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[bookmark: _Ref498700303]Introduction
In RAN4#84 meeting, the group had discussed the simulation assumptions for CRS-IC receiver with network-based CRS interference mitigation in [1]. In RAN4#84bis, further simulation results are discussed. In the last meeting, some companies hope to use the practical CRS muting pattern to get the conclusion. To have full study on the CRS-IC performance, we have made the following investigations for different scenarios:
· Neighbour cell CRS is muted for all subframes and there is no any PDSCH load (Scenario 1)
· The CRS muting pattern is 11111 11111
· No PDSCH load
· Neighbour cell CRS is muted on 50% subframes and there is no any PDSCH (Scenario 2)
· The CRS muting pattern is 10101 01010
· No PDSCH load
· Neighbour cell CRS is muted on 50% subframes and there is full PDSCH transmission for the non-muted subframes (Scenario 3)
· The CRS muting pattern is 10101 01010
· PDSCH muting pattern is  10101 01010
For Scenario 1, it can be used to dig into the impact of CRS muting itself on the CRS-IC performance. For Scenario 2, it is the most challenge case for CRS-IC and it can be used to analyse the performance degradation in worse case. For Scenario 3, it tries to emulate the practical network. 
In this paper, we provide the simulation results for all scenarios. Simulation results for Scenario 1 have been submitted in the last meetings and they are for resubmission. They are captured in Appendix II.  Simulation results for Scenario 2 and scenario 3 are newly added. 
[bookmark: _Ref498700262]CRS-IC receiver performance (Neighbour cell CRS is muted for 50% subframes and 0% load)
CRS-based transmission scheme
The basic simulation assumption is shown in Table 4Table 2 and the dedicated simulation parameters are shown in Table 1. In Figure 1~Figure 2, edge PRBs are allocated for different MCSs and in Figure 3~Figure 4, full bandwidth PRBs are allocated for different MCSs. The simulation results are summarized in Table 2.
[bookmark: _Ref498692989]Table 1: The dedicated simulation parameters selected from the basic simulation assumption in Error! Reference source not found.Table 2
	Parameters
	Value

	Transmission mode
	3

	Resource allocation in serving cell
	PRBs 0~9 (Partial resource allocation)
PRBs 0~49 (Full resource allocation)

	MIMO configuration
	2x2 (2 CRS APs)

	Neighbor CRS muting pattern
	10101 01010

	Neighbor cell PDSCH muting pattern
	11111 11111
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[bookmark: _Ref490170857]Figure 1: MCS=8 and edge 10 PRBs are allocated under neighbour cell CRS ON/OFF with 0% PDSCH load
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[bookmark: _Ref498693101]Figure 2: MCS=24 and edge 10 PRBs are allocated under neighbour cell CRS ON/OFF with 0% PDSCH load
[bookmark: _Toc498704058][image: ]
[bookmark: _Ref498693126]Figure 3: MCS=8 and full PRBs are allocated under neighbour cell CRS ON/OFF with 0% PDSCH load
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[bookmark: _Ref498693129]Figure 4: MCS=24 and full PRBs are allocated under neighbour cell CRS ON/OFF with 0% PDSCH load
In Table 2, the simulation comparison results are summarized. 
[bookmark: _Ref498699962]Table 2: Simulation results summary for TM3
	MCS
	Resource allocation
	Normal CRS
	Muted CRS
	Degradation due to muting
	No CRS-IC
	CRS-IC gain

