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Introduction
Background 
An open issue in RAN4 is whether to use SU-MIMO testing or MU-MIMO testing for Type II CSI feedback. Using SU-MIMO for CSI feedback has been used previously in LTE. However, CSI Type II is targeting MU-MIMO operation, and the open issue is related to whether a SU-MIMO test for Type II can be adopted even though the intended use case and design in RAN1 has been using MU-MIMO. 
In addition, it is an open issue how a MU-MIMO test should be constructed. In this paper we provide detailed simulation investigations for PMI testing methods based on a MU-MIMO testing approach.  
MU-MIMO relies on that the transmitter (gNB) performs precoding to reduce cross-interference between the co-scheduled UEs. Hence, nullforming based on the fast fading channels of the UEs is important and to create such precoders, the rich Type II CSI is needed at the gNB as the input for the precoder algorithm. Note that Type I is targeting SU-MIMO operation only and “follow PMI” where gNB simply applies the precoder the UE feeds back. For reference we’ve seen in simulations that SU-MIMO performance difference between Type II and Type I gives marginal to no performance gain. Using the SP Type I test configuration for Type II Requirements shown in Figure 1. Figure 1 taken from [2]. Hence, we observe
Observation 1: A SU-MIMO test cannot be used for Type II CSI reporting since the performance benefit of Type II feedback is not visible. This is due to that SU-MIMO doesn’t take advantage of the rich channel feedback of Type II reporting
A typical precoder algorithm in gNB is the Zero Forcing (ZF) precoder. In this contribution, employing ZF algorithm at gNB is used in order to investigate performance of Type II types of codebooks for the intention of MU-MIMO operation. 
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Figure 1 Performance difference SP Type I vs Type II assuming SU-MIMO operation at gNB
Justification 
The RAN4 test setup for single panel type I is conducted by using the PMI reported by the DUT as the precoder selected for transmission i.e. WgNB precoder = WPMI DUT. However, from a deployment perspective the gNB may use the reported PMI as a recommendation and can select a precoder freely. For codebook comparison, Type II offers a much richer CSI feedback over Type I; with support of multiple DFT beams, enhancements on subband PMI reporting, and overall CSI feedback which more accurately estimates the ‘true’ channel between the gNB and the UE. The intention for the richer Type II CSI feedback is to provide the gNB with sufficient information to calculate and derive the best precoder for the selected UE among the UE population served by the gNB. 
During deployment in a live network, multiple UEs will co-exist and share the resources from a gNB perspective. The intention of Type II codebooks is to report PMI rich enough for the gNB to employ MU-MIMO based scheduling where multiple UEs will be spatially multiplexed. Thus, increasing the overall system capacity compared to other multiplexing schemes e.g., FDM, and TDM.
Arguably CSI – PMI performance simulations in RAN4 tests one DUT to verify a minimum performance in a closed testing environment. Thus, making sure that the UE will pass performance requirements for real world deployment. By reusing the test setup from single panel type I we risk passing UEs with poorly implemented type II algorithms which may cause a significant drop in overall network capacity. From the UE point of view, it does not consider other devices in the network, yet the testing procedures and methodologies used in RAN4 if possible, should strive to represent real world deployment as accurately as possible. In this paper we propose a MU-MIMO based test setup where the aim is to represent a test which more accurately captures the deployment and algorithms used in a live network which also verifies accurate Type II CSI reporting. 
Simulation assumptions for Type II codebook
Type II test setup and test metric
· MU-MIMO based test setup, i.e., one tested UE + one artificial co-scheduled UE transmission (generated by TE)
· Scheduling parameters for MU-MIMO based test setup:
· Channel model for co-scheduled UE: TDLC300-5
· gNB precoder algorithm: Zero-forcing (more details in section 2.2)
· DCI value for antenna mapping (Table 7.3.1.2.2-2 from 38.212):
· Option 1: DUT = 3 with DMRS seed=0, co-scheduled UE=5 with random DMRS seed (Rank 1, DMRS antenna port mapping 1000 for DUT, 1002 for co-scheduled UE)
· Option 2: DUT = 7 with DMRS seed=0, co-scheduled UE=8 with random DMRS seed, (Rank 2, DMRS antenna port mapping [1000, 1001] for DUT, [1002, 1003] for co-scheduled UE)
· Type II codebook configuration:
· 32Tx ports (N1, N2) = (4,4), (O1, O2) = (4,4) 
· L (numberOfBeams): 4
· Npsk (phaseAlphabetSize):  8 
· subbandAmplitude: True
· MIMO correlation: XP Medium 
· Regularization factor λ = 0.001
[bookmark: _Ref47515269]Algorithm for Zero Forcing precoder (before normalization)
	· W = XH*(X*XH + λI)-1, where
· X = [Xa; Xb], is the DL channel estimate for the two co-scheduled UEs, where 
· Xa is the channel estimated for DUT i.e., Xa= WaH from reported type II PMI
· Xb is the channel of co-scheduled UE 
· [bookmark: _Hlk43366479]FFS whether Xb= WbH (from a PMI corresponding to the artificial UE), or if Xb is actual generated channel Hb. 
· W = [Wa Wb] is the resulting precoder for the two co-scheduled UEs
· Wa is the DUT precoder 
· Wb is the co-scheduled UE precoder



