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1. Introduction

Ideally, the RC presents a statistically isotropic environment to the EUT when measurements are averaged over all stirring samples. This property defines the spatial receiving characteristics and thus the spatial correlation. The isotropy is thus included in TR37.977 as the metric for verifying the receiving characteristics and is also utilized in the test volume validation as agreed at the RAN4#78bis meeting in [1].

The RAN4 MIMO OTA group has requested to provide the link between the isotropy and the spatial correlation. There is a well-known theory for the spatial correlation in an isotropic environment. Measurements carried out within well-stirred reverberation chambers have demonstrated both isotropy and spatial correlation that agree with theoretical values derived in [2-8]. Early work by Hill [5] provided a means for measuring the spatial correlation between measurements made with antennas at different physical locations within a reverberation chamber. This work of [8] demonstrated agreement between measured and theoretical spatial correlation for power received by transverse monopole antennas. The study in [8] concludes that the measured spatial correlation in the RC aligns with ideal values, as does the calculation of isotropy.
This contribution summaries the theory for linking the isotropy and the spatial correlation, which is further verified by measurements. These results have previously been presented to the CTIA MOSG and extensively discussed in various contributions (see for example [9], [10] and [11]).
2. Theoretical and Measured Spatial Correlation in an Isotropic Environment
The theory for finding spatial correlation between antenna locations in free space has been provided in a number of publications such as [4, 6, 7], among others. This work has been extended to the isotropic environment provided by the reverberation chamber, which provides uniformly distributed angles of arrival, in papers such as [5, 8]. The formulation to be used for a given reverberation chamber measurement set-up depends on the antenna type and whether the correlation is determined in a two-dimensional plane (the Jakes model) or over three dimensions. Equations (3) and (4) of [8], in particular, may be used to express the correlation analytically for commonly used antenna types. 
The measured spatial correlation can be found in [12], which is defined for two sets of complex measured S parameters by
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-parameters measured for each port and * denotes the complex conjugate. In this report the equation was applied on one antenna measured in two different positions, i.e. [image: image10.png]X4



 and [image: image12.png]X



 denote the two different positions of the single antenna. The sums in the equation are taken over all stirrer positions and the chevrons [image: image14.png]


 indicate the average of the stirrer positions. 

A reverberation chamber (RC) represents a rich isotropic multipath environment, i.e. there are many waves and the arrival directions are uniformly distributed over the unit sphere. In an isotropic environment the correlation dependence on distance will follow a hypergeometric function [8]. Measurements on spatial correlation can therefore be used as a validation of the isotropic environment in the RC. For an antenna moved on a horizontal axis, the correlation coefficient as a function of the distance between the positions ([image: image16.png]Ax



) will be a hypergeometric function on the form
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 is the wave number and [image: image22.png]


 is the degree of elliptical shape of the antenna pattern. For an omni-directional antenna [image: image24.png]


 and for an antenna receiving uniformly in the horizontal plane only, [image: image26.png]


. The latter corresponds to a zero-order Bessel function of the first kind and is referred to as Jakes model. For a linearly polarized dipole antenna, which was used in the measurements here, [image: image28.png]


. The measured and calculated correlation coefficient from equation (1) is therefore expected to depend similarly on [image: image30.png]Ax



 as equation (2) when [image: image32.png]


.
3. Measurements
In order to study the relationship between the isotropy and the spatial correlation in the RC test volume, measurements were carried out where the received field was sampled with a dipole for different dipole positions. In this way the spatial correlation as a function of antenna position was estimated and compared to the ideal values provided in [6, 7, 8].

