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Abstract—Radiated emission tests are generally performed in ei-
ther free space, reflection-free environments, such as an open area
test site or semi- or full-anechoic chambers, or in reverberation
chambers. This paper describes measurements in semireflecting
environments such as an office, a workshop of a large industrial
apparatus or installation. The objective is to develop test methods
and associated correction factors and uncertainties for measure-
ments which are performed on-site, near large industrial apparatus
which cannot be moved to an EMC laboratory. The measurement
technique is based on reverberation chambers and tools such as
insertion loss, quality factor, as well as a goodness of fit test were
used to perform the test site analysis. The advantages and draw-
backs of on-site measurements of large apparatus are discussed.
A simplified, but not limited to perfect reverberation chambers,
method of finding the measurement uncertainties was used to cal-
culate the errors associated with imperfect reverberation and field
uniformity, as well as the influence of noise and equipment non-
linearities. The results are given in form of a guideline, concluding
that such measurements are possible.

Index Terms—On-site testing, radiated emissions, reverberation
chambers (RC).

I. INTRODUCTION

RADIATED emission measurements are normally per-
formed in accredited electromagnetic compatibility

(EMC) laboratory facilities, such as open area test site (OATS),
semianechoic chamber (SAC), or reverberation chamber (RC).
OATS and SAC are designed to mimic free space conditions,
with an extra ground reflection, while RCs utilize the multipath
and resonant properties of the environment, and deal with them
in a statistical way. Those two kinds of solutions represent two
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opposing extreme approaches of managing reflections—either
by eliminating or by boosting them. However, certain large in-
stallations cannot be brought to an EMC chamber and measure-
ments have to perform on site. Those sites usually do not belong
to any of the aforementioned facilities, and their reverberant
properties are usually unknown and lie somewhere between
free space and multipath conditions. One option could be to
bring an RC to the test site [1]. The conventional approach used
by many manufacturers of large apparatus is to perform elec-
tromagnetic interference (EMI) measurements on-site at many
places around it, and assuming free space conditions, due to the
lack of any alternative. However, the presence of reflections can
cause errors in estimating the line of sight component, even if
it is dominant over the scattered components [2]. Additionally,
due of the many carefully selected measurement positions, it is
also a very time consuming activity. The access to those points
can also be limited by other equipment present in the test site. It
has been shown that certain environments, e.g., ships, airplanes,
and factories create multipath environments similar in behavior
to those of reverberation chambers [2]–[4]. On the other hand,
the standard on-site EMC testing, according to [5], is performed
by using methods based on OATS or SAC, utilizing the line of
sight component.

When dealing with environments operating outside of a typ-
ical for RCs overmoded conditions, it is difficult to utilize the
theoretical probability distribution functions based on perfect
multipath models. Due to the high spread of the quality fac-
tors of the excited modes, the distributions of recorded samples
can vary significantly. However, the standard radiated emission
measurement technique uses only single values, averages or
maxima of the collected data. As long as the repeatability of
those is reasonably high and the uncertainties in their estima-
tions are low, the test can still be performed successfully, even
if the field distribution is far from the perfect RC.

In this paper, we investigate the measurement errors and un-
certainties when performing measurements on-site rather than
in a standard RC. The tests are based on the IEC 61000-4-21 ra-
diated emissions technique [6]. Measurements were performed
in two different industrial environments: a typical office and an
industrial workshop. The test site evaluation was performed by
analyzing the insertion loss (IL) behavior, the quality factor, as
well as performing goodness of fit (GoF) tests. A comb gener-
ator was used as an example apparatus. All the results obtained
on-site are compared with the ones from a standard reverber-
ation chamber. The uncertainties were calculated by applying
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a simplified, but generalized method, applicable not only to
perfect cavities, critical for making the decision about passing
the emission test. The major contributors to the uncertainties
are traced and discussed. Furthermore, the results are compared
to the current on-site emission measurement standard by using
the unintentional antenna model [7]. Eventually, a test site IL
threshold is defined for apparatus of different sizes.

