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Abstract—Source reconstruction methods have many
applications such as antenna diagnosis, calculating far-field
radiated emissions, and identifying incompatible sources on
integrated circuits or printed circuit boards. In this paper, the
Gerchberg—Saxton algorithm is used to retrieve the phase of the
transverse magnetic near-field data measured on two parallel
plates above the equipment under test (EUT). Then, the method
of moments using roof-top basis functions is applied to
reconstruct the horizontal electric current densities for the EUT.
The proposed method is validated by comparing its results to
full-wave simulations obtained using the CST-MWS software.
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1. INTRODUCTION

The increasing use of electronic systems operating at low
power and high frequencies has led to an increase in the level
of unwanted radiated emissions or ElectroMagnetic
Interference (EMI). Hence, the estimation of radiated
emissions from electronic devices (integrated circuits or
printed circuit boards) is extremely important for
Electromagnetic Compatibility (EMC) designers. The
radiated emissions in the far-field region can be estimated
using near-field scanning and a suitable reconstruction
method. Reconstruction methods are attractive for EMC
designers because they allow to identify the prominent
radiation sources of the electronic device and they can help
take necessary measures to reduce the radiated emissions from
an electronic device (e.g., [1]).

Reconstruction of the source requires phase and amplitude
information from the near-field scanning. Generally, phase
measurements are more time-consuming, less accurate, and
more expensive than amplitude measurements. As a result,
phase-less techniques involving only the amplitude
measurements are generally preferred. The phase information
can be retrieved using different techniques typically based on
iterative schemes in which the phase of the near field at two
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different parallel planes is reconstructed in a forward—
backward fashion [2]-[6]. In [7], two phase retrieval methods,
namely the adjoint field method and the phase angle gradient
method are compared. Both these methods retrieve the phase
information using the near-field amplitudes on three parallel
measurement planes at different heights from the device. In
[8], the simultaneous measurement of the signal amplitude
received by two different probe antennas moving over a single
scanning surface is used to perform the phase retrieval of the
near field by assuming as unknown the plane wave spectrum
of the field. In [9], a direct optimization procedure based on
the conjugate gradient method which utilizes phase-less
electric field data over arbitrary shaped surfaces for the
reconstruction of an equivalent magnetic current density was
presented. Other global optimization-based techniques such as
the genetic algorithm method [10], [11], the differential
evolution method [12]-[14], and the particle swarm
optimization [15] have been developed to retrieve the phase
using amplitude-only near-field measurements. By increasing
the number of equivalent dipoles, the computational time of
the global optimization-based techniques will also increase.
Therefore, these techniques are not suitable to reconstruct the
sources for complex integrated circuits or printed circuit
boards. In [16], a phase-less inverse source method, which
determines the distribution of equivalent radiation sources
from magnitude-only and single-plane near-field scanning
was presented.

In this paper, a source reconstruction method is presented
using phase-less measurements of the horizontal components
of magnetic fields above an arbitrary printed circuit board.
The proposed method is divided into two parts. Phase-less
near-field scan measurements are first carried out in two
different parallel planes above an arbitrary equipment under
test (EUT). The phase information in the two planes is
estimated using the Gerchberg—Saxton algorithm [1]. Then,
the method of moments (MoM) is used to calculate the
equivalent dipole distribution which is the set of horizontal
electric current densites. In the applied MoM, roof-top basis
functions are used to expand the unknown horizontal electric
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current densities. The use of the roof-top basis functions
allows to decouple the linear matrix equations obtained in the
MoM for each of the two horizontal components of the electric
current densities. Decoupling the electric current density into
its horizontal components allows to reduce the size of the
matrix equations in the MoM and, therefore, to accelarate the
reconstruction process. The use of roof-top basis functions is
also advantageous because simple algorithms can be used to
mesh the EUT in comparision with conventional Rao-Wilton-
Glison (RWG) basis functions [17], [18].

It is instructive to discuss the possibility of using other
basis functions. While the used roof-top functions are a good
choice for the PCBs used in this study that have the typical
rectangular shape, other basis function, for example RWG,
may be useful to model non-rectangular PCBs. Indeed, both
being linear basis functions, their accuracy is expected to be
in the same order, although further work needs to be done with
different basis functions to obtain quatitative results.

