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1. Introduction
At RAN#90-e meeting, a new WID [1] on “NR coverage enhancements” was approved. In this contribution, we discuss joint channel estimation for PUSCH in coverage enhancements.

2. Discussion on joint channel estimation for PUSCH
Default behavior when a window length is not configured
At RAN1#106bis-e meeting, the configured time domain window (TDW) design was discussed, and the following agreement was made [2].

	Agreement:
Down-select one of the following options in this meeting:
Option 1: 
· The maximum value of window length L of the configured TDW should not exceed the maximum duration, which is reported as UE capability as the duration where UE is able to maintain power consistency and phase continuity subject to power consistency and phase continuity requirements.
Option 1’: 
· The maximum value of window length L of the configured TDW should not exceed the maximum duration, which is reported as UE capability as the duration where UE is able to maintain power consistency and phase continuity subject to power consistency and phase continuity requirements.
· If L is not configured, default behavior should be defined, e.g., the configured TDW length is equal to all repetitions
Option 3’: 
· Whether the window length L of the configured TDW can be longer than maximum duration is subject to UE capability.
· If UE is capable of L being longer than maximum duration,
· The maximum value of the window length L of the configured TDW is the duration of all repetitions.
· FFS: whether L cannot be other values other than the duration of all repetitions, if it is longer than the maximum duration.
· If L is longer than the maximum duration, UE does not expect dynamic events.
· FFS: details of dynamic events



One contentious point is whether to support a default value of the configured TDW length when a window length is not configured. This default value is used when TDW is enabled but a window length is not configured. However, it is not necessary to introduce RRC parameter for enabling/disabling TDW, because it can be implicitly determined by an indicated window length or whether a window length is configured. For example, TDW is enabled when the window length is longer than 1 slot, and TDW is disabled when the window length is equal to 1 slot or not configured. In addition, LS from RAN2 requests RAN1 and RAN4 to avoid defining default values for RRC parameters that are utilized in CONNECTED mode from Rel-16 onwards [3]. For these reasons, the default window length does not need to be introduced. Instead, either enabling or disabling TDW can be determined according to the indicated window length or whether a window length is configured. 

Proposal 1: Default behaviour should not be introduced as RAN2 requests RAN1 to avoid defining default values. Instead, either enabling or disabling TDW can be determined according to the indicated window length or whether a window length is configured. 


Window length indication
At RAN1#106bis-e meeting, the window length indication was discussed, and the following agreements were made [2].

	Agreement
· For DG-PUSCH, Type1 CG-PUSCH and Type2 CG-PUSCH, the window length L of the configured TDW is at least configured by RRC.
· FFS: For DG-PUSCH and Type2 CG-PUSCH, whether the window length L of the configured TDW can be indicated by DCI or indicated by TDRA table with one additional entry.
Agreement
· The window length L of the RRC configured TDW is configured separately for PUSCH and PUCCH.
· For PUSCH, L is configured per BWP.
FFS whether the window length L can be configured with each row in the TDRA table



The discussion about the window length L indication is still open. This window length is used for determining the configured TDW length. As the joint channel estimation gains and the interval of updating power and frequency offsets are trade-off relationship, the long window length does not always provide better coverage performance. To enhance the coverage performance, it is critical to set the appropriate window length. For configured grant type 1 PUSCH transmissions, window length can be configured in RRC, that is, semi-static window length indication. On the other hand, dynamic window length indication can be applied for PUSCH transmissions dynamically scheduled by an UL grant in DCI. One pragmatic dynamic window length indication is by TDRA row index in DCI scheduling PUSCH, where the window length is configured per each row in the TDRA table. This approach makes it possible to dynamically determine configured TDWs according to the following factors
· PUSCH time domain resource allocation
· Interval of updating power and frequency offsets
· Gain of joint channel estimation
· Effect of error propagation
For semi-static window length indication, only single value can be configured regardless of the number of allocated slots for one TB. This restriction cannot provide the desired window length based on time domain resource allocation, as can be seen in Fig. 1. In the example of Fig. 1, UE is configured with window length = 5 slots in the semi-static window length. Under this scenario, multiple TDWs are expected to cover the whole duration of repetitions, when the number of allocated slots is more than 5. Given that long TDW delays the updating power and frequency offsets, short TDW is preferred if the joint channel estimation gain is the same. However, semi-static window length causes the unbalanced length of multiple TDWs according to TDRA of PUSCH, which may cause the long delay in certain TDWs. In contrast, dynamic window length indication makes it possible to balance the length of multiple TDWs or adjust the window length so that one TDW can cover the whole duration of repetitions. Therefore, we prefer the dynamic window length indication by harnessing TDRA field in DCI.
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Figure 1. Comparison between semi-static window length indication and dynamic window length indication, when the number of allocated slots for PUSCH changes.

