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Abstract—Equivalent sources found from near-electric and mag-
netic field scans are often used to predict and solve interference
problems. While there are many ways to represent the source,
the user lacks the ability to determine which of the many pos-
sible source configurations is more likely to represent the “true”
source, and thus accurately represent field data outside the mea-
surement area and in the presence of typical measurement errors.
A methodology is proposed for estimating which of many possible
dipole source representations of near-field scan data are likely to
give better estimates of fields outside the measurement scan plane
when utilizing imperfect measurement data. A quality metric for
determining better configurations is proposed, which utilizes the
statistical variation of the global difference measure (GDM) in
the predicted and measured fields. Equivalent sources are esti-
mated when adding noise to measurement data, and prediction
statistics are generated for multiple instantiations of measured
noise. Results demonstrate that the better configurations minimize
the average plus standard deviation of the GDM. The ability of
the technique to identify robust source configurations was tested
when measurements were subject to additive measurement noise,
cross-field coupling, and systematic errors in probe position, and
was evaluated based on its ability to predict fields at points above
and to the side of the measurement plane. The method consistently
identified better source configurations using both simulated and
measured data.

Index Terms—Dipole, least squares method, near-field scan, RF
interference, source representation.

I. INTRODUCTION

PREDICTION of the near electric and magnetic fields gen-
erated by electrical components can be used to mitigate

potential radiofrequency interference (RFI) problems early in
the design process. Near-field scanning is commonly used to
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characterize RFI noise sources. An equivalent source repre-
sentation can be found using equivalent dipoles with a least
squares method (LSQ) [1], [2], [3]. An equivalent dipole model
represents the source with several dipoles placed throughout the
source domain [1], [2], [3]. The magnitude and phase of dipoles
at fixed locations can be found using the least squares method
with regularization from the near-field scanning data [1], [4].
Genetic algorithms (GAs) and differential evolution (DE) can
be used to find the location of dipoles if the user does not know
the source location [5], [6], [7], [8], [9].

A survey of the literature related to source reconstruction stud-
ies was performed and analyzed with respect to the reconstruc-
tion methodology, the frequency range, the types of noise that
were investigated, and the type, location, and number/density
of the inferred sources. The results are summarized in Table I
[2], [3], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26].
Approaches typically used a dipole or current distribution based
source. Most methods were validated for just one frequency or
over a relatively narrow range of frequencies. In many cases, the
robustness of the approach was not tested against measurement
errors. When errors were included, it was most common to add
Gaussian white noise to measured or simulated data to represent
instrumentation noise. Position error causes a systematic error
throughout the measurement. The sensitivity of amplitude only
or phase resolved near field measurements to position error was
addressed in [27] and [28]. Although several methods exist to
solve the source reconstruction problem for RFI applications,
and many source configurations have been studied, the user
does not have an effective method of judging which source
representations will most accurately represent fields outside the
scan area for RFI applications [13], [18]. The least square error
between the measured fields used to estimate the source and
the reconstructed fields is not necessarily sufficient when the
measurements are corrupted with noise and other measurement
errors [29].

No exact theoretical criteria exist for choosing the source
for an inverse problem when predefined information about the
source is unavailable. Most papers leave the source definition
to the user. As a result, the user is left with the dilemma of de-
termining which source configuration, out of the many possible
solutions, will do a good job of predicting fields at locations
outside the scan plan for the RFI application [13], [18].

In this article, a method is proposed for finding which dipole
representation among several candidate configurations is likely
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TABLE I
SUMMARY OF EXISTING FIELD RECONSTRUCTION STUDIES

to yield the most accurate representation of fields outside of the
measurement area and is likely to be robust to typical measure-
ment errors like measurement noise in the scan data, errors in
scan height, and cross-coupling between electric and magnetic
field measurements. A quality metric is proposed which helps
to identify these configurations based on the statistical variation

of the global difference measure (GDM) in the predicted and
measured fields found when adding typical errors to the mea-
sured data [30]. The process for reconstructing dipole sources
is reviewed in Section II. The quality metric and process for
finding better source configurations is introduced in Section III.
The ability of the approach to find source configurations that
predict fields well at locations outside of the scan area (above
and to the side of the measurement plane for RFI applications
[13], [18]) was tested through the simulation of two test cases
in Section IV and through measurement in Section V. The test
cases have either electric or magnetic field dominant sources,
or a combination of the two over a broad frequency range and
include both electrically small and large structures. Results show
that the proposed quality metric was consistently minimized for
those configurations that also best predicted fields outside the
measurement plane. Finally, Section VII concludes this article.

