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Introduction
In work item RP-151107 [1], it was proposed to use advanced receiver architectures for control channel interference mitigation. In RAN#76-BIS, the way forward [2] listed the following options as potential reference receivers 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





In this contribution, we present our views on potential reference receiver.
Views of potential reference receiver
Description of the receiver architectures
The options listed for synchronous networks consist of a combination of three types of advance receiver architectures: LMMSE-IRC, E-LMMSE-IRC and CRS-IC. We provide a high-level description for each one of them.
In LMMSE-IRC receiver, the covariance matrix for MMSE weighting takes into account the spatial structure of the interference. From the received signal on the CRS tones of the serving cell, the contribution of the serving cell signal is removed to form an estimate of the residual noise + interference. The covariance matrix for MMSE weighting is formed by linearly combining the estimate of ‘residual interference + noise covariance’ and ‘serving cell signal covariance’. Typically, per RB level granularity is considered for covariance matrix estimation.
In E-LMMSE-IRC receiver, per RE (or RE pair) granularity is considered for covariance matrix estimation. E-LMMSE-IRC receiver for control channel IM can take advantage of the fact that the interference observed on the control channel symbols could potentially be due to control channel tones of the interfering neighbour. In this special case, both the serving cell signal and the interfering signal are SFBC coded (over consecutive RE pairs). By taking advantage of the dependency between the received signals on consecutive REs due to SFBC structure (of serving cell and interference), construction of full 4x4 covariance matrix is possible, which can be further applied for MMSE weighting.
CRS-IC receiver estimates the interference from the CRS tones of the dominant interferer and eliminates it from the received signal.
Scope of the two IRC receivers
2.2.1 LMMSE-IRC receiver
LMMSE-IRC receiver architecture uses the received signal on CRS tones to estimate both the serving cell channel and residual interference + noise. Its architecture does not explicitly use the transmission scheme or modulation of the interfering signal. It is applicable independent of whether the interfering signal is due to control channel tones of the dominant neighbour or data tones of the dominant neighbour. It is also applicable to asynchronous network scenarios. In a nutshell, it is widely applicable.
2.2.1 E-LMMSE-IRC receiver
E-LMMSE-IRC receiver for control channel explicitly takes advantage of the fact that interference from the dominant neighbour is due to control channel tones (and hence SFBC coded). Hence, from a UE’s perspective, the applicability of E-LMMSE-IRC receiver is limited to scenarios where it is confident that the interference is indeed SFBC coded (i.e., interference is from control channel tones of the dominant neighbour). In the absence of any network assistance or blind detection of neighbour’s PCFICH by the serving cell UE, the only safe assumption that the UE can make is that the neighbouring cell’s control channel will span the first OFDM symbol. And hence the UE can safely perform E-LMMSE-IRC only on CCEs that fall in the first OFDM symbol, limiting the overall scope of such a receiver.
Observation 1: LMMSE-IRC receiver is widely applicable and operates under a small number of assumptions compared to E-LMMSE-IRC receiver. In absence of blind detection (or network assistance) of neighbour’s PCFICH, the scope of applying E-LMMSE-IRC is limited to CCEs which fall in the first OFDM symbol.
Potential gain from using advanced receivers 
Contributions in RAN4#76-BIS [3,4,5] indicate that both LMMSE-IRC receiver and E-LMMSE-IRC receiver improve the reliability of control channel. In some scenarios, E-LMMSE-IRC receiver is shown to significantly improve the reliability of control channel. However, to see if such improvement in control channel reliability will translate to a system level gain or not, consider the following.
