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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction

In RAN4 #106, working assumptions on advanced R-ML and E-MMSE receiver requirements for MU-MIMO scenario was discussed and a way forward [1] was approved, which includes Phase I simulation assumptions as well as required information for the candidate receivers. In this paper, we provide our views on reference receivers working assumptions. 
2. Summary of RAN4 #106 agreements on advanced MU-MIMO receiver [1]
Reference receiver structure
With the complexity and performance implication from the pending discussion on network assisted signalling vs blind detection, RAN4 has the following options as of now [1]. 
	· Option 1: UE perform RML algorithm for serving and all co-scheduled UEs in the cell
· Option 2: UE perform RML algorithm for serving layer(s) + x interference layer(s)
· Option 2A: x depends on UE’s capability of modulation order detection and perform E-IRC algorithm for rest interference layers
· Option 3: UE can perform R-ML algorithms in the scenario with one additional co-scheduled UE (besides the UE under test) on all the interfering layers at each slot on the same frequency domain resource


Required information for candidate receivers
For the receiver working assumption and the required parameters, RAN4 has the following issues in the WF document. 
	· FFS on blind detection or assistant signaling or other options for co-scheduled UEs
· Co-channel UE presence
· DMRS sequence information
· DMRS port information
· Precoding granularity
· DMRS power boosting
· Tx. power ratio between desired PDSCH and co-channel PDSCH
· TDRA, FDRA
· FFS on blind detection or assistant signaling for R-ML
· Modulation order 
· CSI-RS/PT-RS (Options: signaling or not-overlap assumption)
· Network assistant signaling scheme
· RRC / MAC-CE or DCI
· Whole bandwidth granularity or other options



Discussion
Phase 1 results and implications
The initial evaluation results under the assumption of genie receiver which knows all the required parameter for interfering layer [2] are summarized as below and we can get a few observations.
	Case 

	Number of
co-scheduled 
UEs

	Rank
(Target UE)
	Co-scheduled UE
	MIMO
Config.
	Channel 
model
	Precoder 
selection 
(Co-scheduled UE)
	SNR dB @ 70 % Throughput

	
	
	
	Rank
	Modulation
	
	
	
	R-ML
	E-IRC
	IRC
(Baseline)
	Gain
(R-ML)
	Gain
(E-IRC)

	1
	1
	1
	1
	QPSK
	2Tx 2Rx 
ULA medium
	TDLC300-100
	orthogonal
	13.4
	19.1
	19.3
	5.9
	0.2

	2
	
	
	
	
	
	
	random
	14.4
	21.3
	22.3
	7.9
	1.0

	3
	
	
	3
	16QAM
	4Tx 4Rx 
ULA Low
	
	orthogonal
	-

	4
	
	
	
	
	
	
	random
	-

	5
	
	2
	2
	64QAM
	
	
	orthogonal
	13.5
	14.2
	14.8
	1.3
	0.6

	6
	
	
	
	
	
	
	random
	18.5
	20.4
	30.0
	11.5
	9.6

	7
	
	
	
	QPSK
	
	
	orthogonal
	11.0
	14.2
	14.8
	3.2
	0.6

	8
	
	
	
	
	
	
	random
	13.3
	20.4
	29.9
	16.6
	9.5

	9
	
	
	
	64QAM
	
	TDLA30-10
	orthogonal
	12.2
	12.5
	12.5
	0.3
	0.0

	10
	
	
	
	
	
	
	random
	16.8
	17.6
	17.5
	0.7
	-0.1

	11
	
	
	
	QPSK
	
	
	orthogonal
	9.9
	12.5
	12.4     
	2.5
	-0.1

	12
	
	
	
	
	
