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1 Introduction
In RAN4 #100-e, phase and power consistency for PUCCH and PUSCH repetition was continuously discussed [1], a WF was approved [2]. Multiple issues include the gap duration, the off-power requirement, the guard period, the TA adjust, the phase tolerance, and the feasibility of DL slot(s) in-between repetition are FFS.

Moreover, a reply LS on PUCCH and PUSCH repetition from RAN1 has been sent to RAN4 [3], where the following questions have been raised: 

· 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?
In RAN1 understanding, regarding to the “downlink reception”, there are actually three scenarios: 
· Scenario 1: downlink or flexible symbols with actual DL transmission from gNB to UE, with/without DL monitoring occasion configured
· Scenario 2: downlink or flexible symbols without actual DL transmission from gNB to UE, but with DL monitoring occasion configured
· Scenario 3: downlink or flexible symbols without DL monitoring occasion configured

In this contribution, we share our views on the selected issues above.

2 Discussion
2.1 Feasibility of power/phase continuity when there is DL slot(s) in-between repetitions
In the LS reply to RAN1 [3], three scenarios have been considered for the “downlink reception”: 
· Scenario 1: downlink or flexible symbols with actual DL transmission from gNB to UE, with/without DL monitoring occasion configured
· Scenario 2: downlink or flexible symbols without actual DL transmission from gNB to UE, but with DL monitoring occasion configured
· Scenario 3: downlink or flexible symbols without DL monitoring occasion configured

Moreover, RAN1 has further provided corresponding examples for each scenario: 
For scenario 1, one example is that PDSCH is actually transmitted on DL symbols. For scenario 2, one example is that a PDCCH monitoring occasion is configured, but gNB does not send PDCCH actually on the PDCCH monitoring occasion.  For scenario 3, one example is that some symbols are indicated (e.g., by tdd-UL-DL-ConfigurationCommon) as DL symbols, but neither PDCCH monitoring occasion is configured nor PDSCH is transmitted on those DL symbols.  

It can be observed that all three scenarios have practical usage and thus should be studied and confirmed the feasibility case by case. 
2.1.1 Scenario 3 No DL data and monitoring 
For Scenario 3, it is our understanding that the previous RAN4 LS R4-2103393 did not cover this scenario. Since there was no actual DL transmission and no DL monitoring occasions configured by gNB, it is similar to the scenario with un-scheduled symbols in between PUSCH or PUCCH repetition, as the UE may not necessarily switch from Tx to Rx. RAN4 has confirmed the feasibility of phase continuity and power consistency for non-zero un-scheduled gap case, which also indicate the feasibility to maintain the phase/amplitude continuity in the case when there is no actual DL transmission, and no DL monitoring occasions from gNB to the UE during the DL reception in-between the PUSCH or PUCCH repetition. 
Observation 1: The cases of a downlink reception without actual DL transmission/ DL monitoring occasions and an un-scheduled symbol between PUSCH or PUCCH repetition are similar. Therefore, it is possible to have a DL slot while maintaining the phase/amplitude continuity under such a scenario.
Proposal 1: RAN4 confirms that the UE can maintain the phase continuity and power consistency when there is downlink reception in between uplink repetitions for the scenario that neither DL transmission from gNB to UE nor DL monitoring occasion. 

2.1.2 Scenario 1 and 2 
When it comes to the scenario that there is actual DL data transmission or DL monitoring occasions configured during the DL slot(s) in-between repetitions, the UE needs to have Rx during this case. Two possible solutions have been proposed to maintain the UL phase/power consistency: retune the phase back to its original state and maintain the Tx chain during the DL receptions. Though it inevitable would increase the implementation complexity, enable phase/amplitude continuity when there is a DL slot between PUSCH or PUCCH repetition can increase the opportunities for the network to perform the joint channel estimation and further improve the uplink coverage, which is particularly important for a high UL/DL ratio scenario (e.g., uplink video streaming).

Observation 2: Enable phase/amplitude continuity when a DL reception between PUSCH or PUCCH repetition can improve the uplink coverage under high UL/DL ratio scenarios, e.g., uplink video streaming. 

