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Abstract—This work uses the partial image expansion method
to build an infinitesimal dipole model (IDM) of a physical Printed
Circuit Board (PCB) starting from the measured near-fields.
Using partial image expansion allows to include the substrate
directly in the equivalent model, that is composed of PEC plane,
substrate and dipole sources. The addition of the dielectric
increases the model versatility allowing for a wider range of
simulations to be run (e.g. closed environments, multiple boards,
etc.). In this paper, the radiation model of the physical device is
obtained and imported in a commercial full-wave solver (HFSS).
The simulation results are finally compared with the original
measurements, experimentally validating the accuracy of an IDM
built using partial image expansion.

Index Terms—Method of Images, Infinitesimal dipole model,
Near-field scanning, Printed circuit boards (PCB), Radiated
fields.

I. INTRODUCTION

In recent years, the trend in miniaturization and higher
clock frequencies, while allowing for greater speed and better
performance, has a negative effect on the Electromagnetic
Compatibility (EMC) characteristics of electrical/electronics
devices. In order to characterize this behavior, several radiation
[1] and immunity [2] tests based on near-field probes have
been investigated. Particularly, equivalent radiation models
of Printed Circuit Boards (PCBs) are often used for pre-
compliance verification. This enables preliminary tests to be
performed by observing only the radiated near-fields and can
allow for some insight into the behaviour of the Device
Under Test (DUT) when placed in a specific environment.
This is particularly useful, for structures that contain many
PCB boards, closely stacked together in a confined space.
A prime example of such a structure are CubeSats: small
modular satellites employed with increasing frequency in the
space sector. Typically, for EMC application, the Infinitesimal
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Dipole Model (IDM) is employed. This model works by recon-
structing a measured field with carefully placed infinitesimal
dipole sources. Usually, the IDM consists of dipole sources
and a perfect electric conductor (PEC) plane to account for
the fringing effects of the ground. Nevertheless, an equivalent
model that also includes the presence of the PCB dielectric has
proven to be a more versatile and complete model. Indeed, this
can be successfully employed in closed environment setups or
together with multiple PCBs [3], [4]. The IDM consisting of
ground plane, substrate and dipole sources is referred to as
Dipole-Dielectric Conducting Plane model (DDC).

Despite these advantages, the diffusion of the DDC is
limited due to the difficulty in estimating the radiated fields
of a dipole array above a PEC-backed substrate, as there
are no closed-form solutions for this structure. In previous
works, such fields are estimated either by solving Maxwell’s
equations directly [3] or by introducing an unknown equivalent
permittivity constant as part of the optimization problem [5].
Recently, a simple technique to obtain the near-field estimation
based on partial image expansion was introduced [6] and
compared with other existing methods. The advantage of this
solution is its computational simplicity while not influencing
the optimization problem’s complexity. In this work, the partial
image expansion technique described in [6] will be applied
to measurement data obtained from a physical DUT. The
obtained DDC model is built in a full-wave solver (HFSS)
and the simulation results compared with the original mea-
surements.

The remainder of this paper is organized in three sections:
in Section II, the method of partial image expansion will
be briefly introduced. In Section III, this technique will be
employed to construct a DDC starting from real measurement
data. Finally, in Section IV, conclusions are drawn.



II. DIPOLE MODELING USING PARTIAL IMAGE EXPANSION
METHOD

Although there are no closed-form expressions for the fields
generated by infinitesimal dipoles in the DDC model, the
same is true for dipoles placed over a simple PEC plane.
However, the fields generated in such cases can be estimated
by employing the method of images. Indeed, the PEC plane
completely reflects incident fields and this reflection can be
represented via a virtual image dipole. The partial image
expansion technique further extends this method.

In particular, as it was first introduced in [7], this method
states that that the interaction between static incident fields
and the PEC-backed susbtrate can be interpreted as the com-
bination of multiple partial reflections. As a consequence the
behavior is similar to that of plane waves as is shown in Fig. 1.
However, the same field deconstruction can be achieved for
high frequency setups if one limits the scope to the near-field
region [6].

Taking advantage of the symmetrical properties shown in
Fig. 1, each reflected component in the half-space above
the dielectric, can be represented by a scaled image dipole.
Simplified formulas for the positions and intensity of the
dipoles are derived in [6] as:

rn = −h− 2n · d
Q0 = Γ · S
Qn = −Γn−1(1− Γ2) · S, n ≥ 1

(1)

where Γ is the reflection coefficient, rn is the position of the
n-th dipole, h is the source height above the dielectric, d is the
dielectric thickness, S is the dipole moment of the infinitesimal
dipole source and Qn is the dipole moment of the n-th virtual
image dipole. The index n counts the virtual image dipoles
starting from 0.

It follows that the fringing effect of the substrate can be
accurately represented by an array of image dipoles, as shown
in Fig. 2(b). Both setups presented in Fig. 2(a) and Fig. 2(b)
exhibit the same fields on the measurement plane.

