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1. Introduction
A Round Robin MIMO LTE measurement campaign has been initiated by the 3GPP RAN4 sub working group MIMO OTA with the aim to evaluate the capability of different methodologies to assess the performance of MIMO LTE devices. Four different pools of MIMO LTE enabled laptop mounted USB data modems have been sent to labs all over the world utilizing different methodologies.
The measurement campaign has now been finalized and various contributions have been provided, where measurement results from the different labs have been presented. Also, spreadsheets of the raw data from the different methodologies have been made available for all participants, in order to provide transparency and facilitate result comparison.
This contribution will summarize the results and learning outcomes from the Bluetest Round Robin measurements. The results have been presented in earlier contributions [1], [2], [3] and [4]. A full ranking comparison between all the devices in the four different pools will be provided, as well as examples of the repeatability of the Bluetest measurements.
Furthermore, this contribution will provide a comparison between the Bluetest results and the results obtained by other labs. The analysis extends the comparison between the reverberation chamber labs provided in [5] to include results from labs utilizing the 2-stage methodology and methodologies based on the anechoic chamber. The analysis is based on data from the spreadsheets provided from the different methodologies.
Finally, Bluetest learning outcomes from the Round Robin measurements will be listed. This aims to address the request from RAN plenary to provide conclusions of the SI to be included in TR 37.976 [6].
2. Devices and Host Computers
The following notation is used by Bluetest for the dongles and host computers provided in the Round Robin measurement campaign. This is also what has been used by a majority of the labs.
Pool 1
· DUT 1: Huawei E398 (LTE band 7, downlink channel 3100 (2.655 GHz))

· DUT 2: Samsung GT-B3740 (LTE band 20, downlink channel 6300 (806 MHz))

· DUT 3: Huawei E398, different unit than DUT 1 (LTE band 7, downlink channel 3100 (2.655 GHz))

· DUT 4: Samsung GT-B3710 (LTE band 7, downlink channel 3100 (2.655 GHz))
· Host computer: DELL Latitude E6400
Pool 2

· DUT 1: Huawei E398, different unit than in Pool 1 (LTE band 7, downlink channel 3100 (2.655 GHz))

· DUT 2: ZTE AL621 (LTE band 7, downlink channel 3100 (2.655 GHz))

· DUT 4: Samsung GT-B3710 (LTE band 7, downlink channel 3100 (2.655 GHz))

· Host computer: DELL Latitude D430

Pool 3

· DUT 1: Huawei E398 (LTE band 7)

· DUT 2: ZTE AL621 (LTE band 7)
· Host computer: DELL Latitude D430

Pool 4

· DUT 3: Pantech (LTE band 13)
· DUT 4: Pantech (LTE band 13)
· Host computer: DELL Latitude D430

3. Round Robin Results Obtained from Measurements in the Bluetest Reverberation Chamber

This section provides a summary of the results obtained from the Bluetest Round Robin measurements. These results have been presented in [1] and [4], where additional information and further analysis is provided.

3.1 Measurement Setup and Procedure

The measurement setup used in the assessment of the radiated performance of the Round Robin devices is the reverberation chamber alone, as well as the reverberation chamber combined with a channel emulator. The setup with the reverberation chamber alone is used to simulate the Baseline (NIST indoor-urban) channel model and the setup where the reverberation chamber is combined with a channel emulator is used to achieve the SCME Urban Micro (UMi) and Urban Macro (UMa) channel models, modified to account for the inherent channel conditions in the reverberation chamber. Further information about how the channel models are implemented, as well as detailed information about the measurement setup and procedure, can be found in [1] and [4].
3.2 Results and DUT Ranking

