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Abstract— This paper presents a method for equivalent emission
source determination by application of LLAs (Large Loop
Antennas). A review of different types of LLASs is carried out and
their characteristics regarding emission source evaluation are
emphasized. A hybrid technic is applied for obtaining the electric
fields based on previous measurement of magnetic fields combined
with an analytical and numerical approach. This methodology is
proposed as an alternative to face the constraints concerning to the
near electric fields measurements and calculations.

Index Terms—Theoretical and Numerical Methods, Field Measurements,
Large Loop Antennas, Equivalent Emission Sources, Near Field Calculation.

I. INTRODUCTION
The technological advancements bring to the society an immense quantity of benefits, as: modern

communication systems, comfort, transportation, etc. However, additionally, it leads to an
increasingly congested electromagnetic environment. Historically, the effects of exposition to
electromagnetic fields are being intensively discussed, in order to determine the acceptable limits of
the fields emitted by a certain source or supported by an electric or electronic device (immunity). For
certain areas of engineering, as automotive, the electromagnetic emission limits are referenced by
several standards that regulate the well known electromagnetic compatibility (EMC) tests [1], [2].

The electromagnetic fields measurement in anechoic or shielded chambers is the most usual technic
applied for radiated EMC evaluation. Nevertheless, this technic requires a large quantity of equipment
and infrastructure. Additionally, this technic requires a real (physical) model of the device that will be
tested, which is usually available only in intermediate phases of design. It means that, in case of a test
reproval and consequent re-design, a large amount of funding is necessary, because of the spending
with new prototypes and re-tests.

In this mean, hybrid methods using measurements, analytical and numerical calculation can be
suitable for supporting EMC evaluations in earlier phases of a device design and allowing a larger
number of models to be tested and optimized.

During the last years, Large Loop Antennas are being intensively studied as a method of
measurement of electric and electronic devices. Alternatively, this type of antenna allows the

determination of the equivalent emission source, when the right technics are applied. These technics
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are described in [3]-[9].

The equivalent emission sources may be represented, as a first approach, by magnetic and electric
dipoles that can be determined through the application of van Veen and Bergervét Antenna, Kanda
Antenna or Multipole Antenna.

The measurement of the magnetic dipole is normally carried out, since these antennas’
measurements happen in the near field region, where the magnetic fields are much more
representative than electric fields [7]. Especially in some cases, the measurement of electric fields
cannot be precisely performed [10].

On the other hand, as can be verified on EMC Standards, as [1] and [2], the emission limits are
represented by electric fields, in most of the cases. Thus, it is important to obtain the electric fields
emitted by an arbitrary source, in order to check the whole electromagnetic scenario. To overcome
this gap, a hybrid technic is proposed to calculate the electric fields from the magnetic fields, based on
measurements and Analytical/FDTD calculation method [10].

Il. OBTAINING EQUIVALENT EMISSION SOURCES BY LLAs
As already mentioned, some types of LLA are being studied for obtaining equivalent emission

sources. The most known of them are: van Veen and Bergervét Antenna, Kanda Antenna and
Multipole Antenna. All of these antennas have some common characteristics, being composed by
large loops, that surrounds the Device Under Test (DUT). The electric currents measured in these
loops are induced by the electromagnetic fields emitted by the DUT. From these measured currents
and with the right technics applied, the DUT’s equivalent emission source is obtained.

The general process for obtaining the equivalent emission sources, is shown below, in Fig, 1.

I: Antenna currents

Correlation between

measured current and
. , , oy 4
equivalent source Resuling Magnetic AR
Source ﬁii =

Representation of real
source by Equivalent
Emission Source

Fig. 1. DUT to Equivalent Emission Source transformation process by LLA measurement
From the picture above, the current of the magnetic dipole (i,) is calculated from the current
measured in loop (I,), for n = x, y and z. However, the total DUT representation shall be composed by
the three magnetic dipoles supplied by currents iy, iy and i,.
It is briefly described how to obtain the equivalent emission source with the application of main

LLAs: van Veen and Bergervot Antenna, Kanda Antenna and Multipolar Antenna.

Brazilian Microwave and Optoelectronics Society-SBMO received 18 Sep 2017; for review 18 Sep 2017; accepted 14 Dec 2017
7Brazilian Society of Electromagnetism-SBMag © 2018 SBMO/SBMag ISSN 2179-1074


http://dx.doi.org/10.1590/2179-10742018v17i11108

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 17, No. 1, March 2018 12
DOI: http:/dx.doi.org/10.1590/2179-10742018v17i11108

A. The van Veen and Bergervét Antenna
The van Veen and Bergervot Antenna is represented in Fig. 2 [5].

R7//Rr

R7//Rr

Fig. 2. The van Veen and Bergervét Antenna Representation

This antenna is composed by three large loops, orthogonally disposed, assembled with coaxial
cables. The current measurement is made on “P” points, shown in the picture above, directly with a
current probe. The representation of the DUT measured by this antenna is only possible by magnetic
dipoles, so it does not have capacity of electric dipoles representation and multipole “filtering” (3"
order element — octupole — influences in dipole measurement) [7].