One additional advantage of the use of the roof-top basis
functions is the fact that they lead to block-toeplitz matrices in
the Method of Moments, making the filling and solving of the
MoM matrix faster.

The organization of the paper is as follows: Section II
presents the Gerchberg—Saxton algorithm used to retrieve the
phase of phase-less near field data. Section III presents the
MoM to reconstruct the horizontal component of the electric
field densities for any arbitrary EUT. Section IV is devoted to
the numerical validation of the proposed method. Section V
presents the conclusions.

II. PHASE RETRIEVAL USING THE GERCHBERG—SAXTON
ALGORITHM

Here, the Gerchberg—Saxton algorithm is presented to

estimate the phase based on phase-less measurements of the
magnetic near fields over two parallel planes above the EUT.

A. Theory

The Helmholtz equation for the magnetic field for a linear,
isotropic, homogenous, lossless, and source free medium can
be written as

VZH + k*H = 0 (1)

Fig. 1. A typical EUT and two assumed planes in the phase retrieval
procedure.

where, k = w?ue is the wave number, H is the magnetic field
intensity vector (boldhead is used for vectors in this paper), &
and u are, respectively, the permittivity and permeability of
the medium, and w is the angular frequency. In a rectangular
coordinate system, the elementary trial solution of (1) can be
written as [19], [20],

H(r) = F(k)exp(—jk 1) 2)

where, ¥ = (x, y, z) is the position vector between the origin
and an arbitrary point in space (x, y, z), and

k = k& +ky9 + k2 3)

is the wave-vector that shows the direction of the wave
propagation. F(k) is the vector amplitude of the wave. Note
that k> = w’ue = k'k, which means the product of the
wavevector with itself is equal to the square of the
wavenumber as shown in (4).

w?ue = k,* + k) + k,° 4

At any given frequency, once two of the components of
the wavevector are defined, the third one is determined by Eq.
(4). With reference to Fig. 1, the two near-field measurement
planes are considered parallel to the xoy plane. The quantities
kx and ky are assumed to be the independent components of the
wavenumber here.

Then, the z component of the wavevector, k,, can be
written as,

. _{ KZ—kZ—k2
k2 k2 —k?

k2 — k2 < k2

otherwise

&)

where j is the complex number.

The general solution of the magnetic field intensity H can
be expressed as a linear combination of all kx and 4y
components as follows

Hr) = ["7 [""F(k,, k,)exp(—jk - 1) dk,dk, (6)

where the dot product in the exponential term can be expanded
as,

H(r) = f_Jr;O f_t:[F(kx, ky)exp(—jkzz)] exp (—j(kxx +
kyy)) dkydk, (7)

The amplitude function F is called the wavenumber
spectrum or the plane wave spectrum of the field represented
by (6). Eq. (7) shows that [F(kx, ky)exp(—jkzz)] is the two-
dimensional Fourier transform of H over the horizontal plane
(parallel to the xoy plane) at a height z.

According to (7) and using the inverse Fourier transform,
the following equation can be obtained,

F(kx' ky)exp(_jkzz) =

7 T exp (j(kex + kyy)) drxdy ®)

4m2



which means that [F (kx, ky)exp(— j kzz)] can be easily
calculated using the Fourier transform of H(r). Eq. (7) and (8)
are used to reconstruct the phase using the forward—backward
procedure that will be explained later.

-0 Fr(k)|p1 = FT{Ht|pr1}
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Updating the amplitude of Ht at P2 by the
measured magnitude, keeping the phase
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4 The error between calculated phases is
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Fig. 2. Flowchart to estimate the phase using phase-less measurments of
magnetic near-fields on two parallel planes above the EUT.

The estimation of the phase is done using the Gerchberg—
Saxton algorithm [1]. As illustrated in Fig. 1, the base of the
EUT is located in the xoy plane and two parallel planes,
labeled P and P», are defined above it. The planes are at
distances z; and z, from the xoy plane. The amplitudes of the
magnetic near-field over P, and P, are known obtained by way
of near-field scan measurements. The flowchart used to
estimate the phase is presented in Fig. 2. The phase retrieval
procedure has nine steps.

