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1 Abstract
Taking the decomposition approach of the two-channel method one step further and explicitly adding tests in conducted setups with defined channel models allows to combine the strength of the two-channel method for obtaining performance results on the antennas with an appropriate channel model to give an end-to-end figure of merit. The paper presents preliminary decomposition results using CTIA reference antennas. A new type of constellation set for the test antennas was used.
2 Introduction
The decomposition approach presented in [1] is a method to solve a complex problem by breaking the original problem up into subsets and solving them sequentially or in parallel. This paper focuses on the implementation of this approach for OTA characterization of wireless MIMO devices.
The original problem is to determine a figure of merit (FOM) for the MIMO performance of a wireless device when used in a real-world MIMO scenario. While this paper focuses on 2x2 MIMO, the general principle can also be applied to higher orders of MIMO. The block diagram of the decomposition approach is outlined in Figure 1. Real-world MIMO signals reception is decomposed into two conducted tests and a set of radiated tests. The conducted tests aim in characterization of the MIMO receiver of a DUT in a multi-path propagation environment. The set of radiated tests aims in characterization of the DUT antennas subsystem performance. The conducted test with fading applies a fading profile according to the channel model used by the OTA community. The conducted test without fading defines the reference performance of the MIMO receiver in ideal channel conditions. The reference is used for normalization of the conducted test with fading.
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Figure 1: Diagram of R&S decomposition approach for 2x2 LTE MIMO

The conducted MIMO test setup is shown in Figure 2 where the eNodeB emulator is connected to a fading simulator to create realistic channel models. In this setup, the antennas of the DUT are bypassed by connecting the conducted ports of the DUT to the RF ports of the eNodeB emulator. The radiated measurement setup used corresponds to the usual environment [2] and is shown in Figure 3. The R&S®CMW500 Wideband Radio Communication Tester was utilized as eNodeB emulator. The R&S®AMU200A Baseband Signal Generator and Fading Simulator was used as a fading simulator during the conducted part of the test only.
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Figure 2: Simplified setup for the conducted MIMO approach
[image: image3.png]3

ANTDL2

ANTDLT





Figure 3: Simplified setup for the radiated MIMO approach
An HTC Rezound was used as LTE transceiver in the shielded compartment of the CTIA reference antennas for band 13 [3]. Three orthogonal orientations of the UE shown in Figure 4 were utilized in the tests to verify their impact on average data throughput results. Three types of reference antennas (“good”, nominal” and “bad”) were used. The device performance was tested in DL MIMO 2x2 open loop spatial multiplexing mode using RMC.35 (64QAM). The RMC.35 provides maximum throughput of 35.424 Mbps. Other LTE settings were set according to Table 3.1.1-B in [4].
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Figure 4: Orientations of reference antennas during radiated test

2.1 Growth pattern

In order to access 3D radiated performance of the MIMO antenna system, the UE shall be tested for a set of test antenna constellations uniformly covering the sphere and generating a wide variety of angles of arrival. An ideal constellation set provides data throughput results independent from the mounting position of the UE. The previously utilized constellation set “theta1 = theta2”, e.g.[2], oversamples the positions close to the sphere poles due to equidistant phi steps independent from the theta coordinate. Consequently test results were too sensitive to changing the orientation of the UE.
The so-called growth pattern is generated using an algorithm to determine a set of test antenna constellations and polarizations utilized during the radiated part of the test. The polarization combination [p, q] defines orientations p, q ( {(, (} of linearly polarized fields incident on the UE radiated by both test antennas TA1p TA2q. The algorithm has been written specifically for the setup of the two-channel method which has two theta positioners and a single phi positioner. It has the following features:

· deterministic - each constellation is calculated based on its index in the sequence. It returns the same constellations as long as the other parameters (value range, resolution etc.) stay the same
· random - the two theta values and the polarization combination are generated consecutively using a pseudorandom noise (PN) generator. The constellation index is used as the initial state for the first theta value. Theta values are appropriately rescaled to provide their uniform distribution on the sphere. 
· efficient - the phi is calculated directly by multiplicating the index with the golden angle. The golden angle of 137,508( is related to the Fibonacci sequence and phyllotaxy. In plants one can observe this angle where the leaves grow on the branch in order to maximize sunlight exposure. Similarly here, we use this angle to achieve maximal efficiency in covering the sphere.

