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Introduction
In the previous RAN4 meeting the reference receiver structures for the MUST Case 3 operation were discussed, however no conclusion on baseline receiver structure has been reached. The WF [1] on the further studies for MUST case 3 scenarios was agreed. This WF contains the following information on the reference receiver structures for CRS-based TMs:
· In CRS based-TMs, interference parameters to be studied are existence, precoder, modulation order
· R-ML receiver to be used when all parameters are signaled or detected
· Enhanced IRC receiver to be used when all parameters but modulation order are signaled or detected
· MRC to be used when none is signaled or detected
In this paper we provide studies of different receiver algorithms in order to down-select reference receiver for the MUST Case 3 operation for the CRS-based TMs and identify the required information on the co-scheduled UE transmission parameters. In the companion paper [2] we provide analysis of the blind interference parameters detections on the demodulation performance.
Reference receiver structures
In this section we provide a brief description of the possible receiver structures for MUST Case 3 with CRS-based TMs.
MMSE based algorithms
For MUST case 3 scenarios the receive signal model can be written in the following form:








where  - channel transfer function,  and  - serving and interference cells precoder matrices,  and  - serving and interference cells transmit signals,  is AWGN.
MMSE solution for the serving signal demodulation can be represented by the following equation:




where  - joint covariance matrix estimation of serving signal, interference signal and AWGN,  - channel transfer function estimation. 
Depending on the approach for the joint covariance matrix estimation, different types of LMMSE receivers can be used:
· LMMSE-IRC with CRS-based interference estimation 


The Rel-11 LMMSE-IRC receivers used for the CRS-based TMs are assumed to perform interference covariance matrix estimation on the serving cell CRS REs after subtraction of the serving cell CRS signals. In particular, in this method separate estimation of interference plus noise covariance matrix () and serving covariance matrix () is applied.








For this receiver structure UE is capable to measure the inter-cell interference and noise, while intra-cell MU-MIMO interference cannot be measured and joint covariance matrix estimation contains information on the serving signal, inter-cell interference and noise. Hence, such receiver would be penalized in case of non-orthogonal MU-MIMO transmissions.
· LMMSE-IRC with Data-based interference estimation
In this method the joint receive signal covariance matrix can be estimated on the data resource elements: 


Such approach allows joint estimation of the inter-cell and intra-cell MU-MIMO interference. However, the accuracy of the covariance matrix estimation, as well as accuracy of the SINR estimation may degrade, thus penalizing the overall receiver performance. Such type of receiver may require knowledge of the MU-MIMO signal presence with per-PRB granularity in order to perform switching between the CRS/Data based covariance matrix estimation methods.
· E-LMMSE-IRC
The intra-cell interference covariance matrix can be estimated based on the detected/signaled MU-MIMO precodingr vector. This approach is based on the E-LMMSE-IRC receiver structures considered in the Rel-12 NAICS and Rel-13 CCIM WIs. The total signal covariance matrix can be estimated as follows:










This receiver allows estimation of both intra-cell MU-MIMO and inter-cell interference. However, comparing to other MMSE-based receiver structures it requires additional information on the interference structure including MU-MIMO signal presence and precoder of the co-scheduled UE with per-PRB granularity.
R-ML receiver
Finally, the demodulation can be performance using joint detection of serving and interference signals using ML principle:


This method is equivalent to the NAICS R-ML receivers with the exception that intra-cell interference is used instead of inter-cell interference. The R-ML receiver requires knowledge of channel coefficients, precoder matrices and modulations of both signals.

