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Abstract 
 
The time domain response of a reverberation chamber 
plays an important role in many applications. It is 
normally obtained from the inverse Fourier transform of 
the measured S-parameters in the frequency domain, and 
a bandpass filter (BPF) is normally used to select the 
frequency band of interest. However, the selection of the 
BPF has rarely been discussed and is a question in 
practice. In this paper, different types of BPFs are 
investigated, results from measurement data are given and 
compared. The interference from the input signal using 
different filters is quantified and it is found that the 
extraction of chamber decay constant is not sensitive to 
the type of employed filters. But for some applications the 
BPF selection is important. 
 
1. Introduction 
 
The time domain (TD) response of a reverberation 
chamber (RC) is extremely useful in many applications, 
such as the extraction of decay constant (𝜏𝑅𝐶 ) [1], the 
antenna efficiency measurement [2], the absorption cross 
section measurement [3], the communication channel 
characterization [4], the scattering damping time 
extraction ( 𝜏𝑠 ) [5]-[7] and the stirrer efficiency 
qualification [6, 7]. 
 
In order to measure the TD response of the RC, frequency 
domain (FD) measurement is normally applied, because 
the FD measurement can offer a much larger dynamic 
range than the TD measurement and the TD response can 
be obtained from the inverse Fourier transform (IFT) of 
the measured FD response. In the RC measurement, BPF 
is used to filter the measured S-parameters, and then the 
IFT is applied to obtain the TD response of the filtered S-
parameters. From the TD response, the decay constant 𝜏𝑅𝐶  
can be obtained by using the least square fit method [1] 
which is frequency dependent and the resolution depends 
on the passband of the used BPF. Elliptic filters were used 
in [2, 3, 6, 7] while rectangular filters were used in [8] 
without detailed discussion. This paper is focused on the 
BPFs used in the TD signal analysis of the RC; results are 
based on the practical measurement data. Conclusions are 
finally presented. 

 
A schematic plot of a typical RC measurement is given in 
Fig. 1(a) and a typical measurement scenario is shown in 
Fig. 1(b). S-parameters can be measured by using a vector 
network analyzer (VNA), and then a BPF is used to select 
the frequency band of interest to process the collected S-
parameters data. If one defines Port 1 as input port and 
Port 2 as output port, as depicted in Fig. 1(c), the BPF can 
be placed at the input port or the output port, although in 
measurement the S-parameters are normally measured 
first and BPF is applied later, they are actually equivalent 
( 𝐹(𝑗𝜔) × 𝑆21 = 𝑆21 × 𝐹(𝑗𝜔) = 𝑆21�  ). The BPF is 
placed at the input port in this paper to provide a better 
understanding. It is shown in Fig. 1(c) that, when the 
impulse signal (𝛿(𝑡)) is filtered by a BPF, a modulated 
impulse signal is obtained. The TD response from the IFT 
of 𝑆21�  is actually the response of a modulated impulse 
excitation.  
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Figure 1.  TD response measurement in an RC, (a) 
schematic plot of a typical measurement setup, (b) 
measurement setup at the University of Liverpool, (c) the 
use of a BPF to obtain the TD response of a modulated 
impulse input, 𝐹(𝑗𝜔) is the transfer function of the BPF, 
𝑆21 is the transfer function of the RC and 𝑆21�  is the total 
transfer function. FD spectrums are shown with frequency 
axis f, and the corresponding TD signals are illustrated 
with time axis t. 
 



If we check Fig. 1(c) carefully, it can be found that, the 
input signal of the RC depends on the impulse response of 
the BPF. The extracted 𝜏𝑅𝐶  is actually the average value 
in the passband of the BPF. It is expected to have a filter 
with a narrow passband in the FD and a short impulse 
response in the TD, so that the TD response of the RC 
will not be dominated by the input modulated impulse 
(impulse response of the BPF) and a good resolution of 
𝜏𝑅𝐶  and/or 𝜏𝑠  in the FD can be obtained. It is 
understandable that these two requirements cannot be 
ideally satisfied simultaneously as a short time signal in 
the TD means a wideband spectrum in the FD. An 
extreme case is that when the passband of the BPF is 
infinitely small (single frequency), the impulse response 
of the BPF is a continuous sine wave (infinitely long), the 
response of the RC will also be a sine wave which makes 
it impossible to observe the decay of the signal.  
 