Since each constellation is uniquely bound to its index number, a longer sequence of constellations generated from this method is always the superset of shorter sequences if the index numbers in the latter are included in the former. Increasing the length of this sequence will cause denser sampling on the sphere maintaining similar statistics. The pattern of 128 constellations for both test antennas TA1, TA2 is presented in Figure 5, and its values are provided in Appendix 6.2. Note that the θ scale is not linear; closer to the pole the lines of this axis are more compressed corresponding to the surface elements on a sphere.
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Figure 5: Spatial positions and polarizations of test antennas 
for a growth pattern set containing 128 constellations
3 Results
3.1 Conducted
Conducted measurements with various channel models were performed in the setup shown in Figure 2. The first channel model (CM) is the identity static channel matrix without fading. 
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This matrix provides a frequency flat transfer characteristic which does not change over the whole test time. Since diagonal elements of the CM are zero each RF port of the UE receives a single LTE data stream. This ideal CM characterizes the noise figure of the MIMO receiver and acts as a reference for further testing. 
Three further channel models with Rayleigh fading (UMi MC/A, UMa MC/B and NIST IS) are defined according to the CTIA document [4]. The channel parameters are presented in Appendix 6.1. The definition of the UMi MC/A and UMa MC/B models were modified due to limitations of the utilized fading simulator. The BS correlation coefficient alpha was determined according to [5] from BS antenna patterns and the parameters of the UMi MC/A and UMa MC/B models. The coefficient alpha was used in the Kronecker model of the correlation matrix used in the fading simulator. In the NIST IS model the coefficient alpha was assumed zero since the CTIA document [4] does not specify it. Constant channel parameters of CM = Identity allow reduction of minimum number of subframes for throughput (TPT) evaluation. TPT was measured over 2000 and 20000 subframes using identity and fading channel models respectively. 
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Figure 6: Conducted throughput for three channel models

All conducted test results are presented in Figure 6. The UMa MC/B TPT result is worse by approximately 2 dB than the NIST IS and UMi/ MC/A results due to the higher correlation coefficient of UMa MC/B. Interesting is the non-monotonic TPT curve using the NIST IS model. The low DL frequency of 751 MHz and very low mobile speed of 1 km/h makes changes of channel impulse response very slow. A larger number of subframes would improve the results. However this would increase test time as well.
3.2 Radiated

Radiated tests were performed according to the setup shown in Figure 3 for three types of the reference antenna. Each reference antenna was tested in three geometrical orientations. The results are presented in Figure 7. Differentiation between devices with good, nominal and bad antennas can be clearly noticed. The results depend on UE orientation which is consistent among the reference antennas. Horizontal orientation provides the worst sensitivity whereas vertical orientation provides the best sensitivity. The RS EPRE level spread to provide constant throughput for three UE orientations is up to 4 dB (typ. 2 dB) for TPT < 30 Mbps. To reduce the spread effect the average TPT results out of three UE orientations were calculated. The TPT radiated averages will be used subsequently in decomposition post-processing. Lower spread of RS EPRE powers is expected in testing of commercial UEs with internal antenna system as it was indicated in [6].
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Figure 7: Radiated throughput for three UE orientations

3.3 Decomposition
To obtain the decomposition throughput result in the first steps the abscissa values are exchanged with ordinate values:
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 is the throughput result obtained in radiated mode averaged over all test antenna constellations. The result is obtained using the two-channel method described in previous papers.
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 is the throughput result obtained in conducted mode with the channel model CM.
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 is the throughput result obtained in conducted mode with the identity channel model.
Then the calculation is performed according to the following formula:
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Finally abscissa and ordinate values are exchanged again to provide the throughput result according to the decomposition approach.
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 is the decomposition throughput result.
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 is the conducted normalization result. It characterizes isolated multi-path performance of the MIMO receiver independent from UE antennas and receiver noise figure.

