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1 Introduction
To investigate the utility of various test methodologies for evaluating MIMO over-the-air (OTA) performance of user-equipment, CTIA MOSG developed an inter-lab/inter-technique (IL/IT) performance comparison program [1]. In this program, reference antennas and reference devices with known performance were sent by CTIA to various labs utilizing different methodologies for independent assessment of the radiated performance. To establish benchmarks for each lab participating in the test program, the radiated measurements must be compared to conducted measurements using the absolute data throughput framework, which takes into account the channel conditions in the test volume and the complex radiation patterns of the reference antennas. 
At TGS RAN4 WG Meeting #68, results were presented by Azimuth Systems [2] from the IL/IT program. It was noted in that document that the CTIA provided reference device broke during the test process and a comparable device was substituted to complete the measurement set. The measurement set with the substitute device exhibited some anomalies in the Long delay spread high correlation channel model (version B with 15 degree cluster rotation) channel model, specifically for the bad antenna. 
This contribution provides a new set of measurements of the same device with the Long delay spread high correlation channel model (version B with 15 degree cluster rotation).
In this contribution, we also compare these results to those from Bluetest, previously presented in [3],[4]. The objective is to compare the data for the Long delay spread high correlation channel model (version B with 15 degree cluster rotation) channel model from 2 different vendor reverberation chamber–based candidate methodologies 2 (RC+CE), using the actual measured conducted results obtained with the absolute data throughput framework and radiated measured results in order to evaluate IL/IT consistency and to provide a discussion about an initial uncertainty value for chamber variation.

2 Measurement setup and procedure

We employed the measurement setup and procedure specified in [1].  The model and serial numbers of the test equipment and devices can be found in Section 3.
2.1 Conducted measurement setup

For the absolute data throughput comparison, we used a correlation-based channel emulator to produce the conducted reference channel for the isotropic Long delay spread high correlation channel model (version B with 15 degree cluster rotation). Results for the Short delay spread model were provided previously in [2]. The channel conditions are obtained in accordance with the theory in [5] with the actual complex reference antenna patterns (provided by Satimo) incorporated. The input to the channel emulator is provided by an eNodeB emulator. Two output ports of the channel emulator are directly connected to the receiver ports of the DUT, which is placed in a shielded box to avoid external interference. The antenna efficiencies of the reference antennas are accounted for in post processing. 
2.2 Radiated measurement setup

The radiated measurements were performed with a reverberation chamber attached to a channel emulator. The channel emulator has two input ports connected to an eNodeB emulator and four output ports connected to wall-mounted antennas in the reverberation chamber. The four emulator outputs are independently faded, and the measurements are performed for various positions of a stirrer and turntable in the chamber in the usual stop-and-go manner. The chamber is loaded to 30ns RMS delay spread.
3 Equipment used during the test campaign
Table 1 shows the test equipment that was used throughout this contribution. 
	Reverberation Chamber
	 
	 

	 
	Vendor
	Azimuth

	eNodeB Emulator
	 
	 

	 
	Vendor
	R&S

	 
	Model no.
	CMW500

	 
	Firmware Version
	LTE Signaling V3.2.10

	 
	 
	 

	Channel Emulator
	Vendor
	Azimuth

	 
	Model no
	ACE MX2


Table 1   Identification data for the reverberation chamber, the eNodeN emulator, and channel emulator used throughout this contribution.
The reference device and reference antennas used were purchased by Azimuth, as the CTIA provided device was damaged during the original test as described in [2]. The reference device was an HTC handset of the same make and model as that provided by CTIA as listed in Table 2. The reference antennas used were obtained from Satimo (good, nominal and bad) as listed in Table 2. 
	Reference Unit
	 
	 

	 
	Band
	13

	 
	Vendor
	HTC

	 
	Model no.
	ADR6425LVW

	 
	CTIA ID no.
	N/A - (Not a CTIA Provided Device)

	 
	IMEI#
	 990000338748983

	 
	SN
	 HT1AXS201238

	 
	Comment
	No fixed antenna cables, external antenna cables provided

	Good Antenna
	 
	 

	 
	SN
	Satimo SN007

	 
	Rev.
	 

