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Abstract—In this paper, the B-scan technique is applied to a 

reverberation chamber (RC) for the first time to characterize the 
time domain behavior of the chamber. Based on B-scan 
measurement results, three things are studied in this paper: 1) the 
statistical behavior of the fields in the time domain is investigated, 
and it is found that the received power of the impulse response 
follows chi-square distribution with one degree of freedom; 2) the 
stirrer efficiency is quantified based on the equivalent total 
scattering cross section (TSCS) of stirrers, and this definition is 
not sensitive to the antenna position and load in the RC. It is 
shown that the stirrer efficiency defined in this paper provides, for 
the first time, a quantitative way to evaluate the stirrer design and 
the chamber performance; 3) A time-gating technique is proposed 
which provides an alternative method to eliminate the early time 
response and obtain the chamber transfer function of the RC 
accurately. This could be potentially used to increase the stirrer 
efficiency without changing the stirrers physically. It is 
demonstrated that the B-scan technique is a very useful approach 
for the study and evaluation of an RC.  
 

Index Terms—B-scan, reverberation chamber, scattering cross 
section, stirrer efficiency, time domain technique.  
 

I. INTRODUCTION 
HE time domain behavior of reverberation chambers (RC) 
has been studied in [1-6] to characterize the field inside 

RC. Information extracted from the time domain can be  
combined with that from the frequency domain, and a series of 
applications become possible, such as measuring the radiation 
efficiency of antennas without using a reference antenna [7], 
absorption cross section measurement [8], Q factor extraction 
and chamber decay time control [9]. A B-scan is a 
two-dimensional time domain impulse scan and has been 
widely used in many applications such as radar, medical 
imaging, non-destructive testing [10]. Some relevant work has 
been reported in [1, 2], which provide important insight of the 
chamber from the time domain, and the synthetic-aperture 
technique was used with 9 stirrer positions [1, 2]. In the time 
domain, the arrived signal at different times and from different 
angles can be observed directly providing important guidelines 
and insights for future measurements. However, a complete 
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B-scan has not yet been obtained in an RC. 
In this paper, a B-scan technique is applied to an RC which 

provides an alternative method to understand and characterize 
the time domain behavior of an RC. The statistical behavior of 
RCs in the frequency domain has been well investigated [11, 
12], and the statistical distributions of the electric field in the 
frequency domain are well-known. However, there are limited 
studies on the time domain statistical distribution, which is one 
of the main contributions of this paper. 

 

 
(a) 

 

 
(b) 

Fig. 1. B-scan measurement setup in an RC: (a) schematic measurement setup, 
(b) measurement setup in the RC at the University of Liverpool. 

 
The stirrer efficiency is a very important parameter but hard 

to quantify in the frequency domain. Currently there is no 
standard definition of the stirrer efficiency. Many efforts have 
been made to discuss it [13-24], which have provided important 
practical guidelines and experience. It has been found that, the 
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stirrer efficiency (if defined using K-factor or independent 
sample numbers) could be changed by a load or different 
antenna positions. Thus, it is related to too many variables and 
hard to characterize in the frequency domain. Efforts have also 
been made in the time domain to characterize the stirrer 
efficiency based on the time domain cross-correlation [25], but 
the results are still sensitive to the load and loss in the RC. In 
this paper, a new definition of stirrer efficiency is proposed in 
the time domain and it is only related to the equivalent total 
scattering cross section (TSCS) of the stirrers and the volume 
of the RC. The equivalent TSCS of stirrers is determined by the 
geometric properties of the stirrers (size, shape, position, etc.) 
and how the stirrers are moved; it is not sensitive to the load and 
antenna position because the loss is corrected as can be seen 
later in (12). Like the definition of efficiency in other 
applications (radiation efficiency, converting efficiency, etc.), 
the stirrer efficiency defined in this paper is a quantifiable 
parameter in the range of 0% to 100% which correspond to an 
RC with no stirrer and to a perfect stirrer respectively. The 
definition in this paper provides a universal and quantitative 
way to compare the performance between different RCs or 
different stirrer designs in an RC which should be extremely 
useful for RC design. 

Moreover, a time-gating technique has been used to remove 
the early-time behavior in the chamber decay constant 
extraction [7, 26], it is found in this paper that the time-gating 
technique can also be used in an RC to filter the unwanted 
signals to obtain the chamber transfer function accurately.  

This paper is organized as follows: the measurement setup 
and theory are given first in Section II, followed by the 
understanding and discussion of the results in Section III where 
three aspects are addressed: the statistical behavior, stirrer 
efficiency quantification and time-gating technique. Finally, 
discussions and conclusions are summarized in Section IV. 

II. B-SCAN MEASUREMENT AND THEORY 
To realize a B-scan in an RC, it is possible to measure the 

time domain response directly using an impulse source and an 
oscilloscope [27]. Another method is to measure the system 
response in the frequency domain and then apply the inverse 
fast Fourier transform (IFFT) to obtain the time domain 
response. Measuring the frequency domain response using a 
vector network analyzer (VNA) is simpler and can provide a 
larger dynamic range than a measurement directly in the time 
domain using an oscilloscope [28]. In this paper, the frequency 
domain measurement method is used to obtain the time domain 
response. 

The measurement setup is shown in Fig. 1, the size of the RC 
is 3.6 m (W) × 5.8 m (L) × 4 m (H). Two horn antennas are 
used as antenna 1 (Rohde & Schwarz® HF 906) and antenna 2 
(SATIMO® SH 2000). The rotation platform, stirrers and VNA 
are synchronized and controlled by a computer. S-parameters 
with 10001 sample points in the frequency range of 2 GHz to 4 
GHz are recorded for different antenna angles and stirrer 
positions. For each antenna angle, 100 stirrer positions are used 
with 3.5 degrees/step. Antenna 1 is rotated with 2 degrees/step 

for one complete revolution. Thus there are 180 × 100 = 18000 
sets of S-parameters in total.  