The effect of RS EPRE level subtraction and summation is best seen in a graphical example shown in Figure 8. The influence of fading on an end-to-end FOM is accounted by normalization of the TPTcond,CM curve by the reference model TPTcond,I. Then the obtained power offsets are added to the average TPT results in radiated mode TPTrad. The fading result TPTcond,CM has always smaller inclination than the reference TPTcond,I. Therefore the decomposition result TPTdcp is spread over wider power range than the radiated result TPTrad. 
 SHAPE  \* MERGEFORMAT 



Figure 8: Exemplary calculation of decomposition throughput
Figure 9, Figure 10 and Figure 11 show decomposition throughput for various channel models. Differentiation of the reference antennas stays always the same since power offsets between curves are not changed. All TPTdcp curves change equally their inclination and power offset depending on the channel model parameters. The highest inclination is provided by the identity channel model which confirms the decomposition analysis described earlier.
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Figure 9: Decomposition throughput for identity channel model, 
averaged over three UE orientations
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Figure 10: Decomposition throughput for UMi MC/A channel model, 
averaged over three UE orientations
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Figure 11: Decomposition throughput for UMa MC/B channel model, 
averaged over three UE orientations

4 Conclusions
The presented approach differentiates itself from competitive LTE MIMO approaches due to its simplicity, reduced complexity, and low cost. As it can be used to determine separate FOMs for the overall device performance and the performance of its subsystems, it is suitable for test labs and network operators to provide fast and simple feedback on MIMO OTA performance of the DUT as well as for device manufacturers to optimize antenna and receiver subsystems separately. 
It is planned to test a larger number of MIMO devices in order to compare influence of the conducted and radiated FOMs on the overall decomposition FOM.
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6 Appendix

6.1 Channel models with fading
	SCME Urban micro-cell (UMi MC/A)
	
	SCME Urban macro-cell (UMa MC/B)

	CTIA UMi MC/A
	R&S UMi MC/A
	
	CTIA UMa MC/B
	R&S UMa MC/B

	Delay [ns]
	Power [dB]
	Speed [km/h]
	Delay [ns]
	Power [dB]
	Speed [km/h]
	Alpha in correlation matrix
	
	Delay [ns]
	Power [dB]
	Speed [km/h]
	Delay [ns]
	Power [dB]
	Speed [km/h]
	Alpha in correlation matrix

	0
	-3.0
	14.68
	0
	-3.0
	14.68
	0.13
	
	0
	-3.0
	17.63
	0
	-3.0
	17.63
	0.77

	5
	-5.2
	14.68
	5
	-5.2
	14.68
	
	
	5
	-5.2
	17.63
	5
	-5.2
	17.63
	

	10
	-7.0
	14.68
	10
	-7.0
	14.68
	
	
	10
	-7.0
	17.63
	10
	-7.0
	17.63
	

	285
	-4.3
	20.54
	285
	-4.3
	20.54
	
	
	360
	-5.2
	8.27
	360
	-5.2
	8.27
	

	290
	-6.5
	20.54
	290
	-6.5
	20.54
	
	
	365
	-7.4
	8.27
	
	
	
	

	295
	-8.3
	20.54
	
	
	
	
	
	370
	-9.2
	8.27
	
	
	
	

	205
	-5.7
	26.94
	205
	-5.7
	26.94
	
	
	255
	-4.7
	27.62
	255
	-4.7
	27.62
	

	210
	-7.9
	26.94
	
	
	
	
	
	260
	-6.9
	27.62
	260
	-6.9
	27.62
	

	215
	-9.7
	26.94
	
	
	