· Option 1: (Xa, Xb) = (WaH, WbH) --> input PMI into ZF algorithm from DUT and co-scheduled UE jointly. Here the different options are due to different alternatives to obtain the channel towards the co-scheduled UE. In all these options, this channel is obtained from the Type II codebook (i.e. PMI’s are used)
· Option 1a: (Xa, Xb) = (PMIa, PMIb)
· Option 1b: (Xa, Xb) = (PMIa,  random PMIb)
· Option 1c: (Xa, Xb) = (PMIa, fixed PMIb) the fixed PMIb would be generated once and be kept fixed throughout the simulation
We have simulated with option 1a, b and, c comparing Type II codebook performance with Type I codebook performance employing a ZF-algorithm at gNB side.
As benchmark we have run simulations with true zero-forcing using explicit true channel knowledge to both co-scheduled UEs, i.e., (Xa, Xb) = (Ha, Hb). This does not test the PMI reporting from the DUT, but it does give an indication of the performance under ideal conditions. In the Rank 1 case the H matrix fed into the ZF algorithm for each UE can be selected based on the strongest receiver port for each UE. Other methods such as SVD could also be considered.
A normalization was applied to the calculated precoders Wa and Wb by first normalizing each column of W to one, followed by normalization of the overall Frobenius norm of Wa and Wb to one, respectively.
The obtained normalized precoder W is then used for the transmission.

[bookmark: _Ref47435618]Comparative simulation study for CDL channel model
Simulations under CDL based channel models provides a richer description of the channel conditions compared to their TDL based counter parts. In this section we provide reference simulation results using a CDL-C channel with 300ns delay spread and 5Hz doppler. These simulations show significant performance difference comparing Type I, and Type II based codebooks where a Zero-Forcing algorithm is employed at the gNB side. 
 CDL derived simulation assumptions
The angular spread of Azimuth, and Zenith (beamwidth) are calculated using the formula:

Where, N is the number of antenna array elements (in horizontal or vertical direction), d is the inter-distance between antenna array elements (in horizontal or vertical direction). In the horizontal plane d is configured to 0.8λ, and 0.5λ in the vertical plane, yielding an angular spread of 16, and 25 degrees respectively. A 5° angular separation in the Azimuth plane is assumed so that each UE will experience interference from the other UE. Table 1 lists the parameters used for the CDL based simulations.
Table 1 Parameters for CDL simulation
	Parameter
	Value