2. Bandpass Filters 
 
In this section, we compare the performance of typical 
BPFs as it is impossible to enumerate all types of BPFs. 
S-parameters were measured in the RC at the University 
of Liverpool (Fig. 1(b)), 10001 points were recorded for 
each stirrer position in the frequency range of 2 GHz ~ 3.5 
GHz, and 100 stirrer positions were used with 3.6 
degrees/step. Typical measured S-parameters at one stirrer 
position are shown in Fig. 2. The detailed steps to extract 
the TD response and the decay constant are given below 
with different BPFs. 
 
Rectangular filter: The rectangular BPF is a well-known 
filter which in the FD removes all frequency components 
outside the passband. Although the impulse response of 
the rectangular filter is non-causal, it does not affect the 
use of it, as we use it in the post processing of the 
measurement data rather than realize such a filter in 
practice. A rectangular filter with 100 MHz and 1.3 GHz 
passband are illustrated in Fig. 3(a), the corresponding 
normalized impulse responses can be obtained from the 
IFT of the FD response which are shown in Fig. 3(b). As 
expected, a wider passband BPF has a faster TD decay but 
the FD resolution is coarser. The power delay profile 
(PDP) can be obtained from 〈|𝐼𝐹𝑇(𝐹(𝑗𝜔) × 𝑆21)|2〉 , 
where 〈∎〉 means averaging for all stirrer positions, the 
normalized PDPs are shown in Fig. 3(c). The TD aliasing 
effect [1] can be well observed as the sampling interval in 
the FD is 150 kHz, which corresponds to 1/(150 kHz) = 
6666.7 ns in the figures.   
 
It can be observed in Fig. 3(b) that, when a 100 MHz BPF 
is used (the obtained PDP and 𝜏𝑅𝐶  has a frequency 
resolutions of 100 MHz), the normalized input modulated 
impulse signal drops to -56 dB at 4000 ns (normalized to 
the peak value of 0 dB). Meanwhile, the PDP at 4000 ns 
is around -15 dB lower than the peak value. Ideally, the 
response should be purely from the RC and the input 
signal should decay to 0 (−∞  dB) quickly. However, 
when the IFT is used to inverse the FD response, the 
decay of the input signal depends on the used BPF and 

there is always a finite tail for the input modulated 
impulse. This interference from the finite tail could lead 
errors when we analyze the TD response from the RC. An 
extreme case is that, when the input signal is a continuous 
sine wave (no decay or decay extremely slow), the output 
will also be a sine wave and no RC characteristics can be 
extracted.  
 
By comparing Fig. 3(b) and Fig. 3(c), if we assume that 
the peak response (0 dB) of the PDP is from the peak 
magnitude of the input signal (TD impulse response of the 
BPF), it can be seen that the interference from the input 
signal is around 41 dB lower than the RC response at 
4000 ns, the response from the RC dominates the TD 
response.  The interference level from the input signal 
(𝑛𝑜𝑟𝑚[𝐼𝐹𝑇(𝐹(𝑗𝜔)] (dB)  −  𝑛𝑜𝑟𝑚(𝑃𝐷𝑃) (dB) ) can be 
obtained from the difference between Fig. 3(b) and 
Fig. 3(c) and is shown in Fig. 4. As expected, the 
interference from the input signal is much smaller than the 
PDP in the whole time range, and the TD response is 
dominated by the RC but not the input signal. 

 
Figure 2.  Typical measured S21 at one stirrer position. 
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Figure 3.  (a) Rectangular filter transfer functions 
|𝐹(𝑗𝜔)| in the FD, (b) the impulse response of the filter 
in the TD ( |𝐼𝐹𝑇(𝐹(𝑗𝜔))| ), only responses in positive 
time are plotted and normalized to peak value, (c) PDPs 
at the center frequency of 2.75 GHz, normalized to the 
peak value. 
 
This rectangular filter has been used in the antenna 
radiation efficiency measurement in [8] and good results 



were obtained. Fig. 4 is important, as it quantifies the 
interference from the input signal against the TD response 
of the RC. It should be noted that, although the 
interference shown in Fig. 4 is already very small in the 
𝜏𝑅𝐶  extraction, it could be significant in other applications, 
e.g. the extraction of the scattering damping time 𝜏𝑠 , 
because in the 𝜏𝑠  extraction, the decay speed of 
|〈𝐼𝐹𝑇(𝐹(𝑗𝜔) × 𝑆21)〉|2  is much faster than 
〈|𝐼𝐹𝑇(𝐹(𝑗𝜔) × 𝑆21)|2〉 [6, 7]. As long as the interference 
level is quantified, a trustable region of the TD response 
of the RC can be identified.  