The DUT is placed inside this antenna, generating a current Iy, that is the current measured in the
point “P” of each loop. Each loop is represented by the index n = X, y or z.

The induced current |, is calculated by:

R, kemh ) kcmtb
R—Tsen< > )+]cos( > >+ 1
I

IAn - [Pn 21TRC 8b B
| +j [ln (—) - 2]
k pc ac

1)

Where Ip, is the measured current, R¢ is the coaxial cable characteristic impedance, Rt is the
termination impedance, k. is the propagation constant, | is the magnetic permeability, a. is the coaxial
cable sectional radius and b is the large loop radius.

As detailed in [6], the magnetic dipole current (iy,), is so obtained by:

I, 2bL,

= HoTIq?

)

The current i,,, where n = X, y or z, shall be applied to the three magnetic dipoles that composes the
equivalent emission source, as shown in figure 1.
This current only refers to the magnetic component of the DUT’s emission. The electric component

is excluded, due to this antenna’s characteristics [6].
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B. The Kanda Antenna
The Kanda Antenna is represented in Fig. 3 [3], [4].

Fig. 3. Kanda Antenna Representation

This antenna is composed by three large loops, orthogonally disposed, assembled with rigid wires
or curved metallic pipes. It requires external processing for total measured current in each loop, what
adds a difficulty on its application. It has the capacity of DUT representation by magnetic dipole
and/or electric dipole, but does not have capacity of multipole “filtering” (3" order element — octupole
— influences in dipole measurement).

To obtain the magnetic dipole, the DUT is placed inside this antenna, resulting on Iy, that is the
sum of the currents measured in the points “0” (Ip,) and “m” (I.,) of each loop. Each loop is
represented by the index n = x, y or z.

. Iy, + In,  2mbmy, GyY,
Zn 2 1+2Y,Z,

®)

With some mathematical arrangements [3], [4] the magnetic moment of the magnetic dipole can be
obtained by:

nkb[In(8b/a) — 2] + 27,

Tt T T T+ 1/ GRb)]e @
Finally the magnetic dipoles currents, for each one of the three loops, are obtained by:
. mpy,
n = s (5)

The current of each magnetic dipole here is obtained with regards only to the magnetic moment of
the measurement. Similarly, an additional part, related to the electric moment, can be obtained by I,
calculation [3], [4].

In order to keep similarity with the DUT’s representation by van Veen and Bergervot Antenna,

which can only obtain the magnetic part, the electric part is disregarded.

C. The Multipolar Antenna
The Multipolar Antenna is represented in Fig. 4 [7], [8].
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Flux

Source: S. Zangui [8]

Fig. 4. Multipolar Antenna Representation
This antenna is composed by large loops, concentrically disposed, forming a sphere. It is assembled
with rigid wires. The current is measured directly on the loop without necessity of external
processing. The DUT is represented by magnetic multipoles. It has the capacity of multipole
“filtering” (separate measurement for 1* and 2™ orders elements).
For the magnetic dipole obtaining, the DUT is measured in this antenna, resulting on coefficient
Ay, as follows:

1087y,

Ay =—2
107 391

(P101 — b102) = 2,24.10%(d1o 1 — d102) (6)

Where ry, is the antenna’s sphere radius and ¢4  is the magnetic flux of the C,, , loop.

The flux is calculated from the measured current (1), by:

¢10_n =ILgnL (7)

Where L is the loop inductance, that is obtained by:

= (n(2)) @

c

Finally, to obtain the current for each loop that represents the DUT:

- omr?
p = —
Asp

9)

D. Electromagnetic Fields Analytical Calculation
With the currents measured by any of the antennas mentioned above, the magnetic dipole can be

determined (with calculated currents iy, iy and i,, for each loop as in fig. 1). Single loop is represented
in Fig. 5.