	 
	Comment
	LTE Band 13 Good SN007

	Nominal Antenna
	 
	 

	 
	SN
	Satimo SN007

	 
	Rev.
	 

	 
	Comment
	LTE Band 13 Nominal SN007

	Bad Antenna
	 
	 

	 
	SN
	Satimo SN007

	 
	Rev.
	 

	 
	Comment
	LTE Band 13 Bad SN007


Table 2:  Identification data for the device and reference antennas purchased by Azimuth.
4 Conducted and radiated results obtained with the device and reference antennas provided by CTIA
Figure 1 shows the results of conducted measurements with the reference device and reference antennas obtained by Azimuth and described in Table 2. The theoretical maximum throughout is 35.424 Mbps. As specified in [1], the throughput curves are cut off at 24.8 Mbps, which is 70% of maximum throughput. 

[image: image1]
Figure 1: Throughput curves for conducted measurements. The legend shows the channel model and antenna that were used. For example, “AZ-Long Delay/B-good-conducted” corresponds to the Long delay spread high correlation channel model (version B with 15 degree cluster rotation) channel model and the good reference antenna tested conducted.
Figure 2 shows the radiated measurements performed with the device and reference antennas. 

[image: image2]
Figure 2: Throughput curves for radiated measurements. The legend shows the channel model and antenna that were used. For example, “AZ-Long Delay/B-good-OTA” corresponds to the Long delay spread high correlation channel model (version B with 15 degree cluster rotation) channel model and the good reference antenna tested radiated.
In Figure 3 we show both conducted and radiated throughput curves for easy comparison.
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Figure 3: Throughput curves for radiated and conducted measurements using the Long delay spread high correlation channel model (version B with 15 degree cluster rotation) channel model.

Tables 3, 4, and 5, all pertain to the power level required to achieve the 70% throughput level of 24.8 Mbps. These tables are convenient for making comparisons between the various curves in Figures 1, 2, and 3.  
	
	Conducted
	OTA

	Good
	-101.1
	-99.9

	Nominal
	-98.2
	-96.0

	Bad
	-92.2
	-90.1


Table 3: Power levels in dBm/15kHz required to achieve 70% of maximum throughput.
	
	Conducted
	OTA 

	Good-Bad
	8.9
	9.8

	Nominal-Bad
	6
	5.9

	Good-Nominal
	2.9
	3.9


Table 4: Difference in power levels (dB) required to achieve 70% of maximum throughput.
	
	Conducted vs OTA

	Good
	1.2

	Nominal
	2.2

	Bad
	2.1


Table 5: Difference in power levels (dB) required to achieve 70% of maximum throughput between conducted and radiated measurements.
The good, nominal, and bad reference antennas are ranked as expected in all the measurements. Moreover, the separation at the 70% throughput level between the good and bad reference antennas is roughly 10dB for all experiments. This separation agrees with link-level simulations obtained with a geometrical channel model for the isotropic environment using SystemVue [4]. 

Overall, the results agree well with expectations.

5 Comparison of results with data from Bluetest and EMITE
We next present the above results in comparison with the results provided by Bluetest in [3] and [4] and EMITE in [11] for the Long Delay Spread channel model. The following abbreviations are used: AZ= Azimuth, BT = Bluetest, EM = EMITE.
Figure 4 shows comparison of conducted results. There was no EMITE conducted data available for comparison.
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Figure 4: Throughput curves for conducted measurements comparing Azimuth and Bluetest results using the Long delay spread high correlation channel model (version B with 15 degree cluster rotation) channel model
Figure 5 shows comparison of over the air (OTA) radiated results from all 3 test labs.
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Figure 5: Throughput curves for radiated measurements comparing Azimuth and Bluetest results using the Long delay spread high correlation channel model (version B with 15 degree cluster rotation) channel model

In tables 6 we tabulate the power required to achieve the 70% throughput level of 24.8 Mbps. This table is convenient for making comparisons between the various curves in Figures 5 and 6.
	