The time domain response can be obtained from the IFFT of 
the measured S-parameters, and a 10th order elliptic band-pass 
filter is applied to reduce the ripples caused by a rectangular 
window [29], of which the pass band is set to be 2.4 GHz ~ 3.6 
GHz. We denote the electric field at the receiving antenna as 

 
𝐸(𝑡,𝜃,𝑛) = 𝐼𝐹𝐹𝑇��̃�(𝜃, 𝑓,𝑛)�,                          (1) 

 
where �̃� represents the filtered S-parameters depends on the 
rotation angle of antenna 1 (𝜃 ), frequency (𝑓 ) and stirrer 
position ( 𝑛 ). The plots of 𝐼𝐹𝐹𝑇��̃�11(𝜃, 𝑓,𝑛)�  and 
𝐼𝐹𝐹𝑇��̃�21(𝜃, 𝑓,𝑛)� give monostatic and bistatic B-scan maps 
respectively. It should be pointed out that the electric field 
obtained from the IFFT of S-parameters is not the actual E-field 
in space, but can be considered to be the equivalent/normalized 
E-field. It has been shown that the statistical behavior of the 
received voltage and the electric field are the same [11]. The 
gain of antenna 1 in the measured frequency range is around 10 
dBi, thus a significant angular resolution can be obtained. 
Obviously, rotating an omnidirectional (axially symmetric) 
antenna is meaningless. 

The measured S-parameters include an unstirred part �̃�𝑢𝑠 and 
a stirred part �̃�𝑠 [7] 

 
�̃� = �̃�𝑢𝑠 + �̃�𝑠 = 〈�̃�〉 + �̃�𝑠 ,                             (2) 

 
where 〈∙〉  means the ensemble average using any stirring 
method (e.g. mechanical stir, frequency stir, source stir, etc.). 
Applying the IFFT to both sides of (2) 
 

𝐼𝐹𝐹𝑇��̃�� = 𝐼𝐹𝐹𝑇�〈�̃�〉� + 𝐼𝐹𝐹𝑇��̃�𝑠� ,                (3) 
 
where 𝐼𝐹𝐹𝑇��̃��  is the total time domain response and 
𝐼𝐹𝐹𝑇�〈�̃�〉� is the unstirred part in the time domain. For an 
ideal/well-stirred reverberation chamber, 〈�̃�〉 is the free-space 
S-parameter and 〈�̃�〉 = �̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒  [30]. When the RC is not 
ideal (stirrer efficiency is not 100%), the unstirred part 〈�̃�〉 does 
not only include the free-space response, but also include the 
contribution of equivalent TSCS of stirrers (the moving objects 
in the RC). Only when the stirrer efficiency is high, is 
considering 〈�̃�〉  as just the unstirred part of the free-space 
response a good approximation. 

A. Statistical Behavior in the Time Domain 
If we consider the statistical behavior of the impulse 

response in the time domain, the E-field can be regarded as a 
non-stationary stochastic process. For a specific time, because 
the incident waves are superimposed randomly, and applying 
the Lindberg central limit theorem [31], the rectangular E-field 
follows a normal distribution at each specific time. If the early 
time response and the unstirred part are ignored, the probability 
density function (PDF) can be expressed as  
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𝑃𝐷𝐹[𝐸(𝑡)] = 𝑃𝐷𝐹[𝐸𝑥(𝑡)] = 𝑃𝐷𝐹�𝐸𝑦(𝑡)� = 𝑃𝐷𝐹[𝐸𝑧(𝑡)]    

= 𝑒−
𝑥2
2𝜎2 (𝜎√2𝜋)�                                 (4) 

 
with a mean value 〈𝐸(𝑡)〉 = 0, and a time dependent standard 
deviation 𝜎. An expression for 𝜎(𝑡) can be found through the 
power decay 𝑃(𝑡) (𝑃(𝑡) ∝ 𝐸(𝑡)2) which can be expressed 
 

〈𝑃(𝑡)〉 = 𝑃0𝑒−𝑡 𝜏𝑅𝐶
−1

 ,                           (5) 
 
where 𝜏𝑅𝐶  is the decay constant of the RC, 𝑃0  is a constant 
which determines the initial power. From (4), the PDF of  
𝐸(𝑡)2 is found to follow the chi-square distribution with one 
degree of freedom 
 

𝑃𝐷𝐹[𝐸(𝑡)2]~𝜒12 = 𝑒−
𝑥2
2𝜎2 (𝜎√2𝜋𝑥)�              (6) 

 
and the mean value can be obtained as  
 

〈𝐸(𝑡)2〉 = 𝜎2 .                                (7) 
 
If we compare (5) and (7), the time dependent 𝜎  can be 
obtained as 
 

𝜎(𝑡) = �𝑃0𝑒−𝑡𝜏𝑅𝐶
−1  .                              (8) 

 
Thus the late time statistical behavior of the impulse response 
of the E-field is now well characterized. As can be seen later, it 
takes time for 〈𝐸(𝑡)〉  to decay and the decay speed is 
determined by the equivalent TSCS of the stirrers (i.e. how well 
the RC is stirred). Note that 𝜏𝑅𝐶  is frequency dependent and can 
be considered as the average value in the spectrum range of the 
excitation impulse. 

