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Abstract ─ Because the structure of transmitting 
antenna significantly affects the performance of 
source stirred reverberation chamber, a source 
stirring reverberation chamber excited by antenna 
array with a novel configuration is proposed and 
investigated in this paper. In contrast to traditional 
source stirring techniques, fewer array elements in 
reasonable arrangement are employed to use the 
test space efficiently and ensure the desired field 
characteristics, such as uniform statistics, isotropic 
and random polarization. Numerical experiments 
demonstrate that the statistical distribution of 
electrical field meets Standard IEC 61000-4-21 and 
has advantage over the traditional stirring systems. 

Index Terms ─ Array antenna, Chi-square test, 
reverberation chamber, source stirring technique.

I. INTRODUCTION 
Compared with traditional EMC test facilities, 

the Reverberation Chamber (RC) is a new kind of 
EMC test facility with advantages in construction 
cost and dynamic range. Better electric field 
intensity using the same input power and accurate 
results can be obtained in RC. More attentions have 
been attracted to RCs and the related research has 
become one of the hottest research topics today [1-
4]. A RC usually consists of a shielding cavity, 
transmitting antenna, receiving antenna, field probe 
and stirring device(s), which has characteristics of 
statistical homogeneity, isotropy and random 
polarization [5]. Both radiation sensitivity and 
shielding performance tests can be conducted in the 
chamber. 

The mechanical stirred RC is first reported [6] 
and widely used in both industrial and academic 
research. The stirring relies on rotation of metal 
plates in irregular shapes, which make the operation 

and installation complicated and available space 
relatively small for EUT (equipment under test) 
[7,8]. In order to tackle this problem, the existing 
source-stirred RC [8] requires a mobile transmitting 
antenna on the ground. It does simplify the structure 
of reverberation chamber, but it is difficult or 
impossible to obtain the random changes of antenna 
positions and ensure the independence between 
different states of stirring. Meanwhile, the manual 
processing on the antenna may decrease accuracy 
and efficiency. To overcome this shortage, a 
source-stirred method is proposed by exciting 
multiple antennas at different times [9], which 
needs to employ several independent transmitting 
antennas. The electric field distribution will be 
changed when different antennas are excited. 
However, these independent transmitting antennas 
occupy a large cavity space and increase the 
construction cost. 

To resolve this contradiction, a source stirring 
method via an array antenna is proposed [10]. Four 
array elements are mounted on each surface of a 
hexahedral structure and this structure is located on 
the ground. Different elements of array are 
motivated separately to stir the chamber. The 
source stirring method via an antenna array can 
obtain larger EUT space and guarantees 
independence of electric field distributions on 
different stirring steps. But this antenna array in a 
hexahedral pattern still occupies a large space in the 
chamber and reduces the area available for EUT. 

Aiming at the issues above, a reverberation 
chamber stirred by a novel antenna array is 
developed in this paper, and the planar array is 
distributed near the chamber wall. This antenna 
array includes twelve array elements, three of 
which are excited simultaneously on each stirring 
step. This design reduces the volume occupied by 
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transmitting antenna array and has a simple 
structure with small quantity of array elements. In 
addition, this design is also satisfied with the 
requirements of the number of stirring steps and 
independence in different stirring states. 

II. SOURCE-STIRRED TECHNIQUE 
ANALYSIS 

The electric field density inside a source-stirred 
chamber is associated with both position and 
orientation of transmitting antenna. The 
inhomogeneous wave in a chamber satisfies the 
following equation:

2
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where L, W and H represent the length, width and 
height of chamber, respectively; and m, n and p are 
mode numbers,
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The resonant frequency of source-stirred 
chamber can be expressed as:
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If m npA 3 , mn pA 3 and mnpA 3 are mode values, the 
electrical field components xE , yE and zE
inside the chamber can be expressed as:
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where xmnpc , ymnpc and zmnpc can be obtained by [11]:

4 5

4 5

4 5

2

2 2 2

0

2

2 2 2

0

2

2 2 2

0

8
4

8
4

8
4

,

xmnp
mnp

x m np

ymnp
mnp

y mn p

zmnp
mnp

z mnp

cc
LWHf f

j J A dxdydz

cc
LWHf f

j J A dxdydz

cc
LWHf f

j J A dxdydz

�

+�

�

+�

�

+�

3

3

3

�
	

�
	

�
	

666

666

666

 (6) 

where xJ , yJ and zJ are components of the 
current density vector. From (5) and (6), both 
position and orientation of transmitting antenna 
will influence the field in the cavity. For an antenna 
array in the chamber, both position and orientation 
of array elements are different from each other. 
Motivating different elements at different times can 
change the field distributions in the chamber. When 
an antenna array has sufficient emission states, a 
field distribution of statistical uniformity can be 
formed during a stirring period.