	
	random
	11.8
	17.7
	17.5
	5.7
	-0.2



Observation 1. R-ML receiver shows better performance than E-IRC especially with QPSK interferer. Under orthogonal precoder selection, the gain is 2.5 ~ 5.9 dB while E-IRC shows almost no gain at 70% TP SNR.
Observation 2. R-ML receiver with 64QAM interferer shows 0.3 ~ 1.3 dB gain in orthogonal precoder selection.     
Observation 3. Considering the marginal gain with 64QAM interferer and complexity/performance trade-off of blind detection, it is desirable to signal modulation order if it is feasible in terms of overhead.   
[bookmark: _Hlk132022488]Proposal 1. Down-select R-ML as a candidate reference receiver to define advanced MU-MIMO performance requirements.
Reference receiver structure
As observed in Phase 1 simulation results, R-ML receiver shows better performance than E-IRC especially with QPSK interferer. Under orthogonal precoder selection, the gain is 2.5 ~ 5.9 dB while E-IRC shows almost no gain at 70% TP SNR. However, R-ML receiver with 64QAM interferer shows only 0.1 ~ 1.4 dB gain in orthogonal precoder selection where gNB does optimal user pairing. Thus, as least to avoid inferior performance with 64QAM interferer, it is reasonable to introduce network assisted signalling on interfering layer modulation order which would be the largest burden in blind detection. 
Proposal 2. Consider a modified Option 2 for R-ML receiver in terms of total layer (serving + interfering) and modulation of order as the same capability for SU-MIMO detection (Total 2 / 4 layers for 2Rx / 4Rx UE) with network assisted signalling on modulation order of interfering layers. 
Receiver working assumption and required information
The high-level list of required information for candidate receivers was identified in [1] and the following generic approaches to convey information can be considered:  
· Option 1) Semi-static network assistance (e.g., RRC/MAC-CE signalling) and fixed rule in specification (i.e., scheduling restrictions at the network side or operation rule without signalling).
· Option 2) Dynamic network assistance (e.g., via DCI)
· Option 3) Parameter estimation/detection at the UE side
Our views on the receiver assumption in the WF [1] are summarized below for the case of aligned PDSCH allocations between co-scheduled UEs.
	Information on co-scheduled UEs
	Reference receiver
	Our views 

	(1) Presence of MU-MIMO transmission 
	E-MMSE-IRC and R-ML
	Option 2 (dynamic assistance)

	(2) DMRS sequence information (nscid = 0 or 1)
	E-MMSE-IRC and R-ML
	Option 1 (or Option 2)

	(3) DMRS port
	E-MMSE-IRC and R-ML
	Option 2 (dynamic assistance)

	(4) Precoding granularity
	E-MMSE-IRC and R-ML
	Option 1. 
Assume same precoding granularity as for target UE

	(5) Tx DMRS power between paired UEs (DMRS boosting)
	E-MMSE-IRC and R-ML
	No need to know. Same power can be assumed at least for evaluation purposes.

	(6) Tx. power ratio between desired PDSCH and co-channel PDSCH
	E-MMSE-IRC and R-ML
	Not need to know.

	(7) TDRA
	E-MMSE-IRC and R-ML
	Option 1. Assume same as target UE.

	(8) FDRA
	E-MMSE-IRC and R-ML
	Option 1. Assume same as target UE for aligned case. FFS on non-aligned case.

	(9) Modulation order
	R-ML
	Option 2 (dynamic assistance)

	(10) CSI-RS/PT-RS
	R-ML
	No need to know. Can be handled as regular interference. 



(1)/(3)/(9) DMRS port and modulation order of interfering layer 
	- Modulation order (9) 
The modulation order is essential information for R-ML receiver operation. Considering the Observation 2, we think it would be safe to introduce network signalling i.e., additional field in DCI_1_1 to avoid performance degradation, when interferer has higher order modulation signals such as 64QAM, at least for aligned PDSCH scenario.   
Proposal 3. Consider R-ML receiver without blind detection on modulation order at least for aligned PDSCH scenario and introduce corresponding DCI-based network assistance.
     - Port presence (1)
The information on the presence of MU-MIMO transmission or other UE’s DMRS port can be obtained at the UE side by either blind detection or network signalling. In case the group decides to introduce the network assistance of the modulation order of interfering layer, it would be also straightforward to design signalling in a way to inform UE on both signal presence and modulation format altogether. For example, 2-bit network assistance flag as below can be considered:
00: No interference presence
01: Interference with QPSK
10: Interference with 16QAM
11: Interference with 64QAM or 256QAM
The same indicator of ‘11’ for 64 QAM / 256 QAM is motivated by the fact that the 256QAM is very rare and may not be used often in MU-MIMO case, while the gains from advanced RX processing are expected to be limited.
     - DMRS port of interfering layer (3)
Once we decide signalling of the modulation order of interfering layer, the port information is easily encoded by the cyclic indexing with respect to target UE’s port without adding additional signalling overhead.
Under the signalling assumption of modulation order for R-ML receiver, it would be more efficient to jointly design the associated DCI signalling fields simultaneously considering presence of co-channel port(s) and modulation order of the port(s), e.g., as shown below.

