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Abstract – An analytical model for a rapid estimation of the 
distribution of the electromagnetic field in the working 
volume of a reverberation chamber (RC) with a rectangular 
enclosure is presented. The designed algorithm and software 
implementation of this model are described and an analysis of 
the non-uniform distribution of the E-field in the working 
volume of the RC with dimensions of 2.4×0.9×1.8 m3 is 
performed. The analysis of the obtained results in the form of 
frequency dependences of the standard deviation of the 
components of the E-field strength is performed in accordance 
with IEC 61000-4-21. 
 
Index Terms – Reverberation chambers, mathematical model, 
electromagnetic compatibility, statistical analysis. 

I. INTRODUCTION 

NSURING the electromagnetic compatibility (EMC) is 
an important task in the development of modern 

radioelectronic equipment (RE). The increase in the density 
of mounting of printed circuit boards, miniaturization and 
integration of the electronic component base lead to a 
decrease in the level of susceptibility of the RE to the 
electromagnetic field (EMF). Testing of electronic 
components and units for emission and radiated 
susceptibility is expensive because they require 
sophisticated measuring equipment (antennas, power 
amplifiers, generators, spectrum analyzers, etc.), as well as 
special anechoic chambers. The need for cheap test sets, 
while maintaining the adequacy of the results obtained with 
their help, leads to the search for alternative means for 
testing, one of which is the electromagnetic reverberation 
chamber (RC) [1]. 

Modern RС are developed using numerical methods, 
with the help of which it is possible to evaluate the main 
indicators of RCs quality at the design stage. 
Representation of an EMF in the form of a superposition of 
electromagnetic plane waves with a random direction of 
propagation allows simulating a stochastically uniform 
EMF in the RC. Thus, it was shown [2, 3] that with the use 
of a finite series of plane waves, selected on the basis of the 
theory of spectral samples, the process of numerical 
analysis can be accelerated with effective calculation of the 
currents induced on the object under test. 

Approaches to the analysis of the distribution of EMF in 
the RC using the transmission-line matrix method are 

known [4]. It was revealed that the use of a hexagonal grid 
in the method, taking into account the rotation of stirrers in 
the model entails a sharp increase in the requirements for 
computing resources. To solve this problem, more specific 
methods are used, for example, the method based on image 
theory [5], which allows to evaluate the characteristics of 
the RC in both the time and frequency domains with lower 
requirements for computational resources. At the same 
time, at the preliminary stage of the RC development, it 
becomes necessary to obtain rough and fast estimates of the 
distribution of EMF at given frequencies. 

The purpose of this work is to develop a software 
implementation of the model of the RC and to analyze the 
results obtained with its help. 

II. DESCRIPTION OF RC MODEL 

The distribution of the EMF can be represented as a 
superposition of the modes excited inside the enclosure of 
the RC at a given frequency. The resonant frequencies of 
the excited modes for rectangular RC can be calculated 
using the expression for a rectangular resonator 
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where c is the speed of light in vacuum, m, n, p are non-
negative integers, a, b and d (a < b < d) are the width, 
length and height of the rectangular cavity, respectively. 

Each excited mode at frequency f corresponds to the 
amplitude coefficient I, which is determined as a function 
of the calculated resonance frequency fmnp and quality 
factor Q of RC [6] 
 ( )

( )
2

21

1
,











−+

=

f

f

f

f
fQ

ffI

mnp

mnp

mnp . 

(2)

The Q-factor determines the ratio of the energy of the 
EMF accumulated inside the shielded enclosure to the 
scattered energy throughout the cycle of mode stirring. The 
Q-factor in the high frequency range can be calculated as 
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The quality factor Qw, determined by the losses due to 
multiple reflections of the electromagnetic wave from the 
internal walls of the shielded enclosure, is calculated as 
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where V is the internal volume of the shielded enclosure, S 
is the area of the walls inside the shielded enclosure, μr is 
the relative magnetic permeability of air, δw is the thickness 
of the metal skin layer, k is the wave number. 

