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1   Background
In last meeting, TR 36.747 v0.3.0 was agreed. In this TP, we will capture the conclusions for enhanced SU-MIMO IM receiver.
2   TP proposal
---------------------------------------------- Start of Change ---------------------------------------------
5
Enhanced SU-MIMO IM based on 4RX

In Release 12, enhanced SU-MIMO IM receivers were introduced to improve the DL spectral efficiency for UEs equipped with two receive antennas for the scenarios with multiple MIMO stream PDSCH transmissions. The investigated enhanced SU-MIMO IM receivers were proven to be able to handle inter-stream interference more efficiently comparing to the conventional LMMSE receivers. The corresponding enhanced performance requirements were defined in application to the UEs equipped with 2 receive (RX) antennas and for MIMO rank 2 scenarios.

The objective of the work item [2] is to investigate performance benefits, complexity, and feasibility of using SU-MIMO IM receivers in application to the UEs equipped with 4 receive antennas:
· Investigate and agree on target scenarios including layer number for spatial multiplexing, MCS, propagation conditions, antenna correlation and others for performance evaluation

· Identify the reference receiver structure for SU-MIMO IM evaluation
· Evaluate the performance of enhanced SU-MIMO IM receivers
This section provides the summary of the analysis of the enhanced SU-MIMO IM receivers for UEs equipped with 4 receive antennas and includes the following sub-clauses:

· Clause 5.1 describes the simulation scenarios used for SU-MIMO IM performance analysis;

· Clause 5.2 describes the receiver structure used for evaluation of enhanced SU-MIMO IM;

· Clause 5.3 summarizes the results of the link-level performance evaluations.

· Clause 5.4 provides summary of conclusions on enhanced SU-MIMO IM investigations.
5.1
Scenarios

This section describes the evaluation scenarios and simulation assumptions used for the investigations of performance benefits and feasibility for enhanced SU-MIMO IM receiver with 4 receive antennas. 
The performance analysis covers a wide set of scenarios:

· Modulation order: from 16QAM and  up to 256QAM
· MIMO rank 2, 3 and 4

· PDSCH transmission modes 3, 4 and 9
In Table 5.1‑1, simulation assumptions for scenarios to evaluate enhanced SU-MIMO IM receiver performance are provided. The scenarios with 64QAM with rank 4, 256QAM with rank 3 and rank 4 are deprioritized in terms of complexity and performance. In Table 5.1‑2, the evaluated antenna correlation scenarios are provided. The analysis is provided under assumption of noise-limited scenarios without any inter-cell interference.
Table 5.1‑1: Scenarios for evaluation
	Test case
	MIMO Rank
	TM
	Modulation and Code Rate
	Channel model
	Antenna configuration

	1
	Rank 2
	TM4
	16QAM CR ½
	ETU70
	2x4

	2
	
	TM9
	16QAM CR ½
	EPA5
	2x4

	3
	
	TM4
	64QAM CR ½
	EPA5
	2x4

	4
	
	TM9
	64QAM CR ½
	EPA5
	2x4

	5
	
	TM4
	64QAM CR ½
	EPA5
	4x4

	6
	
	TM9
	64QAM CR ½
	EPA5
	4x4

	7
	
	TM4
	256QAM CR 0.62
	EPA5
	4x4

	8
	
	TM9
	256QAM CR 0.67
	EPA5
	4x4

	9
	Rank3
	TM3
	16QAM CR ½
	EVA70
	4x4

	10
	
	TM3  
	64QAM CR 0.43
	EPA5
	4x4

	11
	Rank4
	TM4 
	16QAM CR ½
	EPA5
	4x4

	12
	
	TM9 
	16QAM CR 0.57
	EPA5
	4x4


Table 5.1‑2: Antenna correlation scenario for evaluations
	
	Antenna Correlation

	AC #1
	ULA Low correlation

	AC #2
	ULA Medium correlation (α=0.3, β=0.9)

	AC #3
	ULA Medium A correlation (α=0.3, β=0.3874)

	AC #4
	XPOL Medium A correlation (α=0.3, β=0.6, γ=0.2)


5.2
Receiver structures and assumptions

The baseline PDSCH SU-MIMO performance requirements for UEs equipped with both 2 and 4 receive antennas are based on the conventional LMMSE receivers as described in the TR 36.829 [5]. 

Enhanced non-linear receivers can be used to improve the SU-MIMO performance for the case rank 2 or more PDSCH signal transmissions.

