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1 Introduction
In RAN#98, the status report of Rel-18 WI of NR demodulation performance evolution, the work objective for advanced receiver to cancel inter-user interference for MU-MIMO is defined [1].  The work objective is to evaluate and specify advanced receiver to cancel inter-user interference for MU-MIMO. This work is split into two phases where the first phase studies the performance gain, reference receiver assumption, interference modelling, testability, required signalling overhead, as well as impact on other WGs. The initial receiver candidates are E-MMSE-IRC and R-ML. In the second phase it is expected to specify PDSCH demodulation requirements under MU-MIMO scenario with advanced receiver.

2 Discussion
2.1 Background
[bookmark: _Hlk95316233]New test cases of PDSCH with intra-cell inter-user interference were introduced in Rel-17 test specification [2] and shown in Tables 2-1 and 2-2 as a reminder. These requirements were defined assuming MMSE-IRC receiver to mitigate co-scheduled UE interference.
Table 2-1: Test configuration for PDSCH with intra-cell inter-user interference in test specification.
	Parameter
	Unit
	Target UE
	Co-scheduled UE

	Duplex mode
	
	FDD / TDD

	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 test 1-1
{1000, 1001} for test 2-1
	{1001} for test 1-1
{1002, 1003} for test 2-1

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

	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
	
	FDD:4 / TDD:8
	N/A

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



Table 2-2: Test configuration for PDSCH with intra-cell inter-user interference in test specification [2].
	Test
	Bandwidth (MHz) / Subcarrier spacing (kHz)
	Modulation format and code rate
	Co-scheduled UE precoder
	Propagation condition 
	Correlation matrix and antenna configuration
	Reference value

	
	
	Target UE
	Co-scheduled UE
	
	
	
	Fraction of
maximum
throughput
(%)
	SNR (dB)

	Rank1
	FDD: 10/15
TDD: 40/30
	16QAM, 0.48
	Random 16QAM symbols
	Non-orthogonal
	TDLC300-100
	2 x {2, 4}
ULA Low 
	70
	Test dependent

	Rank2
	FDD: 10/15
TDD: 40/30
	16QAM, 0.48
	Random 16QAM symbols
	Orthogonal
	TDLA30-10
	4 x 4
ULA Low
	70
	Test dependent



2.2 Advanced receiver options
To improve receiver performance from Rel-17 MMSE-IRC solution, new advanced receiver to cancel inter-user interference for MU-MIMO is proposed to be introduced in Rel-18. The initial receiver candidates are E-MMSE-IRC and R-ML.
Our assumption of E-MMSE-IRC implementation would be to estimate co-scheduled UE channel and utilize that information in noise covariance matrix definition. Our initial analysis indicated quite limited performance improvements and therefore we do not share detailed simulation results in this document.
In this document we focus on Reduced complexity Maximum Likelihood detection (R-ML) and more specifically in a variant where target UE and co-scheduled UEs are jointly demodulated. With this selection of receiver assumption, we wanted to check what kind of performance improvements are achievable over Rel-17 assumptions and in which scenarios. Joint demodulation of target UE and co-scheduled UEs, in addition to regular target UE reception, requires channel estimation of co-scheduled UEs and knowledge of PDSCH modulation order of co-scheduled UEs.

