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Source Reconstruction of Electronic Circuits in
Shielding Enclosures Based on Numerical Green’s

Function and Application in Electromagnetic
Interference Estimation

Zi An Wang , Graduate Student Member, IEEE, Zhi Fei Xiao, Jun Fa Mao, Fellow, IEEE,

Li Jun Jiang, Fellow, IEEE, Hakan Bagci , Senior Member, IEEE, and Ping Li , Senior Member, IEEE

Abstract— In this work, to characterize the radiated emission
from electronic circuits in shielding enclosure, an improved
electric dipole-based source reconstruction method (SRM) is
developed. Moreover, by resorting to this reconstructed equiva-
lent source, the estimation of electromagnetic interference (EMI)
between different circuit modules in the enclosure can be
conveniently and accurately evaluated. Different from the free-
space SRM, the equivalent dipoles of the proposed SRM are
directly placed over the shielding box enclosed circuit board,
and the numerical Green’s function (NGF) is developed to
bridge the connection between the equivalent dipoles and the
planar scanned magnetic near-field. With the NGF strategy, the
effects of surrounding environments (including the presence of
substrate, ground plane, and shielding enclosure) are inclusively
considered, which makes the proposed SRM valid for any
complex EM environments in theory. Since the proposed SRM
also has the capability of reproducing the radiated emission
inside the shielding enclosure, it is critically helpful to evaluate
the EMI between different circuit modules inside the shielding
enclosure. To reach this aim, the Rayleigh-Carson Reciprocity
theorem is referred, in which the original EM coupling problem is
decomposed into the “forward problem” and “reverse problem.”
A Huygens box enclosing the victim circuit module is built and
the EM fields on the box are obtained using the reconstructed
dipoles in both problems. Then the EMI can be calculated
accordingly. Therefore, the novelty and merits of the proposed
approach are threefold: 1) the physically-based equivalent dipole
model considers the interactions between the radiation sources
and the surrounding objects, leading to the accurate prediction
of radiated emissions both outside and inside the enclosure;
2) due to the utilization of the NGF, there is no approximation
involved in the solution of the dipole’s radiation, thus improving
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the calculation precision; and 3) the near-field coupling between
multiple electronic circuit modules inside the shielding enclosure
can be identified precisely, which is useful for diagnostics of
radiation sources. The effectiveness of this algorithm is verified
by representative numerical examples.

Index Terms— Electromagnetic interference (EMI), electronic
circuits in shielding enclosure, equivalent dipoles, numerical
Green’s function (NGF), radiated emission characterization, reci-
procity theorem, source reconstruction, Tikhonov regularization.

I. INTRODUCTION

RADIATED emission is a significant topic relevant to elec-
tromagnetic compatibility (EMC) and electromagnetic

interference (EMI). The radiated emissions from unintentional
noise sources such as high-speed digital integrated circuits can
couple to radio frequency (RF) receivers and cause severe
EMI issues. To guarantee the normal operation of an entire
electronic system, characterization of radiated emissions is
necessary for EMC engineers [1]. However, radiated emission
test usually requires semianechoic chambers or open area test
sites, which dramatically increases the investment of time and
money. Various approaches have been proposed to address this
problem based on one common starting point, predicting the
far-field according to the easily available near-field measure-
ment data, namely, the near-field-far-field transformation.

Source reconstruction is a widely utilized method for near-
field-far-field transformation [2]–[4]. By reconstructing the
equivalent sources over the surface of the device under test
(DUT), the radiated fields can be calculated at an arbi-
trary point in the space [5]. This makes possible the near-
field prediction which is useful for diagnostics of radiation
sources in antennas and electronic circuits [6], [7]. Thanks
to the efficiency, precision, and multifunction, the source
reconstruction method (SRM) is transplanted to the EMC
region. In [8], the radiated emission from a printed circuit
board (PCB) is predicted by substituting the original device
with a set of elemental dipoles. The genetic algorithm is
used to determine the parameters of the equivalent model
which requires prohibitive computational time (4 h). In [9],
the reconstruction is performed based on either electric dipoles
or magnetic dipoles and the two different approaches are

0018-9480 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

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: KAUST. Downloaded on August 04,2022 at 06:02:58 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-5470-8088
https://orcid.org/0000-0003-3867-5786
https://orcid.org/0000-0002-9293-207X


2 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

compared. In addition to dipole models, equivalent current
sources are also utilized for EMI evaluations [10]. Research
on the magnitude-only near-field scanning-based SRM has
become a hotspot recently due to the dispensation from phase
measurement [11]–[13]. Besides, machine learning has been
introduced into the conventional SRM to improve the accu-
racy and reliability of the extracted equivalent sources [14].
In the past few years, the time reversal has been applied to
reconstruct multiple EM source locations and amplitudes [15].
By further introducing the space and time kurtoses, the time
reversal source reconstruction becomes more potential in
solving real-world problems such as determining excitation
time instants of sources and localizing multiple asynchronous
sources [16], [17].

