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Introduction
Good progress was made in RAN4#108bis on the receiver assumptions and NWA for advanced receivers. It was decided to focus on R-ML as the receiver type and not to revisit this decision. RAN4 is willing to discuss if modulation order detection should be optional w/o capability signaling. Main topics remaining is finalization of NWA signalling and UE capabilities. 
In the following contribution we will provide our view on the remaining open issues and make new proposals where needed.
Discussion
Reference receiver assumptions
Additional assumptions to the R-ML receiver
In RAN4#108bis it was discussed which additional assumptions would be needed for the R-ML receiver, see [1]. 
It has been agreed to introduce DMRS test cases, however the maximum number of layers need to be handled and the supported DMRS configurations are still open for discussion.
	[bookmark: _Hlk148696417] Issue 1-2-2: Additional assumptions to the R-ML receiver
· Candidate options on maximum number of layers need to be handled with R-ML receiver:
· Option 1: Different types of UEs that defines the minimum total layer number across target and co-scheduled UEs with R-ML processing based on UE declaration
· Option 1A:
· Type 1: R-ML with enhanced inter-stream interference suppression for MU-MIMO transmissions with rank 2 with 2 Rx
· Type 2: R-ML with enhanced inter-stream interference suppression for MU-MIMO transmissions with rank 2,3,4 with 4 Rx
· Option 1B:
· For R-ML receiver without modulation order detection for MU-MIMO
· Type 1: 2Rx UEs can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
· Type 2: 4Rx UEs can process up to 4 layers across target and co-scheduled UEs with R-ML receiver
· For R-ML receiver with modulation order detection for MU-MIMO
· Type 1: 2Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
· Type 2: 4Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
· Type 3: 4Rx UEs which can process up to 4 layers across target and co-scheduled UEs with R-ML receiver
· Option 2: Introduce UE capability signalling for the following types
· Type 1: 2Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
· Type 2: 4Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
· Type 3: 4Rx UEs which can process up to 4 layers across target and co-scheduled UEs with R-ML receiver
· Option 3: Maximum 4 layer including target and co-scheduled UEs are required. When the assumptions are not fulfilled, UE is allowed to fall back to MMSE-IRC requirements
· Candidate options on supported DMRS configurations:
· Option 1: Not to have additional restrictions on supported DMRS configurations
· Option 2: Restrict R-ML for MU-MIMO to certain DMRS configuration and length or introduce UE capability on the supported DMRS configuration and lengths




The 3 types of UEs described in the WF [1] for option 2 will be sufficient to cover the following NW configurations:
· Type 1 and 2 will have the combinations with the target UE having 1-2 layers and with the co-UE having 1-2 layers respectively.
· Type 3 will have the combinations with the target UE having 1-4 layers and with the co-UE having 1-4 layers respectively.

To enable the NW scheduler to achieve the most optimal configuration it will be helpful if the UE signals capability based on the above 3 defined types (option 2).
1. Optimal network scheduling will require that UE provides capability signalling about number of layers it can process with R-ML receiver.
RAN4 to introduce UE capability to signal support of the following 3 target UE types:
- Type 1: 2Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
- Type 2: 4Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
- Type 3: 4Rx UEs which can process up to 4 layers across target and co-scheduled UEs with R-ML receiver

Making the default assumption that the UE can blindly detect which DMRS ports are used, and we propose not to have additional restrictions on the configuration.
Do not introduce additional restrictions on supported DMRS configurations. Further discuss how to define UE capability for supported DMRS configurations.
[bookmark: _Hlk149915871]
The DMRS port information for the co-scheduled UE
In RAN4#108bis it was discussed if the RRC signalling would be introduced to inform the UE about the maximum number of ports for the co-scheduled UEs, see [1]:
	 Issue 1-3-1: The DMRS port information for the co-scheduled UE
· Candidate options on additional RRC based assistant signalling:
· Option 1: No need to consider additional RRC signaling for DMRS port
· Option 2: Introduce RRC signaling for upper bound on number of co-scheduled UE ports
· Option 3: Introduce RRC signalling to indicate whether there is UE with Rel-18 DMRS configuration in the whole cell existing




Introduction of RRC signalling to indicate the upper bound on number of ports for co-scheduled UE will limit the NW scheduling. RRC signalling is not dynamic, hence NW will have to comply to the signaled value even if there is a change in what the NW can achieve. Due to this, we see it likely, that the NW will signal the maximum number of ports in most cases.
1. We see no reason for the NW to restrict the number of ports for the co-scheduled UEs.
Do not consider additional RRC signalling for DMRS port (option 1).