Proposal 2: Window length should be determined dynamically according to PUSCH resource allocation, interval of updating power and frequency offsets, gain of joint channel estimation, and effect of error propagation. TDRA field in DCI can be used for the window length indication, where a window length is configured per row in TDRA table.

· Inter-slot frequency hopping with inter-slot bundling
At RAN1#104bis-e meeting, inter-slot frequency hopping with inter-slot bundling was discussed and the following agreement was made [4]

	Agreements:
· For inter-slot frequency hopping with inter-slot bundling, down select on the following two options:
· Option 1: The bundle size (time domain hopping interval) equals to the time domain window size.
· Option 2: The bundle size (time domain hopping interval) can be different from the time domain window size.
· FFS: Whether the bundle size (time domain hopping interval) is explicitly configured or implicitly determined.
· FFS: Whether/How the bundle size (time domain hopping interval) is defined separately for FDD and TDD.
· FFS: relation between the bundle size (time domain hopping interval) and the time domain window size



Fig.2 shows the link level simulation results of PUSCH with different durations per hop under no joint channel estimation. The performance gap between each plot comes from only frequency diversity gain by inter-slot frequency hopping. As shown in Fig.2, frequency hopping provides the gain of 0.25 dB with all durations per hop. It implies that the frequency diversity gain is almost the same regardless of duration per hop, as long as frequency hops once in PUSCH repetitions.

Observation 1: Frequency diversity gain is almost the same regardless of durations per hop, as long as frequency hops once in PUSCH repetitions. 


Figure 2. Link level simulation results of PUSCH in FR1 eMBB urban scenario with different duration per hop without joint channel estimation. The number of repetitions is 8 for all plots (redundancy versions = {0,2,3,1,0,2,3,1}).

Fig. 3 shows the simulation results capturing the gain of inter-slot frequency hopping with inter-slot bundling under joint channel estimation. As can be seen from the figure, inter-slot frequency hopping every other slot and 4 slots have a gain of 0.56 dB and 1.15 dB, respectively, compared to the conventional inter-slot frequency hopping. From the simulation results, the longer duration per hop introduces a larger joint channel estimation gain. However, the largest gain can be reached when the duration per hop is equal to the TDW size, since joint channel estimation cannot be applied outside the TDWs.

Observation 2: A longer duration per hop introduces a higher joint channel estimation gain. The largest gain can be reached when the duration per hop is equal to the TDW size.


Figure 3. Link level simulation results capturing the gain of inter-slot frequency hopping with inter-slot bundling, where a gNB applies joint channel estimation up to 3 slots in FR1 eMBB Urban. The number of repetitions is 8 (redundancy versions = {0,2,3,1,0,2,3,1}).

Based on Observation 1 and 2, the duration per hop should be equal to the TDW size, to maximize the total gain of joint channel estimation and frequency hopping.

Observation 3: The duration per hop should be equal to a TDW for joint channel estimation, considering the total gain of frequency diversity and joint channel estimation.

