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Introduction
In this contribution, we discuss potential ways to enhance joint channel estimation following the coverage enhancement work item objectives [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]. 

In RAN1#104b-e and RAN4#98b-e the following related outcome was made:
RAN 1 agreement and conclusion:
Agreement:
· 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
Conclusion:
· For optimization of DMRS granularity in time domain with joint channel estimation, the proponents are encouraged to provide more simulation results in next meeting



On JCE of non-back-to-back slots with DL in-between
In a LS to RAN4, RAN1 addresses the unambiguity in the term “downlink reception” [2]:
Question 3: There are two different interpretation in RAN1 regarding the “downlink reception” in “No downlink reception in-between the PUSCH or PUCCH repetition in the same band for TDD case” (in R4-2103393)
1) “downlink reception” refers to downlink symbols with actual DL transmission from gNB to UE.
2) “downlink reception” refers to downlink symbols with actual DL transmission from gNB to UE and/or downlink symbols without actual DL transmission from gNB to UE and/or no DL monitoring occasions configured.
Can RAN4 please confirm which interpretation is correct?
In the meantime, in RAN4 a way forward was generated, [3] from RAN4#98b-e.
In item-2 of the WF, RAN4 confirms that phase continuity and amplitude consistency can be maintained with a non-zero gap, at least if all transmission settings are maintained during the gap. Further, RAN4 will further study the influence of other configurations during the gap.
Agreement: 
· RAN4 confirms the phase can be maintained when there is non-zero gap with other signals/channels in-between the PUSCH or PUCCH repetition if the other signals/channels scheduled during the gap have the same transmission setting with the repetitions, i.e. the same antenna port, RB allocation, transmission power   
· Further study on following issue:
· Whether phase continuity can be maintained if the other signals/channels power in-between the repetitions can be different with the power of repetition or if PRB content of the channels/signals in between can be different 

Item-5 in the same WF further clearly indicates that also DL slots in-between UL repetitions is still an option. 

· Proposals
· Use different antennas/panels for UL and DL traffic during the JCE window 
· Agreement: 
· RAN4 further study on the feasibility of phase continuity when there is DL slot(s) in-between repetitions

Our view is that it is both up to UE implementation and channel conditions if a UE supports JCE with non-back-to-back slots. With this in mind, we do not see any reason for RAN1 not to design mechanisms to support JCE also for scenarios with various UE configurations over the non-back-to-back slots. 
Proposal 1: RAN1 shall design necessary mechanisms to enhance JCE also for non-back-to-back slots with arbitrary UE configuration. 
Whether a UE supports JCE also for non-back-to-back slots with arbitrary UE configuration is up to UE implementation and an associated UE capability is needed.
Proposal 2: Introduce a UE capability indicating that the UE supports non-zero gap with “UL with same configuration”, “UL with different configuration”, “UL and/or DL”, “no support/legacy”. 
As indicated above, channel conditions may also have an influence (e.g. if the channel support the use of different antennas/panels for UL and DL traffic). A dynamic direct or indirect signal would therefore be needed to ensure the mutual awareness (i.e. at gNB and UE) when required channel conditions are met. 
The use of different UL and DL antenna/panel may be seen as an exotic approach, but the use of different UL Tx and DL Rx beams is not prevented by Rel.15/16 specs. In fact, two parallel beam management mechanisms, i.e. TCI states for DL and SpatialRelationInfo for UL in Rel.15/16 and separate UL/DL TCI states in Rel.17, enable this approach.
Observation 1: Independent beam management for UL and DL beam is already supported in Rel.15/16.
Proposal 3: We encourage RAN1 to further study how to ensure that both UE and gNB are aware of when conditions for JCE with non-back-to-back slots with DL in-between apply.
Simulation
In this section we provide simulations of the impact of phase discontinuity on channel estimation performance. We have used a highly simplified simulation setup, but we believe that it captures the most important aspects so that it allows us to draw general conclusions.
We next describe the system model used in our forthcoming simulations; an illustration of the system model is provided in Figure 1.
We assume that there is a sequence of UL periods, with DL between any two UL periods. Within a single period, we assume that the frequency direction can be divided into a set of  coherence blocks. Furthermore, we assume that the propagation channel is independent among all  blocks and within each block, we assume the channel to be constant (block fading). The channel within a certain block  in UL period  is correlated to the channel at block  in period  as , i.e., an AR(1) model. Let the channel in frequency block  of UL period  be denoted by , our propagation model is then described by



Within each block we assume, without loss of generality for our purposes, that there is a single pilot symbol present. The received signal at these pilot positions can be written as

,

where we have assumed that the pilot has been removed and that the noise is  ; we remark that more pilots is equivalent to a reduced noise density. The variables  account for phase discontinuity among UL periods and we assume them to be independent and uniformly distributed  We have assumed that all frequency blocks within a given UL period is equally affected by the phase discontinuity. While the number of frequency blocks is limited to , we assume an infinite number of UL periods to make our results independent of this parameter. 
The radio channel of interest includes  and can be written as . Our aim is to study the impact of  on channel estimation of , wherefore we report results on the MSE 
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Figure 1. An overview of the system model.


