Proposal 1. RAN1 to further support necessary design aspects to enable joint channel estimation for back-to-back PUSCHs of different TBs across consecutive slots if the following constraints are satisfied: 
· Modulation order does not change.
· RB allocation in terms of length and frequency position does not change, and intra-slot and inter-slot frequency hopping is not enabled within a repetition bundle.
· No change on transmission power level of its own CC, i.e., no change on the power control parameters specified in TS 38.213, and also when own CC is not impacted by other concurrent CC(s) that are configured for inter-band CA or DC for same UE with dynamic power sharing and no change in any configured CC s that are part of configured intra-band uplink CA or DC. 
· No UL beam switching for FR2 UE occurs.

[bookmark: _Ref67688547][bookmark: _Toc67700560][bookmark: _Ref74821913]Non back-to-back PUSCHs with “no UL transmission” in-between two successive PUSCHs
No “DL reception” in-between the two successive PUSCHs
According to the inputs from RAN4 so far, to apply the JCE on non-back-to-back PUSCH scenario, the maximum duration between two successive PUSCHs should not exceed 13 symbols. Other values are still possible and subject to further discussion in RAN4. Indeed, the following can be noted from the reply LSs from RAN4:
	RAN4 reply LS in April 2021 [3]
RAN4 confirms the feasibility of phase continuity and power consistency for non-zero un-scheduled gap case for a gap less than 14 symbols when UE is not required to meet the existing off power requirements. Whether new or existing OFF power requirements for shorter duration than 1 msec as well as the maximum value of X un-scheduled symbols will be introduced are pending on further RAN4 discussions. 

RAN4 reply LS in May 2021 [4]
RAN4 has continued discussing the un-scheduled gap consisting of unscheduled symbols between two PUCCH repetitions or PUSCH transmissions and reached a conclusion that it is feasible for UE to maintain phase continuity when the gap is 13 symbols or less. RAN4 is still discussing the feasibility of 14 symbols or 1 ms for different SCSs for the un-scheduled gap.



Aside from the above constraint on the maximum duration between two successive PUSCHs (and the same conditions as mentioned for back-to-back scenario), the UE does not expect to receive or monitor any DL transmission in between the two successive PUSCHs.
	RAN4 reply LS in January 2021 [2]
For non-back-to-back transmissions with non-zero gap in-between adjacent transmissions: 
· The above conditions for back-to-back transmissions, and
· No downlink reception in-between the PUSCH or PUCCH repetition in the same band for TDD case.

RAN4 reply LS in May 2021 [4]
The “downlink reception” means downlink symbols with actual DL transmission from gNB to UE and/or DL monitoring with the assumption that UE is receiving information.


The above conditions are clear and can easily be satisfied in many use cases. Indeed, the only additional constraint here compared to the back-to-back scenario is no DL reception in-between two successive PUSCH repetitions. In addition, as pointed out by many companies during the previous RAN1 meetings, the non-back-to-back transmissions with non-zero gap in-between adjacent transmissions scenario not only is important but also should be supported, especially for TDD. Therefore, this scenario should also be supported.
[bookmark: _Toc79063443]Proposal 2. RAN1 to confirm the working assumption made in RAN1#105-e on supporting necessary design aspects to enable joint channel estimation for non-back-to-back PUSCHs of the same TB across consecutive slots with no UL transmission between two successive PUSCHs.
[bookmark: _Toc79063444]Proposal 3. RAN1 to further support necessary design aspects to enable joint channel estimation for non-back-to-back PUSCHs of different TBs across consecutive slots with no UL transmission between two successive PUSCHs if the following constraints are satisfied:
· Constraints for joint channel estimation in case of back-to-back PUSCHs.
· The duration between the two successive PUSCHs is not greater than the maximum “non-zero unscheduled gap” provided by RAN4.
· The UE does not expect to receive or monitor any DL transmission within the “non-zero unscheduled gap”.

