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Abstract — Nowadays the majority of electrical devices are
complex systems with different operation modes and switching
elements. The amount of evaluation procedures that are needed
to be done for these devices increases drastically. It is pushing
standard radiated EMI measurements to the edge, where the
advantage between time and the accuracy of measurements
should be chosen. Standard low-frequency measurements as
CISPR 36, used to evaluate radiated EMI for frequencies below
30 MHz, became too time-consuming and expensive. Proposed
improvements which include time-domain multichannel
measurements in combination with a three-axis shielded loop
antenna can be more time-efficient. Compared to a conventional
single-loop antenna, one of the potential challenges is the
coupling between loops for the two- and three-axis antenna. This
paper investigates the effect of coupling between the individual
loops when illuminated with a complex field, which is shown to
be the worst-case scenario. Only some minor coupling is
observed implying that such a three-axis loop antenna can be
used without sacrificing much accuracy, while still providing a
significant improvement in the measurement time-efficiency.

Keywords — Three-axis antenna, EMI measurements,
multichannel, coupling, low-frequency measurements

I. INTRODUCTION

Low-frequency  electromagnetic = (EM)  emission
measurements of modern equipment under test (EUT) can be
time consuming. Electrical vehicles [1], [2], [3], wind turbines
[4], and a lot of other devices need to be evaluated at multiple
sides during different working modes, and with several
antennas directions. In some cases, it can only be performed
outdoors, which leads to more complex and time-consuming
measurements due to the weather condition, etc. [5]. Several
possibilities to reduce the measurement time were studied [6].
Multi-channel time-domain measurements already provide
considerable time reduction [7]. As an alternative of one
single shielded loop antenna, the multi-axis antenna, made of
three orthogonal loops, has been used by amateur radio for
several decades [8]. Van Veen introduced a loop antenna for
EM emission measurements, which includes three orthogonal
loops, for evaluation of small EUT [9]. The possibility to use
three orthogonal loop 60 cm antennas has been investigated in
[7], [10]. The combination of multi-axis antenna and
multichannel measurement device could provide the
evaluation of EM field in three orientations simultaneously.
Because these loop antennas are placed in close proximity, the
mutual coupling which will be created should be taken into
account. In [2] the coupling between two orthogonal shielded
loop antennas using basic evaluation procedure with
directional reference EM field source was shown.
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Modern EUT can radiate EMI in several directions and
polarizations at the same time. In [3] it is clearly visible that
the EM propagation in two different axis is almost the same.
Due to this the possibility that the EUT would radiate and in
the third axis, with the same level is present. Although not
done currently, in the future, it could lead to increasing the
number of measured polarizations from two to three which
should be taken into consideration. Standard method for
antenna factor measurement [11] to quantify uncertainty in the
measurement results between one- and two-antenna
construction was used. During the measurements directional
EM field from the transmitting antenna was used. In this case
the highest mutual coupling which could be caused by two-
antenna construction would be underestimated due to the
cross-polarization factor. It comes from the fact that with a
polarized EM field one of the orthogonal antennas is
dominant. In [12] a simple example of two perpendicular
wires, which can be compared to the orthogonal shielded
antennas, was investigated. It shows that, even when keeping
the perpendicular position of the wires, the cross-coupling is
present and it is stronger with a higher signal in both wires. In
this case, if each orthogonal antenna in the two-antenna
construction is exposed to the fields of similar magnitudes it
could lead to the unwanted measurement error of the radiated
EM field. With the increasing number of orthogonal antennas
from two to three, the severity of the cross-coupling between
each antenna is expected to increase. Therefore, the evaluation
procedure to determine the impact on the measurement results
due to the presence of the extra antennas should be
investigated deeper in order to validate its usability for EMC
testing

In this paper, the mutual coupling between the loops of a
two- and three-axis orthogonal antennas is investigated. The
perfect-case scenario based on the standard method [11] using
a single antenna is compared to the two- and three-antenna
constructions. To verify the highest error which could be
caused by the presence of an additional antennas based on
[13], the EM field should contain all three polarizations with
the same level. To be able to achieve nearly the same EM field
in three polarizations simultaneously the transmitting antenna
was tilted in each of three-axes. Using this measurement, the
correction factor, which is based on the measured field of each
antenna, could be calculated. The better scenario would
however be a three-antenna method in the standards, instead
of introducing some corrections between a one-, a two- or a
three-antenna sensor.



