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Introduction
The new WI for network-based CRS mitigation was approved in [1]. As one of the objective of the WI, RAN4 group will:
1. Identify impact, if any, to the following legacy UE procedures when network-based CRS mitigation is used in the network, and potential solutions to mitigate or avoid impact on these legacy UE procedures: 
0. UE receivers performing CRS based interference mitigation in CONNECTED mode e.g. 
0. CRS interference mitigation (CRS-IM) receiver, NAICS receiver and Type A and B DL control channel IM receivers.
0. UE RRM procedures in IDLE and CONNECTED modes defined in TS 36.133.

In this contribution, we provide our analysis on the network-based CRS mitigation impact on UE performance when UE receiver performs CRS based interference mitigation.
[bookmark: _Ref178064866]Discussion
Up to now, there are several advanced receivers which are defined in RAN4. Network-based CRS mitigation may impact the following receiver performance:
· CRS-IM receiver
· Type A and type B DL control channel IM receivers
· NAICs receiver
In the following sections, we provide our analysis on the potential impact. 
CRS-IM receiver 
CRS-IM receiver assumption
In RAN4, CRS-IM receiver has been discussed from Rel-11 FeICIC. In RAN4, serval test cases are defined for CRS-IM receiver. In each test case, the full CRS-assistant information is provided. RAN4 group has extensive discussion on whether CRS-assistant information is needed or not. The conclusion is CRS-assistant information not only provides assistant information to facilitate UE to have performance enhancement, but also be taken as a trigger for CRS-IM. In other words, when the CRS-assistant information is not provided, Standardized CRS-IM receiver will not be expected to enable CRS-IM receiver. 
[bookmark: _Toc489986466][bookmark: _Toc489987674][bookmark: _Toc489987717][bookmark: _Toc489987803][bookmark: _Toc489990746][bookmark: _Toc490061121][bookmark: _Toc490062499][bookmark: _Toc490146144][bookmark: _Toc490146183][bookmark: _Toc490155842][bookmark: _Toc490169851][bookmark: _Toc490169929][bookmark: _Toc490170000][bookmark: _Toc490170128][bookmark: _Toc490170844][bookmark: _Toc490171186][bookmark: _Toc490262058]Standardized CRS-IC receiver relies on CRS-assistant information and CRS-IC receiver will be disabled when CRS-assistant information is not provided
[bookmark: _Hlk490165721]In RAN4, some proprietary CRS-IC receiver which is based on blind-detection was also mentioned in 3GPP. For blind detection receiver, there are full blind detection receiver and partially blind detection receiver. From all the discussions, so far in RAN4 only the physical ID and the number of CRS APs are commonly accepted to be reliable for blind detection but not the full message. Thus, UE vendor asks for CRS-assistant information even blind-detection capability is claimed. 
[bookmark: _Toc489986467][bookmark: _Toc489987675][bookmark: _Toc489987718][bookmark: _Toc489987804][bookmark: _Toc489990747][bookmark: _Toc490061122][bookmark: _Toc490062500][bookmark: _Toc490146145][bookmark: _Toc490146184][bookmark: _Toc490155843][bookmark: _Toc490169852][bookmark: _Toc490169930][bookmark: _Toc490170001][bookmark: _Toc490170129][bookmark: _Toc490170845][bookmark: _Toc490171187][bookmark: _Toc490262059]CRS-assistant information is needed even for CRS blind detection receiver is RAN4 common understanding
Thus, for the standardized CRS-IM receiver and most of proprietary CRS-IC receiver, network can make choice between network-based CRS mitigation and UE-based CRS mitigation via the control of CRS-assistant information in case some UE-based CRS mitigation has some misbehave when network mutes some CRS for some subframe. 
For normal CRS-IM receiver regardless of standardized CRS-IC receiver and proprietary CRS-IC receiver, simulation results in the next section show that CRS-IM can still achieve some gain even when network employs network-based CRS mitigation.