[bookmark: _Ref74864240]There is “DL reception” in-between the two successive PUSCHs
The gNB should have full control on keeping the “unscheduled” gap between two successive PUSCH repetitions or not. For dynamic PDSCH, this can easily be controlled by the gNB so that it can decide on whether (i) scheduling the PDSCH in between the two successive PUSCH repetitions and breaking the phase continuity or (ii) postponing the PDSCH scheduling to keep the phase continuity. In contrast, the DL monitoring occasions are semi-statically configured for SPS/PDCCH or other operational monitoring such as SSB beams, PTRS, or CSI-RS. Therefore, it is difficult for the gNB to control the UE’s behavior in this case, i.e., whether the UE should (i) skip monitoring the SPS/PDCCH occasions, if any, in between the two successive PUSCH repetitions and maintain the phase continuity or (ii) continue monitoring the SPS/PDCCH occasions, if any, in between the two successive PUSCH repetitions and break the phase continuity. Apparently, as illustrated in Figure 1, an indication from the gNB is needed to let the UE know which behavior should be adopted. We note that this indication would be different from indicating whether joint channel estimation is enabled or not, because joint channel estimation can still be applied, e.g., on rep1 and rep2 or rep3 and rep4, in the example shown in Figure 1.
[image: ]
[bookmark: _Ref75211897]Figure 1. Illustration of a DL reception occasion scheduled in-between PUSCH transmissions that are expected to keep phase continuity.
On the other hand, in case the number of repetitions is high, asking the UE to skip all DL data and operational monitoring may not be affordable. It may reduce the scheduling flexibility and overall network performance. In this case, the gNB can indicate different granularity for the DL reception/monitoring, e.g., every n = 2, 3, … PUSCH transmissions or slots, as shown in Figure 2. 
[image: ]
[bookmark: _Ref75210479]Figure 2. Illustration of configuring DL reception occasion monitoring every 2 repetitions.
From the discussion above, we propose the following:
[bookmark: _Toc79063445]Proposal 4. For non-back-to-back PUSCH transmissions, the gNB indicates whether and which DL reception occasion should be monitored by the UE.

Non back-to-back PUSCHs with “other UL transmission(s)” in between two successive PUSCHs
[bookmark: _Ref74821753]The “other UL transmission” has the same settings as PUSCHs
The following can be noted from the RAN4 reply LS in April 2021 [3]:
	For the case with other UL channels in between repetitions, at least if the other scheduled signals/channels during the non-zero gap have the same settings in antenna port, occupied PRBs and UL power than the repeated transmission signals/channels, it is feasible to maintain the phase continuity and power consistency across the repetitions.


With the above confirmation from RAN4 for the feasibility of maintaining the phase continuity and power consistency across the repetitions for non-back-to-back PUSCH under certain conditions, RAN1 should also support this scenario if the conditions are satisfied, at least for the PUSCH transmissions across consecutive slots (of the same TB or different TBs). 
[bookmark: _Toc79063446]Proposal 5. RAN1 to further support necessary design aspects to enable joint channel estimation for non-back-to-back PUSCHs of the same TB or different TBs across consecutive slots with other UL transmission(s) between two successive PUSCHs if the following constraints are satisfied:
· The other UL transmission(s) have the same settings in antenna port, occupied PRBs and UL power as the PUSCH repetitions.