III. ARRAY ANTENNA DESIGN 
A. The lowest usable frequency 

The Lowest Usable Frequency (LUF) of 
reverberation chamber refers to the lowest available 
frequency of EMC test in the chamber, which is an 
important indicator of RC. The dimensions of the 
chamber in this paper are selected to be L=4,000
mm, W=2,480 mm and H=3,000 m, which 
determine 0 62.5f � MHz (the lowest resonant 
frequency) and LUF 03f f� . The variation of mode 
number and density with frequency can be 
expressed as [11]:
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The chamber will have a good performance at 
the mode quantity of 100 or mode density of 1.5 
Mode/MHz. It is observed from Fig. 1 that the 
quantity of mode increases linearly with frequency. 
The number of mode in the chamber reaches 100 at 
the frequency of 230 MHz, and the mode density 
qualifies the requirement of 1.5 modes/MHz at the 
frequency of 235 MHz. The reverberation chamber 
can perform well at the frequency of 235 MHz and 
above. It is indicated from Fig. 2 that with 
increasing of frequency, the gap between two 
modes is getting smaller, which means the field 
uniformity is getting better as the frequency 
increases. The change of modal gap between two 
adjacent modes is shown in Fig. 2.

Fig. 1. Variation of mode number and mode density 
with frequency. 

Fig. 2. Modal gap in the source-stirred chamber. 

B. The design of array antenna 
In order to get an insight into the coupling 

mechanism between antenna array and the chamber,
and to reduce the impact caused by the structure of 
antenna on the field distribution, a half-wave dipole 
is chosen to be an array element in this paper. The 
maximum likelihood estimation method and the 
given confidence level are considered to decide the 
number of stirring steps, which is the same as the 
sampling size of electric field when the array 
antenna is designed. Electrical field in cavity obeys 
Rayleigh distribution, whose PDF can be deduced 
as:
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where i represents x, y or z. Using the maximum 
likelihood estimation can get the estimator as:
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If the sampling number n is sufficiently large, 
the estimator 2
̂ will be the normal distribution, 
and the variance is:
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where E is an expected value and f is the function 
in (9). After normalizing 2
̂ , the normalized 
confidence interval is expressed as:
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and the sample size can be derived as:
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We choose d, ideal confidence level, k and 
number of samples to be 1 dB, 90%, 1.65 and 207, 
respectively [12].

Based on the discussions above, 207 stirring 
steps can reach the ideal confidence level. Enough 
stirring steps can be obtained by exciting different 
combination of elements of the array at each time.
66, 220 or 495 stirring steps can be achieved when 
2, 3 or 4 array elements are excited at each time.
Obviously, 3 elements and 220 stirring steps is 
enough for sample size, which is calculated in (13).
Therefore, as different elements are excited, 220
emission statuses are achieved by exciting different 
combinations. It is indicated in Fig. 3 how the 
elements are motivated in the array, where white 
and black points represent active elements and non-
active elements, respectively.

  

(a) (b)

  

(c) (d)

Fig. 3. Excitation configuration of array antennas. 

The spacing between adjacent elements also 
has significant influence on the field distribution in 
the cavity. For the sake of good statistical 
distribution of electric field samples, the field 
independence of different stirring steps is an 
important factor to determine the configuration of 
array elements. According to the plane wave 
spectrum [13], the correlation function of field 

intensity in a reverberation chamber is:
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where 1r and 2r are two position vectors, and a 
simplified formulation is given as:
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We can see from (15) that the minimization 
distance of adjacent elements for the relevant 
function 09 � is / 2 , which ensures the 
independence of different field samples. The 
orientation of elements is random but should be 
neither parallel to each other nor parallel to the 
chamber wall, which ensures wave to radiate and 
reflect in different paths to avoid strong mutual 
coupling. The schematic diagram of arrangement of 
elements is shown in Fig. 4, where the distance 
between adjacent elements is / 2 and the 
orientation of elements is different from each other. 

λ/2λ/2

 

Fig. 4. Schematic diagram of array antenna. 

In conclusion, the maximum wavelength is 
1.58m � in frequency band over 190 MHz to 250 

MHz. The distance between the antenna array and 
the chamber wall is 0.4m 7 , and twelve elements 
of different orientations are distributed in a plane 
with distance of / 2  from each other. The 
simulation model of this source-stirred 
reverberation chamber is shown in Fig. 5. 

