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1.  Introduction
In RAN4#76bis meeting, there were discussions on reference receiver for downlink control channel IM [1-6]. A way forward [7] was agreed in which options and agreements on reference IM receiver was captured. 
· IM receiver structures for PDCCH/PCFICH/PHICH 
· Synchronous network scenarios: 
· Option 1: E-LMMSE-IRC

· Option 2: E-LMMSE-IRC + CRS-IC

· Option 3: LMMSE-IRC

· Option 4: LMMSE-IRC + CRS-IC

· Asynchronous network scenarios: LMMSE-IRC
· The above IM receiver structure is for information.
· IM receiver structures for EPDCCH (agreed in main session)
· Synchronous network scenarios: LMMSE-IRC + Non-colliding CRS-IC
· Asynchronous network scenarios: LMMSE-IRC
· Companies are encouraged to bring further inputs on the E-LMMSE-IRC receiver assumptions 
· Clarifications on the E-LMMSE-IRC receiver structures in terms of the type of the reconstructed covariance matrix and number of co-processed REs 

· Assumptions on interferer PDCCH region duration 
· Assumptions on interferer PDCCH/PHICH/PCFICH power boosting and loading 
· Assumptions on UE blind detection of power boosting, loading, CFI etc. of interferer.
In this contribution, we provide views on the reference IM receiver for downlink control channel interference mitigation.
2. Discussion
2.1 MMSE-IRC receiver structure

Reference receiver for PDCCH/PCFICH/PHICH
It was agreed that for ePDCCH LMMSE-IRC + Non-colliding CRS-IC is used for synchronous network scenarios and LMMSE-IRC is used for asynchronous network scenarios. However, for legacy control channels PDCCH/PCFICH/PHICH, four candidate receivers were proposed for further evaluation.
We investigated the performance of the four candidate receivers under full loading (high loading) case and 20% loading (low loading) case to show the gains. The simulation configuration is 2x2 antenna setup, 4CCE. The results for full loading and partial loading case for CRS colliding case are shown in Figure 1 and Figure 3 respectively. The results for full loading and partial loading case for CRS non-colliding case are shown in Figure 2 and Figure 4 respectively.
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Figure 1 Results for different candidate receivers, colliding CRS, full loading
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Figure 2 Results for different candidate receivers, non-colliding CRS, full loading
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Figure 3 Results for different candidate receivers, colliding CRS, partial loading
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Figure 4 Results for different candidate receivers, non-colliding CRS, partial loading


It is observed from Figure 1 that EMMSE-IRC receiver shows significant gains compared to MRC receiver in full loading case. However MMSE-IRC receiver shows very limited gains. CRS-IC also brings some gains. 
It is also observed from Figure 3 that under partial loading case EMMSE-IRC shows large gains and with CRS-IC much more gains can be seen. 

Similar observations for CRS non-colliding case can be made based on the results in Figure 2 and Figure 4.
As EMMSE-IRC with CRS-IC shows significant gains for colliding CRS and non-colliding CRS as well as full loading case and partial loading case, it can be used as reference receiver for DLCCH-IM.
Proposal 1: EMMSE-IRC receiver with CRS-IC is used as reference IM receiver for DLCCH-IM.

In order to apply EMMSE-IRC receiver, following issues should be addressed firstly.
Clarifications on the E-LMMSE-IRC receiver structures in terms of the type of the reconstructed covariance matrix and number of co-processed REs
In MMSE-IRC convariance matrix estimation scheme covariance matrix of interference plus noise is estimated based on CRS/DMRS without interferer channel estimation. It is not accurate enough and would degrade the preformance. For EMMSE-IRC receiver by performing channel estimation of interference cell given the network assistance information is available , the accuracy of covariance matrix estimation can be improved. The covariance matrix of EMMSE-IRC receiver could be estimated as follows in equation (1).
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     (1)
Since control channels are SFBC pre-coding it is better that the number of co-processed REs for covariance matrix estimation is two in order to reflect the interference dependency of the SFBC pair REs.
Proposal 2: The number of co-processed REs for covariance matrix estimation of EMMSE-IRC receiver is two.
Assumptions on interferer PDCCH region duration 
It was agreed in the previous meeting that PDSCH interference parameters blind detection is out of the scope of this WI. Therefore the interferer PDCCH region duration should be no less than the serving cell PDCCH region. CFI = 2 and CFI = 3 are the most common cases in practical network. It was proposed in the previous meeting that performance of 4CCE and/or 2CCE should be evaluated for enhanced IM receiver. Legacy requirements for 4CCE/2CCE are based on 2 OFDM symbols in control region. Thus CFI = 2 can be used for interferer control region duration.
Proposal 3: The interferer control region duration is CFI = 2.

