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[bookmark: _Ref513464071]Introduction
In RAN1#106e, the agreements regarding details of joint channel estimation such as time windowing parameters were made [1]. In this contribution, we discuss several design aspects related to DMRS bundling for PUSCH to enable joint channel estimation.
DMRS bundling for PUSCH
Background
Joint channel estimation at gNB can be enabled by combining channel estimates from DM-RS in multiple PUSCH(s). DM-RS bundling is a technique to allow channel estimation using multiple DM-RS symbols across different slots or repetitions. To obtain improved performance from joint channel estimation, phase and power continuity should be maintained by the UE between PUSCHs that contain DMRS to be bundled. In time-varying fading channels, using DM-RS symbols across slots or repetitions for channel estimation will be beneficial, thanks to averaged channel estimates.
Time window for DM-RS bundling
TDW for type A repetition
	Working assumption:
For joint channel estimation for PUSCH repetition type A of PUSCH repetitions of the same TB, all the repetitions are covered by one or multiple consecutive/non-consecutive configured TDWs.
   Each configured TDW consists of one or multiple consecutive physical slots.
   The window length L of the configured TDW(s) can be explicitly configured with a single value and L is no longer than the maximum duration.
‐   FFS: The maximum value of L is the duration of all repetitions
‐   FFS: Solutions to error propagation issue if for L is longer than the maximum duration is to be discussed further.
‐   FFS: The window length L is configured per UL BWP
   The start of the first configured TDW is the first PUSCH transmission
‐   FFS: The first available slot/symbol, or the first physical slot/symbol for the first PUSCH transmission.
   The start of other configured TDWs can be implicitly determined prior to first repetition.
‐   FFS: The configured TDWs are consecutive for paired spectrum/SUL band
‐   FFS: The start of the configured TDWs for unpaired spectrum is implicitly determined based on semi-static DL/UL configuration.
   The end of the last configured TDW is the end of the last PUSCH transmission.
‐   FFS: The end of the configured TDW is the last available slot/symbol, or the last physical slot/symbol for the last PUSCH transmission.
   Within one configured TDW, one or multiple actual TDWs can be implicitly determined:
‐   The start of the first actual TDW is the first PUSCH transmission within the configured TDW.
o    FFS: The first available slot/symbol, or the first physical slot/symbol for the first PUSCH transmission.
‐   After one actual TDW starts, UE is expected to maintain the power consistency and phase continuity until one of the following conditions is met, then the actual TDW is ended.
o    The actual TDW reaches the end of the last PUSCH transmission within the configured TDW.
  FFS: The end of the actual TDW is the last available slot/symbol, or the last physical slot/symbol for the last PUSCH transmission.
o    An event occurs that violates power consistency and phase continuity
  FFS: The events may include e.g., a DL slot based on DL/UL configuration for unpaired spectrum, the actual TDW reaches the maximum duration, DL reception/monitoring occasion for unpaired spectrum, high priority transmission, frequency hopping, precoder cycling.
  FFS: The end of the actual TDW is the last available slot/symbol of the PUSCH transmission right before an event such that the power consistency and phase continuity are violated.
‐   If the power consistency and phase continuity are violated due to an event, whether a new actual TDW is created is subject to UE capability of supporting restarting DMRS bundling.
o    If UE is capable of restarting DM-RS bundling, one new actual TDW is created after the event,
  FFS: The start of the new actual TDW is the first available slot/symbol for PUSCH transmission after the event.
o    If UE is not capable of restarting DM-RS bundling, no new actual TDW is created until the end of the configured TDW.
o    FFS: UE capability of restarting DMRS bundling is applied only to dynamic event or not
Note 1: A ‘configured TDW’ refers to a time domain window whose length can be configured to ‘L’ and whose start and end is determined as described above.
Note 2: An ‘actual TDW’ refers to a time domain window during whose entire duration the DM-RS bundling is actually applied. An ‘actual TDW’ duration is always less than or equal to the ‘configure TDW’ duration.
Note 3: Whether the terms ‘configured TDW’ and ‘actual TDW’ are revised to other terms and if such terminology is used in specifications is to be further discussed.


During the discussion on configuration for a time window, the following FFSs are treated.
	‐   FFS: The maximum value of L is the duration of all repetitions
‐   FFS: Solutions to error propagation issue if for L is longer than the maximum duration is to be discussed further.


