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1.  Introduction
In RAN4#77 meeting, WF [1] on reference receiver structure was agreed. In the WF, options and agreements on reference IM receiver was captured. 
· IM receiver structures for PDCCH/PCFICH/PHICH in synchronous networks 
· Candidate receiver structures
· Option 1: LMMSE-IRC + CRS-IC
· Option 2: E-LMMSE-IRC 
· Option 3: E-LMMSE-IRC + CRS-IC 
· Potential criteria for selection: Performance gains, Complexity, Robustness. Companies are expected to provide analysis on those aspects in the next RAN4 meeting. 
· Selection of receiver structures will be done in the next RAN4 meeting. The following approaches will be considered:

· Option 1: Downselect one reference IM receiver structure 

· Option 2: Select several reference receivers and define different UE capabilities for different receiver structures 
· E-LMMSE-IRC receiver structure assumptions on  number of co-processed REs for E-LMMSE-IRC:

· Option 1 : Colliding CRS: 2 REs for symbols #0, #1, #2 ; Non-colliding CRS: 2 REs for symbols #1 and #2; 1 RE for symbol #0. 

· Option 2 (for evaluation purpose): 1 REs for both colliding and non-colliding CRS scenarios
· E-LMMSE-IRC receiver structure assumptions on interferer PDCCH region duration

· Option 1: Blind detection of the interferer PDCCH region duration (CFI decoding)
· Option 2: Conservative processing under assumption of one symbol control region duration in interference cells (i.e. use E-LMMSE-IRC for symbol #0, use LMMSE-IRC for the remaining symbols)
· Option 3: Leave it up to UE implementation and define the requirements for the CFIS = 1 only.
· CRS assistance information for reference IM receivers

· CRS-AssistanceInfo is expected to be provided for LMMSE-IRC + CRS-IC, E-LMMSE-IRC + CRS-IC and E-LMMSE-IRC Type 2 receivers (i.e. with 2 REs processing)
· FFS whether CRS-AssistanceInfo is provided for the E-LMMSE-IRC Type 1 receivers (with 1 RE processing) 
In this contribution, we provide our views on reference receiver for PDCCH/PCFICH/PHICH.
2. Discussion
2.1 Reference receiver for PDCCH/PCFICH/PHICH
It was agreed that for PDCCH/PCFICH/PHICH, three candidate receivers were proposed for further evaluation, including LMMSE-IRC+CRS-IC/ E-LMMSE-IRC /E-LMMSE-IRC+CRS-IC.
Firstly, we can analyze the candidate receivers from the aspects of BLER performance based on our following link level simulation results. The simulation parameters are in [3].
Figures 1 -6 show the BLER performance of PDCCH/PCFICH/PHICH for all the candidate receivers under high INR and medium INR cases, colliding and non-colliding scenarios are both considered. From the results, we can observe the E-LMMSE-IRC receivers provide significant performance gain over MRC receiver. Compared E-LMMSE-IRC with LMMSE-IRC receiver, the performance for E-LMMSE-IRC receivers are much better than the LMMSE-IRC receiver in most of the cases. 

Observation 1: E-LMMSE-IRC receivers provide substantial improvement on top of the LMMSE-IRC receivers, especially for the high INR conditions. CRS-IC also brings some gains.
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	Figure 1 Results for different candidate receivers, PDCCH, colliding CRS
	Figure 2 Results for different candidate receivers, PDCCH, Non-colliding CRS
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	Figure 3 Results for different candidate receivers, PCFICH, colliding CRS
	Figure 4 Results for different candidate receivers, PCFICH, Non-colliding CRS
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	Figure 5 Results for different candidate receivers, PHICH, colliding CRS
	Figure 6 Results for different candidate receivers, PHICH, Non-colliding CRS


Concern on the complexity of covariance matrix inverse was raised during the last meeting. If EMMSE-IRC receiver is using 2 RE process then there will be complexity increase due to inversion of 4x4 covariance matrix. If EMMSE-IRC receiver is using 1 RE process then the complexity will be the same as MMSE-IRC receiver. From Figure 7 and Figure 8 it can be seen that if using 1 RE process with EMMSE-IRC receiver the performance degradation is significant compared to 2 RE process. MMSE-IRC receiver has worse performance even compared to EMMSE-IRC receiver with 1 RE process.
There should be some trade-off between gains and complexity. Firstly it is obvious that the gain is significant if EMMSE-IRC with 2 RE process is used. Secondly there are fast and simplified algorithms for matrix inverse which will highly reduce the computation complexity. With simplified computation of matrix inverse, the complexity increase of 4x4 covariance matrix inverse compared to 2x2 covariance matrix inverse is acceptable. Take the significant gains and complexity increase into consideration we think EMMSE-IRC receiver with 2 RE processing is the best candidate receiver. Of course CRS-IC can bring extra gains. Therefore we propose to use EMMSE-IRC with CRS-IC receiver as the reference receiver.
Proposal 1: EMMSE-IRC receiver with CRS-IC is used as reference IM receiver for DLCCH-IM.
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	Figure 7 Results for different number of co-processed Res for E-LMMSE-IRC, colliding CRS, High INR
	Figure 8 Results for different number of co-processed Res for E-LMMSE-IRC, Non-colliding CRS, High INR


2.2 E-LMMSE-IRC receiver assumptions
E-LMMSE-IRC receiver structure assumptions on number of co-processed REs for E-LMMSE-IRC:
As mentioned in the agreed WF[1]，there are two options on number of co-processed REs for E-LMMSE-IRC：
Option 1 : Colliding CRS: 2 REs for symbols #0, #1, #2 ; Non-colliding CRS: 2 REs for symbols #1 and #2; 1 RE for symbol #0. 

