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Abstract—This paper proposes an improved technique to 
calculate the Envelope Correlation Coefficient (ECC) by 

directly using the spherical mode spectrum of the antenna 
under test. The technique avoids errors due to numerical 
pattern integration and simplifies post-processing for near-

field measurements. The technique is successfully tested on two 
different antenna types, in the total number of four MIMO 
configurations. 

Index Terms—MIMO, envelope correlation coefficient, 

spherical near field, antenna measurement. 

I.  INTRODUCTION 

The constantly growing need for higher wireless data 

throughput has resulted in common use of MIMO 

technology across the globe. To support this trend there is a 

great and increasing number of MIMO antenna designs, 

many of which are incorporated into a small volume [1-4]. 

Such antennas need to be characterized with respect to their 

performance within MIMO systems and considering often 

complex interactions between multiple antenna ports. 

The Envelope Correlation Coefficient (ECC) has become 

a standard parameter for MIMO antennas and is defined as: 
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where    and    are far-field radiation patterns, generated 

from ports 1 and 2 respectively. The metric can be seen as a 

correlation of two radiation patterns, which, under the 

assumption that the incoming signals are isotropically 

distributed, yields also the correlation of MIMO signals at 

receiver inputs [5]. The lower the correlation, the higher data 

throughput can be supported by the MIMO antenna. To 

calculate (1), one needs to perform a full sphere antenna 

measurement for each port. 

 Hallbjorner in [6] has proposed a simplified approach to 

approximate the ECC when only S-parameters and 

efficiencies    and    are known: 
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This formula is valid if the losses between both antennas are 

either independent or if the loss correlation is small enough 

to be neglected. Although measurement of S-parameters is 

straightforward, measurement of efficiencies poses certain 

challenges. A technique to measure efficiencies of MIMO 

antennas with Wheeler’s Cap has been recently proposed by 

Moharram and Kishk in [7] but provides only limited 

accuracy. In most cases, measurements in an anechoic 

chamber are required for accurate estimation of efficiencies, 

thus limiting the benefits of (2). Please also note that 

neglecting the efficiency term in (2) will lead to a large error 

in the calculated ECC [8]. Thus to determine the ECC an 

anechoic chamber or reverberation chamber is required. 

Spherical Near-Field (SNF) measurements are recently 

becoming more popular, especially for characterization of 

small antennas. Rather than directly sampling far-field 

radiation patterns, the technique calculates spherical modes 

of the antenna under test from near-field measurements [9]. 

The far-field radiation pattern is then calculated from the 

modal spectrum. The number of spherical modes is 

proportional to (     ⁄ ) , where      is a radius of a sphere 

that fully encloses the Antenna Under Test (AUT). 

In this paper we demonstrate, that the ECC can be 

calculated directly from the spherical mode spectrum of an 

antenna, without the need for far-field patterns. This 

approach requires less post-processing and offers greater 

precision, as it avoids the error when the radiation pattern is 

numerically integrated over a sphere. Furthermore, it 

provides a more intuitive understanding of the relation 

between antenna size and possible number of uncorrelated 

data streams. 

II. PRINCIPLES 

The spherical far-field antenna radiation pattern can be 

described as a superposition of spherical modes: 

where      denotes the spherical harmonics,      its 

complex coefficient,   is the wavenumber and    is the 

impedance of free space. The order   (      ) of the 

spherical harmonics describes the azimuthal variation ( ) of 

the field. The variation in   depends on the degree   and the 

order  . The index         is connected with the 

components of transversal electric (TE) and transversal 

magnetic (TM) waves. The upper index ( ) specifies the 

radial function of the spherical wave [9]. 
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By definition the modes are orthogonal to each other, thus 

their correlation can be expressed using Dirac’s delta: 
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and by combining (4) and (3) into (1) we obtain: 
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(5) 

This allows the calculation of the ECC directly from the 

mode spectrum, i.e. the coefficients qsml. Please note, that the 

field of each mode      is irrelevant and only the 

coefficients contribute to the ECC value. 

