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Abstract—Measuring the shielding effectiveness (SE) of 

physically small but electrically large enclosures is an important 
concern in electronics industry. In recent years, reverberation 
chambers (RCs) are becoming prevalent in determining the SE of 
such enclosures. Conventionally, frequency-domain (FD) 
measurement is adopted. It requires three antennas (one 
transmitting antenna and one receiving antenna in the large RC 
and one receiving antenna in the nested small enclosure). 
Furthermore, to obtain good accuracy, the knowledge of the 
efficiency of the two receiving antennas is also required. To 
promote the industrial application of RCs for SE measurement, 
simplified methods are desired. In this paper, simplified 
measurement methods are proposed and studied both in the FD 
and the time domain (TD). Only two antennas are required in the 
proposed methods. Thus the measurement setup is greatly 
simplified. It is found that in the TD, a fast and accurate 
measurement method can be realized with the simplified 
measurement setup. Moreover, the measurement simplification 
can go a step further by replacing the RC with an electrically large 
metallic enclosure in the TD. The measurement results 
demonstrate that the TD approach outperforms the FD approach 
in many ways. The proposed methods have the merits of high 
efficiency, good accuracy, and simple measurement setups. They 
are very suitable for SE measurement of electrically large 
enclosures.  
 

Index Terms— Electromagnetic interference, electrically large 
enclosure, frequency domain, nested reverberation chamber, 
shielding effectiveness, source stirring, time domain. 
 

I. INTRODUCTION 
LECTROMAGNETIC shielding has become a significant 
issue due to the proliferation of electronic devices in the 
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world. Shielding enclosures are used to either protect or control 
immunity and/or emission of electronic devices for many 
applications. The shielding effectiveness (SE) is an important 
figure of merit to characterize the electromagnetic isolation 
performance of the enclosures. 

Generally, an IEEE standard can be followed for measuring 
the SE of electromagnetic shielding enclosures [1] in an 
anechoic chamber. The idea is to illuminate the equipment 
under test (EUT) with a plane wave, and consequently only 
several incidence directions and polarizations can be tested in 
practice. However, in real-life, equipment is seldom exposed to 
a single plane wave; a more realistic scenario would be waves 
coming from different directions. Recently, the reverberation 
chamber (RC) technique is becoming prevalent for the SE 
measurement [2]-[9]. The use of RCs for determining the SE 
has the advantage over other techniques in that the RC offers a 
more realistic environment. That is, in an RC, the fields are 
incident on the EUT with various polarizations and angles of 
incidence [10]. 

Conventionally, to measure the SE of an electrically large 
enclosure in an RC, we need to set a transmitting antenna (𝑇𝑥) 
along with a receiving antenna in the large RC (𝑅𝑥𝑜) and a 
receiving antenna inside the nested small enclosure (𝑅𝑥𝑖). By 
comparing the power transfer functions (PTFs) between 
𝑇𝑥 − 𝑅𝑥𝑜 and between 𝑇𝑥 − 𝑅𝑥𝑖 in the frequency domain (FD), 
the SE of the small enclosure can be extracted. However, this 
approach requires three antennas and the knowledge of the 
efficiency of the two receiving antennas, which could be 
problematic sometimes in practice. An optional time-domain 
(TD) method proposed in [5] is to use the decay time of the 
enclosure to extract SE. But it needs to cover and uncover the 
aperture of the enclosure which may not be applicable for some 
equipment with complex structures. And also, when the EUT is 
well shielded, the measurement uncertainty increases very 
quickly. 

In this paper, we propose four improved measurement 
methods for SE measurement of electrically large enclosures 
using a nested RC. Both the FD and the TD methods are studied. 
The proposed methods require only two antennas and provide 
efficient measurement of SE without losing the accuracy. 

This paper consists of five sections. Section II derives the 
equations of the proposed methods for the measurement of SE 
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in the FD and in the TD. Section III details the measurement 
procedures. And the measured SEs of the EUT using different 
methods are compared in this section. The continued 
convergence behaviour analysis of the proposed approaches is 
given in Section IV. Finally, the discussion and conclusions are 
given in Section V. 

