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At the RAN1#106b-e meeting, the following conclusions, agreements and working assumptions were made regarding joint channel estimation for PUSCH [1]:
Agreement
· Introduce two RRC parameters to indicate enabling of DM-RS bundling and the window length of the configured TDW respectively.
Agreement
· Introduce a new RRC parameter for when UE restarts a PUSCH bundling window
Agreement
It is agreed that
· For PUSCH repetition type A counting based on physical slots
· The start of the first configured TDW is the first physical slot for the first PUSCH transmission.
· The end of the last configured TDW is the last physical slot for the last PUSCH transmission.
· For PUSCH repetition type A counting based on available slots
· The start of the first configured TDW is the first available slot for the first PUSCH transmission.
· The end of the last configured TDW is the last available slot for the last PUSCH transmission. 
· Note: The determination of available slots for PUSCH repetition Type A is defined in AI 8.8.1.1.
Conclusion
· Joint channel estimation over PUSCH transmissions across non-consecutive slots is not supported in Rel-17.
Agreement
· For DG-PUSCH, Type1 CG-PUSCH and Type2 CG-PUSCH, the window length L of the configured TDW is at least configured by RRC.
· FFS: For DG-PUSCH and Type2 CG-PUSCH, whether the window length L of the configured TDW can be indicated by DCI or indicated by TDRA table with one additional entry.
Agreement
· The window length L of the RRC configured TDW is configured separately for PUSCH and PUCCH.
· For PUSCH, L is configured per BWP.
FFS whether the window length L can be configured with each row in the TDRA table
Agreement
· For PUSCH repetition type A counting based on physical slots
· The configured TDWs are consecutive, where the start of other configured TDWs is the first physical slot right after the last physical slot of a previous configured TDW.
· For PUSCH repetition type A counting based on available slots
· The configured TDWs are determined based on available slots, where start of a configured TDWs is the next first available slot after the conclusion last available slot of a previous configured TDW.
· Note: The determination of available slots for PUSCH repetition Type A is defined in AI 8.8.1.1.
Working Assumption
Support Actual TDW Option 2b’:
· The start of the first actual TDW is the first available symbol (at least determined by TDRA table) in available slot for the first PUSCH transmission in an available slot within the configured TDW.
· The end of the actual TDW is
· the last available symbol (at least determined by TDRA table) in available slot for the last PUSCH transmission in an available slot within the configured TDW if the actual TDW reaches the end of the last PUSCH transmission within the configured TDW.
· the last available symbol (at least determined by TDRA table) in available slot of the PUSCH transmission right before the event if an event occurs that violates power consistency and phase continuity, and the PUSCH transmission is in an available slot.
· For UE capable of restarting DM-RS bundling, the start of the new actual TDW is the first available symbol (at least determined by TDRA table) in available slot for PUSCH transmission after the event violates power consistency and phase continuity, and the PUSCH transmission is in an available slot.
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 case:
· Over back-to-back PUSCH transmissions for one TB processed over multiple slots
· It’s subject to UE capability
· if it reuses only those joint channel estimation specification enhancements defined to support repetition Type A
Note: No need to confirm the Working assumption
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
Agreement
· For non-back-to-back PUSCH transmissions across consecutive slots (no uplink transmission in the middle of two PUSCH transmissions), support necessary design aspects (under the condition of power consistency and phase continuity) to enable joint channel estimation for the following case:
· Over non-back-to-back PUSCH transmissions for one TB processed over multiple slots
· It’s subject to UE capability
· if it reuses only those joint channel estimation specification enhancements defined to support repetition Type A
Agreement
Down-select one of the following options:
· Option 1: If DM-RS bundling is supported, UE is mandatory to support restarting DM-RS bundling due to semi-static events. UE capability of restarting DMRS bundling is applied only to dynamic events.
· Option 2: UE capability of restarting DMRS bundling is applied to both semi-static events and dynamic events. 
Agreement
Support at least the following events that violate power consistency and phase continuity.
‐   Dropping/cancellation based on Rel-15/16 collision rules.
‐   FFS: Rel-17 collision rules.
‐   DL slot or DL reception/monitoring based on semi-static DL/UL configuration for unpaired spectrum.
‐   FFS: Other UL transmission in between PUSCH/PUCCH transmissions.