2.1.2.1 Retuning the phase
A general view shared with other companies is that, to maintain the phase continuity and amplitude consistency during the UE transmissions, it is vital to ensure the state of the Tx chain through the transmission cycle. As discussed in [4], it is possible for a UE to retune the phase to maintain phase continuity over the repetitions if there are other channels or transmissions in between the repetitions. Therefore, such a mechanism can facilitate the scenario of different changing signals/channels power or even PRB content in-between the repetitions and allow a DL slot(s) in-between repetitions. The UE could store the phase and magnitude information before the DL slot and retune the Tx chain back to that state after the DL slots, ensuring the phase/magnitude continuity when there is DL slot(s) in-between repetitions.

2.1.2.2 Maintain the Tx chain on
Another way to maintain the phase continuity and amplitude consistency during the non-back-to-back uplink transmission is to keep the states of Tx chain unchanged. One possible solution is to keep the Tx chain on (e.g., PA biased) during the un-scheduled UL. In FR1, the problem of a typical TDD UE front-end module (FEM) implementation is that the enable signal (e.g., bias) to the PA and the change in load impedance from the Rx/Tx switch results in a phase jump, which deteriorates the phase continuity each time a UL/DL switching occur. Similar methodology to maintain the phase/amplitude continuity when there is a DL slot in between PUSCH or PUCCH repetition Tx and Rx antennas can also be used in FR2. Different antenna panels in FR2 can enable the PAs to be continuously active over DL durations to maintain phase continuity and amplitude consistency.
Observation 3: It is feasible to maintain the power/phase consistency when there is DL reception in-between repetitions through UE implementations. 

2.1.2.3 Phase/ amplitude tolerance consideration 
It also comes to our attention that RAN4 has not concluded on the acceptable level of phase-amplitude tolerance for the joint channel estimation. Meanwhile, there is also a lack of thorough analysis of phase/amplitude variation under different scenarios. Considering that the possible channel estimation algorithm can be used by gNB, it is also possible that the UL amplitude and phase variation due to the switching between Tx and Rx are well below the tolerance level of gNB. Therefore, we don’t think RAN4 can conclude that any scenarios mentioned above are unfeasible for gNB to perform joint channel estimation. 
Proposal 2:  RAN4 further studies the scenario where DL reception between PUSCH or PUCCH repetition from UE implementation and network tolerance aspects conclude its feasibility for scenarios 1 and 2 in R4-2111706. 

2.2 Phase continuity and power consistency tolerance 
In this section, we provide LLS simulations of the impact of phase discontinuity on the performance of PUCCH and PSUCH performance. The simulation setup is according to Table 1
Table 1. System parameters.
	Channel
	PUCCH
	PUSCH

	Carrier frequency
	4 GHz
	4 GHz

	Subcarrier spacing
	30 kHz
	30 kHz

	BWP size
	273 PRBs
	6 and 2 PRBs

	Antennas
	1T2R
	1T1R

	Channel
	TDL-C (NLoS), low correlation
	TDL-C (NLoS)

	Repetitions
	7 blind repetitions (i.e., 8 total transmissions)
	9 blind repetitions (i.e., 10 total transmissions)

	format
	14 symbol PUCCH format 3, with 14 DMRS per slot. Intra-slot frequency hopping. 11 bit payload.
	QPSK, code-rate 193/1024, DMRS in symbol 3 at every second subcarrier

	UE speed
	10 km/h and 30 km/h
	30 km/h

	Slot format
	[1 0] (to be explained below)
	[1]

	Receiver
	Perfect time and frequency synchronization. See text for further details. Perfect knowledge of channel statistics. No knowledge of phase inconsistency.
	Perfect time and frequency synchronization. See text for further details. Perfect knowledge of channel statistics. No knowledge of phase inconsistency.