II. THEORETICAL ANALYSIS 
It has been shown that for a well-stirred electrically large 

enclosure, the SE of the enclosure is defined as follows: 
 

SE = −10 log10
〈𝑃𝑖𝑛〉
〈𝑃𝑜𝑢𝑡〉

                            (1) 

 
or 
 

SE = −10 log10
〈𝑆𝑆𝑖𝑛〉
〈𝑆𝑆𝑜𝑢𝑡〉

                            (2) 

 
where 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡  are the power levels inside and outside the 
enclosure, 𝑆𝑆𝑖𝑛 and 𝑆𝑆𝑜𝑢𝑡 are the power density levels inside and 
outside the enclosure, respectively. 〈∙〉  denotes an ensemble 
average for all stirring sequences. 

A. FD Method 
In the FD, the existing measurement method of determining 

the SE is to compare the PTFs between 𝑇𝑥 − 𝑅𝑥𝑜 and between 
𝑇𝑥 − 𝑅𝑥𝑖. The PTF can be obtained from the S-parameter as 
[11]: 

 
〈𝑃𝑟〉
𝑃𝑡

= 〈|𝑆𝑆21|2〉                                   (3) 

 
where 〈𝑃𝑟〉 is the average received power either in the RC or in 
the EUT, 𝑃𝑡  is the transmitting power in the RC. Again, 〈∙〉 
represents an ensemble average for all stirring sequences. This 
S-parameter can be measured using a vector network analyser 
(VNA). Actually, 〈|𝑆𝑆21|2〉 is an uncalibrated PTF. The ohmic 
loss of antennas, the antennas mismatch, and also, both the 
stirred and unstirred power in the chamber are included [3], 
[12], [13]. The net PTF 𝑇 can be obtained by removing the 
ohmic loss and mismatch of antennas as [11], [12]: 
 

𝑇 =
〈�𝑆𝑆21,𝑠�

2〉
(1 − |〈𝑆𝑆11〉|2)(1 − |〈𝑆𝑆22〉|2)𝜂1𝑟𝑎𝑑𝜂2𝑟𝑎𝑑

             (4) 

 
where 𝑆𝑆21,𝑠 represents the stirred power contribution of 𝑆𝑆21. It 
is obtained by correcting the mismatch effect [3], [12]: 
 

𝑆𝑆∗,𝑠 = 𝑆𝑆∗ − 〈𝑆𝑆∗〉                                   (5) 
 
〈⋅〉 signifies the ensemble average using any stirring method 
(mode stirring [10], frequency stirring [14], source stirring [15], 
etc.),  𝜂1𝑟𝑎𝑑 and 𝜂2𝑟𝑎𝑑 are the efficiency of the transmitting and 
the receiving antennas, respectively. 

In the following analysis, the transmitting antenna in the RC 

is denoted by antenna 1, the receiving antenna in the RC is 
denoted by antenna 2 and the receiving antenna in the EUT is 
denoted by antenna 3, as can be seen from Fig. 1 (a). Then, the 
net PTF in the RC (𝑇𝑜) can be extracted as: 
 

𝑇𝑜 =
〈�𝑆𝑆21,𝑠�

2〉
(1 − |〈𝑆𝑆11〉|2)(1 − |〈𝑆𝑆22〉|2)𝜂1𝑟𝑎𝑑𝜂2𝑟𝑎𝑑

            (6) 

 
where 𝜂1𝑟𝑎𝑑  and 𝜂2𝑟𝑎𝑑  are the efficiency of antenna 1 and 
antenna 2, respectively. The net PTF between the RC and the 
EUT (𝑇𝑖) can be given as: 
 

𝑇𝑖 =
〈�𝑆𝑆31,𝑠�

2〉
(1 − |〈𝑆𝑆11〉|2)(1 − |〈𝑆𝑆33〉|2)𝜂1𝑟𝑎𝑑𝜂3𝑟𝑎𝑑

           (7) 

 
where 𝜂3𝑟𝑎𝑑 are the efficiency of antenna 3. 

