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Introduction
This tdoc discusses design considerations for the following coverage enhancement objectives in the WID [2]:
· Specify mechanism(s) to enable joint channel estimation [RAN1, RAN4]
· Mechanism(s) to enable joint channel estimation over multiple PUSCH transmissions, based on the conditions to keep power consistency and phase continuity to be investigated and specified if necessary by RAN4 [RAN1, RAN4]
· Potential optimization of DMRS location/granularity in time domain is not precluded
· Inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation [RAN1]

The following Agreements have been made:
Following potential use cases are considered for joint channel estimation for PUSCH:
· Use case 1: back-to-back PUSCH transmissions within one slot.
· Use case 2: non-back-to-back PUSCH transmissions within one slot.
· Use case 3: back-to-back PUSCH transmissions across consecutive slots.
· Use case 4: non-back-to-back PUSCH transmissions across consecutive slots.
· Use case 5: PUSCH transmissions across non-consecutive slots.
Note: RAN1 assumes “back-to-back PUSCH transmission” has zero gap in-between adjacent PUSCH transmissions.

· 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 at least for the following case:
· Over back-to-back PUSCH transmissions (of the same TB) for repetition type A scheduled by dynamic grant or configured grant
· FFS details (including possible other cases)

· For joint channel estimation, define a time domain window is introduced to facilitate further discussion, during which UE is expected to maintain power consistency and phase continuity among PUSCH transmissions subject to power consistency and phase continuity requirements.
· FFS: whether the window should be specified
· FFS: the length of the time domain window is defined by a set of repetitions/slots/symbols
· FFS: single or multiple time domain windows
· FFS: relation with UE capability
· FFS: the time domain window may or may not be configured or specified.
· FFS: whether the term "time domain window" is used in the specification or replaced by other technical terms
· FFS: Whether the window is determined by the power consistency and phase continuity requirements and/or by other factors is to be decided.

· Companies are encouraged to study optimization of DMRS granularity in time domain with joint channel estimation, including:
· Use cases
· Simulations results
· Enhanced schemes, e.g.,
· Different DMRS density for different PUSCH transmissions
· No DMRS for some PUSCH transmissions
· If applicable, impact of dynamic changes, e.g., cancellation of a repetition and companies report the evaluation method.
· Companies are encouraged to study optimization of DMRS location in time domain with joint channel estimation, including:
· Use cases
· Simulations results
· Enhanced schemes, e.g.,
· DMRS equally spaced among PUSCH transmissions
· DMRS located in special slots
· Orphan symbol used for DMRS
· If applicable, impact of dynamic changes, e.g., cancellation of a repetition and companies report the evaluation method.
· Note: the simulation assumptions for DM-RS in TR 38.830 are used as baseline for performance evaluation on optimization of DMRS location/granularity in time domain.
· Take into account impairments such as frequency offset, and report corresponding parametrization together with the results. Further discuss impairment details.

· 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 TB processing one TB processed over multiple slots
· It’s subject to UE capability
· For joint channel estimation.
· Take into account the residual frequency error, e.g., +/- 0.1 ppm as upper bound. 
· Companies can report other values and frequency error model.

Residual Frequency Error (RFE)
The following agreement WRT Residual Frequency Error was made last meeting:
· For joint channel estimation.
· Take into account the residual frequency error, e.g., +/- 0.1 ppm as upper bound. 
· Companies can report other values and frequency error model.

However, since LLS JCE results will change dramatically with different RFE assumptions, to compare results, a common residual frequency error (RFE) should be agreed and used by all companies.
RAN1 should agree on a common residual frequency error for JCE LLS

This residual frequency error is NOT the UE’s carrier frequency offset. The residual frequency error is the remain error after the gNB has compensated for the UE’s carrier frequency offset. The RAN4 specification[4] of +/- 0.1 ppm defines the UE’s requirement for frequency error and does not include gNB frequency error compensation and is therefore is a poor choice for simulation assumptions, as the higher RFE would decrease the gain of joint channel estimation. For a 4GHz carrier frequency, the +/- 0.1 ppm results in a RFE of +/- 400 Hz which is too large. The amount of residual frequency error will depend on base station vendors’ proprietary methods of limiting the residual frequency error.  NB-IoT did not specify LLS simulation assumption for RFE but instead specified using “realistic” values where companies used RFE between  +/-25Hz  to +/-50Hz . A uniformly distributed RFE between -30Hz and +30Hz was used in this paper.
The RAN4 UE frequency error requirement of +/- 0.1ppm should NOT be used as a JCE LLS assumption since it does not consider gNB frequency offset compensation. The residual frequency error should be in the range of +/- 50Hz but more input is needed. 
 