Figure 1 to Figure 4 show a comparison of the MAC layer data throughput performance between all Round Robin devices evaluated in the Bluetest reverberation chamber for different channel models and modulations. In total, 10 different devices have been evaluated. The figures show a clear ranking, especially between devices operating at different frequency bands. Pool 1 DUT 2 and the Pool 4 devices, which are operating at LTE band 20 and band 13, respectively, show the worst performance. This is expected, since the antenna design for these devices might be more challenging than for band 7 devices due to the limited space available in data modems. Also, as has been shown in [8], these devices are more affected by the host laptop interference. The band 7 devices also show diverse throughput performance and it is interesting to note that even different units of the same model seem to have varying performance. One explanation might be that the host laptops are not the same in the different pools, making comparison between the devices in different pools more complex. The ranking of the devices is similar for the two modulations and for the channel models used.
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Figure 1   Comparison of the MAC layer data throughput performance between all Round Robin devices evaluated in the Bluetest reverberation chamber for 16-QAM, using the Baseline (NIST indoor-urban) channel model.
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Figure 2   Comparison of the MAC layer data throughput performance between all Round Robin devices evaluated in the Bluetest reverberation chamber for 16-QAM, using the SCME Urban Micro channel model.
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Figure 3   Comparison of the MAC layer data throughput performance between all Round Robin devices evaluated in the Bluetest reverberation chamber for 16-QAM, using the SCME Urban Macro channel model.
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Figure 4   Comparison of the MAC layer data throughput performance between all Round Robin devices evaluated in the Bluetest reverberation chamber for 64-QAM, using the Baseline (NIST indoor-urban) channel model.

4. Reverberation Chamber Repeatability and Methodology Comparison

An important part of the data analysis is to verify that the result obtained for a device using similar setups is reproducible, both within the same lab as well as between labs. This section provides an analysis of this repeatability. First, the repeatability within one lab is analyzed. These results are acquired from earlier contributions [1] and [4] and are repeated here for reference. Secondly, the repeatability between labs utilizing the reverberation chamber methodology is analyzed. These results have also been presented in [5]. Finally, a comparison of the data from different methodologies is provided.
4.1 Reverberation Chamber Repeatability
This section gives some examples of the intra- and inter-chamber repeatability for the Round Robin measurements in the Bluetest reverberation chambers. Figure 5 shows the results from measurements using three different eNodeB emulators. For the MT8820C and the PXT two consecutive measurements were performed. The measurements with the different eNodeB emulators were performed different days, in different chambers, by different operators and by repositioning the DUT in the chamber. From this figure the repeatability is observed to be within +/- 0.3 dB, referring to the 50 % throughput level. An interesting observation is also that the MT8820C does not reach maximum throughput. This is due to DTXs, even at high power values. The other two eNodeBs reach maximum throughput.
The same repeatability is observed in Figure 6 and Figure 7 for two additional DUTs. Figure 6 also shows that this is valid when using a modulation of 64-QAM.
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Figure 5   Comparison between measurement results obtained with different eNodeBs. The figure shows results from consecutive measurements, as well as from measurements in different chambers, by a different operator and where the DUT is repositioned in the chamber.
[image: image6.wmf]CMW500 16-QAM - Measurement 1

CMW500 16-QAM - Measurement 2

MT8820C 16-QAM - Measurement 1

MT8820C 16-QAM - Measurement 2

CMW500 64-QAM - Measurement 1

CMW500 64-QAM - Measurement 2

Pool 3 DUT 1 Repeatability

Power [dBm/15kHz]

-80

-85

-90

-95

-100

-105

-110

-115

Throughput [%]

100

95

90

85

80

75

70

65

60

55

50

45

40

35

30

25

20

15

10

5

0


Figure 6   Comparison between results for consecutive measurements of Pool 3 DUT 1 for both 16- and 64-QAM. Some results are also obtained with different eNodeBs.
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Figure 7   Comparison between results for consecutive measurements of Pool 3 DUT 2 for 16-QAM and two different eNodeBs.
Measurements were also performed in one Ericsson lab, using the Bluetest reverberation chambers. The results from these measurements are presented in Figure 8 to Figure 10, along with results from Bluetest lab. The results from the Bluetest lab were obtained with three different eNodeBs and the results from Ericsson were obtained with the MT8820C. The measurements with the different eNodeB emulators were performed different days, in different chambers, by a different operator and by repositioning the DUT in the chamber. From the figures it can be concluded that the inter-chamber repeatability, as well as the intra-chamber repeatability, falls within +/- 0.3 dB (referring to the 50 % throughput level).
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Figure 8   Comparison between measurement results obtained in different labs and with different eNodeBs for Pool 1 DUT 3 device. The figure shows results from consecutive measurements, as well as from measurements in different chambers, by a different operator and where the DUT is repositioned in the chamber.
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Figure 9   Comparison between measurement results obtained in different labs and with different eNodeBs for Pool 2 DUT 1 device. The figure shows results from consecutive measurements, as well as from measurements in different chambers, by a different operator and where the DUT is repositioned in the chamber.
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Figure 10   Comparison between measurement results obtained in different labs and with different eNodeBs for Pool 2 DUT 2 device. The figure shows results from consecutive measurements, as well as from measurements in different chambers, by a different operator and where the DUT is repositioned in the chamber.
4.2 Comparison between Reverberation Chamber Labs
This subsection compares the Bluetest results with the results obtained from other labs utilizing the reverberation chamber methodology. The data is taken for measurement where similar setups have been identified (similar host computers, DUT positions and eNodeB settings), based on the information provided in the spreadsheets from the different labs.

