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1 Summary 
From OTA testing of commercial NR UEs, a critical issue has been found related to MIMO performance near cell edge. The issue has been detected for both 32 and 8 port CSI-RS and for two UEs with chipsets from different vendors.
This is a real-life network issue related to MIMO which severely impacts NR performance and can be summarized as:
· Near cell edge, while still connected to a serving cell, the NR UE selects PMI as if it was served by an interfering cell, hence false PMI selection and reporting
· This leads to a sharp drop in PDSCH throughput at cell edge
· PMI selection logged at UE, hence this issue is not due to poor UCI feedback channel quality
· The problem occurs whenever a CSI-RS resource from the serving cell collides with a CSI-RS resource from a neighboring cell 
· The problem occurs even though different seed is used for CSI-RS sequence generation in serving and interfering cell respectively
· Even if non-colliding CSI-RS is configured by the use of CSI-RS cell planning, colliding CSI-RS between different cells is very hard to avoid in practical networks even if frequency reuse is adopted because the topology is much different from hexagonal and far away gNB with colliding CSI-RS still hits the UE 
· Deliberately configuration of colliding CSI-RS has huge benefits for operators as it relives the need for network planning of CSI-RS, ease of migration and densification, lower interference and minimal overhead. This is elaborated in Section 4.
· As the analysis in this contribution shows, a cause of the problem is due the Rel.15 design that the same CSI-RS sequence is used for all CSI-RS ports in the CSI-RS resource
· To mitigate this, the UE must perform more advanced channel estimation, which is unnecessary complex and can be avoided if the problem with the CSI-RS design is mitigated
[image: ]
Figure 1 Illustration of the observed problem from field testing with commercial UEs. The UEs served by gNB 1 are reporting PMII instead of PMID where PMII is the PMI the UE would report if served by gNB 2.
To solve this problem, we suggest the following
· Correct the CSI-RS design as a TEI in a coming RAN1 meeting

The alternative is to enforce much tighter RAN4 requirements on DMRS channel estimation, to ensure that UE perform sufficient frequency domain processing, so the false PMI reporting does not occur. This alternative seem less attractive though, as this is likely more complex for UE implementation to perform such channel estimation than just changing the CSI-RS sequence by correcting the issue with the NR CSI-RS. It is also uncertain how effective/complex such advanced channel estimation is for solving the present issue in frequency selective channels.  
Note that the repetition of same sequence of multiple CSI-RS ports also lead to high PAPR of the CSI-RS transmission and was considered to be corrected in Rel.16 eMIMO WI. However, RAN1 was divided on the severity of the issue and it was concluded to be non-consensus to correct this problem. It now turns out that the same problematic design creates additional problems and if a resolution is agreed, it would resolve both PAPR issue and false PMI selection issue.  
2 Observations from OTA testing of commercial UE
NR is now being deployed worldwide and reports on the performance starts to be collected from various networks. An identified critical issue with NR MIMO will here be reported. The testing consists of two gNB configured with cell ID 470 and 960 respectively and two commercial UEs from different vendors. CSI feedback and MIMO throughput tests with both 32 and 8 port CSI-RS was conducted. The frequency was 3.5 GHz. 
In Figure 2, the measured throughput along the drive route is plotted. In addition, the cell ID of the serving cell is shown. The handover is configured to occur at -4 dB, i.e. when the interfering cell is 4 dB stronger than the current serving cell. It is observed that the throughput drops significantly before the point in time where handover takes place, and the degradation is rapid, and not as “graceful” as one would expect.
 [image: ]
[bookmark: _Ref31097099]Figure 2 Measured throughput (red) and RSRP (blue) in field with commercial NR UE. Serving cell ID (magenta) is also plotted as a function of time along the drive route. Two cells are deployed with cell ID 470 and 960 respectively.