‐   Gap between two PUSCH/PUCCH transmissions exceeds 13 symbols.
‐   FFS: Transmission parameters need to be changed due to network-indicated operations, including: Tx power, UL beam/TPMI, and RB allocation.
‐   FFS: TPC command.
‐   FFS: TA adjustment.
‐   FFS: The actual TDW reaches the maximum duration.
‐   FFS: Frequency hopping.
‐   FFS: Precoder cycling.
‐   FFS: other events.
‐   FFS: whether events are semi-static events or dynamic events.
‐   FFS: the time duration of an event.
Agreement:
Down-select one of the following options in this meeting:
Option 1: 
· The maximum value of window length L of the configured TDW should not exceed the maximum duration, which is reported as UE capability as the duration where UE is able to maintain power consistency and phase continuity subject to power consistency and phase continuity requirements.
Option 1’: 
· The maximum value of window length L of the configured TDW should not exceed the maximum duration, which is reported as UE capability as the duration where UE is able to maintain power consistency and phase continuity subject to power consistency and phase continuity requirements.
· If L is not configured, the configured TDW length is equal to all repetitions
· If L is not configured, default behavior should be defined, e.g., the configured TDW length is equal to all repetitions
Option 3’: 
· Whether the window length L of the configured TDW can be longer than maximum duration is subject to UE capability.
· If UE is capable of L being longer than maximum duration,
· The maximum value of the window length L of the configured TDW is the duration of all repetitions.
· FFS: whether L cannot be other values other than the duration of all repetitions, if it is longer than the maximum duration.
· If L is longer than the maximum duration, UE does not expect dynamic events.
· FFS: details of dynamic events
In the contribution, we discuss joint channel estimation for PUSCH coverage enhancement, with primary focus on use case for joint channel estimation, time domain window determination 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 [2], [3], [4] and [5], 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 [6][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 that non-back-to-back PUSCH transmissions within one slot and PUSCH transmissions across non-consecutive slots are not supported for joint channel estimation [1][6]. 
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. 
In addition, 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#106-e meeting, the basic framework for time domain window (TDW) determination for joint channel estimation of PUSCH repetition type A was agreed as working assumption [8]. In particular, TDW length can be explicitly configured, and the start of other configured TDWs can be implicitly determined prior to first repetition. Further, depending on UE capability, UE may or may not restart DMRS bundling within a configured time domain window if an event occurs that violates power consistency and phase continuity.
Further, as agreed in the RAN1#106b-e meeting, three alternatives will be down-selected for the configured TDW length L for joint channel estimation [1]. The main issues are whether the configured TDW length L can be greater than maximum duration where UE is able to maintain power consistency and phase continuity subject to power consistency and phase continuity requirements or whether a default value/behavior is defined for TDW length L. 
Among these three alternatives, if no event is identified during a configured TDW and if the TDW length is not configured, Option 1’ can provide maximal channel estimation gain given the fact that actual TDW duration is always equal to the maximum duration. In this case, gNB can fully utilize all the potential repetitions/slots for joint channel estimation where UE can maintain phase continuity and power consistency, which would help improve the coverage performance of PUSCH transmission. 
However, in case when event is dynamically triggered during a configured TDW, Option 1’ may result in mis-alignment of TDWs between gNB and UE and this issue would continue until the last TDW. Figure 1 illustrates one example of mis-alignment on the TDW determination due to dynamic event. In the figure, it is assumed 16 PUSCH repetitions, configuration TDW duration L is 16 slots, and maximum TDW duration is 4 slots. Further, an event is dynamically triggered in slot #4, but UE misses the event. In this case, for actual TDW#2, NB would perform joint channel estimation from slot #5 to #8, but phase offset may not be the same for slot#8 due to different understanding of actual TDW#2. In an extreme case, if phase offset in slot #8 fully cancels the phase in slot#5-7, this would lead to failure in joint channel estimation and potential PUSCH decoding error. The same issue may also exist for actual TDW#3. 
[image: ]
[bookmark: _Ref81578679]Figure 1. Mis-alignment on the TDW determination due to dynamic event when L > maximum duration