Whether the length of the time window is longer than the maximum duration the UE is capable of maintaining phase continuity and power consistency was discussed in the meeting. Motivation for supporting the length of the time window longer than the maximum duration is not clear since the network can configure the time window length less than or equal to the maximum duration based on the knowledge of UE capability. Thus, the following proposal is made.
Observation 1: The gNB can configure L, duration of the configured time window, less than the maximum duration based on the knowledge of the UE capability
Configuration of granularity of time domain window (TDW) for Repetition type A
During the discussion in RAN1#106, granularity of start/end position of a configured time window and actual time window was discussed. Symbol-level granularity may be required if partial dropping of PUSCH type A repetition is realized. However, the current assumption is that once repetition occasion is cancelled, the entire repetition transmission is dropped. Thus, only slot-based PUSCHs are available for joint channel estimation at gNB. Thus it may be reasonable to design a TDW such that start or end position of a configured/implicit window can start or end at the beginning or end of a repetition occasion, respectively.
Proposal 1: For time domain window configuration for type A PUSCH repetition, the start or end of configured TDW is start or end of the first or last available repetition occasion, respectively.
Proposal 2: For time domain window configuration for type A PUSCH repetition, the start or end of an actual TDW is start of the first or end available repetition occasion, respectively.
Proposal 3: The following events are defined as phase disrupting events.
· DL-slot based on DL/UL configurations for TDD
· DL reception/monitoring occasion for TDD
· High priority transmission
· Frequency hop
Time domain window for non-back-to-back PUSCH transmission
	Confirm the following working assumption
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.


In R4-2114991, the following agreement was made.
	For the case of other UL signals/channels in the gap between repetitions with same settings, as communicated in R4-2105417, RAN4 has further refined the conditions when phase continuity can be met as follows:
· Signals/channels with repetitions and other UL signals/channels in the gap have the same:
· PAPR and average power, e.g., PUSCH/PUCCH part of repetitions and SRS has same PAPR and average power.
· Allocated number and locations of PRBs transmitted
· Antenna port settings 


