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H.G.Krautḧauser, J.Nitsch
Otto-von-Guericke-University Magdeburg, IGET, Germany

(Principal contact: hgk@ieee.org)

Abstract: Field transients are an intrinsic feature of
mode-stirred chambers. Three different cases are inves-
tigated here. The free energy decay corresponds to tran-
sients on a microsecond time scale. The time for tran-
sients due to a change of frequency depends on the equip-
ment used. In any case it is significantly longer, usually
several milliseconds. If a mechanical tuner is used to
change the boundary conditions, due to the inertia of the
construction, transients occur within a time period up to
several seconds whenever the tuner is moved to a new po-
sition. All these field transients may affect equipment un-
der test. Moreover, the free energy decay can be used to
determine the chamber quality factor in the time domain.
For this task, a method, using a spectrum analyzer instead
of an oscilloscope, is introduced leading to a much higher
dynamic range.

1. Introduction
During the last few years, mode-stirred chambers have
become more and more popular for radiated emc testing.
For susceptibility testing this is mainly due to the fact that
very high field strengths can be achieved with moderate
input power. Both, for susceptibility and emission test-
ing, the statistic nature of the chamber fields might be
helpful to perform more robust tests, especially at high
frequencies (above 1 GHz).
An international standard — IEC 61000-4-21 — is in
development dealing both with the calibration of mode-
stirred chambers and mode-stirred chamber measure-
ments.
The main future research task is to investigate real and
generic systems in mode-stirred chambers and to com-
pare the results with measurements performed in well es-
tablished test environments, namely open area test sides
(OATS), semi or fully anechoic chambers (SAC, AC),
or transversal electromagnetic wave guides (TEM-cell,
GTEM-cell, strip line).
Mode-stirred chambers are high quality resonators. Ac-
cording to the high quality factors, steady state conditions
are reached only after a considerable long time period,
typically several microseconds (Figure 5 shows the qual-
ity factor and the chamber time constant for the Magde-
burg mode-stirred chamber). Although this is the shortest

Fig. 1: Picture of the Magdeburg mode-stirred chamber.

time period of transients existing in mode-stirred cham-
bers, it might be already a long time for fast digital elec-
tronics [1]. Therefore, field transients in mode-stirred
chambers might be important for the interpretation of
emc test results.
The measurements presented here are conducted in the
Magdeburg mode-stirred chamber [2]. The chamber di-
mensions are 8 m x 6 m x 3.5 m, approximately. The
first chamber resonance frequency is about 30 MHz. The
chamber is calibrated according to IEC 61000-4-21 in the
frequency range from 200 MHz to 4.2 GHz.
In the next section, the free energy decay is investigated.
From the slope of the free decay the chamber quality fac-
tor and the chamber time constant are evaluated for the
empty and the heavily loaded chamber.
Most emc tests in reverberation chambers are performed
in mode-tuned operation. In that mode, the tuner is se-
quentially moved to statistically independent positions.
At these positions, the test is performed for all frequen-
cies without moving the tuner. For these frequency
sweeps, the generator can be set to blanking or non-
blanking operation. In the second part, field transients
due to the change of the frequency are investigated, both
for blanking and non-blanking operation.
The oscillations of the (mechanical) tuner are relevant on
a much longer time scale (seconds). Field transients due
to tuner oscillations are described in the third part of the
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Fig. 2: Setup for Q-factor measurements in time domain.

paper.
All measurements presented here are performed without
the use of amplifiers. Generally, amplifiers will cause ad-
ditional effects due their own transient behavior.

2. Free Energy Decay
2.1 Quality factor from time domain measurements

The quality factorQ is one of the most known parameters
to characterize reverberation chambers. In general,Q is
defined by

Q = ω
overall reactive energy in the enclosure

dissipated power
.

(1)
In time domain, the quality factor is given by

Q =
π

d
= 2πf · τ (2)

whered is the average logarithmic decrement of the free-
decay field of energy density stored in any point of the
enclosure [3]:

d =
1

f ·∆t
ln
(

E(t0)
E(t0 + ∆t)

)
(3)

=
ln (10)

20 · f ·∆t
∆EdB (4)

=
ln (10)

20 · f ·∆t
∆PdB (5)

The energy (field) decay time constantτ is given by

〈E(t0 + τ)〉 =
(
1/
√
e
)
〈E(t0)〉 (6)

〈EdBV/m(t0 + τ)〉 = 〈EdBV/m(t0)〉 − 4.34dBV/m(7)

From (5) and (2) follows

Q =
20 · π · f [MHz] ·∆t[µs]

ln 10 ·∆PdB
≈ 27.29·f [MHz] ·∆t[µs]

∆PdB
(8)

Fig. 3: Slope of the pulse-modulated sine signal when the generator
is directly connected to the spectrum analyzer. The three traces are for
resolution bandwidths of 10 MHz, 1 MHz, and 300 kHz.

