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1. Background

MIMO OTA test is now under extensive research for MIMO handset antenna radiation performance evaluation. Since the MIMO antenna radiation performance is critically dependent on the MIMO channel characteristics, selection of the MIMO channel model is one of the key problems to be determined for the MIMO OTA standard study. Several channel models have been proposed for MIMO OTA standardization, for example, SCME has been proposed in [1]. In [2], a simplified model based on WINNER II model is proposed. In the reverberation chamber based method [3], the channel model generated by the reverberation chamber is assumed to be the channel model used for MIMO OTA test. In [4], the single cluster channel model based on multiple scatters has been assumed for MIMO OTA test. Despite so many different channel model proposals, little research has been performed to compare those MIMO channel models to see which model is better for MIMO OTA test. In [5], research has been performed to compare the uniform and non-uniform single cluster model. However, the  appropriate metrics needed to compare the different MIMO OTA channel models are not studied in detail. In this paper, we choose the channel median capacity and the capacity disturbance during the rotation of the DUT (defined later in this paper) as the metrics and use several antenna array pairs with different performance to evaluate how different MIMO OTA channel models will differ for those measures. Comparing the capacity difference for the chosen antenna pairs under different MIMO OTA models, tells us whether the MIMO OTA channel model is sensitive to the antenna array’s performance. With this method, the SCME model, the simplified WINNER model and the single cluster model have been compared. Through the comparison, it can be seen that SCME model is not as sensitive to antenna performance differences as WINNER II and single cluster channel models. Further research is also performed to see the influence of Angular spread on the sensitivity of MIMO OTA channel models on different antennas. Based on the research, an approach for simplified MIMO OTA channel model is proposed for further MIMO OTA research.

2. MIMO OTA channel model comparison and analysis method
1) Configuration and definitions. The Configuration for MIMO OTA channel model comparison is shown in Fig.1.  The configuration consists of one BS antenna array, two MS antenna arrays and the channel models to be evaluated. The BS antenna array consists of ideal omni-directional antennas with 10 wavelength spacing to minimize the influence of BS antenna array. For each channel and each orientation of the MS antenna arrays, the channel capacity for given MS antenna array is calculated. During the evaluation, the MS antenna array is rotated so that the capacity of for all the orientations can be obtained.

Definitions:

a) Channel capacity at given MS antenna array orientation 
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. Based on the given channel model and given BS and MS antenna patterns, the correlation matrix is calculated. The correlation matrix can be either derived implicitly using the geometry based model approach in [6] by generating the channel coefficients first and then calculating the correlation matrixes, or it can be calculated directly using the correlation model based approach [10]. For non-ideal antenna arrays, when the signal arrives the antenna array, the antenna array will result in not only spatial correlation but also power imbalance across different channels. This is well known and can be seen in [11]. The power imbalance needs to be corrected counted in when evaluating the influence of the MS antenna array on the overall capacity. Thus in this paper, the correlation matrix is an extended correlation matrix or normalized covariance matrix which has taken into account the power imbalance effect. The definition of correlation matrix for one cluster is 
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, where 
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 is defined to be the antenna gain, which satisfy that 
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of each path is obtained, the channel correlation matrix can be further derived based on the power delay profile information as described in [9] for OFDM systems. Suppose the power of each path is 
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, then from [9], it is proved that the overall correlation matrix for an MIMO OFDM system under given channel is weighted sum of the correlation matrixes of each path. Thus 
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 is the overall correlation and 
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 is the antenna gain for the multiple path channel and MS antenna array at given orientation and satisfies that 
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. As the MS antenna array rotates, depending on the MS antenna patterns, both the antenna gain 
[image: image14.wmf]total

a

 and the correlation matrix 
[image: image15.wmf]total

Corr

 will change. However, it is assumed that the AGC circuit can maintain a stable power at the receiver and thus counteract the receiver power change due to  
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. T hus only the correlation effect due to 
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 is considered in the capacity calculation of this paper.The capacity for a given correlation matrix and SNR can be obtained through simulation using the method in [7] as follows: i)perform Cholesky decomposition to  
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. The same analysis can be also applied to the case where the antenna gain 
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 needs to be considered by taking the antenna gain’s influence into the receiver power and thus the change of SNR. Since channel capacity depends on the SNR, in the following evaluation, the SNR is explicitly set.
b) channel median capacity 
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is the capacity at any MS orientation out of all the different orientations.  