For UEs equipped with 2 receive antennas in Release 12 Enhanced SU-MIMO IM work item two enhanced receiver structures were considered to improve the performance including R-ML (Reduced complexity ML) and CWIC (Code word level – IC) receivers as described in the TR 36.866 [6]. Both receiver structures were shown to provide sufficient and comparable performance improvement over baseline LMMSE receivers and the exact decision on the enhanced SU-MIMO IM receiver structure was left up to UE implementation.

For UEs equipped with 4 receive antennas, the R-ML receiver is considered as the only candidate enhanced SU-MIMO IM receiver structure, while CWIC receivers are considered to be relatively complex for practical implementation.

R-ML receivers are assumed to perform reduced complexity joint detection of multiple MIMO layers modulation symbols in accordance to the maximum likelihood (ML) criterion. R-ML receiver may have different implementations (e.g. sphere decoding, QR-MLD, MLM, etc.). In addition, there may be some adjustable receiver parameters that have impact on the R-ML receiver performance (e.g. the radius of the sphere decoder, the final candidate set size for LLR calculation and so on). The exact selection of R-ML receiver algorithm and parameters depends on the UE implementation.
5.3
Link-level performance evaluation

In this section, link-level evaluation parameters and results are provided.
5.3.1

Parameters for link-level evaluation

The common test parameters (FDD) are given in Table 5.3.1-1. The evaluation scenarios with specific parameters are listed in Table 5.1-1 including rank 2, 3 and 4. For each scenario, in order to find cases with testable gain, different antenna correlation options are considered in Table 5.3.1-3, including ULA low, ULA medium, ULA medium A, ULA high and XPOL medium A.
Table 5.3.1-1: Common parameters for evaluations (FDD)

	Parameter
	Unit
	Value

	Bandwidth
	MHz
	10

	Inter-TTI Distance
	
	1

	Number of HARQ processes per component carrier
	Processes
	8

	Maximum number of HARQ transmission
	
	4

	Redundancy version coding sequence
	
	{0,1,2,3} for QPSK and 16QAM

{0,0,1,2} for 64QAM and 256QAM

	Number of OFDM symbols for PDCCH
	OFDM symbols
	2 for 10 MHz

	Reporting Mode
	
	PUSCH 3-1

	Cyclic Prefix
	
	Normal

	Cell ID
	
	0

	Tx EVM
	
	6% for 16QAM and 64QAM;

3% for 256QAM

	Reference receiver
	
	LMMSE, R-ML


5.3.2
Link-level simulation results

In this section the summary of the link-level performance evaluation results for enhanced SU-MIMO is provided:

· MIMO rank 2 scenarios:

· Table  5.3.2-1: SNR required to reach 70% of max throughput for enhanced R-ML and baseline LMMSE receivers;

· Table  5.3.2-2: R-ML receiver SNR gain over LMMSE receiver for the 70% of max throughput;

· MIMO rank 3 scenarios:

· Table  5.3.2-3: SNR required to reach 70% of max throughput for enhanced R-ML and baseline LMMSE receivers;

· Table  5.3.2-4: R-ML receiver SNR gain over LMMSE receiver for the 70% of max throughput;

· MIMO rank 4 scenarios:

· Table 5.3.2-5: SNR required to reach 70% of max throughput for enhanced R-ML and baseline LMMSE receivers;

· Table 5.3.2-6: R-ML receiver SNR gain over LMMSE receiver for the 70% of max throughput.

Detailed link-level evaluation results from companies are captured in R4-1700937, R4-1703254 and R4-1704942.

Note: N/A means that throughput curve does not reach 70 % of maximum throughput for evaluated SNR region. Empty means that results are unavailable.
Table 5.3.2-1: Simulation results summary - SNR for 70% of max throughput (MIMO Rank 2)

	Test case
	Antenna correlation
	Receiver
	SNR for 70% of max throughput, [dB]

	
	
	
	Company 1
	Company 2
	Company 3
	Company 4
	Company 5
	Company 6
	Average
	Span
	STD

	Test #1
TM4 16QAM 2x4
	AC #2
ULA Med
	R-ML
	14.7
	15.3
	15.9
	13.9
	13.5
	14.8
	14.7
	2.4
	0.9

	
	
	LMMSE
	18.9
	18.2
	18.3
	18.2
	16.2
	17.5
	17.9
	2.7
	0.9

	Test #2
TM9 16QAM 2x4
	AC #2
ULA Med
	R-ML
	14.1
	13.2
	14.3
	13.4
	13.9
	14.4
	13.9
	1.2
	0.5

