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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 LS from RAN4 to RAN1 [2] on these requirements and open issues from the previous RAN1#104-e.
[bookmark: _Toc67700557]Discussion
[bookmark: _Toc67700558]Use cases 
In RAN1#104-e, the following use cases for joint channel estimation were identified:
	Agreements:
· 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.



However, 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 was concluded as working assumption) were noted as the following:
	Agreements:
· 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



On the other hand, the following can be noted from the reply LS from RAN4 concerning the requirements for joint channel estimation [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.

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.



[bookmark: _Toc67700559]Back-to-back PUSCH transmissions
[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. There is no additional constraint on whether the PUSCH transmissions should be within a slot or across consecutive slot, or whether the PUSCH transmissions are repetitions of a TB or they are used to transmit a TB across multiple slots. Therefore, as long as the above conditions are met for a set of back-to-back transmissions, and the UE is capable of maintain 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: _Toc68270063]Proposal 1. For back-to-back PUSCH transmissions with zero gap in-between adjacent transmissions, RAN1 to further support necessary design aspects to enable joint channel estimation at least for the following additional scenarios:
· back-to-back PUSCH transmissions within one slot;
· back-to-back PUSCH transmissions across consecutive slots including:
· one TB processed over multiple slots, PUSCH transmissions of different TB, and PUSCH repetition type B.

[bookmark: _Ref67688547][bookmark: _Toc67700560]Non back-to-back PUSCH transmissions
As pointed out by many companies during RAN1#104-e meeting, the non-back-to-back transmissions with non-zero gap in-between adjacent transmissions scenario not only is important but also should be specified, especially for TDD. However, the additional condition to keep phase continuity in this case, i.e. no downlink reception in-between the PUSCH/PUCCH repetitions in the same band for TDD case, is more stringent than the ones for back-to-back transmissions. It is our understanding that the UE may not be able to maintain phase continuity if it switches from transmission to reception mode or if it changes the transmission power for any UL transmission (other than the PUSCH/PUCCH repetitions, e.g. configured grant) in between adjacent PUSCH/PUCCH repetitions. The switching from transmission to reception mode is not limited to the case when the UE actually receives the DL transmission, but it may also include the case when the UE monitors DL reception occasions, e.g. SPS PDSCH or PDCCH monitoring, or other operational monitoring such as SSB beams, PTS, CSI-RS, etc. In this case, either the phase continuity between the adjacent PUSCH/PUCCH repetitions is broken or the UE skips the reception/monitoring to keep the phase continuity and hence joint channel estimation can be applied, as shown in Figure 1. Either ways, an indication from the gNB is needed to let the UE know which behavior it should follow. Note that this indication is 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: _Ref67666069]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 monitoring e.g., every n = 2, 3, … PUSCH transmissions or slots, as shown in Figure 2. The definition and configuration of a time-domain window may or may not be necessary in this case, depending on the chosen approach. For instance, a large time-domain window could be higher-layer configured, and during the operation the gNB can dynamically indicate whether all DL reception occasions should be skipped within this window or only some of them should be skipped. Alternatively, joint CE could be, for instance, enabled in case of PUSCH repetitions. In this case, repetition period would serve the purpose of an implicit time-domain window, and the latter may not be configured explicitly. Figure 2 illustrates a example of this second alternative. Further details on time-domain window are discussed in Section 2.2.
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[bookmark: _Ref67667676][bookmark: _Ref67667653]Figure 2. Illustration of configuring DL reception occasion monitoring every 2 repetitions.
From the discussion above, we propose the following:
[bookmark: _Toc68270064]Proposal 2. For non-back-to-back PUSCH transmissions with non-zero gap in-between adjacent transmissions: 
· RAN1 to support necessary design aspects to enable joint channel estimation at least for the following scenarios:
· non-back-to-back PUSCH transmissions across consecutive slots.
· PUSCH transmissions across non-consecutive slots.
· gNB to dynamically indicate whether and which DL reception occasion should be monitored by the UE. 
[bookmark: _Ref67694248][bookmark: _Toc67700561]Time-domain window 
The following agreement was made in RAN1#104-e:
	Agreements:
· For joint channel estimation, define a time domain window is introduced to facilitate further discussion, during which UE is expected to maintain power consistency and phase continuity among PUSCH transmissions subject to power consistency and phase continuity requirements.
· FFS: whether the window should be specified
· FFS: the length of the time domain window is defined by a set of repetitions/slots/symbols
· FFS: single or multiple time domain windows
· FFS: relation with UE capability
· FFS: the time domain window may or may not be configured.
· FFS: whether the term "time domain window" is used in the specification or replaced by other technical terms.
· FFS: Whether the window is determined by the power consistency and phase continuity requirements and/or by other factors is to be decided.



