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On the Measurement of Total Radiated Power
in Uncalibrated Reverberation Chambers

Hans Georg Krauthduser, Member, IEEE

Abstract—A novel experimental procedure to measure the to-
tal radiated power of an equipment under test (EUT) placed in a
reverberation chamber (RC) is presented. In contrast to the well-
established method of the IEC 61000-4-21, this new procedure does
not rely on information obtained during the empty chamber cali-
bration or the calibration with the EUT in place. Thus, the method
is simpler, faster, and may have a smaller uncertainty budget.

Index Terms—Emission measurement, IEC 61000-4-21, mode-
stirred chamber, reverberation chamber (RC), total radiated
power.

I. INTRODUCTION

EVERBERATION chambers (RCs) are well-established
R environments to perform electromagnetic susceptibility
and emission measurements. Since August 2003, the measure-
ment procedures have been standardized in the IEC document
IEC 61000-4-21 [1].

In this paper, the measurement of the total radiated power of
an equipment under test (EUT) in an RC will be addressed. There
is an ongoing discussion whether electromagnetic compatibility
(EMC) emission limits for very high frequencies should refer to
total radiated power or—as traditionally—to maximum electric
field strength in a certain distance, see, e.g., [2]-[6]. The aim of
this paper is not to vote for either of this possibilities. Rather,
it is only about the introduction of a new measurement method,
which seems to be not only simpler and faster but also equally
accurate.

II. THEORY

One of the most important quantities in the study of RCs is
the quality factor @ [7], [8]. The general definition of @ is 27
times the ratio of the energy stored to the energy dissipated per
cycle [9]. Thus

wUs  wUs

Q="Fr="F" M

Here,w = 27 f = 2me/A is the cycle frequency, Us is the stored
energy, P; is the dissipated power, and P; is the power trans-
mitted to the chamber. The dissipated and the transmitted power
are equal because steady-state conditions are assumed, i.e.,
Py=P,.
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Either boundary, frequency, or spacial averaging has to be
applied to achieve statistical homogeneous and isotropic fields
in the RC. Typically, the boundary conditions are changed using
a mechanical “mode stirrer.” Denoting averaged quantities by
(-}, (1) can be rewritten for the use in RCs as

w(Us) _ w(Us)
(Pa) (P)

The averaged stored energy (Us) is related to the averaged en-
ergy density (W) by

Q) = (@)

(Us) = W)V 3)

where V' is the chamber volume.
Combining (2) and (3) leads to an expression for the averaged
energy density

Q) (Pr)
2mcV

Now, a lossless and matched receiving antenna in the working
volume of the RC is considered. The averaged received power
(P,) at this antenna is given by the product of the (scalar)
averaged power density (S.) = ¢(I¥) and the averaged effective
area of the receiving antenna (A.) [10]

<Pr> = <Sc><Ae> = C<W><Ae> &)

(W) = @

The average effective area of any antenna located in an RC is
equal to the average effective area of an isotropic antenna A% /47
corrected by the polarization mismatch factor p,,, [11], [12]

)\'2
<Ae> = pmﬂ (6)
)\.2
~ & @

The polarization mismatch factor is equal to 1/2 for any antenna
in an ideal RC [13].
Applying (4) and (7) to (5) finally yields

MQYP) pud® _ pud(Q)

()= v ar sazy ®
or
8wV
py=—"_p). 9

For the case of a real receiving antenna, the measured power
is reduced by ohmic losses in the antenna—expressed by the
antenna efficiency 7, (€ [0, 1])—and due to the mismatch of the
antenna port [8]. The latter is given by (1 — |Sa2|?) (€ [0, 1)),
where Sos is the reflection coefficient of the antenna “looking
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into” the antenna port. Taking this effect into account leads to

82V
(Fr) = (Fr)-
P (1 — [S22|?)A(Q)
The antenna efficiency is difficult to measure. It is a common
practice to assume

[ 0.75,

=19 0.9,
Measurements of the antenna mismatch can be affected by the
antenna losses. For “not too bad” matched antennas, the antenna
mismatch factor is commonly neglected, i.e., (1 — |Sa2|?) = 1.

Thus, for well-matched antennas, the following equation can be
used:

(10)

for log-periodic antenna
for horn antenna.

