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Abstract—The averaged absorption cross section (ACS) of a
lossy object characterises its ability to capture power from dif-
fused electromagnetic waves. The averaged ACS is very important
in many EMC research areas such as indoor wireless channel
modelling and human safety exposure study. The measurement
of averaged ACS in a reverberation chamber can be achieved by
measuring the rate of power loss in the time domain, however
this technique requires dense frequency sampling for taking the
inverse Fourier transform, which is very time consuming. A new
scenario which accelerates the measurement speed is presented
in this paper. It combines the technique of non-linear curve
fitting to the power delay profile, segmented frequency sweeping
and continuous mode stirring. The scenario was validated by
measuring the averaged ACS of a hollow plastic sphere filled with
deionized water in an EMC reverberation chamber. Measurement
results showed a good accordance with the simulations and
the measurement uncertainty was studied numerically with the
Monte Carlo method.

Keywords: averaged absorption cross section, reverberation
chamber, segmented frequency sweeping, continuous mode stir-
ring, non-linear curve fitting

I. INTRODUCTION

The absorption cross section (ACS) gives the amount of
power that a lossy object can absorb from a incident plane-
wave. Numerically, the value of ACS equals the ratio between
the power dissipated in the object and power density of
incident wave. Therefore it has a unit of m?2. Physically, it
can be studied in a way of studying an absorbing aperture [1].

In the diffused environments, such as multi-path indoor
environments, it is very hard to set up a ideal single plane-wave
configuration. So the ACS measured in diffused environments
is the averaged ACS, which is the ACS averaged over different
angles of incidence and polarisation of a plane-wave, accord-
ing to Hill’s theory [2]. The averaged ACS was found to be not
only of a great importance to indoor channel modelling [3],
but also very important in the study of non-ionizing radiation
dosimetry [4]. Recently, it was found that ACS shows some
correlation with morphology parameters of human body such
as body mass index (BMI), average fat layer thickness [5],
and body surface area [6], which showed its potential value
in biomedical areas.

The measurement of averaged ACS can be performed in
many indoor environments including aircraft cabins [7] and
rooms [8]. Absorption effects also inform our understanding
of reverberation chambers for EMC measurements of radiated
emissions, radiated immunity and shielding [9], [10].

A reverberation chamber (RC) is a cavity containing a
moving stirrer which helps in creating a stochastic field config-
uration inside. Therefore the lossy object inside a reverberation
chamber is illuminated by electromagnetic waves coming from
different directions when the stirrer moves from one position
to another. The averaged ACS can be measured in two ways.
Firstly, it can be done by measuring the average net power
transfer function Gepamver [11, [11], [12], [13], or it can be
determined by measuring the change of the reverberation
chamber time constant 7 [14].

The former method comes from the idea of the power bal-
ance model in a reverberation chamber [1]. Thus by comparing
the change of G hamper before and after the chamber is loaded,
the power dissipated in the lossy object can be found [4].
This method is fast and easy to implement for broadband
application, but the uncertainty of this method is dominated by
the uncertainty of S3; measurement, which is much larger than
the measurement uncertainty of chamber time constant [15].

The second method is much more accurate than the first
one, but it requires much denser frequency sampling, thus
the measurement speed is lower. Further, due to the compli-
cated data processing, it is not easy to apply for wideband
applications, and it is very hard to give a full mathemati-
cal model for the measurement uncertainty. This paper will
present some techniques of accelerating the measurement of
reverberation chamber time constant and apply them to av-
erage ACS measurement. The techniques includes non-linear
curve fitting, segmented frequency sweeping and continuous
stirring. Experiments on measuring a spherical absorber were
performed to test the effectiveness of the techniques, and
finally the measurement uncertainty was evaluated with Monte
Carlo method.



II. THEORY

The reverberation chamber time constant 7, is the time it
takes for a reverberation chamber to lose its stored energy to
a factor of 1/e of the initial level after the input power is
suddenly cut off [2]. So the shorter this time is, the lossier the
inside of the reverberation chamber. The averaged ACS can
be calculated by the following equations [1]:
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where A is the wavelength, @) is the quality factor of the
reverberation chamber, V' is the volume of the chamber and ¢
is the speed of light in the free space. The angle brackets < - >
mean the ensemble average over different stirrer positions, and
the subscripts ‘wo’ and ‘no’ mean the value is measured when
the chamber is loaded ‘with object’” or when ‘no object’ is
loaded in the chamber repsectively. Equation (1) shows that
the averaged ACS can be obtained directly by doing relative
measurements of the chamber time constant.

However the wideband measurement of chamber time con-
stant is not a straightforward task. First of all, the frequency
sweeping rate should be low enough so that signal can die
down before the measurement proceeds to the next frequency
point [16]. Secondly, the scattering parameters in frequency
domain should be densely sampled in order to give a long
enough time domain response of power delay profile (PDP)
from the slope of which the chamber time constant can be
extracted [15]. And finally, the window function applied on
the scattering parameters when taking the inverse Fourier
Transform to determine the PDP should be carefully chosen,
otherwise there will be an unexpected ringing ‘tail’ at the
end of the PDP which can affect the evaluation of its slope.
To tackle all these problems, the following techniques are
introduced, which increase the measurement speed at the same
time.

