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1. Introduction
This contribution presents result from the ongoing Round Robin LTE MIMO measurement campaign, initiated by the 3GPP RAN4 sub working group MIMO OTA. The measurements have been performed in Bluetest reverberation chambers, using the setup described in Annex B in the test plan [1]. The performance metric is the MAC layer throughput, which is measured for six different units of USB connected dongles (the four dongles in Pool 1 and two dongles from Pool 2). The performance is measured for the NIST urban-indoor channel model realized with the reverberation chamber alone, as well as for the SCME Urban Micro and Urban Macro channel models obtained with a channel emulator connected to the chamber. Also, conductive measurements are presented for all DUTs and all the channel models.

Furthermore, this contribution will analyze the measurement accuracy and show examples of the intra- and inter-chamber repeatability. Measurements in the Bluetest lab are compared to measurements in Ericsson lab. Also, three different eNodeB emulators are compared.
2. Measurement Setup and Procedure
For the measurements presented in this contribution two different setups were used, in order to realize three different channel models. Setup 1 can be studied in Figure 1, which shows the eNodeB emulator directly connected to the wall antennas of the reverberation chamber. The reverberation chamber used is the Bluetest RTS60. This setup is used for the Baseline channel model (see subsection 2.3). Setup 2 can be studied in Figure 2, where the eNodeB is connected to a channel emulator (CE), which is further connected to the wall antennas of the reverberation chamber. The CE used in these measurements was a Spirent SR5500. In setup 2 a separate uplink was used, since the CE was not bi-directional. In this setup, the uplink signal path was connected to a separate antenna inside the chamber and a directional coupler was used to remove leakage signals going into the chamber. Setup 2 was used to realize the SCME Urban Micro and Urban Macro channel models.
Setup 1
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Figure 1   A schematic picture of measurement setup 1. The base station is directly connected to the Bluetest reverberation chamber.
Setup 2
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Figure 2   A schematic picture of measurement setup 2. The base station is connected to the channel emulator (indicated as fading emulator), which is further connected to the wall antennas of the reverberation chamber. In this setup a separate uplink is used, since the channel emulator is not bi-directional. A directional coupler was used on the uplink, in order to remove leakage signals. The uplink path was connected to a separate antenna inside the chamber.

2.1 Devices and Host Computers
The following dongles and host computers were used as DUTs.

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))
· Host computer: DELL Latitude D430
Pool 2 also included an additional Samsung dongle (model GT-B3710), however, it was not possible to obtain a connection with this unit.

The Pool 1 DUTs were connected to the upper USB port on the left side of the laptop (seen from the front). DUT 1, DUT 3 and DUT 4 were oriented in a 90 degree angle with reference to the laptop keyboard, whereas DUT 2 was horizontally oriented. The position and orientation of the DUTs can be studied in Figure 3. The Pool 2 devices were connected to the USB port on the right side of the rear panel (see Figure 4). DUT 1 is horizontally oriented, in order to avoid contact with the laptop screen. DUT 2 has a cable connection to the laptop and was thus placed on a thin sheet of Rohacell, which is a low-loss material with a dielectric constant close to 1. This material has electrical properties similar to the free space and has minimum impact on the performance of the dongle. The position and orientation of this dongle can be studied in Figure 4.
Furthermore, the laptops were configured as described in [1] and the screens were oriented in a 110 degree angle, with reference to the laptop keyboard. The dongles and laptops were placed far away from metallic objects (more than 0.5 wavelengths).
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Figure 3   Photos of the measurement setup for the Pool 1 devices DUT 1 (upper left), DUT 2 (upper right), DUT 3 (bottom left) and DUT 4 (bottom right).
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Figure 4   Photos of the measurement setup for the Pool 2 devices DUT 1 (left) and DUT 2 (right).

2.2 eNodeB Emulator

In this contribution three different eNodeB emulators are used. The following units and setups were used.