Fig. 5. Simulation model of source-stirred chamber. 
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C. The utilization of EUT area 
The planar array antenna in this paper takes 

little space of cavity so that most of the space can 
be used to conduct EMC test, which effectively 
improves the space utilization of the cavity. It is 
shown in Table 1 the comparison of utilization ratio 
of cavity space between different reverberation 
chambers. 

Table 1: The comparison of utilization ratio of 
cavity 
Type of 
Chamber

Volume 
of 
Cavity 
(m3)

Spatial
Volume 
for EUT 
(m3)

Utilization 
Ratio of 
Cavity

Mechanical
stirred RC
[14]

22.475 9.61 42.76%

Source-
stirred RC
[15]

130.416 30.525 23.41%

Source-
stirred RC
[16]

60 26.25 43.75%

Source-
stirred RC
in this paper

29.76 14.92 50.14%

The volume of the cavity refers to the inner 
spatial volume in the reverberation chamber, and 
the volume of space for EUT is calculated 
according to IEC61000-4-21. The ratio of spatial 
volume for EUT to the volume of the cavity is 
utilization ratio of cavity. It is indicated that the 
utilization ratio of cavity of chamber designed in 
this paper is bigger than that in mechanical stirred 
chamber and other source-stirred chambers, which 
means that the chamber designed in this paper can 
be used for bigger EUT test if the volume of all the 
chambers are the same. 

IV. SIMULATION TESTS AND 
RESULTS 

A. Establishment and controlling of simulation 
model 

The simulation of source-stirred reverberation 
chamber has the following characteristics: 
(1) The inner volume of cavity is large and mesh 
generation requires a large amount of computing 

resources. 
(2) The position and orientation of transmitting 
antennas are continuously changing. 
(3) The conductivity of cavity wall cannot be 
infinitely large. 
(4) The cavity is totally enclosed with multiple 
resonance points and no electromagnetic energy 
radiates outside. 

According to these characteristics, MoM based 
FEKO software is chosen as a kennel in this paper. 
MoM only needs to mesh the cavity wall, which can 
reduce the burden on computing resources and 
artificial errors caused by continuous model 
changing. In addition, this method can deal with 
good conductor and resonant cavity such as 
convergence and numerical dispersion, better than 
other numerical methods. 

Then the array antenna is arranged in one side 
of the cavity and the other side is reserved for the 
EUT. Two observation points are chosen in the 
EUT area and electrical field data on these points 
are used to analyze the field distribution inside the 
cavity. The coordinates of eight vertices (A~D, 
A ~D3 3 ) of working volume and two observation 
points (P, Q) are shown in Table 2. 

Table 2: Coordinates of vertices and observation 
points 
Point X y Z
A 0.8 0.4 0.4
B 0.8 2 0.4
C 3.6 0.4 0.4
D 3.6 2 0.4
A3 0.8 0.4 2.6
B3 0.8 2 2.6
C3 3.6 0.4 2.6
D3 3.6 2 2.6
P 2 1.2 1.4
Q 1.4 1.6 2

Matlab program is used to control the excitation 
of array antenna as well as save and process 
sampling data of electric field during the whole 
stirring procedure in this paper. Different field 
distributions are formed in the working volume for 
each excitation, as shown in Fig. 6. Three electric 
field components at eight vertices of working 
volume and observation point P and Q are recorded 
respectively at different stirring status. After a 
complete stirring period, the recorded data of 
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electric field is processed to obtain the statistical 
characteristic of field component samples to 
compare with theoretical results. The controlling of 

the excitation storage of data, both data process and 
analysis are realized through Matlab, and the flow 
chart of simulation procedure is shown in Fig. 7. 

 

 

Fig. 6. Variation of electric field of different stirring steps. 

Start

Create simulation model of reverberation chamber

Set antenna parameters

Is the
frequency in the simulation

frequency band ?

No

Finish

Change stir status

Create meshes

Perform numerical calculation

Output simulation results in a .txt file

Is this the last stir step?

Read results from .txt files
of all stir steps

Calculate uniformity and creat
CDF plot from E-field samples

Validate the simulation results

Yes

Yes
No

 

Fig. 7. Flow chart of one complete stirring procedure. 
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B. CPU runtime and memory requirements 
The computational requirements needed for the 

simulation of source-stirred reverberation chamber
increase as frequency rises, in terms of both the 
memory needed and the solution time. Therefore, it 
is useful to estimate the memory and CPU time to 
complete one simulation run. The memory M
needed for storage of the matrix Z in MoM method 
can be calculated as:

2 2
T36 16   Byte,SM N N7 �  (16) 

where TN and SN represent the number of triangles 
and segments respectively. The CUP time for one 
stirring step can be also estimated as:

4 5 4 54 6 4
t s ,t O f O f	 �4t 44 4 6O f4 4 6
t 4  (17) 

which means the time needed for triangles and 
segments is on the order of 4 6f 6 and 4f [11],
respectively.