	
	
	265
	-8.7
	27.62
	
	
	
	

	660
	-7.3
	26.11
	
	
	
	
	
	1040
	-8.2
	1.57
	
	
	
	

	665
	-9.5
	26.11
	
	
	
	
	
	1045
	-10.4
	1.57
	
	
	
	

	670
	-11.3
	26.11
	
	
	
	
	
	1050
	-12-2
	1.57
	
	
	
	

	805
	-9.0
	19.84
	
	
	
	
	
	2730
	-12.1
	25.72
	
	
	
	

	810
	-11.2
	19.84
	
	
	
	
	
	2735
	-14.3
	25.72
	
	
	
	

	815
	-13.0
	19.84
	
	
	
	
	
	2740
	-16.1
	25.72
	
	
	
	

	925
	-11.4
	15.50
	
	
	
	
	
	4600
	-15.5
	22.64
	
	
	
	

	930
	-13.6
	15.50
	
	
	
	
	
	4605
	-17.7
	22.64
	
	
	
	

	935
	-15.4
	15.50
	
	
	
	
	
	4610
	-19.5
	22.64
	
	
	
	


	NIST Channel Model

	CTIA NIST IS
	R&S NIST IS

	Delay [ns]
	Power [dB]
	Speed [km/h]
	Delay [ns]
	Power [dB]
	Speed [km/h]
	Alpha in correlation matrix

	0
	0
	1
	0
	0
	1
	0

	40
	-1.7
	1
	40
	-1.7
	1
	

	120
	-5.2
	1
	120
	-5.2
	1
	

	180
	-7.8
	1
	180
	-7.8
	1
	

	210
	-9.1
	1
	210
	-9.1
	1
	

	260
	-11.3
	1
	260
	-11.3
	1
	

	350
	-15.2
	1
	350
	-15.2
	1
	


6.2 Growth pattern 128
	Constellation set: Growth pattern 128

	
	AOA [deg]
	Polarization
	
	AOA [deg]
	Polarization

	Index
	phi1
	phi2
	theta1
	theta2
	TA1
	TA2
	Index
	phi1
	phi2
	theta1
	theta2
	TA1
	TA2