We consider 4 different channel estimators:
i. A genie estimator which knows the exact value of  Note that this estimator is joint over all UL periods.
ii. A phase discontinuity non-aware estimator. That is, it will perform channel estimation as if . Note that this estimator is still joint over all UL periods.
iii. A maximum-a-posteriori estimator that is aware of the number . This is, in a MAP sense, the optimal estimator, and will make a jointly optimal estimate of  and , . Note that this estimator is still joint over all UL periods.
iv. An estimator that works over a single UL-period.

We next present a selected set of simulations for ; a case we consider to be quite common in practice. We start with setting  (narrowband signals). In Figure 2 below, we present our results for all four estimators. Note that estimator i is equivalent to ii and iii if  As can be seen, phase discontinuities up to around  lead to ii and iii outperforming iv; or in other words, the correlation among UL periods is still useful. For  below , there is no noticeable impact on channel estimation performance. In general, ii performs better than iii at low SNR, unless  but the situation is reversed at higher SNRs. As overall conclusion: If , channel estimation across multiple UL periods with estimator iii performs roughly the same as single UL period estimation (ii), but estimator iii performs much worse than iv.
Observation 2: If the phase is randomly changing among UL periods and is distributed as , single UL period channel estimation is preferable due to its simplicity; an optimal MAP receiver cannot cope with such large phase discontinuity.
Observation 3: If the phase is randomly changing among UL periods and is distributed as , channel estimation across several UL blocks and ignoring the phase discontinuity degrades performance.
Observation 4: For the phase discontinuities up to about 10o, channel estimation can be performed across multiple UL periods while ignoring phase discontinuities.
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Figure 2. Results for F=1 and r=0.8. All four estimators (Estimator i coincides with ii and iii if ).

Let us now move to . It follows from the channel model that  has no relevance for the performance of estimators i, ii, and iv. Therefore, we keep the curves from Figure 2 for said estimators, and plot the results for estimator iii for . In fact, we set  for all curves generated with estimator iii.
The results are shown in Figure 3 for the 3 cases of , and . As we can see, already for , estimator iii is nearly perfectly able to estimate the phase values  as the curve is very close to that of estimator i. For , we see that it beneficial to perform multi UL period channel estimation despite the fact that 
Observation 5: If three independent channel coefficients share the same phase discontinuity, then these phase values can be jointly estimated together with the propagation channel, which results in better performance that with single UL period estimation.
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Figure 3. Results for estimator iii with , and  with . Curves for estimators ii and iv are taken from Figure 1 as they are not dependent on .

Proposals and observations repeated
Proposal 1: RAN1 shall design necessary mechanisms to enhance JCE also for non-back-to-back slots with arbitrary UE configuration. 
Proposal 2: Introduce a UE capability indicating that the UE supports non-zero gap with “UL with same configuration”, “UL with different configuration”, “UL and/or DL”, “no support/legacy”. 
Proposal 3: We encourage RAN1 to further study how to ensure that both UE and gNB are aware of when conditions for JCE with non-back-to-back slots with DL in-between apply. 
Observation 1: Independent beam management for UL and DL beam is already supported in Rel.15/16.
Observation 2: If the phase is randomly changing among UL periods and is distributed as U[-180,180], single UL period channel estimation is preferable due to its simplicity; an optimal MAP receiver cannot cope with such large phase discontinuity.
Observation 3: If the phase is randomly changing among UL periods and is distributed as U[-180,180], channel estimation across several UL blocks and ignoring the phase discontinuity degrades performance.
Observation 4: For the phase discontinuities up to about 10o, channel estimation can be performed across multiple UL periods while ignoring phase discontinuities.
Observation 5: If three independent channel coefficients share the same phase discontinuity, then these phase values can be jointly estimated together with the propagation channel, which results in better performance that with single UL period estimation.
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Appendix A: Details of Estimator iii	
In this section we provide mathematical details on how to implement the MAP estimator iii.
Let  be a matrix with  at row f and column p. Let  be the Toeplitz matrix formed from the vector whose length equals the number of UL periods (in practice, one would use a window here). Define 

and

where “  denotes Hadamard product.
The MAP estimates of  can be found as

This optimization problem is difficult to solve, and in our simulations we have used a coordinate ascent, with 10 iterations over each variable; however this number is in general to small to reach convergence, especially at high SNRs. We remark that optimization over a single coordinate can be done in closed form.
Let  be a matrix with  at row f and column p. The MAP estimate of this matrix is

where “diag( )” is a diagonal matrix with its argument along its main diagonal. 
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