At RAN1#106-e meeting, configured TDWs and actual TDWs were introduced [5]. Configured TDWs are determined based on the window length and PUSCH time domain resource allocation. On the other hand, actual TDWs depend on additional factor such as SFI DCI.  If the detection of these dynamic signaling are missed, misalignment of actual TDWs between gNB and UE is incurred. For this reason, the actual TDW should not be used for duration per hop determination to avoid the misalignment of frequency hopping patterns between gNB and UE. With this in mind, duration per hop determination can be categorized as follows
・Opt1: Frequency hopping determination -> Configure TDW determination
· Opt1-1: Frequency hopping based on the current slot number within a radio frame. E.g., frequency hops when (the current slot number within a radio frame) mod (duration per hop) = 0.
· Opt1-2: Frequency hopping based on index of repetition. E.g., frequency hops when (the index of repetition) mod (duration per hop) = 0
・Opt2: Configured TDW determination -> Frequency hopping determination
· Frequency hopping every configured TDW
From Observation 3, the duration per hop should be equal to the TDW length. In that case, Opt1-2 and Opt2 end up the same TDW and frequency hopping pattern, even though Opt1-2 requires explicit indication mechanism for duration per hop. As Opt2 can guarantee the maximum total gain of frequency diversity and joint channel estimation and omit unnecessary indication mechanism which Opt1-2 requires, we would rather support Opt2 than Opt1-2.
Opt1-1 can facilitate multiplexing among UEs configured with the same duration per hop more easily than Opt1-2 and Opt2, because hopping positions are determined based on the current slot number within a radio frame. On the other hand, Opt1-1 could result in the short configured TDWs according to the relative position of the start point of TDRA with regards to the slot number where frequency hops. Based on Observation 3, TDW length equal to duration per hop achieves the highest coverage performance. In Opt1, however, a configured TDW needs to end when frequency hops and frequency hopping timing is not always aligned with the timing when configured TDW length reaches duration per hop. Fig.4 shows the above example scenario, where duration per hop and window length are equal to 2. In this example, the first configured TDW gets short in Opt1-1 compared to Opt2. Because of this, Opt2 should be supported as duration per hop determination to enhance the gain of joint channel estimation.

[image: ]
Figure 4. Comparison between semi-static window length indication and dynamic window length indication, when the number of allocated slots for PUSCH changes.

Proposal 3: Prefer the determination order: Configured TDW determination -> Duration per hop determination, to enhance the gain of joint channel estimation

Proposal 4: Support frequency hopping every configured time domain window

· TPC command during time domain window
At RAN1#106-e meeting, TPC command during time domain window was discussed and the following agreement was made [5]

	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.



In Rel-16, TPC command received before following symbol takes effect for PUSCH.
・For PUSCH scheduled by UL grant DCI, TPC command received before corresponding PDCCH scheduling PUSCH is taken into account.
・For configured grant PUSCH, TPC command received minimum value of K2*14 symbols before PUSCH transmission is taken into account.
As a result, TPC command is necessary to be received certain symbols before PUSCH transmission occasion whose power network is trying to update. 
UE might receive the UL grant DCI during TDWs, as can be seen in Fig.3, or UE might transmit configured grant PUSCH soon after a TDW ends. If transmitted power update is necessary for these PUSCH, UE should be able to receive TPC command even during TDWs. Otherwise, coverage performance deteriorates due to not adjusting transmitted power update. Therefore, we would rather support Alt2 than Alt1 in above agreement. 
Also, we prefer TPC command updates based on configured TDW rather than actual TDW. If actual TDW is referred, the miss-detection of DCI causes misalignments of actual TDW positions between UE and gNB. These misalignments should be avoided for network operation.
 
Proposal 5: If UE receives TPC commands that would take into effect during a configured TDW, UE should accumulate TPC commands without taking effect during the current configured TDW.
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Figure 3. Example of receiving TPC commands before UL grant DCI during a TDW for FDD.

· TA adjustment during time domain window
At RAN1#106-e meeting, TA adjustment during time domain windows was discussed and the following agreement was made [5]
	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.



Since inappropriate TA adjustment degrades coverage performance, TA should be adjusted frequently enough if necessary. If UE ignores or does not receive TA command indicating TA adjustment during the time domain window, TA adjustment is delayed. To be able to adjust TA per time domain window, we prefer performing TA adjustment after the TDW if any TA command indicating TA adjustment during the TDW is received. 
Also, we prefer TA adjustments after configured TDW rather than actual TDW for the same reason raised in TPC command during TDW.