c) Channel capacity disturbance 
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Fig.1 Configurations for MIMO OTA channel model evaluation

2) MIMO OTA channel model evaluation method

For MIMO OTA channel models, it is expected that they are very sensitive to the antenna performance difference. That is, it is expected that for two different MS antenna arrays, the bigger the capacity difference is, the better the channel model is for MIMO OTA. Thus one measure used to evaluate the MIMO OTA channel models is 
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, where i represents the ith channel model to be evaluated, 1 and 2 represent MS antenna array 1 and 2, respectively. It is well known that under MIMO channel model, with the rotation of the MIMO antenna arrays the capacity will change and show the disturbance. Thus if the capacity difference  measure can not tell which channel model is better, another measure 
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/2, where i represents the ith channel model to be evaluated, 1 and 2 represent MS antenna array 1 and 2, respectively, is further used to evaluate the channel models.

3) MIMO OTA channel models evaluated

In this paper, the simplified WINNER channel model in [2], the SCME TDL model in [8], single cluster non-uniform model with different angular spread  and uniform single cluster channel models are evaluated. The key parameters of these models are listed below:

	Model scenario
	AS of AoD (degree)
	Cluster AS of AoD (degree)
	AS of AoA (degree)
	Cluster AS of AoA (degree)
	(rms (ns)
	#Path
	NLOS/LOS

	Simplified WINNER II  Rural Macro (SWIIrma)
	9
	2
	33 (39.0*)
	3
	37
	14
	NLOS

	Simplified WINNER II Urban Macro (SWIIuma)
	8
	2
	45 (48.3*)
	10
	71
	18
	NLOS

	Simplified WINNER II Urban Micro (SWIIumi)
	3
	3
	25 (54.5**)
	18
	36
	12
	LOS (NLOS*)

	Simplified WINNER II Indoor Macro (SWIIima)
	12
	6
	50 (57.1*)
	13
	39
	19
	NLOS

	SCME Suburban macro (sma)
	4.7
	2
	64.78
	35
	231
	18
	NLOS

	SCME Urban Macro (uma)
	7.87
	2
	62.35
	35
	841
	18
	NLOS

	SCME Urban Micro (umi)
	18.21
	5
	67.8
	35
	294
	18
	NLOS

	Single Cluster Non-uniform 
	10
	10
	[5 10 15 25 33 45 50 68 75]
	[5 10 15 25 33 45 50 68 75]
	0
	1
	NLOS

	Single Cluster uniform
	10
	10
	104
	104
	0
	1
	NLOS


* From WINNER II, it is mentioned that the median AS of AoA for chosen channel scenarios is as listed in the table. However for the given CDL model, the calculated AS of AoA is as listed in the bracket, which is very different from the median value.

** For simplified WINNER II urban micro scenario, it is a LOS scenario. However, in this paper, we only evaluated the NLOS component and thus the calculated AS of AoA are only for the NLOS paths.
4) MS antenna array pairs used:

The MS antenna array pairs chosen need to have well understood performance differences based on physical characteristics. Four different MS antenna array pairs are used to evaluate the different MIMO OTA channel models. The antenna radiation patterns for a given intersection are shown in Fig.2-5 respectively. To save space, only the pattern along one electronic field direction is shown. Array pair 1 consists of one two dipole array with 0.225 wavelength spacing and one two dipole array with 0.45 wavelength spacing. It is obvious that the two dipole array with 0.45 wavelength spacing has better radiation performance. MS antenna array pair 2 consists of one two-dipole array with 0.9 wavelength and the same array with SAM head nearby. Antenna pair 3 consists of two two-element antenna arrays formed by disabling one element on each of two three antenna arrays from commercial WLAN device (the antenna spacing information not available). Antenna four consists of two simulated antenna arrays. One is a normal patch antenna array with 0.75 wavelength spacing and the other is the patch antenna array covered with a sup-strate made from artificial magneto-dielectric material to change the antenna radiation patterns. All the four pairs have known information on which antenna array is better in the pair. 
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Fig.2 Two-dipole with 0.225 wavelength spacing and two-dipole with 0.45 wavelength spacing
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Fig.3 Two-dipole with 0.9 wavelength spacing               The same two-dipole with SAM head nearby
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Fig.4 Antenna Array 1 consisting of the 1st and 3rd element     Antenna array 2 consisting of 1st and 2nd element of commercial antenna array
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Fig.5 patch antenna array with 0.75 wavelength spacing      The patch antenna array with sup-strate      made from artificial magneto-dielectric material 