1D

_ 1672V
A (Q)

The power (P,) is the received power at the antenna port.
It is assumed that appropriate corrections for cable losses are
applied to the measured data.

There are different possibilities for the experimental evalua-
tion of (12). Whereas the two possibilities described in the IEC
standard involve results from preceding calibration measure-
ments, the new procedure presented later obtains all information
within a single measurement.

(P) (P). (12)

A. IEC Procedures

The IEC standard 61000-4-21 lists two possibilities to obtain
the total radiated power P,,q of the EUT.!
1) Based on the measurement of the averaged received power

nr PaveRec

CCF
Here, PaveRrec 1S the averaged (over tuner positions) power
at the receiving antenna port, and CCF is the chamber
calibration factor defined as

P venec
CCF = <AR

Rnput

Pag = (13)

> (14)

antenna positions
The chamber calibration factor is obtained from a EUT-
calibration measurement. During this measurement, the
EUT is in place but switched off. The RC is excited with a
sine wave of averaged power P, (average with respect
to tuner positions) and the average power at the receiving
antenna PAveRec 1S recorded. (-)antennapositions refers to
the average with respect to different receiving antenna
positions inside the working volume of the chamber (may
be only one position).

2) Based on the measurement of the maximum received
power

nr P MaxRec
CLF x IL °
Here, PyiaxRec 1S the maximum received power of the used
tuner positions. The chamber loading factor is a combina-
tion of measurement results of the EUT calibration and the

Prad = (15)

IThe notation from the IEC standard is used.
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empty chamber calibration. The latter is performed after
the construction of the chamber, after modifications, or—
as a good practice—once in a year. The CLF is defined
as

cLr = &8
ACF

where ACF is the antenna calibration factor, which is de-
fined in the same way as the CCF but for the case of the
empty chamber. The chamber insertion loss IL is obtained
from the empty chamber calibration and is given by

IL = <PMaxRec
-Pinput

(16)

> a7
antenna positions
Eight different antenna positions are used during the empty
chamber calibration.

Generally, the first method using Paverec Should be preferred.
The advantages are a lower uncertainty of the average compared
to the maximum of the received power. Further, the results of the
empty chamber calibration are not required for the calculation
of the total radiated power.

Remarkably, the characteristics of the receiving antenna (po-
larization, efficiency, impedance mismatch) do not affect the
results of the measurements. This becomes clear if (13) is refor-
matted (for one antenna position)

Praapur M7 Pinput, EUTCal

PAveRec,EUT  PAveRec,EUTCal (1%
The quantity 97 Piput, EUTCal 1 the radiated power during the
EUT calibration if Piyput,EuTCal 1 the power delivered to the
antenna. The estimation of Py, EUTCal 1S @ problem since it is
neither the forward power (because of impedance mismatch) nor
the net power (forward minus backward). The latter is because
the transmitting antenna also receives a certain amount of the
chamber field that adds to the backward running power [8].
Typically, a well-matched antenna is assumed and the forward
power is used.

B. New Procedure

In contrast to the IEC procedure discussed before, all infor-
mation for the evaluation of (12) should be obtained from a
single measurement, i.e., to measure (P,.) and (Q) simultane-
ously. The key idea is based on a measurement procedure for
(@) that has been published previously [14], [15].

1) Measurement of (QQ): In order to measure the average
quality factor (@) (with the EUT in place), the experimental
setup depicted in Fig. 1 is used.

The chamber is excited with a pulse modulated sine from the
signal generator using the transmitting antenna (Tx). Both the
“on” and the “off” time of the signal have to be large compared
to the chamber time constant 7, which, in turn, is given by the
chamber quality factor by 7 = (Q)/w. The estimation of an
upper bound of the time constant is uncritical. For the used RC,
it can be approximated generously, e.g., to 20 us. Typically, an
“on” time of 50 us and an “off” time of 150 us is used.

