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Introduction
In WF[1], there is initial simulation assumption agreed and also TA /CFO impact to be investigated for the phase continuity:
TA adjustment impact on phase continuity
For RAN1 Question 1 on TPMI change and Question 2 on TA impact: there are transmission timing errors associated with TA adjustment and UE uplink timing autonomous adjustments. Transmission timing errors cause the phase change.  
· For network commanded TA adjustments:
· It is known by both gNB side and UE side.
· FFS how to handle the transmission timing error in TA inaccuracy.
· For UE autonomous adjustments:
·  FFS whether the autonomous adjustments can be handled by UE or BS and how to handle. 
In Chairmen notes [3] of the GTW online discussion, the CFO impact is also one FFS item:
Agreement: For feasibility study of phase continuity, the impact of CFO will be further studied.
In this paper, we present our initial simulation results together with the CFO and TA inaccuracy investigations. 
Discussion

Scenario parameters
Table 1: Basic setup of LLS for joint channel estimation on PUSCH, for TDD at 4 GHz
	System
	· Carrier frequency 4 GHz
· 30 kHz SCS
· TDD, DL/UL pattern DDDSU (special slot not used for UL unless explicitly mentioned), unless explicitly stated 
· 273 PRBs BWP size

	UE speed
	· 3 km/h

	Payload / tx scheme
	· MCS 4 unless otherwise stated, 4 PRBs, 14 symbols
· 2 DMRS symbols per UL slot unless otherwise explicitly stated
· Special slot not used, unless explicitly stated (in which case it contains 2 DMRS symbols)
· 8 (actual) repetitions, no re-transmissions
· No frequency hopping

	Channel
	· TDL-C (NLoS), 30 ns delay spread, medium correlation

	Impairments
	· 0.10 ppm CFO (400 Hz)
· Phase offsets between slots as/if indicated in respective section
· No time offset errors between slots

	Antennas
	· 1T4R, otherwise explicitly stated

	Receiver
	· Practical (delay spread, CFO, etc not known to receiver), except CFO known where explicitly indicated in Section 2.3.1.




Table 2: Basic setup of LLS for joint channel estimation on PUSCH, for TDD at 28 GHz
	System
	· Carrier frequency 28 GHz
· 120 kHz SCS
· TDD, DL/UL pattern DDDSU (special slot not used for UL unless explicitly mentioned)
· 66PRBs BWP size

	UE speed
	· 3 km/h

	Payload / tx scheme
	· MCS 4 unless otherwise stated, 4 PRBs, 14 symbols
· 2 DMRS symbols per UL slot unless otherwise explicitly stated
· Special slot not used, unless explicitly stated (in which case it contains 2 DMRS symbols)
· 8 (actual) repetitions, no re-transmissions
· No frequency hopping

	Channel
	· TDL-C (NLoS), 30 ns delay spread, medium correlation

	Impairments
	· 0.10 ppm CFO (2800 Hz)
· Phase offsets between slots as/if indicated in respective section
· No time offset errors between slots

	Antennas
	· 1T2R

	Receiver
	· Practical (delay spread, CFO, etc not known to receiver), except CFO known where explicitly indicated in Section 2.3.1.



Table 3: Basic setup of LLS for CSI repetition on PUCCH
	System
	Carrier frequency 4GHz
30 kHz SCS
FDD
2*100 MHz BWP (2*273 PRBs)

	UE speed
	3kph

	Payload
	11 bits on 1 PRB, 14 Symbols

	Channel
	TDL-C (NLoS), 30ns delay spread, medium correlation

	Antennas
	1T4R

	Frequency hopping
	Enabled & Disabled

	Impairments
	With and without independent uniform (Figure 2) and Gaussian (Figure 3) phase rotation between slots; non-ideal channel estimation used

	DMRS
	4 DMRS symbols (Additional DMRS)