II. DIPOLE-BASED SOURCE RECONSTRUCTION METHOD

A dipole representation of near-field sources can be found
starting with the vector potential formulation [1], [2], [3]:

Ā (r̄) =
μ0

4π

∫
v

J̄
(
r′
) e−jk0|r̄−r′|∣∣r̄ − r′

∣∣ dv′ (1)

where A is the magnetic vector potential, J is the source current,
k = ω

√
εμ = 2π/λ is the wavenumber, and λ is the wavelength.

The permeability and permittivity of the surrounding medium

are μ and ε, respectively, and �r −−→
r′ is a vector between an

arbitrary observation point r and a source point r′ in domain
v. Both r and r′ are defined with respect to the origin 0. The
electric and magnetic fields can be calculated from the magnetic
vector potential as [2]

μ0H̄ (r̄) = ∇× Ā (r̄) (2)

jωε0Ē (r̄) = ∇× H̄ (r̄) . (3)

The sources are considered to be infinitesimally small electric
and magnetic dipoles. The electric dipole moment is defined as
P̄ , and the magnetic dipole moment as M̄ [1], [2], [3]. The
electromagnetic fields which radiate from electric and magnetic
dipoles are given by [1], [2], [3]

[Ex ; Ey ; Hx; Hy] = [T ] × [Px; Py; Pz; Mx; My; Mz]
(4)

where Ex or Hx and Ey or Hy are the x and y components of
the electric and magnetic fields, respectively. The contribution
of each dipole to corresponding field components is represented
using the T matrix (e.g., THx,Px represents the Hx field com-
ponent which is generated with the Px dipole). The unknown
electric and magnetic dipoles can be found from known field
measurements using LSQ as [1], [2], [3]

[Px Py Pz Mx My Mz] = [T ′T ]−1 × T ′ × [Ex Ey Hx Hy]
(5)

where T is the field generation matrix given in (4) [1], [2], [3],
and T′ is its conjugate transpose.

A typical source representation would place the electric and
magnetic dipoles on an xy plane just above the device whose
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emissions they are intended to represent. This plane will be
called the source plane. The transfer function matrix [T] can be
calculated between the source plane and an observation point
outside a volume containing the dipoles and the device, for
example, on a plane above or to the side of the device under
test (DUT).

The inferred sources create a field in the scan plane which does
not exactly match the measured fields in this plane. The quality
of the match needs to be defined. This error definition can then
be applied to fields in planes other than the measurement plane.

There are two common approaches to quantifying the error
in the predicted fields: using the root-mean-square error in the
predicted fields at known measurement points [1] and using
feature selective validation (FSV) [30]. FSV was created by an
IEEE standard committee as a reference method and is widely
used in the electromagnetic compatibility community [30].

FSV determines a figure of merit that is roughly equivalent
to a visual comparison of the measured and predicted data by a
human observer. The output of FSV is found from a point-by-
point comparison and is represented in the form of the ampli-
tude difference measure (ADM) or feature difference measure
(FDM), which represents the feature differences between data
sets. The combination of ADM and FDM is reflected in GDM.
The comparison is considered to be Excellent for GDM ≤ 0.1,
Very Good for 0.1 ≤ GDM < 0.2, Good for 0.2 ≤ GDM < 0.4,
Fair for 0.4≤GDM< 0.8, Poor for 0.8≤GDM< 1.6, and Very
Poor for 1.6≤ GDM [30], which makes the comparison much
easier for the user.

III. DETERMINING BETTER SOURCE CONFIGURATIONS

Uncompensated errors in the measurement will reduce the
accuracy of the predicted fields. There are three main sources
of error in near-field scanning: cross-field coupling, position
error, and random noise in the measured field levels. The impact
of each noise type will be considered using simulations in the
following study.

Cross-field coupling is caused when the near-field measure-
ment probes are sensitive to more than one field component. In
a real measurement, H-field probes also detect the E-field, and
E-field probes detect the H-field, causing errors in the measured
field components [31]. The cross-coupling becomes worse at
higher frequencies, especially above 1 GHz. To consider cross-
coupling effects up to 30% of the unwanted field (≈−10.5 dB
suppression) has been added to the simulated field measurements
in the following experiments.