As explained the LS from RAN4 above, joint channel estimation for two PUSCH repetitions interrupted by other uplink transmission is possible as long as other uplink transmission satisfy the above conditions.
In the agreement made in the last meeting, there is a following FFS point related to non-back-to-back transmission : “FFS: Joint channel estimation over non-back-to-back PUSCH transmissions with other uplink transmissions between the two successive PUSCH transmissions across consecutive slot.” An example is illustrated in Figure 1.
[image: ]
[bookmark: _Ref83679030]Figure 1 “Other” transmission for non-back-to-back
When consecutive PUSCH repetitions are interrupted by other uplink transmission, the other uplink transmission should satisfy the following condition according to R4-2114991 so that the UE can maintain power and phase across non-back-to-back PUSCH repetitions.
· PAPR and average power, e.g., PUSCH/PUCCH part of repetitions and SRS has same PAPR and average power.
· Allocated number and locations of PRBs transmitted
· Antenna port settings
In the agreement made in RAN1#106, the configured TDW is split into multiple actual TDWs if a disrupting event occurs in the TDW. As long as the above conditions are satisfied, the UE can maintain phase and power consistency. Thus we make the following proposal :
Proposal 4: A configured TDW is not split into multiple actual TDWs if other uplink transmissions between the two successive PUSCH transmissions across consecutive slot satisfy the conditions in R4-2114991.
TDW for type B repetition 
Time domain window configuration for repetition type B
An example of type B repetition is shown in Figure 2 where actual and nominal repetitions are placed in a special slot and uplink slot. In the example, two actual repetitions are created at the slot boundary.
[image: ]
[bookmark: _Ref83718545]Figure 2 An example of type B repetition in 2 consecutive slots
When a time domain window is configured (C-TDW), the actual time domain window (A-TDW) can start from the first uplink symbol in the repetition since the UE is not required to maintain phase continuity or power consistency across symbols which are not uplink symbols.
[image: ]
Figure 3 An example of configuration of aTDW and actual TDW
Proposal 5: For time domain window configuration for type B PUSCH repetition, the start/end of the configured TDW is the first or last symbol of the first or last available repetition occasion, respectively.
When a phase continuity/power consistency disrupting event occurs, generation mechanism of A-TDW needs to be defined. When an event which disrupts phase continuity and/or power consistency, A-TDWs are generated from the next available repetition, e.g., actual repetition or nominal repetition. 
Repetition-based generation of TDW 
As illustrated in One possibility is that the UE stops the previous A-TDW at the last symbol of the actual/nominal repetition before the event and restart at the first symbol of the next available actual/nominal repetition. The advantage of this approach is that the gNB can expect phase continuity/power consistency operation to start at the beginning of next repetition; joint channel estimation can be performed at repetition basis.
[image: ]
Figure 4 Repetition based generation of TDW - Actual TDW starting at the first symbol of the earliest repetition occasion and actual TDW ending at the last symbol of prior to the event
Observation 2: Units of actual TDWs can be based on actual or nominal repetition(s)
Symbol-based TDW generation
As illustrated in Figure 8, another approach is when an event which disrupts phase continuity and/or power consistency, the UE generates A-TDW from the next available uplink symbol. The UE stops the previous A-TDW at the symbol before the event. The advantage here is that the symbols that are not affected by the event can also benefit from joint channel estimation. Demodulation performance can be enhanced by using extrapolation/interpolation of channel estimates obtained from the nearby DM-RS symbols.
Thus we make the following proposals: 
Proposal 6: For time domain window configuration for type B PUSCH repetition, the start of an actual TDW is the first available uplink symbol
Proposal 7: For time domain window configuration for type B PUSCH repetition, if the UE starts the actual TDW after the phase continuity/power consistency disruptive event, the UE starts the actual TDW at the earliest uplink symbol after the event
Proposal 8: For time domain window configuration for type B PUSCH repetition, the end of an actual TDW can be one of the following 
· The last uplink symbol before the phase continuity/power consistency disruptive event
· The last uplink symbol of the configured time domain window
[image: ]
Figure 5 Symbol based generation of TDW ; Actual TDW starting at the earliest symbol after the event and actual TDW ending at the last symbol of prior to the event
Application of TPC and TA command during TDW
The following agreements are made during RAN1#106 related to TPC and TA commands. 
	Agreement 
Make down-selection between the following two alternatives:
· Alt 1: UE is not expected to receive TPC commands during the current time domain window.
· Alt 2: UE receives and accumulates TPC commands without taking effect during the current time domain window.
Agreement
· UE should not perform TA adjustment during the time domain window.
‐   FFS: UE does not expect to receive TA command to indicate TA adjustment during the TDW.
‐   FFS: UE ignores any TA command which indicates TA adjustment during the TDW.
‐   FFS: UE performs TA adjustment after the TDW if it receives any TA command indicating TA adjustment during the TDW.