It should be noted that the joint channel estimation is done over all 8 repetitions in the simulations.  Given current discussions, it seems unlikely that such a large number of slots with phase continuity will be feasible for typical TDD scenarios, presuming that phase continuity cannot be maintained across downlink slots.  However, the sensitivity to impairments is easier to observe with such configurations, and such results can be seen as an upper bound on the sensitivity for TDD or as relevant to UL heavy TDD patterns, if they become of interest in the future.  Therefore, the results herein can be used as a starting point for the range of values to be used in further studies on sensitivity.  Such further studies should also include additional FDD scenarios at higher carrier frequency, e.g. 2 GHz.
Observation #1: Results herein use joint channel estimation across a relatively large number of slots, and therefore can be seen as an upper bound to sensitivity for TDD configurations, and used as a starting point for further studies.
Phase error tolerance for FR1 and FR2
Figure 1 shows the performance for a range of different random wideband phase offsets, using parameters according to Table 1, where frequency hopping is not used and PUSCH is repeated 8 times. For these initial evaluations, it was assumed that the phase offset angles between consecutive UL slots are Gaussian-distributed with a standard deviation as indicated in the figure legend. The relative slot timing is assumed known.  The phase offsets can thus be described as a one-dimensional random walk with a Gaussian-distributed step size. According to the figure, a phase offset up to about 20° seems not to have a major impact on performance. 
Observation #2: Joint channel estimation can perform well if wideband phase offsets between PUSCH repetitions are not too large (e.g. phase offsets up to in the order of 20° between consecutive slots in the simulated scenario).
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[bookmark: _Ref68024646]Figure 1. BLER performance with small/moderate phase offsets at FR1, with 30 ns delay spread
Figure 2 shows the phase tolerance performance for a similar setup, 8 repetitions and no frequency hopping but at FR2 according to Table 2. It can be seen that the tolerance to phase error is similar to that observed for FR1, a phase offset up to 20° is tolerable. 
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Figure 2. BLER performance with small/moderate phase offsets at FR2, with 30 ns delay spread
Observation #3: The tolerance to wideband phase error for FR2 is similar to that of FR1 as 20°.

Figure 3 compares BLER results for using single-slot and cross-slot channel estimation with varying phase rotation between slots without frequency hopping for 2 (a) and 8 (b) repetitions. The result shows that for 2 receptions cross-slot estimation performs better up to around 40-degree STD phase rotation before single slot estimation performs better. For 8 repetitions the cross-slot estimation performs better for for 20-degree STD. Having a larger STD for the phase rotation results in a large performance loss compared to single slot estimation, e.g., 6dB at 1% BLER for 8 repetitions with 40-degree STD.  
Observation #4:
The sensitivity for imperfect phase continuity between PUCCH slot when doing cross-slot channel estimation increases with the number of repetitions. In the simulated example we can have up to roughly 40 degree’s STD for 2 repetition and 20 degree’s STD for 8 repetition.  


[image: ] [image: ]
Figure 3. PUCCH BLER for single-slot versus cross-slot channel estimation for 2 (a, left) or 8 (b, right) repetitions for different STD of phase offset between slots, with frequency hopping off.

As the system operation needs both PUSCH and PUCCH, the phase discontinuity tolerance should be defined considering both the PUCCH and PUSCH performance. 

Proposal-1: derive the phase discontinuity tolerance considering both PUSCH and PUCCH.  