II. EXPERIMENTAL SETUP DESCRIPTION

The descriptions of the performed measurements and their
corresponding setups are divided into two categories: the test
site analysis and actual emission measurement. The test site
analysis, as a form of characterizing the environment, is nec-
essary to obtain the correction factors used for calculating the
total radiated power (TRP) from the emission measurements.
The TRP calculation is based on [6], although, as we do not
deal with a perfect, calibrated RC, it has been modified and op-
timized for use in imperfect reverberant environments. In [6], it
is recommended to use the average values due to high repeata-
bility and accuracy, although the usage of maximal readings
is also possible. The latter method requires calculation of the
parameters obtained in the unloaded chamber, which is impossi-
ble in case of immovable apparatus. However, assuming that the
maximum-to-average ratio does not change between unloaded
and mildly loaded conditions, as concluded in [13], it can be
shown that the TRP can also be calculated this way to bene-
fit from increased measurement sensitivity and thus decreased
error associated with low signal-to-noise ratio (SNR). In this
paper, both approaches are used and compared.

A. Test Site Analysis

Performing measurements in any environment requires at
least some a priori knowledge about its behavior. In case of
RCs, this information is obtained by a validation test, usually
according to one of the standards, e.g., [6]. A successful val-
idation ensures that measurement uncertainties are very low
[8]. However, in case of on-site measurements, not all standard
requirements can be met and the standard test methods can sel-
dom be used. Therefore arises the necessity of using alternative
methods to obtain the information crucial for the classification
of the test site. Although such alternative methods usually do
not directly compare to the standard ones, they can be suit-
able for a qualitative comparison, especially when related to a
standardized reference.

For the site analysis, as well as in order to obtain the envi-
ronment calibration values, complex S21 scattering parameters
were recorded. The output power of the vector network analyzer
(VNA) was set to a value high enough to keep a high SNR at
the receiving port. Fifty independent sweeps were obtained in
the range between 300 MHz and 1.3 GHz in each environment.
The selected frequency band is limited by the lowest frequency
of the used antennas, and the highest frequency of the comb
generator. In every such setup, a discone antenna was used for
transmitting, and a planar inverted cone antenna (PICA) for re-
ceiving. The line of sight component was always minimized
by maintaining a perpendicular polarization of the antennas, as
well as by making use of the minima in their radiation patterns.

Fig. 1. Office environment.

Fig. 2. Workshop environment.

In every setup, all the measurement equipment was present,
including the powered off apparatus, which, due to its immov-
able nature, would also be present on site.

The reference environment is a classical RC with dimen-
sions of 2.5 m × 2.5 m × 3.1 m, and having the lowest usable
frequency around 300 MHz. The data necessary for further pro-
cessing was obtained by subsequently placing the antennas in
three different spatial positions, with no line of sight, inside
the chamber, and changing the modal structure by rotating the
stirrer, resulting in 50 different positions. For each position, a
frequency sweep from a VNA was stored.

The two chosen industrial test sites were: a corridor in a typ-
ical office environment, shown in Fig. 1, and a workshop with
a large amount of metallic objects, shown in Fig. 2. Due to lack
of a mode stirrer present in those environments, the data nec-
essary for statistical processing was obtained using the random
walk technique [2]. To mimic the actual emission measurements
more accurately, the transmitting antenna was placed in a fixed
position, acting as an stationary apparatus, while the receiving
antenna was moved around it, in both horizontal and vertical
planes. The distance between the spatial measurement points
was at least half wavelength of the lowest used frequency to
maximize sample independence.

B. Emission Measurement

The emission measurements were performed in a manner
similar to test site analysis. This time though, the transmitting
antenna was replaced by a comb generator acting as an actual,
immovable apparatus, placed in a fixed position. The previ-
ously transmitting discone antenna was always present and was
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terminated with a 50 Ohm load. The receiving PICA antenna
was connected directly to a portable spectrum analyzer (SA),
working in a EMI receiver mode with a 120 kHz resolution band-
width (RBW) filter. Twenty-one frequency points overlapping
with the comb generator peaks were uniformly selected in the
frequency range between 300 MHz and 1.3 GHz. The samples
necessary for the statistical processing were obtained using the
same random walk technique as described in the previous sec-
tion, giving 50 independent power measurements per frequency
point. Additionally, the noise floor levels were recorded with
the comb generator turned off.