In the first step, the planewave spectrum F(k) of the
measured magnetic field on plane P; is calculated as a Fourier
Transform using (8). The first time this step is performed, the
magnetic field in P, is obtained using the phase-less near-field
measurement and, therefore, it does not have a phase. The
subscript ¢ and the argument k refer, respectively, to the
tangential components (x and y) and the tranverse
wavenumber (ky and ky).

In the second step, the planewave spectrum obtained in the
first step in plane P; is projected to plane P>. This is done by
multiplying by an exponential term as shown in Step-2 in Fig.
2

In the third step, by calculating the inverse Fourier
transform of the projected planewave spectrum in plane P,
the field in this plane can be estimated. This is done using (7).
The estimated field has both amplitude and phase.

In the fourth step, the amplitude of the field in plane P,
obtained in Step-3 is replaced by the measured magnetic near-
field in P,.

In the fifth step, the Fourier transform of the magnetic field
obtained in the previous step in plane P2 (called planewave
spectrum in plane P2) is calculated using (8).

In the sixth step, the planewave spectrum in plane P; is
projected to the lower plane P; by multiplying it by an
exponential term as shown in Fig. 2, Step-6.
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Fig. 3. (a) The dipole antenna, located in free space, modeled in the
CST-MWS software. (b) The geometry of the problem including a
dipole and two wires with different orientations.

In the seventh step, the projected planewave spectrum in
plane P, is transformed into the space domain using an inverse
Fourier transform (7). The calculated magnetic field in plane
Py has both amplitude and phase. Its amplitudes are replaced
by the measured values in the eighth step.

At the end of the eighth step, the magnetic fields in both
planes, Py and P,, are available. It is obvious that the
amplitudes are correct. So, in each plane, the differences
between the calculated phases in two consecutive iterations
(except in the first iteration) are evaluated. If the differences
are lower than a predefined threshold (set by the user), the
algorithm is considered to have converged and the phases in
the two planes shown in Fig. 1 are obtained. Otherwise, the
algorithm continues from Step-1 to reach convergence.
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Fig. 4. Phase difference in degrees between the results obtained by the
CST-MWS and the proposed method. The dashed red line and the dashed-
dot yellow rectangle show the dipole antenna and the region of interest,
respectively.



B. Verification of Gerchberg—Saxton Algorithm

To present the performance of the algorithm illustrated in
Fig. 2, consider a simple dipole antenna along the y-axis
modeled in the CST-MWS software. The length and radius of
the dipole antenna are 135 mm and 2.5 mm, respectively. The
dipole antenna is excited by a discrete port with a length of 20
mm from its center. This model is shown in Fig. 3(a). The
“open (add space)” boundary condition is used around the
structures shown in Fig. 3 to truncate the simulation domain.
The amplitudes of the magnetic near-field over two 205%x336
mm? parallel planes at distances 10 mm and 15 mm are
calculated using CST-MWS and used in the algorithm for
estimating the phases.

After applying the algorithm, the error in the phase
estimation is shown in Fig. 4. It can be seen that the error in
the estimated phase is lower than about 30 degrees around the
EUT region (dashed rectangle). It should be noted that to
calculate the (inverse) Fourier transform, zero padding is used
to expand the region to 605x605 mm?. The frequency of
operation is 1 GHz.

According to the results shown in Fig. 4, to have enough
accuracy in the estimation of the phase, the scan area should
be large enough.

III. RECONSTRUCTION OF THE EQUIVALENT DIPOLE
DISTRIBUTION

In this section, the equivalent dipole distribution of any
arbitrary EUT is reconstructed using the MoM. In applying
the MoM, the equivalent dipoles are represented using roof-
top basis functions. Unlike to the case of the dipole moment
methods, the use of rooftop basis functions forces current
continuity of the reconstructed source. This leads to better
approximation in the reconstruction of the source as well.

