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1.  Introduction

The success in mobile communication systems has lead to immense demand for adopting MIMO technology to enhance the peak data rate of radio networks. This in turn has given rise to the need for MIMO OTA testing to validate the overall performance of mobile terminals employing multiple antennas [1]. The candidate methodologies for the MIMO OTA testing include the simplified testing methodology employing a reverberation chamber (RC) and the advanced testing methodology employing a spatial channel emulator (SCE) comprising ring probes in an anechoic chamber with a radio channel emulator. The simplified testing methodology based on the RC enables us to evaluate the MIMO performance considering the power angular spectrum (PAS) around mobile terminals of statistically 3D uniform distributions. Meanwhile, the advanced testing methodology based on the SCE in an anechoic chamber enables us to evaluate considering the varied PAS models of the uniform distribution, the single cluster distribution, and the SCME [2]. Here, we believe that it is beneficial to clarify that we can differentiate the performance of multiple antennas in particular regardless of PAS models since it is preferable that we can utilize both the simplified and the advanced methodologies for the MIMO OTA testing specific to evaluating the MIMO performance.
This document describes based on the simulation and measurement the dependency of antenna correlation on the PAS for multiple antennas mounted on mobile terminals. We investigate the influence of PAS on the antenna correlation which has considerable impact on the MIMO performance. We quantitatively analyze the influence of the PAS using the reference multiple antenna configuration comprising ideal dipole antennas in free space and the realistic multiple antenna configuration comprising monopole array antennas mounted on mobile terminal models. These investigations are based on a simulation using a FDTD method and on a measurement using a SCE in an anechoic chamber as well as a RC [3].
2.  Discussion
2.1 Difference between Ideal Dipole and Realistic Antennas
Many studies on MIMO OTA testing utilizing the SCE have been conducted [4]; however, these studies have assumed that antennas for mobile terminals are ideal dipole antennas in free space and they have not thoroughly investigated realistic multiple antenna configurations assuming the embedded antennas for mobile terminals. The performance of antennas mounted on mobile terminals is strongly influenced by the terminal configuration and can differ from that of ideal dipole antennas in free space. Accordingly, we investigated the dependency of antenna correlation on the PAS with respect to both the reference multiple antenna configuration and the realistic multiple antenna configuration employing three configurations, as shown in Fig. 1, as the antennas under test (AUT) in order to clarify the difference between ideal dipole antennas and realistic antennas. We employed ideal dipole array antennas in free space as a reference antenna configuration as shown in Fig. 1 (a) and also employed monopole array antennas mounted on the ground plane which is assumed to be a chassis of the mobile terminal as shown in Fig. 1 (b). Moreover, we employed practical folded monopole array antennas on the ground plane as a realistic multiple antennas mounted on mobile phones as shown in Fig. 1 (c). Figure 1 also shows the radiation patterns in the azimuth plane for each multiple antenna configuration.
As shown in Fig. 1, the dipole array antennas have nearly-omnidirectional radiation patterns with only E component though a small distortion can be observed due to the mutual coupling between antennas. The monopole array antennas on the ground plane also have nearly-omnidirectional radiation patterns with both E and E components. Meanwhile, the folded monopole array antennas mounted on the ground plane, which is considered to be the most realistic antenna configuration for mobile terminals, have non-omnidirectional radiation patterns. There are noticeable differences in the radiation patterns, including the directions of the peaks and nulls, between multiple antenna configurations. The difference in the antenna configuration yields significant changes in the current distribution on the whole mobile terminal, which operates as the radiator, as well as on the antenna element with reference to the realistic antenna configuration. These changes in the current distribution lead to altered radiation patterns.
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Fig. 1. AUT configurations and radiation patterns in azimuth plane.
Figure 2 shows the PAS models which we employed in this investigation. As shown in Fig. 2, the PAS observed at the mobile station is modelled as either the model with a cluster model of a Laplacian distribution with the root mean square (RMS) angular spread (AS) of 35 degrees as defined in SCM [5] or the urban micro which has six clusters with total AS of approximately 70 degrees as defined in SCME [3] or a uniform distribution over 360 degrees. The cross polarization ratio (XPR) of the waves arriving at mobile terminals was assumed to be 0 dB in this investigation in order to consider the dual polarized properties of the AUT.
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Fig. 2. PAS models.
Figure 3 shows the dependency of an antenna correlation on the PAS for three configurations of the AUT. An element spacing of the AUT was varied from 0.1 to 0.2 . The correlation represents the average value over the range of 0 to 360 degrees for the AUT rotation angle in the azimuth plane. As shown in Fig. 3, we find that there is a gap between the PAS models as for two configurations of ideal dipole array antennas and monopole array antennas mounted on the ground plane. It is noteworthy, however, that there seems to be no gap between the PAS models as for folded monopole antennas mounted on the ground plane. Therefore, we confirm that the degree of dependence on the PAS for the correlation of realistic multiple antennas mounted on mobile terminals is quite small and we conclude that it is possible to simply assess the correlation characteristics for the AUT regardless of the PAS model. These results indicate that we have to investigate the relevant channel model including the PAS model for the MIMO OTA testing considering not only a reference multiple antenna configuration comprising ideal dipole array antennas in free space but also realistic multiple antenna configurations equivalent to the real embedded antennas for mobile terminals as the AUT. Based on this, we believe that we can utilize the simplified channel model based on the single cluster model or the uniform model for the MIMO OTA testing.