B. Stirrer Efficiency 
The stirrer can be considered as an object under test [32], and 

the TSCS has been used to characterize the stirrer performance 
in simulations [33, 34]. It should be noted that, in the TSCS 
measurement, the object under test is required to be moved 
freely in space. However, in practice, the stirrers are rotating 
around fixed axes (cannot be moved freely), thus the measured 
TSCS is actually the equivalent TSCS. We denote the 
equivalent (measured) TSCS as 𝑇𝑆𝐶𝑆�  and the 𝑇𝑆𝐶𝑆�  of stirrers 
can be obtained from ⟨𝐸(𝑡)2⟩ and ⟨𝐸(𝑡)⟩2 [32-34] 

 
⟨𝐸(𝑡)2⟩ = 𝑃0𝑒−𝑡𝜏𝑅𝐶

−1
 ,                                   (9) 

 
⟨𝐸(𝑡)⟩2 = 𝑃0𝑒−𝑡(𝜏𝑅𝐶

−1+𝜏𝑠−1) .                        (10)  
 

A least-square fit can be applied to extract the chamber decay 
time 𝜏𝑅𝐶  and the scattering damping time 𝜏𝑠 [32], and 𝑇𝑆𝐶𝑆�  of 
stirrers can be obtained as [32] 
 

𝑇𝑆𝐶𝑆� =
𝑉
𝜏𝑠𝑐0

 ,                                    (11) 

 
where 𝑉 is the volume of the RC, 𝑐0 is the speed of light. If we 
check (9) - (11) carefully, it can be found that the contribution 
of 𝜏𝑠 is not sensitive to the load of the chamber, because the 
load of the chamber has been included in 𝜏𝑅𝐶 . The contribution 
of 𝜏𝑠 can be extracted from  
 

⟨𝐸(𝑡)⟩2

⟨𝐸(𝑡)2⟩
= 𝑒−𝑡𝜏𝑠−1 .                         (12) 

 
If we check (3), it can be found that, 𝜏𝑠  and 𝑇𝑆𝐶𝑆�  actually 
describes how fast the unstirred part decays compared with the 
total signal strength (power delay profile - PDP). If we define 
the stirrer efficiency as the residual of the ratio in (12) caused 
by the scattering damping time 𝜏𝑠, we have 
 

𝜂𝑠 = 1 − 𝑒−𝑡0𝜏𝑠−1 ,                            (13) 
 

where 𝑡0 is a typical/reference time (similar to the concept of 
typical physical dimension in [27, 35]). The stirrer efficiency is 
in the range 0% to 100%. It can be seen that when a very small 
stirrer is used, the stirrer efficiency is small, as there is no 
significant difference between (9) and (10), 𝜏𝑅𝐶−1 ≈ (𝜏𝑅𝐶−1 +
𝜏𝑠−1) , 𝜏𝑠 → +∞ , 𝜂𝑠 → 0% . When the RC is well-stirred, 
⟨𝐸(𝑡)⟩2 decays to zero very fast and 𝜏𝑅𝐶−1 + 𝜏𝑠−1 → +∞, 𝜏𝑠 → 0, 
𝜂𝑠 → 100%. In this paper we choose 𝑡0 = 12 √𝑉3 𝑐0�  which 
means the wave is allowed to interact with the walls of the RC 
at least twice, more discussions on 𝑡0 are given in Appendix A. 
Then 𝜂𝑠 in (13) becomes 

 
𝜂𝑠 = 1 − 𝑒−12 √𝑉

3 (𝑐0𝜏𝑠)�  .                           (14) 
 

(13) can also be written in the TSCS form using (11) 
 

𝜂𝑠 = 1 − 𝑒−12𝑇𝑆𝐶𝑆� 𝑉2/3⁄  .                           (15) 
 
It is only related to the ratio between the equivalent TSCS of the 
stirrers and the surface area of the RC. 

The definition in (13) confirms that 𝜏𝑠  is only related to 
𝑇𝑆𝐶𝑆�  of stirrers which is not sensitive to the load and the 
antenna positions in the RC. 

C. Time-Gating Technique  
In the frequency domain, it is well-known that the chamber 

transfer function 𝑇 can be corrected by removing the unstirred 
part of S-parameters [7] 

 
𝑇𝐶𝐹𝐷 = 〈|𝑆21 − 〈𝑆21〉|2〉 ,                         (16) 

 
where 𝑇𝐶𝐹𝐷 denotes the chamber transfer function is corrected 
in the frequency domain. Correspondingly, in the time domain, 
if we analyze (9) and (10), because of 𝜏𝑠, (𝜏𝑅𝐶−1 + 𝜏𝑠−1) > 𝜏𝑅𝐶−1, 
the unstirred part ⟨𝐸(𝑡)⟩2 decays faster than ⟨𝐸(𝑡)2⟩. This is 
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easy to understand, as the longer the wave travels, the more 
times it interacts with the stirrers. Filtering the signals in the 
time domain can also correct the unstirred part 
 

𝑇𝐶𝑇𝐷 = 〈�𝐹𝐹𝑇�𝑇𝐺�𝐼𝐹𝐹𝑇��̃�21����
2〉 ,               (17) 

 
where �̃�21 represents the filtered measured S21 between two 
antennas,  𝑇𝐺 means the time-gating operation which extracts 
the time domain signal through a chosen time window, 𝐹𝐹𝑇 
denotes the fast Fourier transform, 𝑇𝐶𝑇𝐷 is the chamber transfer 
function corrected in the time domain. The philosophy is 
similar to what is done in the reflectivity measurement of radio 
absorbing material [36]: to measure the S-parameter in the 
frequency domain and transform the result into the time 
domain, then apply the time domain truncation to select the 
wanted signals; and finally, to transform the selected signals 
back to the frequency domain.  