To address a more engineering situation, the equivalent
sources obtained in free space are extended to model the
radiated emissions from electronic circuits placed in shield-
ing enclosures [18], [19]. However, the accuracy of these
approaches is unsatisfactory since the influences of surround-
ing environments are only partially or completely not con-
sidered during the reconstruction process. For instance, the
approach in [18] completely ignores the effects of substrate,
ground plane, and the shielding enclosure; while in [19] a
dipole-dielectric-conducting (DDC) plane model is proposed
to account for the physical presence of the PCB during the
source reconstruction process, where the dielectric substrate
and the ground plane are assumed to be infinite, and the
shielding enclosure is not considered yet.

As an interesting extension, SRM also plays an important
role in EMI estimation [20]–[22]. Based on the Reciprocity
theorem, a Huygens box is first defined to enclose the victim
device, and then the EMI from the noise source can be
obtained in terms of the tangential electric and magnetic
fields over the Huygens surface. In [20], the tangential fields
over the Huygens surface are calculated by direct full-wave
simulation, which is particularly computationally expensive
for complex circuits. As an alternative, SRM is free of this
issue, thus it is more amenable to calculate the fields over
the Huygens surface instead of direct simulation [21], [22].
However, for the circumstance that the electronic circuits are
located in shielding enclosures, the present SRMs still lack the
capability to accurately predict the radiated near-field inside
the enclosure since the reconstruction process is conducted in
free space, thus consequently impeding the precise evaluation
of the EMI.

To overcome the limitations of previously proposed SRMs,
this work presented an improved SRM to model the electronic
circuits situated in shielding enclosures. In this proposed
SRM, the equivalent dipoles are directly placed over the top
surface of the circuit board inside the shielding enclosure.
Thereby, the EM effects of the substrate, ground plane, and
shielding enclosure are rigorously incorporated, which makes
the reconstructed source more accurate. Due to the complex
EM environment around the equivalent dipoles, the analytical
form of the Green’s function used to bridge the relation
between the dipoles and the sampled magnetic near-field over
a planar plane is not available, thus the numerical Green’s
function (NGF) is used to replace the analytical one [23]–[26].
As an inverse problem, the reconstructed source is very

Fig. 1. Geometry of the proposed equivalent model of electronic circuits in
the shielding enclosure.

sensitive to noise disturbances and measurement uncertain-
ties. To fix this issue, the Tikhonov regularization technique
together with the generalized cross-validation (GCV) method
is adopted. Next, by embedding the reconstructed equivalent
dipoles into the full-wave solver, the radiated emissions can
be efficiently obtained by simulation of a simplified model.
Apart from the far-field emission, the near-field inside the
enclosure is also accurately calculated with the proposed SRM.
Thus, by resorting to the reconstructed dipole source, the near-
field EMI between different circuit modules in the shielding
enclosure can be rapidly and accurately computed in terms of
the Reciprocity theorem [20]. By defining a Huygens box to
encompass the victim circuit module, the EMI evaluation issue
can be split into a “forward problem” and a “reverse problem.”
The Reciprocity theorem required tangential EM fields on the
surface of the Huygens box are obtained via the equivalent
dipole model in both the “forward problem” and “reverse
problem” [20]. With the proposed SRM-based EMI calculation
methodology, the near-field coupling of circuit modules inside
the shielding enclosure can be conveniently facilitated, which
is very difficult or even impossible if the direct measurement
method was referred.

The remaining article is structured as follows. In Section II,
the proposed NGF-based SRM is described in detail. The
equivalent dipole model containing surrounding environment
effects is explained, and the solution of the inverse issue is dis-
cussed. In addition, the Reciprocity theorem-based EMI esti-
mation method is illustrated. In Section III, several numerical
examples are investigated to verify the accuracy and applica-
bility of this approach. Representative circuit configurations
and various shielding enclosures are included. The influences
of the near-field scanning height, number of sampling points,
noise, and measurement errors on the calculation precision are
studied. Conclusions are presented at the end of this article.