	
	
	LMMSE
	17.3
	16.0
	17.0
	17.7
	16.6
	17.5
	17.0
	1.7
	0.6

	Test #3
TM4 64QAM 4x4
	AC #3
ULA Med A
	R-ML
	20.6
	17.1
	16.5
	18.6
	
	19.1
	18.4
	4.2
	1.7

	
	
	LMMSE
	21.9
	18.4
	18.8
	21.0
	
	20.8
	20.2
	3.4
	1.5

	
	AC #2
ULA Med
	R-ML
	12.5
	11.4
	11.5
	12.1
	
	12.4
	12.0
	1.1
	0.5

	
	
	LMMSE
	13.6
	11.7
	12.0
	12.9
	
	12.8
	12.6
	1.9
	0.8

	Test #4
TM9 64QAM 4x4
	AC #2
ULA Med
	R-ML
	22.0
	19.3
	19.3
	
	
	21.7
	20.6
	2.6
	1.4

	
	
	LMMSE
	23.4
	20.6
	27.3
	
	
	23.8
	23.8
	6.7
	2.8

	
	AC #3
ULA Med A
	R-ML
	14.4
	13.3
	17.4
	
	
	14.2
	14.8
	4.1
	1.8

	
	
	LMMSE
	16.0
	13.6
	20.4
	
	
	14.8
	16.2
	6.8
	3.0

	Test #5
TM4 256QAM

4x4
	AC #1
ULA Low
	R-ML
	18.5
	14.8
	15.1
	
	
	
	16.1
	3.7
	2.1

	
	
	LMMSE
	19.3
	14.7
	15.1
	
	
	
	16.4
	4.6
	2.6

	
	AC #2
ULA Med
	R-ML
	24.6
	26.2
	26.8
	
	
	
	25.9
	2.2
	1.1

	
	
	LMMSE
	26.3
	27.3
	27.3
	
	
	
	27.0
	1.1
	0.6

	
	AC #3
ULA Med A
	R-ML
	17.5
	19.7
	18.7
	
	
	
	18.6
	2.2
	1.1

	
	
	LMMSE
	19.4
	20.1
	20.5
	
	
	
	20.0
	1.1
	0.6

	Test #6
TM9 256QAM

4x4
	AC #1
ULA Low
	R-ML
	18.5
	16.4
	14.4
	
	
	
	16.4
	4.1
	2.0

	
	
	LMMSE
	20.9
	16.3
	14.4
	
	
	
	17.2
	6.5
	3.4

	
	AC #2
ULA Med
	R-ML
	N/A
	28.3
	22.1
	
	
	
	25.2
	6.2
	4.4

	
	
	LMMSE
	N/A
	29.5
	24.6
	
	
	
	27.0
	4.9
	3.5

	
	AC #3
ULA Med A
	R-ML
	25.1
	21.6
	18.1
	
	
	
	21.6
	7.0
	3.5

	
	
	LMMSE
	27.5
	22.0
	18.6
	
	
	
	22.7
	9.0
	4.5


Table 5.3.2-2: Simulation results summary – R-ML receiver gain vs. LMMSE (MIMO Rank 2)

	Test case
	Antenna correlation
	R-ML receiver SNR gain vs. LMMSE for 70% of max throughput, [dB]

	
	
	Company 1
	Company 2
	Company 3
	Company 4
	Company 5
	Company 6
	Average
	Span
	STD

	Test #1
TM4 16QAM 2x4
	AC #2
ULA Med
	4.3
	2.9
	2.4
	4.3
	2.7
	2.7
	3.2
	2.0
	0.8

	Test #2
TM9 16QAM 2x4
	AC #2
ULA Med
	3.2
	2.8
	2.7
	4.3
	2.7
	3.1
	3.1
	1.7
	0.6

	Test #3
TM4 64QAM 4x4
	AC #3
ULA Med A
	1.2
	1.3
	2.3
	2.4
	
	1.7
	1.8
	1.2
	0.5

	
	AC #2
ULA Med
	1.1
	0.3
	0.5
	0.8
	
	0.4
	0.6
	0.8
	0.3

	Test #4
TM9 64QAM 4x4
	AC #3
ULA Med A
	1.4
	1.2
	7.9
	
	
	2.1
	3.2
	6.7
	2.8

	
	AC #2
ULA Med
	1.6
	0.3
	3.0
	
	
	0.6
	1.4
	2.7
	1.1

	Test #5
TM4 256QAM

4x4
	AC #1
ULA Low
	0.9
	0.0
	0.0
	
	
	