III. MEASUREMENT RESULTS 
We first rotate antenna 1 was rotated first but keep the stirrer 

position fixed, so there is no variable 𝑛 in (1). The top view of 
the measurement setup inside the chamber is shown in Fig. 
2(a), and typical filtered S-parameters 𝑆21 and 𝑆11 are shown in 
Fig. 2(b). Then antenna 1 is rotated with 2 degrees/step, and the 
IFFT is applied to all filtered S-parameters using Matlab. The 
bistatic and monostatic impulse time domain responses are 
denoted as 𝐸21(𝑡,𝜃)2 = �𝐼𝐹𝐹𝑇��̃�21(𝜃, 𝑓)��2  and 𝐸11(𝑡,𝜃)2 =
�𝐼𝐹𝐹𝑇��̃�11(𝜃, 𝑓)��2  respectively. The bistatic and monostatic 
B-scan power maps in the range of 0 to 50 ns are shown in Fig. 
3. In Fig. 3(a), where the color shows the received power level 
in dB of antenna 1 as a function of time and angle, the angle is 
defined in Fig. 2(a). This figure can also be viewed as a polar 
plot (or a radargram) where antenna 1 is located right in the 
middle of the plot (thus time is 0) and rotated as angle 𝜃 from 0 
to 360°. From Fig. 2(a) and Fig. 3(a) (where the power is 
transmitted from antenna 1 to antenna 2), we can see that the 
line-of-sight (LoS) component can be seen clearly arrived first 
(𝜃 ≈ 45°, the distance is 3 m between antenna 1 and antenna 2, 
the travelling time is 10 ns), followed by signals from the image 
sources (𝜃 ≈ 150° and 𝜃 ≈ 280°) that are also significant; In 
Fig. 3(b) (where the power is transmitted and received by 
antenna 1), reflections from walls and corners are easily 
identified and we can observe multiple reflections at 𝜃 = 0° 
and 𝜃 = 180°, they are marked in the figure, also the reflection 
from the corners (𝜃 ≈ 315°and 𝜃 ≈ 225°). For a monostatic 
map, the time needs to be divided by 2 when calculating the 
distance. Note the reflected wave from  𝜃 = 90° is diffused 
because of the vertical stirrer. The concentric circles in the 
center are reflections from the antenna itself which is 
independent of the rotation angle of the platform. The bistatic 
and monostatic B-scan power maps in the range of 0 to 500 ns 
are given in Fig. 4. As expected, the field is diffused as it travels 
in the RC.  

 

   

                      (a)                                                              (b) 
Fig. 2. (a) Top view of B-scan measurement setup inside an RC and defined 
angle 𝜃, (b) typical filtered S-parameters. 

 

  

(a)                                                    

 

(b) 
Fig. 3. B-scan in the range of 0 ~ 50 ns with stirrers fixed, the color represents 
the power in dB, (a) bistatic (from antenna 1 to antenna 2) map of 𝐸21(𝑡,𝜃)2, 
(b) monostatic (transmitted and received by antenna 1) map of,𝐸11(𝑡,𝜃)2. 
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(a)                                                    

 
(b) 

Fig. 4. B-scan in the range of 0 ~ 500 ns with stirrers fixed, (a) bistatic map 
𝐸21(𝑡,𝜃)2 in dB unit, (b) monostatic map 𝐸11(𝑡,𝜃)2 in dB unit. 

 
To investigate the angle dependency of the stirrer efficiency, 

100 stirrer positions are used for each angle of antenna 1. The 
power delay profile (PDP) 〈𝐸21(𝑡,𝜃)2〉  and 〈𝐸11(𝑡,𝜃)2〉  are 
shown in Fig. 5, while the unstirred part 〈𝐸21(𝑡,𝜃)〉2  and 
〈𝐸11(𝑡,𝜃)〉2  are shown in Fig. 6. As expected, (10) decays 
faster than (9), and the early time response from the walls 
cannot be cancelled, since the waves have not fully interacted 
with the stirrers yet. 〈𝐸21(𝑡)2〉  and 〈𝐸21(𝑡)〉2  for a fixed 𝜃 
angle are shown in Fig. 7(a). It can be seen from Fig. 7(a) that, 
because the value of (𝜏𝑅𝐶−1 + 𝜏𝑠−1) in (10) is not infinite, 𝜂𝑠 is 
not 100%, 𝐼𝐹𝐹𝑇�〈�̃�〉 � ≠ 𝐼𝐹𝐹𝑇��̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒�. This explains the 
difference between the S-parameter measurement in the 
anechoic chamber and reverberation chamber [30]. The 
difference between 〈�̃�〉 and �̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒  is due to the unstirred 
part which can be observed in the time domain, it does not only 
include the free-space response but also includes the 
contribution of 𝑇𝑆𝐶𝑆�  (decay exponentially). In practice, if 𝜂𝑠 is 
high, the difference between 〈�̃�〉 and �̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒  is small, and 
�̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒  can still be measured in the RC. 

 

 
                               (a)                                                  (b) 

 
                               (c)                                                  (d) 
Fig. 5. PDP plot in dB unit, (a) 〈𝐸21(𝑡,𝜃)2〉 in the range of 0 to 50 ns, 
(b) 〈𝐸11(𝑡,𝜃)2〉 in the range of 0 to 50 ns, (c) 〈𝐸21(𝑡,𝜃)2〉 in the range of 0 to 
500 ns, (d) 〈𝐸11(𝑡,𝜃)2〉 in the range of 0 to 500 ns. 

