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Introduction
In this contribution, we discuss potential enhancements to enable joint channel estimation according to the coverage enhancement work item objectives [1]:
· 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]

We consider potential constraints on when DMRS bundling can be used, and how these may impact likely use cases and lead to different gNB and UE implementations.  Performance results on the benefit of cross slot bundling with and without different frequency hopping are given, as well as initial results on the potential of gNB assisted cross slot bundling.
Discussion
[bookmark: _Hlk47539659]DMRS bundling was agreed for the coverage enhancement work item for PUSCH since channel estimation significantly degrades PUSCH performance, and cross-slot channel estimation has the potential for notable gains (as is shown in section 2.1 below). As such, it is desirable to reap the benefit of multi-slot channel estimation as often as possible. The conditions where multi-slot channel estimation are beneficial are unclear at present, as evinced by the questions to RAN4 in [2]:
Question 1: Under what conditions UE can keep phase continuity cross PUCCH or PUSCH repetitions 
Question 2: Whether back-to-back PUCCH or PUSCH repetitions is one of the conditions required to keep phase continuity cross the repetitions
Question 3: Under what conditions UE can meet the power control tolerance level cross PUCCH or PUSCH repetitions
While RAN4’s view is not yet available, in addition to back-to-back requirements, the degree to which the UE can maintain phase coherence or power consistency across PUSCH repetitions may possibly depend on factors including whether the UE alters the PRBs it transmits in (for example where frequency hopping is used), if the transmit power changes, if the UE switches between uplink and downlink transmission, if transparent transmit diversity is used, etc. Dependency on back-to-back transmission and the use of UL/DL switching is particularly problematic for TDD transmission, since high DL:UL TDD switching configurations are probably the most important use cases for coverage enhancement. While diversity is not critical for cases where PUSCH can benefit from frequency selective scheduling, any impact of mechanisms such as frequency hopping or transparent TxD on the feasibility of cross-slot channel estimation may need to be taken into account as cross-slot channel estimation support is specified.
Observations:
· Since high DL:UL ratio TDD operation is a primary use case for coverage enhancement, degradation or infeasibility of cross-slot channel estimation from UL/DL switching and back to back transmission constraints can significantly impact the net benefit of cross-slot channel estimation.
· PUCSH can sometimes gain from mechanisms providing diversity, and so if cross-slot channel estimation is infeasible with frequency hopping or transparent transmit diversity, this may need to be taken into account as cross-slot channel estimation support is specified.

The simplest way to enable cross-slot channel estimation is for the UE to maintain at least phase coherence across the slots. Then, presuming the channel is sufficiently static, the gNB can directly add channel estimates together to form a better channel estimate. However, if the UE can’t maintain phase continuity as discussed above, then such simple cross-slot estimation methods are precluded.

It is also possible for the gNB to estimate the relative phase of uplink transmissions in different slots. For cross slot phase estimation to work, the phase should be sufficiently stable across the PRBs of the PUSCH transmission such that a sufficiently small number of phase corrections are possible. A simplest scenario is therefore when a single wideband phase correction factor is used. As shown in more detail in section 2.2, at least in some conditions, a receiver can correct a wideband phase error between PUSCH repetitions in different slots, such that the performance is relatively close to where the ideal relative phase is known. Consequently, the use of wideband relative phase estimation to facilitate cross-slot channel estimation seems promising at least when the UE can’t adequately maintain relative phase between slots. The benefit of such techniques depends on the ability of UEs to maintain PUSCH phase across its transmission bandwidth, and so it is necessary to identify if and when such maintenance is possible in UEs that do not otherwise support control of relative phase across slots.
Observations:
· At least in some conditions, a receiver can correct for a wideband phase error between repetitions of an uplink channel in different slots, such that the performance is relatively close to where the ideal relative phase is known.
· The use of wideband relative phase estimation to facilitate cross-slot channel estimation seems promising at least when the UE can’t adequately maintain relative phase between slots.