	AZ Conducted
	BT Conducted
	AZ OTA
	BT OTA
	EM OTA

	Good
	 -101.1
	-102.6 
	-99.9
	-101.8
	-102.9

	Nominal
	-98.2
	-99.6
	-96.0
	-97.9
	-99.2

	Bad
	-92.2
	-93.2
	-90.1
	-91.7
	-93.8

	Static
	-112.5
	-113.7
	n/a
	n/a
	n/a


Table 6: Power levels in dBm/15kHz required to achieve 70% of maximum throughput. Note that no EMITE data for conducted was available.
In table 7, we directly compare the deviation in power required to achieve the 70% throughput levels of 24.8 Mbps between the AZ, BT and EM results. The results are compared using a maximum linear deviation and standard deviation as done in [4]
	
	Conducted

 (AZ,BT)

Maximum Difference
	Conducted

(AZ,BT)

Std Dev
	OTA 

(AZ,BT,EM)

Maximum Difference
	OTA

(AZ,BT,EM)

Std Dev

	Good
	1.5
	1.06
	3.0
	1.52

	Nominal
	1.4
	0.99
	3.2
	1.61

	Bad
	 1.0
	0.70
	3.7
	1.86

	Static
	1.2
	0.84
	n/a
	n/a


Table 7: Deviation in power levels (dB) required to achieve 70% of maximum throughput between the Azimuth, Bluetest and EMITE results from Table 6.
In table 7, we show that the largest standard deviation within any two different measurement for the Reverberation Chamber + Channel Emulator (RC+CE) candidate methodology 2, implementing the Long Delay Spread channel model, including a comparison between any absolute conducted throughput measurement and any radiated measurement. This is within the CTIA TIS uncertainty limit, +/- 2.3 dB, which according to [6] is the baseline for IL/IT consistency analysis.
The actual device measured by Azimuth was a physically different device as compared to the actual device measured by Bluetest and EMITE, as noted earlier.  It can be seen from Figure 4 and Table 7 that there was a difference in receive sensitivity as measured between these two devices of 1.2 dB, as measured with the prescribed static channel condition. This difference is accounted for in the deviation anlaysis of Table 7 and therefore the deviation with identical devices would be smaller than the numbers reflected in Table 7.
If we consider the difference in receive sensitivity by subtracting 1.2 dB from the Azimuth results at 70% throughput, the deviation between the Azimuth, Bluetest and EMITE measurements are given in Table 8.
	
	Conducted

 (AZ-BT)

Maximum Difference 
	Conducted

(AZ-BT)

STD
	OTA 

(AZ,BT, EM)

Maximum Difference
	OTA

(AZ,BT,EM)

STD

	Good
	0.3
	0.21
	1.8
	0.90

	Nominal
	 0.2
	0.14
	2
	1.01

	Bad
	 -0.2
	0.14
	2.5
	1.34

	Static
	0
	0.84
	n/a
	n/a


Table 8: Difference in power levels (dB) required to achieve 70% of maximum throughput between the Azimiuth, Bluetest and EMITE results taking into account the receive sensitivity of the devices measured
In table 8, we show that the largest standard deviation within any two different measurement for the Reverberation Chamber + Channel Emulator (RC+CE) candidate methodology 2, implementing the Long Delay Spread channel model, including a comparison between any absolute conducted throughput measurement and any radiated measurement. This is within the CTIA TIS uncertainty limit, +/- 2.3 dB, which according to [6] is the baseline for IL/IT consistency analysis.
6 Conclusions
We have presented noise-limited conducted and radiated throughput measurements obtained in accordance with the MOSG MIMO OTA test program [1]. The tests were carried out with a reverberation chamber connected to a channel emulator to the Long delay spread high correlation channel model (version B with 15 degree cluster rotation). 
The channel emulator employs a correlation-based formulation. The conducted measurements were carried out in accordance with the correlation-based version of the absolute data throughput framework that takes into account the complex patterns of the reference antennas. In accordance with [1], the following observations pertain to the power level required to achieve 70% of maximum throughput.