TA inaccuracy impact
A UE is allowed to change its transmission timing whenever there is received downlink timing change or there is a TA command received to order a adjust the transmission time. That is, the UE’s transmission time can be changed autonomously or ordered by network. When the transmission time is changed, phase distortion will be introduced to the received baseband signal. The time delay in transmission for the baseband signal can be modeled as m(t-t0) where the t0 is the time delay or time error. The time shift of the t0 result in a phase shift of -2πft0 in frequency domain:
F(m(t-t0))= M (f) e (-2πft0)
For each time UE makes a transmission time adjustment, there will be time error associated with it. Such time error may be caused by measurement uncertainty on received downlink timing, UE clock jitter and UE transmission time adjustment granularity. For the UE transmission error, it is specified in TS 38.133 with TA adjustment error, so for a wideband transmission signal, the edge subcarrier will be mostly impacted, for 30kHZ SCS, the t0 = +/130ns, the phase error for the edge subcarrier for a 4 PRB transmission signal will be 260*10e(-9)* (48*15kHz)*360=67 degree. To keep such phase distortion at a minimum, it seems there is a benefit to keep transmission signal bandwidth low when there is a need to adjust the uplink timing.
The simulation is done with two sets of the phase ramps:
1. Gaussian phase ramp model:
· Phase ramp in terms of phase change across scheduled BW is for each slot drawn from a Gaussian distribution N(0,  α)   [i.e. α is the std. dev.]
2. Uniform phase ramp model:
· Phase ramp in terms of phase change across scheduled BW is for each slot drawn from a uniform distribution U(-α+ α) [i.e. α is the max value]
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Figure 4. BLER performance with Gaussian time error and 4 PRB, with 30 ns delay spread
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Figure 5. BLER performance with (uncompensated) uniform time error and 4 PRB, with 30 ns delay spread
Simulation also is done with combined CFO and time error impact.

[image: ]
Figure 6: BLER performance with (uncompensated) uniform time error and CFO and 4 PRB, with 30 ns delay spread
Observation-5: There is still substantial gain (> 1 dB) considering the CFO and time error inaccuracy and time error of +/- 130ns has no big impact for RB allocation = 4 RB.
Another simulation is done with RB allocation = 30 RB. The 130ns time error corresponding to the 500 degree for the edge subcarrier.
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Figure 6: BLER performance with (uncompensated) uniform time error and CFO and 30 PRB, with 30 ns delay spread
Observation-6: There is no JCE gain and even has negative JCE gain for wider RB allocation = 30 RB.
From the above simulation results, one can conclude that for narrowband RB allocation, the UE time error does not impact the JCE performance too much and can tolerate such time error in BS receiver. However, for the wideband RB allocation, the UE time error is not ignorable, for allocated RB = 30 case, JCE does not work unless time error could be reduced or compensated. To compensate the time error, BS receiver needs to detect it first, however, this put additional complexity in BS receiver algorithm in low SNR radio condition. The only option is to not make the TA adjustment and also avoid the UE automatic time adjustment. TA adjustment is initiated by network, so BS could avoid by implementation. If the UE autonomous uplink time adjustment is disabled, the RAN1 specification impact is not avoidable. A question could be sent to RAN1 about it.
Proposal-2: BS receiver seems to tolerate the UE time error for narrowband RB allocation. For wider RB allocation the time error is not ignorable, the UE time error should be avoided system level. 
CFO impact on JCE
The CFO is caused by the UE frequency tracking to BS and also caused by UE mobility. The CFO contains both frequency tracking error and the doppler frequency. The CFO needs to be estimated and compensated in BS otherwise it causes the ICI between the orthogonal subcarriers and degrade the received SNR. The CFO is compensated on slot basis in legacy and there is no memory effect between slot demodulation. 



Figure 2: CFO impact on the received signal R(k,i,j) in kth time slot, ith subcarrier and jth symbol.
For joint channel estimation, as the initial phase of the complex repetition data has a frequency error component according the CFO model defined in [4], the CFO has an accumulated phase over the repetition interval.  In Figure 2, the received signal R(k,I,j) at the reference point is transmitted repeatly in kth, k+1, k+2 time slot. The DMRS is located in ith subcarrier and in jth symbol within the time slot. For the time t0, the initial phase of complex received data R(k,I,j ) is Ɵ0, when the same symbol is transmitted in k + 1 time slot at time t0 + Δt1, as there is frequency error of Δf1, the phase of the complex received data R(k+1, I, j) then become Ɵ0 + 2π Δf1 Δt1. Similarly the phase of complex received data R(k+2,I,j) is Ɵ0 + 2π Δf1Δt1+2πΔf2Δt2 at time t0+ Δt1+ Δt2. If such phase rotation is not compensated, there is no coherent combining guarantee for JCE.
Observation#7: The frequency error added additional phase rotation has negative impact on coherent combining for JCE.
The simulation is done to evaluate the CFO impact with below assumptions:
· 2 GHz carrier, 15 kHz subcarrier spacing, 30 ns delay spread, 3 km/h, 4 Rx antennas
· FDD, 4 PRBs, MCS 4, 8 repetitions (8 tx attempts in total) 
Observations for JCE without compensation in Figure 7:
· Up to 20 Hz CFO has essentially no impact
· With 40 Hz CFO, JCE still gives gain compared to no JCE
· With 100 Hz CFO, JCE gives large loss
CFO impact must be compensated otherwise JCE will not work.
For the non-back-to-back repetition, the interval between transmission is not zero, thus what is the frequency error in between the non-zero gap should be discussed in RAN4. If there is no certainty of the frequency error between the transmission interval, the JCE simply will not work as the phase of the received complex data could be anything between 0 to 360 degree and coherent combining is not possible. Thus it is desirable to have a constant frequency error as a prerequisite condition for JCE.
Observation#8: It is desirable to assume the constant frequency error between the repetition interval for JCE otherwise JCE may not  work well.
Proposal-3: CFO should be compensated for JCE specifically.

