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Introduction
In the last RAN4 #87 meeting, RAN4 implemented the CR for the network-based CRS interference mitigation, but a few things were left up to further discussion including the overall structure of the applicability requirement, handling of TDD, MBSFN, and CSIRS, and the detailed values of N1 and N2 for the warm-up and cool-down subframes.

In this paper, we present our view on the remaining open issues in the network-based CRS interference mitigation.
Discussion
Unifying the requirement
In the last meeting, it was agreed that the new subclause 3.6.1.1 introduced in the specification will be revisited for the better readability and multiple companies raised the needs to introduce the requirement in a more holistic way.
UE requires CRS not only for the channel estimation but also for running its time/frequency tracking loops. Therefore, the warm-up subframe is generally required whenever UE is receiving in the downlink and/or UE is transmitting in the uplink in order to ensure the timing and frequency error remains in the acceptable level. Receiving the downlink link includes monitoring/receiving the downlink physical channel such as PDCCH, unicast/non-unicast PDSCH, SPDCCH, SPDSCH, PMCH, PBCH, PCFICH, PHICH, ePDCCH, MPDCCH and receiving the downlink physical signals such as CRS, MBSFN RS, DMRS, CSI-RS, and PRS. Transmiting in the uplink includes transmitting the uplink physical channels such as PUCCH, PUSCH, PRACH, SPUCCH, SPUSCH as well as transmitting the uplink physical signals such as DMRS and SRS.
On top of that, when UE’s demodulation requires the CRS as the reference signal, the cool-down subframe is required at the end of the PDSCH reception to avoid the degradation in the channel estimation quality in the last a few OFDM symbols of the given subframe. 
Given the general necessity for the warm-up/cood-down subframes whenever UE is monitoring/receiving the downlink signal and/or transmitting the uplink signal, our view is that it is desirable to define the general requirement in a holistic way and separately specify any exception where UE may need different number of warm-up subframes and cool-down subframes. In the below, we present the corresponding text proposal.
===========================  Text Proposal 1 ==============================
If network-based CRS interference mitigation is enabled in a cell, then the UE capable of network-based CRS interference mitigation can assume that:
-    CRS is transmitted over full bandwidth of the cell during active time periods (T1) and over at least 6 central resource blocks of the cell during the inactive time periods (T2), and
-	CRS is transmitted over full bandwidth of the cell during at least N1 number of DL subframes immediately before the T1 time period, and 
[bookmark: _Hlk521628540][bookmark: _Hlk521628503]-    CRS is transmitted over full bandwidth of the cell during at least N2 number of DL subframes immediately after the T1 time period when UE receives the downlink physical channel during the T1 time period.
[bookmark: _Hlk521628567]The active time period T1 at least includes any period of the time where 
· UE monitors/receives the downlink physical channels including PBCH, PDCCH, EPDCCH, MPDCCH, SPDCCH, PDSCH, SPDSCH, PMCH, PCFICH, PHICH, or 
-   UE receives the downlink physical signals including CRS, DM-RS, NZP CSI-RS, MBSFN-RS, and PRS, or
· UE transmits the uplink physical channels including PUCCH, SPUCCH, PUSCH, SPUSCH, and PRACH, or
· UE transmits the uplink physical signals including DM-RS and SRS.

======================================================================
Additional clarifications
Given the general requirement defined by the text proposal 1, we can specify the individual exception cases where a different number of the warm-up and/or cool-down subframes are required, or the period of T1 and T2 needs to be further clarified. Below text proposal captures the exceptions and clarification for N1/N2/T1/T2 values. For better readability, the following changes were made:
1) T1 related to PRACH transmission (random access, handover, SR) is grouped.
2) T2 related to dual connectivity and carrier aggregation is grouped.
3) Removed conditions that are readily included in the general requirement including DRX, Paging, SI window, PDSCH reception, and PRS subframes.

=========================  Text Proposal 2 ===============================
UE can additionally assume the following active time period T1 after the PRACH transmission:
-	for UE performing random access, the time from the start of RAR window until MSG2 and MSG4 is received and DRX is configured.
-	for UE transmitting PRACH due to handover, the time from the start of RAR window until the handover/RRC connection reconfiguration is complete; 
-	for UE transmitting a scheduling request over PRACH, the time from the start of RAR window until MSG2 is received.
