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Introduction
RAN4 has been discussing the network-based CRS muting over multiple meetings. One of the biggest open issues is how to handle the impact on the legacy UEs, or in a different angle, whether to make the rel.15 CRS-muting carrier to be backward compatible or not. Companies have provided an estimation on the minimum required number of the warm-up and cool-down subframes required for a legacy UE to function reliably in the different occasions. However, the impact of the network-based CRS-muting to those legacy UEs can only be conjectured and the exact impact cannot be measured accurately since they were never tested against such sparser unknown CRS availability. Furthermore, given that the CRS is crucial for the UE operation in LTE, it is desirable to make its availability or unavailability explicit to the UE rather than relying on some implicit assumption that the network would guarantee the minimum number of the CRS subframes whenever it is needed.
Unicast PDSCH transmission in MBSFN subframe is an alternative way to reduce the CRS interference from neighbor cells, achieving a similar gain as the network-based CRS muting considered previously. Availability/unavailability of CRS is explicit known to the UE via SIB, and therefore UE can run its channel estimation, tracking loops and AGC without any uncertainty in the CRS availability. One limitation is that only DMRS-based unicast PDSCH transmission for TM9/10 UE is allowed in the MBSFN subframes, hence such effective CRS-muting gain of the unicast PDSCH transmission in MBSFN subframe cannot be realized for the non-TM9/10 UEs. 
In this contribution, we discuss an extension of the unicast PDSCH transmission in MBSFN subframe to the CRS-based transmission modes as an alternative way to realize the network-based CRS muting without the backward compatibility issue.
Discussion
CRS-based Unicast PDSCH Transmission in MBSFN Subframe
In the current standard, unicast PDSCH transmission for TM9/10 UE may be scheduled in the MBSFN subframes that are not used for PMCH transmission. When the cells in a given area share the same MBSFN subframe patterns, MBSFN region of the MBSFN subframe remains free from the CRS interference from other cells. Therefore, the unicast PDSCH transmission in the MBSFN subframe can experience the improved performance due to the reduced neighbor cell interference, which is the same effective gain RAN4 aims to achieve from the network-based CRS muting. One limitation is that such gain cannot be realized for non-TM9/10 UEs as their unicast PDSCH cannot be scheduled in the MBSFN subframes as per Rel.9 design.
Observation 1. For TM9/10 UE, unicast PDSCH transmission in MBSFN subframe can benefit from the CRS muting gain realized by the absence of CRS in the MBSFN region.
However, our view is that a similar gain can be easily achieved for non-TM9/10 UE by allowing a more flexible CRS transmission in the MBSFN region of the MBSFN subframe in release 15. Instead of strictly disallowing CRS transmission in the MBSFN region, the LTE design can be revised such that the network may selectively transmit CRS in the MBSFN subframe not used by PMCH when it is to schedule the unicast PDSCH for the non-TM9/10 UE on the same MBSFN subframe. Since the CRS of the neighbor cells in the MBSFN region remains “muted” whenever there is no non-TM9/10 UE scheduled in the same MBSFN subframe, CRS-based unicast PDSCH transmission in the MBSFN subframe can also enjoy the improved performance from the reduced CRS interference when the neighboring cells are relatively unloaded.
Observation 2. For non-TM9/10 UE, unicast PDSCH transmission in MBSFN subframes can be allowed by selectively transmitting CRS in the MBSFN region when the network is to schedule the CRS-based unicast PDSCH in the MBSFN subframe.
Observation 3. Unicast PDSCH transmission in MBSFN subframe for non-TM9/10 UE can also benefit from the CRS muting gain since the neighbor cells would “mute” their CRS transmission in the MBSFN region when there is no non-TM9/10 unicast PDSCH data to serve.

