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1. Introduction
At RAN1#105-e and RAN1#104bis-e meeting, the following agreements were made regarding joint channel estimation for PUSCH on “NR coverage enhancements” [1][2].

	Agreements:
· Definition of the maximum duration: a maximum time duration during which UE is able to maintain power consistency and phase continuity subject to power consistency and phase continuity requirements. 
· FFS whether or not such a definition is necessary for RAN1 specifications.
· Note: whether such a definition is to be specified in RAN4 specifications is up to RAN4.
· FFS the maximum duration may be reported by UE.
· Note: it is understood that for a UE, the maximum duration is no less than the time domain window duration
Agreements:
· Joint channel estimation for PUSCH transmissions is enabled or disabled via RRC configuration for a UE
· FFS: whether additional dynamic signaling is needed to enable/disable joint channel estimation for PUSCH transmissions
· Note: the enabling of such a feature is subject to certain prerequisites
· FFS RRC parameter details (including explicit vs. implicit configuration)
· FFS For joint channel estimation for PUSCH, the time domain window is not explicitly enabled or disabled separately from joint channel estimation.
Note: Enabling/disabling of joint channel estimation for PUSCH transmissions means enabling/disabling of DMRS bundling for PUSCH transmissions under the condition of power consistency and phase continuity.
Agreements:
· For the time domain window for joint channel estimation, down select on the following two options:
· Option 1: The unit of the time domain window is defined separately for the following PUSCH transmissions:
· PUSCH repetition type A
· PUSCH repetition type B, if agreed
· TBoMS, if agreed
· Different TB, if agreed
· Option 2: The unit of the time domain window is the same for the following PUSCH transmission:
· PUSCH repetition type A
· PUSCH repetition type B, if agreed
· TBoMS, if agreed
· Different TB, if agreed
Agreements:
For joint channel estimation for PUSCH repetition type A of PUSCH repetitons of the same TB, down select one of the following alternatives for the time domain window.
· Alt 1: All the repetitions are covered by one single time domain window
· The start of the window is the first PUSCH transmission
· FFS: how to handle non-consecutive physical slots for UL transmission, e.g., due to DL/UL configuration for unpaired spectrum
· FFS: frequency hopping and precoder cycling
· Alt 2: All the repetitions are covered by one or multiple time domain windows
· For the start of each window,
· The start of the first window is the first PUSCH transmission.
· FFS: how to determine the start of other windows, e.g., whether multiple windows are consecutive or non-consecutive, whether the start of the window depends on DL/UL configuration for unpaired spectrum
· For the length of each window,
· FFS Each window consists of at least two adjacent physical slots for UL transmission.
· The length of each window is no longer than the maximum duration.
· FFS: how to determine the length of each window
· FFS: whether the length of each window depends on DL/UL configuration for unpaired spectrum
· FFS: how to handle non-consecutive physical slots for UL transmission, e.g., due to DL/UL configuration for unpaired spectrum.
· FFS: frequency hopping and precoder cycling
· Other alternatives are not precluded.
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



In this contribution, we discuss joint channel estimation for PUSCH in coverage enhancements.

2. Discussion on joint channel estimation for PUSCH
Fig. 1 shows the link level simulation results of joint channel estimation over TBoMS with changing the number of slots applied to joint channel estimation. In this simulation, TBoMS PUSCH is transmitted, applying single RV over all TOTs and rate matching per slot. In Fig.1, applying joint channel estimation over 2 slots and 4 slots in TBoMS brings a gain of 0.35 dB and 0.47 dB, respectively. Since the gain of joint channel estimation over TBoMS is clear, joint channel estimation should be supported for TBoMS, as well.

Observation 1: Applying joint channel estimation over 2 slots and 4 slots for TBoMS brings a gain of 0.35 dB and 0.47 dB, respectively. 

Proposal 1: Support joint channel estimation over TB processing over multi-slot PUSCH for back-to-back PUSCH transmissions across consecutive slots.


 
Figure 1. Link level simulation results of joint channel estimation over TBoMS PUSCH at 700MHz eMBB urban scenario with changing the number of slots applied to joint channel estimation. The number of slots allocated for TBoMS is 4 for all plots, where single RV is applied and the rate matching is performed per slot.


· Time domain window for joint channel estimation
It was agreed to support time domain windows at RAN1#104bis-e meeting. During the time window, a UE transmits DMRS with maintaining phase, frequency, and power continuity so that a gNB can apply joint channel estimation over the time window. As a time domain window is longer, the interval to update power and calibrate frequency offsets gets also larger, which might deteriorate coverage performance. Hence, A time domain window should not be longer than necessary duration for joint channel estimation. 

Observation 2: A time domain window should not be longer than necessary to update power and frequency offsets frequently enough.

The unit of time domain windows should be defined in terms of Observation 2. Fig. 2 shows one example where a PUSCH resource conveying TB X with type B PUSCH repetitions and another PUSCH resource conveying TB Y. When joint channel estimation is applied only for the PUSCH resource conveying TB X, the time domain window should not cover the PUSCH resource conveying TB Y because UE might be able to improve performance by updating power or calibrating frequency offset between PUSCH conveying TB X and one conveying TB Y. To achieve that, the unit of time domain window for type B repetition should be based on repetition rather than slot. 