The power at the receiving antenna is measured using a spec-
trum analyzer in zero span mode. In zero span mode, the video



272 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 49, NO. 2, MAY 2007
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Fig. 1. Experimental setup to measure the quality factor (Q).
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Fig.2. Typical traces of the received power for different tuner positions. After
the exiting signal is switched off, an exponential decay can be observed in the
averaged trace.

signal of the incoming wave is measured and displayed as a
function of time for the given center frequency and resolution
bandwidth (RBW). Thus, this is a band-limited time-domain
measurement. The measurement of the quality factor in the
time domain is well known from the literature, e.g., [11], [16],
and [17]. The advantage of using a spectrum analyzer instead of
an oscilloscope is that a bandwidth can be used that is just large
enough to not affect the slope of the signals envelope. In turn,
the bandwidth is small enough—even for very height carrier
frequencies—to achieve a good signal-to-noise ratio. This al-
lows for a simple and accurate measurement of the chamber time
constant. From a practical point of view, it is also important to
note that spectrum analyzers are already available in most EMC
laboratories, in contrast to high-performance oscilloscopes.

The quality factor (Q)) can be extracted directly from the
linear-averaged trace measured with the spectrum analyzer [14],
[15].

Power/dBm

-90 L L ! L !

Time/us

Fig.3. Average traces for different numbers of tuner positions for a frequency
of f =200 MHz (near the LUF). Traces are shifted along the time axis for
better distinction.

Power/dBm

-90 L L L L 1
10 15 20 25 30 35 40

Time/us

Fig.4. Average traces for different numbers of tuner positions for a frequency
of f = 300 MHz. Traces are shifted along the time axis for better distinction.

In the time domain, the quality factor is given by

™

Q=" =2nfr

d 19)

where d is the average logarithmic decrement of the free-decay
field of energy density stored in any point of the enclosure [11]

1 E(to)

d= fAt In (E(to + At)> (20)

_In(10)
= 20f AL E4p (21)

~ In(10)

The energy (field) decay time constant 7 is given by

(E(to+1)) = (1/Ve) (E(to)) (23)
<EdBV/m(t0 + T)> = <EdBV/m (t0)> —4.34 dBV/m- 24)
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Averaged traces showing the steady-state region (“On,SS”), the free energy decay (“Off,T”), and the “Off,SS” region. The higher power levels in the right

part of one of the traces are due to the EUT radiation. For the other trace, the EUT was off. The slope in the transient region is not affected by the radiation of the

EUT.

From (22) and (19), we obtain

Q) = _ 20mfAr R 27.20———.

1n(10) APr|dB APr‘dB
Typical traces for different tuner positions are shown in Fig. 2
along with the averaged trace. Figs. 3 and 4 present the av-
erage traces for different numbers of tuner positions (/Ny =
1, 2, 3, 5,10, 15, 50) for a frequency near the chamber lowest
usable frequency (LUF) (f = 200 MHz) and a frequency well
in the operating range of the chamber (f = 300 MHz).

In contrast to the incoming signal, three ranges of time have
to be distinguished here. While the signal generator is on, a con-
stant power level is recorded due to steady-state field conditions
in the RC (“On,SS”). After the external signal gets off, a com-
plex transient trace appears for several microseconds (“Off, T”).
Finally, a new steady state is reached (“Off,SS”).?

The free energy decay time 7 will become shorter if the
quality factor () is reduced. Since the measurement is limited
by the RBW of the receiver (the bandwidth of the receiving
antenna is typically much larger), a lower () limit will exist for
the method. Below that limit, the slope would be too steep to be
recorded correctly. To calculate this limit, the common relation

fAt 25)

2There is a second transient range after the external signal gets on again. This
transient state is not considered here.

between the 90—-10% fall time and the bandwidth can be used:
T90,10 > 0.35/RBW. By using (20), we obtain

1 0.9Ey )
d= In (26)
JTo0,10 (0~1E0
RBW 6.28 x RBW
=——h9)~ ——. 27
This gives a theoretical lower limit for the quality factor
™ f
min === . 28
Quineh = 7 % 37 RBw %)

For real use, the signal fall time should be larger than Ty 19 by
a factor of 3-5. This leads to a real @ factor limit that is larger
by a factor of 3-5

Qmin,real = kQmin, th k between 3 and 5. 29)
Using k = 5 yields a very good agreement with the experimental
results presented in [15].

The evaluation of (25) is very simple. For the case of mode-
stirred operation, the linear averaging of the traces could be
done by the spectrum analyzer itself. Then, one can easily use
the marker functions to obtain At|,s and AP, |4g in order to

calculate (Q).
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Measurement of two (averaged) traces with different measurement parameters. The upper trace is used to determine the quality factor (peak detector,

10 MHz RBW). The lower trace is used to measure the radiation from the EUT with appropriate measurement parameters (here, average detector, 120 kHz RBW).