To perform the time domain measurements it would be
obvious to use a real-time or a sampling oscilloscope.
This technique was introduced by Ladbury, Johnk and
Ondrejka at NIST in 1996 [4]. The disadvantages of the
method is a relative complex data processing and that it
can be hardly used at high frequencies due to the lack of
a pulse source with strong signal components at several
GHz and the poor dynamic range of high speed oscillo-
scopes (8 bit analog digital conversion).
Here, a new method is introduced using a modern spec-
trum analyzer in zero span mode (in zero span mode the
analyser measures the signal at the given center frequency
with the given band width as a function of time) and an
excitation with a pulse modulated sine. The setup is il-
lustrated in Fig. 2.
Performing the measurements it is important to use
a resolution bandwidth for the spectrum analyzer that
is large enough to get the correct slope of the enve-
lope. For the measurements here the maximum reso-
lution bandwidth (10 MHz) of the used spectrum ana-
lyzer (Rhode&Schwarz FSP13) was taken. In order to
check whether the bandwidth is large enough or not, the
slope of the envelope can be measured when the gener-
ator is directly connected to the spectrum analyzer. The
resulting slope has to be much steeper compared to the
chamber measurements. The resulting slopes for differ-
ent values of the resolution bandwidth are illustrated in
Fig. 3. From Eq. 8 using the values∆t = 320 ns and
∆PdB = 37.48 dB it can be calculated how large the
quality factor has to be at least to be measured with this
method correctly. This lowerQ limit, Qmin, is given in
Fig. 4 for frequencies up to 20 GHz.
Measured slopes are given in Fig. 5 (top) for five differ-
ent positions of the tuner (the curves have been shifted on
the time axis in order to clarify the illustration). For the
results given here the chamber was heavily loaded with
absorbing material. The free-decay slopes are of com-
plex structure making the determination of the decay time
practically impossible and/or inaccurate.
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Fig. 4: Minimum value of the quality factorQ that can be measured
by means of a spectrum analyzer in zero span mode using a resolution
bandwidth of 10 MHz.

The idea is now to average the slopes for different tuner
positions in order to get an ensemble slope that should
be much smoother than the individual curves. This can
be achieved most easily in mode-stirred operation of the
chamber.
In contrast to mode-tuned operation in mode-stirred op-
eration the tuner is moved continously. Therefore, the
ensemble averaged slope is obtained by using the inter-
nal averaging capability of the spectrum analyzer. The
resulting ensemble average curve is given in Fig. 5 (top)
also.
The bottom graph of Fig. 5 shows the resulting qual-
ity factors and decay time constants for the empty and
heavily loaded chamber, respectively. The obtainedQ is
clearly above the limit from Fig. 4.
In order to validate the new method, the results can be
compared to theoretical models for the quality factor and
to the results obtained using the well established method
(as in IEC 61000-4-21).

2.2 Quality factor from simple theory

Following an easy but well established theoretical model
the quality factor is given by two parts [5], [6]:

Qth =
1

1
Qant

+ 1
Qwall

(9)

Qant = 16π2 V

λ3
(10)

Qwall =
3
2
V

Sδ

1
1 + 3λ

16

(
1
a + 1

b + 1
c

) (11)

whereV andS are the volume and surface of the cham-
ber, a, b, c are the dimensions of the chamber (that is
assumed to be cubic),λ = c/f is the wavelength,c is the

speed of light,f is the frequency andδ =
√

λ
cµσ is the

skin depth of the wall with permeabilityµ and conductiv-
ity σ.
The two parts are due to effects of the receiving antenna
(Qant) and wall losses (Qwall).
For real chambers an additional factorK has to be intro-
duced giving the ratio between measured and modeledQ
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Fig. 5: Top: Time domain response due to pulse modulated sine exci-
tation of the (loaded) chamber. Bottom: Chamber quality factorQ and
decay time constantτ for the Magdeburg mode-stirred chamber.

factors:

K =
Qth
Qmeas

(12)

In order to compare the measuredQ with respect to the
theoretical model, values forσ, µ andK have to be cho-
sen. The Magdeburg mode-stirred chamber is made from
screwed zinc coated steel modules. Due to the modular
structure, a value for the (effective) conductivity can not
be obtained from the conductivity of the material itself.
In Fig. 6 the measured quality factor is compared to the
prediction of the model usingσ = 1e6S/m, µ = µ0 and
K = 3.5. With these parameters a good agreement is
obtained.