Roof-top basis
Junctions

Fig. 5. The source and observation planes over the assumed EUT to
reconstruct the equivalent dipole distribution. The roof-top basis
functions are shown using red and green colors along the x- and y-axes,
respectively.

A. Reconstruction of the Equivalent Dipole Distribution
Using the MoM
The magnetic field can be expressed as

H=iV><A 9)

where A is the magnetic vector potential. A can be written as,

A= ﬁfffv Jexp(—jkr)/r dv’ (10)

where J and V" are the electric current density and the source
volume, respectively. By substituting (10) into (9) and after
straightforward mathematical manipulations, the following
equation can be obtained

H= _ﬁ”fv @ x DA + jkr)exp(—jkr)/
r?dv (1D

where, # represents the unit vector along the r vector. Since
the reconstruction of the source is applied on a two-
dimensional surface, the volume integral in (11) will reduce to
a surface integral. According to (11), the x components of the
magnetic field can be written as

Hy=—[ [, (2= 2)],(1 + jkr)exp(—jkr)/
rids’ (12)

where z' and S represent the height and surface of the
reconstructed source, respectively. Jy is the y components of
the reconstructed source.

To apply the MoM, Jy is expanded using the roof-top basis
functions

Jy = T2, B (12224 (13)

Ay

where, Ny, 5, ¥, and Ay denote the number of roof-top basis
functions along the y-axis, the unknow coefficient of the roof-
top basis function, the center point of the basis function, and
the length of the basis function, respectively. Note that the
same procedure should be done for the y component of the
magnetic field (x component of the electric current density J).
For Jy, the parameters Ny and a, are used to indicate the
number of roof-top basis functions along x-axis and the
unknow coefficients, respectively.

Here, the magnetic near-field is assumed to be available at
the observation plane according to Fig. 5. The source plane
can also be seen in Fig. 5. The source plane, P, is defined as
a plane parallel to the EUT on which the equivalent dipole
distribution would be calculated. The equivalent dipole
distribution is expanded using the assumed roof-top basis
functions on the source plane. The red and green colors are
used to show the basis functions along the x- and y- axes. The
coefficients of the roof-top basis functions are the unknowns,
namely a,, and 3, for the roof-top basis functions along the x-
and y-axis, respectively. To calculate these unknowns, the
MoM is used. To do this, Eq. (13) is substituted into (12)
yielding

1 N
He= 230 B ff, (z—2") (1 -
ly=ynl\1+JBR _jBR 7.1 3.1
2 ) I e~IBRdx'dy’ (14)

The obtained equation is tested on the observation plane
using the impulse functions, i.e., point matching testing
procedure, with the points shown in Fig. 5. After doing the test
procedure in the MoM, the following equation can be obtained
for the y components of the electric current density, Jy,



H = =32 B I, (2= 2) (1=

|yq_3’n| 1+jBRgq —JjBR [
b )—Rg e adx'dy’'(15)

where the index g denotes the testing points at the observation
plane as shown in Fig. 5. Eq. (15) can be rewritten in the
following form

Tip o Tin, [ B Hi
: : =] (16)
TQ_1 TQ,Ny ﬁNy HQ

X

where

1 ’ -ynl\ 1+jBRq _; ’gar
Tan = 01, (2 = 2) (1= P7) 2 e omaar ay
17)

By solving (16) numerically, the unknown coefficients £,
can be obtained and the equivalent dipole distribution on the
source plane can be calculated. The same procedure will be
repeated to obtain the other tangential component of the
electric current density, i.e., Jx.

B. Verification of the Equivalent Dipole Distribution
Reconstruction Using the MoM

To show the performance of the proposed method to
reconstruct the equivalent dipole distribution, the geometry of
the problem shown in Fig. 3(b) is considered. In that figure, a
dipole and two wires in free space can be seen. The oblique
wire is centered at the origin and is excited by a source at its
center. The other two wires are along the x and y axes without
any excitation. The three wires are identical in shape and size
to the dipole antenna shown in Fig. 3(a).
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Fig. 6. The reconstructed electric current density for the structure shown in
Fig. 3(b) only in the presence of the oblique wire, (a) along the x-axis,
(b) along the y-axis. The units are in A/m.