For the case of mode-tuned operation, the traces have to be
saved and the average has to be evaluated in post processing.
The evaluation “by hand” is then inconvenient—automation is
the better solution.

2) Simultaneous Measurement of (QQ) and (P,.): The power
at the receiving antenna during the “On,SS” time is, or can
be made to be much higher than the power only from the EUT.
Thus, the same procedure to measure the quality factor described
before can be used even if the EUT is radiating. As shown in
Fig. 5, neither the steady-state level during the “On,SS” time,
nor the slope of the free energy decay (“Off,T”) will be af-
fected significantly due to the presence of the radiating EUT
compared to the case when the EUT is present but not radiating.
Therefore, it is possible to obtain all information to evaluate
(12), At, AP,, and (P,), from one single averaged trace. The
values of At and AP, are taken from the region of the free
energy decay (“Off,T”), and (P,) is the power level during
the “Off,SS” time. Of course, this is true only if the emissions
from the EUT are well-separated narrow-band signals. In this
case, the measured power level will not be affected by the cho-
sen RBW (typically 3-10 MHz). Generally, one has to select
a certain combination of detector, RBW, and video bandwidth,
which will be different from the one used to measure the free
energy decay. This is not a real problem, since modern spec-
trum analyzers can measure and display two traces with differ-
ent settings time interleaved (see Fig. 6). The doubling of the
time to get the complete information is uncritical in most cases

because the sweep time is of the order of several tenths of a
microsecond.
The combination of (12) and (25) yields

~ 4nV In(10) f? APgg
B nrbed At

It may be convenient to convert this equation to decibel-scaled
quantities’

<Pt>|dBm =-10 IOg(nr) + 10 10g(V|m3)
— 10 log(At‘us) + 20 log(.ﬂMHz)
— 66.68 + 10 log(APas) + (P)|aBm. 31)

For a given RC, —10 log(n,) + 10 log (V| ,y3) — 66.68 will re-
sult in a chamber-specific constant.

The sensitivity of the new measurement method can be eval-
uated by performing a measurement without an EUT being
present, i.e., performing a noise measurement and evaluating
the noise data as it would be an EUT. Results of such measure-
ments for RBWs of 100 kHz and 1 MHz, and with an internal
spectrum analyzer attenuation of 10 dB are depicted in Fig. 7.
The noise level is determined by the equipment used and the
measurement settings. Thus, it is not the subject of the method
used (IEC versus new method). The noise level is presented

(P) (Pr). (30)

3The term 410 log (A P4g) may be error-prone. Take care to take 10 times
the logarithm of the already decibel-scaled quantity.
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Fig. 7. Noise levels for two different settings of the spectrum analyzer RBW.
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Fig. 8. Noise emitter CNEIII with the 100-mm top-loaded monopole antenna.

only to be compared to the measured levels of two EUTs given
later.

III. RESULTS

In order to evaluate the proposed method, two devices have
been investigated. The first is a noise emitter CNEIII from York
Electromagnetics that is used in conjunction with a 100-mm
top-loaded monopole antenna. The antenna is specified for fre-
quencies up to 1 GHz. The device with the mounted antenna is
shown in Fig. 8.

The second device is a comb generator RSG2000 from
Schaffner. The output power of that generator was attenuated
by 20 dB. The same top-loaded monopole antenna as for the
CNEIII was used for the emission measurements. The RSG2000
is shown in Fig. 9.

In any case, three different measurements have been per-
formed. First, the generator output power was recorded using
an FSP spectrum analyzer from Rohde & Schwarz. For the
CNEII, 100 kHz RBW and the average detector was used.
For the RSG2000, the same bandwidth but the maximum peak
detector was used. Second, an emission measurement accord-
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e

Fig. 9.
antenna.

Comb generator RSG2000 with the 100-mm top-loaded monopole

ing to IEC 61000-4-21 was performed with EUT calibration
and EUT measurement. The total radiated power was calcu-
lated using the CCF and the CLF according to (13) and (15),
respectively. Finally, the total radiated power was measured us-
ing the new method described in Section II-B. Here, two traces
have been measured simultaneously. The free energy decay was
measured with the maximum bandwidth of the spectrum ana-
lyzer (10 MHz). The EUT emission during the “Off,SS” time
was recorded using the detector and bandwidth settings as in the
IEC measurements.

