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[bookmark: _GoBack]1	Introduction
In #76b meeting, WF [1] on reference receiver structure was agreed. In the WF, further inputs on the type of the reconstructed covariance matrix and number of co-processed REs for E-LMMSE-IRC receiver are discussed. In this contribution, we provide UE complexity analysis on various reference receiver structures.
2	Baseline LMMSE-MRC processing
 Let us consider the following expression for the received signal at two adjacent subcarriers.


 represents serving transmitted signal with SFBC, and  represents serving channel from i-th transmit antenna.  represents transmitted signal of dominant interferer with SFBC, and  represents channel from dominant interferer’s i-th transmit antenna.  represents additive Gaussian noise and non-dominant interference. In the above, we assumed that channel does not vary between two adjacent subcarriers for simplicity. We also assumed that SFBC resource allocation pattern of dominant interferer matches with that of serving, which is not always true.
 Simplest processing which we can think of ignoring interference’s spatial and frequency domain structure is to perform individual MRC for  and  as below. Note that this is only an exemplary baseline processing.

3	IRC processing over 1 RE
 The aforementioned baseline processing completely ignores interferer’s structure. As an advanced receiver, we can consider the one which acknowledges interferer’s spatial domain structure. In this scheme, we obtain interference covariance matrix as , where  is covariance matrix of . We can use this covariance matrix as below.

 The above processing can be described as per-RE noise whitening followed by MRC. Note that channel orthogonality between  and  is still preserved after whitening, and hence, we still can apply simple MRC afterwards as in baseline LMMSE-MRC. Also note that the above processing ignores interference structure in frequency domain (SFBC structure). Note that acknowledgement of interference structure in spatial domain matches with the level of IRC currently defined by RAN4 for PDSCH processing.
Observation 1: IRC processing over 1 RE acknowledges interference structure up to the level of currently defined PDSCH IRC. 
4	IRC processing over 2 RE’s
 We can consider further advanced receiver structure which also acknowledges interference structure in frequency domain. We can rewrite the channel model as below.

 Then, we can consider joint 2RE processing as below.

 Note that unlike IRC processing over 1 RE, inverse portion has contribution of , and this would increase overall computational complexity. However, major computational burden comes from matrix inverse operation. Let us define the matrix term which needs to be inverted as below by acknowledging its Hermitian nature.

Then, for  we have

Since matrices  and  are 2x2, it can be seen that we need two 2x2 matrix inversions and four (2x2)*(2x2) matrix multiplications. Note that each 2x2 matrix inversion requires one complex multiplication and four divisions, and each (2x2)*(2x2) matrix multiplication requires eight complex multiplications. In total,  requires 34 complex multiplications and 8 divisions. Hence, this operation has approximately 8 times larger computational complexity compared with IRC processing over 1 RE.
 Note that the above analysis only focuses on the amount of computation, but there is more to consider for UE complexity.
 1) This logic has no reusability in the other blocks in UE demod processing, and it would likely end up being quite inefficient ASIC gate count increase.
 2) Given the fact that a UE would also need to maintain control channel LMMSE-IRC processing over 1 RE for robustness, supporting this logic would create considerable difficulty in hardware timing control.
 We can also think of performance gain which this processing can bring. As mentioned earlier, this processing assumes that SFBC resource allocation pattern matches between serving and interference. However, this is only the case in colliding CRS scenario when CRS OFDM symbol is considered. Although this assumption would be true for non-CRS OFDM symbols, usability of this process is questionable in this case due to potential CFI mismatch between serving and interference. 
 Note that control channel performance would not likely become bottleneck with the maximum CCE aggregation. Hence, reducing CCE aggregation which can reduce control channel region (to increase overall system throughput) may be viewed as major benefit of improved control channel performance. However, due to shared nature of control channel region among UE’s including legacy, throughput gain experienced by the advanced UE is questionable at best. 
 Observation 2: IRC processing over 2RE’s imposes significant burden for UE demod processing while its performance benefit is questionable at best.
 To maintain reasonable performance-complexity tradeoff, we propose that, 
Proposal 1: RAN4 considers IRC processing over 1 RE as reference structure. If significant performance gain can be expected in the actual deployment scenarios, then IRC processing over 2 RE’s may be considered with additional capability signalling.
5	IRC processing over 3 RE’s
 The aforementioned IRC processing over 2 RE’s is only valid in colliding CRS case when CRS OFDM symbol is considered. If we consider non-colliding CRS scenario, then we need joint processing of 3 RE’s. Assuming that serving and interference CRS is perfectly cancelled at the corresponding CRS subcarrier locations, we can consider the expression for received signal at 3 adjacent subcarriers as    