Brazilian Microwave and Optoelectronics Society-SBMO received 18 Sep 2017; for review 18 Sep 2017; accepted 14 Dec 2017
7Brazilian Society of Electromagnetism-SBMag © 2018 SBMO/SBMag ISSN 2179-1074


http://dx.doi.org/10.1590/2179-10742018v17i11108

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 17, No. 1, March 2018 15
DOI: http:/dx.doi.org/10.1590/2179-10742018v17i11108

7 E,
A VA
E— e
g i "*J-—I_,.
& i
° :
o i
q(\a :
W |
N @ A 7
A Teelll :
@

Fig. 5. Electromagnetic Fields Emitted by a Magnetic Dipole
And the fields can be calculated by, for each single loop (in spherical coordinates) [11]:

kq?icosd 1 . (10)
-t . —jkr
H-=J 272 <1 jkr)e
_ (kq)?*isend 1 1 . (1)
Ho === (1 o (kr)2>
Hy =0 (12
Er = Ee = 0 (13)
_(kq)?isen® 1Y i (14)

Converting to rectangular coordinates:

H, = senBcos¢dH, + cosbcosdpHy — sendHy,
H, = senbsendH, + cosBsendHg + cosdpH, (15)
H, = cosBH, — senbHy

E, = senBcospE, + cosbcospEg — sendky,
E, = senBsendE, + cosbsendEg + cosE, (16)
E, = cosOE, — senbEy

E. Analytical/FDTD Hybrid Method for Electric Field calculation
As an alternative to the aforementioned analytical calculation, this hybrid method is presented.

From [10] this method has been proposed, specifically for electric fields calculation, from
atmospheric discharges.

As a great contribution, this method allows the calculation of the electric fields (E) from the
magnetic flow density vector (B) that can be obtained by measurements and analytical or numerical
calculations.

A simplified schematic represents how this calculation shall be prepared is shown in Fig. 6.
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Fig. 6. Representation of electrical fields obtaining from magnetic flow density vectors

The magnetic flow density vector (B) in each point of space shall be calculated from the magnetic
field (H) emitted by a magnetic dipole, which can be calculated analytically (equations (10), (11), (12)
and (15)). B is obtained by:

B, = Hqp (17)

For one point of space, E,, E, and E;, are calculated from components B around to this point.

Also, the distance between these points (81) is important for this method, calculated by :

81 < 0,01R (18)

Where, R is the distance from the DUT’s center to the chosen measurement point on space.

1
k+ EEZ(m' n,p)

1 c?At (19)
=k - EEZ(m, n,p) + T[kBy(m,n +1,p)

—kBy,(m,n—1,p) + kB,(m,n,p — 1) — kB,(m,n,p + 1]

1
k+ EEx(m,n, p)

c?At (20)
51 [kB,(m,n,p + 1)

—kB,(m,n,p — 1) + kB,(m — 1,n,p) — kB,(m + 1,n, p)]

1
=k-— EEx(m,n,p) +

1
k + EEy(m, n,p) (21)

1 c2At
=k —EEy(m,n,p) + T[ka(m +1,n,p)

—kB,(m —1,n,p) + kB,(m,n — 1,p) — kB,(m,n + 1,p)]
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The time-step factor "k" shall be defined by:

At < — (22)
2c
With these parameters, a mathematical tool may be used to calculate it, with time-steps processing.

Finally, the components of electric fields are calculated (E,, E, and E;). A representation of E,
compared to By, is shown in Fig. 7.

0,0003 1,50E-12
0,0002 1,00E-12
. 0,0001 5,00E-13
£ E
> 0 0,00E+00 T
-:'— -]
* _0,0001 -5,00E-13
-0,0002 -1,00E-12
-0,0003 1,50E-12
t(s)
Ez [V/m] = = By(m,n+1,p)[T]

Fig. 7. Example of electric field (E,) resulting from calculation and comparison with magnetic flow density vector (B,).

I1l. EXPERIMENTAL VALIDATION
In this chapter a comparison between three methods is shown: analytical method, numerical,
method and hybrid method, this last one is the focus of this paper.
The general process of experimental validation is summarized in Fig. 8, for a simpler understanding
of the process.

Creation of analytical

. model of simplified Calculate electric fields in
Ana'Vt|C3| emission source for certain points of space wn
electric fields calculation %
0
Creation of model of ]
simplified emission source Obtain electric fields in o
Numerical for E.“*“"" ﬂEIdS. certain points of space g
calculation in numerical ©
tool o
Creation of analytical Calculate magnetic flow Calculate electric fields o]
. model of simplified Calculate magnetic fields . 8 from magnetic flow o
Hyb rid ! h -= Al density vectors from :
emission source for in certain points of space - density vectors with
o . magnetic fields .
magnetic fields calculation Hybrid Method Tool

Fig. 8. Visual chart of experimental validation process
The first step is the equivalent magnetic dipole current obtaining, that shall be made with one of the
antennas presented in chapter 1. Due to the availability and most simplified construction, the Kanda
Antenna has been utilized for the experimental validation. Originally the Kanda Antenna is composed
by 3-loop, orthogonally disposed, as shown before. But only one loop is considered, and,
conceptually, it is enough for this validation. For a complete Kanda Antenna utilization, this whole
procedure should be executed three times, once for each loop, as shown in Fig. 9.