 

 
                               (a)                                                  (b) 

 
                               (c)                                                  (d) 
Fig. 6. Unstirred time-domain response in dB unit, (a) 〈𝐸21(𝑡,𝜃)〉2 in the range 
of 0 to 50 ns, (b) 〈𝐸11(𝑡,𝜃)〉2 in the range of 0 to 50 ns, (c) 〈𝐸21(𝑡,𝜃)〉2in the 
range of 0 to 500 ns, (d) 〈𝐸11(𝑡,𝜃)〉2 in the range of 0 to 500 ns. 

 
The least-square fit is applied to extract 𝜏𝑠 in (10) [34]. As 

shown in Fig. 7(a), the slopes of 〈𝐸21(𝑡)2〉 and 〈𝐸21(𝑡)〉2 are 𝑘1 
and 𝑘2, respectively. From (9) and (10), we have 

 
𝜏𝑅𝐶−1 = −𝑘1𝑙𝑛10 10⁄  ,                          (18) 

 
𝜏𝑅𝐶−1 + 𝜏𝑠−1 = −𝑘2𝑙𝑛10 10⁄  .                         (19) 

 
𝜏𝑠 can be obtained as 
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𝜏𝑠 =
10

(𝑘1 −  𝑘2)𝑙𝑛10
                            (20) 

 
or directly from the least-square fit using the ratio between 
〈𝐸21(𝑡)〉2  and 〈𝐸21(𝑡)2〉  in (12). In Fig. 7(b), 𝐸21(𝑡)  and 
〈𝐸21(𝑡)〉 are also shown with time in log scale and magnitude in 
linear scale. As can be seen, at the beginning, the time domain 
response is dominated by the free-space response (first arrived 
waves), because of the contribution of 𝑇𝑆𝐶𝑆� , 〈𝐸21(𝑡)〉 decays 
faster than 𝐸21(𝑡) in a few hundred nanoseconds, the decay 
speed is determined by 𝜏𝑠 in (20). For an ideal RC we have 
𝐼𝐹𝐹𝑇�〈�̃�〉 � = 𝐼𝐹𝐹𝑇��̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒� which means 〈𝐸21(𝑡)〉 decays 
so fast that 𝜏𝑠 → 0.  
 

  
(a) 

 
(b) 

Fig. 7. (a) Typical 〈𝐸21(𝑡)2〉 and 〈𝐸21(𝑡)〉2 at a specific 𝜃 angle in dB scale, (b) 
typical 𝐸21(𝑡), 〈𝐸21(𝑡)〉 and 𝐸21 profile (square root of the PDP) plot in linear 
scale, dominated response in different time range are also marked. 
 
It is expected that the load in the RC will not change the defined 
stirrer efficiency in this paper. In order to check the load effect 
on the stirrer efficiency, the whole measurement was repeated 
with the RC loaded with radio absorbing materials (AEP-X-CR 
from Microwave Vision Group). Loaded and unloaded 𝜏𝑅𝐶 , 𝜂𝑠 
with different 𝜃 (antenna directions) are shown in Fig. 8. 
Obviously, 𝜏𝑅𝐶  is not sensitive to antenna positions, we have 
𝜏𝑅𝐶𝑙𝑜𝑎𝑑 = 993 𝑛𝑠 , 𝜏𝑅𝐶𝑢𝑛𝑙𝑜𝑎𝑑 = 1726 𝑛𝑠 . Although 𝜏𝑅𝐶  are 
different, we still have the same 𝜂𝑠, and 𝜂𝑠 remains insensitive 
to the rotation angles (95.8 ± 2 %) as expected. As discussed 
previously, 𝜂𝑠 depends on the equivalent TSCS of stirrers. 

The unstirred part of the chamber transfer function is 
normally corrected in the frequency domain (16). Next we 

investigate the corrected chamber transfer function in the time 
domain (17). Suppose the time gate starts from 𝑡1 and ends at 
𝑡2, for the loaded and unloaded RC, the power range must be 
the same, which means that we have the same initial and 
dissipated powers for the loaded and unloaded RC during the 
time gate (energy conservation). Otherwise, 𝑇𝐶𝑇𝐷 in different 
scenarios cannot be compared because of different power 
dissipation. If the chamber buildup time is ignored [29], we 
have 𝑃0𝑒−𝑡1𝑢𝑛𝑙𝑜𝑎𝑑𝜏𝑅𝐶𝑢𝑛𝑙𝑜𝑎𝑑

−1
= 𝑃0𝑒−𝑡1𝑙𝑜𝑎𝑑𝜏𝑅𝐶𝑙𝑜𝑎𝑑

−1
, thus 

 
 𝑡1𝑢𝑛𝑙𝑜𝑎𝑑𝜏𝑅𝐶𝑢𝑛𝑙𝑜𝑎𝑑−1 = 𝑡1𝑙𝑜𝑎𝑑𝜏𝑅𝐶𝑙𝑜𝑎𝑑−1  ,               (21)  

 
𝑡2𝑢𝑛𝑙𝑜𝑎𝑑𝜏𝑅𝐶𝑢𝑛𝑙𝑜𝑎𝑑−1 = 𝑡2𝑙𝑜𝑎𝑑𝜏𝑅𝐶𝑙𝑜𝑎𝑑−1  .               (22) 

 

 
        (a)           

 
     (b) 

Fig. 8. Loaded and unloaded 𝜏𝑅𝐶  (a) and 𝜂𝑠  (b) with different 𝜃  (antenna 
directions). 
 
As can be seen in Fig. 7(a), after 500 ns, the unstirred part is 
quite small (10 dB smaller than the PDP/total signal), we use 
𝑡1𝑢𝑛𝑙𝑜𝑎𝑑 = 500 𝑛𝑠, 𝑡2𝑢𝑛𝑙𝑜𝑎𝑑 = 5000 𝑛𝑠 for the unloaded RC 
and 𝑡1𝑙𝑜𝑎𝑑 = 288 𝑛𝑠 , 𝑡2𝑙𝑜𝑎𝑑 = 2876 𝑛𝑠  for the loaded RC 
respectively.  