	1
	105.0
	285.0
	74.9
	108.2
	H
	H
	65
	52.5
	52.5
	119.4
	109.4
	V
	V

	2
	157.6
	337.6
	96.3
	56.5
	H
	H
	66
	327.5
	147.5
	103.5
	138.9
	V
	V

	3
	262.6
	262.6
	148.2
	72.9
	H
	H
	67
	295.1
	115.1
	67.5
	88.8
	V
	V

	4
	40.1
	40.1
	47.7
	20.2
	H
	H
	68
	210.1
	210.1
	53.1
	43.1
	V
	V

	5
	145.2
	325.2
	78.6
	87.0
	H
	H
	69
	92.7
	92.7
	122.8
	74.8
	V
	V

	6
	197.7
	17.7
	99.9
	141.6
	H
	H
	70
	7.7
	187.7
	107.2
	54.3
	V
	V

	7
	302.7
	302.7
	155.8
	108.3
	H
	H
	71
	335.2
	155.2
	71.2
	110.1
	V
	V

	8
	132.8
	132.8
	130.6
	120.6
	H
	H
	72
	250.2
	250.2
	151.2
	55.4
	V
	V

	9
	47.8
	227.8
	105.3
	94.9
	H
	H
	73
	80.3
	80.3
	96.7
	14.3
	V
	V

	10
	15.3
	195.3
	69.4
	35.8
	H
	H
	74
	185.3
	5.3
	76.8
	119.7
	V
	V

	11
	290.4
	290.4
	60.9
	50.9
	H
	H
	75
	237.8
	57.8
	98.1
	75.6
	V
	V

	12
	172.9
	172.9
	124.9
	21.4
	H
	H
	76
	342.9
	342.9
	151.8
	16.0
	V
	V

	13
	87.9
	267.9
	109.0
	73.8
	H
	H
	77
	120.4
	120.4
	60.6
	24.8
	V
	V

	14
	55.5
	235.5
	73.1
	121.7
	H
	H
	78
	225.4
	45.4
	80.4
	32.7
	V
	V

	15
	298.0
	118.0
	90.1
	115.7
	H
	H
	79
	278.0
	98.0
	101.7
	96.6
	V
	V

	16
	330.5
	330.5
	95.0
	57.5
	H
	H
	80
	75.5
	255.5
	60.6
	151.0
	V
	V

	17
	43.1
	43.1
	144.8
	134.8
	H
	H
	81
	23.0
	23.0
	160.5
	128.2
	V
	V

	18
	180.6
	180.6
	80.1
	30.5
	H
	H
	82
	233.1
	233.1
	128.2
	54.4
	V
	V

	19
	285.6
	105.6
	83.0
	47.6
	H
	H
	83
	350.5
	350.5
	102.9
	42.4
	V
	V

	20
	338.1
	158.1
	93.7
	80.0
	H
	H
	84
	148.1
	328.1
	111.9
	81.8
	V
	V

	21
	83.2
	83.2
	143.5
	56.5
	H
	H
	85
	115.7
	295.7
	64.6
	45.2
	V
	V

	22
	220.7
	220.7
	101.1
	36.9
	H
	H
	86
	30.7
	30.7
	81.9
	47.5
	V
	V

	23
	325.8
	145.8
	86.6
	154.8
	H
	H
	87
	273.2
	273.2
	140.9
	130.9
	V
	V

	24
	155.8
	335.8
	62.6
	101.9
	H
	H
	88
	188.2
	8.2
	115.7
	117.7
	V
	V

	25
	70.8
	70.8
	121.8
	45.0
	H
	H
	89
	18.3
	198.3
	91.9
	128.1
	V
	V

	26
	313.4
	313.4
	130.5
	66.4
	H
	H
	90
	123.3
	123.3
	140.6
	89.7
	V
	V

	27
	228.4
	48.4
	113.8
	21.2
	H
	H
	91
	260.8
	260.8
	38.4
	28.4
	V
	V

	28
	195.9
	15.9
	66.5
	66.4
	H
	H
	92
	5.9
	185.9
	84.8
	68.3
	V
	V

	29
	110.9
	110.9
	49.8
	35.9
	H
	H
	93
	58.4
	238.4
	95.4
	15.7
	V
	V

	30
	353.5
	353.5
	135.4
	88.0
	H
	H
	94
	163.5
	163.5
	146.6
	68.3
	V
	V

	31
	268.5
	88.5
	117.7
	130.3
	H
	H
	95
	301.0
	301.0
	119.8
	39.8
	V
	V

	32
	275.0
	95.0
	59.6
	122.7
	H
	V
	96
	46.0
	226.0
	88.4
	103.7
	V
	V

	33
	20.1
	20.1
	59.6
	28.8
	H
	V
	97
	137.5
	317.5
	89.2
	95.8
	V
	H

	34
	72.6
	72.6
	127.1
	23.7
	H
	V
	98
	190.0
	190.0