Figure 1 shows an example of the reference signal transmission in a single PRB in the presence of the unicast PDSCH for the TM9/10 UE and the non-TM9/10 UE across different FDD MBSFN subframes, where (a) and (b) is based on the maximum three and four MBSFN subframe allocation per half frame as in eMBMS and FeMBMS carrier, respectively. In Figure 1 (a), eNB does not have any PMCH or unicast PDSCH traffic that can be scheduled in subframe 1, therefore CRS is not transmitted in the MBSFN region, effectively muting its CRS as per Rel.9 design, while in the subframe 2, CRS is unmuted and still transmitted in the MBSFN region to serve the unicast PDSCH for the non-TM9/10 UE. In the subframe 3 where the unicast PDSCH for TM9/10 UE is scheduled, CRS is again muted to accommodate the TM9/10 unicast transmission and does not cause any CRS interference to other cells in the PRBs not allocated to its TM9/10 UE. Figure 1 (b) shows a similar muting/unmuting of CRS transmission in the MBSFN region based on the presence of the unicast PDSCH for non-TM9/10 UE, while the eNB has larger number of MBSFN subframes enabled by Rel.14 FeMBMS, hence potentially realizing a higher CRS muting gain.
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Figure 1. Reference signal transmission in a PRB with TM9/10, non-TM9/10 unicast PDSCH transmission, and PMCH transmission in MBSFN subframes: (a) eMBMS carrier with three MBSFN subframes every half frame, (b) FeMBMS carrier with four MBSFN subframes every half frame.
For a network supporting CRS-based unicast PDSCH transmission in the MBSFN subframe, CRS assistance signaling can be also modified to indicates the neighbor cell’s CRS configuration among one of the followings: {non-MBSFN, MBSFN without CRS, MBSFN with dynamic CRS presence} in order to aid UE’s CRS interference cancellation operation while demodulating PDSCH transmitted in the MBSFN subframes. 
Furthermore, similar to LAA, PDCCH carrying the downlink grant for the CRS-based unicast PDSCH can be transmitted one subframe earlier than the actual unicast PDSCH transmission so that UE can timely prepare its CRS channel estimation for the upcoming CRS symbols transmitted in the MBSFN region.
Backward Compatibility with Legacy UE 
One important benefit of the aforementioned network-based CRS muting based on the MBSFN subframes is that CRS muting or unmuting of the MBSFN region is transparent to the legacy UEs, hence can be deployed in a fully backward compatible manner.
As per Rel.9 design, legacy UEs should not assume that CRS is transmitted in the MBSFN region of the MBSFN subframe and should use only the CRS from the non-MBSFN subframes (and the CRS in the non-MBSFN region of the MBSFN subframes) for their channel estimation, tracking loops, and AGC. Existing RAN4 test cases defined for the MBSFN-awareness PDSCH demodulation such as 8.2.1.1.4, 8.2.1.1.4A, 8.2.2.1.4 ensures the correctness of the legacy UE behavior regarding the restricted CRS availability in the presence of the MBSFN subframe.
For the legacy non-TM9/10 UE, the unicast PDSCH traffic is never scheduled in the MBSFN subframe, hence the unicast PDSCH scheduling of the new Rel.15 non-TM9/10 UE in the MBSFN subframe and the corresponding CRS transmission in the MBSFN region remains transparent to the legacy UE. For the legacy TM9/10 UEs whose unicast PDSCH are to be scheduled in the MBSFN subframe, the network scheduler can easily ensure the backward compatibility by not scheduling unicast PDSCH for the legacy TM9/10 UE and the new rel.15 non-TM9/10 UE in the same MBSFN subframe.
Observation 4. Legacy UE should not assume CRS in the MBSFN region of the MBSFN subframe, and such behavior is guaranteed by MBSFN-awareness PDSCH demodulation test defined in RAN4.
Observation 5. Selective transmission of CRS in the MBSFN region remains transparent to the legacy UE and the unicast PDSCH transmission for non-TM9/10 UE in MBSFN subframe can be implemented in a fully backward compatible manner as long as the network does not schedule the TM9/10 UE and non-TM9/10 UE in the same MBSFN subframe.

New UE Behavior
A new Rel.15 non-TM9/10 UE that can receive unicast PDSCH transmission in the MBSFN subframe is expected to monitor the PDCCH in the MBSFN subframes for a potential unicast PDSCH grant. Upon detecting the grant, the UE can automatically assume that CRS is transmitted in the MBSFN subframe, and uses the CRS transmitted in the MBSFN region to demodulate/decode the unicast PDSCH data. As discussed earlier, the unicast PDSCH grant for CRS-based transmission mode may be transmitted one subframe earlier than the actual unicast PDSCH transmission to allow sufficient time for a UE to prepare its channel estimation for the CRS symbol presence in the following MBSFN subframe.
Observation 6. A new non-TM9/10 UE capable of receiving unicast PDSCH from MBSFN subframe would monitor the unicast PDSCH grant in the MBSFN subframe, and when the grant is detected, uses the CRS transmitted in the subsequent MBSFN region to demodulate the PDSCH.
For new Rel.15 TM9/10 UEs, the simplest option would be to apply the same requirement as the legacy TM9/10 UE. However, given that such UEs are aware of the potential CRS transmission in the MBSFN region, the UE requirement may be further enhanced to allow the network with more flexible unicast PDSCH scheduling in the MBSFN subframes across the TM9/10 and non-TM9/10 UEs. Some examples of such enhancement may include the unicast PDSCH rate-matching around the CRS REs in the MBSFN region when the presence of CRS transmission is indicated by DCI, and/or allowing the CRS-based fallback transmission modes in the MBSFN subframes.
Observation 7. For a new TM9/10 UE that is aware of potential CRS transmission in the MBSFN region, the unicast transmission in the MBSFN subframe may rate match around the CRS REs or fallback to the CRS-based transmission modes when the CRS is transmitted in the MBSFN region to serve other non-TM9/10 UEs.