	CDL-C
	Azimuth of departure AoD (mean) (DUT, fakeUE)
	(0, 5)°

	
	Angular spread of departure (beamwidth) (DUT, fakeUE)
	(16,16)°

	
	Zenith of departure ZoD (mean) (DUT, fakeUE)
	(90, 90)°

	
	Zenith spread of departure (beamwidth) (DUT, fakeUE)
	(25,25)°

	
	Delay spread
	300ns

	
	Doppler offset
	5Hz

	Codebook parameters
	Zero-forcing regularization factor (λ)
	0.001

	
	Subband Size (PRBs)
	4

	Rel-15 Type II parameters
	L numberOfBeams
	4

	
	NPSK PhaseAlphabetSize
	8

	
	SubbandAmplitude
	true

	Rel-16 Type II parameters
	paramCombination-r16
	6

	
	R 
	1
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Figure 2 CDL comparative simulation on Zero-forcing
From Figure 2 it can be observed that the performance under ideal channel conditions i.e. the true channels H1, and H2 being fed through the Zero-forcing algorithm will provide excellent MU-MIMO operation. The ideal conditions are used for benchmarking purpose. Furthermore, for the cases Both Rel-15, and Rel-16 CSI feedback provides sufficient channel knowledge to the gNB to properly calculate precoders for each UE to achieve maximum throughput. As a reference, when using the reported precoders by from each UE the performance is significantly degraded. In the rank1 with Type II codebook case the throughput is roughly half the maximum throughput when not using the Zero-forcing algorithm. Summary of results can be found in Table 2 below.
Table 2 Summary of simulation results for CDL-C300-5 channel model
	Rank and MCS
	Precoding scheme
	Results [% of FRC maximum]

	Rank 1 MCS19
	Channel based ZF
	100

	
	Type I Option 1a ZF
	49.07

	
	Type I PMI (no ZF)
	29.07

	
	Rel-15 Type II Option 1a ZF
	99.47

	
	Rel-15 Type II PMI (no ZF)
	 51.13

	
	Rel-16 Type II Option 1a ZF
	99.53

	
	Rel-16 Type II PMI (no ZF)
	54.33

	Rank 2 MCS11
	Channel based ZF
	100

	
	Type I Option 1a ZF
	31.27

	
	Type I PMI (no ZF)
	33.8 

	
	Rel-15 Type II Option 1a ZF
	100 

	
	Rel-15 Type II PMI (no ZF)
	98.33 

	
	Rel-16 Type II Option 1a ZF
	99.87

	
	Rel-16 Type II PMI (no ZF)
	93.8


Observation 2: In MU-MIMO scenario with rich channel environment (CDL) employing ZF precoding with Type II CSI feedback provides the gNB with sufficient information to schedule multiples UEs close to each other with high MCS and rank. 
Observation 3: Type I CSI feedback does not provide sufficient information for the ZF algorithm to correctly calculate the most suitable precoders to achieve FRC maximum throughput.
Observation 4: Zero-forcing algorithm is needed to properly cancel out interference in between the two scheduled UEs.
In a spatially diverse environment with CDL channel models employed, the spatial richness of the UE locations is rich enough to schedule two UEs with high MCS, and rank employing a ZF algorithm at gNB side. Yet it is apparent that there is a significant degradation when no ZF algorithm is employed. It is also apparent that Type I codebook cannot achieve even close to the FRC maximum throughput.
However, we concede that CDL channel models have not been employed previously in RAN4 framework of testing, therefore our continued assessment of MU-MIMO PMI testing will be based on TDL channel models.
Evaluations for TDL based channel models
TDL based channel models do not specify the diverse spatial properties that their CDL counterparts configure. Hence why specifying a MU-MIMO based CSI – PMI test with multiple UEs with TDL based channel models will mean practically the UEs will be “on top of each other”. It was shown in Section 3 that high MCS/Rank is achievable for MU-MIMO based test setups with the rich CDL based channel models. In this Section we evaluate the MU-MIMO performance based on the TDL channel models. 
In the following subsections we’ve evaluated a number of different parameter selections with the novel MU-MIMO test setup. In these evaluations unless otherwise stated we’ve simulated under ideal conditions without any impairment models, and with Type II codebook parameters L=4, PhaseAlphabetSize = 8, and SubbandAmplitude = ‘true’. Antenna configuration, CSI-RS configuration and reporting, Bandwidth, Subcarrier Spacing for FDD (and TDD) according to detailed simulation assumptions for type-I single panel test setup in [3]. 
From section 2.2 we’ve optimized parameters with respect to Option 1a: (Xa, Xb) = (PMIa, PMIb). The reason being that the most realistic scenario from a network point of view is the case where UEs scheduled in the network are reporting back their respective CSI report. Regularization factor λ = 0.001. This was done to set a common set of parameters to base our simulations on. Summarized in Table 3.
Table 3 Baseline evaluation parameters for MU-MIMO test setup
	Parameter
	Value