A. Non-linear curve fitting
The PDP can be calculated from Ss; using [17]

PDP(t;) =< |h(t;,n)* > (2)
=< |IFFT[Sa1(fk,n) - win(fx)]| > 3)

where i is the index of the discrete samples in the time domain,
k is the index of the samples in the frequency domain and
h(t;,n) is the impulse response of reverberation chamber at n-
th stirrer position. ”win” stands for the window function used
in the inverse Fourier Transform. This mathematical form of
the PDP shows the effect of the window function. According
to the definition of the PDP, the slope of the PDP gives the
chamber time constant.

For example, Fig. 1 and Fig. 2 show the PDP measured
in the University of York reverberation chamber. The So; for
calculating the PDP was filtered by a 5 MHz raised cosine
window with the roll-off factor set to 5 = 0.25. These figures
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Fig. 1. PDP at 7 GHz (5 MHz raised cosine window).
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Fig. 2. PDP at 14 GHz (5 MHz raised cosine window).

show a change of the PDP slope when the chamber is loaded
with a lossy object. It is possible to inspect the time domain
response of the PDP at each frequency of interest, then simply
pick out the linear part for the calculation of slope. However,
it is very time consuming when there are many frequencies to
be processed. Moreover, simply judging the boundary between
the linear and non-linear part of PDP “by eye” is not reliable.
For instance, in Fig. 2, the PDP of the loaded chamber just
decays smoothly down into the noise floor at around -101
dBW.

To make the curve fitting more robust and more automatic
the non-linear mathematical model of the PDP was introduced
for accurate curve fitting [17]:

PDPnon—lin(ti) = [AGXP <_i) + B:| ®||Win(ti)|2 (4)

where A is the magnitude of the transmitted signal, B is the
magnitude of the noise floor, 7 is chamber time constant. (N)
denotes circulated convolution, and N is both the length of
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Fig. 3. Segmented frequency sweeping (below) compared to standard sweep-
ing (above).

the convolution result and the length of window function. Then
the Levenberg-Marquardt algorithm [18] was applied to search
for the set of A, B, and 7 which makes PDPy,1in (¢;) the best
fit to the measurement result. The greatest advantage of non-
linear regression over linear regression is that it can cancel
the distortion on the PDP due to the application of different
types of window functions. Thus it makes the calculation of
the chamber time constant more robust. Furthermore,the non-
linear model is good for fitting the whole range of PDP in
the time domain, without the need for truncating the non-
linear part. So the time domain observation of the PDP at each
frequency is no longer needed, thus making the calculation of
chamber time constant more automatic.

B. Segmented frequency sweeping

Thanks to the robustness of the non-linear curve fitting,
the shape and size of window function can be freely chosen.
Therefore only a narrow band of S5, is needed for calculating
the chamber time constant at a specific frequency. The idea of
segmented frequency sweeping is simple. Instead of sweeping
over the whole band from minimum frequency to the maxi-
mum, it is much quicker to just sweep over a band around
the frequencies of interest and neglect those which are not
included in the IFFT calculation. The operation is illustrated
in Fig. 3.

C. Continuous stirring

To improve the measurement speed even more, the con-
tinuous stirring technique is introduced. In the process of
continuous stirring, the data collection is performed as the
stirrer is constantly moving; however in stepped stirring, data
is only collected when the stirrer stops at different positions.
Because the change of electronic settings is much faster than
the mechanical stirring, the continuous stirring and stepped
stirring can be considered equivalent in some cases, and the
related sampling techniques are stated in [19], [20].

In this paper the problem is approached in a empirical
way. In the reverberation chamber measurement, it is always
desired to get as many of the independent samples as possible.
Therefore different stirring speeds were tested in order to

TABLE 1
NUMBER OF INDEPENDENT SAMPLES IN REVERBERATION CHAMBER.

Nindep Speed = 0.5625 deg/s | Speed = 1.125 deg/s | Stepped
Freq = 1 GHz 247 185 200
Freq = 7 GHz 370 185 200
Freq = 13 GHz 370 185 200
Freq = 18 GHz 370 185 200
\ Niotal [ 740 [ 370 [ 200 ]
[ Measurement time (sec) | 630 [ 312 [ 1461 ]

—&— Stimer speed = 0.5625 degfs |
V| i Stirrer speed = 1.25 degf/s [}
—B— Stepped
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Fig. 4. The auto-correlation sequence of S21 over different stirrer postions
when the chamber is empty.