Using the proposed method, the equivalent dipole
distribution for a configuration consisting only of the oblique
dipole antenna shown in Fig. 3(b) is obtained. Note that in this
case study, the x- any y-orientated wires were not considered.
This example presents the performance of the proposed
method to obtain the equivalent dipole distribution of oblique
structures. To reconstruct the equivalent dipole distribution,
the complex magnetic near-field data at z = 10 mm above the

structure is used. The electric current densities along the x and
y axes are shown in Fig. 6. It can be seen in these figures that
the reconstruction of the current density is similar to the real
current distributions along the structures. This means that the
proposed method can reconstruct the physical current of the
structure.

Using the reconstructed electric current densities shown in
Fig. 6, the magnetic fields are calculated and their differences
with the CST-MWS results are shown in Fig. 7. This figure
shows that the maximum absolute error of the proposed
reconstruction method is lower than 0.06 A/m, where the
maximum absolute values of the x and y components of the
magnetic fields are, respectively, 1.31 A/m and 1.32 A/m.
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Fig. 7. The absolute error between the calculated magnetic field obtained
by the CST-MWS and the proposed method for the structure shown in
Fig. 3(b) only in the presence of the oblique wire, (a) for the x
components, (b) for the y components. The maximum absolute values
of the x and y components of the magnetic fields are, respectively, 1.31
A/m and 1.32 A/m. The units are in A/m.
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Fig. 8. The reconstructed electric current density for the structure shown in

Fig. 3(b). (a) Along the x-axis. (b) Along the y-axix. The units are in
A/m.

C. Sensitivity of the Proposed Reconstruction Method to
Noise

In the last example, the structure shown in Fig. 3(b) was
considered. Note that in this case study, the x- any y-
orientated wires were considered. To reconstruct the source
for this structure, the amplitude of the magnetic near-field data
at z =10 mm and z = 15 mm were used. A white Gaussian
noise is added to both near-field data with a signal to noise
ratio is being 10 dB. The proposed algorithm is applied to the
magnetic near-field data and the electric current densities are
reconstructed and shown in Fig. 8. In this figure, the dominant



amplitude is along the oblique wire. This is because the
oblique wire is excited by the source. For the reconstructed
current density along the x axis (or y axis), the equivalent
dipoles around the wire along the y axis (or x axis) have an
amplitude close to zero. Using the reconstructed electric
current densities shown in Fig. 8, the magnetic fields are
calculated and their differences with the CST-MWS results
are shown in Fig. 9. This figure shows that the maximum
absolute error of the proposed reconstruction method with
respect to the CST-MWS results remains lower than about 0.4
A/m, despite the high noise level.
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Fig. 9. The absolute error between the calculated magnetic field obtained
by the CST-MWS and the proposed method for the structure shown in
Fig. 3(b). (a) For the x component (b) For the y component. The
maximum absolute values of the x and y components of the magnetic
fields are, respectively, 1.25 A/m and 1.26 A/m. The units are in A/m.

IV. CONCLUSION

We presented a method for the phase estimation of phase-
less near field data and the source reconstruction using the
MoM with roof-top basis functions. An iterative algorithm
was developed to estimate the phase of the phase-less
magnetic field components obtained over two parallel planes
above the EUT using the Gerchberg—Saxton algorithm. The
validation of the implemented algorithm was done
numerically by way of full-wave numerical simulations
obtained using the CST-MWS software. We used an efficient
MoM (with roof-top basis functions that separate the dipole
reconstructions into the x and y directions) for the
reconstruction of the equivalent dipole (source) distribution
for an arbitrary EUT. The proposed procedure was validated
numerically for several configurations using as reference
CST-MWS simulations. The MoM allows to force the current
continuity of the reconstructed source, resulting in a more
accurate reconstruction in comparison to the conventional
dipole moment method. The dependence of the retrieval phase
algorithm on the frequency, the distance between the two
observation planes, the observation plane size, and the zero-
padding size will be investigated in our future work.
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