The “other UL transmission” has different settings than PUSCHs
According to the feedback from RAN4, phase continuity cannot be guaranteed whenever the other UL transmission has at least one different setting than the PUSCH repetitions regarding antenna port, occupied PRBs and UL power. However, this scenario can be avoided from happening thanks to at least one of the following options:
· Option 1: Adapt the settings of the other UL transmission to make it be the same as PUSCHs.
· Option 2: Multiplex the data of the other UL transmission on PUSCH.
· Option 3: Drop the other UL transmission with different settings.
Options 1 and 2 are more relevant when the other UL transmission is PUCCH.
Option 1 turns this scenario into the case when the “other UL transmission” has the same settings as PUSCHs (Section 2.1.3.1), which is supportable as shown in Figure 3. 
[image: ]
[bookmark: _Ref75210372]Figure 3. An example of adapting the settings of the PUCCH to be the same as PUSCH when the PUCCH is configured with different settings than the PUSCH repetitions.
Assuming the UL transmission is PUCCH, the most challenging setting is to have the same occupied PRBs between PUCCH and PUSCH. Indeed, antenna port and UL power can be dynamically controlled by the gNB but the occupied PRBs for PUCCH is semi-statically configured. Therefore, a rule needs to be specified to adapt the occupied PRBs of PUCCH to be the same as the ones for PUSCH. Some specification impacts may be envisioned to apply this option to PUCCH formats 0/1/4, which support only 1 PRB. Conversely, no issue is envisioned for supporting this option for PUCCH formats 2/3 (which support up to 16 PRBs), at least when the number of PRBs configured for PUSCH repetitions is not greater than 16. This does not seem to cause any practically relevant issues for real deployments given that:
· PF2 and PF3 are arguably the formats for which coverage shortage over the PUCCH of a single UE is expected to occur (for both FR1 and FR2). Indeed, their payload size is larger than what can be transmitted over PF0/PF1. Their relevance is further confirmed by the fact that they are the typical solution to realize a P-CSI report. Relevance of PF4 in this context may be application dependent.   
· A small number of PRBs is expected to be scheduled in coverage shortage situations for PUSCH transmissions. Indeed, during the study item phase, 4 PRBs were assumed for VoIP in all scenarios and for eMBB in Rural scenario [6].
· Depending on the availability of the REs within the occupied PRBs of PUSCHs, the gNB should be able to indicate to the UE whether this option can be adopted or not. 
Option 2 turns this scenario into the case when the gap between two successive PUSCHs is “unscheduled” (Section 2.1.2). Assuming the UL transmission is PUCCH, then the UCI on this PUCCH can be multiplexed on one of the PUSCH even if the PUCCH and the PUSCH are not overlapped. The most relevant scenario which offers a negligible specification impact is to multiplex the UCI on the next PUSCH repetition as shown in Figure 4. 
[image: ]
[bookmark: _Ref74862043]Figure 4. An example of multiplexing UCI from a non-overlapping PUCCH on one of the PUSCH repetition when the PUCCH is configured with different settings than the PUSCH repetitions.
Indeed, this option should not impact any legacy behavior in terms of generating the UCI but simply postpones the entire UCI and multiplexes it in the next PUSCH repetition, according to the conventional rules:
· UCI carrying HARQ-ACK feedback with 1 or 2 bits is multiplexed by puncturing PUSCH;
· In all other cases UCI is multiplexed by rate matching PUSCH.
This option may introduce latency to the UCI (a fair price to pay in coverage shortage condition to increase the channel coverage) and slightly reduce the reliability of the PUSCH repetition due to multiplexing. However, it can still be considered as a better solution compared to completely dropping the PUCCH or breaking the phase continuity. Indeed, in case the number of repetitions is high, multiplexing the UCI on one of the PUSCH repetition would not significantly decrease the soft-combining performance, especially in case of small UCI payload. In contrast, keeping phase continuity across all repetitions would bring larger gain. 
Option 3 also turns this scenario into the case when the gap between two successive PUSCHs is “unscheduled” (Section 2.1.2), by simply dropping the other UL channel. This option is simpler. However, dropping all other UL channels within the PUSCH repetition duration may significantly impact normal operations in the UL, in turn altering decisions and possibly performance for the DL. Therefore, this option should be considered only when Option 1 and 2 are not applicable. As illustrated in Figure 5, in this case the gNB should at least instruct the UE on whether the latter should (i) transmit the other UL transmission with different settings and break the phase continuity or (ii) drop the other UL transmission with different settings and maintain the phase continuity. Similar to the case when there is DL reception/monitoring in-between two successive PUSCHs in Section 2.1.2.2, in case of dropping of only some of the UL transmissions with different settings, the gNB should indicate which of them can be transmitted (and phase continuity is broken) and which of them can be dropped (and the phase continuity is maintained), e.g. by introducing the valid/invalid slots.

[image: ]
[bookmark: _Ref74864584]Figure 5. Illustration of a UL transmission with different settings scheduled in-between PUSCH transmissions that are expected to keep phase continuity.
From the above analysis, we propose the following:
[bookmark: _Toc79063447]Proposal 6. For non-back-to-back PUSCH transmissions, in case the other UL transmission in between two successive PUSCHs has different settings than PUSCH, the gNB indicates one of the following options to the UE:
· Option 1: Adapt the settings of the other UL transmission to make it be the same as PUSCHs.
· Option 2: Multiplex the data of the other UL transmission on PUSCH, if any.
· Option 3: Drop the other UL transmission with different settings.
· Option 4: Transmit the other UL transmission with different settings and break the phase continuity.
Dropping/transmitting only part of the UL transmissions with different settings within the repetition period/time-domain window is also possible and should be indicated by the gNB.

[bookmark: _Ref67694248][bookmark: _Toc67700561]Time-domain window
The following agreement was made in RAN1#104-bis-e:
	Agreements (RAN1#104-bis-e):
· For joint channel estimation, specify a time domain window during which a UE is expected to maintain power consistency and phase continuity among PUSCH transmissions subject to power consistency and phase continuity requirements.
· FFS how the time domain window is determined (e.g., via explicit configuration and/or implicitly derived) and whether or not to have the possibility of enabling/disabling the time domain window
· FFS the units the time domain window (e.g. repetitions, slots, and/or symbols)
· FFS : association between the potential use case(s) and units of the time window
· FFS: single or multiple time domain windows
· FFS: relation with UE capability
· FFS: whether the term "time domain window" is used in the specification or replaced by other technical terms
· FFS whether or not to further consider impacting of timing advance



