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1 Introduction
In RAN4 #101-e, phase and power consistency for PUCCH and PUSCH repetition continued to be discussed [1], and a WF was approved [2]. In this contribution, we share our further analysis on the tolerance level of phase and amplitude consistency for joint channel estimation (JCE). 

2 Discussion
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 1: 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 2: The performance of joint channel estimation (e.g., simply truncate the joint CE to a few surrounding slots or estimate the phase jump) 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 3: the impact of power inconsistencies across UL slots is neglectable at least 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. 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 can be used. 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 4: 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 than 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 5: 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 then 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 6: 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.
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, more scenarios (e.g., DL in between UL slots) can potentially be feasible and be supported for JCE operation 
Observation 7: More scenarios and use cases can potentially be feasible for JCE operation once the phase and amplitude tolerances are concluded. 


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: A phase variation within 40 degrees with joint channel estimation can outperform single slot channel estimation under the proposed simulation model. 
Observation 2: The performance of joint channel estimation (e.g., simply truncate the joint CE to a few surrounding slots or estimate the phase jump) can be further improved with optimized estimator design, in other words, allow larger phase tolerance. 
Observation 3: the impact of power inconsistencies across UL slots is neglectable at least with a uniformly distributed power variation of 2 dB no matter the phase inconsistency.
Observation 4: for PUSCH, large PRB allocations with high number of DMRS renders JCE not beneficial.
Observation 5: for PUSCH and small PRB allocations, JCE is beneficial for phase inconsistencies up to, around,  . 
Observation 6: 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.
Observation 7: More scenarios and use cases can potentially be feasible for JCE operation once the phase and amplitude tolerances are concluded. 
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