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Measuring the Total Radiated Energy of
Transient Signals 1n a Reverberation Chamber

Qian Xu, Kai Chen, Xueqi Shen, Tian-Hong Loh, and Yi Huang

Abstract—For a continuous wave signal, the total radiated
power (TRP) can be measured in a reverberation chamber (RC).
In this paper, we show that the total radiated energy (TRE) can
also be measured in an RC for transient signals, and the
convergence speed 1is very fast for wideband signals.
Measurements are performed to validate the proposed method.

Index Terms—reverberation chamber, total radiated energy.

I. INTRODUCTION

EVERBERATION chambers (RCs) have been widely

used in electromagnetic compatibility (EMC) and over-
the-air (OTA) testing in recent years [ 1]-[4]. Due to the inherent
statistical properties, RCs are well suited for measuring global
properties compared with anechoic chambers which are good at
measuring angular-dependent properties. Typical
measurements of RCs include: total radiated power (TRP) [5]-
[7], total isotropic sensitivity (TIS) [2], [8], shielding
effectiveness (SE) [9]-[12], antenna efficiency [13]-[17],
diversity gain [18], [19], channel capacity [20], etc.

Most of the existing RC measurements work in a continuous
wave mode, i.e. the time duration of the signal is much longer
than the decay constant of an RC, and the fields in the RC can
reach a steady state so that the instrument can perform
measurements in the frequency domain (FD). However, for
short-time pulses with non-sinusoidal signals, the power may
vary so fast with time that the RC cannot reach a steady state.
In this case, the power-time relationship of the radiated signal
cannot be easily measured in an RC. In this paper, we show that
an RC can still be used to measure the total radiated energy
(TRE) of transient signals in the time domain (TD) without
knowing the power-time relationship of the original signals.
The working principle is similar to the total radiated power
(TRP) measurement in RCs and the measurement setup is the
same as TRP measurement except using different instruments.
This method could be potentially useful to assess the TRE of
high-power microwave devices.

The paper is organized as follows: the theory is presented in
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Fig. 1. A schematic plot of TRE measurement in an RC.
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Section II, Section III provides measurement verifications.
Discussion and conclusions are summarized in Section IV.

II. THEORY

A schematic plot of the TRE measurement in an RC is
illustrated in Fig. 1. As the transfer function (measured S-
parameters) of an RC is defined in a 50 Ohm system, we assume

x(t)/\/ﬁ = Vrad (t)/\/ Rraq €y

where x(t) is the equivalent voltage in a 50 Ohm system of the
radiated signal, v.,4(t) is the voltage signal on the radiation
resistance R4 of the transmitting (Tx) antenna. Thus, the TRE
can be defined and expressed as

3 +o0 x(t)z
TRE = j =0 dt @)

—00

In the FD, for each stirrer position we have
Yi(jw) = H;(jw)X(jw) ©)

where i represents different stirrer position (position index),
X (jw) is the frequency transform (FT) of x(t), Y; jw) is the FT
of y;(t) (the received signal from the receiving (Rx) Ant in Fig.
1), and H;(jw) is the transfer function of the measurement
system at each stirrer position. From (3) we have
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Y;Gw)I? = [H;Gw)I*1X (jw)|? C))

By averaging (4) over different stirrer positions, we have

(IY;Ga)1?) = (IH; G)*)IX ()%, thus

(IY;Gw)I?)

. 2
KGOl = Tr Gy
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in a well-stired RC, where (-) represents the averaging
operation over all stirrer positions (i =1,2,..,N). From
Parseval's theorem, (2) can be expressed as

RO G)P
TRE—f 50 dt—f_def
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In practice, |Y;(jw)| can be measured using a real-time
spectrum analyzer or y;(t) can be measured using a high
sampling rate oscilloscope (in a 50 Ohm system). As long as
|Y;(jw)| can be measured, {|H;(jw)|?) can be calibrated in the
FD (same as that in the TRP measurement [2]), the TRE of the
device under test (DUT) can be known quickly.

Suppose we use the same Rx Ant in the calibration process,
(|H;(jw)|?) can be obtained in the FD using a reference antenna
with known radiation efficiency

SZl 2
(HGa 2 = 522 @

Reftot

where Ngesor 1S the total efficiency of the reference antenna
(Ref Ant in Fig. 1), S, represents the measured S-parameters
at different stirrer positions between Ref Ant and Rx Ant.

III. MEASUREMENTS

We demonstrate the validity of the proposed method using a
vector network analyzer (VNA) due to the high dynamic range
and high accuracy. Although the measurements were performed
in the FD, the TD response can be obtained by using the inverse
Fourier transform (IFT) to the FD results. The measurement
setup is shown in Fig. 2. Ant 1 and Ant 2 were connected to
Port 1 and Port 2 respectively, 100,001 frequency points were
measured in the frequency range of 1 MHz - 10 GHz, two
stirrers were rotated with 1°/step, S-parameters with 360 stirrer
positions were recorded. The total efficiency of Ant 1 and Ant
2 has been measured using the three-antenna method [13] and
is shown in Fig. 3(a).