In Figure 3, for the same drive test the selected PMI (actually i11 component of PMI, which is the selection of a DFT beam direction from the codebook) is shown when only one cell at a time is active, and the PMI selection is rather stable. For one of the cells, the PMI is constantly reported as i11=0 which means a beam perpendicular to the array antenna plane. For the other cell,  PMIs with a range i11=22-25 is reported from the UEs. Note that this PMI is logged at the UE side, and has not passed over the air interference (in PUCCH or PUSCH), hence these errors are not due to possible poor uplink link quality. 
‘
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[bookmark: _Ref31097771]Figure 3 The selected PMI along drive route when only one cell at a time is active. For cell with PCI=960 (upper plot), the range of PMI i11=22-25 are reported by the UE, which means the drive route is off broadside direction of the 32 port antenna array at this site. For cell with PCI=470 (lower plot), i11=0 is reported by the UE all the time, which means the drive route is always in the broadside direction of the 32 port antenna array at this site. 

In Figure 4 both cells are active and transmitting CSI-RS. It can be observed that the PMI reporting (i11 plotted here) start to report erroneously when moving close to the cell edge. What is striking is that the reported PMI is not random as would have been expected at very low SNR when PMI reporting may fail, but the PMI is reported as if the interfering cell would have been the serving cell!
Hence,  i11=0 is reported by the UE when connected to cell with ID=470 as expected, but when getting close to cell with ID=960, the UE starts to report PMI in the range i11=22-25, that is, the PMI that would have been optimal if UE were connected to the interfering cell! 
When handover is then made to cell with ID=470, the UE immediately report (or continue to report) PMI in the range i11=22-25 as expected as this is now the serving cell. The behaviour repeats itself when getting closer to the next handover occasion, PMI starts reporting as if already has switched to the new, stronger cell…
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[bookmark: _Ref31097966]Figure 4 PMI reporting (i_11) in upper plot and serving cell ID (lower plot). The red vertical lines thus represent the handover events. 
This leads to the following concluding observation from field measurements of commercial UEs. We can also confirm that the same results are obtained by another commercial UE from a different vendor. Hence, the problem seems consistent across different chipset implementations. 
[bookmark: _Toc32581927]Using measurements using commercial NR UEs from two different vendors, the PMI reporting fails at low SINR. It seems the PMI reporting when nearing the cell edge behave as the PMI reporting the UE would have been reporting if instead served by the interfering cell. This leads to a signifcant drop of throughput of NR at cell edge. 
In the next section, we explain the reason for this behaviour. 
[bookmark: _Ref178064866]3	Analysis of false PMI reporting
3.1 Summary of analysis
To summarize the root cause of the false PMI reporting problem:
The UE likely use the estimate of the spatial covariance matrix of the estimated channel from the transmitted ports,  in its algorithm to determine PMI
In a properly designed system, the corresponding spatial covariance matrix of the interference term of the channel estimate , should be “close to” spatially white so as to not erroneously biasthe PMI selection algorithm 
As will be shown in next section, due to the current NR CSI-RS design, where CSI-RS sequences of different ports are not randomized but same for multiple ports, leads to that  is very far from spatially white which causes false PMI selection. 
In addition, at cell edge when interfering cell is strong,  is approximately equal to which is the spatial covariance estimated if the UE would been connected to the interfering cell. Hence,  does not only deviate from being spatially white, it equals the (colored) spatial covariance of the interfering cell. Thereby, the PMI reporting starts to “follow” the interfering cell instead of serving cell. 
· Hence, near cell edge, the  of the interfering cell is of similar strength as from the desired cell and starts to mislead the PMI selection in the UE
· The issue occurs when CSI-RS of between serving and interfering cell collides.
· The issue is most severe if UE use raw channel estimates, i.e. does not perform frequency domain filtering (or little such filtering) when performing channel estimation on CSI-RS, 
· Note that such processing may not be used in UE for high number of ports due to complexity reasons
· Such processing may alternatively not be used in the UE if the channel is very frequency selective
· Note also that successful frequency domain filtering requires good knowledge of large scale parameters such as delay spread, which may be difficult to acquire for the sparse CSI-RS.


