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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
Under Rel-18 demodulation evolution WI, the following objectives are captured in [1] for MU-MIMO task.
	· Evaluate and specify advanced receiver to cancel inter-user interference for MU-MIMO
· Phase I: Study the performance gain, reference receiver assumption, interference modelling, 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.


In this contribution we provide views on the scope of RAN4 studies on advanced receiver to cancel inter-user interference for MU-MIMO as well as associated reference receiver assumptions.
2. Discussion
In Rel-17, RAN4 has completed the study on MMSE-IRC receiver based on DMRS signals [2] in MU-MIMO scenario. In Rel-18 work scope, main agenda would be advanced receiver structure and required signalling if any. For other topics regarding simulation and working assumptions, it is reasonable to reuse results of Rel-17 work.
General simulation assumptions
RAN4 can reuse the simulations assumptions in [2] as a base line for the following aspects. The paired UE1 and UE2 with the same time-frequency resources are considered in this scenario. Previous Rel-17 study of linear type receiver investigated the performance with various modulation order of desired user i.e. QPSK (MCS 4) and 16QAM (MCS 13) for Rank 1, 16 QAM (MCS 13), 64QAM (MCS 19) for Rank 2 under fixed 16QAM for interfering symbols. For R-ML type receiver, it would be necessary to investigate more various modulation order for interfering layer. Moreover, the PRB bundling granularity of co-scheduled UE follows the PRB bundling size of desired user which is forced by precoder model of interfering signal under the same time-frequency resources assumption between co-channel users. 
	A. Various DMRS configuration cases for channel/MU-interference estimation
· Target UE with single DMRS antenna port
Scenario 1-1: Number of CDM group without data is 1
     ∘	AP1000 for target UE, AP1001 for interference UE
Scenario 1-2: Number of CDM group without data is 2
     ∘	AP1000 for target UE, AP1001 for interference UE
Scenario 1-3: Number of CDM group without data is 2
     ∘	AP1000 for target UE, AP1002 for interference UE
· Target UE with two DMRS antenna ports
Scenario 2-1: Number of CDM group without data is 2
     ∘	AP1000 and 1001 for target UE, AP1002 and 1003 for interference UE
Scenario 2-2: Number of CDM group without data is 2
     ∘	AP1000 and 1001 for target UE, AP1002 for interference UE
B. Precoding model for target UE
· Random precoding with Single panel Type 1 codebook in PRB bundling size (i.e. 2 RB) per slot

C. MU-Interference Model
The PDSCH and DMRS of the paired UEs are precoded prior to transmission. The precoder for each user is denoted by  and  respectively. is the precoder matrix of ith UE, of size NTX x NLi from Type I single panel codebook. The combined precoder , of size NTX x NL where, NL is the total number layers across all users. The precoder of the target UE W1 is randomly selected. For the co-scheduled UE, the precoder W2 is selected in one of the two ways below.
· Orthogonal precoder: W2 is randomly selected from the codebook with a constraint that the combined precoder W has orthogonal columns, i.e., the off-diagonal entries of WHW are zero
· Random precoder: W2 is randomly selected from the codebook ensuring any column of W2 is not identical to any column of W1
To maintain the average per UE signal power, an additional scaling is applied to each precoding considering total number of layers across all users NL and the number of layers for each user, NLi.

D. Test metric: SNR gain @ 70% of maximum Throughput for FRC (Test MCS)
E. CSI-RS configuration: 2 Tx/ 4 Tx NZP CSI-RS with ZP CSI-RS for CSI acquisition, CSI-RS for tracking
F. Other detailed simulation assumptions
MCS 4, 13 for Rank 1, MCS 13, 19 for Rank 2 under 16QAM random symbols for interfering UE
MIMO configuration*: 2T2R ULA Low and 2T4R ULA Low for case with rank1+1 
                                   4T4R ULA Low for case with rank 2+1 and rank 2+2
Propagation conditions: TDLA30-10, TDLC300-100
PDSCH configuration: Mapping Type A with S = 2 and L = 12, Static PRB bundling with size 2
PDSCH DMRS config.: DMRS Type 1, 1 additional DMRS, Max. # of symbols DL front loaded DMRS = 1