II. THREE-AXIS ANTENNA CONSTRUCTION

In Fig. 1 the antenna positions around a car for standard
radiated EMI measurements according to CISPR 36 [14], [15]
are shown. All positions and orientations result in 8
measurements because two antenna orientations are used in
each position. Despite a small number of measurements,
complete measurement procedure takes around 10 hours.
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Fig. 1. CISPR 36 [14]. Measurement positions around a car.

Furthermore, the measurement time is for carrying out
only one working mode of EUT. Antennas which can measure
several orientations at the same time can immediately reduce
the measurement time. Since in [3] a high EM field in two
polarizations (X and Y axis) around an EUT was shown, the
possibility to have high EM field in third polarization (Z axis)
is present. Therefore, in order to evaluate emissions from the
EUT, all three polarizations should be measured.

With increasing the number of antennas, even to two, the
influence on the measurement results could be visible [2].
Evaluation of the two-antenna construction was done by
measurements and simulations. Deviations can occur due to
the influence of the nearby distance to the additional antenna
which has an impact on the measurement results [16].
Orthogonal placed antennas was discussed in [2] provides a
possibility to decrease the influence on the measurement
results by an additional antenna itself. However, this is only
possible if the radiated EM field is co-polarized with one
antenna and un-polarized with another. This is typical for
antenna factor measurements using another antenna as a
reference source [11],[7]. In this case, the antenna which is
measuring a lower value of the EM field will have a less
influence on the other one. It is due to the fact that the
difference of the measured values between X and Y antenna
positions to the transmitting antenna is around 20 — 30 dB [2].

However, based on the research performed in [12], the mutual
coupling between antennas will be higher when the measured
values in both antennas would be nearly the same. Therefore,
the evaluation procedure of the three-antenna construction
should take in to account different combinations of EM field
propagation in X, Y, and Z axes.

The mutual coupling between antennas will be due to
several reasons. One of them is the close proximity of the
antennas in the three-axis antenna setup [16], which will cause
an error which could be easily included in the antenna
correction factor. Another reason that will have an influence
on the mutual coupling between antennas is the value of the
EM field which measures each antenna. As described in [12],
the mutual coupling between antennas will be stronger if each
antennas will measure nearly the same value of the EM field.
If the EM field would be strong only on the X-axis, antennas
that are oriented in Y, and Z axes will have a minimal influence
on the measurement data by the antenna which is oriented on
X-axis. However, if the EM field propagates with the same
level in all three axes, the coupling between antennas will be
stronger and the influence of each antenna would be higher.
With the known relationship between the EM field value
measured by each antenna and the error which can cause each
antenna on others, the correction factor can be applied to
illuminate the mutual-coupling effect.

Three antennas with different diameters 60 cm, 57 cm,
63 cm, were placed inside each other as shown in Fig. 2. A
better version with three loops of 60 cm has been built, but in
this paper the older version with three different diameters have
been used. Since loop antennas are linearly polarized, a 90-
degree rotation between antennas generally would be
sufficient to decease the receiving orthogonal polarized field
by other antennas. In order to eliminate the influence of the
cables of the two antennas which are not used during
evaluation procedure, they were terminated by 50-Ohm loads
to mimic the termination by a measuring receiver.

A spectrum analyser (SA) was connected to one of the
receiving antennas (RX) and a tracking generator (TG) was
connected to the transmitting antenna (TX) antenna, allowing
to measure the magnitude of the transmission coefficient |S»],
as shown in Fig. 3. All data were collected via a laptop and
further post-processed in MATLAB.

An anechoic chamber of 4.5 m x 3.5 m x 3 m was used to
reduce the influence of the ambient noise by acting as a
Faraday cage only, since the absorbers are not effective in this
frequency range.

Fig. 2. Three-antenna construction.
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Fig. 3. Three-antenna measurement setup.