see how many independent samples can be collected as the
stirrer moves through 360 degrees, and at the same time, the
measurement delay of the vector network analyser (VNA) was
fixed at 65 us to give enough time for the whole system
to settle. According to the standard IEC61000-1-24 [9], the
number of independent samples can be calculated using

N, total
)
NC()IT

where Njpgep is the number of independent samples, Ny is
the number of all the samples collected in the measurement,
Neorr 1s the number of successive correlated samples, i.e. the
number of consecutive samples for which the autocorrelation
function is larger than 1/e. As an example, the autocorrelation
functions of Sy; at 1GHz are plotted in Fig. 4. It shows that
the S21 spectra have 3 successive correlated samples when the
stirring speed is 0.5625, while in other cases the number of
successive correlated samples is less than 3. Equation 5 can be
applied over all the frequencies. The number of independent
samples at some frequencies are listed in Table L.

In real cases, the stirring speed can be chosen with reference
to Table I, to make a trade off between measurement time and
the number of independent samples collected.

(&)

N; indep =

III. EXPERIMENT

To validate the previously introduced techniques, a hollow
plastic sphere filled with deionized water was tested in the
University of York reverberation chamber. The size of the



Fig. 5. Experiment setup in the University of York reverberation chamber,
showing the paddle stirrer, broadband antennas and spherical absorber.

TABLE 11
PARAMETERS OF THE MIE SERIES NUMERICAL MODEL.
Model No.1 | Model No.2
Radius (cm) 19.10 19.50

Wall thickness (mm) 3.9 3.9
Relative Permittivity of Sphere Wall | 2.3 (HDPE) | 2.1 (HDPE)

chamber is 4.70 m x 3.00 m x 2.37 m. The VNA was
connected to cross polarized horn antennas in the chamber
to measure So1. 171 frequencies from 1 GHz to 18 GHz were
measured. The segments around the 171 frequencies were all 5
MHz wide. To achieve an overall measurement time of about
5 minutes, the stirrer was set to be continuously moving at
a speed of 1.125 deg/s. The experimental setup is shown in
Fig. 5. The theoretical ACS of the sphere was calculated by
the Mie code ”SPlaC” [21] which can model a multi-layer
sphere. Because the object under test is not perfectly spherical,
two different sphere models were introduced as references.
The parameters of the first model were obtained from calliper
measurement of the radius and thickness of spherical shell;
the second model’s parameters are obtained by fitting the
simulated ACS to the measurement data. Details of the two
models are listed in Table II. Fig. 6 shows the measured ACS
corresponds well with the simulations.

After the measurement, a preliminary study of the mea-
surement uncertainty was done with a Monte Carlo method.
Since the calculation of chamber time constant involves a lot
of complex algorithms including IFFT, circulated convolution
and Levenberg-Marquardt optimization, it is hard to derive
the probability density function of the chamber time constant
analytically, as can be done for the standard frequency domain
approach [22]. However, taking advantage of the idea from 3,
the PDP at one stirrer position can be modelled using (6)
Nindep times as a random simulation of the measurement
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Fig. 6. Measured and modelled ACS of spherical test object.
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Fig. 7. The relative difference between measurement and simulation.

process:
h(ti,n) = \/Zexp (—;;) Nl(ti) + \/ENQ(ti), (6)

where N (¢;) and Na(t;) are two independent complex Gaus-
sian random processes with zero mean and a variance of
one. The PDP sets are generated and fitted 500 times to
get a group of ACS results. Finally the relative uncertainty
of measurement was obtained by normalizing the standard
deviation of the generated ACS with the simulation values.
The relative uncertainties are plotted as red lines in Fig. 7.
Even though the relative differences are all well below 10%
from 1 GHz to 18 GHz, there are still a lot of samples above
the boundary of relative uncertainty given by the Monte Carlo
method. It is important to point out that the Monte Carlo
method just gives the uncertainty coming from the statistical
data processing. However in real cases, the measurement
uncertainty would be larger than the Monte Carlo predictions



due to other sources of error, such as the fluctuation of
temperature, impurities of the materials under test, imperfect
shapes of the object under test, and so on.

IV. CONCLUSION

The use of combined non-linear curve fitting, segmented
frequency sweeping and continuous stirring techniques applied
to averaged ACS measurement in a reverberation chamber
were validated by measuring a hollow plastic sphere filled
with deionized water in the University of York reverbera-
tion chamber. The measurement time was less than 5 min.
The measurement results were compared with two numerical
models. Both comparisons showed the relative differences
were well below 10%, which showed the high efficiency and
accuracy of the new techniques.

A preliminary study on the measurement uncertainty was
also made using the Monte Carlo method. The Monte Carlo
study estimates the statistical uncertainty as below 5% from 1
GHz - 18 GHz; however, in real cases, the relative uncertainty
could be larger than this value, due to other non ideal factors
in the experimental environment. The results of this work give
us confidence that rapid, accurate measurements of ACS are
feasible, making this a promising techniques for EMC and
human exposure studies.
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