III. RESULTS

A. Test Site Analysis

For the evaluation of all the test sites, the IL, the composite
quality factor (Q-factor), and the Kolmogorov–Smirnov (K–S)
GoF test were selected as measures yielding a significant amount
of information about the general behavior of the test environ-
ments. These three commonly used measures can be calculated
from the S21 parameters without the necessity of performing
a full site validation. The insertion loss, being the simplest of
the mentioned tools, quantifies the total site losses, therefore
also carries information about the site reflections. The Q-factor
describes how reverberant the environment is by relating the
energy stored in resonances to the losses [9]. It was calculated
from the power delay profile, as described in [10]. The GoF
test [11] yields information whether the recorded samples come
from an assumed distribution, and how close the fit is.

The IL is simply the amount of attenuation introduced to the
channel after placing the measurement setup in a given environ-
ment. Therefore, the minimal and average IL can be calculated
directly from the S21 data, corrected for both antennas, accord-
ing to (1) and (2), depending on whether maximal or averaged
values are used, respectively. The efficiencies ηT x and ηRx rep-
resent total radiated efficiencies of the transmitting and receiving
antennas. These values were also used later for the calculation
of the TRP

ILmin =
ηT xηRx

max
(
|S21 |2

) (1)

ILavg =
ηT xηRx〈
|S21 |2

〉 . (2)

The ILs of all three environments are shown in Fig. 3. Two
important observations can immediately be made. First, the ILs
of the RC are gradually lower than those of the workshop and
the office. The minimal IL is lower than the average IL by
around 8–10 dB in the whole frequency range. Second, the rate
of change of the data in frequency is significantly higher in RC
than in the other 2 sites due to high Q, although their variances
are comparable. Also, the normalized variances of the average
ILs are significantly lower than of the minimal ILs.

The Q-factors of the three analyzed test sites are presented in
Fig. 4. A high Q-factor of the RC is its inherent property [12].
Although significantly lower than the empty RC, the composite
Q-factors of the workshop and the office are comparable to those

Fig. 3. Minimal and average insertion losses for the three environments.

Fig. 4. Composite Q-factors of the three test sites.

of a heavily loaded RC [13], indicating that proper reverberation
can still be possible. This result also shows that the office or
workshop are far from free space behavior, and performing
on-site EMI measurements assuming that only the direct field
would be measured, will result in large measurement deviations,
compared to an OATS or SAC.

Normally, a GoF test outputs a pass/fail information, depend-
ing on the significance level of the test, however in this case,
it is more reasonable to look at the K–S statistic, which is the
maximal difference between the empirical and theoretical cumu-
lative distribution functions. The K–S statistics can be directly
compared between the three cases because of the same num-
ber of samples, i.e., same critical value levels in each of them.
Fig. 5 shows the K–S statistics of the goodness of fit test for the
Rayleigh distribution performed with applied frequency stirring
method within a 50 MHz band as described in Section IV. As
expected, the test results from an RC are consistent over the
whole frequency range, except when approaching the lowest
usable frequency. On the other hand, the workshop and office
test results indicate serious absolute deviations from the theo-
retical Rayleigh model, seen as fluctuation of the K–S statistic
in frequency, although the average workshop results are still
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Fig. 5. Kolmogorov–Smirnov test K-S statistics with applied frequency
stirring within a 50 MHz band.

Fig. 6. Raw maximal and average received power measurements, as well as
the noise floors of the setups, before applying corrections.

mostly below the threshold. Both environments exhibit signif-
icant variations with frequency due to inconsistencies of the
distributions. The latter observation is typical for semireverber-
ant spaces, where single, high Q resonances exist, likely due
to presence of single strongly reflective surfaces, among weak
resonances, attenuated by apertures in form of office doors and
windows [14]. Those can be compared to undermoded cavities
[15], in which also only a limited number of significant modes
is excited [16]. In such a case, the requirements regarding sta-
tistical field uniformity and isotropy are less likely to be met.