Frequency domain resource allocation type for the co-UE and the target UE
In RAN4#108bis it was discussed if the UE can assume the same frequency domain resource allocation type for target and co-UE, see [1]:
	[bookmark: _Hlk149930198] Issue 1-3-2: Frequency domain resource allocation type for the co-UE and the target UE
· Candidate options:
· Option 1: Introduce default assumption for resource allocation type for co-UE same as targe UE. Introduce dedicated RRC signaling to indicate if the default assumption is true or false 
· Option 2: Not to have the assumption on the frequency domain resource allocation type for the co-scheduled UE




UEs should be able to blind detect FDRA and DMRS ports of co-UEs with PRG granularity because that is the only way to detect interference FDRA when multiple co-UEs are involved. Also, UEs capable of PRG level FDRA detection do not need to assume certain FDRA type for co-UEs.
1. For detecting FDRA with multiple co-UEs are scheduled, the target UEs must detect co-UE FDRA with PRG granularity. With PRG level detection it is not require for the UE to assume a specific FDRA type.
UE to not assume FDRA type being the same between target and co-UE (option 2).

Additional evaluation on modulation order blind detection
In RAN4#108bis the following was discussed regarding aided blind detection of modulation order, see [1]:
	[bookmark: _Hlk148696552] Issue 1-3-3: Additional evaluation on modulation order blind detection
· Candidate options on additional RAN4 default assumptions to assist modulation order blind detection:
· Proposal 1: RAN4 to consider default assumption of only type 1 FDRA allocation of co-UEs, and Further evaluate if UE blind MO detection capability can be extended to include 
· UE capable of blind MO detection with granularity of PRG =2/4
· UEs capable of blind MO detection within each type 1 FDRA allocation.
· UEs capable of single blind MO detection per layer.
· UEs capable of only one blind MO detection across all layers in a slot.




In our view it is essential to discuss some of the default assumptions and UE capabilities regarding the MO blind detection. To be able to detect MO of the multiple co-UEs with type 0 FDRA (Figure 1 a.) requires blind detection of MO with PRG granularity. We believe that not all UEs might be capable of this, as our simulations show the MO detection performance degrades with the number of data points [2].
[image: ]
[bookmark: _Ref146532110]Figure 1 a) Non-contiguous Type 0 FDRA of 2 co-UES b) Contiguous type 1 FDRA allocation of 2 co-UEs
1. In case of type 0 FDRA allocation of multiple co-UEs, the blind MO detection requires PRG granularity.
If the target UE is not capable of MO detection with PRG granularity it will have to detect the presence of 2 co-UEs and their individual FDRA, before it can detect the MO of each co-UE. 
1. UEs not capable of blind MO detection with PRG granularity, must detect the number of co-UEs and their individual FDRA.
As can be seen from Figure 1, Type 0 FDRA allocation of co-UEs will complicate the detection of number of co-UEs and PRB mapping of each co-UE.
1. Type 0 FDRA allocation complicates blind detection of number of co-UEs and PRB mapping of each co-UE.
One way to ease MO detection in case UE is not capable of MO detection with PRG granularity is to allocate only contiguous type 1 FDRA for each co-UE (Figure 1 b.) and make a default assumption that only type1 FDRA allocations are used for co-UEs.
[bookmark: _Ref146641804]RAN4 to consider default assumption of only type 1 FDRA allocation of co-UEs, in case of target UEs which are capable of blind MO detection are signaled DCI value 6.

Optimal maximum likelihood modulation order classification
To further evaluate the potential blind MO detection capabilities of the UEs, we are using a maximum likelihood (ML) based MO detection solution, which minimizes the probability of modulation order classification errors, when the candidates are equiprobable, see e.g., Error! Reference source not found.. Hence, we can identify the optimum ML classification error boundaries for different antenna configurations and medium to low antenna correlation. 
For 10 OFDM symbols and 2 PRBs per PRG, the number of data points per modulation classification decision is N=10*2*12=240 REs. The UE and co-UE is assumed have the same power, i.e., C/I=0dB. The corresponding optimum ML classification error boundaries are shown in Figure 2.
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Figure 2 ML MO classification error boundaries for different antenna configurations with PRG granularity. C/I=0dB


Note that even though the ML solution is optimal, the computational complexity is huge since the ML MO detection involves computations of logarithms of double summations of exponential functions, see e.g., [4]. As it can be seen, an MO classification error with 1% or less requires at least 20 dB SNR with medium antenna correlation and at least 16 dB SNR with low antenna correlation.

[bookmark: _Hlk149930500]Optimal ML based modulation order classification with PRG granularity of 1 co-UE layer, requires at least 16 to 20 dB SNR to achieve 1% classification error.
The above results are with rank1+1 configurations. The complexity using ML classification is huge when dealing with more than 2 layers.