	BW/SCS
	10MHz/15kHz

	Duplex mode
	FDD

	Propagation channel 
	TDLC300-5

	Antenna configuration
	32x2 XP Medium

	Codebook
	{SP Type I, TypeII}

	Sub-band size (PRBs)
	4

	Type II configuration
	L (numberOfBeams)
	{2,3,4}

	
	NPSK (phaseAlphabetSize)
	{4,8}

	
	subbandAmplitude
	{false,true}



 MCS and Rank 
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Figure 3 MCS selection
In Figure 3 we’ve simulated Rank1 with MCS {6, 7, 8} with ZF option 1a for Type I, and Type II codebook. We see that the maximum throughput can be reached for Type II codebook with MCS6, and MCS7. Therefore, we propose to use MCS7. 
Proposal 1: Use Rank1 MCS7 for MU-MIMO PMI testing
 Codebook configuration parameters 
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Figure 4 PDSCH BER Rel-15 Codebook configuration comparison
In Figure 4 it can be observed that at lower SNR, there is a small difference between the different codebook configuraitons. For higher SNR, the differences become more apparent. Therefore, we prefer L=4, PhaseAlphabetSize = 8, SubbandAmplitude = true.
Proposal 2: Configure Rel-15 Type II codebook with L=4, PhaseAlphabetSize = 8, SubbandAmplitude = true.
 Antenna configuration subband, and channel model comparison
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Figure 5 Throughput comparison
In Figure 4 we compare the antenna ports, subband size, and channel model. As can be seen subband size 4 slightly outperforms subband size 8. Both 32, and 16Tx ports achieve maximum throughput. Similarly, TDLA30-5 and TDLC300-5 show slightly different performance and different SNR points. However, our preference is towards TDLC300-5 due to its higher frequency selectivity.
Proposal 3: Use 32Tx ports, Subband size 4 (Subband size 8 for TDD), TDLC300-5 channel model 
 Impairment model
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Figure 6 Beam steering model comparison
In Figure 6, the beam steering models are applied to the DUT. What can be observed is that either a single-cluster, or dual-cluster beam steering model can be employed. However, there’s a question whether a beam steering model is needed in this test setup. 
Moreover, the existing single-cluster beam steering model starts off with a random phase in the range [0, 2π] on the diagonal elements. Meaning that the UE precoder i.e., the beam(s) will drift in a random vector direction on the 2D antenna array plane. With a constant drift (of 1.2566e-3 rad/ms) per slot, it would be rather trivial for the UE to correctly estimate and correct this drift direction after a couple of slots. 
Proposal 4: No impairment model needed for MU-MIMO PMI testing
 Zero-forcing method
In this simulation we’ve evaluated the different algorithms and PMI feedback fed into the Zero-forcing algorithm. We’ve evaluated Option 1a, b, and c described in Section 2.2. Modelling a real deployment scenario option 1a would be the most realistic scenario. Having multiple UEs in the network reporting their corresponding Type II CSI reports is typical behaviour. 
Option 1b with random PMIb may offer a simpler implementation from a test equipment perspective. Generating random PMI feedback is already defined with the testing methodology for single panel type I requirements. However, with the higher granularity of TypeII CSI reporting, and the high number ports evaluated the entire set of PMI values is very large. If PMIb is randomly selected from the entire set, it is quite likely that PMIb will be very far away from PMIa coming from the DUT. In this case, zero-forcing the interference from UEb would be rather trivial and would not demonstrate MU-MIMO support as adequately as Option 1a.
Option 1c may be considered as an alternative methodology. However, it is uncertain whether the PMI value has converged to the closest representation of the UE location with the first PMI report.
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Figure 7 Zero-forcing method comparison
In Figure 7 the throughput comparison can be seen between the 3 sub-options described in Section 2.2. Notably Option 1b can achieve maximum throughput with MCS13. As previously discussed the entire set of PMI values for 32Tx ports will be rather larger, hence why zero-forcing two PMI values far away from each other will be more trivial and a higher MCS can be used.
Observation 5: Zero-forcing follow PMIa with random PMIb yields a higher achievable maximum throughput (MCS13) than zero-forcing follow PMIa with follow PMIb.
Proposal 5: Use Option 1a: (Xa, Xb) = (PMIa, PMIb) as the zero-forcing method.
 Test metric
From a test metric perspective setting a CSI requirement with massive gain is rather dubious what purpose it will serve. Generally, with larger number of CSI-RS ports the set of selectable PMI values grows larger. With a large set of selectable PMI values there will be more “inaccurate” or simply “wrong” PMI values to be reported. Hence why with more CSI-RS ports, the expected throughput performance with random PMI feedback will not increase as would be expected when following PMI feedback. Furthermore, it is also not expected UE behaviour to report a random PMI.
Proposal 6: Set a gain requirement with Type II PMI divided by Type I PMI.
Results
 FDD 10MHz/15kHz
16Tx ports
[image: ]
Figure 8 16Tx ports FDD results
Table 4 Gain requirements 16Tx ports
	Rx antennas
	SNR [90% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]

