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1.  Introduction

One of the MIMO OTA testing technologies that has recently attracted considerable interest is based on a spatial fading emulator (SFE) in an anechoic chamber [1]. This approach involves evaluating the MIMO performance in the spatial and temporal domains and has an advantage over the reverberation chamber, which is another candidate, in that the arbitrary channel model can be applied for OTA testing. The SFE is definitely beneficial in evaluating the MIMO performance under conditions close to a real propagation environment. There are issues however concerning the complicated architecture of the currently proposed SFE that must be addressed in order to achieve downscaling. In order to simply assess the feasible MIMO performance, we must develop an alternative methodology that is commonly acceptable to whole mobile network operators and manufacturers in terms of the cost, complexity, and simplicity of calibration.

This document discusses the capabilities of a simplified multi-antenna measurement system specific to evaluating the MIMO performance in the spatial domain in order to characterize the antenna properties in particular. We investigate considerable impact of the power angular spectrum (PAS) of the waves arriving at a mobile terminal on the MIMO performance for practical multi-antennas mounted on mobile phone models. We quantitatively analyze the influence of the PAS using detailed parameters including the average branch power, the spatial correlation between antennas, and the channel capacity. These investigations are based on a simulation using measured far-field patterns of practical multi-antennas mounted on the mobile phone models obtained utilizing a multi-channel far-field pattern measurement system in an anechoic chamber [2].
2.  Discussion
2.1 Antennas Under Test and Measurement Conditions
Many studies on MIMO OTA testing utilizing the SFE have been conducted; however, these studies have assumed that antennas for mobile terminals are ideal dipole antennas and they have not thoroughly investigated practical multi-antenna configurations in a practical usage scenario for multi-frequency bands. The performance of antennas mounted on mobile terminals is strongly influenced by the terminal configuration and can differ between operating frequency bands. The performance is also influenced by the situation in which the mobile terminals are used. Hence, we employ eleven practical mobile phone models, listed in Table 1 and also employ embedded multi-band antennas operating in the dual bands of 800 MHz and 2GHz, which are commonly used worldwide in mobile systems, in a multi-antenna configuration. The primary and secondary antennas for 2-by-2 MIMO transmission are mounted on the hinge segment and bottom or upper segment, respectively.
We evaluated the performance considering a practical usage situation to enhance the reality of the investigation. Figure 1 shows the measurement conditions in usage situations for the mobile phones. We define two measurement conditions, one is free space and the other is the data mode (web-browsing mode) as used by a real human. We first evaluated the performance of a mobile phone tilted 45 degrees in free space as shown in Fig. 1(a). The characteristic under this condition represents the performance of antennas mounted on mobile phones with multi-bands and multi-antenna configurations. We also evaluated the performance in the data mode, i.e., the common position when using data applications on a mobile phone when held in the hand of the user as shown in Fig. 1(b). The data mode enables us to consider severe degradation conditions due to the losses caused by the human body since the antennas, especially those arranged at the bottom of the mobile phone, are covered by the hand and the mobile phone is positioned in the vicinity of the human body.
Table 1. Antennas under test.

	AUT
	Chassis type
	Antenna location
	Band

	
	
	Primary
	Secondary
	

	A
	Stick
	Hinge
	Bottom
	2G/800M

	B
	Slider
	Hinge
	Bottom
	2G/800M

	C
	Clam shell
	Hinge
	Bottom
	2G/800M

	D
	Clam shell
	Hinge
	Bottom
	2G/800M

	E
	Clam shell
	Hinge
	Top
	2G/800M

	F
	Clam shell
	Hinge
	Bottom
	2G/800M

	G
	Clam shell
	Hinge
	Bottom
	2G/800M

	H
	Clam shell
	Hinge
	Bottom
	2G/800M

	I
	Clam shell
	Hinge
	Bottom
	2G/800M

	J
	Stick
	Hinge
	Bottom
	2G/800M

	K
	Clam shell
	Hinge
	Bottom
	2G/800M
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Fig. 1. Measurement conditions in usage situations for mobile phones.
2.2 Multi-channel Far-Field Pattern Measurement
In order to measure the far-field patterns of multi-antennas in a practical usage situation, we employed a multi-channel far-field pattern measurement system based on a vector network analyzer (VNA) with a single-pole-four-throw (SP4T) switch to obtain the complex far-field patterns of the antennas under test considering the effect of mutual coupling [2]. This system enables very fast acquisition of the amplitude and phase patterns for multiple antennas by switching the measurement channel concurrently with the rotation of a turntable. It takes less than 30 seconds to obtain up to four channel far-field patterns simultaneously. Moreover, we improve the measurement accuracy by employing an optical fiber feeding system instead of coaxial feeder cables.

