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Background

MIMO OTA is now under extensive research in 3GPP RAN WG4. As one candidate test methodology, the Two-stage method is captured in the MIMO OTA TR 37.976 [1], and has taken part in the HSPA round robin test. The test results have shown that the two-stage method has comparable test results with the multiple probe antenna based method, which has been reported in [2]. 
In this contribution, by using the LTE UE antenna pattern (both measured and simulated), LTE MIMO OTA throughput tests using the two-stage method following the test configuration in [1] are reported. Based on the antenna pattern, capacity simulations are also performed to cross check with the test results.
 Test Set up

Equipment used in the test:

1.  Two commercial LTE USB devices

2.  Agilent E6621A LTE base station emulator and RF-RF channel emulator comprising an Agilent N5106A channel emulator, two Agilent E4438C RF signal generators and two Agilent N9020A RF spectrum analyzers
3.  laptop computer

1) Device under test

In the experiment, three LTE USB dongles are used. One USB dongle is a commercial device modified with external connector for passive antenna pattern measurement. One same device unmodified is used for the throughput test. The device vendor also provided the simulated antenna pattern of that device for use in the two-stage method test. The other USB dongle has an external main antenna and it has the capability to do non-intrusive antenna pattern measurement (active). 

2) Passive radiated antenna pattern measurement setup

The device antenna pattern is measured passively inside a certified anechoic chamber with a large number of bi-polarized probe antennas in a ring in the vertical plane. The transmitter is connected to one of the probe antennas using fast RF switches. There is a positioner in the center of the chamber. The positioner can rotate in the horizontal plane. By control of the RF switch and the positioner, a 3D bipolarized complex antenna pattern can be measured very quickly. To measure the device antenna pattern with the influence of a laptop, the device is plugged into the laptop and then the antenna pattern is again measured passively as shown in Fig.1.
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Fig.1 Passive antenna pattern measurement setup

3) Active (non-intrusive) antenna pattern measurement setup

For the device with the active antenna pattern measurement capability, the antenna pattern was measured in a different anechoic chamber with single bipolarized probe antenna (each time only one polarization is working). The single probe antenna can be rotated in the elevation plane and there is a positioned in the center of the chamber which can rotate horizontally. The reason a different chamber was used for the active test is because the chamber used for the passive measurements had a problem with the downlink power amplification unit and without this it is hard to establish a reliable connection between the base station emulator and the test device. The test setup is as shown in Fig.2. In the test, the USB dongle is plugged into the laptop. There is control software running on the laptop, which control the device to log the antenna pattern data once started. The laptop is configured as recommended in [1] for the HSPA round robin test to reflect the laptop’s influence on the antenna pattern measurement results.
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Fig.2 Active antenna pattern measurement setup
4) Conducted LTE MIMO OTA throughput test setup using two-stage method

After the device antenna patterns were measured, the antenna pattern was loaded into the channel emulator and then the throughput test was done following two-stage method. The test configuration is as shown in Fig.3 and the actual test setup in the lab with one connected DUT is shown in Fig.4.
[image: image3.emf]
Fig.3 LTE MIMO two-stage throughput test configuration
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Fig.4 LTE MIMO OTA throughput test setup in the lab.

The test setup is very similar to a typical cable conducted test for throughput with fading. The difference is that in the MIMO OTA test, the measured antenna pattern has been loaded into the channel emulator. With this approach, the antenna impact on the end-to-end performance is evaluated.
Test configurations

1. The E6621A PXT eNodeB emulator was configured according to Table1.
2. The LTE USB device was connected to the laptop PC. The output from the DUT main antenna port is connected to the E6621A RF input port.

3. The N5106A PXB is the baseband MIMO channel emulator which supports the two-stage MIMO OTA test method, the measured antenna pattern is loaded into the PXB and the antenna effect can be emulated together with all kinds of channel models. The N9020A MXA spectrum analyzers work as down-converters, and the E4438C ESG signal generators work as upconverters. The MXA-PXB-ESG combination provides the RF-RF channel emulator incorporating the effect of the device antennas.

