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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 an 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 testing is targeting SU-MIMO operation only and “follow PMI” where gNB simply applies the precoder the UE CSI 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: The proposed 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. 
[image: ]
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 ensure that individual UEs reporting is implemented such that a gain can be achieved over the whole population. 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. 
[bookmark: _Ref53064309]Implementations of Type II codebook
From a UE implementation perspective, it is far from certain that an SU-MIMO testing approach is sensitive enough to be able to verify correct type II codebook implementation. The type I codebook can be considered a subset of its type II counterpart.
The Type II codebook is given by the table below (from TS 38.214). 
Table 5.2.2.2.3-5: Codebook for 1-layer and 2-layer CSI reporting using antenna ports 3000 to 2999+PCSI‑RS
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and the mappings from  to , , , , , and  , and from to , ,  and  are as described above, including the ranges of the constituent indices of  and . 



The Type II feedback contains reporting amplitudes per each of L>1 DFT beams. Now, if the UE deliberately skip the detailed amplitude reporting and, in the CSI feedback of Type II CSI, is implemented to select only one of the L beams. Hence, use these beam amplitudes
·  and 
·   for i=1,2,..,L-1, 
and in addition
·  for i=0,1,2,..,L-1, 
then that means that the UE is using this component in the Type II codebook (assuming the strongest coefficient is in the first polarization, without loss of generality).


This implies that the rank 1 codebook is 



Where a co-phasing of the two 2D DFT beams is performed using the scalar . If instead the strongest coefficient were in the second polarization, it would be possible to arrive at a similar expression where a scalar  co-phases the two polarizations.
This should then be compared with the Type I codebook for rank 1:

Where the co-phasing  is taken from a QPSK alphabet. 
Observation 2: Type I codebook is a subset of the Type II codebook, the “Type I subset”
Some further notes:
· The network may configure  to be taken from an 8-PSK or QPSK constellation. However, the UE may in implementation choose to only select from the QPSK constellation even if configured with the 8-PSK constellation (if UE still pass the Type II RAN4 test)
· The network may configure subbandAmplitude=TRUE. However, UE may in implementation feedback all subband coefficients equal to one (if UE still pass the Type II SU-MIMO test), which would correspond to Type I reporting. 
· For eType II reporting: 
· The UE can similarly feedback only the strongest FD basis component, which would be equivalent to Type I wideband PMI reporting (if UE still pass the Type II SU-MIMO test)

It has been shown that the Type I codebook is a subset of the Type II codebook. In addition, in the case of wideband PMI reporting, the Type I codebook is a subset of the eType II codebook.
Therefore, if the SU-MIMO test for Type II and eType II doesn’t identify whether a UE is reporting using the “Type I subset” or the full Type II codebook, the test may not be sensitive enough since it will not be able to verify the correct Type II codebook implementation. Thus, the relatively lower complexity Type I codebook will be able to pass the test. 
Moreover, this means for testing in RAN4, a UE that is configured with Type II/eType II CSI reporting, but  tested only using a poorly conditioned SU-MIMO scenario, where the performance of Type I and Type II/eType II is similar, can make the implementation shortcut and always report from the “Type I subset” codebook. 
Such implementation shortcut saves a lot of implementation complexity in the UE and will not be detected by the proposed SU-MIMO testing. The large performance benefits of Type II reporting can be observed in an MU-MIMO scenario.
By consequence, MU-MIMO performance in networks where Type II / eType II reporting is used (e.g. FDD), cannot be guaranteed if Type II tests are not designed to show performance benefits over its Type I counterparts. 
In an ill conditioned MIMO test environment with low spatial properties, the experienced beamforming MIMO gains will see similar performance regardless of which codebook is employed.
Performance metric with random precoding
In this section we highlight and discuss the issues arising from the usage and benchmark reference of the ‘random’ PMI selection currently used in SP Type I testing. This method has been the method being discussed for Type II requirements as well. Table 1 provides an excerpt of the ongoing discussion for the issue of generating a random PMI report.
[bookmark: _Ref52892039]Table 1 Open issues relating to random Type II PMI
	· Implementation of Random Type II PMI
Proposal 1: A common way of doing random PMI for Type II codebook simulation might need to be agreed in order to reach sufficient randomization and meanwhile avoid uncertainty and unexpected results brought by infinite random parameters.
Beam randomization:
Option 1: Randomly select a beam combination from a set which include all possible beam combinations 
Option 2: Limit the set of possible beams to the possible beams under the configuration of following PMI 
Amplitude and phase coefficient randomization:
Option 1: For each weighting coefficient, independently and randomly chose an amplitude quantization gear and a phase quantization gear. To at least ensure one of the weighting coefficients is quantized as the highest grade, phase quantization is 0 gear and its position at 2L is randomly generated.
Note: The set is limited due to the limitation of quantization gears.



