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At the RAN1#105-e meeting, the following agreements and working assumptions were made regarding joint channel estimation for PUSCH [1]:
Agreement:
· Joint channel estimation over non-back-to-back PUSCH transmissions within one slot is not supported.
Agreement:
· 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: 
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
Draft LS to RAN4 is approved, with final LS in R1-2106212.
Agreement:
· Optimization of DMRS granularity in time domain for PUSCH is not considered for joint channel estimation in Rel-17.
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.
Agreement:
· Joint channel estimation for PUSCH transmissions is enabled or disabled via RRC configuration for a UE
· FFS: whether additional dynamic signaling is needed to enable/disable joint channel estimation for PUSCH transmissions
· Note: the enabling of such a feature is subject to certain prerequisites
· FFS RRC parameter details (including explicit vs. implicit configuration)
· FFS For joint channel estimation for PUSCH, the time domain window is not explicitly enabled or disabled separately from joint channel estimation.
Note: Enabling/disabling of joint channel estimation for PUSCH transmissions means enabling/disabling of DMRS bundling for PUSCH transmissions under the condition of power consistency and phase continuity.
Agreement:
For joint channel estimation for PUSCH repetition type A of PUSCH repetitions 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.
In the contribution, we discuss joint channel estimation for PUSCH coverage enhancement, with primary focus on potential optimization of DMRS patterns and inter-slot frequency hopping with inter-slot bundling. Our views on enhancement on PUSCH repetition type A, TB processing over multi-slot PUSCH, PUCCH enhancements, and Msg3 PUSCH repetition are presented in our companion contributions [3], [4], [5] and [6], respectively.
Discussion on use case for joint channel estimation
In the previous RAN1 meetings, the following use cases were agreed to be supported for joint channel estimation of PUSCH [1][2][7]: 
· back-to-back PUSCH transmissions (of the same TB) for repetition type A and B scheduled by dynamic grant or configured grant
· back-to-back PUSCH transmissions for TB processing over multiple slots
· non-back-to-back PUSCH transmissions across consecutive slots (of the same TB) for repetition type A and type B scheduled by dynamic grant or configured grant.
Further, it was agreed at the RAN1#105-e meeting that non-back-to-back PUSCH transmissions within one slot is not supported for joint channel estimation [1]. 
Note that joint channel estimation can help in improving the channel estimation performance, and hence overall link budget of uplink transmission. This is of primary importance as coverage enhancement solutions are mainly targeted for low SNR regime where channel estimation is typically a performance bottleneck. However, for PUSCH transmission with different TBs, it is expected that UE is in good channel conditions, which implies that joint channel estimation may not be necessary for improving channel estimation accuracy. 
Further, if joint channel estimation for PUSCH transmission with different TBs is supported, this indicates that same frequency domain resource allocation, MCS, and DMRS AP, etc., need to be allocated for different PUSCH transmissions carrying different TBs so that UE can maintain phase continuity and power consistency. This is not desirable as this would pose certain scheduling restrictions and complexity at gNB side.
Based on the discussions above, in our view, joint channel estimation is not supported for PUSCH with different TBs.  
Proposal 1
· Joint channel estimation is not supported for PUSCH transmission with different TBs.

Discussion on time domain window 
At the RAN1#104b-e meeting, it was agreed that a time domain window for joint channel estimation is specified during which a UE is expected to maintain power consistency and phase continuity among PUSCH transmissions subject to power consistency and phase continuity requirements [2]. In our view, the time domain window may be explicitly configured by higher layers via RRC signalling. In case when inter-slot frequency hopping with inter-slot bundling is applied, the time domain window size for joint channel estimation can be determined by the bundle size. 
Given the fact that a number of repetitions are employed for PUSCH transmission to improve coverage, it is expected the granularity of joint channel estimation can be considered as repetition or slot level. In this case, the units of the time domain window can be defined according to the number of repetitions or slots for PUSCH repetitions. In particular, for PUSCH repetition type A, the unit of time domain window can be defined as slot levels while for PUSCH repettition type B, the unit of time domain window can be defined as nominal repetition. 