3.2 Theoretical analysis
To make the analysis we use a somewhat simplified MIMO system with co-polarized antennas, and a simplified version of the NR CSI-RS which still captures the root cause of the issue. 
Consider for a MISO system with  basestation antennas (i.e. CSI-RS ports) and a single UE antenna. The downlink channel for a given subcarrier  is then a  vector. The UE performs channel estimation to obtain the estimate  using a transmitted CSI reference signal (CSI-RS) from each of the antennas. There is also some additive noise and interference  per channel estimate, hence
 = 
The channel estimate  is obtained for the CSI-RS subcarriers of the configured CSI-RS measurement bandwidth. There are many ways to implement a PMI selection algorithm in the UE, here we use a textbook approach, which also is a reasonable implementation. Here, the UE performs averaging of the outer product  across subcarriers when forming the spatial transmit correlation matrix, to be used for subsequent PMI determination:

The model UE use such spatial transmit covariance to select the precoder  that maximizes .  The NR codebook precoders have constant norm, ||w||=1. Hence, in mathematical expression:

Linear algebra teaches that  is the principal eigenvector to  hence this is the PMI that the UE report back to the network (assuming this reasonable UE algorithm model). 
Now, in a properly designed system,  should not bias the PMI selection, even if the interferer is a strong line of sight channel. This is the task of the choice of different pseudo random sequences for different cells with colliding CI-RS. Ideally, the interference should appear as spatially white, i.e. a scaled identity matrix,  . In such a case,  has the same eigenvectors as while the additive term  only adds the same constant (equal to the variance of an element in ) to all the eigenvalues, and becomes irrelevant for the selection of the principal eigenvector, i.e. irrelevant to PMI selection. Hence, ideally

for sufficiently much averaging in forming . In a properly designed system, the principal eigenvector is thus the same regardless of the power of the error and interference plus noise (and regardless of whether interference channel is LOS or NLOS and we can expect that the UE still finds a good PMI at low SINR. 

Now, let us analyze how looks like for a NR-like system and particular when the interfering channel is rank 1 to simplify the analysis. We first turn to NR specifications and how CSI-RS is designed. In Section 7.4.1.5.3 of TS 38.211 it is described how for each configured CSI-RS, the UE shall assume the sequence  is being mapped to resources elements  according to 
[image: ]			(1)

It’s not necessary to know all the details of this expression (1) to understand that the mapping and base sequence  of CSI-RS port p (on the left-hand side) is the same for all values of p (except the fact that OCC is used to separate groups of antenna ports). In other words, the right-hand side of the first expression in (1)  does not depend on p. This, as will be shown, has implication on the spatial characteristics of the interference in 
3.2.1 Simplified mathematical analysis
To simplify the analysis and to better understand the underlying reasons for the false PMI selection, we assume in this theoretical analysis that OCC is not used to separate pairs of ports. In the next section, simulations were made using the true NR CSI-RS with both FD-OCC and TD-OCC to illustrate that the problem exists also in this case as was obsrevdd in OTA.
Start with assuming CSI-RS ports in one resource block where each CSI-RS port use one RE.  Assume the UE is connected to a desired cell A and experiences downlink interference from cell B. The CSI-RS sequence sample om subcarrier k for port  is   and (k) for the two cells respectively.
In addition, the channels are  and  from cell A and B respectively, (assuming the channel is flat in frequency and noise is negligible) overlapping CSI-RS and the received signal is then, for port 

where is square root of the power offset of the interferer versus the desired signal, i.e. the inverse of the SIR. The channel estimate of channel is then, if we average the channel estimate across K samples in frequency domain within an OFDM symbol (assuming the value K is sufficiently small so that the channel is flat across these samples). 
      
where the attenuated cross-sequence term between cell A and B, is, 
	
Now, stack all channel estimates the UE makes from the N CSI-RS ports transmitted from the serving cell, cell A, into a column vector:

To reflect a design choice in NR in this modeling, we assume that the same sequence   is used for all CSI-RS ports of a CSI-RS resource, hence , and  and we can write:

To proceed, we are interested in the outer product   as it is well known from textbooks of optimization of norms and thus likely used in the PMI determination
    