 Similar to 2 RE case, we can consider 3 RE IRC processing as below.

We can define  as below by acknowledging its Hermitian nature.

By defining  and , we get

Calculation of  which is a Hermitian 4x4 matrix requires 34 complex multiplications and 8 divisions as mentioned in 2 RE processing case. To obtain  we further need one more 2x2 inversion and eight more (2x2)*(2x2) matrix multiplication. In total, we would need 100 complex multiplications and 12 divisions to compute . Note that this has approximately 22 times larger computational complexity compared with 1 RE processing.
 So far, we focused on complexity of IRC processing over 3 RE’s which may be needed to handle CRS OFDM symbol in non-colliding CRS case. Another thing we need to consider is how we obtain covariance matrix for IRC processing. Unlike colliding CRS case in which serving and interference CRS can both be cancelled at CRS RE’s, there is no clear way in non-colliding case to obtain  which is needed to perform EMMSE-IRC, and this affects 1 RE EMMSE-IRC processing as well. Because of this, EMMSE-IRC in general may not be suitable for non-colliding CRS case, and the benefit of EMMSE needs to be properly studied in realistic environment. A UE may utilize serving CRS location and/or interference CRS location to obtain , and each option has its own pros and cons. One thing we want to mention here is that the quality of estimation can be affected by serving CCH power boosting if we try to obtain it at interference CRS location, and hence, this impact needs to be considered in evaluating non-colliding CRS scenario.  
Observation 3: IRC processing over 3RE’s imposes significant burden for UE demod processing while its performance benefit is questionable at best.
Observation 4: There is no clear way to realize EMMSE-IRC in non-colliding CRS case, and benefit would likely decrease further compared with colliding CRS case. Non-uniform serving CCH power boosting can also affect EMMSE-IRC performance.    
Proposal 2: RAN4 should not consider IRC processing over 3 or more RE’s as reference structure. EMMSE-IRC performance benefit needs to be verified in non-colliding CRS case when non-uniform serving CCH power boosting is present.
5	Conclusion
In this contribution, we provide UE complexity analysis on various reference receiver structures. Four observations are obtained,
Observation 1: IRC processing over 1 RE acknowledges interference structure up to the level of currently defined PDSCH IRC. 
Observation 2: IRC processing over 2RE’s imposes significant burden for UE demod processing while its performance benefit is questionable at best.
Observation 3: IRC processing over 3RE’s imposes significant burden for UE demod processing while its performance benefit is questionable at best.
Observation 4: There is no clear way to realize EMMSE-IRC in non-colliding CRS case, and benefit would likely decrease further compared with colliding CRS case. Non-uniform serving CCH power boosting can also affect EMMSE-IRC performance.    
Based on the above observations, the proposals in this contribution are:
Proposal 1: RAN4 considers IRC processing over 1 RE as reference structure. If significant performance gain can be expected in the actual deployment scenarios, then IRC processing over 2 RE’s may be considered with additional capability signalling.
Proposal 2: RAN4 should not consider IRC processing over 3 or more RE’s as reference structure. EMMSE-IRC performance benefit needs to be verified in non-colliding CRS case when non-uniform serving CCH power boosting is present.
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