In addition, for certain scenarios where channel conditions for a UE are improved, the UE may not need coverage enhancement for PUSCH. In this case, gNB may not need to perform joint channel estimation for PUSCH, which implies that the conditions for UE to maintain power consistency and phase continuity can be relaxed accordingly. As agreed in the RAN1#105-e meeting, joint channel estimation for PUSCH transmissions is enabled or disabled via RRC configuration [1]. Note that it is expected that coverage enhanced UEs are typically in relatively stationary condition. In this case, it may not be desirable to further utilize dynamic signalling to enable/disable joint channel estimation for PUSCH.
Proposal 2
· The time domain window for joint channel estimation is defined based on the number of repetitions or slots.
· The time domain window size can be configured by higher layers. 
· When inter-slot frequency hopping with inter-slot bundling is applied, the time domain window size is determined by the bundle size. 
· Dynamic signaling is not needed to enable/disable joint channel estimation for PUSCH. 

At the RAN1#105-e meeting, two alternatives were agreed for the time domain window for joint channel estimation of PUSCH repetitions as follows [1]:
· Alt. 1: All the repetitions are covered by one single time domain window
· Alt. 2: All the repetitions are covered by one or multiple time domain windows
Considering the support of inter-slot frequency hopping with inter-slot bundling, all the PUSCH repetitions may not be covered by a single time domain window as UE may not be able to maintain phase continuity in case of frequency hopping. In this case, it is straightforward to consider Alt. 2, i.e., PUSCH repetitions can be covered by more than one time domain windows. 
Further, multiple time domain windows may be consecutive or non-consecutive in time. For instance, for PUSCH repetition type A based on physical slots, the time domain windows may be consecutive, while for PUSCH repetition type A based on available slots, the time domain windows may be non-consecutive in time. Figure 1 illustrates one example of non-consecutive time domain windows for repetition type A based on available slots.
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[bookmark: _Ref79070512]Figure 1. Non-consecutive time domain windows for repetition type A based on available slots
As agreed in the RAN1#105-e meeting, the start of the first window for time domain window for joint channel estimation is the first PUSCH transmission [1]. In case when the time domain window size can be configured by higher layers, the start of subsequent windows can be determined according to the configured time domain window size and transmission occasion index. For instance, when consecutive time domain window is applied for PUSCH repetition type A based on physical slots, the start of subsequent windows can be determined from the time domain window size and the physical slot index. 
Note that PUSCH repetition may be cancelled due to collisions with semi-static DL symbols from TDD DL/UL configurations, dynamic SFI or other conditions as defined in Rel-15/16. In this case, UE may not be able to maintain the phase continuity or power consistency for two successive actually transmitted PUSCH repetitions around the cancelled repetition. However, when the configured time domain window size is large, UE may continue to maintain the phase continuity and power consistency for the remaining PUSCH repetitions within the time domain window if the number of repetitions for remaining PUSCH repetitions is greater than or equal to 2. In this case, joint channel estimation may still be performed in the remaining PUSCH repetitions so as to improve the overall performance. Hence, considering the cancellation of a PUSCH repetition, the actual time domain window may be smaller than the configured time domain window.
Figure 2 illustrates one example of actual time domain window for joint channel estimation. In the figure, 2nd PUSCH repetition is cancelled due to collision with higher priority transmission. In this case, UE may still maintain phase continuity and power consistency in the 3rd and 4th repetition. In this case, the actual time domain window size is 2 repetitions.   
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[bookmark: _Ref78895076]Figure 2. Actual time domain window for joint channel estimation
In order to maintain power consistency during the time domain window, UE shall transmit the multiple PUSCHs using same Tx power in order to enable joint channel estimation at the receiver. As indicated in the RAN4 reply LS for PUSCH and PUCCH repetition, same TPMI precoder across PUSCH transmissions is necessary condition for joint channel estimation [8]. Hence, in our view, same Tx power and precoder are required within the time domain window for joint channel estimation over multiple PUSCHs.
Proposal 3
· Alt. 2 is supported for the time domain window, i.e., all the repetitions are covered by one or multiple time domain windows.
· Multiple time domain windows can be consecutive or non-consecutive. 
