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Introduction
[bookmark: _Hlk113264895][bookmark: _Hlk88742629]As shown in [1] it was decided that the WI NR_demod_enh3-Pert should include a discussion on advanced receiver to cancel inter-user interference for MU-MIMO with the following justification:
	The UE demodulation single carrier performance requirements with MMSE/MMSE-IRC and R-ML receivers for scenario of single-cell single-user with multi-layer transmission were defined in NR Rel-15. In NR Rel-16, requirements for MMSE/MMSE-IRC receiver for scenario with single-cell single-user were extended to CA/DC cases. For NR Rel-17, the single carrier performance requirements for MMSE-IRC receiver with DM-RS based covariance matrix estimation for intra-cell inter-user interference under MU-MIMO scenario and inter-cell interference scenario, and CRS-IM receiver based on LLR weighting for overlapping spectrum of LTE and NR scenario are agreed to be defined.
Considering the demodulation requirement enhancement in Rel-18, for the purpose of further enhancing DL throughput and coverage performance, it is beneficial to study and specify (if feasible) requirements for more advanced UE receiver for following scenario:
· MU-MIMO scenario: Further improve the performance with advanced receiver to cancel inter-user interference.




The following objective were agreed [1]:
	· Evaluate and specify advanced receiver to cancel inter-user interference for MU-MIMO
· Phase I: Study the performance gain, reference receiver assumption, interference modeling, testability, required signalling overhead, as well as impact on other WGs 
· Further discuss reference receiver assumption with below candidates
· E-MMSE-IRC
· R-ML
· Target scenario: Focus on slot based transmission 
· Phase II (if any pending on the conclusion for phase I): 
· Specify PDSCH demodulation requirements under MU-MIMO scenario with advanced receiver
· Note: As baseline, performance requirements shall be specified under single reference receiver assumption. This baseline can be revisited at RAN #100 if necessary.



We will in this discussion paper focus on the following areas:
· Interference parameters needed for advanced receivers to do interference mitigation
· Interference model
· Possible impact to demodulation performance

Discussion
Reference Receiver
The WID [1] mentions the E-MMSE-IRC receiver and the R-ML receivers as the reference receiver candidates to be used for studying performance of advance receivers with can cancel or supress inter user interference in MU-MIMO.

Enhanced LMMSE-IRC (E-LMMSE-IRC): 
This is an interference suppression receiver, which applies linear filtering to the received signal to suppress the interference, as opposed to explicitly cancel the interference. As compared to LMMSE-IRC receiver, it uses the knowledge of interferer parameters.
LMMSE-IRC
In [2] the LMMSE IRC receiver weight matrix is expressed as follow:

where  and   denote the estimated channel matrix and covariance matrix respectively for a particular RE at frequency location  and symbol  of the target UE. The co-variance matrix can be computed based on the DMRS REs as –
                ,     
Where  is the received signal vector,  is the transmitted DMRS vector on frequency location  and symbol  of the target UE. P1 is the transmission power of target UE and  is the number of DMRS REs.
E-LMMSE-IRC
In [3] this reference receiver was defined as “LMMSE-IRC that explicitly considers interferer channel estimates and other interferer knowledge”.
As compared to MMSE-IRC, the E-LMMSE-IRC considers interferer channel estimates. This requires interferer DMRS ports, sequence knowledge as well as the transmission power of interference UE PDSCH layers. With this, the channel and covariance matrix can be written as –
          where  are the N  interference UEs
          ,      
Where d is the transmitted vector of DMRS symbols across target and interference UEs. The computed residual  consists of any residual interference from other cells as well as noise.
[bookmark: _Toc127198459][bookmark: _Toc127351973][bookmark: _Toc127352243][bookmark: _Toc127352748]E-MMSE-IRC receiver for MU-MIMO requires knowledge of interference parameters including DMRS antenna ports and sequence, power ratio of interference layers to own layers and the existence of interference layers. These were also identified in RAN1 LTE MU-MIMO study [TR 36.859].


Reduced complexity ML (R-ML): 
This type of receiver is defined to be the Enhanced receiver type 1 for SU-MIMO with interstream interference mitigation capability in section 3.1 of [4] and is an optional feature without UE capability parameter [5]. It tries to find the solution to the maximum likelihood (ML) criteria using approaches which reduce the complexity, albeit at the cost of performance. 
The ML criteria for MU-MIMO can be defined as
 
Where  is the received signal vector and  is the channel matrix over target and interference layers for a RE at frequency location k and symbol l. While S is the set of all possible transmitted signal vectors across target and interference spatial layers. The dimension of set S which also determines the complexity of ML solution is 