MUST Case 3 scenarios
RAN4 has worked on RAN1 case 3 assumption of 
· Case 3: Superposed PDSCHs are transmitted using the same transmission scheme, but their spatial precoding vectors are different. 
A basic assumption of the legacy MU system using spatial multiplexing was the spatial precoding vectors are orthogonal. Possibly, an eNB may want to schedule MU signals without any precoder restriction by relying on the advanced UE detectors. A consequence of such network behavior may cause overdesign of UE behaviors.
Currently, RAN4 is working on ‘different precoders’ assumption, further clarification is required regarding practical network behaviors. In the eNB side, MU scheduler pairing MU on orthogonal pre-coders will be common behaviors. Therefore, we would like to discuss Case 3 UE capability of detector/parameter estimation with more specific MU pairing :
· Case 3-1: Superposed PDSCHs are transmitted using the same transmission scheme, but their spatial precoding vectors are orthogonal. 
· Case 3-2: Superposed PDSCHs are transmitted using the same transmission scheme, but their spatial precoding vectors are non-orthogonal. 
In this paper we provide the results for Case 3-2. Such scenario results in the upper bound MUST case 3 performance improvement in case of using advanced receivers. We must consider both Case 3-1 and Case 3-2 associated with detector behaviors. If Case 3-1 is more used, performances between linear receiver and non-linear receiver getting more equivalent. Final conclusions on the receiver structures should take into account practical scenario with a mix of Case 3-1 and 3-2. So, it would be reasonable to check the benefit from using of advanced receiver and define MUST case 3 tests for more realistic scenarios in MuST WI performance part (i.e. X% of PRBs are allocated with orthogonal precoders, (100-X)% of PRBs are allocated with non-orthogonal precoders).

Observation 1: Practical precoder selection in reality will not be fully random selection. The more MU transmission are scheduled with orthogonal precoding vectors, the less performances gap between linear receiver and non-linear receiver is expected. 
Proposal 1:  Consider more realistic precoder selection behaviors for MuST WI performance part ( i.e. X% of PRBs are allocated with orthogonal precoders, [100-X]% of PRBs are allocated with non-orthogonal precoders )

Detector Performance Analysis
In this section we provide link level results with MUST Case 3 performance analysis in case of genie knowledge of all transmit parameters of co-scheduled UE. The results are provided for the Case 3-2 with random interference precoder model. The detailed link level simulation assumptions are presented in Annex A. In Figures 1-4 we provide link level results in case of using MCS0, MCS5, MCS10 and MCS17 transmissions for the target UE, respectively. For MMSE based receivers we provide results for scenarios with QPSK interference only (since performance does not depend on the co-scheduled UE interference) and the results for R-ML receiver are provided for the case of using different modulations for the co-scheduled UE. In case MCS 0 is used for the target UE transmission, all enhanced receivers have equivalent performance and do not provide gains over baseline receiver due to noise-limited conditions. So we switch the testing MCS0 to MCS5.
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	Figure 1. MUST case 3 performance. Target UE – MCS 0. Interference UE – QPSK.
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	[bookmark: _Ref461959461]Figure 2. MUST case 3 performance. Target UE – MCS 5.
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	[bookmark: _Ref461961409]Figure 3. MUST case 3 performance. Target UE – MCS 10.
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	[bookmark: _Ref461961416]Figure 4. MUST case 3 performance. Target UE – MCS 17.


Observation #1: In case MCS 5 is used for target UE transmission
· LMMSE-IRC (data-based), E-LMMSE-IRC and RML receivers showed performance gaps within 1dB variations. 
Observation #2: In case MCS 10 is used for target UE transmission
· E-LMMSE-IRC receivers provide 3dB performance gains over Data-based LMMSE-IRC
· R-ML receiver allows achieving 1dB performance improvement over E-LMMSE-IRC in scenarios with QPSK transmissions for the co-scheduled UE.
Observation #3: In case MCS 17 is used for target UE transmission
· E-LMMSE-IRC receiver ensure reliable performance comparing to LMMSE-IRC.
· R-ML receiver allow achieving ~3dB performance improvement over E-LMMSE-IRC in scenarios with QPSK transmissions for a co-scheduled UE, while R-ML has ~0.5 dB performance gain with 16QAM or 64QAM of a co-scheduled UE.