To reduce the complexity of MO detection one can also provision ZP-CSI-RS in MU-MIMO slots for aiding MO detection to provide a low complexity detection scheme which can detect MO of co-UEs by only evaluating the ZP Res within each detected interference layer. In [2], we have provided a low complexity MO detection scheme, which gives reasonably good performance with few ZP-CSI-RS REs (1symbol, 0.5 density), and where the complexity grows linearly with the number of layers.
Like the non-aided MO classification, we can also identify the optimum ML classification error boundaries for ZP-CSI-RS aided MO classification for different antenna configurations and medium to low antenna correlation. 
For ZP-CSI-RS with FDRA granularity we assume 1 OFDM symbol with 52 PRBs and 2 PRBs per PRG, hence the number of data points per modulation classification decision is reduced to N=26, which reduces the complexity considerably. However, for PRG granularity the number of data points per decision is only N=1. The corresponding optimum ML classification error boundaries are shown in Figure 3.
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Figure 3 ML ZP-CSI-RS aided MO classification error boundaries for different antenna configurations
As expected, the ML ZP-CSI-RS aided MO classification error boundaries are significantly lower with FDRA granularity than with PRG granularity, where only 1 data point per modulation classification decision leads to poor performance. We see that at least 10 to 12 dB SNR is required to achieve 1% classification error with FDRA granularity while 1% classification error is not reached in many scenarios with PRG granularity.

Hence, in our view UEs with blind MO classification with PRG granularity will have poor performance even in case of ZP-CSI-RS aided MO detection and should therefore not be considered. 
ML based MO classification is feasible with ZP-CSI-RS because the few numbers of REs and the lack of target UEs own layers, reduce complexity significantly.

Optimal ML based modulation order classification with FDRA granularity of 1 co-UE layer, requires at least 10 to 12 dB SNR to achieve 1% classification error when based on ZP-CSI-RS REs. In addition, MO classification with PRG granularity does not reach 1% classification error in many scenarios.

MO blind detection with PRG granularity of ≤ 2 PRBs cannot be assumed for making performance requirements for UEs with MO detection.
However, additional assumptions that can be made to ease MO detection will be helpful. These are for example:
1) There is only one co-UE per layer. 
2) Only FDRA type 1 is used and hence there is only 1co-UE in each FDRA type 1 allocation.
Accordingly, we see benefit in extending the UE MO detection capability as follows:
1. [bookmark: _Hlk149910489]UEs capable of blind detection with granularity of N PRBs, where value of N is signalled by the UE to network.
1. UEs capable of blind MO detection within each type 1 FDRA allocation.
1. UEs capable of single blind MO detection per layer.
1. UEs capable of only one blind MO detection across all layers and FDRA allocation.

Further evaluate if UE blind MO detection capability can be extended to include:
- UEs capable of blind detection with granularity of N PRBs, where value of N is signalled by the UE to the network 
- UEs capable of blind MO detection within each type 1 FDRA allocation.
- UEs capable of single blind MO detection per layer
- UEs capable of only one blind MO detection across all layers in a slot 


New MAC-CE command to assist DMRS port blind detection
In RAN4#108bis a new proposal was suggested to assist DMRS port blind detection by introduction of a new MAC-CE command, see [1]:
	[bookmark: _Hlk149931150]Issue 1-3-4: New MAC-CE command to assist DMRS port blind detection
· Candidate options:
· [bookmark: _Hlk149563222]Option 1: Introduce the following new MAC-CE command to assist DMRS port blind detection
	New MAC-CE Command
	 Content

	Joint signal power detection across multiple PRBs/PRGs with respect to one DMRS port
	1 bit: Target UE apply joint signal power detection across multiple PRBs/PRGs with respect to one DMRS port;
3 bits: Valid period for UE to apply joint signal power detection across multiple PRBs/PRGs with respect to one DMRS port. 2~16 ms






In our simulation results the performance of non-aided DMRS port blind detection has negligible degradation, see [3]. Hence no additional network assistance is needed in our view.
[bookmark: _Hlk149931192]Do not introduce a new MAC-CE command for DMRS port blind detection assistance.