The components of quality factor QRx and QTx, 
determined by the losses in the receiving (Rx) and 
transmitting (Tx) antennas, can be found by the following 
expressions: 
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where m is the antenna matching factor. 
Assuming that the electromagnetic wave propagates 

along the z-axis, rectangular components for TE and 
TM waves can be found from the expressions [7] 
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The resulting EMF at frequency f can be found as the 
superposition of fields excited by each resonant mode 
(1)-(2) within the range f ± Δf, where Δf = 100f / Q(f), 
taking into account (3)-(8): 
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where i is the index of the E-field strength component (x, y 
or z). 

The model uses an infinitesimal isotropic source placed 
inside the enclosure of a RC. To account for the influence 
of the source location on the distribution of EMF the 
following coefficients are used [8]: 
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where xe, ye, ze are the coordinates of the location of the 
source inside the enclosure. 

Thus, the expression for calculating the i-components of 
the E-field strength takes the form 
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III. SOFTWARE IMPLEMENTATION OF RC MODEL 

Initially, the model was developed in the Octave 
software [9]. The frequency dependences of the amplitude 
of the absolute value of the E-field strength at the center of 
the RC’s shielding enclosure with a size of 1.2×1.7×2.1 m3 
with changing frequency sweep step Δfs were calculated. 
The analysis of the obtained results revealed that the 
correct description of the E-field inside the RC in the low-
frequency region (about 100-400 MHz) is achieved with 
values of Δfs not exceeding 1 MHz. At the same time, the 
decrease in Δfs leads to a significant increase in the 
computation time: when Δfs decreases from 50 MHz to 
5 MHz, time costs increase 32.38 times (7935 s), and from 
5 MHz to 1 MHz - 42.57 times (332047 s). To reduce time 
costs, the model was implemented in C++ language using 
libraries for organizing multithreading and storing the 
results of calculations in spreadsheet format. The algorithm 
of the developed program is presented in Fig. 1. 

Fig. 1. Algorithm of software implementation for the RC model 
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At the first step, the program performs initialization of 
the source data and parameters responsible for changing the 
boundary conditions of the RC. Next, the array of 
frequency points and the frequency dependence of the 
Q-factor of the RC is calculated, after which, for each 
boundary condition, the frequency dependences of the 
rectangular components of the E-field intensity are 
calculated. 

IV. RESULTS OF SIMULATION 

A. Initial data 

For the development of the RC, a shielding enclosure 
with dimensions of 2.4×0.9×1.8 m3 was taken. According 
to [10], the EMF non-uniformity in the RC is determined 
using direct measurements of the E-field strength at 
8 points that define the boundaries of the working volume. 
In this case, the E-field monitors should be located at a 
distance of at least λLUF / 2 (λLUF - the wavelength 
corresponding to lower usable frequency of RC) from the 
walls of the enclosure, stirrers and antennas. Based on 
these requirements, the lower usable frequency 
fLUF = c / λLUF was selected equal to 600 MHz. 

The working volume of the RC (0.9×0.3×1.0 m3) and the 
coordinates of the isotropic source (x=0.2 m; y=0.4 m; 
z=0.2 m) were determined based on the geometric 
parameters of the enclosure and λLUF. The coordinates of 
the E-field monitors are summarized in Table I.  

TABLE I 
COORDINATES OF THE E-FIELD MONITORS 

No. of field monitor x, m y, m z, m 

1 1.1 0.3 1.4 

2 1.1 0.3 0.4 

3 1.1 0.6 1.4 

4 1.1 0.6 0.4 

5 2 0.3 1.4 

6 2 0.3 0.4 

7 2 0.6 1.4 

8 2 0.6 0.4 
 

For the given initial data, the frequency dependences of 
the Q-factor (Fig. 2) and the number of excited modes 
(Fig. 3) are calculated at 45 frequency points in the range 
from 600 to 2000 MHz. For small-sized RCs, Q-factor is 
≈103 at frequencies up to 1 GHz, and more than 103 at high 
frequencies [11], which corresponds to the calculated 
frequency dependence (Fig. 2). From [12] it is known that 
in order to achieve a uniform distribution of EMF, it is 
necessary to excite at least 60 modes at a given frequency. 
As can be seen from Fig. 3, 62 modes are excited inside the 
RC at the lower boundary frequency. The number of modes 
increases with increasing the frequency, which satisfies the 
conditions of [12]. 
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Fig. 2. The frequency dependence of the quality factor Q 
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Fig. 3. The frequency dependence of the number of excited modes Nm