The currently discussed performance metric under SU-MIMO scenario is benchmarking Type II PMI reports with a randomized Type II PMI. Given that the entire codebook set is much larger for the Type II codebook compared to Type I codebook, the probability of randomly selecting a PMI which poorly represents the channel conditions between the gNB and the UE is consequently much more likely to occur. From a performance perspective it may be difficult to guarantee a minimum performance under random channel conditions, i.e. random PMI selection. What has been observed in simulations ran by different companies is that the throughput under random PMI conditions for Type II has been diverging among the companies. The low throughput from random Type II precoding by consequence has caused the throughput ratio i.e. gain in some simulations shown to be upwards of γ=30 for 32Tx ports. For PDSCH demodulation requirements we’ve traditionally needed a maximum span of 2.5dB between the highest simulated performance to the lowest simulated performance before defining the SNR test point for that particular test. Essentially removing outliers to make a reliable metric requiring a maximum span. With a very large gain and large variance among the throughput ratio (gain) it is questionable if the test metric is suitably designed to guarantee a minimum performance. As can be observed in SU-MIMO performance results captured in Annex of [14] the performance of random type II PMI reporting suffers from the higher number of selectable PMI values. 
Observation 3: It is difficult to guarantee a minimum performance and benchmark when employing a random type II PMI value to the gNB precoder.
In addition, with either 16, or 32Tx ports configured the codebook set grows much larger (more than linearly when doubling the number of Transmission ports) than when configuring smaller antenna arrays at gNB side. 
SU-MIMO performance evaluations
In this section we’ve been evaluating the SU-MIMO methodology to see if there is any gains that can be had from tweaking the test setup to bring a performance difference between the Type I, and Type II codebook. The parameters used for these simulations are the agreed parameters from RAN4#96-e with simulations found in [3]. The intention is to see if the SU-MIMO can be used or tweaked to satisfy and observe a performance gain with Type II codebook. For reference these evaluations have been done with the agreed TDLA30 channel model. Furthermore, we’ve evaluated the performance with 4Rx antennas since the observed throughput difference (between Type I and Type II) will not be as significant when scheduling rank 2 transmission under 4Rx assumptions. With the MMSE-IRC receiver and the two extra antenna ports minimizes the gains coming from the more granular Type II codebook. For 2Rx antennas the throughput difference will be more obvious hence why it is presented later on in the results section. Additionally, the simulations in this section was run with the beam steering models toggled on. The dual-cluster model for Type II, and the single-cluster model for Type I codebook.
As can be seen in Figure 3 Throughput/SNR curve High correlation the performance difference between Type I, and Type II codebook is quite negligible under high correlation conditions. Bearing in mind that this solely is the performance evaluations from one company. When we in RAN4 create performance requirements we oftentimes set minimum performance requirements which are verified by simulations made by all participating companies. In this case the performance gain observed from Ericsson’s simulations is practically indistinguishable from the Type I performance. Hence if we agree to define performance requirements for Type II codebook with the proposed SU-MIMO setup by consequence they may also be passable with a Type I codebook implementation as described in section 1.3. 
As we’ve shown in previous contributions [2], the link-level gains observed when running an MU-MIMO simulation with 2 UEs with a Type II codebook implementation, and a spatially rich channel environment (CDL) the performance cannot be matched with the Type I codebook. It is absolutely in the interest of creating performance tests which can verify live network MU-MIMO scheduling. Thus, the test should be designed such that bad Type II implementations will fail and good Type II implementations will pass; therefore we cannot use the existing test configuration without slight modifications when creating these performance requirements. 
Medium Correlation
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Figure 2 Throughput/SNR curve Medium correlation

Table 2 Impairment results for Medium correlation
	Codebook
	Subband Size
	SNR [dB 90% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]
	SNR [dB 70% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]

	Rel-15 Type II
	4
	5.48
	1.11
	2.51
	3.31
	1.19
	3.55

	
	8
	5.5
	1.1
	2.38
	3.13
	1.21
	3.32

	Rel-16 Type II
	4
	5.24
	1.16
	2.67
	2.91
	1.26
	3.94

	
	8
	5.41
	1.12
	2.4
	2.92
	1.24
	3.37



High correlation
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[bookmark: _Ref53426796]Figure 3 Throughput/SNR curve High correlation
Table 3 Impairment results for High correlation
	Codebook
	Subband Size
	SNR [dB 90% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]
	SNR [dB 70% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]