Note *) RAN4 recognize that under practical MU-MIMO scenario, BS with larger antenna scales like 8Tx, 16TX is more likely to be used. However, with the random precoder selection method for the target and the co-scheduled UEs, the performance for 8Tx and 16Tx is too poor to show performance gain for the inter-user interference suppressing receiver. Therefore, for this study, we use 2Tx and 4Tx to serve the same purpose. For UEs capable of inter-user interference suppression ability discussed in the TR [2], they can also be used in the deployments with larger number of Tx ports configuration.
Although same time-frequency resources are assumed between co-channel users in MMSE-IRC study, it would be also beneficial to consider non-aligned RB allocations between co-channel users under PRB bundle size allocations granularity for gNB scheduling flexibility. For MMSE-IRC receiver, there might be no significant performance difference between aligned and non-aligned RB allocation scenarios since the random precoding assumption on interfering user with PRB bundling size granularity can indirectly reflect non-aligned resource allocations between co-channel users.
Proposal 1: Reuse existing simulation assumption and scenario in Rel-17 TR 38.833 as a baseline except receiver operation and the required signalling assumptions. For R-ML type receiver, investigate performance for additional modulations for interfering layer. Investigate scenarios with aligned and non-aligned RB allocations between desired UE and co-scheduled UE for advanced receiver.
Reference receiver assumptions
Signal model
The NRx-dimensional received signal vector r of the -th subcarrier and the -th OFDM symbol is assumed to be expressed as a sum of target’s UE own signal , and co-scheduled UEs’ interference signals  (j>1) and the white noise ;

where, 
 and  represent the Nlayer,j x1 transmitted signal vector and the (NRx x Nlayer,j) channel matrix between the j-th co-scheduled UE’s interference and the UE containing the contribution from receiver branches, with  for two receiver antennas and  for four receiver antennas, where,  channel-matrix of size Nlayer,j x1 for the i-th receiver antenna, respectively. 
 is the number of paired UEs plus one (the target UE).
E-MMSE-IRC type receiver
UE directly estimates interfering layer’s channel response and generate MMSE weight matrix. The recovered Nlayer,1 x 1 signal vector at the UE,  is detected by using the (Nlayer,1 x NRx) receiver weight matrix  as follows.

The E-MMSE IRC receiver weight matrix can be expressed as follow:

,
 .
where,
 and  denote the estimated channel matrix and the transmit signal of all UE’s DMRS symbols, respectively, where the estimated channel matrix is also based on DMRS. 
 is the number of sampling REs of intra-user’s DMRS.
Pj is the transmission power of the serving cell and is equal to . 

To perform E-MMSE-IRC processing UE needs information on 1) presence of co-scheduled UEs (antenna ports); 2) channel transfer function estimates for all co-scheduled UEs. The channel estimation for co-scheduled UEs can be performed on the DMRS similar to the target UE and to perform channel estimation UE requires complete information on the co-scheduled UEs DMRS (including DMRS configuration, REs, sequence).
If we consider partial overlap between co-channel user’s allocation, it is also reasonable to assume blind estimation of the presence of actual allocated UEs / antenna ports with a PRB bundling size granularity. Meantime, the maximum allowed number of ports allocated to other user can be inferred by DCI information [3].

In the example below, UE can infer that at most 1 port is allocated to other user when ‘Value’ in DCI Format 1_1 for Antenna port(s) signalling is ‘0’ or ‘1’ when PDSCH is RRC configured with dmrs-Type = 1, maxLength = 1. The maximum allowed number of ports allocated to other user is 3, 2, 1, 0 when ‘Value’ in DCI is ‘{3’, ‘4’, ‘5’, ‘6’}, {‘7’, ’8’, ‘11}, {‘9’}, {‘10’}, respectively. 

Table 7.3.1.2.2-1 in [3]: Antenna port(s) (1000 + DMRS port), dmrs-Type=1, maxLength=1 

	One Codeword: 
Codeword 0 enabled, 
Codeword 1 disabled

	Value 
	Number of DMRS CDM group(s) without data 
	DMRS port(s)

	0
	1
	0

	1
	1
	1

	2
	1
	0,1

	3
	2
	0

	4
	2
	1

	5
	2
	2

	6
	2
	3

	7
	2
	0, 1

	8
	2
	2, 3

	9
	2
	0 – 2

	10
	2
	0 – 3

	11
	2
	0, 2

	12-15
	Reserved
	Reserved




The figure 4.1.1-6 in [2] as captured below illustrates the case where maximum allowed number of ports allocated to other user is 2 and actual allocated port to other is 1 which corresponds the case when ‘Value’ in DCI Format 1_1 for Antenna port(s) signalling is ‘7’.   
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Figure 4.1.1-6 in [2]: Scenario 2-2, number of CDM group without data is 2 and AP1000 and 1001 
for target UE, AP1002 for interference UE 