All emission measurements have been performed in the large
Magdeburg RC. The LUF of the chamber is 200 MHz.

A. Noise Emitter CNEIII

The noise generator CNEIII is designed to produce a
pseudonoise signal with frequencies up to 2 GHz. In order to
compare the results from the IEC method and the new method,
the total radiated power has been measured in the frequency
range from 200 MHz up to 1 GHz using 20-MHz steps.

The results are shown in Fig. 10. Comparing the measure-
ments, a very good agreement is achieved for frequencies below
500 MHz and above 900 MHz. Between 500 and 900 MHz, the
deviations are larger (up to 5 dB), but still satisfying for indepen-
dent measurements on noisy signals. The remaining deviation
is subject to further investigations.
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Fig. 10.  Generator output power and total radiated power of the CNEIII noise
emitter.
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Fig. 11.  Generator output power and total radiated power of the RSG2000.

B. Comb Generator RSG2000

The comb generator RSG2000 produces needle impulses with
100-MHz spacing for frequencies up to 18 GHz. So, there are
only nine frequencies to measure in the range from 200 MHz
(LUF of the chamber) up to 1 GHz (upper frequency of the
monopole antenna).

The results of the measurements are shown in Fig. 11. For
both methods (IEC and new method), two independent mea-
surements were performed, in order to show the test-retest re-
producibility of the measurements. Additionally, in the case of
the new method, a first measurement was performed manually.
In this case, the spectrum analyzer’s built-in averaging func-
tionality was used on the measured trace. In order to record
the free energy decay correctly, the RBW was 10 MHz. This
measurement was performed using mode-stirred operation of
the chamber. The total radiated power was calculated manually
from three trace markers using (31). The second measurement
with the new method was remote controlled, and used two traces
with different bandwidth settings for the free energy decay and
the measurement of the EUT radiation. This measurement was
performed using mode-tuned operation of the chamber

RSG 2000, IEC Method, CCF, 5 Positions, 3 Orientations

8 T T T T T T

Power Ratio/dB

10 : : : : . . .
200 300 400 500 600 700 800 900 1000
Frequency/MHz
Fig. 12. Deviation from the average total radiated power for the IEC method

using CCF. The measurements have been performed at five different positions
and three orientations of the EUT. The four lines indicate the standard deviation
(£0) and the minimal (min) and maximal (max) results.

The measurement results of the methods among themselves
are in good agreement. For the new method, the discrepancy
of the results is less then 2.5 dB. The main reasons for the
discrepancy are manual versus automated measurement and
mode-stirred versus mode-tuned operation. In the case of the
comb generator, the influence of the bandwidth is negligible.
The deviation of the two IEC measurements is also less than
2.5dB.

The intermethod comparison yields similar results. Only two
frequencies are conspicuous: at 300 MHz, the IEC results are
more than 3 dB higher, and at 800 MHz, the result from the
manual measurements according to the new method is more
than 2.5 dB higher than the other results.

The generator output power should be an upper limit for all
measurements of the total radiated power. Nevertheless, this
limit is exceeded at 300 MHz for two independent measure-
ments according to the IEC standard. Since all four results of
the IEC method (two measurements, two possible evaluations)
are similar, and since only the evaluation with the CLF uses
information from the main calibration, the cause of this effect
has to be in the EUT calibration or in the EUT measurement. Up
to now, the reason is not clear and the topic is subject to further
investigations.

C. Evaluation for Different Positions in the Chamber

The excitation of an RC by a certain power will result in
an inhomogeneous spacial distribution of field strength, energy
density, (scalar) power density, and other quantities. The spacial
variation depends on the number of independent boundaries re-
alized, e.g., by the moving tuner. This can be understood as a
position-dependent coupling between the transmitting antenna
and the receiving antenna. Thus, field inhomogeneity is an in-
trinsic limiting parameter for the accuracy of both immunity and
emission measurements in RC and is independent from the mea-
surement method. It is, therefore, expected to obtain different



KRAUTHAUSER: MEASUREMENT OF TOTAL RADIATED POWER 277
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Fig. 13. Deviation from the average total radiated power for the IEC method

using CLF. The measurements have been performed at five different positions
and three orientations of the EUT. The four lines indicate the standard deviation