Application of TPC or TA commands during maintenance of power consistency and phase continuity should be avoided since it may disrupt consistency/continuity. However, avoiding application of TPC or TA may cause negative coverage performance or demodulation performance due to lack of transmission power or misalignment in timing, respectively. Thus we make the following  proposals:
Proposal 9: For application of TPC command select Alt 2 (UE receives and accumulates TPC commands without taking effect during the current time domain window) and accumulated TPC command is applied at next available actual/configured window
Proposal 10: For application of TA, UE performs TA adjustment at the next available configured/actual TDW if it receives any TA command indicating TA adjustment during the TDW
Time window for DM-RS bundling with PTRS
Motivation and examples of PTRS placement for a DMRS bundle
In the presence of CFO, the DMRS alone may not be enough for phase correction. PT-RS may be needed to correct disruption in phase continuity after switching from DL to UL slot or during transmissions of repetitions that may cross the slot boundary. Thus, the UE may need to send PTRS along within the DM-RS bundle so that the gNB can perform phase correction. 
Observation 3: In the presence of CFO, PT-RS insertion may assist the gNB for the phase continuity maintenance within an acceptable range so the DM-RS coherence is maintained.
PTRS is specified in Rel. 15 to correct phase offset at the receiver. Similarly, DM-RS bundling can be implemented along with PTRS to assist the gNB phase continuity maintenance. PT-RS placed with DM-RS in the same DM-RS bundle provides additional assistance for the gNB to track time varying phase change using PT-RS as phase reference in the first place, and subsequentially for phase correction between repetitions
The PT-RS sequence has been introduced in Rel-15 for phase tracking mainly in FR2 due to typical effects in this frequency range of the phase noise. The PT-RS allocation is sparser in frequency domain and denser in time domain. They are effective and usually used at a slot-based level. Also, they are configured along with DM-RS. Using PT-RS even in both FR1 and FR2 for cross slot phase continuity evaluation and possibly correction can bring a certain advantage for the non-contiguous transmissions and the UE implementation phase drifting. An example CP-OFDM based allocation of the DM-RS and PT-RS looks like in figure below:
[image: ]
Figure 6 Example PT-RS for CP-OFDM and DM-RS allocation for CP-ODFM
If PT-RS is inserted over multiple repetitions and the first PT-RS is placed before the DM-RS symbol during repetitions, the phase shift over repetitions can be evaluated and eventually corrected by gNB.
Observation 4: The PT-RS may help mitigate the phase discontinuity during non-contiguous repetitions and UE based phase drifting.
At the same time, probably it will be desirable that for the repetition slots the DM-RS symbol can be delayed allowing for timely phase evaluation. An example is given below in Figure 7 only for the first PT-RS and DM-RS symbol position:
[image: ]
[bookmark: _Ref71446003]Figure 7 Example of PT-RS for CP-OFDM and delayed DM-RS symbol during a repetition slot
Evaluation results
In this contribution, performance of joint channel estimation is analyzed in the presence of both phase jump at the slot boundaries and phase noise. In the evaluation, performance of joint channel estimation with or without PTRS is analyzed.
In the simulation, 2 different densities of PTRS are considered for DFTsOFDM. PTRS is placed in every other DFTsOFDM symbol. In each DFTsOFDM symbol which contains PTRS, 2 groups of samples are inserted where each group contains 2 or 4 samples. The location of the group varies depending on the number of samples. While groups with 4 PTRS samples in each group are placed at the edge of pre-DFT samples, groups with 2 PTRS samples in each group are placed away from the edge as shown in Figure 8.
[image: ]
[bookmark: _Ref79070245]Figure 8 Placement of PTRS samples for 12RB evaluation in the pre-DFT domain
The parameters used in the evaluation are summarized in Table 2 in Appendix. In the evaluation, carrier frequency offset, phase noise model and phase jump are included. Phase noise is generated at the slot edge, following the agreements made in RAN4#99e [5]. When PTRS is inserted in PUSCH, phase changes are estimated at the receiver after IDFT. The estimated phase change is applied to demodulated symbols before decoding. Joint channel estimation is used and TBoMS is assumed for PUSCH generation. Finally, the TDD format DUUUU are assumed.
To demonstrate the effect of phase jump on the received signal, QPSK constellations after IDFT at the receiver are shown in Figure 9 and Figure 10. In the figures, QPSK samples for 4 slots are shown. Phase noise or CFO was not included in the simulation. In Figure 9, the QSPK constellation before phase correction is shown. It is clear from the figure that phase jump has corrupted the QPSK constellation. In Figure 10, the QPSK constellation after phase correction using the estimated phase obtained from PTRS is shown. Comparing against the constellation in Figure 9, it is clear from Figure 10 that the effect of phase jump is removed. 
	[image: ]
[bookmark: _Ref79085610]Figure 9 QPSK constellation before phase correction with PTRS at SNR=10dB in the presence of phase jump
	[image: ]
[bookmark: _Ref79085611]Figure 10 QPSK constellation after phase correction with PTRS at SNR=10dB in the presence of phase jump