The results are shown in Fig. 9, a frequency stir with nearest 
100 frequency points is used. The uncorrected chamber transfer 
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function 〈|𝑆21|2〉  is given first in Fig. 9(a), because of the 
unstirred part, it shows angle dependency. The angle 
dependency of K-factor in dB is also shown in Fig. 9(b). At 
each 𝜃  angle, the K-factor is calculated using the unbiased 
estimator [14]  

 

𝐾 =
𝑁 − 2
𝑁 − 1

〈
|〈𝑆21〉|2

|𝑆21 − 〈𝑆21〉|2
〉 −

1
𝑁

 ,                (23) 

 
where 𝑁 = 100  with a frequency stir with 100 nearest 
frequencies. The corrected chamber transfer function using (16) 
and (17) are given in Fig. 9(c) and (d). As expected, no angle 
dependency is observed which means both methods can 
remove the unstirred component. A comparison between 
𝑇𝐶𝐹𝐷and 𝑇𝐶𝑇𝐷  is given in Fig. 10, because part of the time 
domain signal is filtered by using time gating, this results in 
𝑇𝐶𝑇𝐷 < 𝑇𝐶𝐹𝐷 . It is not an issue, because normally we are 
interested in the relative 𝑇 rather than the absolute 𝑇, and it can 
be seen in Fig. 10(b) that there is a very good agreement 
between 𝑇𝐶𝐹𝐷𝑙𝑜𝑎𝑑 − 𝑇𝐶𝐹𝐷𝑢𝑛𝑙𝑜𝑎𝑑  and  𝑇𝐶𝑇𝐷𝑙𝑜𝑎𝑑 − 𝑇𝐶𝑇𝐷𝑢𝑛𝑙𝑜𝑎𝑑 . 
The small deviation (< 0.2 dB) could be due to the ignorance of 
the different chamber buildup time in (21) and (22), which 
leads to slightly different total energy for the loaded and 
unloaded RC in the time gate. 
 

 
                            (a)                                                        (b) 

 
                           (c)                                                          (d) 
Fig. 9. (a) Uncorrected chamber transfer function 〈|𝑆21|2〉, (b) K-factor, (c) 
𝑇𝐶𝐹𝐷, (d) 𝑇𝐶𝑇𝐷, the RC is unloaded. 
 

It is interesting to note that, even though the two antennas are 
positioned in LoS, the K-factor can still be very small at some 
specific frequencies (Fig. 11). Remember the unstirred part is 
not only from the LoS, it can be also from the walls (specular 
reflection [2]) and other structures (also the contribution of 
𝑇𝑆𝐶𝑆� ), when the waves from these objects cancel each other at 
some frequencies, a small K-factor is observed. 
 

 
                               (a)                                                       (b) 
Fig. 10. (a) Corrected chamber transfer functions, (b) difference between 
loaded and unloaded 𝑇, .𝛥𝑇𝐶𝐹𝐷 = 𝑇𝐶𝐹𝐷𝑙𝑜𝑎𝑑 − 𝑇𝐶𝐹𝐷𝑢𝑛𝑙𝑜𝑎𝑑, 𝛥𝑇𝐶𝑇𝐷 = 𝑇𝐶𝑇𝐷𝑙𝑜𝑎𝑑 −
𝑇𝐶𝑇𝐷𝑢𝑛𝑙𝑜𝑎𝑑. 
 

 
Fig. 11. K-factor in dB at 𝜃 = 40°, the RC is unloaded. 
 

We have measured the stirrer efficiency in a bandwidth of 
1.2 GHz (2.4 GHz ~ 3.6 GHz) with different angle of antenna 1 
(Fig. 8(b)). Measurement scenarios are summarized in Table I. 
Since 𝜏𝑅𝐶  and  𝜏𝑠  are frequency dependent, 𝜂𝑠  is also 
frequency dependent. If we use a smaller bandwidth (200 MHz) 
and sweep the center frequency, a frequency dependency of 
stirrer efficiency can be observed (like the extraction of 𝜏𝑅𝐶  in 
[7]). Further measurement scenarios are implemented and 
given in Table II, we rotate only the horizontal stirrer, only the 
vertical stirrer and both stirrers, respectively. Because of the 
limitation of the maximum sample number of the VNA, the 
frequency range of 0.2 GHz ~ 4.1 GHz is divided into three 
bands with 10001 sample points in each band, thus we have 
total 30003 sample points. The measurement time for one 
antenna position with 360 stirrer positions in one band is 8 
hours. Finally, we remove half of the vertical stirrer (Fig. 12(a)) 
and repeat the measurement with 10 random antenna positions 
to check if there is any relation between the K-factor and 𝜂𝑠. 
One of them is the extreme scenario which is in LoS (Fig. 
12(b)). 

 
TABLE I 

MEASUREMENT SCENARIOS 

Scenario Stirrer 
Position No. 

Platform 
Position No. 

Load 
/Unload 

Measurement 
Time 

1 1 180 Unload 4 hours 

2 100 180 Unload 402 hours 

3 100 180 Load 402 hours 
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TABLE II 

FURTHER MEASUREMENT SCENARIOS 

Scenario Stirrer 
Position No. 

Load 
/Unload 

Antenna 
Position No. 

Frequency 
Range 

Only H 360 Load 1 0.2 GHz  ~ 4.1 GHz  
(30003 points) 

Only V 360 Load 1 0.2 GHz ~ 4.1 GHz  
(30003 points) 

H & V 360 Load 1 0.2 GHz ~ 4.1 GHz  
(30003 points) 

Small V* 360 Load 10 1.9 GHz ~ 4.1 GHz 
(10001 points) 

* Small V means half of the vertical stirrer is removed shown in Fig. 12. 
 