Figure 11 shows that the throughput characteristics of Pool 1 DUT 3 can be reproduced regardless of lab using the NIST channel model. Referring to the 50 % level, the repeatability between the labs is within +/- 0.5 dB. The maximum throughputs do however differ between the labs, which have been shown to be due to differences between the communication testers [1]. The Bluetest measurement setup for this device using the CMW500 and PXT both give higher maximum throughput than when using the MT8820C. Both Ericsson and NTT DCM are using the MT8820C, which gives a lower maximum throughput similar to the Bluetest measurement setup with the same eNodeB. This is due to a known issue in the firmware used during the Round Robin with unwanted DTX:s and results in the throughput reaching only 95% of maximum even at very high power levels. In addition there is also a difference in the calculated maximum throughput between the communication testers. 
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Figure 11: Pool 1 DUT 3 comparison for NIST channel model (RC alone).

Figure 12 clearly shows that the throughput characteristics of Pool 1 DUT 3 can be reproduced in different labs with different RC manufacturers, and when a more advanced channel model is applied (Umi). Referring to the 50 % level, the repeatability between the labs is within +/- 0.5 dB.
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Figure 12: Pool 1 DUT 3 comparison for Umi channel model (RC + CE).
As seen in Figure 13, Pool 1 DUT 3 shows the same characteristics between the labs also for Uma. Some differences in the throughput curves are visible, but within expected and tolerable levels. The small difference in the slope of the curve might be due to different chamber delay spreads. Referring to the 50 % level, the repeatability between the labs is within +/- 0.5 dB.
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Figure 13: Pool 1 DUT 3 comparison for Uma channel model (RC + CE).

Pool 2 DUT 2 is another device that has shown good repeatability between the different labs and channel models. Figure 14 shows the throughput curves for the NIST channel model. Referring to the 50 % level, the repeatability between the labs is within +/- 0.5 dB.
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Figure14: Pool 2 DUT 2 comparison for NIST channel model (RC alone).
The Pool 2 DUT 2 also shows very good agreement when a more advanced channel model is applied – see Figure 15 and Figure 16. The Azimuth measurement setup has one discrepancy from the test plan with the laptop lid being tilted 20° instead of the specified 110°. The effects on the measurement due to this are unknown. As described earlier for Pool 1 DUT 3, the NTT DCM measurement deviates at maximum throughput due to an unwanted DTX issue in the MT8820C that is not present when using the CMW500. Note also that the device was specified to be connected using a USB cable and was not plugged in directly to the laptop. Referring to the 50 % level, the repeatability between the labs is within +/- 0.5 dB.
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Figure 15: Pool 2 DUT 2 comparison for Umi channel model (RC + CE).
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Figure 16: Pool 2 DUT 2 comparison for Uma channel model (RC + CE).

4.3 Comparison between Methodologies
This section extends the comparison of the reverberation chamber results to include results from the anechoic chamber based methodologies, as well as from the 2-stage method. The two-channel method has not been included due to lack of time.