PUCCH
We assume that every second slot is an UL slot, represented by [1 0] in Table 1. The UE maintains a constant phase within each UL slot but has a phase jump between consecutive slots. If UL slot k has a reference phase of , where the innovations  are independent and uniformly distributed within . Since only every second slot is UL, we have that the phase may change at most  per ms (the slot time is 0.5 ms).
We consider a receiver that performs either single slot channel estimation (CE), or joint CE across multiple slots. For the single slot CE, the receiver estimates the channel based on the DMRSs in each slot; it therefore follows that the parameter  has no influence on the performance of single slot CE. For joint CE, we apply MMSE CE according to the true propagation channel statistics. Therefore, when estimating the channels of slot k, DMRS observations from all other slots are exploited. We point out that the joint CE operates as if .
Our LLS are provided in Figures 1 and 2, for UE speeds of 30 km/h and 10 km/h, respectively. Results for single slot CE are shown in red. The blue curves represent joint CE but with no phase discontinuity, i.e., . The black curves are obtained with joint CE, but at various levels of phase discontinuity.
Here are our key observations
· The potential gain of joint CE (difference between blue and red curves) is higher for lower UE speeds. This is most natural since the channel changes more slowly and is therefore correlated over a longer time duration. 
· The performance is worse at 10 km/h than for 30 km/h (compare, e.g., the blue curves between the two figures). This is natural since there is less diversity across the 8 blind PUCCH repetitions.
· At 30 km/h: Phase discontinuities of 40° between consecutive UL slots don’t result in any significant performance degradation. With phase discontinuities of 60° and above, single slot CE outperforms joint CE.
· At 10 km/h: Compared with 30 km/h, joint CE is not as resilient against phase discontinuities. Already at  20°, about 0.5 dB is lost compared with the blue curve. This can be explained by noting that at lower UE speeds, joint CE is using, with high weight, DMRS observations from many more slots. But since phase discontinuities accumulate, DMRS observations from far away slots have essentially random phases. Wherefore, performance is degraded by exploiting them.

Observation 4: A phase variation within 40 degrees with joint channel estimation can outperform single slot channel estimation under the proposed simulation model. 
For joint CE and large , performance can be improved in, at least, two ways,
· The estimator design can change the way DMRSs from far away slots are used. A simple approach is to simply truncate the joint CE to a few surrounding slots. A more sophisticated approach is to rederive the correlation to reflect the phase discontinuities.
· A more advanced estimator could seek to estimate the phase jumps  and compensate for them.

Observation 5: The performance of joint channel estimation can be further improved with optimized estimator design, in other words, allow larger phase tolerance. 
We have also investigated power inconsistencies across UL slots. For every slot, we have used a model according to a transmit power uniformly distributed in [ [dB], where  represents the reference transmit power. However, we have noted that  have virtually no impact on the BLER (we only checked < 2 dB). This is somewhat natural, as the correlation model used by a CE taking the power variations into account is very mildly affected by the value of . Therefore, designing a CE for  make the CE nearly optimal also for other values of . We remark that our conclusion remains valid even in the case where we have both amplitude and phase inconsistencies.
Observation 6: the impact of power inconsistencies across UL slots is neglectable with a uniformly distributed power variation of 2 dB no matter the phase inconsistency.
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Figure 1. Simulation results for UE speed 30 km/h.
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Figure 2. Simulation results for UE speed 10 km/h.
 

PUSCH
For large bandwidth allocations, the high number of allocated DMRSs renders JCE less meaningful compared with slot-by-slot CE as the channel can be well estimated using the DMRS observations from a single slot solely. 
Therefore, we limit our investigations to small bandwidth allocations, namely 6 PRBs. For PUSCH we perform simulations over 200 frames (i.e., 2seconds) containing only UL; in the notation of the PUCCH case this would read [1]. We remark that this is done to maximize the possible benefits of JCE. The phase  model used for slot  is  where  is uniformly distributed within   and independent over  (note the different model compared with PUCCH). We use 9 blind repetitions, no HARQ, and a single receive antenna. 
Furthermore, we mention that our conclusion to be presented remain valid if the assumptions above are altered. For example, the number of receive antennas can be changed without any noticeable impact on the results. Likewise for activation of HARQ, a slot model of [1 0], a phase model according to , or for any other TDL model. However, using more PRBs would render JCE less and less meaningful. In fact, with 6PRBs JCE is borderline beneficial, but we anyway keep this number as less PRBs would imply very low throughput.
Observation 7: for PUSCH, large PRB allocations with high number of DMRS renders JCE not beneficial.
In Figure 3 we show our simulated results for 6PRB allocation. As can be seen from the figure, JCE is borderline not beneficial, and the reason is that due to the high number of DMRS and strong frequency correlation, the slot-by-slot CE is already sufficiently good. We remark that the JCE is performed over the current slot and the two previous slots. From the figure, we also see that for , JCE is no worse that slot-by-slot. Increasing  beyond this point, renders JCE worse than slot-by-slot. We also point out that using more slots for JCE than 3, does not improve the JCE performance for . However, for , more than 3 slots is detrimental for JCE, as the throughput would be below that of slot-by-slot. However, as 3 slots is already close to optimal, an advanced gNB implementation would not use more than 3 slots (perhaps even less) as performance is not improved while complexity is increased.
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Figure 3. Simulation of PUSCH results for 6PRB allocation.