 
(a) 
 

 
(b) 

Fig. 12. Measurement with half of the vertical stirrer, (a) a typical random 
antenna position, (b) LoS setup. 

 

 
Fig. 13. Stirrer efficiency with different stirrer rotation, light dot is the 
measured result; solid line is the smoothed result. 

 

 
Fig. 14. Stirrer efficiency with half of the vertical stirrer (10 random antenna 
positions are used with 1 LoS). 
 

The results are given in Fig. 13 and Fig. 14, and K-factors 
with random antenna positions are given in Fig. 15. As 
expected, when both stirrers are used, we have the highest 
stirrer efficiency (which demonstrates the importance of using 
both) and a smaller stirrer gives small stirrer efficiency. 
Although the K-factor has a large variation (~15 dB), they do 
not affect the stirrer efficiency. The LoS component only 
affects the initial response in a few nanoseconds, but the decay 
speed in a few hundred nanoseconds (Fig. 16) is determined by 
the equivalent TSCS of the stirrers and is not sensitive to the 
antenna position. 
 

 
Fig. 15. K-factor in dB with half of the vertical stirrer (10 random antenna 
positions are used with 1 LoS). 
 

 
Fig. 16. ⟨𝐸(𝑡)⟩2/⟨𝐸(𝑡)2⟩ in dB with half of the vertical stirrer, a comparison 
between LoS and non-line-of-sight (NLoS). 

 
If we check the mean value of 𝜂𝑠, it can be found that the 

mean value of  𝜂𝑠 of the half vertical stirrer is around  55%, this 
corresponds to the 𝑇𝑆𝐶𝑆�  of 0.0665𝑉2/3 in (15). Because the 
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TSCS can be superimposed under the dilute approximation [32, 
37], if a whole vertical stirrer is used, the 𝑇𝑆𝐶𝑆�  is roughly 
2 × 0.0665𝑉2/3, this corresponds to a stirrer efficiency of 80% 
which agrees well with the results in Fig. 13. We have also 
compared stirrer efficiency between the horizontal and vertical 
stirrers in Fig. 13. The 𝑇𝑆𝐶𝑆�  of the two stirrers is around 
2 × 2 × 0.0665𝑉2/3, this corresponds to the stirrer efficiency 
of 96% which agrees well with the H & V results in Fig. 13. 
Thus from (15) we have 

 

𝜂𝑠𝑡𝑜𝑡 = 1 −�(1 − 𝜂𝑠𝑖)
𝑁

𝑖=1

,                       (24) 

 
where 𝜂𝑠𝑖 is the stirrer efficiency with only i-th stirrer,  𝜂𝑠𝑡𝑜𝑡 is 
the stirrer efficiency when all N stirrers are moving together. 

An important question is: how to increase the stirrer 
efficiency? Obviously a big stirrer or many stirrers working 
together is better. From (24), this phenomenon is quantified, we 
can have a big 𝜂𝑠1 with 𝑁 = 1 (the trade-off is a reduction of 
the test volume) or small  𝜂𝑠𝑖 with a big 𝑁. Source stir is also a 
method to improve the performance of the RC [38, 39]. 
Actually, if we consider the moving antenna as the stationary 
coordinate frame, rotating the antenna is actually rotating the 
whole RC, which obviously has a large 𝑇𝑆𝐶𝑆� . We have also 
tried to aim the antenna at the stirrer (in 10 random antenna 
positions in Fig. 12), because there are always leaky waves 
(from side lobes, back lobes, scattering from rotation axis and 
stationary object) which do not fully interact with the moving 
stirrer, otherwise the stirrer and the antenna can be considered 
to be an integrated big antenna and the moving of the stirrer 
becomes the moving of the source (source stir). To verify this, 
we use the data from scenario 1 in Table I to calculate the stirrer 
efficiency (keep the stirrers steady and rotate the antenna), 
nearly 100% stirrer efficiency is obtained in the frequency 
range of 2.4 GHz ~ 3.6 GHz. The ratio between ⟨𝐸(𝑡)⟩2 and 
⟨𝐸(𝑡)2⟩ is shown in Fig. 17, it drops down to the noise level in 
100 ns which demonstrates that the source stirred method could 
produce a high efficiency RC.  

 

 
Fig. 17. ⟨𝐸(𝑡)⟩2/⟨𝐸(𝑡)2⟩ in dB using the source stir method. 
 

IV. DISCUSSION AND CONCLUSIONS 
In this paper, an in-depth study of very fine B-scan 

measurements has been performed. Based on the B-scan 

results, this paper has been focused on three aspects: the 
statistical behavior of the E-field in the time domain, stirrer 
efficiency quantification, and a time-gating technique. Since 
we aim to present a complete B-scan image which is very time 
consuming to yield, if only the stirrer efficiency needs to be 
measured, measurements at a few antenna positions are 
enough. 

It has been shown in this paper that the late-time E-field can 
be regarded as a non-stationary stochastic process with 
Gaussian distribution; the standard deviation is time dependent 
and related to the chamber decay time (8).  