Observation 1: Unlike MMSE-IRC receiver, E-MMSE-IRC requires channel estimates for all co-scheduled UEs and respectively information on co-scheduled UE’s DMRS (antenna ports, REs, sequence).
Observation 2. The maximum allowed number of ports allocated to other users can be inferred by DCI information.
To estimate channel response associated with the other user’s antenna port(s) especially in FDM-wise DMRS multiplexing between users, UE needs to know information on the parameters on DMRS sequences. It is reasonable to assume that the following RRC configured parameters [4][5] are common for co-channel users in the same serving cell regardless of CDM or FDM multiplexed DMRS between users.
	DMRS-DownlinkConfig :: = SEQUENCE {
dmrs-Type                 ENUMERATED {type2}            OPTIONAL, -- Need S
dmrs-AdditionalPosition   ENUMERATED {pos0, pos1, pos3} OPTIONAL, -- Need S
maxLength                 ENUMERATED {len2}             OPTIONAL, -- Need S
scramblingID0             INTEGER    (0..65535)         OPTIONAL, -- Need S
scramblingID1             INTEGER    (0..65535)         OPTIONAL, -- Need S
phaseTrackingRS SetupRelease {PTRS-DownlinkConfig}      OPTIONAL, -- Need M
...,
[[
dmrs-Downlink-r16      ENUMERATED {enabled}             OPTIONAL -- Need R
	]]
}
	

	
	
	






The only parameter which brings up uncertainty on other user’s DMRS signal is the nSCID ∈ {0, 1}, which is given by the DMRS sequence initialization field in DCI format 1_1 of MU-MIMO scenario especially when FDM-wise DMRS multiplexing between users [4]. This ambiguity can be solved either by UE blind estimation or additional signaling or proper working assumption on setting rule.
[image: ]
Observation 3. The DMRS sequence initialization field, nSCID ∈ {0, 1} in DCI format 1_1 brings up uncertainty on other user’s DMRS signals especially when FDM-wise DMRS multiplexing between co-channel users.
Observation 4. The conclusion of low PAPR DMRS study in Rel-16 is as below and we can see that it is desirable to assign different DMRS sequence initialization seed, nSCID ∈ {0, 1} between different CDM group users.
1) For Rel-15 UE, it is desirable to assign different DMRS sequence initialization seed, nSCID ∈ {0, 1} between different CDM group users i.e FDM-wise DMRS multiplexed users.
2) The concept 1) is extended in Rel-16 to reduce PAPR when single user is assigned multiple CDM groups (higher rank case). In this case, two different scramblingID0 and scramblingID1 are applied to even and odd CDM groups when nSCID = 0 (odd and even CDM groups when nSCID = 1).
Proposal 2: Assume the followings on DMRS signals for the channel estimation of co-channel users in advanced receiver.
1) DMRS parameters in DMRS-DownlinkConfig are aligned for co-scheduled UEs
2) UE is assumed to detect the presence of co-scheduled UEs
3) PAPR favourable nSCID assignment as described in Observation 4
R-ML type receiver
R-ML type receiver performs joint maximum likelihood detection of the useful and co-scheduled UE signals considering the constellations of both signals:
 =
[] 
The performance of reduced complexity maximum likelihood (R-ML) receiver can vary significantly depending on actual internal algorithms such as demodulation layer ordering, local search depth control as well depend on the availability of information on the co-scheduled UE parameters. In particular, the R-ML receiver requires same set of information as E-MMSE-IRC and additionally requires information on the co-scheduled UE modulation constellation format.
Observation 5: R-ML requires additional information on modulation order on top of information required for E-MMSE-IRC.
Summary
The E-MMSE-IRC and R-ML receivers are expected to provide different level of performance improvement on top of baseline MMSE-IRC receiver and the performance may vary for different scenarios. Also, advanced receivers require different information on the co-scheduled UE parameters and the performance is expected to depend on the amount of information available at the UE side and its reliability (e.g., whether it is provided via network assistance or detected). Therefore, when evaluating the receiver performance, it is necessary to investigate the performance impact due to blind parameter estimation and identify whether any additional network assistance is required (e.g., RRC / DCI signalling). 
Proposal 3: Study performance gains of advanced E-MMSE-IRC and R-ML receivers over baseline MMSE-IRC receiver under the assumption of full signalling of required parameters (i.e., genie-aided receivers). 
Proposal 4: Study the performance E-MMSE-IRC and R-ML receivers under assumption of blind detection of all or a sub-set of required parameters.
Proposal 5: Study the need and details of additional network assistance required to facilitate advanced receiver operations. 
As shown in previous sections both E-MMSE-IRC and R-ML receivers require information on the co-scheduled UE parameters, which can be either blindly detected by the UE, signalled by the network (via RRC or DCI) or alternatively UE can make certain assumptions based on expected network scheduling restrictions. When evaluating the receiver performance, it is necessary to investigate the performance impact due to blind parameter estimation as well as associated signalling overhead if the parameters are signalled by RRC / DCI. Since PDSCH allocation can have granularity of single RB allocation, the complexity of blind estimation can be very huge from complexity point of view. For the scenarios with non-aligned allocations of co-channel user in mind, it is desired to study the feasibility of blind estimation with finer granularity of PRB bundling size in addition to PDSCH allocation region of desired user. Table 1 summarizes our assumptions assumption on co-channel parameters for E-MMSE-IRC and R-ML type receiver.
Table 1. Assumption on co-channel parameters for advanced receiver 
	Parameters
	Procedure
	Parameter for co-channel user