For the chosen MS antenna pairs, the MIMO OTA channel models are evaluated to see which channel model is more appropriate for MIMO OTA test. Among them antenna pair 2 has the largest performance difference due to the influence of human body.  Performance difference of antenna pair 1 is mainly due to antenna spacing difference. Performance difference of antenna pair 4 is mainly due to the change of antenna radiation pattern due to the dielectric material characteristic. Performance difference of antenna pair 3 is due to the different coupling and radiation pattern among the three elements.
3. MIMO OTA channel model comparison results

evaluation results for chosen antenna pairs at SNR=20 dB

The capacity of the channel will change as the MS antenna array rotates. One example of how the capacity changes w.r.t to the MS antenna orientation is given for the two dipole antenna array with 0.45 wavelength in Fig.6.  The definition of channel median capacity 
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 are illustrated in Fig.7.
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Fig.6 Capacity w.r.t MS orientation                                 Fig.7 definition of 
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For SNR=20dB, the evaluation results for 4 chosen antenna pairs are given in Table.1-4.

Table 1. results from antenna array pair 1 (0.225 wavelength spacing vs 0.45 wavelength spacing)

	
	Two dipole with 0.45 wavelength spacing
	Two dipole with 0.225 wavelength spacing
	Measures
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	Simplified WINNER II rural macro
	10.47
	1.77
	10.07
	2.24
	0.4
	2

	Simplified WINNER II urban macro
	10.62
	1.36
	10.41
	1.80
	0.21
	1.58

	Simplified WINNER II urban micro
	10.79
	1.25
	10.6
	1.59
	0.19
	1.44

	Simplified WINNER II indoor macro
	10.82
	1.06
	10.64
	1.37
	0.18
	1.22

	SCME suburban macro
	10.51
	0.44
	10.41
	0.60
	0.1
	0.52

	SCME urban macro
	9.06
	0.26
	9.02
	0.53
	0.04
	0.4

	SCME urban micro
	10.75
	0.33
	10.69
	0.38
	0.06
	0.35

	Single cluster AS=15 degree
	8.76
	1.42
	8.38
	1.87
	0.38
	1.64

	Single cluster AS= 68 degree
	10.92
	0.33
	10.82
	0.55
	0.10
	0.44


From Table.1, it can be seen that the measure 
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 for chosen SCME model scenarios are only 0.1, 0.04 and 0.06 respectively, which is much less as compared with chosen WINNER II model scenarios and single cluster model with AS=15 degree. Thus SCME is not sensitive to the performance differences of antenna pair 1 as compared with simplified WINNER II model. The single cluster channel model with AS=15 degree has very good sensitivity to the performance differences of antenna pair 1 but single cluster channel model with 68 degree angular spread is insensitive to the antenna array performance differences. It can be seen that the simplified WINNER II channel model scenarios are able to tell the performance difference and the rural macro scenario has the best sensitivity for this case.

Table 2. Two dipoles without and with SAM influence

	
	Two-dipole without head
	Two-dipole with SAM head nearby
	Measures
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	Simplified WINNER II rural macro
	11.06
	0.55
	9.96
	2.06
	1.1
	1.3