II. FORMULATION AND THEORY

This section presents a detailed elaboration of the proposed
SRM as well as the EMI calculation. First, the reconstruction
of the equivalent dipole model placed on a shielding box
enclosed substrate is illustrated. Second, on the basis of the
Reciprocity theorem [20], the reconstructed equivalent source
is used to estimate the EMI between different circuit modules
inside the shielding enclosure.

A. SRM for the Electronic Circuits in Shielding Enclosure

As shown in Fig. 1, to reproduce the radiated emission from
electronic circuits in the shielding enclosure, the proposed
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SRM first utilizes the equivalent dipole source to replace the
original circuit. Different from the free-space SRM, in this
work, to include the physical presence of the circuit board,
the equivalent dipoles are positioned at the top surface
of the finite-sized dielectric substrate. Next, this equivalent
model is further placed into the shielding enclosure to ensure
that the interaction between the electronic circuits and the
shielding box is fully considered during the reconstruction
process. Then, a matrix equation can be established via point
matching between the equivalent dipoles and the measured
planar magnetic near-field. Although the inclusion of effects
of surrounding environment truly guarantees the accuracy
of the equivalent source, it brings another challenge, i.e.,
due to the complex environment, in the matrix construction
process, the closed-form of the Green’s function used to
connect the equivalent dipole source to the near-field data is
not available. To get this problem addressed, this work advises
calculating the Green’s function via full-wave numerical meth-
ods [23]. With this NGF, the source reconstruction process can
be implemented even in complex EM environments.

As shown in Fig. 1 (right), the dipole elements are equally
spaced with different polarization directions, and the geomet-
rical dimension and the material properties of the substrate
are the same as the original circuit board. Besides, it is
situated at the same position as the original circuit board
inside the enclosure. For the sake of calculation simplicity,
each dipole is decomposed into two tangential components Px

and Py, where Px and Py are x- and y-polarized vector dipole
moment, respectively. Suppose an electric dipole pointing in
the x̂-direction and located at the origin of coordinates, its
radiated magnetic field is given by [27]

Hd(r) = G
(
r, r�) · Px (1)

where Hd(r) is the radiated magnetic field of the dipole,
G(r, r�) is the Dyadic Green’s function (DGF), r and r� are the
near-field measurement and the equivalent source positions,
respectively. The availability of analytical solution of G(r, r�)
is prevented due to the inclusion of the surrounding environ-
ments. Therefore, it has to be obtained through other methods.
In this work, the method of moments (MoM) algorithm in
a commercial software named FEKO [28] is employed to
numerically calculate the DGF G(r, r�). The NGF can be
calculated via the relation given as

G
x = Hx(r)

G
y = Hy(r) (2)

where G
x

and G
y

denote two column vectors of the x- and

y-component of G(r, r�), respectively; Hx(r) and Hy(r) are the
numerically calculated magnetic field over the measurement
plane generated by a x̂- and ŷ-directed unit electric dipole,
respectively.

With the NGF in (2), the equivalent dipoles can be recon-
structed by fitting to the measured near-field data. In this work,
the magnetic near-field excited by the electronic circuits is
measured discretely over a plane above the shielding enclosure
using a loop probe, as shown in Fig. 1 (left). The size of the
measurement plane should be 1.5 ∼ 2 times the basal area

of the enclosure to allow for the fringe effects and collect
sufficient near-field information. The maximum field level at
the truncation edges of the measurement plane should be
approximately 20 dB lower than the overall maximum field.
Nevertheless, when the measurement plane is large enough,
further increasing its size does not improve the prediction
accuracy significantly. Besides, the distance between the mea-
surement plane and enclosure is supposed to be less than
1/5 free space wavelength so that the higher-order modes are
included in the measured near-field data. This makes a critical
significance for the prediction of the field inside the shielding
enclosure. Both the magnitude and phase of the near-field are
recorded and denoted as Hx and Hy. Supposing that there are
M measurement points and N equivalent dipole components,
the following linear matrix equations are obtained as:

[
G

x
x G

y
x

]
M×N

[
Px

Py

]
N×1

= [
Hx

]
M×1[

G
x
y G

y
y

]
M×N

[
Px

Py

]
N×1

= [
Hy

]
M×1 (3)

where G
x
x and G

x
y are x- and y-components of G

x
, G

y
x and G

y
y

are x- and y-components of G
y
, respectively. The subscripts

denote field components, while the superscripts refer to dipole
components. The matrix equation can be expressed as a
simplified form