· The start of subsequent windows can be determined based on time domain window size and transmission occasion index.
· Actual time domain window size may be smaller than configured time domain window size
· Within the time domain window, UE needs to maintain same Tx power, precoder and frequency resource for joint channel estimation over multiple PUSCHs.

Discussion on potential DMRS enhancement
At the RAN1#104b-e meeting, it was agreed that a new DMRS pattern equally spaced among PUSCH transmissions is not considered for joint channel estimation in Rel-17 [2]. In addition, it was agreed at the RAN1#105-e meeting that optimization of DMRS granularity in time domain for PUSCH is not considered for joint channel estimation in Rel-17 [1]. In this section, we present our view and simulation results for additional DMRS symbol located in the special slots. 
Figure 3 illustrates an example of additional DMRS located in the special slot. In the figure, for TDD system, additional DMRS symbols may be inserted in the uplink symbols of special slots before the actual transmission of PUSCH, which can help in improving the channel and frequency offset estimation, and overall decoding performance for PUSCH repetition. 
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[bookmark: _Ref68587429]Figure 3. Additional DMRS located in the special slot
Figure 4 illustrates link level simulation results by using an additional DMRS symbol in the special slot. In the simulation, it was assumed that TDD frame structure with DDDSU pattern, TBS = 288, 4 PRBs, 2 and 4 repetitions, 2 DMRS symbols in each UL slot and inter-slot frequency hopping with bundle size of 2 slots. In addition, joint channel estimation is employed with bundle size of 2 slots and the DMRS symbol in special slot. Further, CFO is 0.1ppm of 4GHz carrier frequency, and ML based CFO estimation algorithm is employed at receiver.
From the figure, it can be observed that for PUSCH with 2 and 4 repetitions and joint channel estimation with bundle size of 2 slots, ~0.5dB performance gain can be achieved when an additional DMRS symbol is inserted in the special slot for PUSCH repetition. This is expected as this extra DMRS symbol can be utilized together with other DMRS symbols for improvement of channel and frequency offset estimation accuracy. 
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[bookmark: _Ref68587837]Figure 4. Simulation results for additional DMRS symbol in the special slot
However, when additional DMRS symbols are allocated in the special slots for PUSCH, several design aspects need to be considered as follows:
· the location of additional DMRS symbols in the special slots, 
· number of additional DMRS symbols in the special slot, 
· potential processing timeline change for PUSCH transmission.
· potential collision handling when additional DMRS symbols overlap with other uplink transmission,
In our view, the specification impact on the design of additional DMRS symbols in the special slot is non-trivial. Considering the limit remaining time for coverage enhancement in Rel-17 and relatively large specification impact, additional DMRS symbols located in the special slot is not supported for PUSCH enhancement in Rel-17. 
Observation 1
· For PUSCH with 2 and 4 repetitions and joint channel estimation with bundle size of 2 slots, ~0.5dB performance gain can be achieved when an additional DMRS symbol is inserted in the special slot for PUSCH repetition.
Proposal 4
· Considering potential specification impact and limited remaining time in Rel-17, additional DMRS symbols located in the special slot are not supported for PUSCH enhancement.

Enhancement on inter-slot frequency hopping
To facilitate the joint channel estimation, frequency resource for uplink transmission during the repetitions may remain the same for certain number of slots in order to allow inter-slot interpolation for channel estimation improvement. This inter-slot frequency hopping with inter-slot bundling can exploit the benefit of frequency diversity while maximizing the gain from joint channel estimation. 
Figure 5 illustrates one example of enhanced inter-slot frequency hopping pattern for coverage enhancement. In the example, PUSCH transmission occupies the same frequency resource for two slots before it switches to other frequency resources. In this case, the bundle size for inter-slot frequency hopping is 2 slots. 