	Simplified WINNER II urban macro
	11.09
	0.46
	10.27
	1.74
	0.82
	1.1

	Simplified WINNER II urban micro
	11.10
	0.54
	10.16
	1.82
	0.94
	1.18

	Simplified WINNER II indoor macro
	11.14
	0.53
	10.42
	1.53
	0.68
	1.03

	SCME suburban macro
	10.55
	0.37
	9.74
	0.67
	0.81
	0.52

	SCME urban macro
	9.23
	0.16
	8.24
	0.44
	0.99
	0.3

	SCME urban micro
	10.98
	0.62
	10.21
	1.42
	0.77
	1.02

	Single cluster AS=15 degree
	10.37
	1.94
	9.40
	2.01
	0.97
	1.98

	Single cluster AS= 68 degree
	11.13
	0.27
	10.24
	0.99
	0.89
	0.63


From table 2, it can be seen that the performance difference of antenna array pair 2 is very big. The minimum value for 
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 is 0.68 b/s/Hz. Thus all the chosen models are able to tell the difference of antenna pair 2.

Table 3. Antenna array pair 3: measured antenna array patterns

	
	Antenna array 1 with measured antenna pattern
	Antenna array 2 with measured antenna pattern
	Measures
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	Simplified WINNER II rural macro
	9.87   
	1.84
	10.74
	1.01
	0.87
	1.42

	Simplified WINNER II urban macro
	10.26
	1.47
	10.89
	0.95
	0.63
	1.21

	Simplified WINNER II urban micro
	10.28
	1.27
	10.76
	0.60
	0.58
	0.93

	Simplified WINNER II indoor macro
	10.45
	1.26
	10.96
	0.86
	0.51
	1.06

	SCME suburban macro
	10.54
	0.99
	10.46
	0.34
	0.08
	0.66

	SCME urban macro
	8.89
	0.79
	9.13
	0.43
	0.24
	0.61

	SCME urban micro
	10.57
	0.51
	10.89
	1.03
	0.32
	0.77

	Single cluster AS=15 degree
	8.67
	1.79
	9.82
	1.81
	1.15
	1.8

	Single cluster AS= 68 degree
	10.66
	0.71
	11.02
	0.53
	0.36
	0.62


From table 3, it can be seen that simplified WINNER II models and single cluster channel model with AS=15 degree have better sensitivity than SCME models and SC model with AS=68 degree. The minimum value of 
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for chosen WINNER scenarios is 0.51. On the contrary, the maximum value of that for chosen SCME scenario is 0.32. For some of the scenario, the measure could be as small as 0.08, which means that scenario of SCME model is insensitive to performance difference of the antenna arrays.

Table 4. Antenna pair 4. Patch antenna vs patch antenna with meta-material

	
	Antenna array 1 with measured antenna pattern
	Antenna array 2 with measured antenna pattern
	Measures
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	Simplified WINNER II rural macro 
	10.79  
	1.21   
	10.39
	1.44    
	0.4
	1.33

	Simplified WINNER II urban macro
	10.99
	0.81
	10.72
	1.32
	0.27
	1.06

	Simplified WINNER II urban micro
	10.91
	0.55
	10.71
	1.06
	0.2
	0.8

	Simplified WINNER II indoor macro
	10.93
	0.52
	10.86
	1.08
	0.07
	0.8

	SCME suburban macro 
	10.53
	1.83
	10.41
	1.47
	0.08
	1.65

	SCME urban macro 
	9.11
	1.16
	9.11
	0.62
	0
	0.89

	SCME urban micro
	11.13
	0.15
	10.94
	0.44
	0.19
	0.3

	Single cluster AS=15 degree
	10.49
	0.74
	9.73
	1.35
	0.76
	1.04

	Single cluster AS= 68 degree
	11.24
	0.13
	11.13
	0.28
	0.11
	0.12


From the evaluation results, it can be seen that two SCME scenarios are not sensitive to the performance difference of antenna pair 4. The single cluster model with AS=68 is also not very sensitive to the difference of antenna pair 4 difference. Three chosen WINNER model with smaller AS still have good sensitivity to the performance difference of antenna pair 4. But the WINNER indoor macro scenario and the single cluster model with AS=68 are not sensitive to the performance difference of antenna pair 4. 
Evaluation results for single cluster channel with different ASes at SNR=20dB