B. Modeling of the mode stirring process  

The simulation of RC with electronic stirring of modes 
was performed using the developed software. The change 
of the boundary conditions for the propagation of 
electromagnetic waves in the RC was carried out using 
spatial movement (change of coordinates) of the source 
along the polygonal and linear paths (Fig. 4). The 
coordinates of the source as it moves along a polygonal and 
linear paths are presented in Table II. 

Fig. 4. Polygonal (a) and linear (b) paths of the source movement in 
the RC 
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TABLE II 
THE COORDINATES OF THE SOURCE AS IT 

MOVES ALONG A POLYGONAL AND LINEAR 
PATHS 

№ of source 
position 

x, m y, m z, m 
a b a b a b 

1 0.08 0.3 0.74 0.1 1.25 0.2 

2 0.12 0.3 0.78 0.1425 1.62 0.28875

3 0.44 0.3 0.7 0.185 1.5 0.3775

4 0.54 0.3 0.12 0.27 1.5 0.555 

5 0.14 0.3 0.1 0.355 1.11 0.7325

6 0.02 0.3 0.4 0.44 0.95 0.91 

7 0.24 0.3 0.7 0.525 0.4 1.0875

8 0.2 0.3 0.1 0.61 0.2 1.265 

9 0.58 0.3 0.08 0.695 0.32 1.4425

10 0.54 0.3 0.02 0.78 1.01 1.62 
 

C. Analysis of simulation results 

The rectangular components of the E-field strength are 
calculated at the nodal points of the working volume of the 
RC in the frequency range 600-2000 MHz. The analysis of 
field uniformity was performed according to the method 
presented in the ESA manual [12]. At a fixed frequency for 
each field monitor, the maximum value of each component 
of the E-field is determined for all positions of the source 
(φj = φ1, ..., φN) 
 ( )
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where α is the index of the rectangular component of the 
E-field, j is the index of the position of the source, 
i = 1, 2, ... 8 is the number of E-field monitor. 

The arithmetic mean of the maximum E-field from all 
measurements can be calculated as 
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The standard deviation for each rectangular component 
of E-field can be found as 
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The standard deviation expressed in decibels is defined 
as 
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The frequency dependences of the standard deviation of 
the rectangular components of the E-field strength were 
calculated according to (9)-(12) when moving the impact 
source along a polygonal (Fig. 5 a) and linear (Fig. 5 b) 
paths. 
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Fig. 5. The frequency dependences of the standard deviation of the 
calculated rectangular components of the E-field when moving the source 
along the polygonal (a) and linear (b) paths 

When moving the source along a polygonal path 
(Fig. 5 a), the maximum σ value is 4.8 dB, which exceeds 
the set limit by 1.8 dB, according to [13]. However, with a 
linear path of movement of the source (Fig. 5 b), the 
maximum value of σ exceeds the limit set by the standard 
by 1 dB. 

The high level of non-uniformity of the E-field can be 
caused by a small sample size of the calculated E-field, 
since the calculations made at 10 different source positions 
were taken into account when calculating the standard 
deviation. In the future, it is planned to improve software 
implementation to simulate the mechanical mode stirring 
process and to take into account the power supplied to the 
input of the antenna. 

V. CONCLUSION 

A software implementation of the RC model, which is 
necessary for a rapid estimate of the distribution of EMF, is 
presented. The standard deviation of the rectangular 
components of the E-field strength in the working volume 
of the RC with dimensions of 2.4×0.9×1.8 m3 was 
calculated to simulate the mode stirring process by moving 
the source. Analysis of the obtained results revealed their 
satisfactory convergence with the requirements of the 
IEC 61000-4-21 standard. 
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