Where  is the number of layers,   is the modulation order of UE i. And N are the total number of co-scheduled UEs.
Note: R-ML implementations like QRMD, QR-MLD, and sphere detector approach ML performance, while reducing the complexity significantly. For interference mitigation of co-schedule UE layers in a MU-MIMO scenario, these kinds of receivers require knowledge of interference parameters including the modulation order of the interference layers. 
[bookmark: _Toc127198460][bookmark: _Toc127351974][bookmark: _Toc127352244][bookmark: _Toc127352749]R-ML receiver for MU-MIMO requires additional knowledge of interference layers modulation order along with other parameters needed for E-MMSE-IRC receiver.
These parameters were also identified in the LTE MU-MIMO study [6] for link level performance evaluation.
	[bookmark: _Toc436244343]5.4	Link-level performance evaluation
[…]
-	2x2 antenna configuration
-	Same transmission scheme of either TM4 or TM9
-	Same RI/PMI
-	Same resource allocation for MUST users
-	Same PDSCH RE mapping for MUST users
-	The following assistance information is assumed known
-	Transmission power or bit rate ratio of co-scheduled users
-	Modulation order of co-scheduled users
-	DMRS information if TM9 is applied
-	Existence of MUST interference
[…]



For simulation alignment we propose also to assume same resource allocation of PDSCH REs of co-scheduled UEs. 
[bookmark: _Toc127198461][bookmark: _Toc127351975][bookmark: _Toc127352245][bookmark: _Toc127352750]For simulation alignment, the target UE shall assume that interference UEs, if present, have same PDSCH resource allocation as its own PDSCH.

Signalling overhead
As described in section 2.1 the advanced receivers require DMRS related parameters as well as the modulation order of the interference layers to mitigate it. Specifically, knowledge of following parameters is needed:
· Existence of interference layers
· Transmission power ratio of co-scheduled users PDSCH to own PDSCH
· DMRS antenna ports and sequence
· Modulation order of co-scheduled users
Knowledge of these parameters can be acquired by one of following ways:
· blindly detected by the UE
· blindly detected from a subset of parameters signalled by the gNB
· signalled explicitly by the gNB
[6] identified scenarios of Multiuser superposition transmission (MUST) for different network deployments and noted that ‘”blind detection conditions in multiuser superposition transmission are favorable as compared to LTE NAICS in some cases”. Same was also observed in [7]. 
Thus, it is beneficial to study the blind detection performance of these interference parameters before defining the signalling requirement. Blind detection can also be done on a reduced set of parameters, e.g., a shortlist of possible DMRS antenna ports. 
[bookmark: _Toc127198462][bookmark: _Toc127351976][bookmark: _Toc127352246][bookmark: _Toc127352751]Blind detection of existence of interference, power ratio to own PDSCH, DMRS antenna ports, and modulation order shall be studied before deciding the required signalling. Detection shall be either based on full set of parameters or a subset of signaled parameters.

Interference Modelling
The existing intracell intercell interference requirements for PDSCH demodulation can be found in [4] sections 5.2.2.1.16 (2Rx FDD), 5.2.2.2.17 (2Rx TDD), 5.2.3.1.16 (4Rx FDD) and 5.2.3.2.17 (4 Rx TDD). In these requirements the target UE’s PDSCH is precoded with a random precoder from the type 1 single panel codebook while the interference UE is precoded with either a random precoder (rank 1) or a precoder which is orthogonal to the one chosen for target UE (rank 2). This is as shown below from the Table 5.2.3.1.16-2 in [4] –
	Parameter
	Target UE
	Interference UE

	PDSCH & PDSCH DMRS Precoding configuration
	Single Panel Type I, Random precoder selection updated per slot, with equal probability of each applicable i1, i2 combination, and with PRB bundling granularity
	Single Panel Type I, Random precoder selection updated per slot and with PRB bundling granularity. Any column of precoder matrix is not equal to any column of precoder matrix of Target UE for test 1-1 (Rank 1)
Select the precoder to ensure orthogonality with the precoder for the target PDSCH for test 2-1 (Rank 2)



Based on the performance captured in section 2.4 the difference as compared to existing baseline is 2 dB or greater. Hence this interference model can also be considered as baseline for enhanced receiver. 
[bookmark: _Toc127198463][bookmark: _Toc127351977][bookmark: _Toc127352247][bookmark: _Toc127352752][bookmark: _Toc127198464][bookmark: _Toc127351978][bookmark: _Toc127352248][bookmark: _Toc127352753]Interference model for existing intracell inter user interference requirements can be used as baseline for enhanced receivers because the observed performance gain is significant
As was identified in [6] the different MUST scenarios result in unequal amount of power (Power ratio ≠ 1.0) being allocated to the co-scheduled UEs. Therefore, we can consider additional interference suppression/cancellation requirements with unequal amount of power and/or layers allocated to the co-scheduled UEs.
[bookmark: _Toc127198465][bookmark: _Toc127351979][bookmark: _Toc127352249][bookmark: _Toc127352754][bookmark: _Toc127198466][bookmark: _Toc127351980][bookmark: _Toc127352250][bookmark: _Toc127352755]Additional requirements for unequal amount of power and/or layers allocated to the interference and target UEs can be considered with the enhanced receivers.
[bookmark: _Toc127198467][bookmark: _Toc127351981][bookmark: _Toc127352251][bookmark: _Toc127352756]Define the interference model with unequal power and/or layers allocated to the co-scheduled UEs.