From the evaluation results in 1), it can be seen that for the same model for different antenna array pairs the sensitivity is different. For the same antenna pairs, different model has different sensitivity. To see what parameters are important for the sensitivity, for the chosen antenna pairs, further evaluation on single cluster model is performed by varying the AS of AoA from very small number to very large number to reflect the influence of beam width on the ability to distinguish the difference of antenna designs. The results are shown in Fig.8 and Fig.9 respectively.
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Fig.8 
[image: image74.wmf]|

|

2

,

,

1

,

,

i

m

i

m

C

C

-

w.r.t cluster AS of AoA                     Fig.9 
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/2 w.r.t cluster AS of AoA
From Fig.8 and Fig.9, it can be seen that angular spread is one key parameter for the sensitivity of single cluster models on the performance difference of MIMO antennas. Neither too small nor too large an angular spread is good for the capability of single cluster channel models. From the results, it can be seen that there is a “sweet zone” for the angular spread where the sensitivity of the single cluster channel model is best. It can also be seen that the sensitivity of the single cluster model increases as the angular spread increases from zero. After it achieves maximum it starts to decrease with the angular spread increase. This actually can be intuitively explained as follows: when the angular spread is very small, the correlation due to the MS antenna array is very high and thus the channel capacity is very small. The difference of the channel capacities is thus very small also. As the angular spread increases, the correlation decreases. However, for the antenna array with better design, the correlation drops more quickly than it does for the antenna array with the poorer design. Thus the channel capacity difference increases also.  However when the angular spread becomes large enough, the correlation of the better antenna array does not drop significantly any more. On the other hand, the correlation of the poorer antenna array continues to drop with the increase of angular spread until the angular spread is much larger. During this period the capacity difference will drop with the increase of angular spread. As can be seen from the results, the “sweet zone” is actually antenna array pair dependent. Thus to make the MIMO OTA model able to test different MIMO antenna designs, a wide range of angular spreads should be used.
 Evaluation results for multiple path channel with different Angular Spreads at SNR=20dB

To evaluate whether the AS of AoA has a similar influence on the sensitivity of multiple path channel models, further evaluations have been performed by fixing the other parameters of the simplified WINNER II Rural Macro model but changing the cluster AS of AoA to check the effect on 
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/2. The results are shown in Fig.10, where the AS of AoA is actually the cluster AS of AoA. From Fig.10 it can be seen clearly that as the cluster AS increases, the above two measures drop, which is similar to the results in Fig.8 and 9 when the AS of AoA is very large. However, there is never a case where the two measures increase with the increase of cluster AS of AoA. Through further exploration on the relations between AS of AoA and cluster AS of AoA for the simplified WINNER II OTA models, we find that the reason for this is that the minimum AS of AoA of the channel scenarios chosen is 39 degree as can be seen from Fig.11. From this evaluation, it is further shown that AS of AoA is a critical parameter for MIMO OTA channel models in order to differentiate different MIMO antenna arrays. When selecting MIMO OTA channel, the AS of AoA of the MIMO OTA channel models must be carefully selected.
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Fig.11 AS of AoA vs cluster AS of AoA for simplified WINNER II OTA models

Evaluation results for different SNRs

All the evaluations in 1)-3) are done at SNR=20dB. Since SNR is one important parameter which influences channel capacity, it will further influence the two measures 
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/2 and thus the sensitivity of the channel models to distinguish different antenna designs. Further evaluations are performed to explore how the two measures will change w.r.t the SNR value. To save space, only the results for SWIIrma are presented here. The results are shown in Fig.11. It can be seen that for SWIIrma, with increasing SNR, the two measures increase as well, which means that the sensitivity of the channel model for different antenna designs are improved. It is thus reasonable to do MIMO OTA test at relatively high SNR. Taking into account the real application constraint, it might be desirable to do the MIMO OTA test at SNR=20dB.
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Fig.11 
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Evaluation results for Multi-path channel and single cluster channel
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Fig.12 single cluster vs multiple cluster model for OTA test
From the evaluation in 1-4, it can be seen that single cluster with small angular spread also has very good sensitivity to antenna array performance difference as compared to multiple model like simplified WINNER OTA models. Through this evaluation, the difference between the single cluster channel model and the multiple path channel model are examined. It can be seen that when the ASAoA for single cluster and multiple path are similar, the channel capacity results can differs greatly. This indicates that even single cluster channel model with small angular spread has good capability to tell the performance differences of different antenna arrays. They have limitations in simulating the real performance of MIMO antenna arrays under multiple path environments. Thus if the MIMO OTA test would like to correlate to real MIMO performance, single cluster channel model with the same ASAoA will not be a good choice.