Comparison with Non-MBSFN based Network-Based CRS-muting
When the network implements CRS-muting based on the non-MBSFN subframe, overall efficiency in terms of the number of subframes available for CRS muting is substantially limited since a certain minimum number of warm-up subframes should be always guaranteed for the reasonable performance of the legacy UE that is completely unaware of the CRS muting. Even under the most restrictive PRACH and RAR window configuration, the minimum warm-up subframe of 10ms required before random access and the random-access response of the legacy UE readily results in up to 14 subframes out of every 20ms unavailable for CRS-muting. It should be noted that even under such minimum number of warm-up subframes, RAN4 cannot strictly guarantee the correctness of the legacy UE behavior in the presence of the CRS-muting since those UEs were never tested against the sparse unknown CRS availability.
In contrast, in the MBSFN-based approach, the network may allocate up to 12 to 16 subframes out of every 20 subframe as a MBSFN subframes which can potentially benefit from the CRS muting without any backward compatibility issue. This is because the legacy UEs are fully aware of the MBSFN subframes to adjust its channel estimation, tracking loops, AGCs accordingly, and also have been tested using the legacy RAN4 test for MBSFN-awareness demodulation to ensure they do not assume the CRS availability in the MBSFN region of the MBSFN subframes. It should be noted that the network may configure every Kth radio frame to be MBSFN-free in order to increase the full bandwidth CRS availability to the UEs in the network. Existing MBSFN configuration allows to specify the MBSFN subframe configuration pattern with the periodicity of 10ms or 40ms. When the network does not configure any MBSFN subframe every 4th radio frame, the number of available MBSFN subframes in each 40ms interval is given by 18 and 24 (or 45~60%), which still provides higher CRS-muting opportunity than the non-MBSFN based approach.
From the perspective of the CRS-muting efficiency in one CRS-muted subframe, non-MBSFN subframe also performs worse than the MBSFN-based approach. In the non-MBSFN subframe based approach, CRS needs to be continuously transmitted in the center 6 PRBs of the CRS-muted subframe. Therefore, when the network uses 4 CRS ports and 2 OFDM symbols for PDCCH across all the cells, 96 PDSCH REs (=4REs/CRS symbol x 4 CRS symbols x 6 PRBs) are still affected by the CRS interference from other cells even when the CRS is muted in the subframe in those cells. However, in the MBSFN-based approach, CRS transmission can be completely muted in the MBSFN region of the MBSFN subframe when there is no non-TM9/10 unicast traffic, and none of the PDSCH REs would be affected by the CRS interference from other cells when the CRS is muted in those cells.
MBSFN-based approach also guarantees to provide a predictable full bandwidth CRS transmission of every 5ms plus additional one CRS symbol in every MBSFN subframe across all the UEs in the network, while the minimum transmission periodicity of the full bandwidth CRS transmission in the non-MBSFN subframe based approach is yet to be discussed.
Table 1 shows the comparison of the different network-based CRS muting schemes using non-MBSFN subframes and MBSFN subframes.
Table 1. Comparison of the network-based CRS muting scheme using non-MBSFN subframes and MBSFN subframes (proposed)
	
	Non-MBSFN-based 
	MBSFN-based

	Best case CRS-muted SF percentage
	Up to 30% (6 out of 20) Note 1, Note 2
	45 ~ 60% Note 3

	CRS REs in the unicast PDSCH region in one CRS-muted subframes 
	96 (= 4 REs x 6 PRBs x 4 OFDM symbols) Note 4

	0

	Backward compatibility to legacy UE
	Not strictly guaranteed Note 5
	Guaranteed Note 6

	Guaranteed full bandwidth CRS availability
	Every TBD (>=5) ms
	Every 5ms + One additional CRS symbol in every MBSFN subframe

	Note 1: Assumes PRACH config with only one RACH subframe every other radio frame, with the smallest RAR window length.
Note 2: Assumes 10 SFs of warm-up subframes with CRS before PRACH and RAR for backward compatibility
Note 3: 18 out of 40 ms for eMBMS, and 24 out of 40 ms for FeMBMS, assuming every fourth radio frame is not configured with any MBSFN subframe to improve the CRS availability.
Note 4: Based on 4Tx with two OFDM symbols for PDCCH. Assumed the center 6 PRBs are always occupied with CRS
Note 5: Correctness of the legacy UE behavior under CRS muting cannot be guaranteed as never tested
Note 6: Legacy UE has been tested for RAN4 conformance on MBSFN-awareness demodulation.