2.3 Quality factor from frequency domain measure-
ments

Usually, the quality factor of mode-stirred chambers is
measured in the frequency domain using the formula

Q =
(

16π2V

ηRxηTxλ3

)〈
PAvgRec
Pinp

〉
antenna locations

(13)
Here, ηRx and ηTx are antenna efficiency factors for
the receiving (Rx) and transmitting (Tx) antenna. These
factors can be set approximately to 0.75 for log-
periodical and 0.9 for aperture (horn) antennas.PAvgRec
is the power at the receiving antenna averaged over
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Fig. 6: Comparison of the measured quality factor with the prediction
of a simple theoretical model using losses due to the receiving antenna
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Fig. 7: Comparison of the empty chamber quality factor over fre-
quency obtained in the frequency domain from the antenna calibration
factor (ACF) as described in IEC 61000-4-21 and from time domain
measurements using a spectrum analyzer in zero span mode with pulse
modulated sine excitation (mode stirred operation).

tuner positions,Pinp is the chamber input power, and
〈〉antenna locationsdenotes averaging over different po-
sitions of the receiving antenna in the chamber working
volume. TheQ factor is obtained during chamber cal-
ibration according to IEC-61000-4-21 from the antenna

calibration factorACF =
〈
PAvgRec
Pinp

〉
antenna locations

.

In Fig. 7 the quality factor obtained from theACF is
compared to the quality factor measured in the time do-
main.
For frequencies up to 450 MHz both measurements are
in excellent agreement. Above 450 MHz the number of
tuner positions was reduced to 18 up to 900 MHz and
to 12 above 900 MHz (as suggested in IEC 61000-4-21).
The discrepancy between the two measurements in this
frequency range may be due to an systematic underesti-
mation ofPAvgRec. Above 4.2 GHz no frequency domain
data is available due to the lack of power amplifiers for
higher frequencies.
Above it was discussed how field transients, due the free
energy decay inside mode-stirred chambers, can be used
to determine the chamber quality factorQ. Beside this,
the transients may also cause an unwanted influence on
equipment under test. Transients as observed for the free

energy decay occur whenever the electromagnetic condi-
tions of the chamber are changed. Depending on whether
the foregoing steady state is near to resonance conditions
or not, much higher field amplitudes can be obtained dur-
ing the transition to the next steady state. An example is
given in the magnified part of the bottom graph of Fig. 8.
There, the maximum amplitude is about 6.5 dB higher as
in the steady state. These peaks are present only for a
time up to approximately 100 ns. Therefore, this effect
may upset only very fast (digital) equipment.
It is shown in the next sections, that much longer transi-
tion times can be observed in the case of changing the
excitation frequency or the boundary conditions (tuner
movement).

3. Change of Frequency
All emc susceptibility testing has to be done over a wide
frequency range. In a mode-stirred chamber, mode-tuned
operation is usually used, were for fixed boundary condi-
tions the frequency of the excitation is subsequently set
to the desired frequencies. The focus of this section is the
time period while the frequency changes from one setting
to another.
Modern high frequency generators are capable to perform
frequency sweeps. Depending on the model several oper-
ation modes can be distinguished:
• Non blanking operation only: Here, the output power

is not reduced during the time within the generator
changes the frequency.

• Blanking operation: The generator reduces the output
power (e.g. 80 dB attenuation) while it changes the fre-
quency. Usually, this results in a much slower sweep.

• Automatic switching between blanking and non-
blanking operation depending on the step width.

• Configurable frequency sweep: User can define,
whether to use blanking or non-blanking operation.

Of course, the same blanking and non-blanking operation
modes can be realized manually1.
Generally, blanking sweeps are slower than non-blanking
sweeps. But for typical tests, the overall sweep time is
defined by the dwell time, that is much longer than the
transition time. Nevertheless, most remote control soft-
ware for emc susceptibility testing does not use blank-
ing sweeps. If the tests are performed inside the usual
(non reverberating) emc field generators, the difference
is unimportant in most cases. But this is completely dif-
ferent in mode-stirred chambers.
The differences for the fields inside a reverberating en-
closure are illustrated in Fig. 8.
In the upper graph the power at the receiving antenna
is shown for fixed antenna and tuner positions while
the frequency is changed from 205 MHz to 210 MHz.
A transient region is observed for a time period of ap-
proximately 1 ms. Depending on the frequency range,
the frequency step, and the tuner position, the transients
can look completely different. For the example given in
Fig. 8, the field strength during the transient time period is

1The term manual is used only to distinguish from predefined sweeps.
Of course, the manual setting of the frequency is done remotely by a
measuring software most often.