	0.3
	0.9
	0.5

	
	AC #2
ULA Med
	1.7
	1.1
	0.5
	
	
	
	1.1
	1.2
	0.6

	
	AC #3
ULA Med A
	1.9
	0.3
	1.8
	
	
	
	1.3
	1.6
	0.9

	Test #6
TM9 256QAM

4x4
	AC #1
ULA Low
	2.5
	0.0
	0.1
	
	
	
	0.9
	2.5
	1.4

	
	AC #2
ULA Med
	
	1.1
	2.5
	
	
	
	1.8
	1.4
	1.0

	
	AC #3
ULA Med A
	2.4
	0.4
	0.5
	
	
	
	1.1
	2.0
	1.1


Table 5.3.2-3: Simulation results summary - SNR for 70% of max throughput (MIMO Rank 3)

	Test case
	Antenna correlation
	Receiver
	SNR for 70% of max throughput, [dB]

	
	
	
	Company 1
	Company 2
	Company 3
	Company 4
	Company 5
	Company 6
	Average
	Span
	STD

	Test #7
TM3 16QAM 4x4
	AC #1
ULA Low
	R-ML
	9.2
	9.1
	9.2
	
	
	
	9.2
	0.1
	0.1

	
	
	LMMSE
	10.4
	9.2
	9.5
	
	
	
	9.7
	1.2
	0.6

	
	AC #2
ULA Med
	R-ML
	N/A
	27.7
	24.5
	
	
	
	26.1
	3.2
	2.3

	
	
	LMMSE
	N/A
	N/A
	N/A
	
	
	
	
	
	

	
	AC #3
ULA Med A
	R-ML
	21.4
	19.6
	20.6
	19.1
	19.6
	19.4
	19.9
	2.3
	0.9

	
	
	LMMSE
	28.6
	25.4
	24.9
	24.5
	26.1
	25.6
	25.8
	4.1
	1.4

	
	AC #4
XPL Med A
	R-ML
	10.8
	10.6
	
	
	
	
	10.7
	0.2
	0.1

	
	
	LMMSE
	11.7
	10.8
	
	
	
	
	11.3
	0.9
	0.6

	Test #8
TM3 64QAM 4x4
	AC #1
ULA Low
	R-ML
	
	11.7
	12.3
	
	
	
	12.0
	0.6
	0.4

	
	
	LMMSE
	
	11.7
	12.3
	
	
	
	12.0
	0.5
	0.4

	
	AC #2
ULA Med
	R-ML
	
	N/A
	N/A
	
	
	
	
	
	

	
	
	LMMSE
	
	N/A
	N/A
	
	
	
	
	
	

	
	AC #3
ULA Med A
	R-ML
	N/A
	24.8
	23.3
	
	
	
	24.1
	1.5
	1.1

	
	
	LMMSE
	31.6
	26.7
	23.9
	
	
	
	27.4
	7.8
	3.9

	
	AC #4
XPL Med A
	R-ML
	13.6
	13.1
	
	13.4
	
	
	13.3
	0.5
	0.3

	
	
	LMMSE
	15.2
	13.2
	
	13.4
	
	
	13.9
	2.0
	1.1


Table 5.3.2-4: Simulation results summary – R-ML receiver gain vs. LMMSE (MIMO Rank 3)

	Test case
	Antenna correlation
	R-ML receiver SNR gain vs. LMMSE for 70% of max throughput, [dB]

	
	
	Company 1
	Company 2
	Company 3
	Company 4
	Company 5
	Company 6
	Average
	Span
	STD

	Test #7
TM3 16QAM 4x4
	AC #1
ULA Low
	1.1
	0.1
	0.3
	
	
	
	0.5
	1.0
	0.5

	
	AC #2
ULA Med
	
	
	
	
	
	
	
	
	

	
	AC #3
ULA Med A
	7.2 
	5.8 
	4.3 
	5.4 
	6.5 
	6.2 
	5.9 
	2.9 
	0.9 

	
	AC #4
XPL Med A
	0.9
	0.2
	
	
	
	
	0.6
	0.7
	0.5

	Test #8
TM3 64QAM 4x4
	AC #1
ULA Low
	
	0.1
	0.0
	
	
	
	0.1
	0.1
	0.1

	
	AC #2
ULA Med
	
	
	
	
	
	
	
	
	

	
	AC #3
ULA Med A
	
	1.9
	0.6
	
	
	
