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1. Introduction
Based on the recent 3GPP harmonization campaign it is evident from [1] that the relative accuracy of MIMO OTA test methods is dependent on DUT characteristics. Previous work to assess measurement uncertainty has included power calibration aspects, radiated channel model validation and ADTF analysis of conducted vs. radiated performance. These tools have not fully explained the phenomenon observed in the recent harmonization campaign indicating that our understanding of MU is some way from being complete. This paper proposes additional steps that can be taken to develop a more robust understanding of MU which needs to be valid for the range of expected device types.
There are currently several initiatives ongoing within 3GPP and CTIA for the evaluation of MU. These fall into three main categories

· Analysis of factors affecting power calibration

This is very much based on the experience gained from SISO OTA MU budgets with the necessary extension for the more complex MIMO systems


· Radiated channel model validation according to subclauses 8.3 and 8.4 in [2] 

This validated four aspects of the radiate channel: power delay profile, Doppler/Temporal correlation, spatial correlation and cross polarization ratio. Although results from all systems looked close, there has never been any numerical analysis of the significance of differences between measured and theoretical performance on the ability to accurately measure throughput for varying device types.


· Validation of relative accuracy between conducted and radiated performance using the Absolute Data Throughput Framework (ADTF) in subclauses 9.3 and 10.2 in [2]

Of the currently available tools, this is the one that gets closest to measuring actual accuracy although as discussed in [3] its accuracy is limited by accuracy of the reference antenna pattern
During the evolution of the work to define MIMO OTA test methods there have been various indications along the way that the above three MU analysis tools have not been sufficient to fully explain system behaviour. Particular points of note are:

· The analysis in [4] of historical ADTF results from [2] shows considerable device-dependent behaviour across reference antenna types of up to 3.7 dB. This was not fully understood or even noticed at the time since test system maturity was lower than it is today.

· During more recent CTIA measurement campaigns instability in UMa throughput was found of up to 5 dB. The cause was uncontrolled phase alignment between the two MIMO streams prior to the channel emulator. This problem is now understood and under control. However, its existence was not caught by the channel model validation procedures since these were based on analyzing a single CW faded stream. Validation of the allowable phase difference in the radiated environment is now necessary to ensure calibration procedures are correct.

· The most recent analysis of the long-standing questions surrounding the selection of random phases fo the geometric channel model in [5] indicate that the channel statistics are sensitive to the transmit antenna pattern but that the channel model validation carried out in [2] used vertical Tx and Rx antennas which are insensitive to phase differences between the two polarized signals used for throughput testing which are transmitted in a cross polarized fashion.

· The most recent 3GPP harmonization campaign analyzed up to 24 device/orientation combinations per band but only one ADTF measurement from which only system repeatability was derived. The opportunity to measure multiple reference antennas to further understand device-dependence was not taken due to time pressure.

· The most recent 3GPP campaign has provided clear evidence of an unexplained 4.5 dB difference in measured performance between MPAC and RTS due to a change in device orientation from Portrait 0 to Landscape 0

· The CTIA TxD Harmonization results in [6] show a relative result spread for three devices of 5.3 dB (-1.7 dB to 3.6 dB) between two MPAC systems
It should now be evident that the existing evidence collected from the three MU validation tools is insufficient to provide traceable absolute accuracy analysis of existing MIMO OTA test system and that further analysis using existing tools and possibly new tools is required before we can demonstrate the kind of traceability that existed for the equivalent SISO OTA MU budgets.

2. Proposals for assessment of accuracy
2.1. Use of ADTF to evaluate relative accuracy differences
ADTF is a very powerful tool but its use to date has been limited. A proposal to use further ADTF analysis to explain the differences in Table 1 has been proposed to the 3GPP MIMO OTA reflector and is elaborated here. 

The proposal is in three steps and each must be successful before moving to the next. All analysis should be done with raw data by azimuth to provide increased confidence in the results as can be seen in Figure 1.

1. Validate absolute alignment between RTS and MPAC conducted ADTF using the Satimo B7 nominal pattern

Alignment of absolute conducted ADTF has not been done before – the focus has been conducted/radiated difference in each system. The alignment should hold for any antenna pattern, measured or theoretical. Using the Satimo typical data is somewhat arbitrary although this allows further possibilities described later to validate the RTS patterns.

2. Validate the RTS-measured pattern is accurate by demonstrating alignment between all RTS and MPAC conducted and OTA results using the RTS-measured S4 at Portrait 0

The assumption that the RTS-measured pattern Is accurate comes from the expected alignment of the OTA results at this orientation. The conducted results should also line up within the same degree as in step 1 with the Satimo typical pattern.

3. Assuming step 2 provides convincing evidence of RTS pattern accuracy, repeat RTS and MPAC conducted and OTA using the RTS-measured S4 at Landscape 0

This step makes the assumption that if there is high confidence in the RTS-measured pattern at Portrait 0 it can be assumed the pattern at Landscape 0 is similarly accurate. This is not a guarantee but a reasonable assumption given the evidence in [7]

This process should recreate the conditions where the smallest and largest errors were seen and comparing the conducted and OTA results should identify where the problem is.

2.2. Use of ADTF to evaluate RTS pattern accuracy
A further opportunity to validate RTS antenna patterns comes from comparison of OTA results with both the Satimo typical data and the RTS-measured pattern. It is expected that the Satimo typical data will be slightly different from the actual B7 antenna being used. This error will disadvantage the ability of MPAC conducted to match MPAC radiated but is not a fault of the MPAC system.

Two experiments can be performed to validate the quality of the RTS-measured pattern. The first uses the Satimo typical pattern in the RTS system as the conducted reference and the second uses the RTS-measured pattern in the MPAC as the conducted reference.