Concerning the unit of the time-domain window, the following agreement was also made in RAN1#104-bis-e:

	Agreements (RAN1#104-bis-e):
· For the time domain window for joint channel estimation, down select on the following two options:
· Option 1: The unit of the time domain window is defined separately for the following PUSCH transmissions:
· PUSCH repetition type A
· PUSCH repetition type B, if agreed
· TBoMS, if agreed
· Different TB, if agreed
· Option 2: The unit of the time domain window is the same for the following PUSCH transmission:
· PUSCH repetition type A
· PUSCH repetition type B, if agreed
· TBoMS, if agreed
· Different TB, if agreed



In RAN1#105-e meeting, RAN1 has identified a concern on whether the UE can only maintain the power consistency and phase continuity up to a certain maximum duration, which depends on the UE’s capability. The following agreement was then made, and an LS was sent to RAN4 to clarify the existence of such maximum duration.
	Agreement (RAN1#105-e):
Definition of the maximum duration: a maximum time duration during which UE is able to maintain power consistency and phase continuity subject to power consistency and phase continuity requirements. 
· FFS whether or not such a definition is necessary for RAN1 specifications.
· Note: whether such a definition is to be specified in RAN4 specifications is up to RAN4.
· FFS the maximum duration may be reported by UE.
· Note: it is understood that for a UE, the maximum duration is no less than the time domain window duration



	Agreement (RAN1#105-e): Send LS to RAN4 asking the following questions
· For joint channel estimation, is there a maximum duration during which UE is able to maintain power consistency and phase continuity under certain tolerance level? If any, how long is it?
· What factors determine the maximum duration?
· Whether the maximum duration should be the same for different cases for both PUSCH and PUCCH?
· Whether the maximum duration is dependent on the modulation order of transmission, e.g., QPSK, 16QAM, 64QAM? 
· Whether the maximum duration is dependent on UL waveform (DFT-s-OFDM vs. OFDM)?
· Whether the maximum duration is band specific?
· Besides the factors listed above, whether or not the maximum duration is further dependent on UE capabilities (e.g., multiple possible values for a given set of factor(s)), and if so, whether the UE should report such a duration



The time-domain window can be separately defined for the case of PUSCH repetitions only and for the case of any PUSCH transmissions. We herein discuss the definitions of time-domain window and their units for these two cases. 
Time-domain window (TDW) for PUSCH repetitions only
TDW for PUSCH repetition type A was discussed in RAN1#105-e meeting and the following agreement was made:
	Agreement:
For joint channel estimation for PUSCH repetition type A of PUSCH repetitons of the same TB, down select one of the following alternatives for the time domain window.
· Alt 1: All the repetitions are covered by one single time domain window
· The start of the window is the first PUSCH transmission
· FFS: how to handle non-consecutive physical slots for UL transmission, e.g., due to DL/UL configuration for unpaired spectrum
· FFS: frequency hopping and precoder cycling
· Alt 2: All the repetitions are covered by one or multiple time domain windows
· For the start of each window,
· The start of the first window is the first PUSCH transmission.
· FFS: how to determine the start of other windows, e.g., whether multiple windows are consecutive or non-consecutive, whether the start of the window depends on DL/UL configuration for unpaired spectrum
· For the length of each window,
· FFS Each window consists of at least two adjacent physical slots for UL transmission.
· The length of each window is no longer than the maximum duration.
· FFS: how to determine the length of each window
· FFS: whether the length of each window depends on DL/UL configuration for unpaired spectrum
· FFS: how to handle non-consecutive physical slots for UL transmission, e.g., due to DL/UL configuration for unpaired spectrum.
· FFS: frequency hopping and precoder cycling
· Other alternatives are not precluded.