2.3 Assistance information and scenario restrictions
One goal in work item description is to find if any assistance information is needed for advanced receiver. As discussed in the previous chapter, advanced receivers of this WI require channel estimation of co-scheduled UEs, and if using joint demodulation of target UE and co-scheduled UEs, knowledge of PDSCH modulation order of co-scheduled UEs.
To perform channel estimation for co-scheduled UE, target UE needs to know
· Co-scheduled UE DMRS scrambling ID (16-bit value, cannot be blindly detected by UE)
· Co-scheduled UE PRG / PRB bundling in other CDM groups
· Co-scheduled UE DMRS frequency and antenna port allocation
To perform joint demodulation of co-scheduled UE, in addition to channel estimation, target UE needs to know
· Co-scheduled UE PDSCH modulation per antenna port and per PRB bundle
In the following Table 2-3 some examples of possible target UE and co-scheduled UE are illustrated. X-axis of the table is antenna port dimension, in this example limited from 0 to 3 but could be up to 12 in Rel-17 standards and possibly up to 24 in Rel-18 standards. Y-axis of the table in PRB bundle dimension, where PRB bundle size of the co-scheduled UE is assumed to be the same as target UE bundle size, but this is not guaranteed by specification when UEs are allocated in different CDM groups.
The top left example match Rel-17 baseline test where there is single co-scheduled UE with full allocation. The top right example has single co-scheduled UE with partial allocation. The middle-left example has two co-scheduled UEs with the same antenna port allocation. The middle-right example has two co-scheduled UEs with different antenna port allocation. The bottom examples have three co-scheduled UEs with different antenna port allocation. All co-scheduled UEs have independent PDSCH modulation order.
Table 2-3: Examples of target UE and co-scheduled UE allocations.
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Observation #1: MU-MIMO advanced receiver needs knowledge of scrambling IDs of co-scheduled UEs.
Proposal #1: Scrambling IDs of co-scheduled UEs are signalled with assistance information to UE or alternatively target UE is allowed to assume the same scrambling ID for co-scheduled UEs as its own.
As shown in previous scenario examples, the estimation effort without any apriori information of co-scheduled UEs would be complex task for UE. Therefore, we are strongly suggesting some indication of existence of co-scheduled UEs is given to UE, and even better if this information take potential benefits of using advanced receiver into account. In general, we believe network knowledge of UEs resource allocations, modulations and precoders can be used to identify which UEs would do fine with simple whitening solutions and which UEs could benefit using advanced receiver. This symbiosis of network and UE would limit unnecessary complexity for UEs still enabling performance improvements when achievable.
Observation #2: MU-MIMO advanced receiver needs knowledge of frequency and antenna port allocations of co-scheduled UEs. Without any assistance information from network this would be huge estimation effort for target UE.
Proposal #2: Introduce assistance information of frequency and antenna port allocations of co-scheduled UEs.
Proposal #3: Introduce assistance information to indicate co-scheduled UEs in the current slot for usefulness of advanced receiver.
In the following Table 2-4 performance losses due to wrong co-scheduled UE modulation assumptions are shown in 4RX Rank2, MU-MIMO (2+2). All these simulations assume ideal knowledge of co-scheduled UE properties like scrambling ID, antenna port allocation and frequency allocation. The results shown in table are SNR difference at 70% throughput level compared to the correct co-scheduled UE modulation assumption. Losses of co-scheduled UE modulation misdetection can be significant in two scenarios:
· When co-scheduled UE modulation order is QPSK, and any other modulation assumption is used.
· When co-scheduled UE modulation order is other than QPSK, and QPSK modulation assumption is used.






Table 2-4: Performance losses due to wrong co-schedules UE modulation assumption in Rank 2, MU-MIMO (2+2).
	Target
UE
modulation
	Co-UE
modulation
	Co-UE modulation assumption
in target UE
	IRC /
Co-UE
whitening

	
	
	QPSK
	16-QAM
	64-QAM
	

	QPSK
	QPSK
	0,0dB
	0,0dB
	-0,1dB
	-0,5dB

	QPSK
	16-QAM
	0,0dB
	0,0dB
	0,0dB
	-0,3dB

	QPSK
	64-QAM
	0,0dB
	0,0dB
	0,0dB
	-0,3dB

	16-QAM
	QPSK
	0,0dB
	-1,8dB
	-1,6dB
	-2,0dB

	16-QAM
	16-QAM
	-0,6dB
	0,0dB
	-0,2dB
	-0,7dB

	16-QAM
	64-QAM
	-0,7dB
	0,0dB
	0,0dB
	-0,5dB

	64-QAM
	QPSK
	0,0dB
	-8,9dB
	-3,4dB
	-3,6dB

	64-QAM
	16-QAM
	-4,7dB
	0,0dB
	-1,5dB
	-1,7dB

	64-QAM
	64-QAM
	-9,1dB
	-0,5dB
	0,0dB
	-0,6dB



Observation #3: MU-MIMO advanced receiver needs knowledge of PDSCH modulation of co-scheduled UEs. Without any assistance information from network this would be huge estimation effort for target UE.
Proposal #4: Introduce assistance information of PDSCH modulation of co-scheduled UEs.