Assumptions on interferer PDCCH/PHICH/PCFICH power boosting and loading 
According equation (1) in order to accurately estimate interference covariance matrix power boosting of interferer PDCCH/PHICH/PCFICH needs to be known. Otherwise there will be performance loss due to inaccurate interference estimation. Evaluation was made assuming uniform -6dB power boosting in interference cell. This is only for study the impact of interferer power boosting. Results are given in Figure 5 and Figure 6.
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Figure 5 Results for power boosting, colliding CRS, full loading
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Figure 6 Results for power boosting, non-colliding CRS, full loading


It can be seen from Figure 5 and Figure 6 that the performance under power boosting case is good than no power boosting because the effective SINR is higher due to -6dB power boosting of interference. However the gain of EIRC receiver is lower in power boosting case than that of no power boosting. Therefore interferer power boosting has big impact on the performance and gains. Although the gain under power boosting is lower but it’s enough to defining performance requirement. Thus interferer power boosting should be modeled when defining performance requirements.
It can also be seen from figure 1 and figure 3 that performance gains are different under full loading case and partial loading case which means partial loading has impact on the performance of EMMSE-IRC receiver. Partial loading is also the common case in practical network so it should be considered when defining performance requirements.
Proposal 4: Considering modeling interferer power boosting and partial loading case when defining performance requirements for DLCCH-IM.

Assumptions on UE blind detection of power boosting, loading, CFI etc. of interferer.
Power boosting of PDCCH is UE specific. Firstly PDCCH resource for a UE in serving cell and the interference PDDCH resource may be different. Consequently the PDCCH REG numbers would be different between the desired PDCCH and interference PDCCH. After block interleaving and cell ID based cyclic shift the CCE resources of the desired PDDCH and interference PDCCH are not aligned. The interference PDCCH may for different UEs. In summary the interferer power boosting is REG granularity. For 4 CCE AL there are 36 REGs and each REG may have different interference PDCCH with different power boosting. The complexity of blind detection of interferer power boosting would be high. Considering there are enough gains to define performance requirements if power boosting is not blind detected UE is not required to detect interferer power boosting, but it is up to UE implementation whether blind detection is performed or not. Test cases should be designed not to penalize such advanced receiver of blind detection.
Loading is similar as power boosting that for REGs the estimated interference mismatches the actual interference due to different power between CRS and PDCCH REs. As enough gains are observed under partial loading case it is not required to detect the loading of interferers.
Proposal 5: Blind detection of interferer power boosting and loading is up to UE implementation.

2.2 Fall back
EMMSE-IRC receiver is interference aware receiver which means it can only be applied when there is interference. If interference cannot be detected MRC receiver should be used. Suppose a UE moving for cell edge to cell center, it has better performance under cell edge by using E-IRC receiver whereas there is performance loss in cell center due to using E-IRC receiver. UE need to detect the existence of interferer and decide what kind of receiver to use. 
As MRC is legacy baseline receiver, the fallback receiver should be MRC. Under noise limited scenarios MRC has better performance than E-IRC, so UE should fall back to MRC.
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Figure 7 Results for noise limited scenario
It can be seen from Figure 7 that under only noise scenario the EMMSE-IRC receiver will cause performance degradation compared to baseline MRC receiver. Thus in this kind of scenario it should fallback to MRC receiver.  
Proposal 6: Fallback to MRC when under noise limited scenarios and low INR scenarios.

3. Conclusions
In this contribution, we provided views on the reference advance receiver for interference mitigation of downlink control channels. Following proposals are present.
Proposal 1: EMMSE-IRC receiver with CRS-IC is used as reference IM receiver for DLCCH-IM.

Proposal 2: The number of co-processed REs for covariance matrix estimation of EMMSE-IRC receiver is two.

Proposal 3: The interferer control region duration is CFI = 2.

Proposal 4: Considering modeling interferer power boosting and partial loading case when defining performance requirements for DLCCH-IM.

Proposal 5: Blind detection of interferer power boosting and loading is up to UE implementation.

Proposal 6: Fallback to MRC when under noise limited scenarios.
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