(£0) and the minimal (min) and maximal (max) results.
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Fig. 14. Deviation from the average total radiated power for the new method.
The measurements have been performed at five different positions and three
orientations of the EUT. The four lines indicate the standard deviation (+0) and
the minimal (min) and maximal (max) results.

measurement results if the position of the EUT within the work-
ing volume of the chamber is changed. In order to evaluate the
new method with respect to the two IEC methods, the emission
measurements for the RSG2000 have been performed for five
different positions and three different (orthogonal) orientations
of the EUT for each method.

The results (with respect to the average of the 15 measure-
ments) are presented in the Figures 12 (IEC method, CCF), 13
(IEC method, CLF), and 14 (new method).

As expected, there is no winner regarding the observed devi-
ations. The standard deviation is in the range of +1.5 to +2 dB
and minimal and maximal deviations are typically limited to
+3 dB. For all methods, the magnitude of the minimal devi-
ation is significantly larger (6—8 dB) for the lowest frequency
(near the LUF).

Fig. 15. Comb generator RSG2000 with four blocks of absorbers to simulate
an EUT with a higher chamber loading. A different loading was realized by
using only the two absorber blocks on the table.
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Fig. 16. Chamber quality factor ) of the chamber loaded by the EUT only,
and with two and four additional absorber blocks.

D. Evaluation for Different Chamber Loading

Both EUTs used for the evaluation of the new method are
small and do not load the chamber significantly. In order to
simulate EUTs with a higher chamber loading, the emission
measurements have also been performed with additional ab-
sorbers present near the RSG2000 comb generator. Thus, three
different loadings have been realized: without absorbers, with
two blocks of absorbers below the EUT, and with four blocks of
absorbers. The configuration with four absorber blocks is shown
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Fig. 17. Ratios of the radiated power of the IEC method (CCF) and the new

method for three different EUT loadings.
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Fig. 18. Ratios of the radiated power of the IEC method (CLF) and the new

method for three different EUT loadings.

in Fig. 15. The chamber quality factors for the three different
loadings are given in Fig. 16.

The deviation between the IEC method using the CCF and
the new method is found to be less than 3 dB (see Fig. 17).
For the IEC method using the CLF versus the new method, the
deviation is significantly larger (up to 5 dB) (see Fig. 18).

In order to judge the observed deviations, they can be com-
pared to the deviation of the two IEC methods, the ratio of which
is given in Fig. 19. Obviously, the deviation “IEC,CCF versus
new method” is in the same range as the deviation “IEC, CCF
versus IEC, CLE.” Since the “IEC, CCF” method uses average
power readings, and does not need information from the main
calibration, it can be regarded as the more accurate of the two
IEC methods (as long as the average power readings are well
above the noise level). So, the accuracy of the new method with
respect to the more accurate IEC methods (CCF) is better than
the accuracy of the “IEC, CLF” method with respect to the “IEC,
CCF” method.
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Two Absorber Blocks -->¢--
Four Absorber Blocks ---%--

1Pag(IEC,CCF) / P,oo(IEC,CLF)I / dB

ok . . . . . . .
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Fig. 19. Ratios of the radiated power of the two IEC methods (CCF and CLF)

for three different EUT loadings.

IV. CONCLUSION

A new method to measure the total radiated power of EUTs
in RCs has been introduced. The method is independent of
the standard IEC method, but is based on the same principal
formula. Experimental results have been presented for a noise
emitter CNEIII and a comb generator RSG2000. In both cases,
the agreement of the results is reasonably good. Additionally, the
influence of the inhomogeneous field distribution on the mea-
sured total radiated power has been accounted for all methods.
It has been shown that the uncertainty due to the field inho-
mogeneity is independent from the method used. Further, the
validity of the new method in the case of additionally loading
has been proven.

The main advantages of the new method are as follows.

1) No EUT calibration is required.

2) No information from the main chamber calibration is used.

3) The method is faster (due to the previous items).

4) The method is simpler.

5) In the case of the mode-stirred technique, the averaging

can be performed with the spectrum analyzer directly.

6) Since no information from previous measurements is used,

the overall uncertainty budget may be reduced (subject to
further investigations).
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