	8
	Edge
	5.10
	5.50
	0.4
	8.1
	3

	
	Full band
	4.2
	4.6
	0.4
	8.3
	3.7

	24
	Edge
	23.2
	23.4
	0.2
	25.3
	2.1

	
	Full band
	23.5
	23.5
	0
	25.2
	1.7



From Table 2, we have the following observations:
[bookmark: _Toc498704059][bookmark: _Toc498704318][bookmark: _Toc498704339][bookmark: _Toc498704349][bookmark: _Toc498718171][bookmark: _Toc498718430][bookmark: _Toc498718634][bookmark: _Toc498718743][bookmark: _Toc499598371][bookmark: _Toc499599290][bookmark: _Toc499599420][bookmark: _Toc499599579]CRS-IC with CRS-muting will have about 0.4 dB performance degradation compared with CRS-IC with normal CRS for scenario 2 
[bookmark: _Toc498704060][bookmark: _Toc498704319][bookmark: _Toc498704340][bookmark: _Toc498704350][bookmark: _Toc498718172][bookmark: _Toc498718431][bookmark: _Toc498718635][bookmark: _Toc498718744][bookmark: _Toc499598372][bookmark: _Toc499599291][bookmark: _Toc499599421][bookmark: _Toc499599580]More than 3 dB gain is kept for CRS-IC with CRS-muting compared with legacy UE under legacy network for scenario 2
From Figure 1~Figure 4, we have another observation: For CRS-IC-disabled receiver, there are about 1.2 dB performance degradation compared with CRS-IC-enabled UE under legacy network or network with CRS muting. The reason is we have 50% subframes which are still with CRS interference and if these interferences are removed, UE can further improve the performance. It should be noted that the assumption here is there is no any PDSCH transmission in the neighbour cells. However, in section 3, we can see that the CRS-IC gain diminishes under network with CRS muting if neighbour cell PDSCH load is considered. 

DMRS based transmission scheme

2
[bookmark: _Ref498701416]CRS-IC receiver performance (Neighbour cell CRS is muted for 50% subframes and 50% load)
In section 2, there is no PDSCH interference, which is corresponding to scenario 2 defined in section 1. In this section, 50% PDSCH load is considered, it is corresponding to the scenario 3 defined in section 1. When the PDSCH is transmitted, the CRS is also transmitted. Otherwise, CRS is muted. The muted pattern of PDSCH and CRS is defined as the scenario 3.
In Figure 5~Figure 6, simulation results for edge PRBs allocation are given for different MCSs. In Figure 7~Figure 8, simulation results for full bandwidth allocation are given for different MCSs. From Figure 5~Figure 8, we can see that when PDSCH interference is considered, the performance of UE-based CRS-IC and network-based CRS IC have very close performance. The performance of CRS-IC UE under CRS muting network has very close performance as CRS-IC UE under legacy network.  
[bookmark: _Toc498704062][bookmark: _Toc498704321][bookmark: _Toc498704342][bookmark: _Toc498704352][bookmark: _Toc498718173][bookmark: _Toc498718432][bookmark: _Toc498718636][bookmark: _Toc498718745][bookmark: _Toc499598373][bookmark: _Toc499599293][bookmark: _Toc499599423][bookmark: _Toc499599581]The performance difference between CRS-IC with normal CRS and CRS-IC under CRS-muting network is quite small when PDSCH interference is present (scenario 3)
As another observation, the gain of UE-based CRS-IC over network-based CRS IC, which has been observed in section 2, diminishes when the PDSCH interference is considered. The gain of UE-based CRS-IC comes from UE can cancel all subframes CRS, while network-based CRS-IC can only mute partial subframes CRS. The gain can be up to 1.2 dB for no PDSCH interference case as shown in Figure 1~Figure 4. However, when PDSCH interference is considered, the gain diminishes. It is well known that the CRS-IC gain is diminished for full load subframes. Although UE-based CRS-IC can be applied for more subframes compared with network-based CRS-IC. there is not too much gain on these subframes in which full PDSCH interference is present, On the other hand, on the subframes with no PDSCH interference, both network-based CRS IC and UE-based CRS IC can remove CRS interference and network-based CRS IC is much efficient since the total interference is reduced from the system point of view. In other words, UE-based CRS-IC is not so critical for network with CRS muting for practical network. 
[bookmark: _Toc498704063][bookmark: _Toc498704322][bookmark: _Toc498704343][bookmark: _Toc498704353][bookmark: _Toc498718174][bookmark: _Toc498718433][bookmark: _Toc498718637][bookmark: _Toc498718746][bookmark: _Toc499598374][bookmark: _Toc499599294][bookmark: _Toc499599424][bookmark: _Toc499599582][bookmark: _Toc498704061][bookmark: _Toc498704320][bookmark: _Toc498704341][bookmark: _Toc498704351]The gain to enable CRS-IC in the network with CRS-muting is quite limited when PDSCH interference is considered, although there is about 1dB gain to enable CRS-IC in the network with CRS-muting when there is no PDSCH interference in the neighbour cell.
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[bookmark: _Ref498700796]Figure 5: MCS=8 and edge 10 PRBs are allocated under neighbour cell CRS ON/OFF with 50% PDSCH load
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[bookmark: _Ref498700803]Figure 6: MCS=24 and edge 10 PRBs are allocated under neighbour cell CRS ON/OFF with 50% PDSCH load
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[bookmark: _Ref498700868]Figure 7: MCS=8 and full PRBs are allocated under neighbour cell CRS ON/OFF with 50% PDSCH load
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[bookmark: _Ref498700871]Figure 8: MCS=24 and full PRBs are allocated under neighbour cell CRS ON/OFF with 50% PDSCH load
DMRS based transmission scheme
In Appendix III, TM9 with rank-1 results are given. In Table 3, simulation results are summarized. 