Proposal 2: For time domain windows, the unit of time domain window for PUSCH repetition should be based on repetition.
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Figure 2. An appropriate time domain window size for repetition type B.

TDD pattern DDDSUDDSUU is one of target TDD structures for coverage enhancements [3]. As can be seen in Fig. 3, slots allocated for one TB consist of several UL consecutive slots in these TDD patterns. Since the time domain window requires phase continuity, it is impossible for one time domain window to cover two sets of UL consecutive slots over DL slots without making DL slots unavailable. To bring the maximum joint channel estimation gain over those PUSCH repetitions with making DL slots available, multiple time domain windows should be supported, where one time domain window covers one set of UL consecutive slots. In addition, multiple time domain windows can help joint channel estimation over each duration per hop, when inter-slot frequency hopping with inter-slot bundling is applied. Therefore, one or multiple time domain windows over all repetitions should be supported, considering DL/UL configuration and inter-slot frequency hopping with inter-slot bundling

Proposal 3: Support one or multiple time domain windows over all repetitions, considering DL/UL configuration and inter-slot frequency hopping with inter-slot bundling. 
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Figure 3. Multiple time domain windows over DDDSUDDSUU TDD structure. 

· Design for joint channel estimation
There are two factors to determine time domain windows, starting point of the window and time domain window size. As mentioned in Observation 2, a time domain window should be decided based on allocated PUSCH resources to avoid unnecessary longer time duration of the time domain windows. Considering this aspect, it is reasonable to determine a starting position based on allocated PUSCH resources. With this approach, the time domain window should start and re-start at the first symbol of the repetition and ends at the last symbol of the repetition so that the time domain window would not cover unnecessary resources. Fig. 4 shows the example of time domain window determination based on the PUSCH resources when the time domain window size is two repetitions. The time domain window starts at the first symbol of repetition#1 and lasts until passing through two repetitions. The next time domain window starts at the first symbol after the first time domain window ends. Since the starting point of time domain window can be determined implicitly based on the PUSCH resources, the only information a UE needs to know is the time domain window size.


[image: ]
Figure 4. An example of time domain windows for 4 PUSCH repetitions when the time domain window size is equal to 2 repetitions.


There are two approaches to determine the time domain window size, explicit indication or implicit indication. When implicit indication is supported, determination factors could be maximum duration subject to UE capability, TDD pattern, bundling size of inter-slot frequency hopping, and allocated PUSCH transmission occasions, etc. The benefit of implicit indication over explicit indication is not to increase any overhead of signalling to represent time domain window size. 
When explicit indication is supported, the time domain window size can be determined flexibly. For example, the determination factors of time domain windows could be the explicitly indicated values on top of ones listed in implicit indication, such as maximum duration, TDD pattern, bundling size of inter-slot frequency hopping, and allocated PUSCH transmission occasions, etc. For configured grant type 1 PUSCH transmissions, a time domain window size can be configured in RRC. On the other hand, there are three options to support this time domain window size determination for PUSCH transmissions dynamically scheduled by an UL grant in DCI.
· Opt1: A time domain window size is configured in RRC.
· Opt2: A time domain window size is indicated by MAC CE.
· Opt3: A time domain window size is indicated by DCI.
Opt3 makes it possible to dynamically determine time domain windows according to the channel quality. For this reason, Opt3 should be supported for PUSCH transmissions dynamically scheduled by DCI, when explicit indication is supported for time domain window size.

Proposal 4: Time domain window size should be determined dynamically according to the channel quality. 


· Inter-slot frequency hopping with inter-slot bundling
Fig.5 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-slots frequency hopping. As shown in Fig.5, 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 3: Frequency diversity gain is almost the same regardless of durations per hop, as long as frequency hops once in PUSCH repetitions. 


Figure 5. 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. 6 shows the simulation results capturing the gain of inter-slot frequency hopping with inter-slot bundling. 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. Furthermore, the longer duration per hop introduces a larger joint channel estimation gain. Therefore, the largest gain can be reached when the duration per hop is equal to the time domain window size, since joint channel estimation cannot be applied outside the time domain windows.

Observation 4: 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 time domain window size.


Figure 6. 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 4, the duration per hop should be equal to or longer than the time domain window size, to maximize the total gain of joint channel estimation and frequency hopping. 

Observation 5: The duration per frequency hop should be equal to or longer than a time domain window for joint channel estimation, considering the total gain of frequency diversity and joint channel estimation.

As an appropriate duration per hop can be determined based on the time domain window, the duration per hop should not be indicated explicitly when explicit indication of time domain window size is supported. In the same manner, the time domain window size can be controlled by networks, if the duration per hop is flexibly indicated by networks. Therefore, time domain window size should be implicitly determined, when the duration per hop is explicitly determined. If time domain window size is explicitly determined, it is not necessary to explicitly indicate duration per hop. 