Position error is caused by a systematic error in the probe
position throughout the scan [27], [28]. In the simulation, the
position of each E-field or H-field point has been shifted by
1.5 mm. The position error can distort the phase distribution [29]
as well as the magnitude of the measured fields. Up to a 1.5 mm
position error has been considered when creating “measured”
field data in simulations.

Additive random noise in the measured field levels is caused
primarily by quantization errors in the measurement instrument
or by thermal noise within the system. This error is represented
here by setting the effective noise floor of the measurement

such that the maximum signal-to-noise ratio (SNR) at any point
throughout the scan is SNR ≈ 15 dB. The phase is random,
but the signal is noise floor limited when referenced against the
maximum field strength.

All three errors were set to cause rather severe distortion
of the actual field data. Actual systems will typically achieve
better SNR, especially if the user can set the source strength. A
1.5 mm position error is rather large. Position error includes not
only the mechanical position error but the difference between
the physical center of the probe and its electrical center. Probe
factor errors have not been considered as they remain constant
throughout all scanning and would just cause a fixed offset in
the magnitude of the measured field.

These noise sources will be used later in this work to demon-
strate a methodology for finding a near-optimal dipole repre-
sentation of an RFI source. The reconstruction method will be
repeated with different values of the three types of noise sources
to investigate the robustness of the reconstruction method.

To find a near-optimal dipole representation, we propose to
find a dipole combination with relatively low values of GDM,
and the standard deviation of the GDM over multiple applica-
tions of the approach while adding different values of random
noise to the scan data. The standard deviation of GDM over
its population determines how stable the GDM value is against
variations of the captured field plane data and can be calculated
as

STD (GDM) =

√∑
(GDMi − μ)2

N
(6)

where μ is the mean value of GDM and N is the size of GDM
samples. Experimental evidence suggests that a solution, defined
as several sources at given locations, which leads to stable GDM
even if the capture plane data are varied is often a better solution
compared to a solution that will show highly varying GDM if
capture plane data are slightly different. While solutions could
be significantly improved with access to data beyond the scanned
fields, like the value of fields to the side of the DUT, and the value
of fields on other planes, it is assumed the user only knows the
scan data in the plane above the DUT. Using these measures, we
propose the following process for determining the near-optimal
configuration of the equivalent dipoles.

1) Given the noisy scanning data above the DUT corrupted
with additive random noise, cross-field coupling noise,
and position error, for example:

Ep (x, y, z) = E (x+Δx, y +Δy, z +Δz)

+ n (x, y, z) +
αi

ζ
H (x, y, z) (7)

where Δx,Δy, and Δz are position errors, ζ is the charac-
teristic impedance of free space, and αi is the cross-coupling
coefficient. Position error has been considered as a systematic
error which means the position of each E-field or H-field point
has been shifted by 1.5 mm. n(x, y, z) is additive random
noise, simulating instrumentation noise, and as such is normally
distributed. The noise amplitude was set to achieve a maximum
SNR of 15 dB across the scan plane, whereas the noise power
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remained constant from location to location. The noise phase
was random.

2) Consider N different dipole configurations as source rep-
resentations. Each dipole configuration has a different
number of dipoles in the x and y directions as well
as different spacing between them. Each source loca-
tion includes six dipole components: Px(x,y,z), Py(x,y,z),
Pz(x,y,z), Mx(x,y,z), My(x,y,z), and Mz(x,y,z).

3) Use least squares to determine the values of the dipoles
for each configuration using (5).

4) Repeat steps 2 and 3 for M instantiations of random
additive random noise to form an N × M matrix of so-
lutions (dipole combination versus additive noise) at each
frequency.

5) Find those solutions which minimize the average and
standard deviation of the GDM on the measurement plane
overall “noisy” solutions, as defined by the quality metric
σ as follows:

σi = GDMnorm + STD(GDMnorm)

=
1

4
[GDMExi,norm +GDMEyi,norm

+ GDMHxi,norm +GDMHyi,norm]

+
1

4

[
STD(GDMExi)norm + STD(GDMEyi)norm

+ STD(GDMHxi)norm + STD(GDMHyi)norm
]
(8)

GDMExi,norm =

∑M
j = 1 GDMExi,j(∑M

j = 1 GDMExi,j

)
max

(9)

STD(GDMExi)norm

=

√∑M
j = 1 (GDMExi,j−GDMExi,avg)

2

M(√∑M
j = 1 (GDMExi,j−GDMExi,avg)

2

M

)
max

. (10)

Those configurations which minimize the proposed quality
metric σ will be shown in the following text to be more likely to
accurately predict fields above and to the side of the measure-
ment plane.