UE capability aspects
Capability signalling for advanced receiver for MU-MIMO
In RAN4#108bis the UE capability aspects were discussed, see [1]:
	[bookmark: _Hlk149931242]Issue 1-4-1: Capability signalling for advanced receiver for MU-MIMO
· UE advanced receiver to cancel inter-user interference for MU-MIMO is an optional feature with UE capability signalling
· Candidate options on capability definition for R-ML with modulation order blind detection:
· Option 1: Blind modulation order detection is based on UE capability signaling
· Option 1A: Define different capability in the scenarios indicated by DCI index 6 and 7 respectively
· Option 1B: Introduce 3 level UE capabilities: 1) Low-end UE: Support DCI 0-5; 2) Medium-end UE supporting DCI 0-6; 3) High-end UE supporting DCI 0-7
· Option 2: Blind modulation order detection is based on UE declaration
· Candidate options on capability definition for Maximum number of layers:
· Option 1: Introduce UE capability for Maximum number of layers of co-UE or total number of layers for joint detection
· Option 2: Not to introduce such capability definition
· Option 2A: The maximum number of layers of co-UE can be derived by subtracting the scheduled MIMO layers for the target UE from maxNumberMIMO-LayersPDSCH
· Candidate options on capability definition for Maximum number of DMRS ports:
· Option 1: Introduce UE capability signalling for maximum DMRS ports to be detected
· Option 2: Not to introduce such capability definition
· Candidate options on capability definition for Maximum modulation orders of interfering DMRS ports supported:
· Option 1: UE capability signaling to inform network of the maximum modulation orders of interfering DMRS port supported
· Option 2: Not to introduce such capability definition




UE Capability signalling is very helpful for the NW to optimize the MU MIMO configuration. Only having UE declaration will not provide information to the NW about UE capabilities, but rather just ensure testcases are passed.
As the NW can be more optimal with capability signalling, we prefer introducing capability signalling. We do however also recognize the view of UE vendors given in RAN4#108bis, hence we are open to discuss further the if UE capability or UE declaration without capability signalling for MO blind detection are to be introduced to ensure UEs capable of blind MO detection in real employment.
1. The NW can be more optimal with UE capability signalling, hence it is our preference to introduce capability signalling instead of UE declaration w/o signalling. We are however open to further discuss capability signalling vs. UE declaration w/o signalling for blind MO detection.
Introduce UE capability signalling to inform about UE supporting R-ML with modulation order blind detection.
Introduce UE capability signalling to inform about maximum number of DMRS ports supported by the UE for blind detection.
Introduce UE capability signalling to inform about maximum modulation orders of interfering DMRS ports supported by the UE.

Capability granularity and details for the R-ML capability signalling
In RAN4#108bis the capability granularity for R-ML was discussed, see [1]:
	[bookmark: _Hlk149931345]Issue 1-4-2: Capability granularity and details for the R-ML capability signalling
· Candidate options:
· Option 1: Align with the Rel-17 MMSE-IRC for MU-MIMO, i.e., per UE, no FDD/TDD difference, FR1 only
· Option 2: Introduce per CC per band per band combination (Per-FSPC) UE capability




Each UE supporting R-ML should be able to support R-ML on all bands and band combinations supported by said UE. We do not see a reason to have granularity of “per CC per band per band combination” and selecting such high granularity will also have to be reasoned to RAN2. We strongly support to align with Rel-17 MMSE IRC for MU-MIMO to indicate the support to be per UE.
1. If a UE is capable of R-ML we assume that it will have the capability for all bands and band combinations supported by the UE.
Align with the Rel-17 MMSE-IRC for MU-MIMO, i.e., per UE, no FDD/TDD difference, FR1 only (Option 1)
[bookmark: _Toc116995848]Conclusion
This paper presents Nokia's views on various open issues with relation to receiver assumptions and NWA signalling for advanced receivers.
[bookmark: _Toc116995849]We have the following observations and proposals:

Additional assumptions to the R-ML receiver
1. Optimal network scheduling will require that UE provides capability signalling about number of layers it can process with R-ML receiver.
1. RAN4 to introduce UE capability to signal support of the following 3 target UE types:
- Type 1: 2Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
- Type 2: 4Rx UEs which can process up to 2 layers across target and co-scheduled UEs with R-ML receiver
- Type 3: 4Rx UEs which can process up to 4 layers across target and co-scheduled UEs with R-ML receiver
Do not introduce additional restrictions on supported DMRS configurations. Further discuss how to define UE capability for supported DMRS configurations.

The DMRS port information for the co-scheduled UE
1. We see no reason for the NW to restrict the number of ports for the co-scheduled UEs.
Do not consider additional RRC signalling for DMRS port (option 1).

Frequency domain resource allocation type for the co-UE and the target UE
1. For detecting FDRA with multiple co-UEs are scheduled, the target UEs must detect co-UE FDRA with PRG granularity. With PRG level detection it is not require for the UE to assume a specific FDRA type.
UE to not assume FDRA type being the same between target and co-UE (option 2).