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Fig. 3. Dependency of antenna correlation on PAS.
2.2 Impact of Half-Power-Beam-Width of AUT
In order to clarify the applicability of simplified channel model for varied types of multiple antenna configurations, we investigated based on the simulation the dependency of the correlation on the PAS focusing on the relevant antenna parameter of the half-power-beam-width (HPBW) for radiation patterns of the AUT. It can be said that the reference multiple antenna configurations comprising ideal dipole array antennas in free space and monopole array antennas on the ground plane have a large HPBW due to nearly-omnidirectional radiation patterns as shown in Fig.1 (a) and (b). Meanwhile, the realistic multiple antenna configurations have a small HPBW due to non-omnidirectional radiation patterns as shown in Fig. (c).
Figure 4 shows the correlation characteristics corresponding to the HPBW for three channel models of the single cluster model, the SCME urban micro, and the uniform model. In this investigation, we employed the dipole array antennas with a planer reflector as the AUT and we have obtained the varied HPBW by changing the distance between the dipole array and the planer reflector since we can obtain smaller HPBW with a higher directivity according to the decrease in the distance between the dipole array antennas and the planer reflector. As a commonly-observed feature for all the channel models, the correlation is elevated according to the decrease in the HPBW. It is said that the smaller HPBW leads to the increase in the correlation regardless of the PAS model. Moreover, the differences in the correlation between the channel models are getting smaller according to the decrease in the HPBW. It should be noted that it is a characteristic of antennas mounted on the mobile terminal that their radiation patterns have a small HPBW due to non-omnidirectional properties in contrast to dipole array antennas without a reflector in free space which have a large HPBW beyond 150 degrees. Therefore, we confirm that the degree of dependence on the PAS for the correlation of realistic multiple antennas mounted on mobile terminals which have a small HPBW is very small and we can conclude that it is possible to simply assess the correlation characteristics for the AUT regardless of the PAS model in terms of the radiation patterns.
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Fig. 4. Difference in correlation between channel models corresponding to HPBW of AUT.
2.3 Antenna Correlation of Realistic Antenna Configuration
We evaluated the antenna correlation considering a realistic antenna configuration to enhance the reality of the investigation. Figure 5 shows the measured antenna correlation of the realistic multiple antenna configuration mounted on mobile phones for the 800 MHz band. Five realistic multiple antenna configurations comprising typical embedded antennas mounted on mobile phones were employed. The primary and secondary antennas which can be used for the 2-by-2 MIMO transmission are mounted on the hinge segment and bottom or upper segment of the clamshell-type mobile phone chassis, respectively. The antenna correlation for the single cluster, the SCME urban micro, and the uniform was measured by using the SCE in an anechoic chamber with eight probe antennas radiating dual polarized components. That for the 3D uniform was measured by using the RC. As shown in Fig. 4, we find that the AUT which has a high correlation for the cluster model resulted in a high correlation for the uniform as well as the urban micro. Moreover, there is no noticeable difference in the measured antenna correlation between channel models including the 3D uniform distribution in the RC. It seems that the differences are within a test tolerance. As described in the above section, the realistic multiple antenna configuration mounted on mobile terminal has a small HPBW due to non-omnidirectional properties in contrast to dipole array antennas in free space. Therefore, we can evaluate the antenna correlation utilizing both the SCE and the RC regardless of the PAS. Base on this, we can conclude that it is possible to assess simply the feasible MIMO performance including the antenna correlation by using the MIMO OTA testing based on the simplified channel models of the cluster model and the uniform model.
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Fig. 5. Antenna correlation measured by using spatial channel emulator and reverberation chamber for realistic multiple antennas mounted on mobile phones.
3.  Conclusion
In this contribution, the dependency of the antenna correlation 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 under the simplified channel models. We presented that the degree of dependence on the PAS for the correlation of realistic multiple antennas mounted on mobile terminals is very small in contrast to ideal dipole array antennas in free space due to the HPBW in the radiation patterns. We also presented that there is no noticeable difference in the measured antenna correlation between channel models for the realistic multiple antenna configurations mounted on the clamshell-type mobile phones by using the SCE in an anechoic chamber and the RC. Based on this, we concluded that it is possible to evaluate the MIMO performance regardless of the PAS model. We believe that we have to investigate the relevant channel model for the MIMO OTA testing considering not only a reference multiple antenna configuration comprising ideal dipole array antennas in free space but also realistic multiple antenna configurations equivalent to the real embedded antennas for mobile terminals as the AUT.
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