Given the realizable CRS muting gain of the MBSFN-based solution that comes without any backward compatibility issues, we propose to send LS to RAN1 to ask further investigating the feasibility of the CRS-based unicast PDSCH transmission in the MBSFN subframe. A companion paper [1] is prepared with the LS draft to RAN1. It should be also noted that RAN1 design change is generally required for the network-based CRS muting regardless of whether it is based on MBSFN or not since the very definition on the availability of the CRS needs to be modified. 
Proposal 1. Send LS to RAN1 to study the feasibility of CRS-based unicast PDSCH transmission in MBSFN subframe.

Conclusion
In this contribution, we discussed an extension of the unicast PDSCH transmission in MBSFN subframe to the CRS-based transmission modes as an alternative way to realize the CRS muting gain without a backward compatibility concern. It is shown that the MBSFN-based unicast PDSCH transmission when extended to the non-TM9/10 UE can provide the CRS muting gain in a fully backward compatible manner and without any ambiguity on the CRS availability. Observations and proposals made in this paper is summarized as follows.
Observation 1. For TM9/10 UE, unicast PDSCH transmission in MBSFN subframe can benefit from the CRS muting gain realized by the absence of CRS in the MBSFN region.
Observation 2. For non-TM9/10 UE, unicast PDSCH transmission in MBSFN subframes can be allowed by selectively transmitting CRS in the MBSFN region when the network is to schedule the CRS-based unicast PDSCH in the MBSFN subframe.
Observation 3. Unicast PDSCH transmission in MBSFN subframe for non-TM9/10 UE can also benefit from the CRS muting gain since the neighbor cells would “mute” their CRS transmission in the MBSFN region when there is no non-TM9/10 unicast PDSCH data to serve.
Observation 4. Legacy UE should not assume CRS in the MBSFN region of the MBSFN subframe, and such behavior is guaranteed by MBSFN-awareness PDSCH demodulation test defined in RAN4.
Observation 5. Selective presence of CRS in the MBSFN region remains transparent to the legacy UE and the unicast PDSCH transmission for non-TM9/10 UE in MBSFN subframe can be implemented in a fully backward compatible manner as long as the network does not schedule the TM9/10 UE and non-TM9/10 UE in the same MBSFN subframe.
Observation 6. A new non-TM9/10 UE capable of receiving unicast PDSCH from MBSFN subframe would monitor the unicast PDSCH grant in the MBSFN subframe, and when the grant is detected, uses the CRS transmitted in the subsequent MBSFN region to demodulate the PDSCH.
Observation 7. For a new TM9/10 UE that is aware of potential CRS transmission in the MBSFN region, the unicast transmission in the MBSFN subframe may rate match around the CRS REs or fallback to the CRS-based transmission modes when the CRS is transmitted in the MBSFN region to serve other non-TM9/10 UEs.
Table 1. Comparison of the network-based CRS muting scheme using non-MBSFN subframes and MBSFN subframes (proposed)
	
	Non-MBSFN-based 
	MBSFN-based

	Best case CRS-muted SF percentage
	Up to 30% (6 out of 20) Note 1, Note 2
	45 ~ 60% Note 3

	CRS REs in the unicast PDSCH region in one CRS-muted subframes 
	96 (= 4 REs x 6 PRBs x 4 OFDM symbols) Note 4

	0

	Backward compatibility to legacy UE
	Not strictly guaranteed Note 5
	Guaranteed Note 6

	Guaranteed full bandwidth CRS availability
	Every TBD (>=5) ms
	Every 5ms + One additional CRS symbol in every MBSFN subframe

	Note 1: Assumes PRACH config with only one RACH subframe every other radio frame, with the smallest RAR window length.
Note 2: Assumes 10 SFs of warm-up subframes with CRS before PRACH and RAR for backward compatibility
Note 3: 18 out of 40 ms for eMBMS, and 24 out of 40 ms for FeMBMS, assuming every fourth radio frame is not configured with any MBSFN subframe to improve the CRS availability.
Note 4: Based on 4Tx with two OFDM symbols for PDCCH. Assumed the center 6 PRBs are always occupied with CRS
Note 5: Correctness of the legacy UE behavior under CRS muting cannot be guaranteed as never tested
Note 6: Legacy UE has been tested for RAN4 conformance on MBSFN-awareness demodulation.
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