A similar comparison between the labs has been provided in [7], but this contribution adds additional labs to the comparison and also suggests some corrections.
The data used for this analysis is taken from the spreadsheets provided to the RAN4 sub working group MIMO OTA from the different methodologies. To the best of the author’s knowledge, all data that has been reported for a specific device from the different labs is used for the analysis of that particular DUT.
Figure 17 and Figure 18 show a comparison of the results obtained by different methodologies for Pool 1 DUT 1 for the UMi and UMa channel models, respectively. For the UMi channel model this DUT shows a maximum spread of the results of about +/- 2 – 3 dB, referring to the 50 % throughput level. No particular trend in the ranking of the results from different methodologies can be observed. Similar observations are done for the UMa channel model, however, in this case the AC results from Nokia deviates significantly. 
It is important to note that this DUT was observed in [2] to be unstable.
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Figure 17: Comparison of Round Robin data obtained by different methodologies.
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Figure 18: Comparison of Round Robin data obtained by different methodologies.
Figure 19 and Figure 20 show a comparison of the results for different methodologies for Pool 1 DUT 3. The figures both show a good alignment of the data between all the measurement methodologies within +/- 0.5 dB, except for the single cluster (SC) data.
It is important to note that in [7] also results from Satimo were included, which made the overall spread look much larger. However, in the spreadsheet which was provided for the AC based methodologies no data from Satimo for this particular DUT has been reported.
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Figure 19: Comparison of Round Robin data obtained by different methodologies.
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Figure 20: Comparison of Round Robin data obtained by different methodologies.
Figure 21 and Figure 22 show the comparison for Pool 1 DUT 4. From this figure it is observed that the RC results align with the AC results from NTT DCM and Satimo within +/- 0.5 dB for the UMi channel model. For the UMa channel model, the results from Bluetest and Satimo align within +/- 0.5 dB. The overall spread is somewhat larger, about +/- 2 dB. The AC results from Nokia show the largest deviation from the rest of the results by about 5 dB. The difference in maximum throughput is probably due to different eNodeBs, as discussed in [1].
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Figure 21: Comparison of Round Robin data obtained by different methodologies.
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Figure 22: Comparison of Round Robin data obtained by different methodologies.
Figure 23 and 24 shows the comparison for Pool 2 DUT 1. For the UMi channel model the reverberation chamber results align with the 2-stage results and the AC results within +/- 1 dB, excluding the results from Nokia. The alignment with the two-stage method is somewhat better than with the AC based methodologies. For the UMa channel model the spread of the AC results is somewhat larger.
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Figure 23: Comparison of Round Robin data obtained by different methodologies.
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Figure 24: Comparison of Round Robin data obtained by different methodologies.
Figure 25 and Figure 26 show the comparison for Pool 2 DUT 2. In this case, Satimo/Elektrobit and Nokia have used E6400 as host computer, whereas the other labs have used D430. For the UMi channel model the RC results align with the 2-stage results and most of the AC results within +/- 1 dB. Once again the AC results from Nokia show a 5 dB difference. For the UMa channel model the alignment is somewhat better, within +/- 0.5 dB for all methodologies except for the AC results from Nokia, which is approximately 6 dB off.
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Figure 25: Comparison of Round Robin data obtained by different methodologies.
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Figure 26: Comparison of Round Robin data obtained by different methodologies.
For Pool 3 DUT 1 the spread among the different methodologies is somewhat larger, which can be observed in Figure 27 and Figure 28. For the UMi channel model, the RC singel cavity results show good alignment with the AC results from ETS Lindgren/Spirent, with a difference between the results within +/- 0.5 dB at the 50 % throughput level. The same difference compared to the AC MC NTT DCM results is +/- 1 dB and to the 2-stage methodology and AC SC results from NTT DCM about +/- 2.5 dB. The RC multi cavity result from Emite show a somewhat larger difference at the 50 % throughput level (+/- 1 dB) compared to the single cavity RC. The reason for the difference in maximum throughput is unknown.
For the UMa channel model the RC results show a better alignment to the AC NTT DCM results (within +/- 0.5 dB) than to the ETS/Spirent results and the 2-stage results (within +/- 1 dB). The maximum difference between AC results is seen to be about 4 dB.
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Figure 27: Comparison of Round Robin data obtained by different methodologies.
[image: image28.png]Pool 3 DUT 1 Uma 16-QAM

——RCAzimuth
—fi—RC Multi Cavity Emite
== ACNTT DCM

= AC ETS/Spirent

== 2-Stage Agilent/Satimo

-120 -115 -110 -105 -100 -95 -90 -85 -80





Figure 28: Comparison of Round Robin data obtained by different methodologies.
For Pool 3 DUT 2 the RC and MC AC data from NTT DCM once again aligns within +/- 0.5 dB at the 50 % throughput level. The data from the 2-stage method shows a somewhat larger deviation from both the RC and the RC results. This is valid for both the UMi and UMa channel models. It is however important to note that when obtaining this data different host laptops have been used. Azimuth used D430, NTT DCM used D420 and Agilent/Satimo used the E6400.
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Figure 29: Comparison of Round Robin data obtained by different methodologies.