The first term is due to the desired channel and the second term is due to the channel from the interfering cell B. The contribution from interfering cell is attenuated with the factor  and behave in the limit as   since pseudo-orthogonal sequences are used in cell A and B. 
The third term vanishes if an accumulation of outer products is performed, since each  is random per RB and the accumulation tends towards zero. Such accumulation is typically is done when estimating the spatial covariance , since  is estimated per RB and  is obtained by averaging the outer product over many RBs. 
Now, if raw sample estimate for CSI-RS port channel estimation is used, then  and  and 
      (2)
Using the result that if the outer product  is averaged over many RBs then the third term tends to zero, leaving the received spatial covariance converging towards this expression where the interference channel covariance is present: 
 
A more advanced UE likely use some frequency domain processing to reduce the error  and remove some of the structure of the interference as we analyze below. On the other hand, for large CSI-RS resources, such as 32 ports, it is more demanding from UE complexity perspective to perform this processing, while it may be more likely for smaller number of ports. Also, it may be difficult to perform such frequency domain processing in frequency selective channels. 
[bookmark: _Toc32581928]Using raw CSI-RS channel estimates (K=1) that doesn’t utilize the processing gain of the use of pseudo-orthogonal sequences in different cells exaggerate the problem of false PMI selection
Note also in (2) that the two first terms do not depend on the subcarrier k as there is no dependence on the factor  . 
From this expression (2) it is visible that for low and negative SIR, where , the principal eigenvector of  is dominated or strongly affected by the principal eigenvector of , which is exactly the outer product of the channel of interfering non-serving cell B. The interference is not spatially white, but have a strong colored structure. Hence
 for 
The consequence is that the selection of  will, if the SINR is sufficiently low start to follow the CSI-RS transmitted from the strongest interfering (non-serving) cell instead of the serving cell, even if a different scrambling sequence is used if raw channel estimates are used in the channel estimation (K=1).  
[bookmark: _Toc32581929]Due to the use of same sequence sample for all CSI-RS ports, the spatial covariance matrix is dominated by the spatial covariance of the CSI-RS transmitted from the interfering cell if raw channel estimation samples are used
If the channel estimation suppress the interfering cell by selecting a K value larger than one, then the problem should be reduced as  will be significantly lower. 
The root cause of the problem is thus the use of the same sequence of all p ports: . If the specification is changed, for example so that each port has its own sequence, then 
				   (3)
Note that even if raw channel estimates are used,  K=1, each  is a pseudo-random QPSK symbol, this “destroys” the property of   as each element is “scrambled” and appears closer to “spatially white” compared to the Rel.15 design which makes the interference spatially colored. The expression (3) cannot be reduced to (2) in this case since the interference term now lies in a subspace that varies randomly from one subcarrier k to another thus spreading the interference energy rather isotropically in the entire vector space. 
Hence, the principal eigenvector for  which appear as the interference term in (3) is unrelated to the principal eigenvector of  which is very present in (2). 
[bookmark: _Toc32581930]If per port sequence is introduced, the spatial interference covariance matrix is randomized and appear “close to spatially white”, which reduce the problem as the spatial colored property in the covariance matrix from the interfering cell is removed 
3.2.2 Simulations analysis based on Rel.15 NR CSI-RS definition
In this section, the CSI-RS as specified in Rel.15 is evaluated and the PMI selection problem for Type I CSI feedback is reproduced. The corresponding analysis for Type II CSI feedback has not yet been performed. It is plausible to assume that the impact of false PMI selections is even greater since the codebook has less structure and may be more easily “misled”. 
[bookmark: _Toc32581931]So far only Type I CSI feedback has been analysed, the false PMI selection issue may be even more pronounced for Type II CSI feedback. In addition, the impact of this on any new CSI feedback schemes introduced in future releases is at risk. Hence, leaving this issue unsolved may yet again hit us back in a future release.  
Here it is assumed the UE uses raw channel estimates for channel estimation (K=1) but averaging of the outer product of the received channel vectors over 50 RB is used for the covariance matrix estimation. A GoB codebook with 32 DFT beams were used for PMI selection and LOS channels were assumed.
In the PMI selection for 8 port CSI-RS resource in NR (row 6 of TS 38.211 table for CSI-RS resource definition where four CDM groups are used with OCC length 2 per group).  The false PMI selection appears at low SIR<0 dB and the PMI for the interfering cell is instead selected. 