G P = H. (4)

It should be noted that N full-wave simulations are needed
to obtain the NGF for N dipole components, i.e., the matrix
G. Since the NGF is a function of source position r� and mea-
surement position r, the dipole moments can be calculated by
solving the linear equations (4) provided the position of each
sampling point and dipole is given. To ensure the robustness
of the solution for P , the total number of measurement points
is selected to be larger than that of the dipole components,
i.e., M ≥ N . To solve the overdetermined matrix equation
in (4) with good accuracy, the least square method is deployed.
As a consequence, solution of (4) is defined by

P̂ = arg min
P

�G P − H�2 (5)

where � • � is the Euclidean norm.
In this article, it is necessary to mention that the measured

magnetic near-field data are obtained by FEKO simulation.
Since the simulated results are accurate and simultaneously
free of measurement error, they are very suitable for verifi-
cation purposes. In order to intimate realistic measurement
circumstances, artificial noise is added to the simulated data
to benchmark the robustness of the proposed SRM. Besides,
as an inverse problem, the matrix equation in (4) is poorly-
conditioned and the solution is very sensitive to noise inter-
ference. To alleviate these negative factors, the Tikhonov
regularization technique is integrated with the least-square
method to solve the inverse problem [29], [30], [32].

Tikhonov regularization is a classic method of regularization
of ill-posed problems. To obtain a particular solution with
immunity to minor disturbance, a criterion made up of a least
square term as in (5) and a quadratic penalty term is built.
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Fig. 2. Original EMI problem for electronic circuit boards inside a shielding
enclosure.

The solution is the minimizer of the criterion, which can be
expressed as

P̂ = arg min
P

{�G P − H�2 + λ�L P�2} (6)

where L is the Tikhonov matrix controlling the effect of
regularization, λ is a positive regularization parameter manip-
ulating the relative weight of the penalty term in the criterion.
The solution reduces to the least square solution in (5) for
λ = 0. If the null spaces of G and L intersect trivially, then
the solution to (6) is unique and can be expressed in closed
form [32]

P̂ = (GTG + λLT L)−1GT H (7)

where the superscript T represents complex conjugate trans-
pose. If L is the identity matrix I , then the Tikhonov problem
is referred to be in standard form. In this article, the Tikhonov
regularization of the standard form is adopted to alleviate the
influence of measurement errors and noise.

In contrast to determining the value of regularization para-
meter heuristically, the GCV method is applied to seek for the
optimal choice of λ directly from the observed data [33]. The
regularization parameter is selected to be the minimizer of the
following function:

G(λ) = �(I − A(λ))H�2

{tr(I − A(λ))}2
(8)

where

A(λ) = G(GT G + λLT L)−1 GT. (9)

Since λ has no closed solution, the approximate value of
λ is obtained using a golden section search method [34].
By interpolating the likely values of λ between a wide search
interval, the pertinent G(λ) is evaluated and its approximate
minimum is found after dozens of iterations.

To sum up, the procedure of the proposed SRM is as
follows.

1) Performing the magnetic near-field scanning over the
measurement plane to obtain the matrix H .

2) Constructing the equivalent model in full-wave solvers
such as FEKO in this work. Acquiring the radiated
magnetic field over the measurement plane generated
by each unit dipole component by simulations. In this
step the NGF matrix G is obtained.

Fig. 3. “Forward problem.” (a) Noise source is excited, while the victim
circuit is unexcited. The Huygens box is defined to enclose the victim circuit.
(b) Noise source is substituted by the equivalent dipoles to calculate the
tangential EM fields on the Huygens box.

3) Solving the matrix equation (4) using the Tikhonov
regularization technique together with the GCV method
and thus the dipole parameter P is determined.

4) Inserting the dipoles with known parameters into
the equivalent model. The radiated emissions can be
obtained by full-wave simulations.

B. EMI Estimation Based on Reciprocity Theorem

As shown in Fig. 2, for the case that multiple circuit boards
are situated in the same shielding enclosure, the radiated
emission from one circuit module (noise source) will couple
to another one (victim circuit), resulting in the EMI issues.
The ultimate purpose is to predict the induced noise voltage
on the victim circuit port generated by the noise source. With
reference to the decomposition method in [20], the original
problem is divided into two parts: the “forward problem” and
the ”reverse problem.”