	Rel-15 Type II
	4
	5.69
	1.01
	3.64
	3.15
	1.03
	6.52

	
	8
	5.58
	1.01
	3.16
	3.11
	1.03
	4.87

	Rel-16 Type II
	4
	5.82
	0.98
	4.62
	3.51
	0.99
	7.6

	
	8
	5.61
	1.01
	4.06
	3.07
	1.04
	5.4


From a performance perspective we do not see any performance difference under high correlation scenario between Type I, and Type II codebook. From this perspective it will not be obvious from a RAN4 test how there can be a better Type II performance under this scenario. 
Observation 4: There is practically no performance difference when ‘High’ correlation matrix is employed in the SU-MIMO test
Custom correlation
For the custom correlation matrix, we’ve tweaked the α, β, and γ values to see if there is more performance gain over Type I codebook to be observed when changing these parameters. The most differentiation occurs when setting the parameters as follows:
Table 4 Correlation matrices parameters
	Correlation Model
	1
	2
	
	

	Medium Correlation
	0.3
	0.3
	0.6
	0.2

	High Correlation
	0.9
	0.9
	0.9
	0.3

	Custom Correlation
	0.05
	0.05
	0.05
	0.95
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Figure 4 Throughput/SNR curve High correlation
Table 5 Impairment results for Custom correlation
	Codebook
	Subband Size
	SNR [dB 90% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]
	SNR [dB 70% max TP]
	Gain [TypeII/TypeI]
	Gain [TypeII/Random TypeII]

	Rel-15 Type II
	4
	9.69
	1.02
	1.8
	5.98
	1.11
	2.07

	
	8
	9.8
	1.04
	1.9
	5.78
	1.13
	2.08

	Rel-16 Type II
	4
	7.68
	1.19
	2.34
	3.83
	1.4
	3.59

	
	8
	7.88
	1.16
	2.1
	3.7
	1.4
	4.39


From the results the throughput gain over Type I codebook is better suited at the 70% throughput mark rather than the 90% throughput mark which has been the default value proposed. 
Observation 5: 70% throughput mark shows more gain with Type II codebook over the 90% throughput mark for custom correlation and medium correlation.
Proposal 1: Use 70% throughput mark as reference throughput for gain requirement
Observation 6: The subband size does not distinguish performance to any significant degree
Proposal 2: Configure either 4, or 8 for subband size
Observation 7: The gain when calculated by comparing follow Type II PMI with random Type II PMI has high variance arising from the stochastical behaviour and uncertainty of random PMI precoder selection
Proposal 3: Use Type II follow PMI divided by Type I follow PMI to guarantee performance benefit of Type II codebooks
Proposal 4: Configure medium or custom correlation
MU-MIMO performance evaluations

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”.
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]. Other MU-MIMO parameters used in simulations can be found below in Table 6.
[bookmark: _Ref54364320]Table 6 Baseline evaluation parameters for MU-MIMO test setup
	Parameter
	Value

	Duplex mode
	FDD
	TDD

	BW/SCS
	10MHz/15kHz
	40MHz/30kHz

	Propagation channel 
	TDLC300-5

	Antenna configuration
	16x2, 16x4 XP Medium, Custom

	Codebook
	{SP Type I, TypeII eTypeII}

	Sub-band size (PRBs)
	4
	8

	Rel-15 Type II configuration
	L (numberOfBeams)
	4

	
	NPSK (phaseAlphabetSize)
	8

	
	subbandAmplitude
	True


The methods for generating the precoders employed at gNB have been used as follows:
	· ,
where  is the orthogonalized and normalised  and  is the normalized projection of the co-scheduled PMI on the null space of 

Note: does not require matrix inversion to generate Xb


Proposal 5: use MCS11 Rank1 for MU-MIMO testing
Proposal 6: use custom correlation for MU-MIMO PMI testing
Conclusions
In this contribution we’ve extensively simulated with the SU-MIMO setup, and 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. Simulations can be found in our companion paper.
Observation 1: The proposed 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: Type I codebook is a subset of the Type II codebook, the “Type I subset”

Observation 3: It is difficult to guarantee a minimum performance and benchmark when employing a random type II PMI value to the gNB precoder.
Observation 4: There is practically no performance difference when ‘High’ correlation matrix is employed in the SU-MIMO test
Observation 5: 70% throughput mark shows more gain with Type II codebook over the 90% throughput mark for custom correlation and medium correlation.
Proposal 1: Use 70% throughput mark as reference throughput for gain requirement
Observation 6: The subband size does not distinguish performance to any significant degree
Proposal 2: Configure either 4, or 8 for subband size
Observation 7: The gain when calculated by comparing follow Type II PMI with random Type II PMI has high variance arising from the stochastical behaviour and uncertainty of random PMI precoder selection
Proposal 3: Use Type II follow PMI divided by Type I follow PMI to guarantee performance benefit of Type II codebooks
Proposal 4: Configure medium or custom correlation
Proposal 5: use MCS11 Rank1 for MU-MIMO testing
Proposal 6: use custom correlation for MU-MIMO PMI testing
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