From the measurements of a generic device under test (DUT) with Kanda Antenna, the values for
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induced current from magnetic dipole (Iy) were calculated.

Fig. 9. Test setup with Kanda Antenna and a small current loop (as the DUT)

Separated currents (lo and 1) were measured on terminal resistors, from 5 MHz to 20 MHz, and,

after external processing, the final induced current Iy resulted on (as shown in chapter I1-B, equation
(3)) the curve shown in Fig. 10.
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Fig. 10. Kanda Antenna Current (ly) measured and processed

From the equations (3), (4) and (5), the equivalent magnetic dipole current (i) was obtained and
shown in Fig. 11.
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Fig. 11. Equivalent magnetic dipole current (i) calculated

For an application with a complete Kanda Antenna, this process should be repeated, to obtain the
currents iy and i,, for the antenna loops “y” and “z”, and respective equivalent magnetic loop “y” and
“z” (see fig. 1).

From the equivalent magnetic dipole current shown above, the magnetic and electric fields emitted
by the magnetic dipole were analytically calculated in many points of space, from equations (10)-(16).

As already mentioned, the electric fields are alternatively calculated by a Hybrid Method. For that,
the magnetic flow density vector (B) was calculated from the magnetic fields (H) and from these
values it was calculated the electric fields (E).

Additionally, to enrich the comparison, two numerical models were created in a numerical
simulation tool [12]. These models have been intensively evaluated and several iterations have been
ran, in order to have the most appropriated models for this comparison, resulting in two models, one
composed by 11.000 tetrahedrons (model “a”), more simple (but faster, for computer processing) and
another one composed by 500.000 tetrahedrons (model “b”), more detailed (but much slower, for

computer processing).

Figure 12 represents both models (only the quantity of elements is different).

Fig. 12. Numerical models. Magnetic Dipole (1) and Electric Fields Probes (2)
Finally, a comparison between the values of electric fields calculated by Analytical, Hybrid and
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20

Numerical (“a” and “b” models) is shown in Fig. 13, with the results in 5 MHz and 20MHz,

calculated in some points of space ranging from 5.8 meters to 29.4 meters (distances from the center

of the magnetic dipole to the measurement points).

Electric field [dBuV/m]
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Fig. 13. Total electric field (5 MHz and 20 MHz) calculated by analytical, hybrid and numerical methods
The same was calculated for others frequencies, ranging from 5 MHz to 20 MHz. The 3D charts

show the whole range, in Fig. 14, with analytical method, hybrid method, numerical model “a” and

numerical model “b”.
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Fig. 14. 3D charts of total electric field from 5 MHz to 20 MHz calculated by analytical (1), hybrid (2) and numerical
methods (“a” (3) and “b” (4) numerical models)
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IV. DISCUSSION ON METHOD RESULTS
In the last chapter three different methods have been compared, analytical method, numerical

method and hybrid method, and from the results shown above, it can be emphasized that the proposed
hybrid method, when compared to analytical method, shows a good relation and precision (difference
between 0.05 to 6 dBuV/m with 0.85 dBuV/m in average). The differences in 20 MHz are bigger than
in 5 MHz, due to the dimensional characteristics of the hybrid method. By the other side, the
numerical method showed a bigger difference when compared to analytical calculation (difference
about 15 dBuV/m, in average). This result is related to the numerical modeling characteristics, as the
model shape, solver type, etc., and to the computer capacity.

However, it can be concluded that the proposed hybrid method is applicable for the electric fields

calculation.

V. CONCLUSIONS

Initially, it can be mentioned the relevance of DUT’s representation by equivalent emission sources,
as represented in this paper, considering its ease construction, lacking any complex geometry and thus
very easily represented in a simulation model.

Any of the LLAs here presented are able to be applied with this method, each one with some
different characteristics, but all of them are applicable. Multipolar Antenna represents the last status
of development for equivalent emission sources determination, since it separates the multipole
characteristics of a DUT, increasing the precision when rebuilding it by magnetic dipoles,
guadrupoles, octupoles, etc.

Regarding to the electric fields, the results obtained by the proposed hybrid method can offer a
better approximation than the ones obtained by numerical simulation modeling. Considering that the
obtaining of electric fields with a good precision is a real necessity, the application of the proposed
hybrid method shows an advance in this field of study. This method is especially useful because the
input for this method is the magnetic flow density vector, which can be obtained by measurement or
calculation, regardless of the emission source type.

However, the application of the hybrid method, together with measurements by LLAs, represents a
good and applicable method for the representation of DUTSs by equivalent emission sources, in order
to allow the assessment of electromagnetic environments that can be especially suitable for

electromagnetic compatibility evaluations.
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