Substituting (3), (6) and (7) into (1), the SE can be 
determined from ratio of the net PTFs 𝑇𝑖  and 𝑇𝑜: 
 

                   SE = −10 log10 �
𝑇𝑖
𝑇𝑜
� 

 

= −10 log10 �
〈�𝑆𝑆31,𝑠�

2〉

〈�𝑆𝑆21,𝑠�
2〉
∙

1 − |〈𝑆𝑆22〉|2

1 − |〈𝑆𝑆33〉|2
∙
𝜂2𝑟𝑎𝑑

𝜂3𝑟𝑎𝑑
�     (8) 

 
As can be seen from (8), three antennas are needed in the 
measurement. Typically, the net PTFs are measured with two 
high-efficiency antennas using (6) and (7) with the knowledge 
of their efficiency (𝜂2𝑟𝑎𝑑, 𝜂3𝑟𝑎𝑑). And also, for the measurement 
using a two-port VNA, two measurements are required 
(connecting receiving port to antenna 2 and antenna 3, 
respectively), which is really time consuming. 

If an RC is ideally performing, we have the enhanced 
backscatter constant [11], [16], [17] 
 

𝑒𝑒𝑏𝑏 = �〈�𝑆𝑆11,𝑠�
2〉 〈�𝑆𝑆22,𝑠�

2〉 〈�𝑆𝑆21,𝑠�
2〉� = 2              (9) 

 
Assuming antenna 1 and antenna 2 are identical, we can 

obtain 〈�𝑆𝑆11,𝑠�
2〉 = 〈�𝑆𝑆22,𝑠�

2〉 = 2 〈�𝑆𝑆21,𝑠�
2〉. Now, equation (6) 

can be converted to the form [11]: 
 

𝑇𝑜 =
〈�𝑆𝑆11,𝑠�

2〉
2(1 − |〈𝑆𝑆11〉|2)2(𝜂1𝑟𝑎𝑑)2

                        (10) 

 
Substituting (10) into (8), the SE can be rewritten as: 
 

SE = −10 log10 �2 ∙
〈�𝑆𝑆31,𝑠�

2〉

〈�𝑆𝑆11,𝑠�
2〉
∙

1 − |〈𝑆𝑆11〉|2

1 − |〈𝑆𝑆33〉|2
∙
𝜂1𝑟𝑎𝑑

𝜂3𝑟𝑎𝑑
�     (11) 

 
Thus, only two antennas are needed (one transmitting antenna 
in the RC and one receiving antenna in the EUT) and the 
measurement can be completed once, which will greatly 
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simplify the measurement. The precondition for this method is 
𝑒𝑒𝑏𝑏 = 2. The impact of 𝑒𝑒𝑏𝑏 to the validity of this method will be 
discussed in Section IV. If the transmitting antenna in the RC 
and the receiving antenna in the EUT are identical, (11) can be 
further simplified as: 
 

SE = −10 log10 �2 ∙
〈�𝑆𝑆31,𝑠�

2〉

〈�𝑆𝑆11,𝑠�
2〉
�                        (12) 

 
It is interesting to note that the efficiency is eliminated in (12) 

and we do not have to get the knowledge of the efficiency of 
any antenna used in the measurement – the condition is both 
antennas are identical. 

B. TD Method 
In the TD, the reverberant diffuse fields in each cavity, 

denoted by subscript 𝑖 = 1, 2 , are analyzed based on the 
time-dependent full exchange of radiated electromagnetic 
power between coupled spaces [8], [18]-[20]. The spatially 
averaged power density is modeled from conservation of 
energy consideration when the excitation source is in cavity 1: 

 
𝑉1〈𝑆𝑆1(𝑡)〉̇ = −(Λ1 + Λ𝑡)〈𝑆𝑆1(𝑡)〉 + Λ𝑡〈𝑆𝑆2(𝑡)〉 + 𝛿(𝑡)      (13) 
 

𝑉2〈𝑆𝑆2(𝑡)〉̇ = Λ𝑡〈𝑆𝑆1(𝑡)〉 − (Λ2 + Λ𝑡)〈𝑆𝑆2(𝑡)〉              (14) 
 

where 〈𝑆𝑆𝑖〉 is the averaged power density in cavity i, 〈𝑆𝑆𝚤(𝑡)〉̇  
signifies the time rate of change of the averaged power density 
of cavity i. 𝑉𝑖 is the volume of cavity i and 𝛿(𝑡) is an impulse of 
electromagnetic power fed to the cavity at time 𝑡 = 0. Λ𝑖  and 
Λ𝑡  are the energy loss rate coefficients for cavity i and for 
coupling between the two cavities, respectively [20].  