According to [9], such a chamber could be successfully
used with a minimal influence on the measurement results in
the low-frequency range. To minimize the measurement error,
the distance from the nearest reflecting object should be from
two till three times the antennas separation distance. Due to
[9] antenna separation distance of 1 meter was used. A 1.3-
meter distance from antennas centre to the ground was used
[11]. Because the TX antenna position to the RX during one-,
two- and three-antenna construction evaluation procedure is
never changed, only the presence of an additional RX
antennas is relevant for the measurement results. For one-
antenna setup, only a black RX antenna was used, as in Fig. 3.
A two-antenna setup — black and orange RX, three-antenna
setup — all three antennas were used. X, Y, and Z axes will be
used as markers to designate the position of the RX antenna to
the TX antenna.

III. MEASUREMENT METHOD

Since standard radiated EMI measurement uses one
antenna during the evaluation procedure, as a starting point
one-antenna construction measurement data is compared to
two- and three-antenna construction. In Fig. 4 the antenna
positions in the anechoic chamber (AC) during the
measurements are shown. Several antenna positions in the AC
were measured to verify the difference in the influence of the
conducted walls. Antennas were placed in the middle of the
AC parallel to the walls, after that RX and TX antenna were
shifted on 25 centimetres in one and another direction Fig.
4(a). The influence which is caused by changing antenna’s
positions in the AC will be shown in section IV. Fig. 4(b)
shows the antennas positions in the AC which will be used for
the measurement results analysis in section IV.

After one-antenna measurements in X and Y antenna
positions, the second antenna and the third antenna were
added in a row. The same measurements as for one-antenna
construction were applied for two- and three-antenna
construction. In Section IV only measurement results from X
and Y RX antenna positions for one-, two-, and three-antenna
construction will be compared.

In order to evaluate the measurement error which could be
caused by nearly the same value of EM field in all three
polarizations, the TX antenna was then tilted by 45 degrees in
all three X, Y and Z axes. Fig. 5 shows the position of TX

antenna during other one-, two- and three-antenna

construction measurements.
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Fig. 4. a) Antenna positions in the anechoic chamber parallel to the walls.
b) Antenna positions in the AC for final measurement results top view.

Fig. 5. Transmitting antenna position tilted to 45 degrees in X, ¥, and Z axis.

IV. MEASUREMENT RESULTS AND ANALYSIS

A. Non-tilted TX antenna position, one antenna construction

The one-antenna construction measurements with non-
tilted TX were performed. Fig. 6 presents measurement results
from X and ¥ RX antenna positions with respect to the TX
antenna. Upper part of the graph represents the difference in
the measurement results due to the antenna positions in the
anechoic chamber. From 500 kHz, the difference between X
and Y antenna positions vary from 15 to 25 dB. X antenna
results are higher than Y antenna results due to the cross-



isolation factor. Y measurement data from one-antenna
construction shows the results of the measured |S»;| value for
orthogonally oriented antenna. Since the standard
measurements [14], [15] are focused only on the highest
values of the measured radiated EMI only X RX antenna
positions is evaluated for normal TX antenna position.
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Fig. 6. |5y results for the X RX positions to TX - top curves on the graph
with respect to the antenna positions in the AC to show the influence of the
conducted walls on the difference in the results. ¥ RX positions to TX —
bottom curve.

B. Not-tilted TX antenna position, two- and three antenna
constructions

After one-antenna construction measurements, two- and
three-antenna construction measurements were performed.
Fig. 7 shows the measurement results of X antenna in one-,
two-, and three-antenna construction. Fig. 8 shows the
difference in |Sy1| values between all constructions. The
difference in the measurements results after adding the second
antenna vary between 0 and 0.2 dB for the whole frequency
range. For three-antenna construction, the difference in the
measurement results increases in the frequency range above
20 MHz from 0.2 to 0.6 dB. It shows the influence on the
measurement data by an additional antenna presence itself.
Further this data will be compared to the measurements with
tilted TX position. The receiving signal of the orthogonal
antennas could be negligible since |S21] from X antenna
position higher than Y antenna position on 15 to 25 dB for the
frequency range above 500 kHz (Fig. 8).
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Fig. 7. |S21| results between the 60 cm RX antenna X to the TX antenna, in
one-, two-, and three- antenna construction.
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Fig. 8. Difference in the measurement results between one- vs two- and
one- vs three-antenna construction.