Fig. 8: Transient E-field during a frequency step from 205 MHz to 210
MHz. Top: without blanking; Bottom: with blanking. The enlarged
part shows the transient due to the free energy decay when the power is
reduced.

up to 10 dB higher compared to the corresponding steady
state fields.
Obviously, this could cause an unwanted and uncon-
trolled upset of the equipment under test if a failure mech-
anism exists having a time constant less or equal to the
transient time. In that case, a failure would be mislead-
ingly addressed to the previous steady state.
These systematic over testing errors can be eliminated us-
ing banking frequency sweeps. The lower graph of Fig. 8
shows the same situation with blanking. The transient
time is now 2.4 ms (using a Rhode&Schwarz SMR20).
Amplitudes higher than steady state amplitudes are ob-
served only for very short times (approximately 100 ns,
see magnified part) at the moments when the power is re-
duced and reset (free energy decay). These shorter tran-
sients are important only for very hight speed digital cir-
cuits.

4. Tuner Movement

Most mode-stirred chambers are equipped with one or
more mechanical tuners. These tuners ought to be large in

Fig. 9: Transient E-field due to the tuner movement to a new position.
Step width is 5 degrees here. Top: at 200 MHz; Bottom: at 900 MHz

order to perform well, even at lowest usable chamber fre-
quencies. Due to the size and weight, tuners usually are
inertial and tend to oscillate on a time scale of seconds.
This can be observed for the Magdeburg mode-stirred
chamber also. This chamber is equipped with one large
vertical tuner (see Fig. 1).
In order to demonstrate the effect, the tuner was moved
from one position to another using a step width of 5 de-
grees. This has been done at different excitation frequen-
cies. The field inside the chamber has been observed by
means of a receiving antenna at a fixed position inside the
chamber working volume.
Typical results are shown in Fig.9. The upper graph
shows the received power for an excitation frequency
of 200 MHz for three different starting positions of the
tuner. Of course, the field amplitude inside the transient
region strongly depends on the actual starting position.
After approximately 1.5 seconds damped sine oscilla-
tions can be observed indicating that the tuner has taken
the new position and is oscillating until steady state is
reached. The overall transient time is about four seconds.
For the lower graph the same measurements are made at a
frequency of 900 MHz. The overall behavior is the same,
but due to the much higher mode density the amplitude



pattern in the transient region is much more complex.
In any case, transient amplitudes can be observed that are
up to 10 dB higher compared to the corresponding steady
state amplitudes.
As discussed for frequency changing without blanking,
the transient fields result in a systematic over testing
with errors up to 10 dB. Here, this effect is important
for equipment under test having failure mechanisms with
time constants up to several seconds. This will include
most of the typical equipment under test.

5. Conclusions
The phenomena of field transients are an immanent fea-
ture of high quality resonators, such as mode-stirred
chambers. There are transient fields whenever either ex-
citation parameters (e.g. frequency and amplitude) or the
boundaries are changed.
Changing of the amplitude takes place when, e.g., the
chamber is operated with a (pulse) modulated signal. The
corresponding transients of the free energy decay can be
used to determine the chamber quality factor in the time
domain, and, on the other hand, might upset the device
under test.
To determine the free energy decay a method was in-
troduced using a spectrum analyzer in zero span mode
instead of an oscilloscope. The results of the new
method were compared to the established frequency do-
main method, and a simple theoretical method, showing
that it is accurate, fast, simple, and can be used without
amplifiers over a very broad frequency region. Values for
the lowest quality factor to be measured with this method
(assuming a resolution band width of 10 MHz) are given.
It was discussed that the field transients due to the free
energy decay are important only for very fast digital cir-
cuits.
The change of the frequency is necessary in emc testing.
The time period until steady state conditions are reached
again depends on the used equipment (generator, ampli-
fiers), and is in any case significantly larger (millisec-
onds) than the free energy decay time constant (microsec-
onds). Obviously, these transients can disturb the de-
vice under test also. Care must be taken, to switch down
power during this time period, e.g., by the measurement
software. If frequency sweeps are done in non-blanking

mode, systematic, unwanted and uncontrolled over test-
ing (up to 10 dB) takes place. This will make a com-
parison of test results in mode stirred chambers and non-
reverberating field generators even more complicated.
On a much larger time scale are the oscillations of a me-
chanical tuner (seconds). If mechanical tuners are used,
power has to be switched down until the tuner is standing
still. The time scale of this process will be important for
most devices under test.
It is proposed to include proper measurement instructions
into IEC 61000-4-21 as soon as possible.
This research is supported by the Deutsche Forschungs-
gemeinschaft DFG under contract number FOR417.
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