The analytical solutions to (13) and (14) are provided [21], 
[22] 

 

〈𝑆𝑆1(𝑡)〉 =
𝑈0

𝛼 − 𝛽
�
𝛼𝑒𝑒𝛼𝑡 − 𝛽𝑒𝑒𝛽𝑡

𝑉1
+

(Λ1 + Λ2)�𝑒𝑒𝛼𝑡 − 𝑒𝑒𝛽𝑡�
𝑉1𝑉2

� (15) 

 

〈𝑆𝑆2(𝑡)〉 =
𝑈0Λ𝑡
𝑉1𝑉2

∙
𝑒𝑒𝛼𝑡 − 𝑒𝑒𝛽𝑡

𝛼 − 𝛽
                          (16) 

 
where the coefficients 𝛼  and 𝛽  are defined according to the 
relationships shown in (17) and (18): 
 

𝐵 =
Λ2+Λ𝑡
𝑉2

+
Λ1+Λ𝑡
𝑉1

,   𝐶 =
Λ1Λ2 + Λ1Λ𝑡 + Λ2Λ𝑡

𝑉1𝑉2
     (17) 

 

𝛼 =
−𝐵 + √𝐵2 − 4𝐶

2
,   𝛽 =

−𝐵 − √𝐵2 − 4𝐶
2

         (18) 
 
and 𝑈0 is the total power injected into cavity 1 by the impulse 
excitation at time 𝑡 = 0. 

(15) and (16) can be rewritten as: 
 

〈𝑈1(𝑡)〉 =
𝑈0

𝛼 − 𝛽
�(𝛼 +

Λ1 + Λ2
𝑉2

)𝑒𝑒𝛼𝑡 − (𝛽+
Λ1 + Λ2
𝑉2

)𝑒𝑒𝛽𝑡� (19) 

 

〈𝑈2(𝑡)〉 =
𝑈0Λ𝑡
𝑉1

∙
𝑒𝑒𝛼𝑡 − 𝑒𝑒𝛽𝑡

𝛼 − 𝛽
                          (20) 

 
where 〈𝑈1(𝑡)〉  and 〈𝑈2(𝑡)〉  are the averaged total power in 
cavity 1 and cavity 2, respectively. (19) and (20) describe the 
dynamics of power level inside the RC (cavity 1) and the EUT 
(cavity 2) when a short pulse is injected into the RC. As we can 
see, the TD response of the RC and the EUT is of 
double-exponential behaviour [23]. The transient response of 
〈𝑈1(𝑡)〉 and 〈𝑈2(𝑡)〉 can be obtained by fitting the power delay 
profiles (PDP) of the RC and the EUT, respectively. This fitting 
process can be realized through a least-square-fit optimization 
routine that minimizes the sum of the squares of the error 
between overlaid modeled and measured curves. The SE of the 
EUT can then be obtained by the difference of the fitted PDP 
(in dB format) of the RC (𝑃𝐷𝑃𝑅𝐶) and that of the EUT (𝑃𝐷𝑃𝐸𝑈𝑇) 
[20]: 
 

SE(dB) = 𝑃𝐷𝑃𝑅𝐶(dB) − 𝑃𝐷𝑃𝐸𝑈𝑇(dB)              (21) 
 
The 𝑃𝐷𝑃𝑅𝐶  and 𝑃𝐷𝑃𝐸𝑈𝑇  are obtained from 𝑆𝑆21  data and 𝑆𝑆31 
data, respectively. For an ideally stirred RC, it has been proved 
that in the TD [16]  
 

𝑒𝑒𝑏𝑏 =
�𝑃𝐷𝑃𝑅𝐶𝑆11 ∙ 𝑃𝐷𝑃𝑅𝐶𝑆22

𝑃𝐷𝑃𝑅𝐶𝑆21
= 2                       (22) 

 
where 𝑃𝐷𝑃𝑅𝐶𝑆11 , 𝑃𝐷𝑃𝑅𝐶𝑆22 and 𝑃𝐷𝑃𝑅𝐶𝑆21 (in linear format) are the 
PDPs (excluding the early-time part) of the RC from the 𝑆𝑆11, 
𝑆𝑆22 and 𝑆𝑆21 data, respectively. Likewise, assuming antenna 1 
and antenna 2 are identical, (22) then becomes 
 

𝑃𝐷𝑃𝑅𝐶𝑆21 =
1
2
∙ 𝑃𝐷𝑃𝑅𝐶𝑆11                              (23) 

 
Or in dB format, 
 

𝑃𝐷𝑃𝑅𝐶𝑆21(dB) = 𝑃𝐷𝑃𝑅𝐶𝑆11(dB) − 3dB                   (24) 
 
And (21) can be rewritten as 
 

SE(dB) = 𝑃𝐷𝑃𝑅𝐶𝑆11(dB) − 3dB − 𝑃𝐷𝑃𝐸𝑈𝑇(dB)       (25) 
 
Thus, antenna 2 is eliminated in (25) and the two-antenna 
method in the TD is mathematically derived. 

