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Abstract – This paper proposes the evaluation of the 

multiple-input multiple-output (MIMO) channel capacity using 
the theory of characteristic modes (TCM) analysis. First, the 
mode directivity of the ground plate of a small terminal is 

analyzed by using TCM. MIMO propagation characteristics are 
evaluated using the ray tracing method. After that, the channel 
capacity is calculated using the MIMO propagation 

characteristics. The simulation revealed that the channel 
capacity is saturated with the increase in the number of modes. 

Index Terms — MIMO, TCM, channel capacity 

1. Introduction 

In recent years, a design of the compact MIMO terminal 

antennas that realizes a high channel capacity is required due 

to the demand for higher data-rate communication. However, 

the small MIMO terminal must have multiple antennas that 

are implemented in a narrow space, and this causes the 

capacity degradation due to the high spatial correlations 

among the elements. Hence, we need the design of MIMO 

antennas that achieve the higher performance even with a 

limited space and number of elements. 

Recently, the theory of characteristic mode (TCM) is 

utilized to analyze the MIMO antenna performance [1], [2]. 

TCM has introduced new perspective in MIMO antenna 

analysis since this allows us to think the interaction between 

antenna and propagation characteristics theoretically. 

In this paper, the asymptotic MIMO channel capacity is 

studied using both the ray tracing analysis and the TCM 

analysis of the current distribution of the ground plate of the 

small terminal. The channel capacity is evaluated by 

combining the TCM analysis results and the MIMO 

propagation characteristics calculated by the ray tracing 

method. Numerical analysis results show that the channel 

capacity is saturated with the increase in the number of 

modes. 

2. Analysis Scheme of MIMO Channel Capacity 

(1) Wire Grid Model 

TCM is applied to the ground plate, which is assumed to be 

implemented in a small terminal in this study. The ground 

plate is analyzed by approximating it into the wire grid 

model [3], [4]. The wire grid model is composed of small 

dipole segments. The impedance matrix of the ground plate 

is calculated using the Method of Moments with these small 

dipole segments. In the wire grid model, it is necessary to  

 

TABLE 1 

 Parameters for analysis 

consider the continuity of the current among the adjacent 

dipole segments. 

(2) TCM Analysis 

TCM analysis in this study is based on the impedance 

matrix of wire grid model. The impedance matrix is 

composed of real part and an imaginary part, as defined 

below 
 𝒁 = 𝑹 + 𝑗𝑿. (1) 

Characteristic mode is defined by the eigenvalue expressed 

as, 
 𝑿𝑱𝑛 = 𝜆𝑛𝑹𝑱𝑛 (2) 

where, 𝑱𝑛 is n-th mode current. 𝜆𝑛 shows the imaginary 

part of the n-th eigenvalue [5]. From this equation, mode 

current of the ground plate is obtained by eigenvalue 

decomposition of this term. 𝜆𝑛  is a factor which 

corresponds to the reactively stored power of the antenna. 

The easily excitable mode current corresponds to the small 

𝜆𝑛. The ordering of the eigenvalue number is determined in 

an ascending manner. The n-th mode directivity is calculated 

from the mode current corresponding to the eigenvector of 

𝜆𝑛. 

(3) Ray Tracing Method 

MIMO propagation characteristics are obtained by using 

the mode directivity and the ray tracing method. In this study, 

the mode directivities are used as Rx antenna patterns. Here, 

the number of Tx antennas and the number of Rx mode is set 

to equal, and the aperture of the Tx array is set to be constant 

Frequency 2.4 GHz 

Wavelength 𝜆 0.125 m 

Noise power −90 dBm 

 

Walls 

Number of  

reflection times 

5~8 

Relative permittivity 6.76 

Loss tangent 0.0023 

Wall thickness 0.15 m 

 

Tx 

Antenna Dipole antenna 

Number of elements 𝑚 2~20 

Element distance 2𝜆/(𝑚 − 1) 

Transmission power 10 dBm 

 

Rx 

Antenna Conducting plate 

Number of used modes 2~20 

Total number of modes 507 

Proceedings of ISAP2016, Okinawa, Japan

Copyright ©2016 by IEICE

2E2-3

244



independently to the number of the antennas. The channel 

matrix 𝑯 is expressed by 

 𝑯 = (
ℎ11 ⋯ ℎ1𝑚
⋮ ⋱ ⋮

ℎ𝑚1 ⋯ ℎ𝑚𝑚

), (3) 

where 𝑚 is the number of antennas to be used. The number 

of modes and the channel capacity are evaluated by using the 

𝑯. 

3. Numerical Analysis 

A. Simulation Conditions 

Table 1 shows an analysis condition. In this study, the 

dipole antennas are used for Tx array. The operation 

frequency is set to 2.4 GHz. Rx antenna of the ground plate 

is divided into the small dipole segments, where the number 

of the segments is 507. Fig. 1 shows an overview of the 

analysis model. Analysis model assumes a room covered 

with concrete walls. In addition, there is no obstacle between 

Tx and Rx in this analysis model. Fig. 2 shows a top-view of 

the analysis model. The location of the Tx antennas are fixed 

in the position shown in this figure. Rx antenna is arranged at 

23 m away from the Tx antennas. Tx has a liner array. The 

angular difference of Tx and Rx array is expressed by 𝜑. 

The channel capacity is evaluated at each position by 

changing 𝜑. The channel capacity is calculated by 

 𝐶 = log2 |𝑰 +
𝑃𝑡

𝜎2
𝑯𝑯𝐻|, (4) 

where, 𝑃𝑡 is transmission power, and 𝜎2 is noise power. 

 

B. Simulation Results 

  Fig. 3 shows the channel capacity versus number of used 

modes at each position. From this analysis result, it can be 

seen that the channel capacity fluctuates with the number of 

modes when the position of 𝜑 = 0°. It is believed that the 

Tx antennas element distance is affecting the channel 

capacity. 

  Fig. 4 shows the average channel capacity versus number 

of used modes. From this analysis result, the channel 

capacity is increased by an increase of the used modes. 

However, it can be seen that the increase in the channel 

capacity is gradually reduced with increase of the number of 

the modes. It is confirmed that the number of modes that 

affect the MIMO channel capacity is limited. Therefore, it is 

found that there is a limit in the number of available modes. 

In this model, it can be seen that the number of available 

mode is about eight. 

4. Conclusion 

This paper has reported the evaluation of MIMO channel 

capacity using TCM analysis. The mode directivity on the 

ground plate of the small terminal was analyzed by using 

TCM. Then, the channel matrix was obtained by using the 

ray tracing method. The numerical analysis showed the 

channel capacity is saturated with the increase in the number 

of modes. These analysis results indicate that the number of 

the available mode in this model is eight, and this is 

considered the maximum number of installable antennas is 

eight for this terminal size. 
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Fig. 3. Channel capacity versus number of  

used modes at each position. 
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Fig. 4. Average channel capacity versus  

number of used modes. 
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Fig. 1. Analysis model overview. 
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Fig. 2. Top view of analysis model. 
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