Evaluation of single cluster uniform model

For several MIMO OTA test methods proposed, the single cluster uniform model is assumed. To evaluate the sensitivity of the single cluster uniform model on differentiating different MIMO antennas, the single cluster uniform model is applied to the four chosen MIMO antenna array pairs. The evaluation results are provided in Table 5.
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	Antenna Array Pair 1
	11.18 
	0   
	11.16
	0    
	0.02
	0

	Antenna Array Pair 2
	11.20
	0
	10.40
	0
	0.8
	0

	Antenna Array Pair 3
	11.10
	0
	10.94
	0
	0.16
	0

	Antenna Array Pair 4
	11.27
	0
	11.25
	0
	0.02
	0


From Table.5, it can be seen that the single cluster uniform channel is not able to identify the channel capacity disturbance during the rotation. It is thus not able to reflect the instant performance difference during the rotation. The uniform channel model is able to test the difference for antenna array pair 2 very well. The uniform channel model is not able to tell the difference for antenna array pair 1 and antenna array pair 4. For antenna array pair 3, even though the single cluster uniform channel is able to test the difference, its sensitivity on the difference is much lower compared with other channel models evaluated in this paper. It is thus safe to conclude that single cluster uniform channel model probably only works well where the MIMO antenna performance differences are very large. Its sensitivity is not good and thus would have difficulty distinguishing antenna performance differences when the difference is not very large.
4. MIMO OTA channel model discussions
Based on these evaluations, it is clear that the AS of AoA is one important parameter for MIMO OTA channel model.  The MIMO OTA channel model’s AS of AoA needs to be chosen carefully. To make the model able to test the difference of different antenna designs, it is desirable to have multiple AS of AoA in the channel model instead of one. Both the multiple path channel model and single cluster non-uniform channel model can tell the difference of MIMO antennas. However, the single cluster non-uniform channel model test results on the end-to-end performance do not have a direct correlation with the real MIMO OTA performance. The multiple path MIMO OTA channel model could generate results similar to the real world with well chosen parameters. It is thus further recommended that for end-to-end MIMO OTA performance test, well designed multiple path channel model with well chosen ASes of AoA should be used. From the evaluation results especially the evaluation results using SCME TDL channel models, it can be seen that the sensitivity of MIMO OTA channel model differs for different channel model even though the AS of AoA does not differ significantly. The multiple path parameters like PDP and AoAs are thus also important for the MIMO OTA channel model and need to be chosen carefully. From the evaluation, it can be seen that the simplified WINNER II MIMO OTA models have good sensitivity to the four chosen antenna array pairs. However, the simplified WINNER II MIMO OTA models have some limitations in that the minimum AS of AoA is 39 degrees. It is thus recommended to further choose one CDL model based on the WINNER model principles but with a smaller AS of AoA and representative PDP to get the MIMO OTA models for 3GPP MIMO OTA test.
5. Summary and discussion
In this paper, a method to evaluate the sensitivity of different MIMO OTA channel models on differentiating different MIMO antennas is presented. Based on the method, we have performed evaluations on four chosen MIMO antenna array pairs to evaluate the sensitivities of current MIMO OTA models proposed. Through the evaluation results, it is shown that SCME model does not have good sensitivity for some of the antenna pairs as compared to the simplified WINNER II MIMO OTA models and single cluster non-uniform channel models. It is also shown that the single cluster uniform channel model has limited sensitivity on differentiating different MIMO antenna designs and is thus not appropriate to test MIMO antennas over a broad range of designs. The research in this paper also shows that the AS of AoA is a critical parameter to be chosen for MIMO OTA test. It is further recommended to select the MIMO OTA model based on WINNER model principles to achieve good MIMO OTA test results and test results close to typical case of real channels. If the requirement of approximating the test results under the typical case of real channels is not mandatory, then single cluster non-uniform channel model with multiple angular spread can be a good choice for simplified MIMO OTA channel model.
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