· CMW500 from R&S, used in setup 1 and 2  

· MT8820C from Anritsu, used in setup 1 only

· PXT from Agilent, used in setup 1 only
The settings of the eNodeBs were as given in the test plan [1]. The downlink modulation was 16-QAM, if nothing else is stated.
2.3 Channel Models

For the case with the eNodeB directly connected to the reverberation chamber (Setup 1), the channel model implemented is the NIST urban-indoor channel model [2]. The reverberation chamber is tuned to an RMS delay spread of 90 ns. The delay spread is calculated using the direct method described in [1]. This channel model is throughout this paper referred to as the chamber Baseline. 

For Setup 2 the CE is used to achieve the SCME Urban Micro (UMi) and Urban Macro (UMa) channel models. These channel models are described in the test plan [1], however, are somewhat modified in order to match the reverberation chamber environment. The first modification is that only the first tap in every cluster is sent, since the delay spread of the reverberation chamber simulates the other taps in the cluster. The sum of the powers of all the taps in one cluster is sent in the first tap. Another modification is that the output port coupling is set to zero, that is, only two parallel streams are sent. These are then mixed within the reverberation chamber. For the SCME channel models the DUT speed was set to 30 km/h and the RMS delay spread of the chamber was 90 ns.

For the conductive testing the channel models were implemented as described in the test plan, that is, with all the taps in the clusters and with 3 dB output port coupling etc. Also, for the conductive testing a channel model was implemented in the CE which was supposed to simulate the chamber Baseline. The parameters for this model were taken from [2].
2.4 Measurement Procedure

The measurement procedure is described in Annex B of [1] and is briefly summarized here. The signal fed to the reverberation chamber is reflected against the chamber walls and received by the DUT with a certain delay profile. The received field at one instance in time is the sum of the field incident from different directions of the full 3 dimensional environment. The DUT will thus at every time instant be exposed to a different distribution of angel-of-arrivals (AoA) and will be moved through a number of different AoA distributions (equal to the number of samples taken) during the complete measurement sequence. When taking the average over all these samples, the distribution of AoAs will be uniform.

In this contribution, the reported throughput is the average over 100 samples of the MAC layer throughput for each power level. The stirrers and the DUT were moved in a continuous matter. For every sample, 600 subframes were sent, giving a total of 60 000 subframes for a complete measurement sequence. The power levels were chosen as to capture the complete throughput S-curve. The power was decreased in 1 dB steps (0.2 dB steps for the conductive measurements) from a power level corresponding to the maximum bit rate to a power level giving a throughput less than 1 Mbps. The measurement time is about 1 minute per power level.
2.5 Conductive measurements