	Signalling Overhead
	DCI signalling Info.
	Antenna Port
= 1000 + DMRS Port (P)

	2 bits
	maxMIMO-Layers = 2
	00: No interference presence
01: Interference with QPSK
10: Interference with 16QAM
11: Interference with 64QAM or 256 QAM
	P = {0, 1}

	6 bits
	maxMIMO-Layers = 4
	For 3 interfering ports in cyclic order from desired layer, each 2 bits represent as
00: No interference presence
01: Interference with QPSK
10: Interference with 16QAM
11: Interference with 64QAM or 256 QAM
	P = {0, 1, 2, 3}



Proposal 4. RAN4 to investigate the efficient network assistance signalling scheme jointly considering presence of co-channel port(s) and modulation order of the port(s).

(3) Precoding granularity
The channel response is the cascade of transmit precoding matrix and over-the-air channel matrix. At least for transmit precoding, the granularity of applied PMI is either wideband or sub-band which is at least multiple of PRBs in FDD system. In TDD system, depending on the gNB algorithm, x-times of PRB-level granularity x ∈ {1, 2, … 10} might be possible. To minimize the blind detection efforts and same time avoid extra network assistance, we recommend considering scheduling restrictions and allow UE to assume the same precoding granularity for desired and interfering UE. Also, UE can just assume own channel coherence bandwidth for the parameter estimation of own signals as well as interfering signals.

(2) DMRS sequence
For DMRS sequence information nSCID ∈ {0, 1}, which is given by the DMRS sequence initialization field in DCI format 1_1. 
[image: ]
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 5: UE may assume the following on DMRS signals configuration for the channel estimation of co-channel users 
1) DMRS parameters in DMRS-DownlinkConfig are aligned for co-scheduled UEs
2) UE is assumed to know the presence of co-scheduled UEs
3) PAPR favourable nSCID assignment is used as described in Observation 4

(5)/(6) Power ratio parameters
For other power related issues of 3-1-5) and 3-1-6), we would like to point out that the ratio of PDSCH EPRE to DM-RS EPRE is fixed in the specification TS 38.214. Under this power ration, gNB still can have degree of freedom to adjust Tx power between users when paired user’s DMRS are FDM, and it is transparent to UE demodulation. For the users in the same CDM group, it is not desirable to adjust the TX power, since it breaks orthogonality between DMRS ports in the same CDM group.  
	[image: ]



Semi-static parameters and scheduling restrictions
As assumed in simulation assumptions, DMRS-DownlinkConfig. needs to be aligned for the same DMRS symbol length, positions, and dmrs-Type to guarantee orthogonality between DMRS ports. For (scramblingID0, scrablingID1), our scope is limited to total 4 layers with at most 2 CDM groups. Thus, we need at most 2 scrambling ID set for the randomization purpose, which imply that we can assume the same set for all users at least in the same serving cell. The necessity of BWP specific signalling configuration can be justified by the grouping of users depending on their mobility or number of Rx. antennas and apply different maxMIMOlayers or additional DMRS to each BWP. 
Proposal 6. RAN4 to investigate the necessity of signalling for UE to be aware of MU-MIMO favourable assumption on co-channel UEs. FFS on the scope the assumptions including the following candidates.
- Same PDSCH allocation region b	between paired users
- Same precoding granularity
- Fixed allocation rules on nscid as in Proposal 5. 
- Same DMRS-DownlinkConfig

	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
	]]
}
	








(10) CSI-RS/PT-RS
Typically, the portion of CSI-RS/PT-RS signals is relatively low comparing to the PDSCH signal.  Also, we assume that network assisted signalling or blind detection mechanism can be rather complex. Therefore, we think that co-scheduled UE CSI-RS/PT-RS signals might be treated as the other UE’s PDSCH signals.
Proposal 7. Do not consider network assistance or blind detection of CSI-RS/PT-RS for R-ML receiver and the respective signals can be handled as regular PDSCH interference.