2.4 Performance analysis and proposals for further work
In this document we focus on reduced complexity maximum likelihood detection (R-ML) and more specifically in a variant where target UE and co-scheduled UE are jointly demodulated. With this selection of receiver assumption, we wanted to check what kind of performance. Simulation studies are limited to FDD tests to save simulation efforts as we expect observations from FDD results to be similar in TDD results. All these simulations assume ideal knowledge of co-scheduled UE properties like scrambling ID, antenna port allocation, frequency allocation and PDSCH modulation.
As a starting point Rel-17 baseline simulations are repeated by using R-ML and compared to Rel-17 whitening receiver solution. Furthermore, baseline configuration is modified by lowering co-scheduled UE modulation order, and in Rank 2 simulations using non-orthogonal precoding.
Simulation configuration of Rank 1 simulations in 2RX and 4RX with co-scheduled UE modulation of 16-QAM are shown in Table 2-5, and simulation results in Figure 2-1.
Simulation configuration of Rank 1 simulations in 2RX and 4RX with co-scheduled UE modulation of QPSK are shown in Table 2-6, and simulation results in Figure 2-2.
Simulation configuration of Rank 2 simulations in 4RX with co-scheduled UE modulation of 16-QAM, and with orthogonal (left) and non-orthogonal (right) precoding are shown in Table 2-7, and simulation results in Figure 2-3.
Simulation configuration of Rank 2 simulations in 4RX with co-scheduled UE modulation of QPSK, and with orthogonal (left) and non-orthogonal (right) precoding are shown in Table 2-8, and simulation results in Figure 2-4.




Table 2-5: Test configuration for Rank1 test with co-scheduled UE with 16-QAM modulation.
	Test
	Bandwidth (MHz) / Subcarrier spacing (kHz)
	Modulation format and code rate
	Co-scheduled UE precoder
	Propagation condition 
	Correlation matrix and antenna configuration
	Reference value

	
	
	Target UE
	Co-scheduled UE
	
	
	
	Fraction of
maximum
throughput
(%)
	SNR (dB)

	Rank1
	FDD: 10/15
TDD: 40/30
	16QAM, 0.48
	Random 16QAM symbols
	Non-orthogonal
	TDLC300-100
	2 x {2, 4}
ULA Low 
	70
	Test dependent



Figure 2-1: Simulation results for Rank1 test with co-scheduled UE with 16-QAM modulation.
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Table 2-6: Test configuration for Rank1 test with co-scheduled UE with QPSK modulation.
	Test
	Bandwidth (MHz) / Subcarrier spacing (kHz)
	Modulation format and code rate
	Co-scheduled UE precoder
	Propagation condition 
	Correlation matrix and antenna configuration
	Reference value

	
	
	Target UE
	Co-scheduled UE
	
	
	
	Fraction of
maximum
throughput
(%)
	SNR (dB)

	Rank1
	FDD: 10/15
TDD: 40/30
	16QAM, 0.48
	Random QPSK symbols
	Non-orthogonal
	TDLC300-100
	2 x {2, 4}
ULA Low 
	70
	Test dependent



Figure 2-2: Simulation results for Rank1 test with co-scheduled UE with QPSK modulation.
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Table 2-7: Test configuration for Rank2 test with co-scheduled UE with 16-QAM modulation.
	Test
	Bandwidth (MHz) / Subcarrier spacing (kHz)
	Modulation format and code rate
	Co-scheduled UE precoder
	Propagation condition 
	Correlation matrix and antenna configuration
	Reference value

	
	
	Target UE
	Co-scheduled UE
	
	
	
	Fraction of
maximum
throughput
(%)
	SNR (dB)

	Rank2
	FDD: 10/15
TDD: 40/30
	16QAM, 0.48
	Random 16QAM symbols
	Orthogonal/
Non-orthogonal
	TDLA30-10
	4 x 4
ULA Low
	70
	Test dependent



Figure 2-3: Simulation results for Rank2 test with co-scheduled UE with 16-QAM modulation.
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Table 2-8: Test configuration for Rank2 test with co-scheduled UE with QPSK modulation.
	Test
	Bandwidth (MHz) / Subcarrier spacing (kHz)
	Modulation format and code rate
	Co-scheduled UE precoder
	Propagation condition 
	Correlation matrix and antenna configuration
	Reference value