It is our understanding that this time-domain window is the maximum time duration within which UE is expected to maintain the phase and power continuity, depending on its capability and given that the UE is not expected to monitor any DL reception. The time duration within which the UE actually maintains the phase continuity also depends on whether it is expected to monitor DL reception occasion or not, as discussed in Section 2.1.2. The time-domain window can be defined for two scenarios, as discussed in the following.
Time-domain window for PUSCH repetitions only
In case joint channel estimation is limited to PUSCH repetitions only, the time-domain window can simply be the time duration spanned by the repetitions (i.e., PUSCH repetitions period, as shown in Figure 3) or equal to a time duration defined by UE capability, if any. In this case, configuration of time-domain window is not needed.
[image: ]
[bookmark: _Ref67691833]Figure 3. Illustration in case the time-domain window is the PUSCH repetitions period.
However, in case of frequency hopping with inter-slot bundling, the time-domain window can be configured to be shorter than the PUSCH repetitions period, and it may then be repeated within the PUSCH repetition period so that frequency hopping can happen across the time-domain windows, as shown in Figure 4. This frequency hopping is herein referred to as inter-window frequency hopping. The inter-window frequency hopping can be enabled/disabled by the scheduling DCI of the PUSCH repetitions or configured in RRC. In this case, the window size can be higher-layer configured or can be hard-coded in the specifications as an integer fraction of the number of repetitions (e.g.  in Figure 4 where  is the number of repetitions).
[image: ]
[bookmark: _Ref67694260][bookmark: _Ref67694962]Figure 4. Illustration of inter-window frequency hopping.

Time-domain window for any PUSCH transmissions.
The time-domain window may be useful in case the application of joint channel estimation is not limited to PUSCH repetitions but can be applicable to any PUSCH transmissions including dynamically scheduled PUSCHs. In this case, the time-domain window can be enabled/disabled by the scheduling DCI of the first PUSCH within the window and the window can start from the slot that convey the first PUSCH, as shown in Figure 5. It is worth noting that, in this case, the time-domain window acts as time duration spanned the PUSCH repetitions (i.e., PUSCH repetitions period, as shown in Figure 3), 
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[bookmark: _Ref67929891]Figure 5. Illustration of time-domain window when joint channel estimation is not limited to PUSCH repetitions but also includes any PUSCH transmissions.
From the above analysis, it can be observed that there are use cases for the time-domain window to be specified, and the window size is higher-layer configured.
[bookmark: _Toc68270065]Proposal 3. RAN1 to specify a time-domain window at least for non-back-to-back PUSCH transmissions with non-zero gap in-between adjacent transmissions. The window size may be reported as UE capability and/or configured via higher-layer signaling.
[bookmark: _Toc67700562]Inter-slot frequency hopping with inter-slot bundling
From the WID quoted in Section 1, it can be noted that inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation should be specified. The most likely scenario for this enhancements is to group PUSCH repetitions within the time-domain window and the hopping is performed across the time-domain windows, which results in inter-window frequency hopping as partly mentioned in Section 2.2 and illustrated in Figure 4.
As discussed in Section 2.1.2, in case a DL reception/monitoring is performed and/or UE changes its RF configuration and/or “power configuration” between any two PUSCH repetitions, the joint channel estimation is interrupted. For example, Figure 6 illustrates a similar scenario as in Figure 4, however a DL reception (e.g. PDSCH) in between rep2 and rep3 is now considered in Figure 6. In this case, joint channel estimation can only be applied across rep1 and rep2, or rep3 and rep4 in the first frequency hop. The situation is even worse when the PDSCH comes in between rep3 and rep4, which leaves rep4 as an “orphan repetition” and joint channel estimation cannot be applied on it. Possible solutions to this problem would be based on limitations gNB would have to consider when allocating DL and UL resources and/or scheduling DL transmission if joint channel estimation is used to increase coverage of UL transmissions. These limitations may entail additional complexity at gNB and/or increased latency for typical multi-user operations in the cell. As such they would be considered not acceptable in a large majority of practical deployments, significantly reducing the applicability of the joint channel estimation. Interestingly, a low-impact solution to this issue exists, to properly address the limitation from specification perspective and better exploit the joint channel estimation feature in this case, in turn increasing its relevance in practical deployments.
[image: ]
[bookmark: _Ref67586723]Figure 6. Limitation of inter-window frequency hopping when there is a downlink reception between two repetitions.
One approach in this case is to let the UE switch frequency hop whenever it is expected to monitor a DL reception. The time-domain window of length  is not considered anymore by the UE for the definition of the hopping pattern, as in the case of inter-window frequency hopping. In other words, the window of length  could be seen as the maximum duration in time within which UE is expected to maintain phase continuity and power consistency, unless an implicit frequency hopping trigger is received during the window duration, in the form of DL reception occasion that the UE is expected to monitor. An example of this approach is shown in Figure 7. The basic idea is that the UE jumps to the second frequency hop right after monitoring/receiving the DL transmission, which ensures continuous reception of DL transmissions and concurrently improves the reliability of channel estimation of the second hop. 
[image: ]
[bookmark: _Ref67696229]Figure 7. An example of frequency hopping mode for joint channel estimation.
The adoption of this approach may solve the aforementioned issues in many cases. However, this may not be sufficient whenever the UE is not able to keep phase continuity for more than a given number of slots, e.g., , and the phase response of UE circuitry changes abruptly after said  slots. This could happen, for instance, due to UE internal calibration and implementation constraints. In this case, the UE could be allowed to hop not only after the expected DL reception monitoring but also after expiration of a time-domain window of length  that starts right after the DL reception, as illustrated in Figure 8. This way, optimal frequency diversity and channel estimation could be achieved.
[image: ]
[bookmark: _Ref67697183]Figure 8. An example of frequency hopping mode for joint channel estimation.
From the above discussion, we propose the following:
[bookmark: _Toc68270066]Proposal 4. For inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation:
· RAN1 to specify at least the following frequency hopping approaches:
· UE switches frequency hop for the repetitions after a DL reception occasion that the UE is expected/configured to monitor/receive.
· UE switches frequency hop for the repetitions after a DL reception occasion that the UE is expected/configured to monitor/receive; and applies a time-domain window starting from the switching slot. The UE also switches frequency hop for the repetitions after the time-domain window expires.