· The good, nominal, and bad reference antennas are ranked as expected in all the measurements
· The separation between the good and bad reference antennas is in the range from 8.9 dB to 9.9 dB for all experiments, in accordance with link-level simulations.
· When the Azimuth results are compared with the Bluetest and EMITE results for the Long Delay Spread High Correlation channel model, the largest standard deviation between any two different measurements are less than +/- 2.3 dB and within the limits set as baseline of IL/IT consistency [6].
7 Appendix: Channel model validation

This appendix presents the results for the channel model validation procedures prescribed in [1].
7.1 Power delay profile
A vector network analyser (VNA) was connected to the input of the channel emulator and the output of a calibration antenna riding on the turntable in the reverberation chamber. The VNA performed a swept-frequency measurement over the frequency band from 700MHz to 750MHz with the turntable and stirrer in stop and go motion. Based on this frequency data, we obtained the following two power-delay profiles for the short-delay model (UMi) and the long-delay model (UMa/B).  
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Figure 6: Power-delay profile for the short delay spread low correlation channel model (UMi).
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Figure 7: Power-delay profile for the long delay spread high correlation channel model (UMa/B).

From Figures 6 and 7 we see that both the location of the observed delay taps and their power levels agree with the channel models. The width of the experimental curve (blue) is determined by the facts that (i) the measurement is only over a 50MHz band and (ii) that the chamber adds a 30ns-delay tail; see [7] for details. Tables 9 and 10 compare the model tap power levels to the experimental tap power levels. We observe good agreement.
	Tap
	Delay (ns)
	Model Power (dB)
	Obs. Power (dB)
	Delta (dB)

	1
	0
	0
	0
	0

	2
	205
	-2.72
	-2.79
	0.07

	3
	284
	-1.27
	-1.26
	0.01

	4
	662
	-4.30
	-4.42
	0.12

	5
	807
	-6.01
	-5.86
	0.15

	6
	922
	-8.43
	-7.88
	0.55


Table 9: Observed and exact tap power for the short delay spread low correlation channel model (UMi).

	Tap
	Delay (ns)
	Model Power (dB)
	Obs. Power (dB)
	Delta (dB)

	1
	0
	0
	0
	0

	2
	360
	-2.22
	-2.31
	0.09

	3
	253
	-1.17
	-1.43
	0.26

	4
	1039
	-5.19
	-4.98
	0.21

	5
	2730
	-9.05
	-8.75
	0.30

	6
	4598
	-12.50
	-12.45
	0.05


Table 10: Observed and exact tap power for the long delay spread high correlation channel model (UMa/B).