Additional evaluation on modulation order blind detection
1. In case of type 0 FDRA allocation of multiple co-UEs, the blind MO detection requires PRG granularity.
1. UEs not capable of blind MO detection with PRG granularity, must detect the number of co-UEs and their individual FDRA.
1. Type 0 FDRA allocation complicates blind detection of number of co-UEs and PRB mapping of each co-UE.
RAN4 to consider default assumption of only type 1 FDRA allocation of co-UEs, in case of target UEs which are capable of blind MO detection are signaled DCI value 6.
Optimal ML based modulation order classification with PRG granularity of 1 co-UE layer, requires at least 16 to 20 dB SNR to achieve 1% classification error.
ML based MO classification is feasible with ZP-CSI-RS because the few numbers of REs and the lack of target UEs own layers, reduce complexity significantly.
Optimal ML based modulation order classification with FDRA granularity of 1 co-UE layer, requires at least 10 to 12 dB SNR to achieve 1% classification error when based on ZP-CSI-RS REs. In addition, MO classification with PRG granularity does not reach 1% classification error in many scenarios.
MO blind detection with PRG granularity of ≤ 2 PRBs cannot be assumed for making performance requirements for UEs with MO detection.

Further evaluate if UE blind MO detection capability can be extended to include:
- UEs capable of blind detection with granularity of N PRBs, where value of N is signalled by the UE to the network 
- UEs capable of blind MO detection within each type 1 FDRA allocation.
- UEs capable of single blind MO detection per layer
- UEs capable of only one blind MO detection across all layers in a slot

New MAC-CE command to assist DMRS port blind detection.
Do not introduce a new MAC-CE command for DMRS port blind detection assistance.

Capability signalling for advanced receiver for MU-MIMO
1. The NW can be more optimal with UE capability signalling, hence it is our preference to introduce capability signalling instead of UE declaration w/o signalling. We are however open to further discuss capability signalling vs. UE declaration w/o signalling for blind MO detection.
Introduce UE capability signalling to inform about UE supporting R-ML with modulation order blind detection.
Introduce UE capability signalling to inform about maximum number of DMRS ports supported by the UE for blind detection.
Introduce UE capability signalling to inform about maximum modulation orders of interfering DMRS ports supported by the UE.

Capability granularity and details for the R-ML capability signalling.
1. If a UE is capable of R-ML we assume that it will have the capability for all bands and band combinations supported by the UE.
Align with the Rel-17 MMSE-IRC for MU-MIMO, i.e., per UE, no FDD/TDD difference, FR1 only (Option 1)

References
[1] [bookmark: _Ref149211621]R4-2316915 - WF on advanced receiver for MU-MIMO
[2] [bookmark: _Ref149552747]R4-2315908 - On Advanced Receivers - Receiver assumption and NWA signalling
[3] [bookmark: _Ref149901419]R4-2318786 - On Advanced Receivers - Test parameters
[4] [bookmark: _Ref149834423]Wen Wei and J. M. Mendel, "Maximum-likelihood classification for digital amplitude-phase modulations," in IEEE Transactions on Communications, vol. 48, no. 2, 2000
image3.png
MO classification error

10"

%

2Rx, Rank 1+1, MedAntCorr

4Rx, Rank 1+1, MedAntCorr

4Rx, Rank 1+1, LowAntCorr

10f 10f
10" 10"
107 107
0% 0%
0% 0%
QPSK PRG granuariy QPSK PRG granuariy QPSK PRG granuariy
QPSK FDRA granuiarty QPSK FDRA granuiarty QPSK FDRA granuiarty
160AM PRG granulaity 160AM PRG granulaity 160AM PRG granulaity
160AM FDRA granuiarity 160AM FDRA granuiarity 160AM FDRA granuiarity
0%, 0%,
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
SNR [dB] SNR [dB] SNR [dB]




image1.emf
A.

Target 

UE

Co-

UE1

Co-

UE2

Port 1000

Port 1001

Co-

UE2

Co-

UE1

B.

Target 

UE

Co-

UE1

Co-

UE2

Port 1000 Port 1001


image2.png
MO classification erfor

10"

107

2Rx, Rank 1+1, MedAntCorr

4Rx, Rank 1+1, MedAntCorr

10f 10f
10" 10"
107 107
0% 0%
apsK apsK apsK
160AM 160AM 160AM
0% 0%

4Rx, Rank 1+1, LowAntCorr

5 10 15 20

SNR [dB]

25

30

5 10 15 20

SNR [dB]

25

30

5 10 15 20

SNR [dB]

25

30