Figure 2 shows a typical example of the measured radiation patterns in the azimuth plane (x-y plane). As shown in Fig. 2, the far-field patterns in the data mode have many ripples due to the human body compared to that for free space. Moreover, there are noticeable differences in the radiation patterns, including the directions of the peaks and nulls, between the frequency bands and conditions. The difference in the frequency yields significant changes in the current distribution on the mobile phones, which operates as the ground plane of the antenna, as well as on the antenna element with reference to the multi-band antenna configuration. These changes in the current distribution lead to altered radiation patterns. As a commonly-observed feature in both free space and the data mode for all frequency bands, we find that the radiation patters for the horizontally-polarized components yield a comparable or higher gain than that for the vertically-polarized components. Therefore, the influence of the cross polarization ratio (XPR) of the waves arriving at a mobile terminal must be adequately considered to assess comprehensively the performance of multiple antennas mounted on mobile phones in the MIMO OTA testing.
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Figure 2. Typical example of measured far-field patters in free space and data mode condition.
2.3 MIMO Performance Simulation
It is a characteristic of MIMO channel capacities in mobile systems that their performance depends on the antenna properties. To analyze the dependency of the MIMO performance on the PAS, we employ two criteria: the branch power and the correlation coefficient. Moreover, we evaluate the channel capacity using the spatial correlation matrix of the transmitter and receiver antennas since the MIMO channel capacity should be of considerable interest to future mobile communications. The total MIMO capacity can be derived from the MIMO channel response based on the Kronecker model [3]. We assume that the antennas at the base station are uncorrelated in order to focus the investigation on the performance of the mobile station antenna. As shown in Fig. 3, the PAS observed at the mobile station is modeled as either a model with a uniform distribution over 360 degrees or a cluster model with a Laplacian distribution with the root mean square (RMS) angle spread of 35 degrees as defined in SCM [4].
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Figure 3. Power angular spectrum models.
2.4 Dependency of MIMO Performance on PAS
Figures 4 and 5 show the simulated MIMO performance of the branch power, correlation, and capacity in free space and the data mode, which are derived considering the measured far-field patterns and the PAS, at the SNR of 30 dB and at the XPR of 0 dB for the 2 GHz and 800 MHz, respectively. The branch power represents the average value of two antennas and we normalize these values by the value of the vertically arranged standard dipole antenna in free space. The maximum, average, and minimum values are given based on the angle of arrival for the cluster model over the range of 0 to 360 degrees.

As shown in Figs. 4 and 5, we achieve a higher capacity when the branch power is higher and the correlation is lower. The capacity tends to increase according to the increase in the branch power and the decrease in the correlation for both the uniform model and the cluster model, which means that the capacity definitely depends on the branch power and the correlation for practical multi-antennas mounted on mobile phones considering a practical usage situation regardless of the PAS. It should be noted that adopting the cluster model as the PAS leads to variation in the branch power, correlation, and capacity in contrast to the uniform model. However, as a commonly-observed feature in both free space and the data mode for both frequency bands, we find that there is no noticeable difference between the uniform model and the average of the cluster model. Table 2 shows the relative capacity, which is the ratio of the average capacity of the cluster model to that of the uniform model. As shown in Table 2, we find that the differences between the uniform model and the cluster model for the capacity are within 10% although the cluster model provides a slightly lower overall capacity compared to the uniform model according to the increase in the correlation due to the narrow angle spread. Therefore, we confirm that the degree of dependence on the PAS for the average MIMO performance of practical multi-antennas mounted on mobile phones in a practical usage situation is comparatively small. 

Based on a comprehensive perspective, we conclude that it is possible to assess simply the feasible MIMO performance by using the MIMO OTA testing system based on both the cluster model and the uniform model. It seems that the reverberation chamber which enables us to create repeatable Rayleigh fading environment having a statistically three-dimensional uniform distribution in the vicinity of the DUT has a potential to be one of the candidates for the MIMO OTA testing. In order to develop a simplified MIMO OTA testing system in the anechoic chamber, which is compatible with the existing single antenna OTA testing, based on the cluster model, we must investigate the alignment of probe antennas to emulate adequately the PAS of the cluster model using the branch power, spatial correlation, and capacity as the criteria of emulated precision.
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Figure 4. Simulated MIMO performance based on the measured far-field patterns in 2 GHz band.
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Figure 5. Simulated MIMO performance based on the measured far-field patterns in 800 MHz band.
Table 2. Relative capacity of cluster model with 35 deg AS versus uniform model.

	AUT
	2 GHz
	800 MHz

	
	Free space
	Data mode (Human A)
	Data mode (Human B)
	Free space
	Data mode (Human A)
	Data mode (Human B)

	A
	94%
	94%
	95%
	98%
	94%
	95%

	B
	96%
	91%
	92%
	90%
	94%
	95%

	C
	95%
	94%
	95%
	92%
	92%
	93%

	D
	97%
	93%
	90%
	93%
	94%
	95%

	E
	94%
	90%
	91%
	98%
	92%
	96%

	F
	94%
	92%
	92%
	95%
	93%
	93%

	G
	95%
	91%
	92%
	94%
	91%
	92%

	H
	95%
	92%
	93%
	98%
	94%
	94%

	I
	94%
	94%
	94%
	93%
	95%
	93%

	J
	96%
	90%
	92%
	98%
	93%
	93%

	K
	97%
	92%
	96%
	98%
	93%
	93%

	Avg.
	95%
	92%
	93%
	95%
	93%
	94%


3.  Conclusion
In this contribution, the dependency of the MIMO performance on the PAS at a mobile terminal was investigated in order to discuss the capabilities of a simplified MIMO OTA testing system specific to evaluating the MIMO performance in the spatial domain. We employed eleven practical mobile phone models as mobile terminals and we employed the multi-band and multi-antennas designed for both dual band operation in the 2 GHz and 800 MHz bands and 2-by-2 MIMO transmission. We evaluated the performance in the data mode considering the effect of the human body as well as under free space conditions based on the measured far-field patterns. We quantitatively analyzed the influence of the PAS using detailed parameters including the branch power, correlation, and capacity. We showed that the degree of dependence on the PAS for the average MIMO performance of practical multi-antennas mounted on mobile phones in a practical usage situation is comparatively small. We believe that it is possible to assess simply the feasible MIMO performance by using the simplified OTA testing system based on both the cluster model and the uniform model.
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