Performance Gain
The performance of the E-MMSE-IRC and R-ML receivers using interference model similar to the existing model found in [4] for intracell inter user interference PDSCH demodulation requirements are captured in Appendix. Knowledge of the interference parameters identified in section 2.2 is assumed. The gain of the advanced receivers over baseline MMSE-IRC receivers are captured in Table 1.
Table 1 Advanced receiver gain at 70% of maximum throughput with ULA low antenna correlation.                          Values are delta improvement vs. baseline.
	Scenario
Receiver
	2Tx 2Rx, MCS 13, FDD
Rank 1 + 1
	2Tx 4Rx, FDD
Rank 1 + 1
	4Tx 4Rx, FDD
Rank 2 + 2

	E-MMSE-IRC
	1.2 dB
	2.05 dB
	1.05 dB

	R-ML
	2.15 dB
	2.4 dB
	2.05 dB



[bookmark: _Toc127198468][bookmark: _Toc127351982][bookmark: _Toc127352252][bookmark: _Toc127352757]E-MMSE-IRC and R-ML receivers can achieve significant gain of up to 2.3dB over baseline MMSE-IRC. Difference in performance between R-ML, E-MMSE-IRC is < 1 dB in both 2 Rx and 4Rx scenarios.
[bookmark: _Toc127198469][bookmark: _Toc127351983][bookmark: _Toc127352253][bookmark: _Toc127352758]Requirements based on one or both of these receivers (E-MMSE-IRC and R-ML) shall be defined as there is a significant performance gain as compared to baseline receiver.

Next the performance is compared when using ULA medium antenna correlation in Table 2. The gain of both receivers over baseline receiver is higher with this configuration and performance gap between the E-MMSE-IRC and R-ML receiver is much larger in these cases. 
Table 2 Advanced receiver gain at 70% of maximum throughput with ULA medium antenna correlation
	       Scenario
Receiver
	2Tx 2Rx, FDD
Rank 1 + 1
	2Tx 4Rx, FDD
Rank 1 + 1

	E-MMSE-IRC
	2.6 dB
	3.9 dB

	R-ML
	5.6 dB
	8.8 dB



In the case of Rank 2+1 and Rank2+2 scenarios, with 4TxRx medium antenna correlation, our initial simulations show that baseline MMSE-IRC as well as E-MMSE-IRC receiver cannot achieve 70% throughput within 30dB SNR. Only R-ML receiver can achieve 70% throughput in these scenarios. The SNR at 70% throughput with R-ML receiver is captured in Table 3.
[bookmark: _Ref127555835]Table 3 SNR at 70% throughput with R-ML receiver 4Tx4Rx medium antenna correlation
	       Scenario
Receiver
	4Tx 4Rx, FDD
Rank 2 + 1
	4Tx 4Rx, FDD
Rank 2 + 2

	R-ML
	20.9 dB
	26.6 dB



[bookmark: _Toc127198473][bookmark: _Toc127351987][bookmark: _Toc127352257][bookmark: _Toc127352762]Performance gain of both of these receivers is higher with medium antenna correlation configuration as compared to low antenna correlation configuration. Difference between R-ML and E-MMSE-IRC receivers gain is much larger (3 dB or more) when using ULA Medium antenna correlation.
Only R-ML can achieve 70% throughput in 4Tx4Rx medium antenna correlation for Rank 2+2, Rank2+1 scenarios.
ULA Medium antenna correlation shall be used for defining advanced receiver requirements because gain over baseline receiver is much higher with this configuration.
[bookmark: _Toc127198474][bookmark: _Toc127351988][bookmark: _Toc127352258][bookmark: _Toc127352763]Further study both receivers to define requirements using medium antenna correlation.

Conclusion
In this contribution we have provided our views on various open issues with relation to the topic of advanced receiver to cancel inter-user interference for MU-MIMO.
 We have made the following observations and proposals:

Reference Receivers
1. E-MMSE-IRC receiver for MU-MIMO requires knowledge of interference parameters including DMRS antenna ports and sequence, power ratio of interference layers to own layers and the existence of interference layers. These were also identified in RAN1 LTE MU-MIMO study [TR 36.859].
1. R-ML receiver for MU-MIMO requires additional knowledge of interference layers modulation order along with other parameters needed for E-MMSE-IRC receiver.
1. For simulation alignment, the target UE shall assume that interference UEs, if present, have same PDSCH resource allocation as its own PDSCH.