UE capable of supporting dual connectivity and/or carrier aggregation, UE can additionally assume that no inactive time period T2 is present in any of its serving cell(s) in the following period of the time: 
· the time from PSCell addition until UE receives PSCell release
· the time from SCell activation until UE receives SCell deactivation
· the time from SCell addition until UE sends RRCConnectionReconfigurationComplete
For UE in RRC_IDLE and configured with eDRX_IDLE, UE can assume that inactive time periods T2 comprises any subframe outside PTW which does not overlap with N1 number of DL subframe for any active time period T1 within the PTW.
If network-based CRS interference mitigation is enabled in a cell, a UE capable of network-based CRS interference mitigation shall meet all the requirement in this specification, provided that N1 = [TBD] and N2 = [TBD] with the exception that:
[bookmark: _Hlk521606644]-	for UE performing MPDCCH monitoring, provided CRS are available in the concerned cell in all MPDCCH subframes configured for the UE to monitor which are comprised in the active time periods T1 within the UE bandwidth, with N1=TBD and N2=0 subframes; 
-    for UE operating in HD-FDD mode, provided CRS are available in the concerned cell during UL gaps [16] occurring during the UE’s UL transmission, with N1=N2=0 subframes before and after the UL gaps [16] occurring during the UE’s UL transmission which are comprised in the active time periods T1 within the UE bandwidth;
[bookmark: _Hlk521607816]-	for UE in RRC_IDLE and RRC_CONNECTED and receiving SIB1 or SIB1-BR, provided the active time periods T1 comprise all subframes with SIB1, where N1= TBD and N2=1 subframes;
-	for UE receiving HARQ feedback on PHICH, provided the subframes with the feedback are comprised in active time periods T1, with N1= TBD and N2=0 subframes; 
-	for UE receiving NRS signals [16], provided CRS are available in the concerned cell in all NRS subframes configured for the UE which are comprised in the active time periods T1 within the UE bandwidth, with N1=N2=0 subframes before and after the NRS subframes; 
======================================================================
Neighbor measurement
In the last meeting, RAN4 sent an LS to RAN2 to inform the needs for signaling whether the CRS muting is enabled or not in the neighboring cells. When the high layer indicates that the CRS muting (network-based CRS interference mitigation) is not used in the neighbor cell, UE may assume the CRS is always present in the neighbor cell across the cell bandwidth. If the high layer indicates that the network-based CRS interference mitigation might be used in the neighbor cell, UE should adapt its neighbor cell measurement based on the presence of widebandRSRQ-Meas configuration as captured in the earlir CR. To this end, we propose the following text proposal.
=========================  Text Proposal 3 ===================================
For measurements on a neighbor cell that is not indicated by the high layer to support the network-based CRS interference mitigation, UE may assume there is no inactive time period T2 in the measured cell. 
For measurements on a neighbor cell that is indicated by the high layer to support the network-based CRS interference mitigation, 
· the UE may assume that CRS are available in the measured cell over the AllowedMeasBandwidth if the UE is configured with widebandRSRQ-Meas, and 
· otherwise, the UE shall use only the central 6 RBs for the measurement of the neighbor cell.
======================================================================
TDD/MBSFN
RAN4 discussion on the number of warm-up subframe (N1) and cool-down subframe (N2) in the network-based CRS interference mitigation has mostly focused on the FDD. Since the tracking loop performance is directly related to the number of the valid downlink subframes that includes sufficient CRS symbols, our view is that TDD special subframes, MBSFN subframes, and UL subframes should not be counted toward the N1.
Proposal 1. MBSFN subframes, TDD special subframes, and UL subframes shall not be counted toward the N1.
Taking TDD deployment scenario of ULDL configuration 0 as an example, there exists only two valid downlink subframe in every radio frame. Even with the N1 of 8, it takes four radio frames to be able to ensure N1 warm-up subframes, which means that the eNB will need to continuously transmit full-bandwidth CRS in order to ensure N1 warm-up subframe before every PRACH occasion for the UEs in the RRC_IDLE mode. In our view, it provides little system level benefit if the CRS needs to be transmitted most of the time even if the network-based CRS interference mitigation is enabled, and sparse CRS-muted subframes only complicates the UE channel estimation and tracking loop implementation with little gain. Therefore, we propose that the enablement of the network-based CRS interference mitigation is limited only to the configurations where there exists sufficient number of valid downlink subframe in every radio frame.
Proposal 2. Network-based CRS interference mitigation is not enabled for a TDD cell or a FDD/TDD cell with MBSFN configuration that leaves less than [8] valid downlink subframes per radio frame.