From this example, it is evident that in case when the configured TDW duration L is much larger than maximum duration, and if one or more events are dynamically triggered in the configured TDW, this may result in mis-alignment on the actual TDW between UE and gNB and further lead to error propagation due to the large value of configured TDW duration L. On the contrary, in case when configured TDW duration L is less than or equal to the maximum duration, even if UE misses an event that is dynamically triggered within a configured TDW, joint channel estimation of PUSCH repetitions can be recovered from the next TDW or even in the same TDW duration, as shown in Figure 2. In this case, the impact due to mis-detection of dynamically triggered event may be minimized. 
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[bookmark: _Ref83887746]Figure 2. TDW determination when L maximum duration 

Figure 3 illustrates the PUSCH performance with various TDW sizes when joint channel estimation is employed. In the figure, it was assumed FDD system, TBS of 136 bits and 8 PUSCH repetitions. Further, TDW sizes of 2, 4 and 8 slots were considered in the simulations. From the figure, it can be observed that for 8 PUSCH repetitions, ~0.5dB performance gain can be achieved for TDW size of 2 slots compared to TDW size of 4 slots. In addition, the difference between TDW size of 4 and 8 slots is marginal. This indicates that larger TDW size may not be needed for joint channel estimation even for the case when maximum duration that UE can maintain power consistency and phase continuity is relatively large. 
 [image: ]
[bookmark: _Ref83470688]Figure 3. PUSCH performance with joint channel estimation for various TDW sizes
Observation 1
· For PUSCH with 8 repetitions, when employing joint channel estimation, ~0.5dB performance gain can be achieved for TDW size of 2 slots compared to TDW size of 4 slots. In addition, the difference between TDW size of 4 and 8 slots is marginal.

Note that for Option 3’, a mixed behavior is defined which depends on whether the events are semi-statically configured or dynamically triggered. More specifically, if configured TDW length is longer than the maximum duration, UE does not expect dynamic events. This solution may resolve the issue for mis-alignment between gNB and UE in case of missing dynamic event. However, this indicates that events that violate power consistency and phase continuity may need to be carefully differentiated between semi-static configured and dynamically triggered ones, which may not be desirable in terms of substantial specification and implementation effort.
Based on the discussions above, in order to avoid undesirable effect for joint channel estimation and minimize specification and implementation effort, Option 1 is supported, i.e., maximum value of window length L of the configured TDW should not exceed the maximum duration. 
Proposal 2
· For TDW determination, Option 1 is supported, i.e., maximum value of window length L of the configured TDW should not exceed the maximum duration. 

At the RAN1#106b-e meeting, some events that violate power consistency and phase continuity were agreed for the determination of actual TDW, which include dropping/cancellation based on Rel-15/16 collision rules, DL slot or DL reception/monitoring based on semi-static DL/UL configuration for unpaired spectrum and gap between two PUSCH/PUCCH transmissions exceeding 13 symbols [1]. 
In our view, the following events may be further defined to determine the actual TDW for joint channel estimation:
· Other UL transmission with different settings in between PUSCH/PUCCH transmissions
· Transmission parameters need to be changed due to network-indicated operations, including UL beam/TPMI/SRI and RB allocation
· if a PUSCH overlaps with PUCCH and UCI is multiplexed on the PUSCH repetition 
· if a UE needs to transmit another uplink channel/signal in a different carrier simultaneously
Proposal 3
· The events that violate power consistency and phase continuity may further include:
· Other UL transmission with different settings in between PUSCH/PUCCH transmissions
· Transmission parameters need to be changed due to network-indicated operations, including UL beam/TPMI/SRI and RB allocation
· if a PUSCH overlaps with PUCCH and UCI is multiplexed on the PUSCH repetition 
· if a UE needs to transmit another uplink channel/signal in a different carrier simultaneously

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 4 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. 

[image: ]
[bookmark: _Ref39613054]Figure 4. Inter-slot frequency hopping with inter-slot bundling for PUSCH
Figure 5 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.  
[image: ]
[bookmark: _Ref60378416]Figure 5. 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#106b-e meeting, it was agreed that the following options will be down-selected for hopping interval determination for inter-slot frequency hopping with inter-slot bundling [1].
· Option 1: “hopping intervals determination” -> “configured TDW determination” -> “actual TDW determination”
· Option 2: “configured TDW determination” -> “hopping intervals determination” -> “actual TDW determination”
· Option 4: “configured TDW determination” -> “actual TDW determination” and “hopping intervals determination”
For these options, the hopping interval can be different from the actual TDW duration for Option 1 and 2, while the hopping interval is same as the actual TDW duration for Option 4. 
As discussed in our companion contribution [4], to avoid mis-alignment between gNB and UE side on the frequency resource allocation, hopping interval needs to be determined prior to the actual TDW determination. Further, hopping interval for enhanced inter-slot frequency hopping can be separately configured from the TDW length, which can provide appropriate trade-off between frequency diversity gain and channel estimation gain. This can also achieve maximal flexibility on the frequency resource allocation in the network, e.g., to avoid resource fragmentation from different UEs.
In our view, Option 1 should be supported for the hopping interval determination. More specifically, hopping interval can be separately configured from TDW length. In addition, frequency hopping pattern can be determined based on slot index.
Proposal 4
· For inter-slot frequency hopping with inter-slot bundling
· Option 1 is supported for the hopping interval determination.
· Hopping interval can be separately configured from TDW length.
· Frequency hopping pattern is determined based on slot index. 