III. MEASUREMENT AND RESULTS 
Measurements were conducted from 2.8 to 4.2 GHz in our 

RC to verify the proposed methods. The size of the RC is 3.6 m 
× 4.0 m × 5.8 m. Two mode-stir paddles are installed in the RC: 
the vertical one is mounted in a corner and the horizontal one is 
mounted close to the ceiling. In our measurement, three 
antennas were used: two double-ridged waveguide horn 
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antennas were used as antenna 1 (Rohde & Schwarz HF 906) 

and antenna 3 (SATIMO SH 2000), respectively, one planar 
monopole antenna was used as antenna 2. We connected 
antenna 1 to VNA port 1 and connected antenna 2 (or antenna 3) 
to VNA port 2. The step-by-step rotation of the two stirrers was 
synchronized. 360 positions were obtained (1 degree per step). 
For each mode stirring position, the VNA swept over the full 
frequency span and recorded the S-parameters. A metallic 
enclosure with an open-air aperture is employed as the EUT. 
The EUT has a size of 1.0 m × 1.0 m × 1.1 m (about 10 λ × 10 
λ × 11 λ at 3.0 GHz). The size of the aperture is about 1.0 m × 
0.1 m. According to Weyl’s formula [3], [24], the mode number 
is around 9,185 inside the EUT at 3.0 GHz, which is large 
enough for the RC to perform well. The whole measurement 
system is depicted in Fig. 1 (a). Fig. 1 (b) and Fig. 1 (c) 
illustrate the measurement setup and the detail of the aperture is 
shown in Fig.1 (d). 
 

The measurement is performed according to the following 
procedure. 

 
Step 1: Do standard calibration process of the VNA including 
the cables. 
Step 2: Place antenna 1 and antenna 2 inside the RC and place 
antenna 3 inside the EUT. Place all the antenna supports along 
with the antennas inside the RC to keep the chamber loss 
constant. 
Step 3: Connect antenna 1 to port 1 of the VNA and antenna 2 
to port 2 of the VNA, load antenna 3 with a 50 Ω termination 
and collect the full S-parameters for each stirring position. 
Step 4: Repeat Step 3 with antenna 3 connected to port 2 of the 
VNA and antenna 2 loaded with a 50 Ω termination. 
 