Table 3: Simulation results summary for TM9 when the PDSCH load is 0%
	MCS
	Resource allocation
	Normal CRS
	Muted CRS
	Degradation due to muting
	No CRS-IC
	CRS-IC gain

	8
	Edge
	1.40
	1.70
	0.4
	4.8
	3.1

	
	Full band
	0.5
	0.8
	0.3
	3.1
	2.3

	24
	Edge
	16.5
	17.3
	0.8
	19.6
	2.3

	
	Full band
	16.5
	17.5
	1
	19.5
	2



Table 3: Simulation results summary for TM9 when the PDSCH load is 50%
	MCS
	Resource allocation
	Normal CRS
	Muted CRS
	Degradation due to muting
	No CRS-IC
	CRS-IC gain

	8
	Edge
	9.1
	9.1
	0
	9.5
	0.4

	
	Full band
	8.2
	8.4
	0.2
	8.8
	0.4

	24
	Edge
	21.8
	21.4
	-0.4
	23.2
	1.8

	
	Full band
	20
	19.8
	-0.2
	22.4
	2.6



[bookmark: _Toc499599292][bookmark: _Toc499599422][bookmark: _Toc499599583]Compared with the performance with full band CRS, the performance degradation with muted CRS is decreased with PDSCH load increase

Discussion on CRS-IC enable/disable impact
In the last two meetings, the potential issues related to CRS-IC enable/disable had been raised. For some implementation, the UE may use wideband RSRP as the metric to disable or enable CRS-IC. The wideband RSRP change may cause UE disable CRS-IC function. 
As discussed in Section 2, when there is no PDSCH interference, disable CRS-IC bring large performance degradation, as shown in Figure 1~Figure 4. However, as shown in Section 3, when there is PDSCH interference and CRS transmission is coupling with PDSCH transmission, CRS-IC disable will not bring too much degradation. As shown in Figure 5~Figure 8, the curve of disable CRS-IC and enable CRS are tangled together. Thus, disable CRS-IC is not so harmful for UE performance under practical network. Further, disable CRS-IC can bring UE power saving, which is much more important than marginal throughput gain. 

[bookmark: _Toc498704064][bookmark: _Toc498704323][bookmark: _Toc498704344][bookmark: _Toc498704354][bookmark: _Toc498718175][bookmark: _Toc498718434][bookmark: _Toc498718638][bookmark: _Toc498718747][bookmark: _Toc499598375][bookmark: _Toc499599295][bookmark: _Toc499599425][bookmark: _Toc499599584]Potential CRS-IC enable/disable may have very limited impact on UE performance under practical network with CRS muting.
Conclusion
In this paper, we provide further simulation results for CRS-IC receiver considering network-based CRS mitigation. Based on the simulation results, we have the following observations:
Observation 1	CRS-IC with CRS-muting will have about 0.4 dB performance degradation compared with CRS-IC with normal CRS for scenario 2
Observation 2	More than 3 dB gain is kept for CRS-IC with CRS-muting compared with legacy UE under legacy network for scenario 2
Observation 3	The performance difference between CRS-IC with normal CRS and CRS-IC under CRS-muting network is quite small when PDSCH interference is present (scenario 3)
Observation 4	The gain to enable CRS-IC in the network with CRS-muting is quite limited when PDSCH interference is considered, although there is about 1dB gain to enable CRS-IC in the network with CRS-muting when there is no PDSCH interference in the neighbour cell.
Observation 5	Compared with the performance with full band CRS, the performance degradation with muted CRS is decreased with PDSCH load increase
Observation 6	Potential CRS-IC enable/disable may have very limited impact on UE performance under practical network with CRS muting.
Observation 7	The performance of legacy CRS-IC receiver in the network with the network-based CRS mitigation is slightly (at most 0.3 dB) worse than the performance in the legacy network for the worst case when UE is in cell-edge (Scenario 1)
Observation 8	Network-based CRS mitigation can achieve the best performance when UE is in the cell center
Observation 9	The performance of legacy CRS-IC receiver in the network with network-based CRS mitigation is better than the performance in the legacy network when UE is in the cell center
Observation 10	Legacy CRS-IC receiver performance with DMRS-based transmission scheme have the exactly same trend as that with CRS-based transmission scheme
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Appendix I