According to the agreement made in RAN1#104-bis-e, time-domain window is the time duration within which the UE is expected to maintain the power consistency and phase continuity. In general, the UE should be expected to maintain the power consistency and phase continuity across all repetitions. However, within the repetition duration, there could be one or more than one “actual duration” wherein the UE is able to maintain the power consistency and phase continuity, as shown in Figure 6. Whether there is/are one or more than one “actual durations” depends on:
· UE capability, i.e. the “maximum capable duration”, if any.
· In case of non-back-to-back PUSCHs, it further depends on:
· The “maximum unscheduled gap” between two successive PUSCHs.
· Whether the UE is expected to monitor any DL reception
· Whether the UE is expected to transmit any other UL transmission with different settings than PUSCH in-between the PUSCHs. 
In case the “maximum capable duration” exists and is less than the repetition duration, defining the TDW as repetition duration goes against the note agreed in RAN1#105-e meeting that “the maximum duration is no less than the time domain window duration”. 
[bookmark: _Toc79063178]Observation 1. If the “maximum capable duration” exists, defining the time-domain window as repetition duration may not satisfy the constraint agreed in RAN1#105-e according to which “the maximum duration is no less than the time domain window duration”.
From the discussion above, it can be observed that Alt. 1 may not be applicable. Therefore, while waiting for confirmation from RAN4, RAN1 should focus on Alt. 2. The following have been confirmed for Alt. 2 so far:
· All the repetitions are covered by one or multiple time-domain windows.
· The start of the first window is the first PUSCH transmission.
· The length of each window is no longer than the maximum duration.

[image: ]
[bookmark: _Ref75190277]Figure 6. An example of defining TDW as “maximum capable duration” for back-to-back PUSCH repetitions.
One straightforward solution is to define the TDW to be equal to the “maximum capable duration”. The first window starts at the first PUSCH repetition. The TDW is then repeated within the repetition duration. As shown in Figure 6, this solution may work well for back-to-back PUSCH repetitions, since the “actual duration” also equals to the “maximum capable duration” in this case. However, this solution is sub-optimal for non-back-to-back PUSCHs. Indeed, Figure 7 illustrates the scenario of non-back-to-back PUSCH repetitions in FDD, wherein the DL reception occasion and/or other UL with different settings happen in-between the “maximum capable duration”. In this case, the TDW is fragmented into multiple “actual durations”. Hence, the power consistency and phase continuity across the PUSCH repetitions at the boundary of the TDWs (e.g., rep4 and rep 5) cannot be maintained even if they belong to two “actual durations” with the total duration not greater than the “maximum capable duration”.
[image: ]
[bookmark: _Ref75192313]Figure 7. An example of defining TDW as “maximum capable duration” for non-back-to-back PUSCH repetitions in consecutive slots.
A better solution is to define TDW(s) to be equal to the “actual duration(s)”. Each “actual duration” is not greater than the “maximum capable duration” supported by the UE. Therefore, within the repetition duration, there can be multiple TDWs determined by:
· A TDW starts from:
· The beginning of the first PUSCH repetition for the first TDW
· The beginning of the first PUSCH repetition after an event such that the power consistency and phase continuity are broken.
· A TDW ends at:
· The end of the PUSCH repetition right before an event such that the power consistency and phase continuity are broken.
· The end of the last PUSCH repetition for the last TDW.
· An event such that the power consistency and phase continuity are broken could be one of the following:
· The “maximum capable duration” is exceeded.
· The “maximum unscheduled gap” between two successive PUSCHs is exceeded.
· The UE is expected to monitor/receive a DL reception occasion.
· The UE is expected to transmit an UL transmission with different settings than PUSCH repetitions.
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[bookmark: _Ref75206635]Figure 8. An example of defining TDW as “actual duration” for non-back-to-back PUSCH repetitions in consecutive slots.
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[bookmark: _Ref75206639]Figure 9. An example of defining TDW as “actual duration” for non-back-to-back PUSCH repetitions in non-consecutive slots assuming the DL/UL configuration is DDSUU.
Figure 8 and Figure 9 show examples of using the above definition of TDW for non-back-to-back PUSCH repetitions in FDD and TDD, respectively. In Figure 8, the event such that the power consistency and phase continuity are broken is the monitoring/receiving a DL reception occasion (or transmitting an UL transmission with different settings). In Figure 9, the event such that the power consistency and phase continuity are broken is that the duration between two successive PUSCH repetitions is greater than the “maximum unscheduled gap”. It is worth noting that the above definition of TDW also works for back-to-back PUSCH repetition (see Figure 6). The unit of the TDWs is symbol. However, since the TDWs can be implicitly determined, unit may be discussed at a later stage, if needed.
From the above analysis we propose the following:
[bookmark: _Toc79063448]Proposal 7. For PUSCH repetition type A, all the repetitions are covered by one or multiple time-domain windows, whose size(s) are implicitly determined by the UE. The start and length of the time-domain window(s) are defined as follows:
· A TDW starts from:
· The beginning of the first PUSCH repetition for the first TDW
· The beginning of the first PUSCH repetition after an event such that the power consistency and phase continuity are broken.
· A TDW ends at:
· The end of the PUSCH repetition right before an event such that the power consistency and phase continuity are broken.
· The end of the last PUSCH repetition for the last TDW.
· An event such that the power consistency and phase continuity are broken could be one of the following:
· The “maximum capable duration” is exceeded.
· The “maximum unscheduled gap” between two successive PUSCHs is exceeded.
· The UE is expected to monitor/receive a DL reception occasion.
· The UE is expected to transmit an UL transmission with different settings than PUSCH repetitions.