Joint Channel Estimation LLS Results
It is important to simulate O2I conditions, as this can be the hardest scenario to achieve good coverage for, due to inbuilding penetration loss. Additionally, it is arguable that most eMBB users will be indoors. Due to these factors, most simulations in this paper assumed a low doppler of 2Hz.
JCE LLS simulation assumptions should focus on indoor low doppler scenarios (e.g. 2 Hz) since it is most likely to experience coverage issues due to inbuilding penetration loss.

FDD without frequency hopping
As discussed in [1], it is important to evaluate techniques to improve practical channel estimation, as good channel estimation is difficult to achieve in noisy (i.e. low SNR) environments. The most common technique to improve practical channel estimation is to perform joint channel estimation (i.e. time averaging of DMRS). To evaluate performance of joint channel estimation, LLS were conducted for the eMBB case with a TBS of 888 bits and 8 repeats with joint channel estimation lengths of 1,2,4, and 8 slots (note: full simulation assumptions for this paper can be found in appendix A):
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Figure 1: LLS result for eMBB with RFE = ~U[-30,30Hz]

As seen from the above results, for the eMBB case, joint channel estimation provides about 1.5 dB coverage gain. Also seen from above, the degree of gain is diminishing as the length of joint channel estimation is increased which is partly because of RFE effects and partly because joint channel estimation with 4 slots already provides a good channel estimation at this SNR. 
For the FDD eMBB scenario, joint channel estimation can provide ~1.5 dB of coverage gain.

The following LLS results are for the VoIP case with a TBS of 320 bits and 32 repeats. 
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Figure 2:  LLS result for VoIP with RFE = ~U[-30,30Hz]

As seen from the above results, for the VoIP case, joint channel estimation provides about 3.5 dB coverage gain. The increased gain is because VoIP can operate at a lower SNR where  joint channel estimation is more effective. 
For the FDD VoIP scenario, joint channel estimation can provide ~3.5 dB of coverage gain.
FDD Frequency Hopping with Inter-Slot bundling
The WID [2] states this objective:
Inter-slot frequency hopping with inter-slot bundling to enable joint channel estimation [RAN1]

The following eMBB LLS results are for joint channel estimation with inter-slot bundling of 2 or 4 with 8 slots of transmission and with  TBS=888 and 8 repeats:
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Figure 4: LLS with FH and Inter-Slot Bundling

As seen from above, joint channel estimation with FH and inter-slot bundling provides coverage gain. 
For the FDD eMBB scenario, the coverage gain for joint channel estimation with frequency hopping and inter-slot bundling is ~1.25dB.

Although FH with inter-slot bundling provides gain, it does limit frequency diversity (e.g. number of hops) when joint channel estimation gets long. For example, only one hop is possible for the case with joint channel estimation is performed over 4 slots since repeats = 8.
For the FDD eMBB scenario, joint channel estimation with FH and inter-slot bundling limits frequency diversity 

Joint Channel Estimation across TDD Frames
It may be possible that some UEs can maintain phase continuity across TDD frames which would allow joint channel estimation to be applied across TDD fames.  This would allow joint channel estimation to be used for the TDD frame structure DDDSU.  There are allocations and procedures which could be studied to increase the likelihood that a UE could maintain phase, such as removing the requirement for the UE to decode DL for a period after an UL grant. 
For TDD, joint channel estimation can only be used with UEs which can maintain phase continuity across TDD frames. 
Study resource allocation and procedural changes which could increase the likelihood that a UE could maintain phase continuity across TDD frames.

Below are the LLS results for the eMBB scenario (TBS=888, 8 repeats) with joint channel estimation across TDD frames:
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Figure 4: Joint Channel Estimation across TDD frames ‘DDDSU’ for eMBB

As seen from the above results, there is a gain of ~1.1 dB when doing joint channel estimation over 4 slots (i.e. over 4 TDD frames) vs 1 slot (no joint channel estimation). When using joint channel estimation over 8 slots or 40ms, performance is worse than 4 slots because the RFE of [-30,+30]Hz is causing too much phase rotation to average over such a long interval.
For the TDD DDDSU eMBB scenario, joint channel estimation across TDD frames can provide >1 dB coverage gain.