Moreover, an estimation method for the dipole’s secondary
fields - E field of a magnetic dipole and H field of an electric
dipole - was introduced [6]. This is based on interpolating
between the two boundary cases: (1) a secondary field that
completely determines the behaviour of the primary field; (2) a

Fig. 1. Basic principles of the partial image expansion technique: near-field
interaction with PEC-backed substrate

(a)

(b)

Fig. 2. Partial Image Expansion Method: (a) original layout (b) equivalent
structure easier for field estimation.

secondary field whose behaviour is completely determined by
the primary field. It was shown empirically that the interpola-
tion factor only depends on the dipole orientation, providing a
simple and reliable solution for the secondary field estimation.
Finally, the results above can be employed to extract Green’s
matrix of an arbitrary array of electric and magnetic dipoles
placed over a PEC-backed substrate. The relationship between
the fields and the dipole sources can be written as:

[
E
H

]
=

[
Gee Ghe

Geh Ghh

] [
Me

Mh

]
(2)

Where E and H are the electric and magnetic fields, while Me

and Mh are the electric dipole moments and magnetic dipole
moments. The Green’s matrix is divided into four components
Gxy , with x = {e, h} and y = {e, h}, that describe the
linear relationship between dipole moments of type x and the
generated field of type y. The method developed in [6] allows
for the near field approximation of the submatrices in Eq. (2),
to be written as an infinite series of terms. Each term is in
turn derived from the well known Green’s matrix in uniform
space.



Fig. 3. Measurement setup for the near-field scanning and the stripline used
as the DUT.

III. REAL MEASUREMENT DATA

In this section partial image expansion is used to optimize
an IDM on measurement data collected from a simple PCB
structure. To exemplify and validate the procedure, a stripline
with a length of 250 mm and a trace width of 3.5 mm is chosen
as DUT (see Fig. 3). The substrate material is FR4 epoxy, that
has a relative permittivity value of 4.4. The trace was excited
by a RIGOL DSG836 signal generator with a signal of 0 dBm
at 1 GHz. The electromagnetic near fields were sampled using
the 771-00115 Hxy probe and the RSE10 Ez probe by Rohde
and Schwarz, mounted on the EM-ISight scanner (see Fig. 3)
[8].

The measurement data is collected on a regular grid with
a step of 5 mm over a grid of size 75 mm × 130 mm.
Consequently, each scan is composed of 16 × 28 sample
points for each field component. The three acquired field com-
ponents are Ez , Hx, and Hy . For each measured component, a
regionalized variable is extracted using spline interpolation to
model the field’s behavior in all of the sample plane [9]. This
enables resampling the target fields with arbitrary resolution.
In particular a matrix shape of 50 × 50 is chosen for all
components. The measured scans and the resampled scans are
shown in Fig. 4.

The resampled scans are set as the optimization targets
and a custom method based on image processing is used to
determine the best dipole source positions. This is shown
in Fig. 5, where the positions of the dipole sources are
indicated over the target scans. In particular, circle markers
and triangle markers pointing to left correspond to normally-
oriented electric dipoles and flat magnetic dipoles oriented
along x axis, respectively.

Since only the magnitude of the fields was collected during
the measurement, the dipole moments are optimized using
the Levenberg-Marquardt algorithm [10], [11] with the scans

(a)

(b)

Fig. 4. Measured Field Components at (a) 10 mm (b) and 15 mm heights. First
column: Raw data from measurement system. Second column: Resampled
data.

Fig. 5. Infinitesimal dipole array optimized from the measurement data. This
optimization was performed for a probe height of 1 cm and a dipole height
of 1mm.

at heights 10 mm and 15 mm as targets. The optimized
array is then used to construct an equivalent DDC model
of the physical DUT in HFSS. The fields obtained from the
HFSS simulation of this model are finally compared with the
measurement data and the numerical estimation (using partial
image expansion) of the IDM fields. The comparison can be
seen in Fig. 6 for a height of 15 mm and in Fig. 7 for a height
of 20 mm. It should be noted that the height of 20 mm was
not used in the fitting of the model, therefore ensuring a good



Fig. 6. The comparison between the HFSS realization of the IDM
(IDM(HFSS)), the numerical predictions of the IDM fields using Partial Image
Expansion (IDM), and measuremenet (TARGET). The fields are compared at
the reconstruction height of 15 mm.

prediction also at this height is important to validate the model.
The figures Fig. 6 and Fig. 7 show a good agreement between
theoretical results, full-wave simulations, and measurement
data.

IV. CONCLUSION

In this work, the method of partial image expansion is
assessed and this technique was employed in building a DDC
model of a physical DUT starting from real measurement data.
Firstly, the measurement data is elaborated and regionalized
variables are extracted for each target component. The opti-
mized equivalent model is then constructed in HFSS and the
emitted fields are compared to the original data and to the
numerical estimation, exhibiting a good match.

The method employed in this paper can be used to simply
create IDMs that include the substrate and the PEC plane. The
resulting model is more complete and closer to the physical
device while presenting no drawbacks with respect to the
simpler model composed solely of dipole sources and PEC
plane. In particular, it can be used to estimate the radiated
fields, not only in an open environment, but also in closed
environments where the gross presence of the dielectric plays
a role in the mode propagation of the fields.
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