[image: image30.png]Pool 3 DUT 2 Uma 16-QAM

25000.0

x/y 150000

’ ,

J 5000.0

-120

-110 -100 -90

-80

—+—RCAzimuth
===ACMCNTT DCM

—f—2-Stage MC Agilent/Satimo





Figure 30: Comparison of Round Robin data obtained by different methodologies.

Finally, the comparison for the Pool 4 DUTs is presented in Figure 31 and Figure 32. In this case, Nokia and Agilent have used an Asus computer, whereas the other labs have used D430. These figures show a larger spread of the data compared to what was observed for any of the other devices. It is important to note that different DUTs within this pool are compared. The Pool 4 devices were divided into two sub-pools, where some of the labs tested DUT 1 and DUT 2 and other labs tested DUT 3 and DUT 4. The difference between the units in the two sub-pools is not known. Thus, in Figure 29 and Figure 30, Bluetest used DUT 3, whereas the other labs tested DUT 1. However, this does neither explain the large difference seen between the reverberation chamber and the 2-stage method, nor does it explain why the AC results from NTT DCM and Satimo differs quite a bit. On the other hand, the RC and AC measurement results from NTT DCM align. As is observed in [7] also, the difference between the 2-stage results and the RC results is about 10 dB. However, as opposed to what is said in [7], the same difference is observed between the 2-stage and the AC results (NTT DCM) also.
One possible explanation for the difference between the 2-stage method and the other methodologies might be that this DUT is more sensitive to noise. This device is operating at band 13 and, as has been shown in earlier publications [8], the impact of noise is more significant at these low frequencies. This would explain why the 2-stage method shows a much better performance, since this method does not include the effect of noise.
It is also important to note that the DUTs in Pool 4 do have many possible ways to be positioned, due to a rotator where the antennas are placed in addition to the rotator at the USB connection. This provides even further instability to the measurement setup.
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Figure 31: Comparison of Round Robin data obtained by different methodologies.
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Figure 32: Comparison of Round Robin data obtained by different methodologies.
5. Bluetest Learning Outcomes from the Round Robin Measurements
The LTE MIMO Round Robin measurement campaign has been completed and Bluetest has acquired a large set of data for the Round Robin devices, despite the limited time that was provided. This has been possible only because the methodology offers a very fast measurement procedure, where one full 3D measurement including 10 power levels takes about 10 minutes.

Based on the Bluetest Round Robin measurements and the results presented above, a number of important conclusions can be drawn. The most important learning outcomes are listed below.

· It is possible to evaluate the over-the-air performance of laptop mounted LTE MIMO enabled USB dongles by performing fast and repeatable OTA throughput measurements in the reverberation chamber. With the Baseline (NIST indoor-urban) channel model, which is achieved by only connecting an eNodeB emulator to the chamber, it is possible to evaluate the OTA performance and obtain a clear ranking between the devices.

· The temporal parameters of the SCME Urban Micro and Urban Macro channel models can be implemented with the reverberation chamber based methodology by connecting a channel emulator to the chamber. With this setup it is also possible to evaluate the device performance in more complex receiver conditions, e.g. longer delay spread and higher correlation, and obtain a clear ranking. The results obtained for the devices when using these channel models align within +/- 0.5 dB
 with at least one of the anechoic chamber based methodologies for the 7 Round Robin devices for which there is comparable data, as well as with the 2-stage method for some of the devices.


· For labs utilizing the reverberation chamber methodology, similar and comparable setups have been identified for several devices, with identical DUT configuration and eNodeB settings. Results from measurements using these setups show that the throughput characteristics of a specific device can be reproduced by the single cavity reverberation chamber methodology within +/- 0.5 dB, regardless of the lab implementation. This +/- 0.5 dB reproducibility holds for all test cases, except for one case which is due to unstable device. This is valid for the NIST channel model, as well as for the SCME urban micro and urban macro channel models. This indicates that there is a good agreement between reverberation chamber labs using similar setups and settings of the eNodeB, which supports the feasibility of this methodology.