 
Figure 4.  Interference level from the input modulated 
signal, horizontal axis is plotted in log scale to have a 
good resolution of early time. 
 
Elliptic filter: The elliptic filter is famous for the sharpest 
transition between the passband and the stopband when 
compared with the same order Butterworth or Chebyshev 
filters. The same procedure is repeated for different orders 
of elliptic BPFs. As a high resolution in the FD is 
expected, we fix the passband as 100 MHz (the same as 
we used in the rectangular BPF), the transfer functions of 
different order elliptic BPFs are shown in Fig. 5(a), and 
the corresponding interference level from the input signal 
is given in Fig. 5(b). As can be seen, the interference level 
for low order elliptic filters decays faster than high order 
ones, and a large Rs means a low level tail (>100 ns). 
Compared to the rectangular filter (Fig. 4), for the same 
passband bandwidth, the elliptic filter can be better than 
rectangular filter in some applications.  
 
Butterworth filter: The magnitude response of 
Butterworth filters is maximally flat in the passband and 
monotonic in the pass- and stopbands, while the sacrifice 
is the rolloff steepness between the pass- and stopbands. 
Typical transfer functions of Butterworth filters are shown 
in Fig. 6(a), interference levels are given in Fig. 6(b). As 
can be seen, Butterworth filters can also provide sharp 
early time decay and low level tail. 
 
Chebyshev filter: Chebyshev BPFs (100 MHz passband, 
0.3 dB ripples) have also been studied and the 
interference level (Fig. 7) is comparable with the 
Butterworth filter in Fig. 6(b), when the order becomes 8, 
the interference level roll off slower than the Butterworth 
filter. 
 
Gaussian filter: Gaussian pulse has been widely used in 
the TD simulation in computational electromagnetics [9]; 
it can also be used in the inversion of TD signal in the RC 
(the RC is excited by a Gaussian pulse). A typical 
Gaussian BPF is shown in Fig. 8(a) with 100 MHz 
passband and the interference level is given in Fig. 8(b). 

As can be seen, the Gaussian pulse decays very fast in the 
TD compared with other filters, also the passband can be 
controlled easily in the FD, which proves the Gaussian 
filter can be a good candidate for the RC TD analysis.   
 

 
(a) 
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Figure 5.  (a) Transfer functions of elliptic filters with 
100 MHz passband, 0.3 dB ripples in the passband, Rs 
means the stopband is Rs dB down from the peak value in 
the passband (b) interference level from the input signal 
with different elliptic filters.  
  

 
(a) 
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Figure 6.  (a) Transfer functions of Butterworth filters 
with 100 MHz passband, (b) interference level from the 
input signal with different Butterworth filters.  
 

 
Figure 7.  Interference level from the input signal with 
different Chebyshev filters.  
 
By sweeping the center frequency of the BPF and 
applying the least square fit to the PDP [1] in the range of 
500 ns ~ 5000 ns, the chamber decay constant can be 
extracted and shown in Fig. 9. As expected, all BPFs have 
very similar results and no significant difference is 
observed since all interference level is quite small. Even 
for the rectangular filter, it is smaller than -30 dB.  



3. Conclusions 
 
In the TD signal analysis of the RC, different BPFs have 
been studied in this paper to quantify their effects. It has 
been found that for an RC with long decay constant (𝜏𝑅𝐶), 
the extracted 𝜏𝑅𝐶  is not sensitive to the type of filters 
selected. A simple rectangular filter is good enough for 
most applications, however, in some applications, the 
effect of BPF could be significant such as investigating 
the early time behavior of the RC [10], scattering 
damping time measurement [5]-[7] and TSCS 
measurement [6, 7]. In these cases, Gaussian filter can be 
a good candidate and the interference level from the input 
signal needs to be checked to ensure the TD response is 
dominated by the RC but not the input signal.  
 

 
(a) 

 
(b) 

Figure 8.  (a) Transfer function of a Gaussian filter with 
100 MHz passband (-3dB), (b) interference level from the 
input signal with a Gaussian filter.  
 

 
Figure 9.  Extracted chamber decay constant by using 
different BPFs. 
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