CSI-RS
For a UE configured in transmission modes 1-9 for a serving cell may assume CRS and CSIRS ports of the serving cell are quasi co-located with respect to Doppler shift, Doppler spread, average delay and the delay spread. Since CSI-RS resources are sparse both in time and frequency, such QCL assumption allows UE to use the time/frequency error correction based on the CRS-based time/frequency tracking loops to ensure the acceptable CSI-RS channel estimation. Therefore, our view is that the warm-up subframe should be present before every CSI-RS subframe. 
Proposal 3. N1 number of the warm-up subframes should be guaranteed before every CSI-RS subframe.
Warm-up subframe
RAN4 needs to determine the number of warm-up subframe required before the beginning of the active time period T1. Given that the CRS muting affects all the UEs within the cell, regardless of whether the UE is in RRC_IDLE and RRC_CONNECTED, or whether the UE is in good or bad channel condition, the warm-up subframe requirement should be determined to ensure the acceptable performance for the UE is the worst-case condition. Figure 1 and 2 shows some simulation result for the throughput performance under the different warm-up subframe frame assumptions. Figure 1 shows the result for 20MHz EPA5 with TM3 rank2 MCS0 with low antenna correlation. It can be seen that 14 warm-up subframe can guarantee the good performance close to the reference where tracking loops are continuously running across the CRS subframes, while the loss becomes larger for smaller number of warm-up subframes, e.g., 0.4dB when using single warm-up subframe. Figure 2 shows another scenario where UE observes timing offset of 1 microsecond and the frequency offset of 50Hz at the time of wake-up. It can be seen that the single warm-up subframe results in a larger loss of 0.6dB compared to the 14 warm-up subframe. 
Note that the results presented does not reflect the real-world worst-case conditions. UE in RRC_IDLE configured with eDRX may see even larger time and frequency offset at the time of the wake-up, on top of any change in the channel itself. Under such condition, UE’s paging reception or PRACH transmission could be subject to larger degradataion when smaller number of warm-up subframes are used. Furthermore, UE in practice should be able to maintain reliable PDCCH performance up to much lower SNR of -11~-12dB to stay in-sync from RLM perspective in the event of the occasional deep fade. Under such noisy condition, ensuring a large enough number of the warm-up subframe is crucial for the UE performance, and it is increasingly so for the narrower system bandwidth where individual CRS subframe may not provide enough processing gain.
However, we understand that the warm-up subframe of 14 valid downlink subframes may reduce the number of subframes available for CRS muting, e.g., considering the periodicity of the PRACH occasion. As a compromise, we propose to use N1 = 8 under the condition of the proposal 1, i.e., TDD special subframe, UL subframes, and MBSFN subframes are not counted toward N1.
Proposal 4. Provided that TDD special subframe, UL subframes, and MBSFN subframes are not counted toward N1, use N1 = 8 before the active time period T1.
[image: ]
Figure 1. Throughput performance in EPA5 low antenna correlation under different number of warm-up subframes (TM3 rank2 MCS0)
[image: ]
Figure 2. Throughput performance in EPA5 high antenna correlation under different number of warm-up subframes with 1us time offset and 50Hz frequency offset at the wake-up (TM3 rank2 MCS0)
Lastly, regarding the warm-up subframe for SIB1, our view is that the N1 value for SIB1 is related to the legacy UE performance since the access barring solution agreed in RAN2 for non-backward compatibility of the CRS muted carrier still requires the legacy UE to reliably decode the SIB1 from the CRS muting enabled carrier. Degradation in the SIB1 reception performance will directly affect the cell selection/reselection performance of the legacy UEs. To minimize the performance degradation on the legacy UE, the value of N1 for SIB1 should be chosen based on the envelope of the inputs from different UE vendors on the warm-up subframes assumed in the legacy UEs.
Proposal 5. N1=14 for SIB1 to minimize the cell selection/reselection performance impact to the legacy UE.
Conclusions
In this paper, we discussed the remaining open issues regarding the network-based CRS interference mitigation. The proposals made in this paper are summarized as follows.

[bookmark: _Hlk521664305]Proposal 1. MBSFN subframes, TDD special subframes, and UL subframes shall not be counted toward the N1.
Proposal 2. Network-based CRS interference mitigation is not enabled for a TDD cell or a FDD/TDD cell with MBSFN configuration that leaves less than [8] valid downlink subframes per radio frame.
Proposal 3. N1 number of the warm-up subframes should be guaranteed before every CSI-RS subframe.
Proposal 4. Provided that TDD special subframe, UL subframes, and MBSFN subframes are not counted toward N1, use N1 = 8 before the active time period T1.
Proposal 5. N1=14 for SIB1 to minimize the cell selection/reselection performance impact to the legacy UE.
A companion paper for the draft CR [1] is also prepared based on the proposals made in this paper.
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