The stirrer efficiency proposed in this paper is only related to 
the equivalent TSCS of stirrers (the moving object in the RC) 
and the volume of the RC, which is not sensitive to the antenna 
position and the load of the RC, thus it provides a general way 
to compare the performance of different RCs or one chamber 
with different stirrers. The proposed definition is intuitive and 
can be understood from another point of view: a small stirrer 
means the wave needs to travel a relatively long time and 
interact with stirrers more times to become random enough (a 
slow ⟨𝐸(𝑡)⟩2 decay), while a big stirrer means the wave can 
become random quickly (a fast ⟨𝐸(𝑡)⟩2 decay). Because 𝑇𝑆𝐶𝑆�  
can be superimposed, which means the stirrer efficiency is 
predictable, this is important for the RC design, the designer 
can evaluate how large a stirrer needs to be (or how many 
stirrers are needed) based on the existing design using (24). 

A time-gating technique in the RC has been proposed, which 
provides an alternative method to correct the unstirred part in 
the time domain. It should be noted that when using this 
time-gating technique to compare the transfer functions in the 
unloaded and loaded RCs, the start time and the end time of the 
time gate are different. The time-gating technique can be used 
to improve the stirrer efficiency: by filtering the early time 
response, the unstirred part of S-parameters can be filtered. For 
antenna measurements the time domain response can easily be 
truncated, for other measurements if the time domain response 
cannot be easily separated (radiated susceptibility or radiated 
emission measurement), physically high stirrer efficiency is 
still required. 

The difference between the stirrer efficiency defined in this 
paper and the field uniformity (FU) should be noted. The FU is 
determined by the measured average E-field in the frequency 
domain [19] which includes both the unstirred part and stirred 
part. Stirrer efficiency describes how fast the unstirred part 
decays compared with the total response or how fast the total 
signal is dominated by the stirred part. It also describes the 
difference between 〈�̃�〉 and �̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒 , as discussed before, 〈�̃�〉 
does not only include the free-space response (in a few 
nanoseconds), but also include the contribution of 𝑇𝑆𝐶𝑆�  of 
moving objects (in a few hundred nanoseconds), we need 
⟨𝐸(𝑡)⟩2 to decay very fast to ensure that the unstirred part is 
dominated by the free space response, that is when 𝜂𝑠 →
100%, 〈�̃�〉 → �̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒 . 

To have a good RC, the stirred part needs to be as uniform as 
possible and the unstirred part needs to be as small as possible. 
The use of diffusers [40, 41] on the specular reflection wall 
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actually diffuses the unstirred part to improve the field 
uniformity, but the stationary diffusers cannot change the 𝑇𝑆𝐶𝑆�  
of the stirrers thus cannot change the stirrer efficiency (the 
decay speed of ⟨𝐸(𝑡)⟩2). However, if only the field uniformity 
is used as the standard it is already a good RC, unless for some 
special applications (e.g. to measure the free space 
S-parameters in an RC) we need 
𝐼𝐹𝐹𝑇�〈�̃�〉 � = 𝐼𝐹𝐹𝑇��̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒� (〈�̃�〉=�̃�𝐹𝑟𝑒𝑒𝑆𝑝𝑎𝑐𝑒).  

High stirrer efficiency does not necessarily mean a good FU 
(when a high directivity antenna direct to the test region) and a 
good FU does not necessarily mean high stirrer efficiency (both 
stirred part and unstirred part are uniform but the unstirred part 
decays slowly in time domain). Normally, if the stirrer 
efficiency is high and the K-factor is small, the field in the test 
region is dominated by the stirred part, if the stirred part is 
uniform, a good FU is obtained (except some special cases the 
stirred part can also be non-uniform [42]). It should also be 
noted that in this paper, the RC works in an overmoded 
condition (the baseline of an RC), otherwise the PDP no longer 
decays exponentially [43] and the definition of 𝜏𝑅𝐶  and 𝜏𝑠 are 
no longer valid. 

APPENDIX A 
THE CHOICE OF TYPICAL TIME 

 
An appropriate typical/reference time 𝑡0 need to be chosen to 

determine 𝜂𝑠. Assume the shape of the RC is a cube, if the wave 
is allowed to interact with all the walls inside the RC at least 
twice (the wave follows the red dot line in Fig. 18), the travel 
time is 12 √𝑉3 𝑐0� . 

 
Fig. 18. An intuitive explanation of the wave interaction with the boundaries in 
a cubic RC, a sphere with radius 𝑟 = 𝑉1/3/√8𝜋 is also shown. 

 
As can be seen, when 𝑇𝑆𝐶𝑆� = 𝑉2/3 4⁄  (a quarter of the 

surface area of a face in Fig. 18), 𝜂𝑠 = 1 − 𝑒−3 = 95.0%. This 
is a reasonable value to our knowledge, if we have such a large 
sphere with radius 𝑟 = 𝑉1/3/√8𝜋 which can move freely in the 
RC, the stirrer efficiency should be high (the TSCS of the 
sphere is 2𝜋𝑟2 = 𝑉2/3 4⁄  when the electrical size is large [32]). 
Normally, the stirrers are rotating around fixed axes, the 
equivalent TSCS is smaller than the real TSCS of the stirrers.  

It should be noted that, theoretically there are infinite ways to 
map 𝑇𝑆𝐶𝑆� 𝑉2/3⁄  to the range of 0% to 100%. If we use a 
variable 𝛼  to control the allowed travel time and let 𝑡0 =

𝛼 √𝑉3 𝑐0� , 𝜂𝑠 with different 𝛼 values are shown in Fig. 19. As 
can be seen, when 𝛼 is small, high stirrer efficiency becomes 
hard to achieve, which means a very short time is allowed for 
the waves to travel to become random. In practice, we need an 
appropriate value to have an intuitive understanding and it is 
not reasonable to have a too small (high 𝜂𝑠  can never be 
achieved) or too large 𝛼 (always give a high 𝜂𝑠). In this paper, 
𝛼 = 12 is recommended. 

 

 
Fig. 19. 𝜂𝑠 curves with different 𝛼 values. 
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