Proposal 6: UE performs the TA adjustment after the configured TDW if it receives any TA command indicating TA adjustment during the configured TDW

3. Conclusion
In this contribution, we discussed joint channel estimation for PUSCH in coverage enhancements. Based on the discussion we made following proposals and observations.

Proposal 1: Default behaviour should not be introduced as RAN2 requests RAN1 to avoid defining default values. Instead, either enabling or disabling TDW can be determined according to the indicated window length or whether a window length is configured. 

Proposal 2: Window length should be determined dynamically according to PUSCH resource allocation, interval of updating power and frequency offsets, gain of joint channel estimation, and effect of error propagation. TDRA field in DCI can be used for the window length indication, where a window length is configured per row in TDRA table.

Proposal 3: Prefer the determination order: Configured TDW determination -> Duration per hop determination, to enhance the gain of joint channel estimation

Proposal 4: Support frequency hopping every configured time domain window

Proposal 5: If UE receives TPC commands that would take into effect during a configured TDW, UE should accumulate TPC commands without taking effect during the current configured TDW.

Proposal 6: UE performs the TA adjustment after the configured TDW if it receives any TA command indicating TA adjustment during the configured TDW

Observation 1: Frequency diversity gain is almost the same regardless of durations per hop, as long as frequency hops once in PUSCH repetitions. 

Observation 2: A longer duration per hop introduces a higher joint channel estimation gain. The largest gain can be reached when the duration per hop is equal to the TDW size.

Observation 3: The duration per hop should be equal to a TDW for joint channel estimation, considering the total gain of frequency diversity and joint channel estimation.
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Table 1: Evaluation assumptions.
	Parameters
	Value

	Carrier Frequency [GHz]
	4 GHz

	Subcarrier Spacing [kHz]
	30 kHz

	Waveform
	DFT-s-OFDM

	Channel model
	TDL-C (NLoS)

	Delay spread
	300ns

	UE speed
	3km/h

	CP Type
	Normal CP

	Antennas
	1T2R 

	RV id for TBoMS
	0

	RV id for repetition
	[0,2,3,1]

	The number of DMRS within one slot
	1



Duration per hop = 1 slot	-15	-14	-13	-12	-11	-10	-9	0.95350000000000001	0.78600000000000003	0.47120000000000001	0.16750000000000001	3.9600000000000003E-2	4.7000000000000002E-3	5.0000000000000001E-4	Duration per hop = 2 slots	-15	-14	-13	-12	-11	-10	0.87439999999999996	0.60919999999999996	0.27110000000000001	7.6799999999999993E-2	1.1599999999999999E-2	1.5E-3	Duration per hop = 4 slots	-15	-14	-13	-12	-11	-10	0.73809999999999998	0.40739999999999998	0.1358	2.8299999999999999E-2	3.2000000000000002E-3	2.0000000000000001E-4	SNR [dB]


BLER




No inter-slot FH	-15	-14	-13	-12	-11	-10	-9	-8	0.94979999999999998	0.78639999999999999	0.49230000000000002	0.20369999999999999	5.7700000000000001E-2	8.9999999999999993E-3	8.0000000000000004E-4	1E-4	Duration per hop = 1 slot	-15	-14	-13	-12	-11	-10	-9	0.95350000000000001	0.78600000000000003	0.47120000000000001	0.16750000000000001	3.9600000000000003E-2	4.7000000000000002E-3	5.0000000000000001E-4	Duration per hop = 2 slots	-15	-14	-13	-12	-11	-10	-9	0.95140000000000002	0.78090000000000004	0.46039999999999998	0.16320000000000001	3.6499999999999998E-2	4.5999999999999999E-3	2.9999999999999997E-4	Duration per hop = 4 slots	-15	-14	-13	-12	-11	-10	-9	0.95089999999999997	0.77659999999999996	0.45710000000000001	0.16220000000000001	3.6499999999999998E-2	5.0000000000000001E-3	2.9999999999999997E-4	SNR [dB]
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