· The repeatability between consecutive measurements, as well as for measurements performed by different eNodeBs, in different chambers (of the same model), by different users and by repositioning the DUT inside the chamber, was observed to be within +/- 0.3 dB. The measurement repeatability is very important in order to differentiate between devices with small performance differences.


· In [1], [2] and [4], as well as in earlier contributions [8], the issue with laptop noise was highlighted. The analysis of the laptop noise was performed with an optical interface and a laptop dummy of the same model as the ones used for the different pools in the Round Robin testing. The noise from the laptop was seen to degrade the performance by as much as 5 dB for several band 7 devices. The performance of laptop mounted equipment thus might be limited by the host laptop characteristics. It is important to take the impact of noise into account when comparing results from different methodologies, especially since there in some cases has been an inconsistent use of laptops. Also, since the different pools provide different laptops, it is not straightforward to compare devices between the different pools. The comparisons in this contribution between labs utilizing the reverberation chamber methodology are based on results that have been obtained with setups where the same host computer has been used. This is also true for most of the results from the other labs.

· It has been observed that some settings of the eNodeB and channel emulator are significant for the measured DUT performance, whereas other settings do not have a noticeable effect. In [3] and [4] the cross coupling, which can be introduced by the channel emulator, was highlighted and it was shown that when using no cross coupling, the SCME urban micro and urban macro channel models give similar results. With cross coupling a difference of about 3 – 4 dB is observed for both conducted and OTA measurements.

Regarding the influence of the mobile speed, this does not seem to be very important. This was shown in [2], where only a maximum difference of 0.5 – 1 dB was observed when comparing results for 3 km/h and 30 km/h.

· Variations in the results due to device instability and positioning have also been highlighted in [2]. It has been shown that Pool 1 DUT 1 shows some instability over time and that the positioning of Pool 2 DUT 2, which was connected to the laptop via an external USB cable, affects the results by as much as 2 dB. For the reverberation chamber results the same positioning of this DUT has been used, however, for the AC based and the 2-stage methodologies this information is not available.
· The lack of known performance of the devices makes the data analysis more difficult and makes it impossible to conclude if realistic results have been obtained for any of the methods. Thus it is important to introduce reference devices in order to get a complete understanding. However, the fact that there are several examples where the results align within +/- 0.5 dB between the reverberation chamber labs, as well as between the reverberation chamber labs and other methodologies, further supports the feasibility of this methodology.
6. Conclusions

The 3GPP MIMO LTE Round Robin measurement campaign has been ongoing for about a year and labs utilizing different methodologies have been measuring the performance of the same laptop mounted LTE MIMO enabled USB data modems. The purpose has been to evaluate the capability of different methodologies to assess the performance of such devices.

The measurement campaign has now been finalized and this contribution provides a summary of the Bluetest results and learning outcomes. Important conclusions from the measurement campaign are listed in section 5. The overall conclusion is that it is possible to evaluate the over-the-air performance of LTE MIMO enabled devices by performing fast and repeatable (within +/- 0.3 dB) OTA throughput measurements in the reverberation chamber. With the Baseline (NIST) channel model, which is achieved by only connecting an eNodeB emulator to the chamber, it is possible to evaluate the OTA performance and obtain a clear ranking between the devices. Also the temporal aspects of the SCME Urban Micro and Urban Macro channel models can be implemented by connecting a channel emulator to the chamber. With this setup it is possible to evaluate the device performance for more advanced channel models with e.g. longer delay spread and higher correlation, which gives additional strain to the receiver of the device under test. The results obtained for the devices when using these channel models align within +/- 0.5 dB with at least one of the anechoic chamber based methodologies for all devices, as well as with the 2-stage method for some of the devices. The same reproducibility is observed between the reverberation chamber labs for several devices, where similar and comparable setups have been identified. All in all, this supports the feasibility of the reverberation chamber methodology to be included in the final standard for assessment of the performance of LTE MIMO enabled devices.
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� The +/- 0.5 dB reproducibility should be interpreted as a maximum difference between the results of 1 dB.
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