The following figures shows the LLS results for VoIP scenario (TBS=320, 8 repeats) for joint channel estimation across TDD frames:
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Figure 5: Joint Channel Estimation across TDD frames ‘DDDSU’ for VoIP

As seen from the above results, there is a large coverage gain of ~2 dB using 4 frames for joint channel estimation vs 1 slot (no joint channel estimation). 
For the TDD DDDSU VoIP scenario, joint channel estimation across frames can provide ~2 dB coverage gain.
Time domain window aspects
The following agreement was made last meeting WRT to defining a time domain window:
· For joint channel estimation, define a time domain window is introduced to facilitate further discussion, during which UE is expected to maintain power consistency and phase continuity among PUSCH transmissions subject to power consistency and phase continuity requirements.
· FFS: whether the window should be specified
· FFS: the length of the time domain window is defined by a set of repetitions/slots/symbols
· FFS: single or multiple time domain windows
· FFS: relation with UE capability
· FFS: the time domain window may or may not be configured or specified.
· FFS: whether the term "time domain window" is used in the specification or replaced by other technical terms
· FFS: Whether the window is determined by the power consistency and phase continuity requirements and/or by other factors is to be decided.

Resolving the above FFS’s will result in three possible major design directions:
1. Do not specify a time window
2. gNB signals a required time window (RRC or via DCI)
3. UE signals a time window capability & gNB signals a required time window

#1 Do not specify a time window
The first solution would be to not specify any time windows.
Concerns:
Requires all UEs to support phase continuity across the maximum specified transmission time (e.g. 32 slots). 
May result in degraded downlink performance due to the inability for the UE to adjust timing 
May result in degraded uplink performance due to the inability for the UE to adjust TX power 
Advantages:
This is the simplest option and has been successfully used by LTE-M and NB-IOT

#2 gNB signals a required time window 
The 2nd solution is specifying support to allow the gNB to signal to the UE a phase continuity time window which the UE shall maintain phase continuity over.  There would be several items which would need further agreement such as type of signalling (RRC vs DCI) and how the UE shall interpret this window (e.g. a sliding window or serialize non-overlapping windows)
Concerns:
Requires all UE’s to support phase continuity across the maximum specified transmission time (e.g. 32 slots). 
Complex design. More FFS’s to resolve.
Increased signaling overhead (mostly for DCI solution)
Advantages:
Minimized resulting degraded UL and DL performance due to UE’s inability to adjust timing and TX power

#3  UE signals a time window capability & gNB signals a required time window
However, neither of these two solutions account for the variability within UEs and that some may not be able to support phase continuity across the maximum transmission time, so this 3rd solution builds on solution 2 by adding the ability for the UE to signal its maximum time window capability. 
Concerns:
Complex design. More FSS to resolve.
Increased signaling overhead (mostly for DCI solution)
Advantages:
Minimized resulting degraded UL and DL performance due to UE’s inability to adjust timing and TX power

Conclusion:
In general, since complexity is less of a concern with NR than NB-IOT/LTE-M, option 3 is the safest design direction to go as it has fewest potential issues. Given this conclusion, the following proposals are made  WRT to these FFS:
· FFS: whether the window should be specified
· FFS: single or multiple time domain windows
· FFS: the length of the time domain window is defined by a set of repetitions/slots/symbols
· FFS: relation with UE capability
· FFS: the time domain window may or may not be configured or specified.
· FFS: whether the term "time domain window" is used in the specification or replaced by other technical terms
· FFS: Whether the window is determined by the power consistency and phase continuity requirements and/or by other factors is to be decided.
The gNB may signal to the UE a required phase continuity time window which the UE shall maintain phase continuity over.
FFS whether signalling is semi-static (e.g. RRC) or dynamic (e.g. DCI)
FFS whether the time window is a sliding window across the transmission or whether a transmission is segmented into several serial non-overlapping time windows
The UE shall signal a maximum phase continuity time window capability to the gNB which is the maximum time the UE is capable to maintain phase continuity.
RAN 4 LS
The RAN4 LS response [5] to RAN1 LS [3] was received by RAN1 this meeting with the following RAN1 action:
Question from RAN4 to RAN1: For analysis for the amount of tolerable phase change between repetitions, RAN4 respectably asks RAN1 if RAN1 has specific scenario what RAN4 should focus in their study? (e.g contiguous/non-contiguous transmission, within one time slot or multiple time slots, TDD band or FDD band etc)