Proposal 5: Time domain window size should be implicitly determined, when the duration per hop is explicitly determined. If time domain window size is explicitly determined, it is not necessary to explicitly indicate the duration per hop.  

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: Support joint channel estimation over TB processing over multi-slot PUSCH for back-to-back PUSCH transmissions across consecutive slots.

Proposal 2: For time domain windows, the unit of time domain window for PUSCH repetition should be based on repetition.

Proposal 3: Support one or multiple time domain windows over all repetitions, considering DL/UL configuration and inter-slot frequency hopping with inter-slot bundling. 

Proposal 4: Time domain window size should be determined dynamically according to the channel quality. 

Proposal 5: Time domain window size should be implicitly determined, when the duration per hop is explicitly determined. If time domain window size is explicitly determined, it is not necessary to explicitly indicate the duration per hop.  

Observation 1: Applying joint channel estimation over 2 slots and 4 slots for TBoMS brings a gain of 0.35 dB and 0.47 dB, respectively. 

Observation 2: A time domain window should not be longer than necessary to update power and frequency offsets frequently enough.

Observation 3: Frequency diversity gain is almost the same regardless of durations per hop, as long as frequency hops once in PUSCH repetitions. 

Observation 4: 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 time domain window size.

Observation 5: The duration per frequency hop should be equal to or longer than a time domain window for joint channel estimation, considering the total gain of frequency diversity and joint channel estimation.
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Appendix
Table 1: Evaluation assumptions.
	Parameters
	Value

	Carrier Frequency [GHz]
	4 GHz for repetitions, 700 MHz for TBoMS

	Subcarrier Spacing [kHz]
	30 kHz for 4GHz, 15 kHz for TBoMS

	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



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]


BLER




FH every slot	-15	-14	-13	-12	-11	-10	-9	0.95289999999999997	0.78369999999999995	0.46989999999999998	0.16800000000000001	3.8300000000000001E-2	5.1000000000000004E-3	2.9999999999999997E-4	FH every other slot	-15	-14	-13	-12	-11	-10	0.87439999999999996	0.60919999999999996	0.27110000000000001	7.6799999999999993E-2	1.1599999999999999E-2	1.5E-3	FH every 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




# of slots applied to joint CE = 1	-15	-14	-13	-12	-11	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	0.99980000000000002	0.99880000000000002	0.99429999999999996	0.97889999999999999	0.94299999999999995	0.88070000000000004	0.7853	0.66180000000000005	0.53539999999999999	0.41289999999999999	0.3039	0.21709999999999999	0.15079999999999999	9.9199999999999997E-2	6.4100000000000004E-2	4.0500000000000001E-2	2.46E-2	1.5800000000000002E-2	8.3999999999999995E-3	4.1999999999999997E-3	2E-3	8.9999999999999998E-4	5.0000000000000001E-4	2.0000000000000001E-4	2.0000000000000001E-4	2.0000000000000001E-4	# of slots applied to joint CE = 2	-15	-14	-13	-12	-11	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	0.99960000000000004	0.99750000000000005	0.98929999999999996	0.96379999999999999	0.9194	0.8367	0.72519999999999996	0.60050000000000003	0.47149999999999997	0.35599999999999998	0.25640000000000002	0.17899999999999999	0.1245	8.0100000000000005E-2	5.2600000000000001E-2	3.1899999999999998E-2	2.0299999999999999E-2	1.1599999999999999E-2	5.7000000000000002E-3	2.8999999999999998E-3	1.1000000000000001E-3	5.9999999999999995E-4	2.0000000000000001E-4	2.0000000000000001E-4	2.0000000000000001E-4	2.0000000000000001E-4	# of slots applied to joint CE = 4	-15	-14	-13	-12	-11	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	0.99939999999999996	0.99680000000000002	0.98519999999999996	0.95720000000000005	0.90559999999999996	0.82030000000000003	0.70269999999999999	0.57799999999999996	0.4506	0.33629999999999999	0.24260000000000001	0.16980000000000001	0.11509999999999999	7.5800000000000006E-2	4.7500000000000001E-2	2.9399999999999999E-2	1.83E-2	0.01	5.7000000000000002E-3	2.8E-3	8.9999999999999998E-4	5.0000000000000001E-4	2.0000000000000001E-4	2.0000000000000001E-4	2.0000000000000001E-4	1E-4	SNR [dB]


BLER




- 1/6 -
image2.png
L

U slot U slot D slot

I

D slot

I

D slot

—J
S slot

U slot

|~ ]

D slot

R

D slot

-1

S slot U slot U slot

Time domain window

Time domain window




image3.png
Rep#1 Rep#2 Rep#3 Rep#4

Y i

Time domain window Time domain window




image1.png
1

slot 1 slot

: PUSCH conveying TB X (joint CE)

PUSCH rep#1

PUSCH rep#2 PUSCH rep#3 :

| PUSCH

: CG PUSCH conveying TB Y (no joint CE)

N
T
Time domain window

Time domain window should not cover PUSCH
which is not applied to joint channel estimation