	
	
	Target UE
	Co-scheduled UE
	
	
	
	Fraction of
maximum
throughput
(%)
	SNR (dB)

	Rank2
	FDD: 10/15
TDD: 40/30
	16QAM, 0.48
	Random QPSK symbols
	Orthogonal/
Non-orthogonal
	TDLA30-10
	4 x 4
ULA Low
	70
	Test dependent



Figure 2-4: Simulation results for Rank2 test with co-scheduled UE with QPSK modulation.
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In the following Table 2-9 IC gains in different scenarios are collected where SNR difference between R-ML and whitening receiver assumptions is checked at 70% throughput level. It can be concluded that IC gain is only 1 to 2dB in existing Rel-17 baseline tests. If baseline test configuration is modified to use lower co-scheduled UE modulation order, or non-orthogonal precoding in Rank 2 test, we can observe higher gains. These test configuration updates are potential options for Rel-18 test case configuration.
Table 2-9: IC gains in different scenarios
	Test case
	IC gain [dB]

	Rank 1, 2RX, CoUE modulation 16-QAM, Non-orthogonal precoders (Rel-17 baseline test)
	2.3dB

	Rank 1, 2RX, CoUE modulation QPSK, Non-orthogonal precoders
	4.3dB

	Rank 1, 4RX, CoUE modulation 16-QAM, Non-orthogonal precoders (Rel-17 baseline test)
	1.2dB

	Rank 1, 4RX, CoUE modulation QPSK, Non-orthogonal precoders
	2.3dB

	Rank 2, 4RX, CoUE modulation 16-QAM, Orthogonal precoders (Rel-17 baseline test)
	0.7dB

	Rank 2, 4RX, CoUE modulation QPSK, Orthogonal precoders
	1.9dB

	Rank 2, 4RX, CoUE modulation 16-QAM, Non-orthogonal precoders
	2.0dB

	Rank 2, 4RX, CoUE modulation QPSK, Non-orthogonal precoders
	3.6dB



Observation #4: MU-MIMO advanced receiver IC gain is larger when precoding/beamforming is done poorly.
Observation #5: MU-MIMO advanced receiver IC gain is larger when co-scheduled UE PDSCH modulation order is lower than target UE PDSCH modulation order.
Proposal #5: Introduce Rel-18 advanced receiver MU-MIMO Rank 1 and Rank 2 tests using co-scheduled UE PDSCH modulation order lower than target UE PDSCH modulation order.
Proposal #6: Introduce Rel-18 advanced receiver MU-MIMO Rank 2 tests using non-orthogonal precoders.










3 Conclusion
In this paper we provided the view on the advanced receiver to cancel inter-user interference for MU-MIMO. The following observations and proposals are made:
Observation #1: MU-MIMO advanced receiver needs knowledge of scrambling IDs of co-scheduled UEs.
Proposal #1: Scrambling IDs of co-scheduled UEs are signalled with assistance information to UE or alternatively target UE is allowed to assume the same scrambling ID as its own.
Observation #2: MU-MIMO advanced receiver needs knowledge of frequency and antenna port allocations of co-scheduled UEs. Without any assistance information from network this would be huge estimation effort for target UE.
Proposal #2: Introduce assistance information of frequency and antenna port allocations of co-scheduled UEs.
Proposal #3: Introduce assistance information to indicate co-scheduled UEs in the current slot for usefulness of advanced receiver.
Observation #3: MU-MIMO advanced receiver needs knowledge of PDSCH modulation of co-scheduled UEs. Without any assistance information from network this would be huge estimation effort for target UE.
Proposal #4: Introduce assistance information of PDSCH modulation of co-scheduled UEs.
Observation #4: MU-MIMO advanced receiver IC gain is larger when precoding/beamforming is done poorly.
Observation #5: MU-MIMO advanced receiver IC gain is larger when co-scheduled UE PDSCH modulation order is lower than target UE PDSCH modulation order.
Proposal #5: Introduce Rel-18 advanced receiver MU-MIMO Rank 1 and Rank 2 tests using co-scheduled UE PDSCH modulation order lower thank target UE PDSCH modulation order.
Proposal #6: Introduce Rel-18 advanced receiver MU-MIMO Rank 2 tests using non-orthogonal precoders.
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