The DUTs were provided with external antenna cables, in order to make conductive measurements possible. The conductive measurements were performed by placing the device in the reverberation chamber, in order to shield it from external interfering signals received by the DUT antennas. The conductive measurements were performed without applying any channel model (eNodeB connected directly to the DUT) and also by using the CE to implement the three channel models described in sub-section 2.3.
3. DUT Comparison
This section presents and analyzes the results from the conductive and the OTA measurements. The results have been corrected for cable losses, including the cable losses for the DUT cables.
3.1 Conductive measurements
Figure 5 to Figure 14 show the conductive measurements performed on the Pool 1 and Pool 2 devices. Figure 5 to 8 and Figure 10 to 13 give a comparison between the DUTs for different channel models and Figure 9 and Figure 14 show how the different channel models affect the performance of the different DUTs. Generally, all DUTs reach maximum throughput for all channel models. It can also be concluded that the channel models affects the performance of the dongles differently. When applying the channel models the performance of the dongles is degraded. This is expected, since the conditions for the receiver become more complex. Also, the slope of the throughput curves becomes different. This is clear from figures 9 and 14. The DUTs in both pools are affected in a similar manner to the applied channel models, except the shift in absolute power. The Baseline channel model seems to give a performance that is most similar to the SCME UMi, with similar values of the absolute power and only a small change of the slope. The SCME UMi and UMa models show a shift in absolute power of about 3 – 5 dB, however, have similar slopes.
Pool 1
Figures 5 to 9 show that there is significant difference between the receiver performance of the DUTs. DUT 2 and DUT 3 have similar performance when no channel model is applied. DUT 1 has a somewhat worse performance than DUT 3, even though this is the same model. DUT 4 has the worst performance. When applying the Baseline channel model the slope of the curves is changed and the performance is thus degraded. However, what is more interesting is that the ranking of the devices is changed. The performance of DUT 1 and DUT 3 is more affected by the channel model than DUT 2 and 4 and is shifted closer to DUT 4. When increasing the delay spread even further by applying the SCME UMi, only the slope of the curves are changed somewhat, making the performance somewhat better at higher power values and somewhat worse at the lower power values. This change is similar for all DUTs, however, DUT 4 also show a shift in absolute power of approximately 1 dB. This changes the ranking of the devices, making the performance of DUT 1 somewhat better than the performance of DUT 4. Also, the difference between DUT 1 and 3 becomes smaller. When applying the SCME UMa, DUT 1 and 3 changes ranking and show a difference of about 1 dB. This is due to that DUT 1 is shifted 3 dB from the UMi results, whereas DUT 3 is shifted 5 dB. DUT 2 and 4 is shifted 3 and 4 dB, respectively. The slope of curves for the UMi and UMa is similar.
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Figure 5   Conductive measurements of the Pool 1 devices without any channel model applied.
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Figure 6   Conductive measurements of the Pool 1 devices with the Baseline channel model applied.
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Figure 7   Conductive measurements of the Pool 1 devices with the SCME UMi channel model applied.
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Figure 8   Conductive measurements of the Pool 1 devices with the SCME UMa channel model applied.
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Figure 9   Conductive measurements for the DUTs in Pool 1 with different channel models applied.
Pool 2
Figures 10 to 14 show similar results for the Pool 2 DUTs as were found for the Pool 1 devices. There is significant difference between the receiver performance of the DUTs. For the measurements without any channel model, as well as for the Baseline and SCME UMa channel models, there is a difference of about 3 dB between the devices. For the SCME UMi the difference is about 4 dB. The slope of the curves are somewhat different for the case without a channel model applied and for the baseline, whereas it is similar for the SCME UMi and UMa.  
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Figure 10   Conductive measurements of the Pool 2 devices without any channel model applied.
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Figure 11   Conductive measurements of the Pool 2 devices with the Baseline channel model applied.
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Figure 12   Conductive measurements of the Pool 2 devices with the SCME UMi channel model applied.
[image: image29.wmf]Max CMW

DUT 1

DUT 2

DUT 3

DUT 4

Pool 1 Conductive SCME UMa

Power [dBm/15kHz]

-86

-88

-90

-92

-94

-96

-98

-100

-102

-104

-106

-108

-110

-112

-114

-116

-118

Throughput [kbps]

24,000

22,000

20,000

18,000

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

0

Figure 13   Conductive measurements of the Pool 2 devices with the SCME UMa channel model applied.
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Figure 14   Conductive measurements for the DUTs in Pool 2 with different channel models applied.
3.2 OTA Measurements

Figure 15 to Figure 26 show the OTA measurements performed on the Pool 1 and Pool 2 devices. Figures 15 to 17, 19 to 23, 25 and 26 give a comparison between the DUTs for different channel models and Figure 18 and 24 show how the different channel models affect the performance of the different DUTs. As for the conductive measurements, all DUTs reach the maximum theoretical throughput for all channel models and a modulation of 16-QAM. However, the performance is degraded by about 3 – 4 dB when going from the Baseline to the SCME channel models. Also, there is not much difference between the UMi and UMa, even though UMa shows a small shift to higher power values. The slope of the curves is similar for the different channel models. Also, the channel models do not affect the ranking of the devices significantly. All DUTs are affected in a similar manner when the channel models are applied, except the shift in absolute power.
Pool 1