In practise, it may not have a chance to introduce mode 
stirring or source stirring in the EUT, thus only frequency 
stirring is used here. In the measurement, 10,001 points were 
sampled in the frequency span of 2.8 to 4.2 GHz. The 
conventional 3-antenna method (SEFD,3), the 2-antenna method 
in the FD (SEFD,2) and the 2-antenna method in the TD (SETD,2) 
were adopted respectively to calculate the SE of the EUT. To 
make the abbreviation clear, “2” or “3” is assigned to the 
second subscript to signify that two or three antennas were used 
in the measurement. In the FD, the enhanced backscatter 
constant (𝑒𝑒𝑏𝑏) is calculated and plotted in Fig. 2. As can be seen, 
it is close to 2. This means the RC was well performing and the 
experiment equipment was reasonably set up [11], [16]. The 
PTFs of the RC measured using antenna 1 (𝑇𝑜,1) and using 
antenna 1 and antenna 2 (𝑇𝑜,2) are shown in Fig. 3. The PTF 
from the RC to the EUT (𝑇𝑖,2) measured using antenna 1 and 
antenna 3 is plotted in Fig. 3 as well. Again, to make the 
abbreviation clear, “o” or “i” is assigned to the first subscript to 
signify that the measurement was done when the receiving 
antenna was outside or inside the EUT. “1” or “2” in the second 
subscript means one or two antennas were required in the 
measurement. As can be seen, 𝑇𝑖,2 is smaller than 𝑇𝑜,1 and 𝑇𝑜,2 
because of the shielding of the EUT. 𝑇𝑜,1 agrees well with 𝑇𝑜,2, 
which manifests that the two-antenna method for SE 
measurement in the FD is effective. Since the data was 
measured in the FD, we attain the TD method by applying the 
inverse Fourier transform (IFT) on the measured data. In the 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 1. SE measurement setup in the RC: (a) measurement system, (b) 
measurement setup in the experiment, (c) antenna 3 (SATIMO horn antenna) in 
the EUT, (d) the aperture of the EUT. 
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TD, we used a 10-order band-pass elliptic filter to filter 𝑆𝑆11 and 
𝑆𝑆31 with a 200-MHz bandwidth [11], as can be seen from Fig. 4. 
Since the transient responses of the power in the RC and in the 
EUT are of double exponential behaviour, the least-square-fit 
optimization is applied to the PDPs and the modeled decay 
behaviour can be obtained, as shown in Fig. 5 (a). The 
dynamics of power transfer between the RC and the EUT are of 
particular interest. As can be seen from Fig. 5 (b), early-time 
behaviour is observed because of the unstirred reflections from 
the antenna itself and from the walls of the RC [20]. For 𝑃2(𝑡), 
at the first 200 ns, it rises slowly and the energy in the RC must 
leak into the EUT gradually through the leakage aperture 
described by Λ𝑡 . After the EUT is fully filled, 𝑃2(𝑡) ultimately 
decreases along with 𝑃1(𝑡). It can be noticed, at the first 20 ns, 
no rise appears for 𝑃2(𝑡) because the power emitting from the 
𝑇𝑥 antenna takes certain time to reach the 𝑅𝑥 antenna. The 20 
ns correspond to about 6 meters for electromagnetic wave 
travelling in free space, which agrees well with the distance 
between antenna 1 and antenna 3 in the experiment. The 
difference between 𝑃1(𝑡) and 𝑃2(𝑡) at the late time gives us the 
information of SE of the EUT. It is worth noting that, to avoid 
the influence of the early-time behaviour, only part of the PDPs  
(the late-time part) should be used to evaluate the SE. The 
results are illustrated in Fig. 6. 200-MHz frequency stirring is 
used in the FD. The efficiency of antenna 1, antenna 2 and 
antenna 3 in 3.0-4.0 GHz are 95%, 80% and 82%, respectively. 
When conducting the measurement using the 
two-identical-antenna method, antenna 1 was replaced with 
another SATIMO SH 2000 horn antenna. It can be seen clearly 

from Fig. 6 that the measured SEs using the four methods agree 
well and the maximum difference is within 0.5 dB. 

IV. CONVERGENCE BEHAVIOUR 
The convergence behaviour of the proposed two-antenna 

methods in the FD and in the TD is studied as well. 
As indicated in (9) and (10), the two-antenna method in the 

FD requires 𝑒𝑒𝑏𝑏 = 2. A basic question is “what is the impact of 
of 𝑒𝑒𝑏𝑏 to the validity of the FD measurement method?” That is, 
if 𝑒𝑒𝑏𝑏 deviates from 2, what kind of results should be expected? 

 
Fig. 4. Measured S31 and filtered S31. 
 

 
(a) 

 

 
(b) 

 
Fig. 5. Transient responses of the PDPs in the RC and in the EUT for the 
impulse excitation injected into the RC: (a) PDPs from 𝑆𝑆11  and from 𝑆𝑆31 , 
respectively, (b) early-time responses of PDPs. 
 

 
Fig. 2. The measured 𝑒𝑒𝑏𝑏 in the RC. 
 

 
Fig. 3. The measured PTFs in the RC and between the RC and the EUT. 
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In fact, intuition and experience say that if 𝑒𝑒𝑏𝑏 deviates from 2 a 
lot, the measured SE should be unreliable because the field in 
the RC is not well stirred, i.e., the field is not statistically 
uniform. To investigate this issue, we checked the variation of 
the measured SEFD, 2 along with 𝑒𝑒𝑏𝑏 at 3.5 GHz where the SE is 
8 dB, as shown in Fig. 7 (a) and Fig. 7(b). We can clearly see 
that the deviation of 𝑒𝑒𝑏𝑏 from 2 fluctuates intensely at about the 
first 50 stirring positions. Consequently, the measured SE is 
inaccurate as expected. The maximum difference can reach 
about 90%. However, 𝑒𝑒𝑏𝑏 begins to converge to 2 gradually with 
the stirring positions number increasing. For SEFD, 2 , its 