First of all, a Huygens box is created to enclose the victim
circuit. In the “forward problem,” as shown in Fig. 3(a), the
noise source is excited and the victim circuit is unexcited.
The surface of Huygens box is divided into cells on which
the tangential EM fields are denoted as Efwd

c and Hfwd
c . The

near-field coupling from the noise source generates EM fields
on the victim circuit port, which are represented as Efwd

v and
Hfwd

v . The coupling voltage on the victim port is U fwd
v .

If the electronic circuits are in the free space, the EM fields
on the Huygens box can be measured directly. However, in this
problem, the circuits are placed inside the shielding enclosure,
thus it is inconvenient to measure Efwd

c and Hfwd
c . Since the

proposed SRM in Section II-A is able to predict the near-field
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Fig. 4. “Reverse problem.” (a) Victim circuit is excited, while the noise
source is unexcited. The Huygens box is defined to enclose the victim circuit.
(b) Victim circuit is substituted by the equivalent dipoles to calculate the
tangential EM fields on the Huygens box.

inside the shielding enclosure precisely, it can be adopted for
the EMI estimation. As shown in Fig. 3(b), the noise source
is substituted by the equivalent dipole model to reconstruct its
radiated field. The victim circuit is replaced by a grounded
dielectric substrate to consider the physical characteristics of
the circuit board. By fitting the dipole moments to the scanned
near-field in the “forward” process, the tangential EM fields
on the Huygens box can be finally calculated.

In the “reverse problem,” as shown in Fig. 4(a), only the
victim circuit is excited with the known port voltage U rev

v .
The EM fields on the victim circuit port are Erev

v and Hrev
v . The

tangential EM field on the same Huygens box are denoted as
Erev

c and Hrev
c , which can be estimated by the proposed SRM

as shown in Fig. 4(b). The victim circuit is substituted by the
equivalent dipole model in this case, while the noise source
is replaced by a grounded dielectric substrate without dipoles
on it.

In terms of the Rayleigh-Carson Reciprocity theorem [35],
the electric current J and magnetic current M in the “forward
problem” and “reverse problem” satisfy∫∫∫

V

(
Erev

c · Jfwd
c − Hrev

c · Mfwd
c

)
dV

=
∫∫∫

V

(
Efwd

v · Jrev
v − Hfwd

v · Mrev
v

)
dV (10)

where the subscript represents the location of currents and
fields: “c” for cells on Huygens box and “v” for victim circuit
port. The superscripts “fwd” and “rev” denote the problem
types. The current sources J and M are the equivalent currents
of the tangential EM fields.

The electric term and magnetic term on the left side of (10)
can be derived as∫∫∫

V
Erev

c · Jfwd
c dV =

∫∫
Sc

Erev
c · Jfwd

c d S

=
∑
cells

Erev
c · Jfwd

c Scell

=
∑
cells

Erev
c · (

n̂ × Hfwd
c

)
Scell (11)

∫∫∫
V

Hrev
c · Mfwd

c dV =
∫∫

Sc

Hrev
c · Mfwd

c d S

=
∑
cells

Hrev
c · Mfwd

c Scell

=
∑
cells

Hrev
c · (

Efwd
c × n̂

)
Scell (12)

where Sc is the surface of the Huygens box, and n̂ is the
inward unit normal vector. The surface of the Huygens box is
equally meshed into small cells with the area of Scell.

The two terms on the right of (10) can be formulated
similarly as in [36] as∫∫∫

V
Efwd

v · Jrev
v dV = −

∫∫
Sv

E fwd
v J rev

v d S

= −U fwd
v I rev

v (13)∫∫∫
V

Hfwd
v · Mrev

v dV =
∫∫∫

V
Hfwd

v · (
Erev

v × n̂
)
dV

=
∫∫∫

V
Erev

v · (n̂ × Hfwd
v

)
dV

=
∫∫∫

V
Erev

v · Jfwd
v dV

=
∫∫

Sv

E rev
v J fwd

v d S

= U rev
v I fwd

v . (14)

Substituting (11)–(14) into (10) leads to∑
cells

n̂ × Hfwd
c · Erev

c Scell +
∑
cells

n̂ × Efwd
c · Hrev

c Scell

= −U fwd
v I rev

v − U rev
v I fwd

v

= −
(

1

Z in
+ 1

ZL

)
U fwd

v U rev
v (15)

where Z in and U rev
v are the input impedance and excitation

voltage at the victim circuit port in the “reverse problem,”
respectively. ZL is the load impedance (50 � in this work) at
the victim port in the “forward problem.” As a consequence,
the coupling voltage on the victim circuit port from the noise
source can be solved by

U fwd
v = − Z in ZL

U rev
v (Z in + ZL)

×
(∑

cells

n̂ × Hfwd
c · Erev

c Scell

+
∑
cells

n̂ × Efwd
c · Hrev

c Scell

)
.