From results in Figure 15 to Figure 17 it is obvious that the DUTs have different OTA performance. The difference between the best and the worst DUT is about 6 – 7 dB. DUT 1 and 3 has similar performance, even though there is a difference of about 0.5 - 1 dB for the baseline channel model. It is also worth noting that DUT 2, which is using the low frequency band, shows the largest difference in performance compared to the other DUTs. This is reasonable, since it is more difficult to implement a low frequency antenna on the limited space that a dongle offers. Also, as shown in earlier publications [3], the computer noise has a larger impact on the performance at low frequencies.
Furthermore, Figure 19 shows a comparison for the baseline channel model between 16- and 64-QAM. For 64 QAM, all DUTs except DUT 2 reach maximum throughput. Referring to the 50 % throughput level, the curves are shifted approximately 13 dB when changing from 16- to 64 QAM. This is clear from Figure 20, which shows the same results in relative throughput. The ranking between the devices are the same for the different modulations. 
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 Figure 15   OTA measurements of the Pool 1 devices with the Baseline channel model.
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 Figure 16   OTA measurements of the Pool 1 devices with the SCME UMi channel model.
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 Figure 17   OTA measurements of the Pool 1 devices with the SCME UMa channel model.
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Figure 18   OTA measurements for the DUTs in Pool 1 with different channel models applied.
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Figure 19   OTA measurements of the Pool 1 devices, comparing 16- and 64 QAM. The Baseline channel model is used.
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Figure 20   OTA measurements of the Pool 1 devices, comparing 16- and 64 QAM in relative throughput.

Pool 2
From the results in figures 21 to 23 it can be seen that the two different DUTs do not show any difference in OTA performance. The same is true at the lower power values when using a modulation of 64-QAM. This can be studied in Figure 25 and 26. At the higher power values there is a difference of about 1 dB between the two DUTs. Referring to the 50 % throughput level, the curves are shifted about 14 dB when changing from 16- to 64-QAM. Finally, it is worth mentioning that both DUTs reach maximum throughput for the 64-QAM modulation, but that DUT 2 shows a strange decrease in throughput at approximately -81 dBm/15kHz. Similar behavior has been observed by other labs as well [4], however, the decrease in throughput was then even larger.
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Figure 21   OTA measurements of the Pool 2 devices with the Baseline channel model.
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 Figure 22   OTA measurements of the Pool 2 devices with the SCME UMi channel model.
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Figure 23   OTA measurements of the Pool 2 devices with the SCME UMa channel model.
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Figure 24   OTA measurements for the DUTs in Pool 2 with different channel models applied.
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Figure 25   OTA measurements of the Pool 2 devices, comparing 16- and 64 QAM. The Baseline channel model is used.
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Figure 26   OTA measurements of the Pool 2 devices, comparing 16- and 64 QAM in relative throughput.

3.3 Conductive vs. OTA

A comparison between the conductive and OTA results presented above can be studied for each DUT in Figure 27 to Figure 32. From these figures it is obvious that the conductive measurements give better performance than the OTA measurements and that the case without any channel model sets the performance limit for each DUT. This is of course expected due to that the antenna characteristics are included in the OTA measurements. Another conclusion is that there is a difference between the UMi and UMa channel models for the conductive measurements, but that this different is not obviously seen in the OTA measurements. This difference has not yet been fully understood, however, it might be due to the different implementations of the channel models when measuring conductive and OTA. Further investigation is needed to fully understand this.
Pool 1

In Table I a comparison of the ranking between the DUTs can be studied. This ranking is taken from the figures above by reading the 50 % throughput level. As can be seen in this table the ranking is different between the conductive and the OTA results. One conclusion is that DUT 2 has the best receiver performance, but the worst OTA performance. Also, it is seen that DUT 1 and DUT 3 changes ranking number for different channel models and between conductive and OTA results. However, the difference (if any) between these two DUTs is very small and might also be due to instability of the DUT (the instability of DUT 1 is further discussed in [5]).
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 Figure 27   Comparison between the conductive and the OTA performance for DUT 1 for different channel models.
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Figure 28   Comparison between the conductive and the OTA performance for DUT 2 for different channel models.
[image: image42.wmf]Max CMW