IV. VERIFICATION THROUGH SIMULATION

The approach was verified using two different DUTs, an
electromagnetic interference (EMI) filter and an IC with
nearby traces. These configurations were built such that they
would include both magnetic-field-dominated and electric-field-
dominated sources and would allow testing over a wide fre-
quency range. The accuracy of results is considered not only in
the measurement plane but to the side and above the measure-
ment plane.

A. EMI Filter

Some unintentional radiators primarily create near magnetic
fields, and some primarily create electric fields. An EMI filter is a

Fig. 1. EMI filter with ground plane (120 mm × 120 mm).

common source of the interference with a strong near magnetic
field due to a physically large inductor creating interference,
particularly at lower frequencies. The EMI filter shown in Fig. 1
was used to study such a source, focusing on emissions at 100
MHz. The large inductor and two capacitors occupy an area of
20 mm× 25 mm. The large inductor generates a strong magnetic
field, which may interfere with a nearby victim. The dimen-
sions of the inductor were 10 mm × 20 mm (0.003 λ×0.006
λ at 100 MHz). The dimensions of the ground plane were
120 mm× 120 mm (0.04 λ×0.04 λ at 100 MHz). The input ports
were excited with 100 MHz sinusoidal signals with magnitudes
of 1 and −1.1 V (to have a 180° phase change). These inputs
create both a differential and common mode excitation, to create
a more realistic source.

An electromagnetic model for the EMI filter was developed
as part of the work described in [32]. Electric and magnetic
fields were simulated from this source in CST Studio Suites
[33] and used to validate methods for predicting interference
using the source reconstruction technique. Initially, the data
were captured in a 120 mm × 120 mm observation plane at
z = 50 mm above the ground plane, with step size 2 mm (i.e.,
there were 3721 measurements of Ex, Ey, Hx, and Hy within the
plane). Cross-field coupling (about 30%) and random noise were
added to the noiseless field so that the best SNR ≈ 15 dB. As
shown in Fig. 2, the additive noise (cross-coupling and random
noise) has more influence on the E field than the H field as the
DUT is magnetic field dominant. This noisy data (see Fig. 2)
were used to estimate the sources using (5). Two observation
planes were used to validate the results. The secondary plane
is mounted in the xy plane above the scan plane at z = 62 mm
(120 mm × 120 mm). The side plane is mounted to the side of
the DUT at x = 55 mm (120 mm × 60 mm).

The prediction algorithm was applied to 40 combinations
of additive random noise, each combination with 43 randomly
selected dipole configurations to cover the hot spot, resulting
in 40 × 43 solutions. The dipole configurations vary from
one dipole up to 238 randomly selected dipoles. The largest
number of dipoles evenly spaced over the rectangular plane of
160 mm × 130 mm (17 dipoles in the x-direction and 14 dipoles
in the y-direction with a gap of 10 mm). Fig. 3 shows the value of
the quality metric σ calculated with (8). Three different dipole
combinations which used a small number of dipoles gave lower
values of the coefficient than the others which is not surprising
given the simplicity of the field patterns (see Fig. 2). The com-
bination with three dipoles in the x and y directions and a 3 mm
gap, gave the minimum value of the quality metric. The variation
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Fig. 2. Effect of adding cross-field coupling and random noise to the system
on primary plane. (a) Magnitude of noisy and noiseless data for Ex, Ey, Hx, and
Hy. (b) Phase of noisy and noiseless data for Ex, Ey, Hx, and Hy.

Fig. 3. Magnitude of σ for different dipole combinations applied to the EMI
filter. The dipole combinations with the lowest value of σ also had the lowest
values of GDM outside the measurement area.

of the GDM value (minima, maxima, and average) for the EMI
filter model on the primary, secondary, and side plane for each
dipole combination is shown in Fig. 4 to demonstrate that the
combinations with minimum weighing coefficient also tends to
provide a better representation outside of the measurement area,
indicating they are a better representation of the true source. The
value of GDM is highly sensitive to noise except for three middle
dipole combinations (see Fig. 4). The value of GDM is also
higher for other combinations than three middle combinations,
especially on the side plane (see Fig. 4). The dipole combination
with the lowest quality metric (calculated on the measurement
plane) also has the lowest GDM at locations above and to the side
of the scan plane. The fact that this combination has the lowest
GDM and is robust against additive noise, i.e., it has the lowest
standard deviation of GDM and helps ensure the repeatability
of the result in a noisy environment.