	2Rx
	-2.9
	1.34
	5.61

	4Rx
	-5.1
	1.46
	6.6


32Tx ports
[image: ]
Figure 9 32Tx ports FDD results
Table 5 Gain requirements
	Rx antennas
	SNR [90% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]

	2Rx
	-4.86
	1.3
	81.5

	4Rx
	-7.02
	1.26
	39.3



TDD 40MHz/30kHz
16Tx ports
[image: ]
Figure 10 16Tx ports TDD results
Table 6 Gain requirements
	Rx antennas
	SNR [90% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]

	2Rx
	-3.34
	1.28
	12.19

	4Rx
	-7.04
	1.44
	6.88



32Tx ports
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Figure 11 32Tx ports TDD results
Table 7 Gain requirements
	Rx antennas
	SNR [90% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]

	2Rx
	-5.79
	1.41
	Inf

	4Rx
	-8.48
	1.4
	Inf



Conclusions
In this contribution we’ve extensively simulated our novel MU-MIMO test setup for Type II PMI testing and provide our views on how to configure the testing and parameter selection accordingly. 
Observation 1: A SU-MIMO test cannot be used for Type II CSI reporting since the performance benefit of Type II feedback is not visible. This is due to that SU-MIMO doesn’t take advantage of the rich channel feedback of Type II reporting
Observation 2: In MU-MIMO scenario with rich channel environment (CDL) employing ZF precoding with Type II CSI feedback provides the gNB with sufficient information to schedule multiples UEs close to each other with high MCS and rank. 
Observation 3: Type I CSI feedback does not provide sufficient information for the ZF algorithm to correctly calculate the most suitable precoders to achieve FRC maximum throughput.
Observation 4: Zero-forcing algorithm is needed to properly cancel out interference in between the two scheduled UEs.
Proposal 1: Use Rank1 MCS7 for MU-MIMO PMI testing
Proposal 2: Configure Rel-15 Type II codebook with L=4, PhaseAlphabetSize = 8, SubbandAmplitude = true.
Proposal 3: Use 32Tx ports, Subband size 4 (Subband size 8 for TDD), TDLC300-5 channel model 
Proposal 4: No impairment model needed for MU-MIMO PMI testing
Observation 5: Zero-forcing follow PMIa with random PMIb yields a higher achievable maximum throughput (MCS13) than zero-forcing follow PMIa with follow PMIb.
Proposal 5: Use Option 1a: (Xa, Xb) = (PMIa, PMIb) as the zero-forcing method.
Proposal 6: Set a gain requirement with Type II PMI divided by Type I PMI.
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