In short, significant RML gains are observed only from Figure-4 when a target UE is served with high MCS, and an interference UE utilizes low MCS. In the other figures, mostly E-LMMSE-IRC shows fairly competitive performance to R-ML. 
Back to Case 3-1 and Case 3-2 discussion in Section 3, if the network utilizes (semi) orthogonal precoders for MU, the gap between R-ML and E-LMMSE-IRC will be reduced further from our simulation results. Eventually, it leads to conclusion that R-ML benefit will be very limited in MuST Case-3 scenarios. Based on these observations, we conclude the reference receiver as Proposal-2 and -3.
Proposal 2: Use E-LMMSE-IRC as reference receiver for MuST Case 3 with CRS TMs. 
Proposal 3: Noticeable Gain from R-ML detector appears in limited usecases. For MuST Case 3 with CRS TMs, utilizing R-ML detector is regarded as UE implementation pursuing extra performance gain in such partial usecases.

Conclusions
In this contribution, we discuss about MuST Case 3 CRS-TM reference receiver and performance evaluation. Base on simulation results, we share observations and proposals as below
Observation 1 : Practical precoder selection in reality will not be fully random selection. The more MU transmission are scheduled with orthogonal precoding vectors, the less performances gap between linear receiver and non-linear receiver is expected. 
Proposal 1 :  Consider more realistic precoder selection behaviors for MuST WI performance part ( i.e. X% of PRBs are allocated with orthogonal precoders, [100-X]% of PRBs are allocated with non-orthogonal precoders )
Observation 2: In case MCS 5 is used for target UE transmission, LMMSE-IRC (data-based), E-LMMSE-IRC and RML receivers showed performance gaps within 1dB variations. 
Observation 3: In case MCS 10 is used for target UE transmission,
· E-LMMSE-IRC receivers provide 3dB performance gains over Data-based LMMSE-IRC
· R-ML receiver allows achieving 1dB performance improvement over E-LMMSE-IRC in scenarios with QPSK transmissions for the co-scheduled UE.
Observation 4: In case MCS 17 is used for target UE transmission,
· E-LMMSE-IRC receiver ensure reliable performance comparing to LMMSE-IRC.
· R-ML receiver allow achieving ~3dB performance improvement over E-LMMSE-IRC in scenarios with QPSK transmissions for a co-scheduled UE, while R-ML has ~0.5 dB performance gain with 16QAM or 64QAM of a co-scheduled UE.
Proposal 2: Use E-LMMSE-IRC as reference receiver for MuST Case 3 with CRS TMs. 
Proposal 3: Noticeable Gain from R-ML detector appears in limited usecases. For MuST Case 3 with CRS TMs, utilizing R-ML detector is regarded as UE implementation pursuing extra performance gain in such partial usecases.
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Annex A – Simulation assumptions
Simulation assumptions are presented in Table 1.
[bookmark: _Ref462582662]Table 1. Link level simulation assumptions
	Parameter
	Value

	Bandwidth
	10MHz

	Frame structure
	FDD

	Cyclic prefix
	Normal

	Propagation channel
	EVA5

	Antenna configuration
	4x2 ULA low correlation

	Cell-specific reference signals
	Antenna ports 0,1,2,3

	Number of OFDM symbol for control region
	3

	Transmission mode
	TM4

	Subframes with PDSCH
	#1, 2, 3, 4, 6, 7, 8 and 9

	Number of PRBs of PDSCH
	Baseline: 50

	Rank
	Baseline: 1

	HARQ
	Disabled

	Channel/noise estimation
	Non-ideal

	TX EVM
	6%

	MCS of target UE
	MCS#0, MCS#5, MCS#10 and MCS#17

	Precoding of target UE
	Follow UE’s wideband PMI report with reporting mode 1-1

	Number of interference UEs
	1

	Modulation order of interference UE
	QPSK, 16QAM and 64QAM

	Precoding of interference UE
	Random with granularity of 1 PRB. Not equal to serving PMI.
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