For 2PRB allocation, we present our results in Figure 4.
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Figure 4. Simulation of PUSCH results for 2PRB allocation.
For this case, we observe that JCE is now much more beneficial; the reason being that the number of DMRS is less, so that slot-by-slot CE is inferior to JCE. Again, we see that for , JCE is no worse than slot-by-slot. For -BPSK, very similar observations can be made. The same observation also applies for code-rate. (However, for both cases, the throughput changes, but the relative positions of the curves are virtually the same).
Observation 8: for PUSCH and small PRB allocations, JCE is beneficial for phase inconsistencies up to, around,  . 
The impact from frequency offset has not been included in the simulation results above, but we have observed that a severe frequency offset causes a phase drift that can destroy the joint channel estimation due to the uncorrelated DMRS between PUSCH/PUCCH repetition. However, it is our understanding that such a large frequency offset needs to be taken care of by the receiver side, and its effect can be mitigated. 
As a final remark, we would like to point out that PUCCH is more likely to be the bottleneck in terms of JCE gain comparing to PUSCH. Therefore, from RAN4 aspect, it might be sufficient to focus on PUCCH and define the requirement for phase and power consistency. 
Observation 9: PUCCH is more likely to be the bottleneck of JCE gain, and it might be sufficient for RAN4 to focus on PUCCH and define the requirement for phase and power consistency.

3 [bookmark: _Hlk47387515]Conclusion
In this contribution, we have discussed phase continuity for PUCCH and PUSCH repetition and UE configuration for enhanced Joint Channel Estimation in TDD. The following observations and proposals are made:
Observation 1: The cases of a downlink reception without actual DL transmission/ DL monitoring occasions and an un-scheduled symbol between PUSCH or PUCCH repetition are similar. Therefore, it is possible to have a DL slot while maintaining the phase/amplitude continuity under such a scenario.
Observation 2: Enable phase/amplitude continuity when a DL reception between PUSCH or PUCCH repetition can improve the uplink coverage under high UL/DL ratio scenarios, e.g., uplink video streaming. 
Observation 3: It is feasible to maintain the power/phase consistency when there is DL reception in-between repetitions through UE implementations. 
Observation 4: A phase variation within 40 degrees with joint channel estimation can outperform single slot channel estimation under the proposed simulation model. 
Observation 5: The performance of joint channel estimation can be further improved with optimized estimator design, in other words, allow larger phase tolerance. 
Observation 6: the impact of power inconsistencies across UL slots is neglectable with a uniformly distributed power variation of 2 dB no matter the phase inconsistency.
Observation 7: for PUSCH, large PRB allocations with high number of DMRS renders JCE not beneficial.
Observation 8: for PUSCH and small PRB allocations, JCE is beneficial for phase inconsistencies up to, around,  . 
Observation 9: PUCCH is more likely to be the bottleneck of JCE gain, and it might be sufficient for RAN4 to focus on PUCCH and define the requirement for phase and power consistency.
Proposal 1: RAN4 confirms that the UE can maintain the phase continuity and power consistency when there is downlink reception in between uplink repetitions for the scenario that neither DL transmission from gNB to UE nor DL monitoring occasion. 
Proposal 2:  RAN4 further studies the scenario where DL reception between PUSCH or PUCCH repetition from UE implementation and network tolerance aspects conclude its feasibility for scenarios 1 and 2 in R4-2111706. 
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