3.1 Measurement Setup
The measurements were performed in a Bluetest RTS60. This chamber has passed the isotropy test outlined in Annex C of TR37.977. A dipole with 100 MHz bandwidth and a center frequency of 935 MHz was used as measurement antenna. To make the position marking easier the wavelength used was 32 cm which corresponds to approximately 937 MHz. The dipole was moved along a horizontal axis to 21 different positions with a step size of 0.05[image: image34.png]


 (1.6 cm) so that the total span became one wavelength. The setup inside the RC is shown in Figure 1 and Figure 2. Observe that the direction of scanning in the xy plane can be chosen arbitrarily, given the field uniformity in the RC. The dipole was attached to a holder with an extended arm and for each position the holder was rotated and the arm length was adjusted. The positions were marked on adhesive tape attached to the turntable. The dipole was moved well within the valid test volume in the RC, i.e. more than 0.5λ from the walls and stirrers. A wooden box was used to make sure the dipole was directly above the position marked on the tape. 

The measurements were performed with a vector network analyzer (VNA). The frequency interval was set to 800-1000 MHz in 1 MHz steps. The same stepped sequence of the mode stirrers and turntable was used for each dipole position and the number of steps/sampling measurements was set to 200. The turntable is also stepped in rotation along with other mode stirring elements and all elements are reset to the same starting position before a new measurement sequence.
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Figure 1   Side view schematics of the dipole positions for test volume scanning.
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Figure 2   Setup and procedure for moving the dipole inside the RC.

3.2 Calculations

For each two possible position combinations the correlation coefficient was calculated according to equation (1). Since one measurement was done on each position, there were 20 measurement samples for 0.05[image: image38.png]


, 19 for 0.1[image: image40.png]


 and so on, see explaining figure below.
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The average of the correlation coefficient for each distance was calculated to compare with the ideal results given by equation (2).

4. Results

All the measured correlations can be seen in Figure 3 as blue stars and the average correlation as a blue curve.  The measured correlation is compared to the ideal case of a dipole antenna (black curve), and as reference the ideal case of an omni-directional antenna (green curve) and Jakes model (red curve) are also plotted. As expected, the shape of the measured curve aligns best with the ideal dipole case, the minimum and maximum are for the same [image: image43.png]Ax



. 

The curves differ more for the small distances, but there the measured correlation points are also more spread. This can be seen clearer in Figure 4 where the maximum difference between correlation points is compared to the maximum difference between the measured average and the ideal case. It seems to be a correspondence between the two curves which indicates that the results could be closer to the ideal if the measurements were done with better accuracy.
A reason for the dispersion of the measurements can be that the dipole was wobbling between the turntable positions. Obviously the wobbling, of a couple of millimeters, had larger impact when comparing small distances than large. The positioning uncertainty, which also has larger impact on small distances, could also be a contributing factor. To get more accurate results, improvements to the fixture or positioning of the dipole antenna could be made. Another way to improve the accuracy is to increase the number of samples or do more measurements on each position. 
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Figure 3   Squared correlation coefficient versus distance between dipole positions. Average of measured correlation (blue curve) is compared to the ideal case for a dipole antenna (black curve), omni-directional antenna (green curve) and Jakes model (red curve).
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Figure 4   Maximum difference between measured correlation points (blue curve) compared to maximum difference between the measured average and ideal case (black curve).
5. Conclusions
The estimated spatial correlation in the RC agrees well with the ideal result of correlation in a rich isotropic environment. Much of the variation from the ideal can be attributed to the measurement setup and positional uncertainty. Despite this, the data clearly shows not only the expected spatial correlation response, but also the roll-off in response beyond 0.4 wavelengths. This corresponds to the isotropy theory and the proposed test volume verification plan to be at least 0.5 wavelengths away from conductive elements.  

It is further worth to emphasize that earlier studies of the spatial correlation in the RC have reached similar conclusions [8] [12].
Based on the above findings it can be concluded that there is a strong link between the spatial correlation and the isotropy in a reverberation chamber. Since the isotropy test outlined in Annex C of TR37.977 is more appropriate and straightforward to implement for the RC+CE methodology, as well as less cumbersome to perform and introduces less measurement uncertainty, it is more beneficial to use the isotropy metric for validating the receiving spatial characteristics.
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