[bookmark: _Ref498692846]Table 45: Basic simulation assumption
	Parameters
	value

	Bandwidth
	10 MHz

	Transmission mode
	3, 9

	Number of aggressor cells
	2

	Interference level ()
	10.45 dB for aggressor cell 1 and 4.6 dB for aggressor cell 2

	CRS-IC receiver assumption
	Assume full CRS is allocated in the aggressor cells

	MCS
	8 and 24

	MIMO rank
	MIMO rank 1, 2

	Resource allocation in serving cell 
	PRBs 0~9 (Partial resource allocation)
PRBs 22~27 (center 6 PRBs)
PRBs 0~49 (Full resource allocation)

	MIMO configuration
	2x2 (2 CRS APs)
Interested companies are welcomed to provide simulation results for 4x2 (4 CRS APs)

	Interference modelling
	· When the CRS is muted, CRS is muted except the center 6 PRBs. When the CRS is not muted, CRS is transmitted across the whole bandwidth. load on interference PDSCH is given per simulation

	CRS configuration
	Non-colliding CRS is configured



Appendix II
CRS-IC receiver performance (Neighbour cell CRS is muted for all subframes)
In [1], simulation assumptions are given. In Appendix I, the simulation assumptions are recapped. 
CRS-based transmission scheme 
Cell-edge 
In Figure 9Figure 1~Figure 10Figure 2, simulation results for TM3 with QPSK are given. In Figure 9Figure 1~Figure 10Figure 2, simulation results for PRBs 0~9, PRBs 0~49 and PRBs 22~27 are given, respectively. For interference modelling, 0% load is given. It is corresponding to the CRS is muted except the center 6 PRBs in the interference cell(s). Since QPSK is used and the interference is much stronger than the serving cell signal, it can be assumed UE is in the cell-edge. 
As shown in Figure 9Figure 1, there is no any performance degradation when CRS is muted when the PRBs 0~9 are allocated. On these PRBs, legacy UE may assume neighbor cell CRS is transmitted although there is no any CRS transmission on these PRBs in the neighbor cells. As state in [2], the output of coarse channel estimation is quite smaller since there is no any CRS transmission on these PRBS. It is equivalent to the channel has a very deep fading in the PRBs other than center 6 PRBs. The channel filter may be wrong due to some CRS is missing, and the resulted estimated channel may be not the exact channel. However, the interference which is composited by the channel itself and transmit signal is quite smaller. Thus, the interference mitigated is quite smaller. Therefore, there is no any impact for this allocation. 
[image: ]
[bookmark: _Ref494110183]Figure 9: TM3 with QPSK and edge 10 PRBs are allocated
As shown in Figure 10Figure 2, there are some performance degradation when the allocated PRBs are 0~6. For the center 6 PRBs, when the CRS is muted, the performance for the channel estimation of the edge of the center 6 PRBs may be degraded. It will lead to some performance degradation. However, the degradation is quite smaller. It is less than 0.3 dB. 
[image: ]
[bookmark: _Ref494110190]Figure 10: TM3 with QPSK and center 6 PRBs allocation
As shown in Figure 11Figure 3, the performance impact is reduced further when full allocation is performed. It should be noted that CRS-IC receiver can achieve performance gain compared with only network-based CRS mitigation in this scenario. The gain is about 0.5dB. Thus, when the center 6 PRBs are included in the allocation, network-based CRS mitigation can achieve further gain when it is combined with receiver-based CRS mitigation. 