	1.3
	1.3
	0.9

	
	AC #4
XPL Med A
	1.6
	0.1
	
	0.0
	
	
	0.6
	1.6
	0.9


Table 5.3.2-5: Simulation results summary - SNR for 70% of max throughput (MIMO Rank 4)

	Test case
	Antenna correlation
	Receiver
	SNR for 70% of max throughput, [dB]

	
	
	
	Company 1
	Company 2
	Company 3
	Company 4
	Company 5
	Company 6
	Average
	Span
	STD

	Test #9
TM4 16QAM 4x4
	AC #1
ULA Low
	R-ML
	
	9.2
	10.1
	
	
	
	9.7
	0.9
	0.6

	
	
	LMMSE
	
	9.7
	10.1
	
	
	
	9.9
	0.4
	0.3

	
	AC #2
ULA Med
	R-ML
	N/A
	N/A
	28.7
	
	
	
	28.7
	0.0
	

	
	
	LMMSE
	N/A
	N/A
	N/A
	
	
	
	
	
	

	
	AC #3
ULA Med A
	R-ML
	N/A
	21.2
	N/A
	
	
	
	21.2
	0.0
	

	
	
	LMMSE
	N/A
	28.9
	N/A
	
	
	
	28.9
	0.0
	

	
	AC #4
XPL Med A
	R-ML
	13.8
	12.6
	12.1
	14.2
	
	13.0
	13.1
	2.1
	0.9

	
	
	LMMSE
	15.3
	13.4
	12.7
	15.1
	
	14.2
	14.1
	2.6
	1.1

	Test #10
TM9 16QAM 4x4
	AC #1
ULA Low
	R-ML
	
	13.5
	15.3
	
	
	
	14.4
	1.8
	1.3

	
	
	LMMSE
	
	14.8
	15.4
	
	
	
	15.1
	0.6
	0.4

	
	AC #2
ULA Med
	R-ML
	
	N/A
	N/A
	
	
	
	
	
	

	
	
	LMMSE
	
	N/A
	N/A
	
	
	
	
	
	

	
	AC #3
ULA Med A
	R-ML
	N/A
	27.7
	N/A
	
	
	
	27.7
	0.0
	

	
	
	LMMSE
	N/A
	N/A
	N/A
	
	
	
	
	
	

	
	AC #4
XPL Med A
	R-ML
	17.9
	15.3
	15.7
	16.4
	
	16.2
	16.3
	2.6
	1.0

	
	
	LMMSE
	20.4
	16.8
	16.6
	18.2
	
	19.0
	18.2
	3.9
	1.6


Table 5.3.2-6: Simulation results summary – R-ML receiver gain vs. LMMSE (MIMO Rank 4)

	Test case
	Antenna correlation
	R-ML receiver SNR gain vs. LMMSE for 70% of max throughput, [dB]

	
	
	Company 1
	Company 2
	Company 3
	Company 4
	Company 5
	Company 6
	Average
	Span
	STD

	Test #9
TM4 16QAM 4x4
	AC #1
ULA Low
	
	0.5
	0.0
	
	
	
	0.3
	0.5
	0.4

	
	AC #2
ULA Med
	
	
	
	
	
	
	
	
	

	
	AC #3
ULA Med A
	
	7.6
	
	
	
	
	7.6
	0.0
	

	
	AC #4
XPL Med A
	1.5 
	0.9 
	0.6 
	0.9 
	
	1.2
	1.0 
	0.9 
	0.3 

	Test #10
TM9 16QAM 4x4
	AC #1
ULA Low
	
	1.2
	0.1
	
	
	
	0.7
	1.1
	0.8

	
	AC #2
ULA Med
	
	
	
	
	
	
	
	
	

	
	AC #3
ULA Med A
	
	
	
	
	
	
	
	
	

	
	AC #4
XPL Med A
	2.6 
	1.5 
	0.9 
	1.8 
	
	2.8
	1.9 
	1.9 
	0.7 


5.4
Conclusions

The following conclusions were made on the benefits and feasibility of enhanced SU-MIMO IM receivers:
· For rank 2 scenarios, the performance benefits and feasibility of enhanced SU-MIMO IM receiver for TM4 and TM9 have been confirmed.
· For rank 3 scenarios, the performance benefits and feasibility of enhanced SU-MIMO IM receiver for TM3 have been confirmed.

· For rank 4 scenarios, the performance benefits and feasibility of enhanced SU-MIMO IM receiver for TM9 have been confirmed.
· 
---------------------------------------------- End of Change ---------------------------------------------