[bookmark: _Ref489971186]CRS-IM receiver and its corresponding performance when network-based CRS-IM is employed
To analysis the performance impact from network-based CRS-IM, in this section, we use blind-detection based CRS-IM receiver as example to show the performance. All the conclusion and observation can be applied to the standardized CRS-IC receiver. 
In RAN4, there are no details about blind-detection based CRS-IM receiver, in Figure 1, one possible feasible blind detection CRS-IM receiver implementation is shown in Figure 1. 
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[bookmark: _Ref489966422]Figure 1: One Proprietary CRS-IM receiver implementation
In this implementation, physical cell ID, and the number of antenna ports are detected from the neighbour cell’s central 6 PRBs. The corresponding CRS interference power is also estimated and used for the parameter configuration for the CRS interference mitigation. When the identified neighbour cell is set as cancellable cell, UE will estimate coarse channel and estimate the channel characteristic based on CRS. After channel is estimated, the CRS interference is regenerated and remove from the serving cell. In this implementation, UE has no any prior information about whether neighbour’s cells CRS is muted or not and UE is also not to intend to detect whether the neighbour cell transmits full bandwidth CRS or CRS over the central 6 PRBs. UE always assumes full bandwidth CRS are available in neighbour cells. 
Link level simulation are provided for the blind-detection based proprietary CRS-IM receiver described in Figure 1. The simulation assumption is shown in Table 1. Simulation results are shown in Figure 3 and Figure 4 for QPSK and for 64QAM are shown in the Appendix A. In the interference modelling, when there is no PDSCH transmission in current subframe, CRS will be muted across the whole bandwidth except the central 6 PRBs in current subframe. When there is any PDSCH transmission in current subframe, CRS will be transmitted across the whole bandwidth, as illustrated in Figure 2. Two interference loads are modelled, one is 0% and one is 50%. For 0% load, there is no any PDSCH transmission in the aggressor cells, thus, CRS are muted in all subframes. It is very close to ABS subframe. For 50% load, 50% subframes is with full PDSCH transmission and 50% subframes is without any PDSCH transmission. For the subframes without PDSCH transmission, CRS is muted across the whole bandwidth except the central 6 PRBs. 
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[bookmark: _Ref490167977]Figure 2: CRS muting pattern 

[bookmark: _Ref489973315]Table 1: Link level simulation assumption for PDSCH with blind-detection based proprietary CRS-IM
	Parameters
	value

	Bandwidth
	10 MHz

	Transmission mode
	2

	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

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

	MIMO configuration
	2x2

	Interference modelling
	When the CRS is muted, aggressor cell has no load and CRS is muted except the center 6 PRBs. When the CRS is not muted, aggressor cell has given load (0% or 50%) and CRS is transmitted across the whole bandwidth 