2.2.1. Use the Satimo typical pattern as the RTS conducted reference

Measure the RTS conducted ADTF using the Satimo typical pattern. Measure the RTS OTA using the RTS-measured pattern. All else being equal it would be expected that the RTS difference between conducted and radiated would be similar to the MPAC difference. The error in both cases will be influenced by the difference between the Satimo typical pattern and the actual pattern. Furthermore the RTS system will be impaired by the accuracy of the RTS-measured pattern. If the conducted to radiated differences between systems is similar it can be concluded the RTS-measured pattern is very close to the real pattern.

2.2.2. Use the RTS-measured pattern as the MPAC conducted reference

In the second experiment the reference pattern is the RTS-measured pattern. Measure the MPAC conducted ADTF using the RTS-measured pattern which should be closer to the real pattern than the Satimo typical pattern. Compare with the MPAC OTA using the real antenna. If the RTS-measured pattern is closer to the real pattern than the Satimo typical pattern then the MPAC conducted/radiated difference should be lower than when using the Satimo typical pattern. This result would provide convincing evidence that the RTS-measured pattern is a true measure of the specific reference antenna.

2.3. Use of other reference antennas than B7 nominal with ADTF
One of the disadvantages of the proposal in clause 1 above to evaluate the relative accuracy differences seen in Table 1 is that it is based on an assumption that if the pattern at Portrait 0 is correct it will also be correct at Landscape 0. Although the evidence in [7] and what might be concluded from the experiment in clause 2 above would suggest such an assumption is safe it is desirable to follow up the experiments in clauses 1 and 2 with an independent traceable antenna pattern using a reference antenna. Several experiments are proposed with increasing levels of confidence and effort.

2.3.1. Use existing Satimo typical data to evaluate other reference antennas

One of the few shortcomings of the recent 3GPP harmonization campaign was that only one cut from one antenna was used per band to estimate test system repeatability.  It would be relatively quick and easy to do a full evaluation of the available reference antennas with the Satimo typical data as the conducted pattern reference. This would provide several more data points from which to identify condition which exhibit the device dependence seen n Table1. However, given that only one out of 8 orientations of the four test devices shows problems this initial experiment may not show any issues in conducted/radiated differences within each system.

2.3.2. Use existing Satimo typical data to evaluate other reference antennas

The next level of sophistication would be to evaluate the Satimo 3D patterns to find cuts that are more likely to exhibit non-liner behaviour in the test systems. Patterns for these cuts can be generated in two ways. The easiest way is for Keysight to use our pattern measurement software to rotate the Satimo 3D patterns into the desired orientation. This requires correct treatment of the V and H components of the antenna which was measured by azimuth rotation at one elevation. This approach is quick but has two drawbacks, it will contain any small differences between the typical data and the actual antenna, and it relies on the correctness o the Keysight antenna pattern rotation software.

The second approach would be after predicting interesting cuts; the actual antenna is measured in a CATL at those orientations. This solves both of the drawbacks of the simpler proposal and will provide a higher quality pattern than could have bene got from post processing the typical patterns. 

Using these new cuts from the reference antennas it is now possible to use ADTF to investigate device dependent behaviour in the test systems.
2.4. Use of ADTF to evaluate absolute accuracy 
The use of ADTF as a tool to determine absolute accuracy is possible but not without limitations as described in [3]. The first improvement would be to insist on patterns that have been measured on specific antennas, which will remove much of the uncertainty seen today. The next would be to do a thorough MU analysis on the conducted environment. This is non-trivial since the quality of connectors and mismatch issues are far from ideal compared to the types of connectors normally used in test systems. However, an attempt could be made to establish traceability to the conducted results using specific measured antennas. It should then be possible to derive the accuracy of the OTA environment from the ADTF conducted/radiated difference.

2.5. Use of reference antennas and simulation

By using the specific patterns of particular cuts of the reference antennas form 3.2 it should be possible to simulate the expected difference in performance using a reliable link level simulation tool.

Fr example, using an “easy” antenna pattern that is known to give similar results between systems and between channel modes, simulate the expected performance difference for that cut and channel model e.g. UMa to UMi difference of 5 dB. The use of a relative term would remove issues to do with the absolute noise floor of the DUT and simulator being different.

Next, take a different cut of the antenna where it is expected problems exist. Calculate the expected UMa UMi differences for that cut and observe the measured differences in each system.

Such analysis should be a strong predictor of which if any system is producing results that scale with simulation expectations. We are looking for several dB of difference between systems so this is not a subtle effect.

The advantage of this final method is that it does not rely on ADTF although ADTF could be used in conjunction with it as further evidence of system behaviour.

2.6. Further radiated channel model validation
As mentioned in the background clause the exiting radiated channel model validation has not proven to predict the issues being seen in test systems. It remains unclear whether any such validation has the potential to predict how a test system will interact with a specific device type. However, the question needs to be asked since a radiated evaluation of the actual test signal (not just a faded CW signal) could reveal valuable information about the test environment.

3. Conclusions
This paper has looked at the issue of device dependent MIMO OTA test system behaviour and proposed several methods for investigating the cause fo this behaviour with a view towards developing a standards traceable validation of the test system accuracy that hold true for all expected device types. Clearly further work is required in this important new are of radiated metrology since existing tools have not predicted the device-dependent behaviour seen in the recent 3GPP harmonization measurement campaign. Before any MIMO O TA test system are considered sufficiently accurate for general release there needs to be either the ability to closely compare two different systems across expected device types or have an independent reference that can be considered as the definition of accuracy.
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