Memory requirements and CPU runtime for 
one stirring step obtained in source-stirred 
reverberation chamber simulations with FEKO are 
listed in Table 3. 

Table 3: CUP runtime and memory requirements 
for one frequency and one stirring step 
Frequency
MHz

NT

 

Memory
MByte

CPU Runtime
mm:ss

190 6833 806 08:27
202 7600 996 10:51
217 8633 1266 15:39
229 9563 1547 19:51
238 10633 1873 25:37
247 12030 2322 37:02

C. Simulation results 
After one stirring cycle, the statistical 

distribution of field samples at the observation 
point P can be obtained. The comparison between 
the field component samples and theoretical results 
is shown in Fig. 8, and the simulation is carried out 
at 190 MHz with 220 stirring steps in one stirring 
cycle. It can be seen from Fig. 8 that the simulated
and theoretical results are in a good agreement,
implying that the field distribution of the stirring 
period in this source-stirred reverberation chamber 
obeys Rayleigh distribution [11]. The simulation 
result of x-component is closer to theoretical one, 
because the dimension of x-direction in the 
chamber is larger and the electric field distribution 
is close to uniform. 

(a)

 

(b)

(c)

Fig. 8. Simulation and theoretical CDF curves of 
three electric field components. 

In order to verify the fitting degree of 
theoretical and simulated CDF curves, the Chi-
square goodness-of-fit is adopted. The difference 
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between the observed samples and expected 
distribution can be defined as:

4 522

1
,

n
i i

i i

o e
e

;
�

	
� � (18) 

where io  is sampling quantity of the ith interval, 
and ie  is the expected quantity of samples in the 
ith interval if the hypothesized distribution is 
correct. When the sample size turns out to be 
infinite, the statistic 

2;  would obey n-p-3 Chi-
square distribution of n-p-3 degrees of freedom, in 
which p is a parameter in the hypothesized 
distribution. The 2; can be calculated using (18). 

If 4 5
2 2

3 1n p <; ; 	 	 	" , the hypothesized distribution is 
acceptable.

If the recorded field samples are divided into 10 
intervals, the parameter will be 1 and the 
confidence level will be 0.5. The statistics 2

xE; , 2
yE;  

and 

2
zE;  are 9.941, 11.015 and 10.983, 

respectively, which are smaller than the threshold 
value and demonstrates the samples of field 
component to be Raleigh distribution and the 
statistically uniform electric field environment in 
this chamber. 

Field uniformity is also an important factor [1,
3] when evaluating the performance of 
reverberation chamber, and it can be achieved by 
collecting all the maximum electric field samples at 
vertices of cubic working volume. The ranges in 
three directions are x=0.8~3.6 m, y=0.4~2 m and 
z=0.4~2.6 m. The uniformity of three electric field 
components and total electric field is shown in Figs. 
9 (a)-(d). The blue polyline represents the field 
uniformity of chamber stirred by a mobile dipole, 
and the red line represents uniformity of chamber 
stirred by array antenna. The model of single dipole 
source-stirring is established to compare the stirring 
effect between the traditional method and proposed 
one in this paper, and the dimensions, material of 
chamber, and the simulation frequency of these two 
models are the same. The only difference is that the 
single dipole is moving randomly on the surface. 

(a)

 

(b)

 

(c)
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(d)

Fig. 9. Uniformity of electric field. 

From Figs. 9 (a)-(c), uniformities of three field 
components are less than 2 dB, and the difference 
between two curves are not significant. But from 
Fig. 9 (d), the total field uniformity of array antenna 
stirring is not only better than that of single mobile 
dipole stirring, but also closer to the limits on field 
uniformity in the IEC Standard. Compared with the 
traditional way of single mobile antenna stirring, 
the source-stirred technique by array antenna can 
reduce the standard deviation of field uniformity, 
namely, a better electromagnetic environment of 
EMC test can be obtained. 

V. CONCLUSION 
A novel type of source-stirred chamber via a 

planar antenna array is designed in this paper. The 
composition of the array is uncomplicated and 
space efficient, which effectively increases the 
available space for EUT. Matlab is used to control 
the electromagnetic computational software to 
realize the stirring automation. The simulation 
results demonstrate that the simulation CDF 
distributions of the electric field in the working 
volume of the chamber is in a good agreement with 
the theoretical value, and is also validated by Chi-
square good-of-fitness test. The electric field 
uniformity of this antenna array not only meets the 
IEC61000-4-21 Standard, but also proves that this 
new source stirring technique is better than 
traditional ones.
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