	CRS configuration
	Non-colliding CRS is configured



In Figure 3 and Figure 4, QPSK performance are given for 0% load. When the neighbor CRS is muted or not based on PDSCH transmission, the legend cell{2}.CRS_muting and cell{3}.CRS_muting will be set 1, when CRS is always there as legacy network, cell{2}.CRS_muting and cell{3}.CRS_muting will be set 0. In the legend, terminal{1}.nc_ic.use=1 stands for CRS-IC is applied, otherwise, CRS-IC is not applied. In the figure title, “time:0.0%” stands for PDSCH transmission occupies 0.0% subframes and “freq:0.0%” stands for PDSCH transmission occupies 0.0% PRBs in each subfames. 
In Figure 3, PRBs [0~9] are allocated in serving cell. For these allocation, there is no any CRS interference in the actual received PRBs, however, UE may assume there are CRS transmission over there since UE has no any prior knowledge about network transmits the whole-bandwidth CRS or CRS only on the central 6 PRBs. Simulation results show that neighbor cell’s CRS ON/OFF has negligible impact on the CRS-IC performance. Further, network-based CRS IM can achieve the same performance as UE-based CRS-IM performance. Both network-based CRS-IM and UE-based CRS-IM can show significant gain over non-IM system. 
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[bookmark: _Ref489987304]Figure 3: Simulation results for PDSCH with Proprietary CRS-IM receiver under network-based CRS ON/OFF
In Figure 4, PRBs [0~49] are allocated in serving cell. In this allocation, the side PRBs has no any CRS interference and the central 6 PRBs experiences CRS interference. From Figure 4, we can see that network-based CRS-IM has residual CRS interference, thus UE-based CRS-IM receiver can further improve the network-based CRS-IM performance. 
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[bookmark: _Ref490168156]Figure 4: Simulation results for PDSCH with Proprietary CRS-IM receiver under network-based CRS ON/OFF for full resource allocation
For higher modulation, the performances are shown in Figure 9 and Figure 10. The same observation are obtained. 
In Figure 5, partial load is modelled. The load is 50%. From the figure, the same trend as 0% load case. For network-based CRS-IM, the residual interference exists in both time domain and frequency domain. Thus, UE-based CRS-IM can achieve more gain compared with network-based CRS-IM technology. As 0% load, neighbour cell CRS muted or not has negligible impact on CRS-IC receiver performance. The same conclusion can be applied for higher modulation order as shown in Figure 11.
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[bookmark: _Ref490170857]Figure 5: Simulation results for PDSCH with blind-detection based CRS-IM receiver under network-based CRS ON/OFF for 64QAM and full resource allocation with partial interference load
Based on Figure 3~Figure 4, Figure 5 and Figure 9~Figure 11, we can have the following observations:
[bookmark: _Toc490169855][bookmark: _Toc490169933][bookmark: _Toc490170002][bookmark: _Toc490170130][bookmark: _Toc490170846][bookmark: _Toc490171188][bookmark: _Toc490262060]Network-based CRS IM can achieve the same performance as UE-based CRS-IM performance for ABS-like subfame 
[bookmark: _Toc490169856][bookmark: _Toc490169934][bookmark: _Toc490170003][bookmark: _Toc490170131][bookmark: _Toc490170847][bookmark: _Toc490171189][bookmark: _Toc490262061]Neighbor cell’s CRS ON/OFF has negligible impact on the CRS-IC performance regarding PDSCH performance
[bookmark: _Toc490169857][bookmark: _Toc490169935][bookmark: _Toc490170004][bookmark: _Toc490170132][bookmark: _Toc490170848][bookmark: _Toc490171190][bookmark: _Toc490262062]UE-based CRS-IM receiver can further improve the network-based CRS-IM performance for some resources allocation

One simplified explanation on the network-based CRS mitigation on the CRS-IC receiver performance impact can be shown in Figure 6. Assume one aggressor cell is configured and the received signal on the neighbour CRS’s position can be given by:

where  is the channel for the aggressor cell and  is the channel for the serving cell.  is the desired data and  is the aggressor cell CRS signal,  is the white Gaussian noise. In the channel estimation, coarse channel estimation is performed. One simple example for the coarse channel estimation is based on 
,
Then 

As one simple illustration, when the interference is very strong and relatively the serving cell signal and noise is small,  is close to zero and thus

Based on the coarse channel, filter is added to improve the channel estimation performance. The filter may be based on channel characteristic which is estimated based on CRS. The final channel can be given by

where  is the parameter associated with channel characteristic. The aggressor cell CRS interference can be estimated and further removed. As one simple illustration, when the interference is very strong, the interference can be approximated to