Proposal:
· Further study the benefit of gNB estimated inter-slot relative phase correction for PUSCH, addressing how frequency selective such phase corrections would need to be for UEs and/or conditions that do not sufficiently support maintaining inter-slot relative phase.
· Consider operation with and without frequency hopping or multiantenna transmission such as UL MIMO or transparent transmit diversity. 

More detailed views and performance results for cross-slot channel estimation and its specification impact provided in the following two subclauses.
[bookmark: _Ref61547648]Performance with cross-slot channel estimation and frequency hopping
The gains from cross-slot estimation are exemplified in Figure 1, for an FDD scenario with 4 PRBs allocated in a system bandwidth of 106 PRBs, with fixed MCS 0, 8 repetitions, UE speed 3 km/h, and delay spread of 300 ns. The UE is here assumed to be able to maintain phase coherence across slots. Performance is shown both with and without inter-slot frequency hopping (FH). Slots on the same frequency are always consecutive. The channel estimator is assumed to have perfect knowledge about Doppler speed / frequency errors, but no other a priori information about propagation conditions or channel state. See Table 1 for additional simulation assumption details. As can be seen from Figure 1, there are substantial gains from cross-slot channel estimation both with and without FH. 
Observation:
· Cross-slot channel estimation can give substantial gains, also when frequency hopping (FH) is used.
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[bookmark: _Ref53688339]Figure 1. BLER performance with or without FH, and with or without cross-slot channel estimation
[bookmark: _Ref61547688]Performance with cross-slot channel estimation and random phase offset between slots
To investigate the case where the UE is not able to maintain phase coherence across slots, simulations with a random wideband transmitter phase offsets between slots have been performed and compared with the case of zero phase offsets between slots. TDD with slot pattern DDDSU at 4 GHz carrier frequency is used, with 4 PRBs allocated, MCS 4, and 8 repetitions without frequency hopping (representing e.g. voice VoIP packets). Additional simulation settings are listed in Table 2. As shown in Figure 2, even in the presence of random phase offsets, cross-slot estimation yields a gain of about 0.7 dB, as long as the phase offset (i.e. a single wideband phase angle for each slot) is estimated and compensated for by the receiver (compare green squares vs blue circles). This is quite close to the gain of about 0.8 dB that is observed from cross-slot estimation when there is no need to assume or estimate random phase offsets in the receiver (black stars).
 [image: ] 
Figure 2. BLER performance with or without random phase error on slots with cross-slot channel estimation applied
According to the observations above, we summarize our observations as:
Observations:
· Cross-slot channel estimation brings gains, but further study is needed on how much needs to be specified vs. what can be done in gNB implementation (e.g. by estimating wideband phase corrections to combine slots).
· [bookmark: _Hlk61899169]In initial simulations with random (wideband) transmitter phase offsets between slots, cross-slot estimation was found to yield similar gains as in the absence of phase offsets. 