III. MEASUREMENTS AND DISCUSSION 

Eq. (5) was tested with measured data from three two-

element Printed Inverted-F Antennas (PIFA) and one dual-

mode patch antenna. The measurements were performed in 

spherical near-field antenna measurement facility of the 

Institute of High Frequency Technology, RWTH Aachen 

University. 

A. Printed Inverted F Antennas 

A simple PIFA antenna was designed in [10] to operate 

in the bandwidth of 2.45 - 2.6 GHz. To validate (5) three 

different configurations were prepared as a testbed, each 

consisting of two PIFAs. The configurations varied both 

orientation and distance between antennas in order to provide 

representative span of possible ECC values. This involved an 

opposite configuration, with antennas placed back-to-back at 

a distance of 48 mm (Fig. 1a); an orthogonal configuration 

with 30 mm spacing between antenna feeds (Fig. 1b); and 

parallel configuration with 20 mm spacing between antenna 

feeds (Fig. 1c). The antennas protruded from a square copper 

ground plane of 200 × 200 mm. This size was chosen in 

order to minimize the effect of the antenna mounting 

structure in the anechoic chamber. 

The antennas were measured in the band from 2.4 to 

2.6 GHz with an angular resolution of 7.2°. The far-field was 

calculated with a resolution of 1 degree. The ECC values 

were calculated by (1) and (5). A very good overlap between 

both techniques can be seen in Fig. 2. The absolute 

differences (Fig. 3) are almost for all configuration below 

0.1%. 

B. Multimode patch  

Multimode patch antennas have recently grown in 

popularity, as they offer a MIMO performance within a cost-

efficient, low profile structure [3-4]. The antenna used as a 

testbed operates at 5.05 GHz and consists of two stacked 

patches, operating in TM10 and TM40 mode. Fig. 4 shows the 

ECC values calculated with (1) and (5) and again the curves 

are very close to each other. 

 
a) b) c) 

Fig. 1. Three various PIFA configuration used as a testbed: 

a) opposite with 48 mm distance between feeds;  

b) orthogonal with 30 mm distance between feeds;  

c) parallel with 20 mm distance between feeds.  

Fig. 2. ECC values calculated from (5) and (1) for the three 

investigated PIFA configurations. 

 
Fig. 3. Absolute ECC differences calculated by (5) and (1) for 

the three investigated PIFA configurations. 



C. Simulated antenna configuration 

The ECC differences for the examples are caused by a 

numerical integration error when using standard trapezoidal 

method. We used the trapz function from Matlab for the 

spherical numerical integration via the trapezoidal method. 

In order to investigate this error in more details a perfect 

uncorrelated (ECC = 0) antenna configuration was 

simulated. The antenna consist of a horizontal Hertzian 

dipole (port 1) and two vertical Hertzian dipoles port 2a/b 

separated by   ⁄  (see Fig. 5). Port 2b has a 180° phaseshift 

compared to port 2a creating a null in the xy-plane. The 

radiated modes are listed in table 1 and the radiation pattern 

should be perfectly uncorrelated. However, the calculated 

ECC according to (1) is affected by numerical errors and 

approaches zero with increasing angular resolution (see 

Fig. 6). Please note, that this error will change, depending on 

the spherical modes excited by each antenna and differs with 

antenna topology, as seen in Sections III.A and III.B. 

Calculation of the ECC based on the spherical mode 

spectrum does not have this dependency and is thus not 

affected by the numerical integration error. 

TABLE I.  |    | OF SIMULATED ANTENNA CONFIGURATION 

Port 1 Port 2 

Mode (     ) |    | Mode (     ) |    | 

(      ) √  (     ) 0.885 

(      ) √  (     ) 0.461 

  (     ) 0.063 

  (     ) 0.004 

  (      ) <0.001 

IV. CONCLUSIONS  

The paper introduces a method to calculate the Envelope 

Correlation Coefficient directly from the spherical mode 

spectrum, without the need to extract the radiation pattern. 

The method was validated with four exemplary antennas. 

Furthermore it was demonstrated, that the proposed 

technique avoids the typical numerical integration error. 
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