	DMRS-DownlinkConfig.
	Per-UE RRC configured.
	No detection. Assume parameters are same as for co-channel users 

	PDSCH Allocation: 
TDRA, FDRA
	DCI_1_1 signalled 
for 
the desired user
	No detection. Assume parameters are same as for co-channel users 

	VRB-to-PRB mapping
	
	No detection. Assume parameters are same as for co-channel users 

	PRB bundling size
	
	No detection. Assume parameters are same as for co-channel users 

	Number of DMRS CDM group(s) without data
	
	No detection. Assume parameters are same as for co-channel users 

	DMRS Port Allocated
	
	Blind detection of presence
FFS if any assistance needed

	DMRS sequence initialization field nSCID ∈ {0, 1}
	
	No detection. 
Assume same for CDM DMRS port(s)and different for FDM DMRS port(s)

	Modulation Order
	
	Blind detection of modulation co-channel UE. 
FFS if any network assistance is needed

	Resource allocation granularity
	
	Assume same RB allocation for main/co-scheduled UE for initial stage
FFS how to handle non-aligned RB resource allocations.



Note) For the scenarios with non-aligned RB allocations of co-channel user, blind estimation with finer granularity of
[PRB, PRB bundling size] in addition to whole PDSCH allocation region of desired user need to be considered.  

3. Conclusion

Proposal 1: Reuse existing simulation assumption and scenario in Rel-17 TR 38.833 as a base line except receiver operation and the required signalling assumptions. For R-ML type receiver, investigate performance for additional modulations for interfering layer. Investigate scenarios with aligned and non-aligned RB allocations between desired UE and co-scheduled UE for advanced receiver
Observation 1: Unlike MMSE-IRC receiver, E-MMSE-IRC requires channel estimates for all co-scheduled UEs and respectively information on co-scheduled UE’s DMRS (antenna ports, REs, sequence).
Observation 2. The maximum allowed number of ports allocated to other users can be inferred by DCI information.
Observation 3. The DMRS sequence initialization field, nSCID ∈ {0, 1} in DCI format 1_1 brings up uncertainty on other user’s DMRS signals especially when FDM-wise DMRS multiplexing between co-channel users.
Observation 4. The conclusion of low PAPR DMRS study in Rel-16 is as below and we can see that it is desirable to assign different DMRS sequence initialization seed, nSCID ∈ {0, 1} between different CDM group users.
1)  For Rel-15 UE, it is desirable to assign different DMRS sequence initialization seed, nSCID ∈ {0, 1} between different CDM group users i.e. FDM-wise DMRS multiplexed users.
2) The concept 1) is extended in Rel-16 to reduce PAPR when single user is assigned multiple CDM groups (higher rank case). In this case, two different scramblingID0 and scramblingID1 are applied to even and odd CDM groups when nSCID = 0 (odd and even CDM groups when nSCID = 1).
Proposal 2: Assume the followings on DMRS signals for the channel estimation of co-channel users in advanced receiver.
1) DMRS parameters in DMRS-DownlinkConfig are aligned for co-scheduled UEs
2) UE is assumed to detect the presence of co-scheduled UEs
3) PAPR favourable nSCID assignment as described in Observation 4

Observation 5: R-ML requires additional information on modulation order on top of information required for E-MMSE-IRC.
Proposal 3: Study performance gains of advanced E-MMSE-IRC and R-ML receivers over baseline MMSE-IRC receiver under the assumption of full signalling of required parameters (i.e., genie-aided receivers). 
Proposal 4: Study the performance E-MMSE-IRC and R-ML receivers under assumption of blind detection of all or a sub-set of required parameters.
Proposal 5: Study the need and details of additional network assistance required to facilitate advanced receiver operations. 
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where / is the OFDM symbol number within the slot, nf is the slot number within a frame, and

N, N € {0,1, ... ,65535} are given by the higher-layer parameters scramblingID0 and scramblingIDI,
respectively, in the DARS-DownlinkConfig IE if provided and the PDSCH is scheduled by PDCCH using DCI
format 1_1 or 1_2 with the CRC scrambled by C-RNTI, MCS-C-RNTL or CS-RNTI

NS €{0,1, ... 65535} is given by the higher-layer parameter scramblingIDO in the DMRS-DovwnlinkConfig IE if
provided and the PDSCH is scheduled by PDCCH using DCI format 1_0 with the CRC scrambled by C-RNTIL,
MCS-C-RNTL, or CS-RNTL;
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where ) is the CDM group defined in clause 7.4.1.1.2.
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