Fig. 4. Variation of the GDM value (minima, maxima, and average) for the
EMI filter model on three planes.

Fig. 5. Noiseless (simulated) fields and fields predicted from noisy data for
the EMI filter (see Fig. 1) using the dipole combination with a minimum value
of σ on (a) secondary plane (z = 62 mm) and (b) side plane (x = 55 mm).

Fig. 5 shows the reconstructed fields when using the combina-
tion from Fig. 3 with minimum quality metric (with three dipoles
in the x and y directions and a 3 mm gap). The predicted fields
are compared with simulated noiseless data at the secondary
and side planes, as described earlier. The shape of the fields is
reconstructed well. The value of GDM is lower than one which
is considered “Fair” for FSV evaluation. A fair evaluation is not
surprising given the substantial noise included in the “measured”
data. The accuracy of the estimated fields depends on the number
of scanning points, as well as which field components are
scanned, e.g., Ex, Ey, Hx, and Hy. Generally, either the electric
or magnetic field (alone) can be used to reconstruct the source
as long as the noise source is either electric or magnetic field
dominant [1], [2], [3]. An EMI filter is a strong near magnetic
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Fig. 6. FSV evaluation on different planes using only magnetic field compo-
nents for prediction as a function of the number of scanning points.

Fig. 7. IC with two nearby traces.

field source. Fig. 6 shows the values of GDM on each plane when
the prediction is performed using different numbers of scanning
points and only using the measured value of magnetic fields over
the scan plane. As shown, for an EMI filter that has magnetic
field dominated emissions, it is possible to use only around 45
measurements of only the magnetic field on a plane above the
DUT (from z = 40 mm to z = 60 mm) to adequately reconstruct
the source. If only the least square error was used to find a dipole
combination, more combinations would be suggested as good
solutions with minimum error on the primary plane, but those
combinations would have very high errors on other planes like
side planes (see Fig. 4).

B. IC With Open and Short Traces

Other sources of interference may have more complex struc-
tures including both electric and magnetic field dominant
sources functioning at higher frequencies. The setup shown in
Fig. 7 which includes an IC and open and shorted traces was
used to study these more complex scenarios. The sources shown
in Fig. 7 occupy an area of 30 mm × 30 mm. The dimensions
of the ground plane were 120 mm × 120 mm (0.24 λ × 0.24 λ

at 600 MHz). Both traces were excited with a 600 MHz with
a 1 V, 50 Ω port. One trace was terminated on the other side
with a 1 Ω load and the other trace was left open. The IC
is a commercial microcontroller in a quad-flat package. An
electromagnetic model for the IC package was developed as
part of the work described in [34]. The IC was mounted 0.4 mm
above the perfect electric conductor (PEC) ground plane. Two
pins were excited with two different 1 V, 50Ω ports at 600 MHz.
The fields generated by each stimulation source were found

Fig. 8. Effect of adding cross-field coupling and random noise to the IC and
trace setup. (a) Magnitude of noisy and noiseless data for Ex, Ey, Hx, and Hy.
(b) Phase of noisy and noiseless data for Ex, Ey, Hx, and Hy.

separately and then added together to determine the overall
emissions from the setup. Both magnetic and electric fields with
phase were generated from these sources in CST Studio Suites
[33] and used to validate methods for predicting the best dipole
configuration.

Initially, the data were captured in a 120 mm × 120 mm
observation plane at z = 5 mm, with step size 2 mm (i.e., there
were 3721 measurements of Ex, Ey, Hx, and Hy within the plane).
Two observation planes were used to validate the results. The
secondary plane is mounted in the xy plane above the scan plane
at z = 10 mm (120 mm × 120 mm). The side plane is mounted
to the side of the DUT at x = 20 mm (120 mm × 60 mm). To
investigate the effects of practical limitations on reconstruction,
the cross-field coupling (about 30%) and additive random noise
was added to the noiseless field so that the maximum SNR ≈
15 dB. Fig. 8 shows the magnitude and phase of the noiseless
and noisy E- and H-fields. The noisy fields shown in Fig. 8 along
with a 1.5 mm position error were used to estimate the dipole
sources using (5).