Discussion on TPC and TA command 
During the email discussions in the RAN1#106b-e meeting, the following proposal was discussed for TPC adjustment for joint channel estimation of PUSCH repetitions: 

	Proposal 10-a:
· The action of TPC commands does not constitute an event that violates power consistency and phase continuity.
· If UE is configured to accumulate TPC commands, down select one of the following options.
· Option 1: If UE receives TPC commands that would take into effect during an actual TDW, UE accumulates TPC commands without taking effect during the current actual TDW. TPC commands take effect after the current actual TDW.
· Option 2: If UE receives TPC commands that would take into effect during a configured TDW, UE accumulates TPC commands without taking effect during the current configured TDW.



In our view, when UE is configured to accumulate TPC commands, it is reasonable to consider that TPC command is not part of events that violate the power consistency and phase continuity as UE may accumulate the TPC commands and adjust the transmit power accordingly in the next available time domain window. 
Further, as mentioned in previous sections, if the events are dynamically triggered, e.g., in case of PUSCH repetition cancellation due to overlapping with higher priority uplink transmission or UL CI, potential mis-alignment on the determination of actual TDW may occur between gNB and UE sides if UE mis-detects the dynamic events. In this case, it is more appropriate to align the update of transmit power with the boundary of configured TDW so as to avoid potential misunderstanding and undesirable impact on the detection performance. Hence, between these two options, Option 2 is preferred, i.e., if UE receives TPC commands that would take into effect during a configured TDW, UE accumulates TPC commands without taking effect during the current configured TDW. 
Proposal 5
· The action of TPC commands does not constitute an event that violates power consistency and phase continuity.
· If UE is configured to accumulate TPC commands, support Option 2, i.e., if UE receives TPC commands that would take into effect during a configured TDW, UE accumulates TPC commands without taking effect during the current configured TDW.


Similarly, the following proposal was discussed for TA command for joint channel estimation of PUSCH repetition. 

	· The action of TA commands does not constitute an event that violates power consistency and phase continuity, down select one of the following options.
· Option 1: UE performs TA adjustment after the actual TDW if it receives any TA command indicating TA adjustment during the actual TDW.
· Option 2: UE performs TA adjustment after the configured TDW if it receives any TA command indicating TA adjustment during the configured TDW.



Following the same design principle for TPC command, it is also reasonable to consider that TA command is not part of events that violate the power consistency and phase continuity as UE may adjust TA command in the next available opportunity for uplink transmission. 
In addition, between two options for TA adjustment, it is preferrable to align the TA adjustment with the boundary of configured TDW in order to avoid potential mis-alignment between gNB and UE side on the determination of actual TDW and undesirable impact on the detection performance. In our view, Option 2 is supported, i.e., UE performs TA adjustment after the configured TDW if it receives any TA command indicating TA adjustment during the configured TDW.
Proposal 6
· The action of TA commands does not constitute an event that violates power consistency and phase continuity.
· UE performs TA adjustment after the configured TDW if it receives any TA command indicating TA adjustment during the configured TDW.

[bookmark: _Ref52481833]Conclusions
In this contribution, we discussed joint channel estimation for PUSCH coverage enhancement, with primary focus on use case for joint channel estimation, time domain window determination and inter-slot frequency hopping with inter-slot bundling. Further, we summarize the observations and proposals as follows:
Observation 1
· For PUSCH with 8 repetitions, when employing joint channel estimation, ~0.5dB performance gain can be achieved for TDW size of 2 slots compared to TDW size of 4 slots. In addition, the difference between TDW size of 4 and 8 slots is marginal.
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
· For TDW determination, Option 1 is supported, i.e., maximum value of window length L of the configured TDW should not exceed the maximum duration. 
Proposal 3
· The events that violate power consistency and phase continuity may further include:
· Other UL transmission with different settings in between PUSCH/PUCCH transmissions
· Transmission parameters need to be changed due to network-indicated operations, including UL beam/TPMI/SRI and RB allocation
· If a PUSCH overlaps with PUCCH and UCI is multiplexed on the PUSCH repetition 
· If a UE needs to transmit another uplink channel/signal in a different carrier simultaneously 
Proposal 4
· For inter-slot frequency hopping with inter-slot bundling
· Option 1 is supported for the hopping interval determination.
· Hopping interval can be separately configured from TDW length.
· Frequency hopping pattern is determined based on slot index. 
Proposal 5
· The action of TPC commands does not constitute an event that violates power consistency and phase continuity.
· If UE is configured to accumulate TPC commands, support Option 2, i.e., if UE receives TPC commands that would take into effect during a configured TDW, UE accumulates TPC commands without taking effect during the current configured TDW.
Proposal 6
· The action of TA commands does not constitute an event that violates power consistency and phase continuity.
· UE performs TA adjustment after the configured TDW if it receives any TA command indicating TA adjustment during the configured TDW.
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