B. Emission Measurements

The data recorded according to the methods described in
Section II-B are presented in Fig. 6. Obviously, the average and
maximal received power is the highest in case of a high Q RC
and is always at least 20 dB over the average –85 dBm noise
floor. The power levels recorded in the other two environments
are significantly lower and thus become more affected by the

Fig. 7. TRP results.

vicinity of the noise. As opposed to the maximal power, being
just a single highest result, is at least a couple of dB above the
noise, the average power is calculated from all the 50 measured
points, most of which are very close to the noise. The TRP can
be calculated using the (3) and (4), depending on whether the
maximal Pmax or average Pavg power is used

TRP =
Pmax × ILmin

ηRx
(3)

TRP =
Pavg × ILavg

ηRx
. (4)

Each result is calculated using a single interpolated IL value
between the two points closest to the frequency of interest.
The total radiated efficiencies incorporate measured mismatch
losses, while the radiation efficiencies of the antennas were
assumed to be 0.9. The results are shown in Fig. 7.

IV. ERROR AND UNCERTAINTY ANALYSIS

As mentioned in the IEC 61000-4-21 standard [6], the highest
measurement accuracy is reached when the average readings
(both IL and raw power) are used. Also, in [8], it is stated that
the uncertainties of such emission measurements performed in a
properly operating RC are very low, around 1–2 dB. Therefore,
the TRP calculated using the averages in RC is considered to
be the reference level for the calculation of the error performed
in the workshop and office environments. This error, expressed
as a ratio of the TRP results, is shown in Fig. 8. It is very
important to observe that the error is mainly positive and grows
with frequency up to around 10–15 dB beyond 1 GHz. The error
is also higher in the office measurements than in the workshop.

In this section, it is analyzed whether the main contribution
to this error comes from the poor reverberation, resulting in
low statistical field uniformity and repeatability of statistics, or
perhaps from the vicinity of the noise floor and imperfections
of the measurement equipment.



774 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 59, NO. 3, JUNE 2017

Fig. 8. Errors in office and workshop with respect to the RC results.

A. Field Uniformity

Due to the fact that we deal with imperfect cavities, as con-
cluded in Section III-A, the uncertainty analysis presented here
does not utilize the theoretical model of a perfect RC. The pre-
sented analysis is entirely empirical, and although the obtained
uncertainty levels may be overestimated and serious simplifi-
cations are made, it is applicable to any environment, or as a
worst case scenario. No assumptions regarding the distribution
of measured samples are made. Only independent distributions
of averages and maxima are considered.

To properly estimate the emission levels, the statistical field
uniformity is the most important parameter. The repeatability of
behavior in measuring the calibration data, IL, and the received
raw power levels ensure proper estimation of the TRP. The es-
timations of the true means and obtainable maxima are both
functions of number of recorded samples [17]. However, even if
this distribution is unknown, the distributions of its parameters
can be anticipated. According to the central limit theorem, the
average values come from a Gaussian distribution, while the ob-
tainable maxima come from a generalized extreme value (GEV)
distribution [18]. The GEV distribution can similar in shape to
the Gaussian distribution, especially when comparing the data
histograms consisting of a low amount of samples. It is the case
in this work, therefore the distribution of the maxima is simpli-
fied to be Gaussian. This simplification does not cause an error
higher than the error associated to the distribution fitting and re-
sulting estimation of the intervals. The obtained data also does
not fail the GoF test for normality, supporting this decision.
This simplification allows us to use symmetrical confidence
intervals.

Each set of 50 measurements gives only a single maximum
and a single average, but in order to perform a statistical analysis,
more samples can be obtained applying the frequency stirring
technique [2]. It is commonly used in RC, and allows us to in-
crease the amount of obtainable samples. The frequency stirring
was performed in a bandwidth of 50 MHz. The frequency sep-
aration of two uncorrelated points is Δf > f/Q [2], which in

Fig. 9. IL data is first normalized to the smoothed (red) trace to calculate the
standard deviation before calculating the intervals.

case of very low Q, office and workshop environments, is at least
10 and 5 MHz, respectively. However, in order to increase the
very low number of samples to a reasonable amount, the data
was sampled every 2.5 MHz, giving 20 points per frequency
stirring band. Although it seems to be a rather drastic violation,
it is shown later that in fact, it is not. From each set of 20 sam-
ples, the upper and lower, 95% confidence intervals (CI) and
prediction intervals (PI) can be calculated using the t-Student
distribution [19].