Dipole source values were predicted using 40 different values
of additive noise for each of the 120 different dipole configura-
tions. The equivalent dipoles located around the hot spot occupy
an 18 mm × 18 mm area (7 dipoles in the x and y directions
with a gap of 3 mm) up to 84 mm × 84 mm (13 dipoles in
the x and y directions with a gap of 7 mm). The quality metric
σ was calculated with (8) and is shown in Fig. 9. As shown,
the quality metric has a minimum value for the combination
which uses eight dipoles in the x and y directions covering a
36 mm×36 mm area over the source region. As shown in Fig. 10,
this configuration also showed the lowest value of GDM on
the primary, secondary, and side planes. Additionally, the better
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Fig. 9. Quality metric σ for different dipole combinations applied to the IC
and traces.

Fig. 10. Variation of the GDM value (minima, maxima, and average) for the
IC and trace setup. The configuration with the minimum value of σ shown in
the blue rectangle (red: primary plane, blue: secondary plane, black: side plane).
(a) GDM Ex. (b) GDM Ey. (c) GDM Hx. (d) GDM Hy.

Fig. 11. Near-field scans were performed over the DUT. (a) Test board overlaid
with the source surface. (b) Measurement and observation planes relative to the
noise source.

Fig. 12. Block diagram of the measurement setup.

combinations show a lower standard deviation of the GDM value
over all 40 combinations of additive random noise compared to
all other dipole combinations. The fact that this configuration
has the lowest total GDM for the primary, secondary, and side
planes is a good indication that using this dipole configuration
is robust against noise and that the quality metric is useful for
indicating the dipole combinations with the best repeatability in
a noisy environment.

As shown in Fig. 10, a small least square error on the primary
plane cannot guarantee a good field reconstruction on other
planes like side plane. This is the main reason that the user cannot
rely on a least square error to find a reliable dipole combination
for any source reconstruction approach.

V. VALIDATION THROUGH MEASUREMENT

Measurements of the electric and magnetic fields over a test
IC board were used to validate the simulated results [33]. The
IC is fed by a 5 dBm signal at 500 MHz. Near-field scans
were performed at 1.5 GHz at the third harmonic of the buffer
output. The x and y components of the electric and magnetic
probes were measured with a near-field scan system. The probes
were calibrated for accurate phase-resolved near-field scanning
[34]. A vector network analyzer was used for scanning the field
components and as a reference signal to obtain accurate phase-
resolved results. Fig. 11 shows the DUT and the measurement
planes. The measurement setup is shown in Fig. 12. The primary
scanning plane was 20 mm × 80 mm with a step size of 1 mm
(1600 measurement points) at z = 2 mm. The dipoles were

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 28,2023 at 17:59:57 UTC from IEEE Xplore.  Restrictions apply. 



8 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

Fig. 13. Quality metric σ for different dipole combinations.

inferred in a plane at z = 1 mm, which is close to the physical
height of the DUT. The secondary and side observation planes
were at z = 6.7 mm and x = 48 mm (see Fig. 11).

Using noisy captured fields above the DUT at z = 2 mm, the
prediction algorithm was repeated for 40 different combinations
of additive random noise so that the maximum SNR ≈ 15 dB
and with 110 different dipole configurations. The dipole config-
urations occupy the area from 6 mm × 6 mm (4 dipoles in the
x and y directions with a gap of 2 mm) up to 84 mm × 84 mm
(13 dipoles in the x and y directions with a gap of 7 mm). As
shown in Fig. 13, the configuration which uses seven dipoles
in the x and y directions over the 18 mm × 18 mm area had
the lowest quality metric σ. Several dipole combinations have
low GDM as they cover the source area using dipoles in x and
y directions with a proper gap (see Fig. 13). The total GDM
value for the DUT on the primary, secondary, and side plane is
shown in Fig. 14 for the studied dipole configurations. The GDM
over these additional surfaces was lowest for the configuration
with minimal quality metric σ. Fig. 15 shows the measured and
predicted fields in the yz-plane at x = 48 mm. Here, the shape
of the electric fields is constructed well, and the GDM value
is lower than 0.8 which is considered “Fair” in FSV evaluation
[30].