Specification impact of cross slot channel estimation
In NR Rel-15 and Rel-16, the UE is not required to keep phase coherency across slots on the same antenna port meaning that gNB may not be able to coherently combine channel estimates over a number of PUSCH repetitions in time domain.
In order to improve the channel estimation accuracy, as we discussed in previous subclauses, it is possible for the gNB to either estimate phase correction(s) to combine channel estimates across slots, or to directly combine without such an estimation when the UE is capable of maintaining phase continuity across slots. The latter case could have better performance by avoiding estimation error, although at a higher cost in UE complexity. Furthermore, various factors may affect the ability of a UE to maintain the coherent transmissions over time that are beneficial for multi-transmission channel estimation, for example, using the same allocated frequency resource, the presence of a frequency hop, and varying the UE transmit power or TX beam. Therefore, both implementation and specified mechanisms should be further considered as means to improve cross-slot estimation.
Proposal:
· Identify which mechanisms should be specified and which can be gNB implementation to support phase coherence across slots with multiple repetitions.
Summary
In this contribution, we considered potential constraints on when DMRS bundling can be used, and how these may impact likely use cases and lead to different gNB and UE implementations.  Performance results on the benefit of cross slot bundling with and without different frequency hopping were given, as well as initial results on the potential of gNB assisted cross slot bundling.
We have following observations based on the discussions.
Observations:
· Since high DL:UL ratio TDD operation is a primary use case for coverage enhancement, degradation or infeasibility of cross-slot channel estimation from UL/DL switching and back to back transmission constraints can significantly impact the net benefit of cross-slot channel estimation.
· PUCSH can sometimes gain from mechanisms providing diversity, and so if cross-slot channel estimation is infeasible with frequency hopping or transparent transmit diversity, this may need to be taken into account as cross-slot channel estimation support is specified.
· At least in some conditions, a receiver can correct for a wideband phase error between repetitions of an uplink channel in different slots, such that the performance is relatively close to where the ideal relative phase is known.
· Cross-slot channel estimation can give substantial gains, also when frequency hopping (FH) is used.
· Further study is needed on how much needs to be specified vs. what can be done in gNB implementation (e.g. by estimating wideband phase corrections to combine slots).
· In initial simulations with random (wideband) transmitter phase offsets between slots, cross-slot estimation was found to yield similar gains as in the absence of phase offsets.
 
Based on the observations and discussions, we have following proposals.
Proposals:
· Further study the benefit of gNB estimated inter-slot relative phase correction for PUSCH, addressing how frequency selective such phase corrections would need to be for UEs and/or conditions that do not sufficiently support maintaining inter-slot relative phase.
· Consider operation with and without frequency hopping or multiantenna transmission such as UL MIMO or transparent transmit diversity. 
· Identify which mechanisms should be specified and which can be gNB implementation to support phase coherence across slots with multiple repetitions.
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Table 1: Basic setup of LLS for cross-slot channel estimation on PUSCH
	System
	· Carrier frequency 700MHz
· 15 kHz SCS
· FDD
· 106 PRBs BWP size

	UE speed
	· 3 km/h

	Payload / tx scheme
	· MCS 0, 4 PRBs, 14 Symbols, 2 DMRS symbols
· 8 repetitions, no re-transmissions

	Channel
	· TDL-C (NLoS), 30ns/300ns delay spread, medium correlation

	Antennas
	· 1T2R

	Receiver
	· Genie Doppler / frequency error estimation



Table 2: Basic setup of LLS for cross-slot channel estimation with random phase offset on PUSCH
	System
	· Carrier frequency 4 GHz
· 30 kHz SCS
· TDD
· 273 PRBs BWP size

	UE speed
	· 3 km/h

	Payload / tx scheme
	· MCS 4, 4 PRBs, 14 Symbols, 2 DMRS symbols
· 8 repetitions, no re-tx, no frequency hopping

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

	Antennas
	· 1T4R

	Receiver
	· Genie Doppler / frequency error estimation
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PUSCH, 4 PRBs, MCS0, 2 DMRS, 700 MHz, 300 ns, 3 km/h, 2 Rx

No FH, no cross-slot estimation

No FH, with cross-slot estimation

Inter-slot FH over 2 freqs., no cross-slot estimation

Inter-slot FH over 2 freqs., with cross-slot estimation

Inter-slot FH over 4 freqs., no cross-slot estimation

Inter-slot FH over 4 freqs., with cross-slot estimation
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Voice, 4 GHz, 30 ns, 3 km/h, 4 Rx, 4 PRBs, MSC4, 2 DMRS, 8 reps., no FH

Random phase offset, no cross-slot estimation

Random phase offset, cross-slot est., no phase offset est.

Random phase offset, cross-slot est., phase offset est.

No random phase offset, cross-slot est., no phase offset est.