The frequency stirring technique is based on the assumption
of ergodicity around the frequency of interest, which is com-
monly met in case of overmoded, passive cavities. In our case,
where the parent distribution might change due to high Q-factor
variations, additional simplifications are necessary. Assuming
that the points at neighboring frequencies come from similar
distributions but with different scale factors due to differences
in the composite Q-factors, the IL data were first normalized to
a smoothed mean using a 50 MHz moving average filter to cal-
culate the standard deviations in each frequency stirring band.
The obtained standard deviations were then normalized to the
mean of each band. Not performing such normalization greatly
increases their overestimation. The result of such an operation
is depicted in Fig. 9.

Within a single linear cavity with a certain Q, it can be shown
that the standard deviation of the obtained distribution, e.g., of
averages, is proportional to its mean. Therefore, both the CI and
PI calculated from the IL data can be scaled to any other value
recorded in the same environment. It was additionally observed
that the normalized standard deviations, and therefore CI and
PI normalized to their means, are almost identical in all three
environments, and also in the whole analyzed frequency range.
Averaging the normalized intervals allowed then to find a single
CI and PI, scalable to any level.

Averaged and normalized intervals somewhat neglect the
breach related to previously mentioned possible oversampling.
It is difficult to talk about statistics of a single power point (aver-
age or maximum), but it is possible to guesstimate the confidence
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Fig. 10. Single power point average or maximum belongs a distribution with
the mean up to ±|CI + PI| (normalized to the average) away from it.

intervals of means of distributions (of averages or maxima) that
the sample could possibly come from. Knowing that a PI de-
fines the boundaries around the average where the next point
could be with a 95% confidence, it can also be stated that the
means of two extreme possible distributions, from which that
point might come, lie within the ±|CI + PI| range from that
point. If that point is an actual power measurement average or
maximum, and CI and PI normalized to that point are used, it is
possible to estimate an interval around that point where 95% of
possible means are. This guesstimation is depicted in Fig. 10.
Furthermore, the TRP calculation from (3) and (4) includes val-
ues with both uncertainties: related to unknown distributions of
power points Pmax and Pavg , as well as the ILmin and ILavg un-
certainty. The total TRP uncertainty due to field uniformity was
calculated using a root sum squares error propagation method,
combining all uncertainties calculated from intervals normal-
ized to appropriate averages, as shown in Fig. 10.

B. Noise and Nonlinearities

Low SNR is known to have a potentially devastating effect
on any measurement results. It is possible to eliminate the in-
fluence of the noise from the relative measurements, such as
S21 and resulting IL, simply by increasing the output power,
but it is an inevitable factor playing a major role in the on-site
emission measurements, especially with no line of sight com-
ponent present. The error associated with low SNR can vary
significantly and depends on the parameters of the receiver,
particularly the RBW filter, the detector type, and the inherent
noise floor of the equipment. The requirements regarding the
filter and detector for EMI measuring receivers are optimized
for laboratory environments and might not be suitable for ex-
ternal testing. Additionally, proper, high quality measurement
equipment is usually not compact enough, therefore portable

Fig. 11. Nonlinearity of the receiver in the vicinity of the internal noise floor,
measured at the center of the analyzed frequency band, 800 MHz.

Fig. 12. TRP calculated from average power readings.

receivers are preferred. Unfortunately, the latter ones often might
not provide the required quality, have an elevated noise floor,
and could bottleneck the discussed method. Additionally, the
imperfect equipment can introduce harmful nonlinearities, es-
pecially if a preamplifier is used, which is often the case in low
SNR measurements.

The magnitude of this error was estimated by performing a
measurement by directly connecting the output of a generator
to the input of the used receiver with the same settings as during
the actual emission measurement, at a constant frequency of
800 MHz. The results shown in Fig. 11 indicate that the error
represented as the difference between output signal power and
measured power increases for low powers. Such a correction
deals with three factors: equipment noise presence, receiver
nonlinearity, and cable loss. Note that this correction does not
take care of the ambient noise possibly present at the test site
(not in our case). Then, it should be additionally corrected for.

C. Corrected Results

The TRP results along with their uncertainties calculated in
Section IV-A, with incorporated all the mentioned receiver cor-
rections from Section IV-B, are presented in Figs. 12 and 13,
respectively. A significant improvement with respect to the re-
sults shown in Fig. 8 can be observed in Fig. 14, lowering the
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Fig. 13. TRP calculated from maximal power readings.

