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Introduction
In last RAN4 meeting, the WF [1] on reference receivers for CCIM was agreed, and candidate CCIM receiver structures for PDCCH/PCFICH/PHICH in synchronous networks are agreed as follows:
· Option 1: LMMSE-IRC + CRS-IC
· Option 2: E-LMMSE-IRC 
· Option 3: E-LMMSE-IRC + CRS-IC
Then, CCIM reference receiver will be selected by performance, complexity, and robustness of each candidate receiver. In this contribution, we provide performance and complexity for candidate receivers, and our view on CCIM reference receiver. 

Performance and complexity analysis
By using CCIM receiver, two main benefits [2] are capacity and performance for downlink control channels. Advanced CCIM receiver could have performance improvement in comparison with baseline MRC receiver for downlink control channels. Therefore, network could schedule PDCCH with lower CCE aggregation level, and network could schedule more UEs or use more PDSCH symbols. However, when performance and complexity for candidate CCIM receivers are taken into consideration according to connected mode, interference and network conditions, these benefits might be limited. So, efficient CCIM reference receiver should be selected by considering reasonable UE and network operations. 

Performance of candidate receivers
In this section, we focus IRC and ELMMSE-IRC (EIRC) receivers which include CRS-IC operation in synchronous network.
For EIRC receiver, PCFICH blind detection for interference cells is not considered, so only first symbol can be applied, and other symbols are used by IRC receiver if serving cell CFI is 2 or 3. The number of co-processed REs of EIRC receiver is two REs for colliding CRS and one RE for non-colliding CRS. 
Table 2‑1 and Table 2‑2 show BLER performance for candidate receivers according to CFI and INR levels under colliding CRS. For CFI=[1 1 1] and high INR condition, IRC receiver has about 2dB performance gain for all control channels, and high performance gain about over 4dB and 2dB can be achieved by EIRC receiver for all control channels in comparison with MRC and IRC receivers, respectively. However, under medium INR condition, the performance gap between IRC and EIRC is less than 1.5dB, especially PDCCH performance difference is about 0.5dB. For CFI=[3 3 3], in high INR, small performance gap between IRC and EIRC receivers is observed. 
For non-colliding CRS case, the performance gain for IRC and EIRC receivers can be achieved almost 2dB based on MRC receiver, but the performance gap between IRC and EIRC receivers is not a big unlike colliding CRS case as shown in Table 2‑3. 
From these results, 
· Observation 1: High performance gain for EIRC receiver can be achieved only under all of the following conditions:
· High INR
· Colliding CRS
· Serving cell CFI is 1. 
· Observation 2: IRC receiver has reasonable performance gain in comparison with MRC receiver in most scenarios. 

[bookmark: _Ref442112517]Table 2‑1 BLER performance for CFI=[1 1 1] with colliding CRS
	CFI = [serving interf.1 interf.2]=[1 1 1] , Cell ID = [0 6 1], full interference loading
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[bookmark: _Ref442174109]Table 2‑2 BLER performance for CFI=[3 3 3] with colliding CRS
	CFI =[serving interf.1 interf.2]= [3 3 3] , Cell ID = [0 6 1] , full interference loading

	High INR
	Medium INR
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[bookmark: _Ref442174828]Table 2‑3 BLER performance for CFI=[1 1 1] with non-colliding CRS
	CFI = [serving interf.1 interf.2] =[1 1 1] , Cell ID = [0 1 6], full interference loading

	High INR
	Medium INR
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[bookmark: _Ref442112521]Table 2‑4 BLER performance for CFI=[3 3 3] with non-colliding CRS
	CFI = [serving interf.1 interf.2] =[3 3 3] , Cell ID = [0 1 6] , full interference loading