7.2 Validation of Doppler spectrum
We validated the Doppler spectrum in the chamber at 750MHz with a 30km/h channel model velocity. In this situation, the correlation-based channel emulator produces a Jakes spectrum with width 41.67 Hz. The output of a calibration antenna is recorded with continuous stirrer and turntable movement in the chamber. The rotation speeds of the stirrer and turntable in the reverberation chamber are adjusted to ensure that the Doppler resulting from the mechanical movement in the chamber is negligible compared to the Doppler resulting from the channel model programmed in the channel emulator. For this particular channel model, the rotation speed of the chamber was 6rpm.
Figure 8 shows a screen-shot of the spectrum analyser. We see that the Doppler spectrum in the chamber has a width of 41.84 Hz, which is consistent with the Jakes spectrum imposed by the channel model. By sampling over a longer time period, the ripples in the center portion of the spectrum will smoothen out and the shoulders at the edges (the two vertical solid white lines) of the plateau will increase in magnitude, in accordance with classical Jakes theory.
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Figure 8: Screen shot from spectrum analyser showing the spectrum observed in the chamber when a single sine wave feeds the channel emulator. The center frequency is indicated by the vertical dotted white line at 749.9983 MHz. The separation between the two vertical solid white lines is 41.84 Hz. The chamber rotation speed is 6 rpm.
7.3 Base station antenna correlation
In this section we demonstrate that the base station antenna correlation imposed by the channel emulator is preserved in the test volume of the reverberation chamber. The experimental setup consisted of a channel emulator connected to a reverberation chamber through four wall antennas. A fixed correlation between the base station antennas was programmed into the channel emulator. The output of a calibration antenna riding on the turntable was recorded for two configurations as a function of stirrer turntable position. 
In configuration #1, a signal was fed to input port #1 of the emulator while input port #2 of the emulator was idle. In configuration #2, a signal was fed to input port #2 while input port #1 was idle. The correlation between the corresponding two sets of outputs of the calibration antenna was computed and plotted as a function of frequency in Figure 9 with the following correlation values programmed in the emulator: 0, 0.3, 0.6, 0.9, and 0.99. We observe from Figure 9 that the correlations computed from the recorded calibration antenna outputs agree with the correlations imposed by the channel emulator. 
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Figure 9: The correlations observed in the test volume of the reverberation chamber for different values of base station antenna correlation imposed by the channel emulator.
7.4 Rayleigh Fading
We shall now show that Rayleigh fading conditions are achieved in the test volume of a reverberation chamber connected to a channel emulator through four independently-faded wall antennas. The chamber (which is dependent on mechanical movement) operates at a much slower rate than the channel emulator (which is controlled by electronics).  The chamber is loaded to 30ns RMS delay spread and the fading data was collected at 700MHz. Reference [8] discusses more aspects of Rayleigh fading for reverberation chambers attached to channel emulators.
With the channel emulator broadcasting through the four wall antennas into the chamber, we measured the output of a calibration antenna riding on the turntable. We collected 5000 such output values and computed the fading histogram using 10 bins as shown in the top part of Figure 10. The 1% significance level for this situation corresponds to a threshold value of 20; see [9, Table 2.1]. 
The observed chisquare value is only 4, confirming that very good Rayleigh conditions are indeed present in the test volume of the chamber. The bottom part of Figure 10 shows the observed complementary cumulative distribution function and the ideal Rayleigh complementary cumulative distribution function. Naturally, good agreement is observed given the excellent chisquare statistics.
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Figure 10: The top part of the figure shows the histogram (red) for data collected in the reverberation chamber and the ideal Rayleigh distribution (blue). The observed chisquare value is 4 and the threshold for the 1% significance interval is 20. The bottom part shows the observed complementary cumulative distribution function for the data collected in the reverberation chamber (red) and the ideal Rayleigh complementary cumulative distribution function (blue). 
7.5 Isotropy

We next present anisotropy coefficients obtained from experimental data in a chamber operating at 700MHz and 750MHz with 30ns delay spread. Four antennas are mounted on the chamber walls. The data collection is performed as follows. The dipole antenna is placed so that its center point is over the edge of the turntable. The dipole is either (i) directed along the tangent to the edge of the turntable (“tangential”), (ii) directed perpendicular to the tangent of the edge of the turntable (“radial”), or (iii) directed vertically (“vertical”).  
For each of the four wall-mounted transmitting antennas and each stirrer-turntable position, S-parameters are obtained with a vector network analyser. This experiment is performed for each of the three dipole orientations, providing the data needed to compute the anisotropy coefficients.
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Figure 11: Cumulative distribution functions for the four anisotropy coefficients obtained the in reverberation chamber at 750MHz with 30ns loading. The dipole directions with respect to the turntable are denoted “radial,” “tangential,” and “vertical” as described above.

Figure 11 shows the cumulative distribution functions of the four anisotropy coefficients computed from the experimental data collected at 750MHz. By comparing the cumulative distribution functions in Figure 11 with the guideline distributions of the IEC standards [10], we conclude that the chamber passes the isotropy test.
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