From a UE’s perspective, improving control channel reliability does not directly imply an increase in link layer throughput. Improved decoding of the control channel can improve link layer throughput only if the decoding of control channel is a bottleneck.  Control channel in LTE is designed to have sufficient redundancy such that its failure is not a bottleneck for the overall decoding. Network can improve the reliability of control channel by increasing the aggregation level. With Agg level 8, the code-rate of control channel is less than or equal to 0.11. On the other hand PDSCH code-rate, even for very low MCS (MCS2), is higher than the 0.11. Network can further use power boosting to improve the reliability of control channel. Also, large gain from E-LMMSE-IRC receiver is possible only due to the fact that the control channel of serving cell and interference are both SFBC coded. The same is not always true for PDSCH. Hence it is more likely that under similar SINR conditions, decoding of PDSCH, rather than decoding of PDCCH will be the bottleneck. Hence, from UE’s perspective, significant improvement in the reliability of control channel does not necessarily imply any improvement in link layer throughput.
From a network’s perspective, one could argue that improving the reliability of control channel can possibly translate to a system level gain because it can help reduce the overhead of control channel. However, as discussed before, the scope (and applicability) of E-LMMSE-IRC is limited to first OFDM symbol. Thus, the scope of reducing the control channel overhead by using E-LMMSE-IRC receiver is reduced only to those interference limited scenarios where the control is signalled to UE on the first OFDM symbol. Hence, even from a network’s perspective the probability that E-LMMSE-IRC receiver will help reduce overhead of control channel compared to LMMSE-IRC is very small.
Observation 2a: From UE’s perspective significant improvement in reliability of control channel does not directly imply increase in link-layer throughput, as it is more likely that decoding PDSCH will be a bottleneck compared to decoding PDCCH. 
Observation 2b: In absence of blind detection (or network assistance) of neighbour’s PCFICH, E-LMMSE-IRC receiver will be limited to interference mitigation in first OFDM symbol. Hence, even from a network’s perspective, the probability that E-LMMSE-IRC receiver will reduce overall control overhead is low. 
Additional complexity  
First of all, E-LMMSE-IRC receiver is significantly more complex to implement compared to LMMSE-IRC receiver. The increase in complexity is easy to see as E-LMMSE-IRC receiver requires much finer granularity of covariance matrix estimation. Furthermore, we would like to point out that UE needs to implement both E-LMMSE-IRC and LMMSE-IRC receiver to handle the case of CFI>1. For first symbol in a SF, UE can apply E-LMMSE-IRC, However, UE should apply MMSE-IRC for second or third control symbol since interference on second or third symbol might be from PDSCH. 
Observation 3: E-LMMSE-IRC receiver is significantly more complex to implement compared to LMMSE-IRC receiver. Furthermore, UE needs to implement both E-LMMSE-IRC and LMMSE-IRC receiver to handle the case of CFI>1. 
Simulation result
In this section, we provide simulation results for LMMSE-IRC receiver. 
Simulation results will be added later. 
Conclusion
In this contribution, we make the following observations. 
Observation 1: LMMSE-IRC receiver is widely applicable and operates under a small number of assumptions compared to E-LMMSE-IRC receiver. In absence of blind detection (or network assistance) of neighbour’s PCFICH, the scope of applying E-LMMSE-IRC is limited to CCEs which fall in the first OFDM symbol.
Observation 2a: From UE’s perspective significant improvement in reliability of control channel does not directly imply increase in link-layer throughput, as it is more likely that decoding PDSCH will be a bottleneck compared to decoding PDCCH. 
Observation 2b: In absence of blind detection (or network assistance) of neighbour’s PCFICH, E-LMMSE-IRC receiver will be limited to interference mitigation in first OFDM symbol. Hence, even from a network’s perspective, the probability that E-LMMSE-IRC receiver will reduce overall control overhead is low. 
Observation 3: E-LMMSE-IRC receiver is significantly more complex to implement compared to LMMSE-IRC receiver. Furthermore, UE needs to implement both E-LMMSE-IRC and LMMSE-IRC receiver to handle the case of CFI>1. 
Based on the observations, we make the following proposal
Proposal 1: LMMSE-IRC receiver should be considered as the baseline receiver for control channel interference mitigation.
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