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[bookmark: _Ref39613054]Figure 5. Inter-slot frequency hopping with inter-slot bundling for PUSCH
Figure 6 illustrates link level simulation results for PUSCH with enhanced frequency hopping (FH) patterns. In the simulations, it is assumed TBS = 136, 4 PRBs, 4 repetitions and 2 DMRS symbols are allocated in each slot. For enhanced frequency hopping pattern, inter-slot frequency hopping with bundle size of 2 slots is assumed. In addition, joint channel estimation with bundle size of 2 slots is employed in the simulations. Further, CFO is uniformly distributed within [-0.1, 0.1] ppm of 700MHz carrier frequency, and ML based CFO estimation algorithm is employed at receiver. From the figure, it can be observed that when employing joint channel estimation, ~1.0dB performance gain can be achieved by inter-slot frequency hopping with inter-slot bundling, compared to the case without frequency hopping.  
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[bookmark: _Ref60378416]Figure 6. Simulation results for inter-slot frequency hopping with inter-slot bundling
Observation 2
· For PUSCH with 4 repetitions, when employing joint channel estimation with bundle size of 2 slots, ~1.0dB performance gain can be achieved by inter-slot frequency hopping with inter-slot bundling of 4 slots, compared to the case without frequency hopping.  

At the RAN1#104b-e meeting, it was agreed to down-select the following two options for inter-slot frequency hopping with inter-slot bundling [2]:
· 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
In our view, Option 2 can provide more flexibility compared to Option 1 on the operation of joint channel estimation and inter-slot frequency hopping with inter-slot bundling. In particular, the time domain window size for joint channel estimation can be larger than or equal to the bundle size for inter-slot frequency hopping. For instance, UE may maintain the power consistency and phase continuity over 4 consecutive slots. When 4 slots are allocated for PUSCH repetitions, the bundle size can be 2 slots, where gNB may perform joint channel estimation in two bundled slots. 
For inter-slot frequency hopping with inter-slot bundling, the bundle size may be configured by higher layers, or implicitly determined based on the number of repetitions for PUSCH. As mentioned above, in order to enable joint channel estimation, UE needs to maintain same Tx power, precoder and frequency resource within the bundled slots. In this regard, when inter-slot frequency hopping with inter-slot bundling is applied, the time domain window can be determined by the bundle size.
Proposal 5
· For inter-slot frequency hopping with inter-slot bundling, the bundle size can be different from the time domain window size. 
· The bundle size may be configured by higher layers or determined based on the number of repetitions for PUSCH.

[bookmark: _Ref52481833]Conclusions
In this contribution, we discussed joint channel estimation for PUSCH coverage enhancement, with primary focus on potential optimization of DMRS patterns and inter-slot frequency hopping with inter-slot bundling. Further, we summarize the observations and proposals as follows:
Observation 1
· For PUSCH with 2 and 4 repetitions and joint channel estimation with bundle size of 2 slots, ~0.5dB performance gain can be achieved when an additional DMRS symbol is inserted in the special slot for PUSCH repetition.
Observation 2
· For PUSCH with 4 repetitions, when employing joint channel estimation with bundle size of 2 slots, ~1.0dB performance gain can be achieved by inter-slot frequency hopping with inter-slot bundling of 4 slots, compared to the case without frequency hopping.  
Proposal 1
· Joint channel estimation is not supported for PUSCH transmission with different TBs.
Proposal 2
· The time domain window for joint channel estimation is defined based on the number of repetitions or slots.
· The time domain window size can be configured by higher layers. 
· When inter-slot frequency hopping with inter-slot bundling is applied, the time domain window size is determined by the bundle size. 
· Dynamic signaling is not needed to enable/disable joint channel estimation for PUSCH. 
Proposal 3
· Alt. 2 is supported for the time domain window, i.e., all the repetitions are covered by one or multiple time domain windows.
· Multiple time domain windows can be consecutive or non-consecutive. 
· The start of subsequent windows can be determined based on time domain window size and transmission occasion index.
· Actual time domain window size may be smaller than configured time domain window size
· Within the time domain window, UE needs to maintain same Tx power, precoder and frequency resource for joint channel estimation over multiple PUSCHs.
Proposal 4
· Considering potential specification impact and limited remaining time in Rel-17, additional DMRS symbols located in the special slot are not supported for PUSCH enhancement. 
Proposal 5
· For inter-slot frequency hopping with inter-slot bundling, the bundle size can be different from the time domain window size. 
· The bundle size may be configured by higher layers or determined based on the number of repetitions for PUSCH.
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