Time-domain window for any PUSCH transmissions.
In case joint channel estimation is not limited to PUSCH repetitions but also applicable for any PUSCH transmissions, including dynamically scheduled PUSCHs, the principle of the above definition of time-domain window still works. However, since it has been agreed that the joint channel estimation feature is enabled or disabled via RRC configuration for a UE, assuming the above TDWs are always defined (since the feature is enabled until it is RRC disabled) may introduce complexity to UE implementation. One solution could be to define a time-duration which can be dynamically indicated to replace the “repetition duration” in case of PUSCH repetitions. This however requires significant specification efforts and needs further discussion.
[bookmark: _Toc79063179]Observation 2. In case time-domain window (TDW) is defined for any PUSCH transmissions, assuming the TDWs are always defined since the feature is enabled until it is RRC disabled may introduce complexity to UE implementation. 
[bookmark: _Toc79063449]Proposal 8. In case time-domain window (TDW) is defined for any PUSCH transmissions, RAN1 to further discuss on whether to define a time-duration which can be dynamically indicated and used as “repetition duration” (similar to the case of JCE across PUSCH repetitions) 

[bookmark: _Toc67700562]Inter-slot frequency hopping with inter-slot bundling
The following agreement was made in RAN1#104-bis-e:
	Agreements (RAN1#104-bis-e):
For inter-slot frequency hopping with inter-slot bundling, down select on the following two options:
· Option 1: The bundle size (time domain hopping interval) equals to the time domain window size.
· Option 2: The bundle size (time domain hopping interval) can be different from the time domain window size.
· FFS: Whether the bundle size (time domain hopping interval) is explicitly configured or implicitly determined.
· FFS: Whether/How the bundle size (time domain hopping interval) is defined separately for FDD and TDD.
· FFS: relation between the bundle size (time domain hopping interval) and the time domain window size



With the definition of time-domain window in Section 2.2, each TDW is the duration within which the UE can actually be able to maintain the power consistency and phase continuity (all constraints have been considered for the segmentation into multiple windows). Therefore, inter-TDW frequency hopping can simply be applied as shown in Figure 10.
[image: ]
[bookmark: _Ref67696229]Figure 10. An example of inter-window frequency hopping mode for joint channel estimation.
From the above discussion, we propose the following:
[bookmark: _Toc79063450]Proposal 9. For inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation: 
· The UE switches frequency hop for the PUSCH repetitions whenever one of the following happens:
· The “maximum capable duration” is exceeded.
· The “maximum unscheduled gap” between two successive PUSCHs is exceeded.
· The UE is expected to monitor/receive a DL reception occasion.
· The UE is expected to transmit an UL transmission with different settings than PUSCH repetitions.
· If the “repetition duration” is less than “the maximum capable duration”, and no other event that breaks phase continuity occurs, then the number of repetitions can be split in two halves, each transmitted on one frequency hop.