The TDD band is the most critical to improve coverage and JCE LLS result in section 2.3 of this paper show that it is possible to gain 2dB of coverage by utilizing JCE across TDD frames. Given such a large possible gain, this should be the main scenario RAN4 should focus on. However, the RAN4 LS states that to maintain phase continuity, there can be no DL reception between PUSCH repetitions:
“No downlink reception in-between the PUSCH or PUCCH repetition in the same band for TDD case”
Although, as long as timing is not advanced nor retarded during the DL reception, it is unclear why DL reception would create a phase change more than a blank slot (e.g. not transmitting nor receiving). If DL reception does cause a phase change, then the UE can’t do DL reception between UL slots where JCE is being utilized by gNB which is still be a feasible solution. Given this feasible solution, JCE for the TDD case should be the focus of RAN4 study.
RAN1’s answer to RAN4’s LS should be for RAN4 to focus on the TDD frame structure DDDSU with multiple slots scenario.

Conclusions
1. RAN1 should agree on a common residual frequency error for JCE LLS
1. The RAN4 UE frequency error requirement of +/- 0.1ppm should NOT be used as a JCE LLS assumption since it does not consider gNB frequency offset compensation. The residual frequency error should be in the range of +/- 50Hz but more input is needed. 
JCE LLS simulation assumptions should focus on indoor low doppler scenarios (e.g. 2 Hz) since it is most likely to experience coverage issues due to inbuilding penetration loss.
For the FDD eMBB scenario, joint channel estimation can provide ~1.5 dB of coverage gain.
For the FDD VoIP scenario, joint channel estimation can provide ~3.5 dB of coverage gain.
For the FDD eMBB scenario, the coverage gain for joint channel estimation with frequency hopping and inter-slot bundling is ~1.25dB.
For the FDD eMBB scenario, joint channel estimation with FH and inter-slot bundling limits frequency diversity.
For TDD, joint channel estimation can only be used with UEs which can maintain phase continuity across TDD frames. 
Study resource allocation and procedural changes which could increase the likelihood that a UE could maintain phase continuity across TDD frames.
For the TDD DDDSU eMBB scenario, joint channel estimation across TDD frames can provide >1 dB coverage gain.
For the TDD DDDSU VoIP scenario, joint channel estimation across frames can provide ~2 dB coverage gain.
The gNB may signal to the UE a required phase continuity time window which the UE shall maintain phase continuity over.
FFS whether signalling is semi-static (e.g. RRC) or dynamic (e.g. DCI)
FFS whether the time window is a sliding window across the transmission or whether a transmission is segmented into several serial non-overlapping time windows
The UE shall signal a maximum phase continuity time window capability to the gNB which is the maximum time the UE is capable to maintain phase continuity.
RAN1’s answer to RAN4’s LS should be for RAN4 to focus on the TDD frame structure DDDSU with multiple slots scenario.
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Appendix A: LLS Simulation Assumptions:
	Parameter
	Value

	UE Speed
	3km/h

	Bandwidth Part 
	20 MHz/100MHz

	Configuration 
	FDD / TDD

	Carrier frequency
	700MHz / 4G Hz

	RX Antenna ports
	2

	Channel model
	TDL-C 300ns

	Number of PRBs
	FDD-4, TDD-8

	Carrier Frequency Offset
	~U[-30,30]

	Channel Estimation
	Practical

	Frequency Hopping
	As specified

	Frequency Averaging Window
	3 PRBs

	Time Averaging Window
	As specified

	Hop Size
	10MHz (where applicable)

	Hop Pattern
	As specified

	DMRS Configuration
	2 DMRS per slot

	Transform Pre-coding
	Yes

	SCS
	FDD 15 kHz
TDD 30 kHz

	Modulation
	QPSK

	TBS
	FDD eMBB 888 bits
VoIP 320 bits
TDD eMBB -2220 bits

	Repeats/slots 
	8, 32

	HARQ
	Disabled

	iBLER Target
	10%
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