	94.1
	41.1
	V
	H

	35
	347.6
	167.6
	110.9
	72.9
	H
	V
	99
	242.6
	242.6
	137.9
	127.9
	V
	H

	36
	315.1
	135.1
	63.6
	37.3
	H
	V
	100
	177.6
	357.6
	92.8
	74.7
	V
	H

	37
	112.7
	112.7
	136.6
	126.6
	H
	V
	101
	125.1
	305.1
	82.2
	34.3
	V
	H

	38
	60.2
	60.2
	95.8
	35.4
	H
	V
	102
	230.2
	230.2
	57.6
	46.2
	V
	H

	39
	27.7
	207.7
	114.7
	94.0
	H
	V
	103
	282.7
	282.7
	142.1
	18.9
	V
	H

	40
	217.8
	37.8
	91.0
	140.2
	H
	V
	104
	355.3
	175.3
	61.6
	111.0
	V
	H

	41
	257.9
	77.9
	94.6
	55.4
	H
	V
	105
	165.2
	345.2
	85.7
	120.7
	V
	H

	42
	270.3
	270.3
	149.4
	43.7
	H
	V
	106
	152.8
	152.8
	129.4
	75.7
	V
	H

	43
	322.8
	322.8
	139.3
	109.2
	H
	V
	107
	100.3
	100.3
	46.5
	32.2
	V
	H

	44
	2.9
	2.9
	145.0
	73.9
	H
	V
	108
	35.4
	215.4
	65.5
	89.7
	V
	H

	
	AOA [deg]
	Polarization
	
	AOA [deg]
	Polarization

	Index
	phi1
	phi2
	theta1
	theta2
	TA1
	TA2
	Index
	phi1
	phi2
	theta1
	theta2
	TA1
	TA2

	45
	205.4
	25.4
	83.9
	87.9
	H
	V
	109
	67.9
	247.9
	112.8
	53.3
	V
	H

	46
	245.5
	65.5
	87.5
	109.2
	H
	V
	110
	140.4
	140.4
	153.0
	38.4
	V
	H

	47
	213.0
	213.0
	119.7
	87.1
	H
	V
	111
	193.0
	193.0
	134.1
	111.1
	V
	H

	48
	160.5
	160.5
	120.8
	10.1
	H
	V
	112
	310.4
	310.4
	51.4
	41.4
	V
	H

	49
	128.1
	308.1
	104.4
	131.5
	H
	V
	113
	318.1
	138.1
	97.2
	18.7
	V
	H

	50
	95.6
	275.6
	68.4
	65.4
	H
	V
	114
	265.6
	85.6
	75.8
	102.8
	V
	H

	51
	10.6
	10.6
	52.1
	37.4
	H
	V
	115
	63.1
	63.1
	150.0
	67.4
	V
	H

	52
	200.6
	200.6
	34.4
	22.6
	H
	V
	116
	108.0
	288.0
	116.7
	137.6
	V
	H

	53
	168.2
	348.2
	108.1
	23.5
	H
	V
	117
	358.2
	178.2
	100.8
	129.2
	V
	H

	54
	253.2
	253.2
	123.9
	65.5
	H
	V
	118
	305.7
	125.7
	79.5
	67.3
	V
	H

	55
	345.8
	165.8
	77.7
	152.9
	H
	V
	119
	50.7
	50.7
	122.8
	56.4
	V
	H

	56
	135.7
	315.7
	72.2
	101.0
	H
	V
	120
	103.3
	103.3
	158.0
	88.9
	V
	H

	57
	38.3
	218.3
	99.0
	80.9
	H
	V
	121
	240.8
	240.8
	102.0
	17.5
	V
	H

	58
	293.3
	293.3
	137.7
	121.8
	H
	V
	122
	208.3
	28.3
	106.2
	118.7
	V
	H

	59
	143.4
	143.4
	153.7
	55.5
	H
	V
	123
	175.8
	355.8
	70.3
	44.0
	V
	H

	60
	90.9
	90.9
	82.7
	54.3
	H
	V
	124
	280.9
	280.9
	81.0
	26.9
	V
	H

	61
	25.9
	205.9
	81.3
	46.4
	H
	V
	125
	333.4
	333.4
	126.0
	53.3
	V
	H

	62
	78.5
	258.5
	102.6
	116.7
	H
	V
	126
	248.4
	68.4
	110.0
	82.7
	V
	H

	63
	131.0
	131.0
	103.8
	58.5
	H
	V
	127
	216.0
	36.0
	74.0
	149.3
	V
	H

	64
	183.5
	183.5
	163.4
	140.3
	H
	V
	128
	321.0
	141.0
	7.1
	40.1
	V
	H
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