[image: ]
[bookmark: _Ref494117434]Figure 11: TM3 with QPSK and whole bandwidth allocation
[bookmark: _Toc494270625][bookmark: _Toc494270771][bookmark: _Toc494274577][bookmark: _Toc494655093][bookmark: _Toc498446369][bookmark: _Toc498704065][bookmark: _Toc498704324][bookmark: _Toc498704345][bookmark: _Toc498704355][bookmark: _Toc498718176][bookmark: _Toc498718435][bookmark: _Toc498718639][bookmark: _Toc498718748][bookmark: _Toc499598376][bookmark: _Toc499599296][bookmark: _Toc499599426][bookmark: _Toc499599585][bookmark: _Toc494119557][bookmark: _Toc494120196][bookmark: _Toc494120548][bookmark: _Toc494269627][bookmark: _Toc494269874]The performance of legacy CRS-IC receiver in the network with the network-based CRS mitigation is slightly (at most 0.3 dB) worse than the performance in the legacy network for the worst case when UE is in cell-edge (Scenario 1)
Cell center
In Figure 12Figure 4~Figure 13Figure 5, simulation results for TM3 with 64QAM are provided. In this scenario, the serving cell signal is much stronger than the interference signal for the concerned SNR range. It is corresponding to UE is in the cell center. In this scenario, it is bit challenge to have accurate estimation of interference and thus have good cancellation performance. Thus, network-based CRS mitigation is much more efficient. As shown in Figure 12Figure 4~Figure 13Figure 5, network-based CRS mitigation without any CRS-IC can achieve the best performance for whole bandwidth allocation or side allocation. 
[bookmark: _Toc494119559][bookmark: _Toc494120198][bookmark: _Toc494120550][bookmark: _Toc494269629][bookmark: _Toc494269876][bookmark: _Toc494270626][bookmark: _Toc494270772][bookmark: _Toc494274578][bookmark: _Toc494655094][bookmark: _Toc498446370][bookmark: _Toc498704066][bookmark: _Toc498704325][bookmark: _Toc498704346][bookmark: _Toc498704356][bookmark: _Toc498718177][bookmark: _Toc498718436][bookmark: _Toc498718640][bookmark: _Toc498718749][bookmark: _Toc499598377][bookmark: _Toc499599297][bookmark: _Toc499599427][bookmark: _Toc499599586]Network-based CRS mitigation can achieve the best performance when UE is in the cell center
When the network-based CRS mitigation is enabled, when legacy CRS-IC is enabled, it will have some performance loss compared with the UE without CRS-IC in this scenario. However, compared with the legacy network in which CRS is always transmitted and legacy CRS-IC is enabled, quite large gain is obtained. 
[bookmark: _Toc494119560][bookmark: _Toc494120199][bookmark: _Toc494120551][bookmark: _Toc494269630][bookmark: _Toc494269877][bookmark: _Toc494270627][bookmark: _Toc494270773][bookmark: _Toc494274579][bookmark: _Toc494655095][bookmark: _Toc498446371][bookmark: _Toc498704067][bookmark: _Toc498704326][bookmark: _Toc498704347][bookmark: _Toc498704357][bookmark: _Toc498718178][bookmark: _Toc498718437][bookmark: _Toc498718641][bookmark: _Toc498718750][bookmark: _Toc499598378][bookmark: _Toc499599298][bookmark: _Toc499599428][bookmark: _Toc499599587]The performance of legacy CRS-IC receiver in the network with network-based CRS mitigation is better than the performance in the legacy network when UE is in the cell center
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[bookmark: _Ref494118601]Figure 12: TM3 with 64QAM and edge 10 PRBs are allocated
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[bookmark: _Ref494118604]Figure 13: TM3 with 64QAM and full 50 PRBs are allocated
DMRS-based transmission scheme (TM9)
In section Error! Reference source not found.2.2.1 and section Error! Reference source not found.2.2.2, performances for rank-2 TM9 are given. In the appendix II, performances for rank-1 TM9 are given. 
Cell-edge
In Figure 18Figure 6 and Figure 19Figure 7, simulation results for TM9 are shown. In Figure 18Figure 6 and Figure 19Figure 7, MCS=8 is used. In the concerned SNR range, the SNR of serving cell is quite smaller than the interference level. It is corresponding to cell-edge UE. Similar like CRS-based transmission scheme, DMRS-based transmission scheme has the exactly same trend as CRS-based transmission scheme. When the PRBs allocation is 0~9, there is no any impact on the legacy CRS-IC receiver regardless of the CRS is muted or not. When the allocation is whole bandwidth, CRS-IC can achieve further gain compared with non-CRS-IC receiver regardless of the CRS is muted or not in the neighbour cell(s). 
[image: ]
Figure 14: TM9 with QPSK and edge 10 PRBs are allocated with rank-2
[image: ]
Figure 15: TM9 with QPSK and full allocation are allocated with rank-2