From the above equation, we can see that the channel part is not fully matched for the CRS muted REs. However, the interference itself is matched to the actual interference. It is equivalent to the channel have deep fading on the CRS muted REs. If the UE can properly handle the general channel, this UE will have no any problem when CRS is muted in the neighbour cells. 
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[bookmark: _Ref489987983]Figure 6: Simplified explanation about network-based CRS mitigation impact on CRS-IM receiver
[bookmark: _Toc489990749][bookmark: _Toc490061124][bookmark: _Toc490062502][bookmark: _Toc490146147][bookmark: _Toc490146186][bookmark: _Toc490155845][bookmark: _Toc490169858][bookmark: _Toc490169936][bookmark: _Toc490170005][bookmark: _Toc490170133][bookmark: _Toc490170849][bookmark: _Toc490171191][bookmark: _Toc490262063]CRS interference can be correctly estimated regardless of neighbour cell CRS is muted or not for CRS-IC receiver

Type A and Type B DL control channel IM receivers 
Type A and Type B DL control channel IM receiver assumption
In RAN4, we define two type DL control channel IM receivers, one is Type A receiver, it is based on MMSE-IRC receiver + CRS-IC receiver and one is Type B receiver, which is based on EMMSE-IRC+CRS-IC receiver. 
For CRS-IC receiver, the same as PDSCH CRS-IC receiver, CRS-assistant information is the enabler for the control channel IM receiver. When CRS-assistant information is not provided, control channel IM receiver is not enabled in RAN4 assumption. 
[bookmark: _Toc489986470][bookmark: _Toc489987679][bookmark: _Toc489987722][bookmark: _Toc489987807][bookmark: _Toc489990751][bookmark: _Toc490061126][bookmark: _Toc490062504][bookmark: _Toc490146149][bookmark: _Toc490146188][bookmark: _Toc490155847][bookmark: _Toc490169860][bookmark: _Toc490169938][bookmark: _Toc490170007][bookmark: _Toc490170135][bookmark: _Toc490170851][bookmark: _Toc490171193][bookmark: _Toc490262064]Standardized DL control channel IM receiver relies on CRS-assistant information and DL control channel IM receivers will be disabled when CRS-assistant information is not provided

Type A DL control IM receiver and its corresponding performance when network-based CRS-IM is employed
As proprietary CRS-IM receiver mentioned in section 2.1.2, there is not too much details disclosed in RAN4. In this section, we assume the same CRS-IM receiver is applied for Type A control channel IM. Simulation assumption is shown in Table 2 and the performance are shown in Figure 7. For analysis, 0% load is assumed in the aggressor cells. 

[bookmark: _Ref489971764]Table 2: Link level simulation assumption
	Parameters
	value

	Bandwidth
	10 MHz

	Number of aggressor cells
	2

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

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

	MIMO configuration
	2x2

	Interference modelling
	When the CRS is muted, aggressor cell has no load and CRS is muted except the center 6 PRBs. When the CRS is not muted, aggressor cell has given load (0% )and CRS is transmitted across the whole bandwidth