There is no specific UE behaviour on when UE make the frequency adjustment in RAN1 specification, how to make sure on prerequisite condition needs RAN1 opinion.
Proposal-4: Send a LS question to RAN1 regarding the prerequisite of JCE 
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Figure 7: BLER performance with different CFO , with 30 ns delay spread

Conclusions-
In this contribution, the link level simulation assumption is discussed for phase discontinuity tolerance study on JCE with below proposal:
Proposal-1: derive the phase discontinuity tolerance considering both PUSCH and PUCCH.  

Observation #1: Results herein use joint channel estimation across a relatively large number of slots, and therefore can be seen as an upper bound to sensitivity for TDD configurations, and used as a starting point for further studies.
Observation #2: Joint channel estimation can perform well if wideband phase offsets between PUSCH repetitions are not too large (e.g. phase offsets up to in the order of 20° between consecutive slots in the simulated scenario).
Observation #3: The tolerance to wideband phase error for FR2 is similar to that of FR1 as 20°.
Observation #4:
The sensitivity for imperfect phase continuity between PUCCH slot when doing cross-slot channel estimation increases with the number of repetitions. In the simulated example we can have up to roughly 40 degree’s STD for 2 repetition and 20 degree’s STD for 8 repetition.  
Observation-5: There is still substantial gain (> 1 dB) considering the CFO and time error inaccuracy and time error of +/- 130ns has no big impact for RB allocation = 4 RB.
Observation-6: There is no JCE gain and even has negative JCE gain for wider RB allocation = 30 RB.
Proposal-2: BS receiver seems to tolerate the UE time error for narrowband RB allocation. For wider RB allocation the time error is not ignorable, the UE time error should be avoided system level. 
Observation#7: The frequency error added additional phase rotation has negative impact on coherent combining for JCE.
Observation#8: It is desirable to assume the constant frequency error between the repetition interval for JCE otherwise JCE may not  work well.
Proposal-3: CFO should be compensated for JCE specifically
Proposal-4: Send a LS question to RAN1 regarding the prerequisite of JCE 
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PUSCH, 4 GHz, 2 DMRS, 3 km/h, 30 ns, MCS 4, 4 PRBs, no FH, 8 Rx

No phase ramp

FD phase ramp, Gaussian distr with std dev = 20° across used BW

FD phase ramp, Gaussian distr with std dev = 40° across used BW
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PUSCH, 4 GHz, 2 DMRS, 3 km/h, 30 ns, MCS 4, 4 PRBs, no FH, 4 Rx

No timing errors

Timing errors, uniform distr with max  130 ns

Timing errors, uniform distr with max  200 ns
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PUSCH, 4 GHz, 2 DMRS, 3 km/h, 30 ns, MCS 4, 4 PRBs, no FH, 4 Rx

No timing errors

Timing errors, uniform distr with max  130 ns

Timing errors, uniform distr with max  200 ns
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No timing errors, no JCE,

No timing errors, with JCE
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