Cell center
In Figure 16Figure 8 and Figure 17Figure 9, MCS=24 and rank-2 used for TM9. In the targeting SNR range, the serving cell SNR is quite higher than interference strength. It is corresponding to cell center UE. In this case, it is big challenge to get accurate CRS interference estimation. Thus, the UE-based CRS-IC cancelation is not so good when CRS is transmitted in the interference cell, as shown in the green curve. There is still residual interference after CRS interference mitigation when the serving cell SNR is higher. However, when network-based CRS mitigation is used, the CRS interference is ideally removed. Thus, the performance is quite good as shown in red curve. When network-based CRS mitigation is used and at the same time legacy UE-based CRS mitigation is used, it has slightly degradation. But the degradation is negligible. From Figure 16Figure 8 and Figure 17Figure 9, we can see that network-based CRS mitigation is much more efficient for CRS interference mitigation.  
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[bookmark: _Ref494224245]Figure 16: TM9 with 64QAM and edge 10 PRBs are allocated with rank-2
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[bookmark: _Ref494224248]Figure 17: TM9 with 64QAM and full allocation are allocated with rank-2
[bookmark: _Toc494269631][bookmark: _Toc494269878][bookmark: _Toc494270628][bookmark: _Toc494270774][bookmark: _Toc494274580][bookmark: _Toc494655096][bookmark: _Toc498446372][bookmark: _Toc498704068][bookmark: _Toc498704327][bookmark: _Toc498704348][bookmark: _Toc498704358][bookmark: _Toc498718179][bookmark: _Toc498718438][bookmark: _Toc498718642][bookmark: _Toc498718751][bookmark: _Toc499598379][bookmark: _Toc499599299][bookmark: _Toc499599429][bookmark: _Toc499599588]Legacy CRS-IC receiver performance with DMRS-based transmission scheme have the exactly same trend as that with CRS-based transmission scheme


Appendix III
TM9 and rank-1: 
CRS muting pattern [11111 11111] and PDSCH muting pattern [11111 11111]:
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[bookmark: _Ref494120288]Figure 18: TM9 with QPSK and edge 10 PRBs are allocated with rank-1
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[bookmark: _Ref494120290]Figure 19: TM9 with QPSK and full bandwidth is allocated with rank-1
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Figure 20: TM9 with 64QAM and edge 10 PRBs are allocated with rank-1
[image: ]
Figure 21: TM9 with 64QAM and full bandwidth are allocated with rank-1
TM9 and rank-1: 
CRS muting pattern [10101 01010] and PDSCH muting pattern [11111 11111]
[image: ]
Figure 22: TM9 with QPSK and edge 10 PRBs are allocated with rank-1

[image: ]
Figure 23: TM9 with QPSK and full bandwidth are allocated with rank-1
[image: ]
Figure 24: TM9 with 64QAM and edge 10 PRBs are allocated with rank-1
[image: ]
Figure 25: TM9 with 64QAM and full bandwidth is allocated with rank-1

TM9 and rank-1: 
CRS muting pattern [10101 01010] and PDSCH muting pattern [10101 01010]
[image: ]
Figure 26: TM9 with QPSK and edge 10 PRBs are allocated with rank-1

[image: ]
Figure 27: TM9 with QPSK and full bandwidth are allocated with rank-1
[image: ]
Figure 28: TM9 with 64QAM and edge 10 PRBs are allocated with rank-1
[image: ]
Figure 29: TM9 with 64QAM and full bandwidth is allocated with rank-1
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