Option 2 (for evaluation purpose): 1 REs for both colliding and non-colliding CRS scenarios
In the above figures 7 and 8, PDCCH/PCFICH BLER curves for the two candidate options in high INR scenario were provided. Based on the results, it is observed that there are about 2dB and 1dB SINR gain for option 1 over option 2 in colliding CRS and non-colliding CRS scenarios respectively. The performance degradation of option 2 is obvious. 
Observation 2: Option 1 provides about 2dB and 1 dB SINR gains over Option 2 respectively in colliding CRS scenarios and non-colliding CRS scenarios.
Although the complexity will be increased option 1 brings much more gains. As discussed above by taking the gains and complexity into consideration, option 1 should be used as the assumption of number of co-processed REs for EMMSE-IRC receiver.
Proposal #2:
Regarding the number of co-processed REs for E-LMMSE-IRC, Option 1is used which is for Colliding CRS 2 REs for symbols #0, #1, #2 and for Non-colliding CRS 2 REs for symbols #1 and #2but1 RE for symbol #0.
E-LMMSE-IRC receiver structure assumptions on interferer PDCCH region duration
Option 1: Blind detection of the interferer PDCCH region duration (CFI decoding)

Option 2: Conservative processing under assumption of one symbol control region duration in interference cells (i.e. use E-LMMSE-IRC for symbol #0, use LMMSE-IRC for the remaining symbols)

Option 3: Leave it up to UE implementation and define the requirements for the CFIS = 1 only.

Regarding interferer PDCCH region duration, the most effective way is blind detection of interference CFI. With blind detection, UE will know the interferer PDCCH region duration and then can select appropriate receiver to be used on different symbols in control region. There was concern that detection of interference CFI may not feasible or cause complexity issue. First we think PCFICH detection complexity is neglectable. For the three candidate receivers interferer channel estimation are all needed. With interferer channel estimation, MIMO detection of 12 REs and PCFICH decoding is very simple and wouldn’t take much time. Therefore we think interferer CFI decoding is feasible and can bring big performance improvement.

Obviously option 2 would cause big performance loss and is not favorable as MMSE-IRC receiver is used in symbols other than symbol #0. Option 3 leaves it up to UE implementation which means some UE would perform as option 2 with conservative processing but some UE would perform better with interferer CFI decoding. This may not bring any benefits as network has to assume conservative implementation.

Observation 3: Blind CFI decoding brings significant gains with slight complexity. Conservative processing would cause big performance loss.

Proposal 3: Blind detection of interferer CFI is assumed.
CRS assistance information for reference IM receivers

It was agreed that CRS-AssistanceInfo is expected to be provided for LMMSE-IRC + CRS-IC, E-LMMSE-IRC + CRS-IC and E-LMMSE-IRC Type 2 receivers (i.e. with 2 REs processing). Whether CRS-AssistanceInfo is provided for the E-LMMSE-IRC Type 1 receivers (with 1 RE processing) is decided not yet. In our understanding, EMMSE-IRC type 1 receiver should not be discussed separately. For Non-colliding CRS the EMMSE-IRC receiver uses 2 REs for symbol #1 as well as symbol #2 and 1 RE for symbol #0. If we consider EMMSE-IRC type 1 receiver only, we think CRS-AssistanceInfo should be provided as EMMSE-IRC receiver explicitly considers interferer channel estimates and other interferer knowledge. Interference parameters that can enable interferer channel estimation are also needed for E-LMMSE-IRC Type 1 receivers. CRS-AssistanceInfo is to provide interference parameters, such as cell ID, CRS antenna ports etc., to E-LMMSE-IRC Type 1 receivers for interferer channel estimation.
However we don’t think only requirements for E-LMMSE-IRC Type 1 receivers is to be defined. This will lead to some performance loss compared to E-LMMSE-IRC Type 2 receivers. 
Proposal 4: CRS-AssistanceInfo is needed for the E-LMMSE-IRC Type 1 receivers (with 1 RE processing), but don’t consider defining performance requirements only based on the E-LMMSE-IRC Type 1reference receiver.
3. Conclusions
In this contribution, we provided views on the reference advance receiver for interference mitigation of downlink control channels. Following observation and proposals are present.

Observation 1: E-LMMSE-IRC receivers provide substantial improvement on top of the LMMSE-IRC receivers, especially for the high INR conditions. CRS-IC also brings some gains.

Proposal 1: EMMSE-IRC receiver with CRS-IC is used as reference IM receiver for DLCCH-IM.
Observation 2: Option 1 has aboat 2dB gains and 1 dB gains than Option 2 respectively in colliding CRS scenarios and non-colliding CRS scenarios.

Proposal #2:
Regarding the number of co-processed REs for E-LMMSE-IRC, Option 1is used.
Observation 3: Blind CFI decoding brings significant gains with slight complexity. Conservative processing would cause big performance loss.

Proposal 3: Blind detection of interferer CFI is assumed.
Proposal 4: CRS-AssistanceInfo is needed for the E-LMMSE-IRC Type 1 receivers (with 1 RE processing), but don’t consider defining performance requirements only based on the E-LMMSE-IRC Type 1reference receiver.
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