	CRS configuration
	Non-colliding CRS is configured

	PDCCH
	8 CCEs are used for 31 bits DCI payload (CRC is not included)
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[bookmark: _Ref489971895]Figure 7: Performance for PDCCH for type A DL control IM receiver with network-based CRS mitigation ON/OFF
From Figure 7, we can see that when network CRS is muting and CRS-IC receiver is enabled, the performance is very close to CRS-IC performance when neighbour CRS transmission is transmitted across the whole bandwidth and CRS-IC is enabled, which is corresponding to the legacy CRS-IC receiver under legacy network. Thus, CRS muted or not in the neighbour cell has negligible performance impact on the legacy CRS-IC receiver. 
[bookmark: _Toc489986471][bookmark: _Toc489987680][bookmark: _Toc489987723][bookmark: _Toc489987808][bookmark: _Toc489990752][bookmark: _Toc490061127][bookmark: _Toc490062505][bookmark: _Toc490146150][bookmark: _Toc490146189][bookmark: _Toc490155848][bookmark: _Toc490169861][bookmark: _Toc490169939][bookmark: _Toc490170008][bookmark: _Toc490170136][bookmark: _Toc490170852][bookmark: _Toc490171194][bookmark: _Toc490262065]CRS muted or not in the neighbour cell has negligible performance impact on the full blind-detection based CRS-IC receiver
From Figure 7, we can also see that network-based CRS muting only cannot fully remove the CRS interference for control channel, since the PDCCH is scatter the whole bandwidth and the non-muted CRS of the central 6 PRB still degraded the PDCCH performance. Thus, combined with Type A receiver, additional gain can be achieved compared with non-type A receiver. The gain is about 1.4 dB. 
[bookmark: _Toc489986472][bookmark: _Toc489987681][bookmark: _Toc489987724][bookmark: _Toc489987809][bookmark: _Toc489990753][bookmark: _Toc490061128][bookmark: _Toc490062506][bookmark: _Toc490146151][bookmark: _Toc490146190][bookmark: _Toc490155849][bookmark: _Toc490169862][bookmark: _Toc490169940][bookmark: _Toc490170009][bookmark: _Toc490170137][bookmark: _Toc490170853][bookmark: _Toc490171195][bookmark: _Toc490262066]Type A DL control IM receiver can be combined with network-based CRS-IM to improve the whole PDCCH performance
[bookmark: _Toc490146152]
Type B DL control IM receiver and its corresponding performance when network-based CRS-IM is employed
In Figure 8, the performance for type B receiver is shown. In this figure, colliding CRS is configured and in time domain, half subframes are full transmission and half subframes mute CRS. In frequency domain, full load PDCCH is allocated in the aggressor cell. From Figure 8, we can see that type B receiver has some performance degradation compared with full bandwidth CRS available. However, compared with traditional receiver, the type B receiver can still get significant gain even when network-based CRS-IM is employed. 

[bookmark: _Toc490146153][bookmark: _Toc490146191][bookmark: _Toc490155850][bookmark: _Toc490169863][bookmark: _Toc490169941][bookmark: _Toc490170010][bookmark: _Toc490170138][bookmark: _Toc490170854][bookmark: _Toc490171196][bookmark: _Toc490262067]Type B receiver + CRS muting have some performance degradation compared with Type B receiver + CRS non-muting, however, significant gain can still achieve compared with legacy non-IC receiver
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[bookmark: _Ref490145099]Figure 8: Performance for PDCCH for type A DL control IM receiver with network-based CRS mitigation ON/OFF
Further, in all these simulation assumption, the CRS in control region is muted along with PDSCH. If network wishes to achieve optimal performance both for data and control channel, the CRS in control region can be kept for some subframe while CRS is muted in the data region. In this setup, it is expected the Type B receiver can achieve the optimal performance. 
[bookmark: _Toc490262068]The type B receiver optimal performance is expected to be achieved via flexible mute neighbour cell CRS, e.g., keeping some CRS in the neighbour cell control region while muting CRS in the data region when there is no data transmission. 
NAICs receiver
For NAIC receiver, in RAN4 common understanding, the NAIC signalling shall be provided to enable NAICs feature. The signalling includes

NeighCellsInfo-r12	::=		SEQUENCE {
	physCellId-r12					PhysCellId,
	p-b-r12						INTEGER (0..3),
	crs-PortsCount-r12				ENUMERATED {n1, n2, n4, spare},
	mbsfn-SubframeConfig-r12		MBSFN-SubframeConfigList				OPTIONAL,	-- Need ON
	p-aList-r12					SEQUENCE (SIZE (1..maxP-a-PerNeighCell-r12)) OF P-a,
	transmissionModeList-r12		BIT STRING (SIZE(8)),
	resAllocGranularity-r12			INTEGER (1..4),
	...
}

In RAN4, the group has discussed a lot about whether fully blind detection for NAICs is feasible or not. RAN4 has concluded it is not feasible to performed NAICs without the signalling. The main reason is UE need to blind detect the neighbour cells p-b, transmission mode if NAICs signalling is not provided. Tremendous analysis has shown that it is not feasible to blind detection p-b and transmission mode with practical implementation and acceptable performance.  