Fig. 14. Errors in office and workshop with respect to the RC results, with
corrections.

error to 3–4 dB in case of the workshop, and 5–10 dB in the
office, which is surprisingly decent for on-site measurements.

V. IL THRESHOLD

The results shown in this paper indicate that the TRP mea-
surement campaign performed in the example workshop and
office environments can be successful. In our case, at least the
peaks of the measured power shown in Fig. 7 are above the
noise, which already gives some space for maneuvers. How-
ever, this might not always be the case. It is possible to define an
IL threshold, above which the applied measurement technique
does not work anymore because the theoretical TRP calculated
from the receiving equipment noise floor itself already fails the
test by exceeding the limit line.

The TRP measurements based on the RC techniques do
not deliver the information about the radiation pattern of the
equipment under test. Therefore, in order to compare the TRP
against a standard limit line, defined as a maximal allowed elec-
tric field strength at a given distance, an estimation using the
unintentional radiator [7] principle can be applied. The results
of the emission levels estimated at a 10 m distance are shown
in Fig. 15 along with the results obtained at an OATS and the

Fig. 15. Calculated electric field from an unintentional radiator at a 10 m
distance.

Fig. 16. Sensitivity (minimal measured electric field, calculated from the noise
floor) and the limit line.

IEC 61000-6-4 limit line [5]. From the OATS measurement,
we know that the measured apparatus does not pass the emis-
sions test, which is also the result of the on-site measurements.
However, the first important question is whether this method
even allows us to measure emissions levels that would be be-
low the limit line, considering the possibly very low SNR. The
sensitivities, i.e., the electric field emissions estimated from the
–85 dBm receiver noise floor itself are shown in Fig. 16. Un-
like the RC, which provides IL low enough to create at least
a 20 dB margin, the workshop, and especially office sites re-
sults lie very close to the limit, and even exceed it. Using the
results calculated from the maximal values allows us to stay
under the limit, therefore gives a chance to successfully per-
form and pass the test, even with wider uncertainty values com-
pared to the average ones. To further generalize this observation,
the IL thresholds, for different apparatus sizes, are shown in
Fig. 17. Exceeding the shown thresholds renders the whole
method immediately unusable. Furthermore, the measurement
uncertainty has to be considered before judging if a test is passed
or failed.
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Fig. 17. Maximal IL to keep –85 dBm noise floor under the limit line for
different sizes of unintentional radiators.

VI. CONCLUSION

The effect of the test environment has been investigated based
on the IEC 61000-4-21 RC emission measurement technique,
and applying it to the imperfect reverberant environment. A
classical office and a more industrial workshop environment
have been used for the experiments. It has been shown that
it is possible to perform on-site measurements with only an
unexpectedly low error. It has been shown that this error can be
less than 5 to 10 dB in the performed experiments.

The discussed method is fast and allows us to perform emis-
sion measurements on a site even with very limited space for
line of sight measurements, which would normally require much
more precise scanning around the apparatus. The IL is a very
simple but critical indicator telling if the emission test can be
performed on site. It is also used as a calibration factor, and
additionally allows us to estimate the uncertainties of the mea-
surements.

The used method of predicting the two extreme distributions
of averages or maxima does not depend on the parent distri-
butions, therefore is suitable for imperfect reverberant environ-
ments. However, in this paper, it was found that the uncertainties
calculated this way are almost exactly the same in cases of office,
workshop, and RC.

Because the intervals of on-site measurements do not always
overlap with the presumably correct RC results, it is concluded
that there is another source of error, possibly related to the
anisotropy of the environment. In such a case, it might be reason-
able to additionally consider the empirically calculated errors
from Fig. 14 as guideline.

It has been shown that the correction for the receiver nonlin-
earity when operating in the vicinity of the noise floor plays a
significant role in the calculation of the TRP. This simple mea-
surement can lower the error by around 5 dB and should always
be performed in cases of low SNR.

Using maximal readings increases the uncertainty of the mea-
surement, leading to a higher margin when compared with the
limit line, but increases the sensitivity of the setup by around
10 dB, thus lowering the error associated with the vicinity of
the noise floor.
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