Table 1 Parameter setting for eNodeB emulator
	Parameters
	Unit
	Value

	DL MIMO mode
	
	2*2 open loop spatial multiplexing

	Duplex mode
	
	FDD

	Operating band (DL channel & UL channel)
	
	band 1 (ch 300 DL (2140 MHz) & ch 18300 UL (1950 MHz))

	Schedule type
	
	Reference Measurement Channel

	Reference channel
	
	R.11

	DL bandwidth
	MHz
	10

	DL RB number
	
	50

	DL Modulation 
	
	16QAM

	DL MCS
	
	14

	Transmit power control
	dBm
	open loop, <-30

	PBCH_RA
	dB
	-3

	PBCH_RB
	dB
	-3

	Number of HARQ transmission
	
	No re-transmission


In the throughput test, the MIMO OTA channel model SCME urban micro and SCME urban macro channel model were used.
The throughput test procedure for the two-stage method is as follows:
Step 1: Measure the complex antenna pattern of the device MIMO antenna array actively or passively and perform calibration to make the measured antenna gain to be absolute instead of relative numbers. If a simulated antenna pattern is available, the simulated antenna pattern gain values needs to be absolute and not relative numbers.
Step 2: Connect the equipment as shown in Figure 3. 

Step 3: Load the device antenna patterns into the channel emulator and configure the desired MIMO channel model. For the channel model configuration, a bipolarized slant antenna configuration with zero distance is used at the base station side. Select the reference device antenna orientation angle which is used for the power calibration of the RF signal generator power setting. Usually zero degrees in the Azimuth plane is chosen as the reference orientation.
Step 4: Configure the base station emulator according to table 1. Establish a connection between the eNodeB emulator and the DUT.

Step 5: Adjust the output power of the RF signal generators and perform throughput measurements on the base station emulator to achieve roughly 50% of the maximum throughput. Record this power level Pmid and the throughput test result. 

Step 6: Control the channel emulator to emulate the device antenna rotation in steps of 45 degrees. Measure the corresponding throughput for each antenna orientation. Continue this for eight steps to cover 360 degrees in the horizontal plane.
Step 7: increase the RF signal generator’s output power by 2 dB and repeat step 6 until 100% throughput is measured. Then set the RF signal generator’s output power to Pmid-2 dB and repeat step 6 until the throughput drops to 0%.
For each power level, average the measured throughput for each antenna orientation to get a throughput for the given power level.
The MIMO OTA throughput test results include antenna performance, RF receiver performance and baseband performance. Different devices will have different RF receiver and baseband performance. To fully understand the MIMO OTA test results and how these relate to the antenna design, a conducted throughput test is performed to test only the RF receiver and baseband performance. This test configuration is the same as the two-stage MIMO OTA throughput test. The channel models used are the same as the MIMO OTA test as well. The only difference is that for the reference test, the channel model is assumed to be totally uncorrelated and have balanced power and 100% gain efficiency, which is the same as the assumption to have uniform gain ideal MIMO antenna at the device side.
 Measurement Results
1) Antenna Pattern Measurement results.

Both the measured antenna pattern and also the simulated antenna pattern are in 3D. However, since the channel model for MIMO OTA at this time only supports 2D, the 2D antenna pattern in the horizontal plane was used for the throughput measurements.

The passive antenna pattern measurement results for device 1 are shown in Fig.5. The antenna pattern reflects the influence of the nearby laptop. Both vertical and horizontal polarization antenna patterns were measured so that the performance of the device antenna under bi-polarized base station transmit antenna can be evaluated.
The device vendor also provided the simulated antenna pattern for performance evaluation. This antenna pattern was simulated without the impact of a laptop. The simulated antenna pattern of the device is shown in Fig.6.
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Fig.5 passive antenna pattern measurement results on modified device 1
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Fig.6 simulated antenna pattern of device 1

The active pattern measurement results of device 2 are shown in Fig.7. The device has an external main antenna and from the antenna pattern measurement results, it can be seen that the main antenna has very high gain and is directional.
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Fig.7 active antenna pattern measurement results on device 2
2) Reference throughput test results

The reference throughput tests are performed for device 1 and device 2 for SCME urban micro and SCME urban macro channel model respectively. The test results are shown in Fig.8.
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Fig.8 Reference conducted throughput test results for device 1 and device 2 under SCME UMa and UMi with no antenna influence (no spatial correlation)
The test results show that there was about 7dB performance difference (-80.9 dBm and -87.7 dBm) for device 1 and device 2 at 50% percent throughput under SCME urban micro channel. There was about 6.4dB performance difference (-78.9 dBm and -85.3 dBm) for device 1 and device 2 for 50% percent throughput under SCME urban macro channel  This performance difference is entirely due to the RF receiver and baseband performance differences in the devices.
3) Device MIMO OTA performance using two-stage MIMO OTA method