convergence behaviour is coincident with 𝑒𝑒𝑏𝑏 . The measured 
SEFD, 2 becomes stable (it converges to 8 dB) after about 250 
stirring positions when the variation of 𝑒𝑒𝑏𝑏 from 2 becomes very 
small (within 10% variation). From the above analysis, we gain 
the knowledge that the accuracy of the FD two-antenna method 
relies on 𝑒𝑒𝑏𝑏 = 2 . That is to say, the FD measurement is 
sensitive to the deviation of the chamber field from the ideally 
over-moded case. 

The convergence behaviour of the proposed two-antenna 
methods in the TD is studied by comparing it with the 
convergence behaviour in the FD. We begin by evaluating the 
root-mean-square-error (RMSE) of the measured SE from 
3.0-4.0 GHz with different numbers of stirring positions [11]. 
The reference we have is the SE measured with 360 stirring 
positions. The algorithm is expressed as: 

 

RMSE𝑖 = �∑ �SE𝑖,𝑗 − SE𝑀,𝑗�
2𝑁

𝑗=1

𝑁
                     (26) 

 
In (26), i represents the number of stirring positions and M is 
the maxima of i. j signifies the frequency sampling point 
number and N is the maximal value of j. In our measurement, M 
= 360 and N = 7144. The comparison of RMSEs of different 
methods is depicted in Fig. 8. As can be seen, the convergence 
speeds of the two-antenna method and the three-antenna 
method in the FD are close but the TD method converges faster 

 
Fig. 8 The comparison of RMSEs of different methods. 
 

 
Fig. 9 The comparison of SETD,2 (10 source stirring positions) and SETD,2 (360 
mode stirring positions). 
 

 
Fig. 6. The SEs of the EUT measured with different methods. 
 

 
(a) 

 

 
(b) 

 
Fig. 7 The convergence properties of (a) 𝑒𝑒𝑏𝑏, and (b) SEFD,2 at 3.5 GHz.  
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than the FD methods. This is because the PTF and 𝑒𝑒𝑏𝑏 are very 
sensitive to deviations of the chamber field from the ideally 
over-moded case (i.e., how well the RC is stirred). But, the 
modeled PDP is not susceptible to the boundary conditions. It is 
mainly determined by the diffuse loss of the RC. That means 
the PDP is very robust. In other words, the TD measurement is 
far less sensitive to the non-ideal chamber field and appears to 
yield an average of the PDP. As a result, SETD, 2  converges 
faster than SEFD, 2 and SEFD, 3. To be more specific, in the TD, 
the RMSE remains less than 10% (in comparison with the 
averaged SE in the frequency span of interest, about 8 dB from 
Fig. 6.) and drops below 5% after about 10 stirring positions. 
However, in the FD, the RMSEs of the two-antenna method 
and the three-antenna method drop below 5% after about 100 
stirring positions. And also, the RMSEs keep exceeding 10% 
for the first 40 stirring positions and then decline gradually 
afterwards. 

From above analysis, we know that the PDP is robust and the 
TD method converges fast. Actually, these properties offer us a 
way to obtain SE with a small number of stirring positions and 
subsequently result in an efficient measurement method of SE. 
Basically, for a small number of stirring positions case, 
source-stir technique can be adopted, which will avoid rotating 
the stirrers. In practice, the measurement can be completed in 
an electrically large conducting cavity, i.e., no mode-stirred RC 
is required. By doing this, the measurement simplification can 
go a step further. To validate this idea, another set of 
measurement was performed. In this measurement, the RC 
stirrers were kept fixed (no mode stirring introduced). 
Consequently, the RC would just serve as an electrically large 
enclosure. In order to recover the true PDP, we rotated a 
turn-table platform on which the transmitting antenna was 
mounted (thus the source was rotated). Considering the 
convergence speed of SETD,2 , we chose 10 source stirring 
positions. The turn-table platform was rotated stepwise to 10 
positions (36 degrees for each step). Antenna 1 (Rohde & 
Schwarz HF 906) was mounted on the turn-table platform and 
connected to VNA port 1. Antenna 2 (SATIMO SH 2000) was 
placed inside the EUT and connected to VNA port 2. The PDPs 
of the outer cavity (i.e., the RC with stirrers being fixed) and 
between the outer cavity and the EUT were extracted from 𝑆𝑆11 
and 𝑆𝑆21, respectively. The measured SEs are plotted in Fig. 9. 
We see that the SEs measured using 360 mode stirring positions 
and 10 source stirring positions agree well and the maximal 
variation is less than 10%. Also, the entire time consumed by 
the source-stir measurement was only approximately 10 
minutes. It signifies that the SE can be measured in the TD 