OTA Baseline

OTA SCME UMi

OTA SCME UMa

Conductive No Channel Model

Conductive Baseline

Conductive SCME UMi

Conductive SCME UMa

Pool 1 DUT 2 Conductive vs. OTA

Power [dBm/15kHz]

-85

-90

-95

-100

-105

-110

-115

Throughput [kbps]

24,000

22,000

20,000

18,000

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

0


Figure 29   Comparison between the conductive and the OTA performance for DUT 3 for different channel models.
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Figure 30   Comparison between the conductive and the OTA performance for DUT 4 for different channel models.
Pool 2

Table I shows a significant difference of the ranking of the devices in Pool 2. From Figure 31 and 32 it can be concluded that this difference is due to that DUT 1 has a better receiver performance but worse antenna characteristics than DUT 2. However, another measurement was performed were the laptop noise was reduced by using a laptop fixture. This fixture and the procedure for using it are described in [3]. The laptop fixture was of the same model as the Pool 2 host computer. In Figure 33 the results from measuring with this laptop fixture is presented, along with the measurements with the host computer present. It is obvious from this figure that there is a 2 dB difference between the two devices when the noise is removed. Thus the laptop interference has different impact on the two dongles. The instability of the measurements are further described in [5].
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Figure 31   Comparison between the conductive and the OTA performance for DUT 1 for different channel models.
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Figure 32   Comparison between the conductive and the OTA performance for DUT 2 for different channel models.
Table I   A comparison of the DUT ranking between the conductive and the OTA measurements for both pools. The ranking is referred to the 50 % throughput level.[image: image21.png]DUT ranking DUT ranking OTA
Pool 1 conductive (best to (bestto worst)
worst)
No channel model 2and3,1,4 N/A
Baseline 2,3,1and 4 1,3,4,2
SCME UMi 2,3,1,4 land3,4,2
SCME UMa 2,1,3,4 land3,4,2
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Figure 33   Comparison of the results obtained by measuring the throughput for the Pool 2 devices with and without the host computer present in the chamber. The laptop fixture used was of the same model as the Pool 2 host computer.
4. Measurement Accuracy and Repeatability

This section gives some examples of the intra- and inter-chamber repeatability of the measurements presented in this contribution. Figure 34 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 a different operator and by repositioning the DUT in the chamber. From this figure it can be concluded that the repeatability is better than 0.5 dB. 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.
[image: image47.wmf]DUT 1 with Host Computer

DUT 1 with Laptop Fixture

DUT 2 with Host Computer

DUT 2 with Laptop Fixture

Pool 2 with and without Laptop Fixture

Power [dBm/15kHz]

-85

-90

-95

-100

-105

-110

-115

Throughput [kbps]

24,000

22,000

20,000

18,000

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

0


Figure 34   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.
Measurements were also performed in one Ericsson lab, using the Bluetest reverberation chambers. The results from these measurements are presented in Figure 35 to Figure 37, 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, is better than 0.5 dB.
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Figure 35   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 36   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 37   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.
5. Conclusions
This contribution presents results from the Round Robin measurements performed in the Bluetest reverberation chambers. The results show that it is possible to differentiate between DUTs with different performance by performing fast OTA throughput measurements in the reverberation chamber. The Baseline channel model, which is achieved by only connecting an eNodeB emulator to the chamber, was seen to be sufficient to observe this performance difference. Also the SCME Urban Micro and Urban Macro channel models were implemented by connecting a channel emulator to the chamber. With this setup it was also possible to differentiate between DUTs with different performance in more complex receiver conditions. The OTA measurements were compared to conductive measurements for the different channel models.
Furthermore, the repeatability between consecutive measurements, as well as for measurements performed by different eNodeBs, in different chambers, by different users and by reposition the DUT inside the chamber, was shown to be better than 0.5 dB. Also, measurements were performed in the Ericsson lab using a Bluetest reverberation chamber. The repeatability between this chamber and the chamber in the Bluetest lab was also shown to be better than 0.5 dB.
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