Signaling overhead
Blind detection of existence of interference, power ratio to own PDSCH, DMRS antenna ports, and modulation order shall be studied before deciding the required signalling. Detection shall be either based on full set of parameters or a subset of signaled parameters.

Interference Modelling
Interference model for existing intracell inter user interference requirements can be used as baseline for enhanced receivers because the observed performance gain is significant.
Additional requirements for unequal amount of power and/or layers allocated to the interference and target UEs can be considered with the enhanced receivers.
Define the interference model with unequal power and/or layers allocated to the co-scheduled UEs

Performance Gain
E-MMSE-IRC and R-ML receivers can achieve significant gain of up to 2.3dB over baseline MMSE-IRC. Difference in performance between R-ML, E-MMSE-IRC is < 1 dB in both 2 Rx and 4Rx scenarios
Requirements based on one or both of these receivers (E-MMSE-IRC and R-ML) shall be defined as there is a significant performance gain as compared to baseline receiver.
Performance gain of both of these receivers is higher with medium antenna correlation configuration as compared to low antenna correlation configuration. Difference between R-ML and E-MMSE-IRC receivers gain is much larger (3 dB or more) when using ULA Medium antenna correlation.
Only R-ML can achieve 70% throughput in 4Tx4Rx medium antenna correlation for Rank 2+2, Rank1+1 scenarios.
ULA Medium antenna correlation shall be used for defining advanced receiver requirements because gain over baseline receiver is much higher with this configuration.
Further study both receivers to define requirements using medium antenna correlation.
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Appendix
For the initial simulations we have used following configurations for 2 Rx and 4 Rx test cases which are based on configuration from [4].
Table 4 Simulation configuration parameters
	Parameter
	Unit
	Target UE
	Co-scheduled UE

	Duplex mode
	
	FDD

	Active DL BWP index
	
	1

	PDSCH configuration
	Mapping type
	
	Type A

	
	k0
	
	0

	
	Starting symbol (S) 
	
	2

	
	Length (L)
	
	12

	
	PDSCH aggregation factor
	
	1

	
	PRB bundling type
	
	Static

	
	PRB bundling size
	
	2

	
	Resource allocation type
	
	Type 0

	
	RBG size
	
	Config2

	
	VRB-to-PRB mapping type
	
	Non-interleaved

	
	VRB-to-PRB mapping interleaver bundle size
	
	N/A

	PDSCH DMRS configuration (Note 1)
	DMRS Type
	
	Type 1

	
	Number of additional DMRS
	
	1

	
	Maximum number of OFDM symbols for DL front loaded DMRS
	
	1

	
	Antenna ports indexes
	
	{1000} for Rank 1
{1000, 1001} for Rank 2
	{1002} for Rank 1
{1002, 1003} for Rank 2

	
	Number of PDSCH DMRS CDM group(s) without data
	
	2 for Rank 1
2 for Rank 2
	2 for Rank 1
2 for Rank 2

	PDSCH & PDSCH DMRS Precoding configuration
	
	Single Panel Type I, Random precoder selection updated per slot, with equal probability of each applicable i1, i2 combination, and with PRB bundling granularity
	Single Panel Type I, Random precoder selection updated per slot and with PRB bundling granularity. Any column of precoder matrix is not equal to any column of precoder matrix of Target UE for test 1-1
Select the precoder to ensure orthogonality with the precoder for the target PDSCH for test 2-1

	MU-MIMO Beamforming Model
	
	As specified in B.4.2

	Number of HARQ Processes
	
	4
	N/A

	The number of slots between PDSCH and corresponding HARQ-ACK information
	
	2
	N/A

	Modulation and coding scheme
	
	16 QAM, 0.48
	Random 16 QAM symbols

	Propagation condition
	
	TDLC300-100 for Rank 1
TDLA30-10 for Rank 2
	N/A

	Correlation matrix and antenna configuration
	
	2x4 ULA low & medium 
	N/A

	Note 1:	DMRS scrambling ID is the same for both target and co-scheduled UEs.




Figure 1 MCS13, 2Tx 2Rx ULA Low, Rank 1+1


Figure 2 MCS13, 2Tx 4Rx ULA Low, Rank 1+1

Figure 3 MCS13, 4Tx 4Rx ULA Low, Rank 2+2
[image: ]
Figure 4 MCS13, 2Tx 2Rx ULA Medium, Rank 1+1

Figure 5 MCS13, 2Tx 4Rx ULA Medium, Rank 1+1
[image: ]
Figure 6 MCS13, 4Tx 4Rx ULA Medium, Rank 2+1
[image: ]
Figure 7 MCS13, 4Tx 4Rx ULA Medium, Rank 2+2
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