Considerations for non-aligned PDSCH scenario
In practice, ensuring fully aligned PRB allocations for MU-MIMO transmissions to different UEs may be a non-optimal solution in terms of network efficiency. Therefore, it is desirable to allow a certain level of flexibility for network scheduler implementations and support at least certain combinations of non-aligned PDSCH allocations. Consequently, RAN4 needs to investigate efficient way of scheduler restriction with network signalling overhead implication in mind. For the non-aligned MU-MIMO allocation cases, due to the huge freedom in terms of RB allocations, modulation order and # of layer, certain restrictions on possible scenarios are helpful to reduce the receiver and potential network assistance complexity (e.g., x-times of PRB-bundling size or RBG-size granularity in PDSCH allocation). One of the possible ways to reduce the receiver and signalling complexity for non-aligned RB allocation MU-MIMO scenario is to put constraints on the number of overlapping PDSCH allocation transitions in each co-scheduled layer (e.g. target UE PDSCH may overlap with up to N PDSCH transmissions to other UEs on a co-scheduled layer). 
As an example, Fig. 1 shows an example of non-aligned MU-MIMO allocation when only two overlapping PDSCH transmissions are allowed in each layer (and a single allocation transition). The advantage of this approach can be summarized as below.
		1) Total number of partitions is limited to Ntotal partitions <= Ntransit + 1 + Ntransit * (NInt.layer – 1)
		2) Total max. signalling overhead = Nbit,Mod.order, presence * (Ntransit + 1) * NInt.layer + Nbit,RB index * (Ntotal partitions  - 1)
where NInt.layer is # of interfering layers and Ntransit is the number of transitions per each interfering layer. The RB index of each partition region may be acquired with blind detection without network assisted signalling.  For the Case (a), there are 4 partitions and 6 interfering users.   
Proposal 8. RAN4 to investigate the non-aligned MU-MIMO PDSCH scenario with constraints on the number of overlapping PDSCH allocations/transitions in each co-scheduled layer including required network assistance and blind detection.
[image: ]
Fig. 1 Illustration of non-aligned allocations under singe RB transition per layer 
Conclusions
Our initial evaluation results under the assumption of genie receiver imply the following
Observation 1-1. R-ML receiver shows better performance than E-IRC especially with QPSK interferer. Under orthogonal precoder selection, the gain is 2.5 ~ 5.9 dB while E-IRC shows almost no gain at 70% TP SNR.
		Observation 1-2. R-ML receiver with 64QAM interferer shows 0.1 ~ 1.4 dB gain in orthogonal precoder selection.     
Observation 1-3. Considering the marginal gain with 64QAM interferer and complexity/performance trade-off of blind detection, it is desirable to signal modulation order if it is feasible in terms of overhead.   
Proposal 1. Down-select R-ML as a candidate reference receiver to define advanced MU-MIMO performance requirements.
Proposal 2. Consider a modified Option 2 for R-ML receiver in terms of total layer (serving + interfering) and modulation of order as the same capability for SU-MIMO detection (Total 2 / 4 layers for 2Rx / 4Rx UE) with network assisted signalling on modulation order of interfering layers. 
Proposal 3. Consider R-ML receiver without blind detection on modulation order at least for aligned PDSCH scenario and introduce corresponding DCI-based network assistance.
Proposal 4. RAN4 to investigate the efficient network assistance signalling scheme jointly considering presence of co-channel port(s) and modulation order of the port(s).
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 5: UE may assume the following on DMRS signals configuration for the channel estimation of co-channel users 
1) DMRS parameters in DMRS-DownlinkConfig are aligned for co-scheduled UEs
2) UE is assumed to know the presence of co-scheduled UEs
3) PAPR favourable nSCID assignment is used as described in Observation 4
Proposal 6. RAN4 to investigate the necessity of signalling for UE to be aware of MU-MIMO favourable assumption on co-channel UEs. FFS on the scope the assumptions including the following candidates.
- Same PDSCH allocation region between paired users
- Same precoding granularity
- Fixed allocation rules on nscid as in Proposal 5. 
- Same DMRS-DownlinkConfig
Proposal 7. Do not consider network assistance or blind detection of CSI-RS/PT-RS for R-ML receiver and the respective signals can be handled as regular PDSCH interference.
Proposal 8. RAN4 to investigate the scenario of non-zero allocation transition in each interfering layer and their implication on the receiver structure in terms of capability regarding ML layers and blind detection.
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Table 4.1-1:

The ratio of PDSCH EPRE to DM-RS EPRE

Number of DM-RS CDM DM-RS configuration type 1 DM-RS configuration type 2
groups without data
1 0dB 0dB
2 -3dB -3dB
3 - -4.77 dB
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