If only the least square error was used to evaluate the
dipole combinations, a combination with six dipoles in the x
and y directions would be considered a good solution since it
gives minimum error on the primary plane. However, this metric
is misleading as the error in the field reconstruction on other
planes e.g., the secondary or side planes are very high, and the
results are not acceptable (see Fig. 14).

VI. DISCUSSION

The proposed approach relies on the hypothesis that source
configurations that are most similar to the “true” source also
tend to be relatively robust to additive noise during the re-
construction process and sources that do not accurately reflect
the true configuration tend to be “fragile” to small errors in
the measurements. Results support this hypothesis since the
proposed quality metric (designed with this hypothesis in mind)
consistently found configurations that also reliably predicted
fields above and to the side of the measurement plane, which
were not used to estimate the source, in each of the cases tested.
While further testing is needed, these results are promising.

Fig. 14. Evaluation of GDM on different planes for different dipole combina-
tions, for the setup in Fig. 14. (a) Ex. (b) Ey. (c) Hx. (d) Hy.

Fig. 15. Measured and predicted E- and H-fields from the DUT in Fig. 13 at
x = 48 mm using the dipole combination with a minimum value of σ.
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It should be noted that adequate testing of the robustness of
the fields requires that sufficient noise be added to already noisy
scan data to cause significant variations in the predicted GDM.
When using real scan data, where the level of noise may not be
known a priori, the user may need to experiment with the level
of noise required to generate a good result. The noise added
should be larger than the expected additive noise in the original
measurement.

As shown in the plots of σ and of the total GDM, there are
many possible dipole configurations that may give good results.
The challenge for the user is determining which are good and
which are poor given that all will generate a relatively low least
square error on the measurement plane but may perform differ-
ently outside of the measurement plane. If only the least square
error over the measurement plane were used to judge the quality
of the configuration, one would tend toward solutions using a
large number of dipoles that overfit the measured data. While the
minimum value of σ provides a good indicator of which config-
uration gives the lowest GDM over different observation planes,
other configurations with low levels of σ may also be good.

Near-field probes measure a weighted average of the actual
field [36]. The weighting depends on the distance between the
source and the probe. If the distance is small (e.g., much less than
the height of the probe), then the fields within the loop (assuming
a magnetic field probe) will vary strongly. If the distance is large,
the fields are more-or-less uniform. One cannot correct for this
effect well without explicit information about the source so that
typical probe-factor assumptions will introduce additional errors
in the data. While this source of error was not studied here, the
fact that the quality metric σ does a good job of identifying
source configurations that are robust to other sources of error in
the measured data suggests that these configurations will also be
robust to errors caused by a less-than-ideal probe compensation.

Using a CORE i5 laptop with 2.5 GHz CPU, it takes about
2 min per configuration for the method to tell the user if the
proposed equivalent dipole moment for the source (see Figs. 7
and 11) is a good or bad answer. Here, more than 100 randomly
selected dipole combinations were used to estimate the value of
the quality metric. The time to solution could be improved using
an optimization search method like GAs or machine learning,
rather than testing all 100 dipole combinations, such that fewer
dipole combinations would have to be tested.

In the study presented here, the quality of the reconstructed
source was evaluated by considering the GDM not only in
the measurement plane but also above and to the side of the
measurement plane. These additional areas were considered
since they are most often of concern in RFI applications [13],
[18]. Other applications may also desire reconstruction of fields
at other locations, for example below the measurement plane,
which may be a topic for future study.

VII. CONCLUSION

A method was proposed for finding better dipole config-
urations among several candidates when determining electric
and magnetic fields outside the measurement area, using phase-
resolved near-field scan measurements. The method is based
on a quality metric, which is calculated from the GDM of

near-field solutions found when estimating sources for many
instantiations of additive noise on the assumption that those
dipole configurations which are most robust to measurement
errors will also reliably minimize the GDM in these cases.
Results show the quality metric was consistently minimized
for those configurations which also best represented the fields
outside of the measurement plane. It is these fields that one is
most often looking to estimate in RFI applications, and which
are typically unavailable when estimating the equivalent source.
The metric consistently identified the better source configura-
tions even in the presence of typical measurement errors like
random measurement noise in the scan data, errors in scan
height, and cross-coupling between electric and magnetic field
measurements. The method was applied to both simulated and
measured data in a variety of scenarios where both electric and
magnetic field sources dominated and was able to identify the
better source configurations in each case.
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