[bookmark: _Toc67700564]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 proposals have been made:
Proposal 1. For back-to-back PUSCH transmissions with zero gap in-between adjacent transmissions, RAN1 to further support necessary design aspects to enable joint channel estimation at least for the following additional scenarios:
· back-to-back PUSCH transmissions within one slot;
· back-to-back PUSCH transmissions across consecutive slots including:
· one TB processed over multiple slots, PUSCH transmissions of different TB, and PUSCH repetition type B.

Proposal 2. For non-back-to-back PUSCH transmissions with non-zero gap in-between adjacent transmissions: 
· RAN1 to support necessary design aspects to enable joint channel estimation at least for the following scenarios:
· non-back-to-back PUSCH transmissions across consecutive slots.
· PUSCH transmissions across non-consecutive slots.
· gNB to dynamically indicate whether and which DL reception occasion should be monitored by the UE. 

Proposal 3. RAN1 to specify a time-domain window at least for non-back-to-back PUSCH transmissions with non-zero gap in-between adjacent transmissions. The window size may be reported as UE capability and/or configured via higher-layer signalling.

Proposal 4. For inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation:
· RAN1 to specify at least the following frequency hopping modes:
· UE switches frequency hop for the repetitions after a DL reception occasion that the UE is expected/configured to monitor/receive.
· UE switches frequency hop for the repetitions after a DL reception occasion that the UE is expected/configured to monitor/receive; and applies a time-domain window starting from the switching slot. The UE also switches frequency hop for the repetitions after the time-domain window expires.

[bookmark: _Toc67700565]References
[1] [bookmark: _Ref60930118]RP-202928	New WID on NR coverage enhancements, China Telecom (moderator), December 2020.
[2] [bookmark: _Ref67429389]R4-2103393	Reply on LS on PUCCH and PUSCH repetition, Qualcomm (moderator), February 2021.

image1.png
DL reception occasion

\

- |
L . )

Whether the UE skips monitoring the DL reception
occasion and keep phase continuity across rep2
and rep3 or it continues monitoring/receiving the
DL and breaks the phase continuity?




image2.png
DL reception occasions
monitored by UE

DL reception occasions
skipped by UE

Time-domain window




image3.png
ﬂﬂ

Time-domain window equals to duration where PUSCH repetitions span on




image4.png
Time-domain window Time-domain window





image5.png
Scheduling DCI of the first PUSCH
enables the time-domain window

I

.-
Time-domain window starts from the slot that
contain the first PUSCH transmission.

PUSCH2 PUSCH3 PUSCH 4





image6.png
1%t hop

DL reception

. JE

Time-domain window (L)




image7.png
DL reception

‘
- - .

Time-domain window (L)





image8.png
DL reception

‘
- -

« >

Time-domain window (L)