C. Measurements of one-, two-, and three-antenna

construction with tilted TX

The same measurements which were performed for one-
antenna construction previously were repeated with tilted TX.
From Fig. 9 it is clearly visible that the difference in X, Y, and
Z RX positions is around 3-4 dB for the whole frequency
range, which is pretty close compared to Fig. 6. With more
precise TX antenna angle calibration the difference between
all of three axis could be eliminated, but it was not the main
goal in this paper. It is due to non-directional EM field
propagation from TX. This data will be used to calculate the
difference in the measurement results for two- and three-
antenna constructions with tilted TX. Fig. 10 shows the Y
measurement results for one-, two-, and three-antenna
construction. It is possible to notice that for the frequencies
below 20 MHz the difference in the measurement results
around 0.1 — 0.2 dB. For frequencies above 20 MHz the
difference in the measurement results for two- and three-
antenna construction rises to between 1 and 1.8 dB
respectively. Fig. 11 shows the difference between one- and
two-, and one- and three-antenna constructions. With tilted
TX it is clearly visible that for two-antenna construction the
difference in the measurement results for the frequencies
above 10 MHz increases to 1 dB. The difference for non-tilted
TX for two-antenna construction was nearly 0.2 dB (Fig.8).
Same increases in the difference can be traced and for three-
antenna constructions. The maximal difference in the
measurement results caused by a three-antenna construction
increase from 0.6 dB with non-tilted TX to 1.8 dB with tilted
TX.

Since measured EM field for X and Y antenna positions for
tilted TX is nearly the same, X antenna position was also
compared. Fig. 12 presents the difference for X antenna
position for one-, two-, and three-antenna constructions. The
difference in the measurements is stable during the whole
frequency range and not only for high frequency which was
shown before in Fig. 10. Fig. 13 represents the difference in
the measurement results between one- vs two-, one- vs three-
antenna construction. From Fig. 13 could be concluded that
due to the nearly same level of the measured EM field by each
antenna the mutual coupling between antennas which create
the difference in the measurement results became stronger.
The impact which produce an antenna with higher measured
value will be dominant above other antennas. The difference
between one- and three-antenna construction was around



3 dB, but only at the very end of the frequency range. The
difference below 20 MHz was shown to be consistently
around 0 dB for all analysed cases showing that only a
negligible difference is to be expected from a three-axis
antenna setup. Such a very small difference is supposed to be
caused by the imperfect antenna’s orientation with respect to
each other, and is expected to be minimized if care is taken to
manufacture such an antenna more carefully.
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Fig. 9. |S51| results between one-antenna construction with tilted TX antenna
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Fig. 10.]S,| results between the RX antenna for Y-axis to the tilted TX
antenna, for one-, two-, and three-antenna construction.
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Fig. 11. Difference for Y measurements between one, two, and three-
antennas construction with tilted TX.
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Fig. 12.|S5| for one-, two-, and three-antenna construction with tilted TX for
X-axis antenna measurements.
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Fig. 13. Difference in the measurement results between one vs two and
one vs three-antenna construction for X-axis.

V. CONCLUSION

In order to utilize the decreased measurement time for
standard radiated EMI measurements below 30 MHz the
mutual coupling between three orthogonal antennas was
investigated. A polarized EM field, as normally used during
antenna correction factor measurements, and an EM field with
has nearly the same value in all of three polarizations were
used during this research. The one-antenna construction,
which is used for standard measurements, was taken as a
reference and was compared to two- and three-antenna
construction. The measurement results with the polarized field
in one polarization for two- and three-antenna construction
shows that the influence of the presence of an additional
antenna could be nearly 0 dB for the frequency range below
20 MHz, compared to the one-antenna. For the upper
frequencies, above 20 MHz, the difference increased to 0.6 dB
for the three-antenna construction. To achieve nearly the same
value of EM field in all of three polarizations, the transmitting
antenna was tilted in X, Y and Z direction. Comparing the
results show that the mutual coupling between antennas could
be stronger depending on the measured value of each antenna.
With nearly the same measured results for all three antennas,
the difference between one and three antenna construction
increased by 1 dB for the frequency range below 20 MHz. For



the frequency range above 30 MHz, the difference was around
2-3 dB.

The mutual coupling between antennas which is
represented by close proximity could be even smaller with a
more carefully antenna manufacture.

For future research, the dependence between frequency
and measured value by each antenna and the mutual-coupling
which is based on it will be investigated. It will create the
possibility to provide accurate measurements with three-
antenna constructions using a variable correction factor.
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