[bookmark: _Toc67700564]Coherent transmission indication for handling unpredictable events at the UE
As discussed, several times during the past meetings, phase continuity and power consistency across slots involved in JCE should be maintained at UE side for the JCE to yield the expected results. In general, all PUSCH transmissions involved in the JCE should be coherent with each other. For instance, a phase change at the UE side would entail a rotation of the received samples in frequency domain at the gNB. The latter has no constructive way to detect that such rotation is taking place. For this reason, requirements related to phase continuity and power consistency are being currently discussed in RAN4 and will be expected to be met by UE during PUSCH transmission.
From gNB’s perspective, the evolution of the phase and power of the signals transmitted by UE over time, and thus their continuity and consistency (or lack of), may depend on both predictable and unpredictable events/aspects such as, for instance: 
· Predictable events (known at gNB): transmit precoder phase, transmit waveform change (CP-OFDM  DFT-s-OFDM), DL occasion monitoring, network-assisted timing adjustment, frequency resource allocation. 
· Unpredictable events (unknown at gNB): actual transmit power at the UE (open loop power control, OLPC), UE-dependent time adjustments, impairments, and unexpected events at the RF stage of the UE.
Predictable events are not expected to be problematic to handle in the context of JCE, given that very specific requirements will exist in this sense. Such requirements will ensure that if suitable configuration is provided by gNB to UE, phase continuity can be ensured by the latter across the slots involved in the JCE at the gNB. Conversely, unpredictable events may undermine the requirements-based framework, regardless of the PUSCH configuration. As listed above, an unpredictable transmit power change at the UE side is an example of event that can lead to a phase discontinuity or lack of power consistency. Such transmit power change could indeed occur in the context of OLPC, whenever measured PL changes between two PUSCH slots.
In this context, having the UE indicate to gNB whether a PUSCH transmission is coherent with respect to the other PUSCH transmission, to ensure that any unpredictable event which could affect phase continuity across slots can be tracked and identified by gNB, could be beneficial for the latter. Accuracy and effectiveness of JCE would be greatly improved in this case. 
This aspect has been discussed in previous meetings, where it has been proposed to perform such indication via UCI multiplexed with PUSCH. The indication would indicate whether the PUSCH transmission is coherent with respect to the previous PUSCH transmission or whether the PUSCH transmission is coherent with respect to the next PUSCH transmission. Unfortunately, this approach would be characterized by some non-negligible drawbacks. For instance, it would force the presence of UCI in each PUSCH for which JCE can be used. In current systems, PUSCH does not need to carry UCI in every instance and may simply contain UL-SCH data. Furthermore, gNB would need to decode the UCI to determine whether JCE can be used for next/current UL slots or not. This may complicate real-time operations significantly. Finally, it would increase the complexity of gNB implementation in terms of necessary hardware resources during PUSCH decoding, due to the different channel decoder used for UCI and PUSCH in this case.   

Similar observations could be made in case the UCI were to be transmitted with PUCCH. In this case, the problem would be aggravated by the fact that the ease of supporting this UCI would not be FR-agnostic. Indeed, this could be particularly critical for FR2 deployments, where PUCCH resource can be limited by the analogue beamforming-based architecture. Furthermore, additional PUCCH overhead would be needed in this case.

An approach proposed as an alternative to UCI-based ones is based on PTRS, where the latter can be used by gNB to track phase jumps with no need of additional indications. This approach solves most of the drawbacks of the UCI-based solutions. However, this would come at the cost of a higher PTRS density and significant workload to identify suitable thresholds for increasing the density. Additionally, it should be noted that FR1 UEs may not be PTRS-capable in general. Using PTRS for estimating phase jumps at gNB may then not be feasible in general for FR1.

A further alternative to provide phase continuity indication to enable effective JCE at gNB, even in case of unpredictable events not covered by requirements, could be to resort to specific DMRS configurations. UE could encode the indication of coherent transmission using different DMRS configurations, e.g., different sequence mapping shifts/rotations associated to the lack of coherence across slots. No UL signalling overhead increase would occur in this case. At gNB, the detection of the specific DMRS configuration would indicate whether coherence across slots can be assumed or not. The information about coherence would then become available at gNB with no additional decoding operation and before the actual channel estimation takes place. This allows gNB to determine whether the DMRS received in a slot should be bundled with the DMRS of other slots, in the context of the JCE, or not, just by looking at its configuration and without any need for decoding the actual content of the PUSCH (or PUCCH). This would entail the need for gNB to detect that a different DMRS configuration is being used. While arguably non-trivial, this step would likely be based on a correlation between two signals which (i) is an operation gNB supports and performs for several other purposes already, and (ii) entails a low number of multiply and add operations to be performed. Indeed, efficient implementations of such correlators are already implemented in any commercial gNB, due to several other operations performed by the latter which require the computation of a correlation between two sequences/signals. Figure 2 illustrates a high-level example of such DMRS-based approach for indicating that the two adjacent PUSCH transmissions are not coherent (e.g., phase continuity and power consistency between the two is not kept).    
[image: ]
[bookmark: _Ref75536022]Figure 2: Example of PUSCH transmission, where coherence cannot be maintained due to DL transmission between two UL PUSCH transmissions.
Details of these different DMRS configurations to indicate lack of coherence can be discussed.

[bookmark: _Toc79063451]Proposal 10. For each PUSCH transmission, the UE indicates via suitable DMRS configuration whether the transmission is coherent with respect to the other PUSCH transmissions.