[bookmark: _Toc490062507][bookmark: _Toc490146154][bookmark: _Toc490146192][bookmark: _Toc490155851][bookmark: _Toc490169864][bookmark: _Toc490169942][bookmark: _Toc490170011][bookmark: _Toc490170139][bookmark: _Toc490170855][bookmark: _Toc490171197][bookmark: _Toc490262069]RAN4 group has common understanding NAICs signalling shall be provided to enable the NAIC feature
RAN4 group can further study the NAIC gain under network-based CRS mitigation. In case network-based CRS-IM cause some degradation of NAICs, network has the flexibility to make decision whether NAICs is enable or not to achieve the optimal system performance based on the gain of NAICs and network-based CRS muting.  
Conclusion
In this paper, we provide our analysis on network-based CRS-mitigation impact on the legacy advanced receiver. We have the following observations:
Observation 1	Standardized CRS-IC receiver relies on CRS-assistant information and CRS-IC receiver will be disabled when CRS-assistant information is not provided
Observation 2	CRS-assistant information is needed even for CRS blind detection receiver is RAN4 common understanding
Observation 3	Network-based CRS IM can achieve the same performance as UE-based CRS-IM performance for ABS-like subfame
Observation 4	Neighbor cell’s CRS ON/OFF has negligible impact on the CRS-IC performance regarding PDSCH performance
Observation 5	UE-based CRS-IM receiver can further improve the network-based CRS-IM performance for some resources allocation
Observation 6	CRS interference can be correctly estimated regardless of neighbour cell CRS is muted or not for CRS-IC receiver
[bookmark: _GoBack]Observation 7	Standardized DL control channel IM receiver relies on CRS-assistant information and DL control channel IM receivers will be disabled when CRS-assistant information is not provided
Observation 8	CRS muted or not in the neighbour cell has negligible performance impact on the full blind-detection based CRS-IC receiver
Observation 9	Type A DL control IM receiver can be combined with network-based CRS-IM to improve the whole PDCCH performance
Observation 10	Type B receiver + CRS muting have some performance degradation compared with Type B receiver + CRS non-muting, however, significant gain can still achieve compared with legacy non-IC receiver
Observation 11	The type B receiver optimal performance is expected to be achieved via flexible mute neighbour cell CRS, e.g., keeping some CRS in the neighbour cell control region while muting CRS in the data region when there is no data transmission.
Observation 12	RAN4 group has common understanding NAICs signalling shall be provided to enable the NAIC feature
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Appendix A
A.1 Performance for Blind-detection based CRS-IM under network-based CRS mitigation (64QAM, partial resource allocation, 0% interference load)
[image: ]
[bookmark: _Ref490170579]Figure 9: Simulation results for PDSCH with blind-detection based CRS-IM receiver under network-based CRS ON/OFF for 64QAM and partial resource allocation
A.2 Performance for Blind-detection based CRS-IM under network-based CRS mitigation (64 QAM, full resource allocation, 0% interference load)
[image: ]
[bookmark: _Ref490170582]Figure 10: Simulation results for PDSCH with blind-detection based CRS-IM receiver under network-based CRS ON/OFF for 64QAM and full resource allocation without PDSCH interference
A.3 Performance for Blind-detection based CRS-IM under network-based CRS mitigation (QPSK, partial allocation, 50% interference load)
[image: ]
[bookmark: _Ref490171290]Figure 11: Simulation results for PDSCH with blind-detection based CRS-IM receiver under network-based CRS ON/OFF for 64QAM and full resource allocation with partial interference load
A.4 Performance for Blind-detection based CRS-IM under network-based CRS mitigation (QPSK, full allocation, 50% interference load)
[image: ]
Figure 12: Simulation results for PDSCH with blind-detection based CRS-IM receiver under network-based CRS ON/OFF for QPSK and full resource allocation with partial interference load
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