[image: ]
Figure 5 PMI as a function of CSI-RS for 8 port CSI-RS resource. Optimal PMI for desired cell is PMI#8 and optimal PMI if connected to interfering cell would be PMI#17. At SIR<0 dB the UE selects PMI#17.

In Figure 6, a port specific scrambling is introduced. For SIR<0 dB the UE still reports correct PMI down to SIR<-5 dB where PMI reporting performance gracefully degrades into a random PMI. Hence, it seems a solution with a port specific scrambling removes the false PMI reporting issue. 
[image: ]
[bookmark: _Ref32498093]Figure 6 PMI as a function of CSI-RS for 8 port CSI-RS resource where each CDM group is initialized with its own seed. Optimal PMI for desired cell is PMI#8 and optimal PMI if connected to interfering cell would be PMI#17. 
In Figure 7, the corresponding plot for Rel15 CSI-RS with 32 ports is shown. Here, there are two false PMI values shown, due to the OCC structure of the CSI-RS resource mapping. The most likely false PMI equals the PMI of the interfering cell. The SIR value where false PMI appears is slightly lower than for the 8 port case. In Figure 8, port specific scrambling is used and it can be seen that the problem disappears completely. It therefore seems that the 32 port resource with the suggested port specific scrambling modification is slightly more robust compared to the corresponding 8 port case. 
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[bookmark: _Ref32498814]Figure 7 PMI as a function of CSI-RS for 32 port CSI-RS resource. Optimal PMI for desired cell is PMI#8 and optimal PMI if connected to interfering cell would be PMI#20. At SIR<-3 dB the UE selects PMI#20 or PMI#15.
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[bookmark: _Ref32499013]Figure 8 PMI as a function of CSI-RS for 32 port CSI-RS resource where each CDM group is initialized with its own seed. Optimal PMI for desired cell is PMI#8 and optimal PMI if connected to interfering cell would be PMI#20.
4 Benefits of configuring colliding RS
In the elaboration above, the problem occurs when CSI-RS of adjacent, interfering cells, are colliding. It may be straightforward to suggest configuring non-colliding RS to solve the problem, since then the CSI-RS will be interfered by precoded PDSCH which have spatially white transmission, i.e.  and problem is solved.
However, the configuration of non-colliding RS in networks has multiple drawbacks:
· It requires frequency planning of RS resources
· This may be a trivial task in the idealized 3GPP scenario of hexagonal cells. But reality is very different from this ideal situation, especially in dense urban deployments where cells overlap in the most unpredictable ways. It has been observed that signals from cells far away is unexpectedly hitting the UE strongly in some physical location but not as much if moved just a few meters away. This makes frequency planning very challenging and can be avoided by assigning all cells with overlapping RS.
· In addition, networks constantly evolve to meet traffic demands, sites are added to densify the grid.  If non-colliding RS is used, then the network needs to be re-planned for every new gNB that is added. This is a major effort and can be avoided by assigning all cells, old as new, with overlapping RS.

· It generates interference from adjacent cells to PDSCH, even if the adjacent cell has no ongoing traffic
· This is the same problem as is faced in LTE with non-colliding CRS and leads to reduced spectral efficiency. The CRS is hitting PDSCH in adjacent cells which degrades PDSCH performance. In LTE, it was even studies ongoing on cancelling of CRS from interference cells due to this issue. This interference problem can also be avoided by assigning all cells with overlapping RS.

· It may generate significant RS overhead due to the use of ZP CSI-RS for protection of PDSCH
· To protect against the interference issue mentioned above, one can configure ZP CSI-RS. However, this increases the overhead significantly and reduce the spectral efficiency. This because in a cell, not only NZP CSI-RS needs to be configured, but now also ZP CSI-RS of adjacent cells. This also then turns into a frequency planning issue for ZP CSI-RS, with same drawbacks as for NZP CSI-RS discussed above. In particular, if Type II CSI feedback is used for FDD to allow high performing MU-MIMO precoding, then the periodicity of both the NZP and ZP CSI-RS needs to be short. RS overhead will be tremendous. This whole RS overhead and associated planning problem is avoided by assigning all cells with overlapping RS.