Conclusion
In this contribution, we discussed aspects related to the normative work necessary to provide support to joint channel estimation in Rel-17. The following observations have been made:
Observation 1. If the “maximum capable duration” exists, defining the time-domain window as repetition duration may not satisfy the constraint agreed in RAN1#105-e according to which “the maximum duration is no less than the time domain window duration”.
Observation 2. In case time-domain window (TDW) is defined for any PUSCH transmissions, assuming the TDWs are always defined since the feature is enabled until it is RRC disabled may introduce complexity to UE implementation.
In addition, the following proposals have been made:
Proposal 1. RAN1 to further support necessary design aspects to enable joint channel estimation for back-to-back PUSCHs of different TBs across consecutive slots if the following constraints are satisfied:
· Modulation order does not change.
· RB allocation in terms of length and frequency position does not change, and intra-slot and inter-slot frequency hopping is not enabled within a repetition bundle.
· No change on transmission power level of its own CC, i.e., no change on the power control parameters specified in TS 38.213, and also when own CC is not impacted by other concurrent CC(s) that are configured for inter-band CA or DC for same UE with dynamic power sharing and no change in any configured CC s that are part of configured intra-band uplink CA or DC. 
· No UL beam switching for FR2 UE occurs.
Proposal 2. RAN1 to confirm the working assumption made in RAN1#105-e on supporting necessary design aspects to enable joint channel estimation for non-back-to-back PUSCHs of the same TB across consecutive slots with no UL transmission between two successive PUSCHs.
Proposal 3. RAN1 to further support necessary design aspects to enable joint channel estimation for non-back-to-back PUSCHs of different TBs across consecutive slots with no UL transmission between two successive PUSCHs if the following constraints are satisfied:
· Constraints for joint channel estimation in case of back-to-back PUSCHs.
· The duration between the two successive PUSCHs is not greater than the maximum “non-zero unscheduled gap” provided by RAN4.
· The UE does not expect to receive or monitor any DL transmission within the “non-zero unscheduled gap”.
Proposal 4. For non-back-to-back PUSCH transmissions, the gNB indicates whether and which DL reception occasion should be monitored by the UE.
Proposal 5. RAN1 to further support necessary design aspects to enable joint channel estimation for non-back-to-back PUSCHs of the same TB or different TBs across consecutive slots with other UL transmission(s) between two successive PUSCHs if the following constraints are satisfied:
· The other UL transmission(s) have the same settings in antenna port, occupied PRBs and UL power as the PUSCH repetitions.
Proposal 6. For non-back-to-back PUSCH transmissions, in case the other UL transmission in between two successive PUSCHs has different settings than PUSCH, the gNB indicates one of the following options to the UE:
· Option 1: Adapt the settings of the other UL transmission to make it be the same as PUSCHs.
· Option 2: Multiplex the data of the other UL transmission on PUSCH, if any.
· Option 3: Drop the other UL transmission with different settings.
· Option 4: Transmit the other UL transmission with different settings and break the phase continuity.
Dropping/transmitting only part of the UL transmissions with different settings within the repetition period/time-domain window is also possible and should be indicated by the gNB.
Proposal 7. For PUSCH repetition type A, all the repetitions are covered by one or multiple time-domain windows, whose size(s) are implicitly determined by the UE. The start and length of the time-domain window(s) are defined as follows:
· A TDW starts from:
· The beginning of the first PUSCH repetition for the first TDW
· The beginning of the first PUSCH repetition after an event such that the power consistency and phase continuity are broken.
· A TDW ends at:
· The end of the PUSCH repetition right before an event such that the power consistency and phase continuity are broken.
· The end of the last PUSCH repetition for the last TDW.
· An event such that the power consistency and phase continuity are broken could be one of the following:
· The “maximum capable duration” is exceeded.
· The “maximum unscheduled gap” between two successive PUSCHs is exceeded.
· The UE is expected to monitor/receive a DL reception occasion.
· The UE is expected to transmit an UL transmission with different settings than PUSCH repetitions.
Proposal 8. In case time-domain window (TDW) is defined for any PUSCH transmissions, RAN1 to further discuss on whether to define a time-duration which can be dynamically indicated and used as “repetition duration” (similar to the case of JCE across PUSCH repetitions)
Proposal 9. For inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation:
· The UE switches frequency hop for the PUSCH repetitions whenever one of the following happens:
· The “maximum capable duration” is exceeded.
· The “maximum unscheduled gap” between two successive PUSCHs is exceeded.
· The UE is expected to monitor/receive a DL reception occasion.
· The UE is expected to transmit an UL transmission with different settings than PUSCH repetitions.
· If the “repetition duration” is less than “the maximum capable duration”, and no other event that breaks phase continuity occurs, then the number of repetitions can be split in two halves, each transmitted on one frequency hop.
[bookmark: _Toc79063452]Proposal 10. For each PUSCH transmission, the UE indicates via suitable DMRS whether the transmission is coherent with respect to the other PUSCH transmissions.
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