To validate the proposed method, we can assume that the
spectrum of the input signal is ideally bandlimited as shown in
Fig. 3(b) and we use Ant 1 as the radiation source. The
bandwidth of the spectrum is limited from 1 GHz to 2 GHz with
an amplitude of 1. Considering the efficiency of Ant 1, the
amplitude of the spectrum of the radiated signal becomes
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Fig. 2. Measurement setup: (a) schematic plot, (b) measurement in an RC, the

inner dimensions of the RC are 6 m X 3.9 m X 2.8 m.
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Fig. 3. Measurement results: (a) total efficiency of Ant 1 and Ant 2, (b) voltage
spectrum of the input signal and the radiated signal, (c) the equivalent voltage
of the radiated signal.

x(t) of the radiated signal can be obtained in Fig. 3(c). The
TRE can be directly calculated using (2), which is 3.05 x 107 J.
In the next, we obtain the TRE from the received signals at the
receiving antenna (Ant 2).

Because we use the same antenna (Ant 1) for transmitting
and calibration, {|H;(jw)|?) in (6) (from the ‘air port’ to Port 2)
can be obtained as
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TABLE 1
MEASUREMENT RESULTS
Bandwidth Tx TRE Measured TRE
1 GHz -2 GHz 3.05 x 107 ] 3.10 x 107 ]
1 GHz-8GHz  1.57 x 108] 1.59 x 108 ]
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Fig. 4. Measurement results: (a) and (b) measured power spectrum, (c)
measured TD signal.
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where Ty is the chamber transfer function [3], Nantator 1S the
total efficiency of Ant 2, Q = wTy is the quality factor of the
RC, w is the angular frequency, A is the wavelength and V is
the volume of the RC respectively. tp. was extracted using the
TD technique [21], and the power spectrums of {|H; (jw)|?) and
the received signal {|Y;(jw)|?) are illustrated in Fig. 4(a). Since
the radiated TD signal is in the frequency range of 1 GHz - 2
GHz, the measured (|Y; Gw)|?)/{|H;jw)|?) can be calculated
and is shown in Fig. 4(b). By applying the numerical integration
in (6), the measured TRE can be obtained as 3.10 x 107 ],
which agrees well with the value using the equivalent voltage
from the Tx antenna (Ant 1). The small difference could be due
to the uncertainty of antenna efficiencies.

The whole procedure was repeated for the TD signal
covering the frequency bandwidth of 1 GHz - 8 GHz, and the
results are summarized in Table I, which shows very good
agreements. Convergence analysis for the stirrer position
number is presented in Fig. 5, we use the results from 360 stirrer
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Fig. 5. Convergence analysis of the stirrer position number: (a) Tx signal with
spectrum in 1 GHz - 2 GHz, (b) Tx signal with spectrum in 1 GHz - 8 GHz.

positions as references and calculate the relative errors. It is
interesting to note that only two stirrer positions could be
enough to have good accuracy (relative error < 5%). This is not
surprising, if we check (6) carefully, we can find that the
integral operator actually has the same effect with the frequency
stirring technique (averaging over different frequencies). This
also explains when the spectrum of the radiated signal becomes
wider the relative error becomes smaller in Fig. 5(b). The wider
the radiated spectrum is, the more independent sample number
we have in the FD. Theoretically, according to the central limit
theorem, the relative error is about 1/vVN X M, where N is the
independent stirrer position number and M is the independent
frequency point number in the bandwidth. It is interesting to
note that for a continuous wave signal, the bandwidth is zero,
and (6) reduces to the equation in TRP measurement (by
dividing the TRE by the duration of the signal). The error from
only one stirrer position should be due to the unstirred part of
the early time response which is not uniform for different
positions in an RC.

Note that the radiated signals may be non-repetitive for
different stirrer positions, in this case, more receiving antennas
(source stirring) can be used simultaneously instead of
mechanical stirring.

IV. CONCLUSIONS

We have demonstrated the validity of the measurement of
TRE for transient signals in an RC. Theoretical equations and
measurement results have been presented. The proposed
method is very similar to the TRP measurement, and the
equation reduces to the TRP measurement for continuous wave
(or long time signals). We should also note that most of the
radiated spectrum should fit the frequency range of the well-
stirred condition of an RC, an insufficient number of
independent samples or poor field uniformity may introduce
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extra errors.

Because of the integral operator in the FD, it is interesting to
note that the convergence speed of TRE measurement is very
fast: only two stirrer positions could be enough for wideband
signals.
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