In addition, even if non-colliding CSI-RS is configured by a reuse pattern where different frequency resources or OFDM symbols are utilized for different cells, there will likely be collisions anyway since in practical network interference shows up not only from the adjacent cells but could be from a further away cells. This is often seen in urban and dense urban deployments and where high rise buildings are present. 
[bookmark: _Toc32581932]Network deployments where cell planning is used for CSI-RS can only partially mitigate the problem in the general case, due to strongly interfering stray signals transmitted from cells further away which are commonly observed in e.g. metropolitan deployments.
Hence, the bottom line regarding cell planning and colliding CSI-RS is:

[bookmark: _Toc32581933]Network deployment with colliding CSI-RS between all cells have significant benefits to the operator in terms of no need for such network planning, ease of network densification and evolution when adding new sites, lower reference signal overhead and low interference at low load in network. Deploying with non-colliding RS should be avoided due to these reasons. 

And importantly, UEs need to function extremely well in such colliding configuration as they are the most likely to be used by operators due to the above reasons
[bookmark: _Toc32581934]It must be ensured that UE implementation is prepared well for colliding CSI-RS (including TRS and all other uses of CSI-RS), and RAN4 test cases should include colliding CSI-RS deployments. Further note that such a test case with two TRS is currently being considered in RAN4 for multi-TRP operation in Rel.16

5. Proposed specification change
The solution that has been shown to solve the false PMI issue is to make the CSI-RS sequence more different for different CSI-RS ports (e.g. each OCC code has its own pseudo-random sequence or at least the sequence samples for different ports in an RB should not be the same). If this is introduced, then the spatial transmit covariance does no longer have a strong eigenvector, even if LOS interferer is present. The reason is that the beta factors , depends on the port number p. Hence, when summing the terms in the covariance expression, there is no coherent addition since each term has a random phase. 
[bookmark: _Toc47711091]As a TEI-17, introduce the possibility to configure an enhanced CSI-RS resource that solves the false PMI issue, e.g. having port specific sequences 
6. Conclusion
In the previous sections we made the following observations: 
Observation 1	Using measurements using commercial NR UEs from two different vendors, the PMI reporting fails at low SINR. It seems the PMI reporting when nearing the cell edge behave as the PMI reporting the UE would have been reporting if instead served by the interfering cell. This leads to a signifcant drop of throughput of NR at cell edge.
Observation 2	Using raw CSI-RS channel estimates (K=1) that doesn’t utilize the processing gain of the use of pseudo-orthogonal sequences in different cells exaggerate the problem of false PMI selection
Observation 3	Due to the use of same sequence sample for all CSI-RS ports, the spatial covariance matrix is dominated by the spatial covariance of the CSI-RS transmitted from the interfering cell if raw channel estimation samples are used
Observation 4	If per port sequence is introduced, the spatial interference covariance matrix is randomized and appear “close to spatially white”, which reduce the problem as the spatial colored property in the covariance matrix from the interfering cell is removed
Observation 5	So far only Type I CSI feedback has been analysed, the false PMI selection issue may be even more pronounced for Type II CSI feedback. In addition, the impact of this on any new CSI feedback schemes introduced in future releases is at risk. Hence, leaving this issue unsolved may yet again hit us back in a future release.
Observation 6	Network deployments where cell planning is used for CSI-RS can only partially mitigate the problem in the general case, due to strongly interfering stray signals transmitted from cells further away which are commonly observed in e.g. metropolitan deployments.
Observation 7	Network deployment with colliding CSI-RS between all cells have significant benefits to the operator in terms of no need for such network planning, ease of network densification and evolution when adding new sites, lower reference signal overhead and low interference at low load in network. Deploying with non-colliding RS should be avoided due to these reasons.
Observation 8	It must be ensured that UE implementation is prepared well for colliding CSI-RS (including TRS and all other uses of CSI-RS), and RAN4 test cases should include colliding CSI-RS deployments. Further note that such a test case with two TRS is currently being considered in RAN4 for multi-TRP operation in Rel.16


Based on the discussion in the previous sections we propose the following:
Proposal 1	As a TEI-17, introduce the possibility to configure an enhanced CSI-RS resource that solves the false PMI issue, e.g. having port specific sequences
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