instantly and precisely. The consumed time of this method is 
comparable with the one proposed in [5]. But it is more 
advisable for EUTs with complex structures because we do not 
need to cover and uncover the apertures. And therefore, it is 
quite general and efficient for SE measurement of electrically 
large enclosures. The aforementioned measurement methods 
are compared and summarized in Table I. Because the 
measurement accuracy relies on the number of independent 
samples in measurement sequences, a sufficient number of 
independent samples should be obtained at the lowest 
frequency of the measurement. This makes a request for the 
size of the outer cavity – it should be suitably large to 
accommodate sufficient cavity modes. When selecting the 
outer cavity for the measurement, its size should be carefully 
considered.  

V. DISCUSSIONS AND CONCLUSIONS 
In this paper, the two-antenna methods for the SE 

measurement using the nested RC in both the FD and the TD 
have been presented. These two-antenna methods have 
simplified the measurement setup and improved the 
measurement efficiency. It is demonstrated that the measured 
SEs using the proposed two-antenna methods and the 
conventional three-antenna method agree well. The TD method 
goes to convergence much faster than the FD methods. 
Consequently, in the TD, fast and accurate measurement can be 
realized by using the source-stir technique, which will result in 
fast SE measurement in reality. Furthermore, in the TD 
approach, by replacing the RC with suitable conducting cavity 
(electrically large) and using the source-stir technique, the 
hardware requirement will be greatly reduced. The 
aforementioned measurement methods are compared. It is 
found that the TD method outperforms the FD method with 
much higher measurement efficiency and much lower hardware 
requirement. 

Note that the proposed methods are based on the assumption 
that both the RC and the EUT are well stirred, if not, the 
measured PTF and PDP will be of considerable errors. Hence, 
the measured SE will be inaccurate. Another point that should 
be noted is that high-efficiency antennas should be used for the 
TD method, i.e., the loss of the antennas used in the 
measurement should be negligible. Otherwise, the measured 
PDP will be influenced by the loss of the antennas and (21) is 
no longer valid. However, in the FD, as we can see from (4), (6) 
and (7), the antenna efficiency has been calibrated out in the net 

TABLE I 
SUMMARY OF THE EXISTING METHODS AND THE PROPOSED METHODS 

Measurement method Number of 
antennas required 

Antenna efficiency 
requirement 

Measurement 
times Measurement time Measurement facility 

FD 3-antenna method 3 Yes 2 About 14 hrs RC 

FD 2-antenna method 2 Yes 1 About 7 hrs RC 

FD 2-identical-antenna method 2 No 1 About 7 hrs RC 

TD 2-antenna method (mode stirring) 2 No 1 About 10 mins RC 

TD 2-antenna method (source stirring) 2 No 1 About 10 mins Electrically large cavity 

TD 1-antenna method proposed in [5] 1 No 2 About 20 mins EUT only 
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PTF. Thus, it is not necessary for the antennas to be of high 
efficiency. Moreover, the proposed methods are general for SE 
measurement no matter the SE is low or high. The measurement 
uncertainty is only determined by the dynamic range of the 
VNA. When the EUT is well shielded, the power coupled from 
the RC into the EUT will be very small.  Consequently, 𝑆𝑆31 will 
be very small. Under this circumstance, The VNA used in the 
measurement should have a large dynamic range to measure the 
small 𝑆𝑆31 accurately. Or, the measured SE could be of big error. 
Finally, during the measurement, the antennas (especially the 
one in the EUT) should be placed away from the conducting 
walls of the cavities (at least quarter-wavelength distance from 
the nearest walls for the lowest frequency) to avoid the 
boundary effect [25], [26]. 

In future work, we will investigate the industrial applications 
of the proposed simplified methods for real reverberant 
environments such as the below-deck compartments in ships 
and aircraft cabins and bays. 
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