The BLER evaluation results are shown in Figure 11. From the figure, it is clear that the presence of phase jump causes significant performance degradation for joint channel estimation. BLER performances are improved by insertion of PTRS. It is also noticeable from the figure that as the density of PTRS increases, the BLER performances can be improved. It is clear from the evaluation that PTRS should be bundled with DMRS in a time window to avoid performance degradation due to phase discontinuity.
[image: ]
[bookmark: _Ref79070858]Figure 11 Comparison of BLER performances with or without PTRS with different PTRS patterns
Observation 5: BLER performance of joint channel estimation in the presence of phase jump and phase noise is improved by insertion of PTRS
Based on the above observation, the following proposal is made.
Proposal 11: Support PTRS in the DMRS bundling
When PTRS is bundled with DMRS, densities and distribution of PTRS need some considerations. Depending on the duration of time window, SCS, bandwidth or MCS, appropriate PTRS should be bundled with DMRS such that performance degradation and loss of data rate are minimized. Thus the following proposal is made.
Proposal 12: Parameters of PTRS depend on duration of the time window, SCS, bandwidth for PUSCH, and MCS used with DMRS bundling
Conclusion.
In this contribution, the following observations and proposals are made.
Observation 1: The gNB can configure L, duration of the configured time window, less than the maximum duration based on the knowledge of the UE capability
Observation 2: Units of actual TDWs can be based on actual or nominal repetition(s)
Observation 3: In the presence of CFO, PT-RS insertion may assist the gNB for the phase continuity maintenance within an acceptable range so the DM-RS coherence is maintained.
Observation 4: The PT-RS may help mitigate the phase discontinuity during non-contiguous repetitions and UE based phase drifting.
Observation 5: BLER performance of joint channel estimation in the presence of phase jump and phase noise is improved by insertion of PTRS
Proposal 1: For time domain window configuration for type A PUSCH repetition, the start or end of configured TDW is start or end of the first or last available repetition occasion, respectively.
Proposal 2: For time domain window configuration for type A PUSCH repetition, the start or end of an actual TDW is start of the first or end available repetition occasion, respectively.
Proposal 3: The following events are defined as phase disrupting events.
· DL-slot based on DL/UL configurations for TDD
· DL reception/monitoring occasion for TDD
· High priority transmission
· Frequency hop
Proposal 4: A configured TDW is not split into multiple actual TDWs if other uplink transmissions between the two successive PUSCH transmissions across consecutive slot satisfy the conditions in R4-2114991.
Proposal 5: For time domain window configuration for type B PUSCH repetition, the start/end of the configured TDW is the first or last symbol of the first or last available repetition occasion, respectively.
Proposal 6: For time domain window configuration for type B PUSCH repetition, the start of an actual TDW is the first available uplink symbol
Proposal 7: For time domain window configuration for type B PUSCH repetition, if the UE starts the actual TDW after the phase continuity/power consistency disruptive event, the UE starts the actual TDW at the earliest uplink symbol after the event
Proposal 8: For time domain window configuration for type B PUSCH repetition, the end of an actual TDW can be one of the following 
· The last uplink symbol before the phase continuity/power consistency disruptive event
· The last uplink symbol of the configured time domain window
Proposal 9: For application of TPC command select Alt 2 (UE receives and accumulates TPC commands without taking effect during the current time domain window) and accumulated TPC command is applied at next available actual/configured window
Proposal 10: For application of TA, UE performs TA adjustment at the next available configured/actual TDW if it receives any TA command indicating TA adjustment during the TDW
Proposal 11: Support PTRS in the DMRS bundling
Proposal 12: Parameters of PTRS depend on duration of the time window, SCS, bandwidth for PUSCH, and MCS used with DMRS bundling
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Appendix
[bookmark: _Ref61819975]Table 1 PUSCH parameters, TDD
	Parameters
	Values

	Frequency Region
	FR1

	Duplexing mode
	TDD

	Carrier Frequency
	4GHz

	Subcarrier Spacing (kHz)
	30

	Tx  Bandwidth Configuration (MHz)
	100

	Waveform
	DFTsOFDM

	PHY channel
	PUSCH

	Allocation  (# of PRB)
	12 RB each

	DM-RS Type
	Configuration Type 1 (according to Table 6.4.1.1.3-1 in TS 38.211)

	DM-RS (# of OFDM symbols)
	2DM-RS symbols per slot, Type B for uplink (14)

	PTRS
	2/4 samples in every other DFTsOFDM symbol

	Precoder
	None

	MCS index, table
	#4, Table 6.1.4.1-1, TS 38.214

	HARQ sequence
	None

	Repetition/HARQ scheme
	None

	Frequency Hopping
	Disabled

	Antenna Configuration
	1x4 uplink channels (i.e., 1 TX at UE and 4 RX at BS)

	PA impairment
	Ideal

	Channel model (TDL type, DS)
	TDL-C, DS=300ns

	TX pattern per frame (for TDD)
	DUUUU

	Channel estimation
	Per-slot channel estimation

	UE mobility
	3km/hr

	CFO
	Uniformly distributed, 0.1 ppm as upper bound

	Phase noise model
	PN model in [3]

	Phase jump
	Uniformly distributed between [-40°,40°], occurring at every slot edge [4]
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