	High INR
	Medium INR
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Complexity of candidate receivers
In this section, we provide complexity analysis for each candidate receiver in terms of complexity multiplication. 
It is important how much performance gain could be achieved by new advanced receiver structure as shown in previous section. However, the complexity of advanced receiver structure should be also considered since the complexity is directly related power consumption and UE implementation cost. 
Additional complexity of candidate receivers over baseline MRC receiver is mainly caused by CRS-IC operation and weight function with covariance matrix calculation.
The complexity of each receiver without CRS-IC can be represented as Table 2‑5, and EIRC is based on 2RE processing [3].
[bookmark: _Ref442447400]Table 2‑5 Complex multiplication for receiver structures
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The complexity of CRS-IC operation depends on how accurately interference channel estimated. For EIRC receiver, interference channels could be estimated by full or reduced size FFT. If interference channel estimation using full size FFT can be achieved higher accurate covariance matrix than that using reduced size FFT. For IRC receiver, channel estimation for interference cells uses reduced size FFT to reduce complexity. 
Explicit additional complexity of complex multiplications for candidate receivers based on baseline MRC receiver is shown in Figure 2‑1 with following assumptions:
· Bandwidth : 10MHz
· Colliding CRS
· The number of cells for CRS-IC : 2
· The number of Tx Antenna : 2
· CFI : 3
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[bookmark: _Ref442450664]Figure 2‑1 Complex multiplication for receiver structure (normalized by MRC)


· Observation 3: The additional complex multiplication of IRC+CRS-IC receiver is required almost 9.8 times comparing with baseline MRC receiver.
· Observation 4: The additional complex multiplication of full size FFT based EIRC+CRSIC receiver is dramatically increased.
· Observation 5: Even if using reduce size FFT based CRS-IC operation is used for EIRC+CRSIC receiver, it is additionally required 17.6 times in comparison with MRC receiver.


Reference receiver for CCIM
As mentioned above, the performance and capacity for downlink control channel can be achieved by using CCIM receiver. 
The capacity of control region could be increased by using low CCE aggregation level, and to assign low CCE aggregation level, performance improvement for downlink control channels should be achieved. The performance improvement with IRC and EIRC receivers is observed in the above simulation results. However, when C-DRX UEs (fallback of CCIM UEs [4]), legacy UEs, and CCIM UEs are taken into consideration, the benefit for control region capacity might be limited unless all UEs are CCIM capable in a cell. Thus CCIM receiver can be preferably used for the purpose of improving the control channel performance in various interference conditions. 
From ‘Observation 1’, EIRC receiver has more performance gain than IRC receiver in high INR condition. However, when high INR is taken into consideration, PDSCH demodulation performance is a bottleneck in receiver perspective even if control channel performance is dramatically increased by CCIM receiver. In other words, there is not much benefit to improve only control channel performance without advanced receiver such as NAICS receiver for PDSCH demodulation.
In most scenarios except specific conditions in ‘Observation 1’, the performance gap between EIRC and IRC receivers is not that big. However, from the ‘Observation 3~5’, the complexity of EIRC receiver is 2~4 times that of IRC receiver. Since computation complexity is directly related by UE power consumption, this is a non-negligible part for decision of reference receiver in UE perspective. 
If there is no significant performance gain in reasonable deployment scenario, IRC receiver should be considered for CCIM reference receiver. Conditionally, if UE has NAICS capability, EIRC receiver for control channel could be considered in high INR condition.

· Proposal 1: IRC receiver should be considered for CCIM reference receiver, and conditionally EIRC receiver could be considered when the UE has NAICS capability.

Conclusion 
In this contribution, we provide performance and complexity analysis for candidate receivers, and we observe 
· Observation 1: High performance gain for EIRC receiver can be achieved only under all of the following conditions:
· High INR
· Colliding CRS
· Serving cell CFI is 1. 
· Observation 2: IRC receiver has reasonable performance gain in comparison with MRC receiver in most scenarios. 
· Observation 3: The additional complex multiplication of IRC+CRS-IC receiver is required almost 9.8 times comparing with baseline MRC receiver.
· Observation 4: The additional complex multiplication of full size FFT based EIRC+CRSIC receiver is dramatically increased.
· Observation 5: Even if using reduce size FFT based CRS-IC operation is used for EIRC+CRSIC receiver, it is additionally required 17.6 times in comparison with MRC receiver.

From the observations, we propose 
· Proposal 1: IRC receiver should be considered for CCIM reference receiver, and conditionally EIRC receiver could be considered when the UE has NAICS capability.
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