The throughput test results using the measured and simulated antenna pattern of device 1 and the measured antenna pattern of device 2 are shown in Fig.9. The throughput test results for SCME urban micro and SCME urban macro are shown together. It can be seen that the performance using these two models are very similar and only slight differences are observed, which is very different from the test results on HSPA devices. One of the major reasons is probably due to the fact that the SCME urban macro channel model has a very large delay spread as compare with the SCME urban micro channel model, which causes interference to the demodulator and thus results in a performance floor at about 80% of the maximum throughput. Whereas for LTE, the CP length can support both SCME urban micro and macro without any problem so the throughput test results under these two channel models are primarily determined by how the antenna would perform under those channel models. Since both SCME urban micro and urban macro have quite large angular spreads, the similar performance of both antennas using those channels seems to be reasonable. This is further explained by the capacity simulation results in part 4 of the measurement results. 
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Fig.9 Two-stage MIMO OTA throughput test results for three antenna patterns on two devices
4) Channel capacity simulation results based on the measured antenna pattern

Based on the antenna patterns and the channel models (SCME urban micro and SCME urban macro), a channel capacity simulation was performed. In the simulation, it is assumed that the base station is using bipolarized slant antenna (+/-45 degree polarization) with zero spacing. The simulated average channel capacity and also the channel capacity standard deviation are shown in Table.2 and Table.3 respectively.
	Average channel capacity (b/s/Hz)
	Simulated device 1 antenna
	Device1 antenna, Passive measurement
	Device 2 antenna. Active measurement

	SCME urban micro
	10.8
	8.7
	9.6

	SCME urban macro
	10.8
	8.8
	9.7


Table.2 Average channel capacity at SNR=25dB for all antenna orientations in the azimuth plane.
	Standard deviation of channel capacity (b/s/Hz)
	Simulated device 1 antenna
	Device1 antenna, Passive measurement
	Device 2 antenna. Active measurement

	SCME urban micro
	0.8
	0.42
	0.70

	SCME urban macro
	0.9
	0.44
	0.43


Table.3 standard deviation of channel capacity at SNR=25 dB for all antenna orientations in the azimuth plane

From the capacity simulation results, it can be seen that the simulated antenna pattern of device 1 performs best among the three antennas and the measured antenna pattern performs worst possibly due to the impact of the laptop on the antenna pattern. Device 2 performs in between. The performance difference from the best to the worse is 1.2 b/s/Hz as compared with around 6b/s/Hz difference between the ideal MIMO and SISO capacity at SNR=25. From the standard deviation of the channel capacity of the three devices, it can be seen that the simulated antenna pattern has a much larger variation in the capacity when the antenna orientation changes than with the other two antenna patterns.
The throughput test results appear to be inconsistent with the capacity simulation results for two reasons. Firstly device 2 antenna throughput test results seem to be best and not the simulated antenna of device 1 from the throughput test results. Secondly, the throughput performance difference among the three antenna patterns was very large, which seems not to be consistent with the relative small capacity difference. However a further check on the reference conducted throughput test on those two devices shows a very large performance difference for the RF receiver and baseband. If we take into acco9unt the performance difference the device antenna will cause compared with the reference conducted throughput test, the results show good consistency with the channel capacity simulations results based on antenna pattern and channel model. The performance degradation due to antenna with respect to the reference performance at 50% percent throughput is provided in table 4.
	50% throughput power degradation (dB)
	Simulated device 1 antenna
	Device1 antenna, Passive measurement
	Device 2 antenna. Active measurement

	SCME urban micro
	7.1
	12.2
	8.9

	SCME urban macro
	3.6
	12.1
	6.5


Table.4 Performance degradation due to the antenna with respect to the reference throughput test results at 50% throughput
From the analysis, it can be clearly seen that the simulated antenna pattern of device 1 caused the least performance degradation, device 1 antenna pattern with passive measurement caused the worst performance degradation and device 2 antenna was in between. The throughput degradation results from the reference throughput curve are consistent with the channel capacity simulation results.

 Summary and Discussion

In this contribution, both passive and active antenna pattern measurement was used to measure the antenna pattern of two LTE MIMO devices. The simulated antenna pattern data from one device vendor was also used to evaluate the MIMO OTA performance of the two devices with three antenna patterns. The channel capacity simulation based on the antenna patterns was also performed to cross check with the throughput test results. It was shown that the two-stage MIMO OTA test method can rank the antenna performance correctly and the test results aligned with the channel capacity simulation results. It was also shown that to fully understand the end to end performance it is critical to evaluate the device reference conducted throughput performance in order to establish the extent to which the end-to-end performance is due to the RF receiver and baseband or the antenna design.
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