(16)

To summarize, the EMI evaluation of multiple circuit mod-
ules in a shielding enclosure can be implemented in the
following steps.
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Fig. 5. Geometry of a multilayer low-pass filter in a shielding enclosure
with circular holes for the first example. (a) Geometry information of the
four-layer LTCC filter (a1 = 24.575 mm, b1 = 28.75 mm, t1 = 1 mm,
t2 = 0.5 mm). (b) Structure of the shielding enclosure with ten circular holes
on the top (a2 = 50 mm, b2 = 50 mm, h = 20 mm, l1 = 17 mm, l2 = 5 mm,
d = 7 mm).

1) Creating a Huygens box to enclose the victim circuit.
2) Forward Problem: Performing the near-field scanning

over the measurement plane as the noise source is
excited and the victim circuit is unexcited. Constructing
the equivalent model as shown in Fig. 3(b) and calcu-
lating the EM fields Efwd

c and Hfwd
c on the Huygens box

using the proposed SRM described in Section II-A.
3) Reverse Problem: Performing the near-field scanning

over the measurement plane as the noise source is
unexcited and the victim circuit is excited by U rev

v .
Constructing the equivalent model as shown in Fig. 4(b)
and calculating the EM fields Erev

c and Hrev
c on the

Huygens box using the proposed SRM described in
Section II-A.

4) Calculating the coupling voltage U fwd
v at the victim

circuit port in terms of (16).

III. NUMERICAL RESULTS

To benchmark the proposed NGF-based SRM, and its
application in EMI evaluation, four representative examples
are investigated. The sampled magnetic near-field data over
the measurement plane are simulated by the full-wave solver
FEKO. To verify the accuracy of the SRM, both the near-
field inside the enclosure and the far-field are calculated and
compared with references from FEKO simulation. The effects
of mechanical errors and random noise during the practical
near-field measurement are investigated as well. To validate
the effectiveness of the proposed SRM in EMI computa-
tion, the near-field coupling between multiple electronic cir-
cuits in the same shielding enclosure is investigated.

A. Multilayer LTCC Low-Pass Filter in a Shielding
Enclosure With Circular Ventilation Holes

In the first example, a complicated low-pass filter is inves-
tigated, as shown in Fig. 5(a). It is fabricated based on
the low-temperature cofiring ceramics (LTCC) process. There
are four dielectric layers (�r = 7.8) in total. The metallic
layers are interconnected with vias. A 1-V voltage source
operating at 10 GHz is used as excitation at port 1, while
port 2 is loaded with a 50-� resistor. The filter is placed at
the bottom center of a shielding enclosure with ten circular
apertures on the top for ventilation, as shown in Fig. 5(b).
Suppose the Cartesian coordinate system has its origin at the
bottom center of the enclosure, the near-field measurement is

Fig. 6. Electric far-field (dB V/m) at 3 m away from bottom center of the filter
in Fig. 5. (a) and (c) Magnitudes of Eθ and Eϕ in the xoz plane, respectively.
(b) and (d) Magnitudes of Eθ and Eϕ in the yoz plane, respectively.

implemented in a 70 mm × 70 mm plane at z = 25 mm with
121 sampling points (resolution 7 mm). For the equivalent
dipole model, 6 × 6 = 36 electric dipoles are situated on a
2.5-mm-thick LTCC dielectric, where the metallic components
and vias are removed. The reconstructed electric far-field in
the xoz and yoz planes of a 3-m-radius spherical surface are
compared with FEKO simulation, as shown in Fig. 6. Great
consistency is observed in the Eθ component, whereas some
minor differences appear in the Eϕ component, which could
result from the removal of metallic structures and vias between
layers in the equivalent model.

In comparison to far-field forecast, the near-field informa-
tion is more significant for EMC/EMI diagnostics and EMI
estimations, yet the prediction of near-field is more challenging
due to the complex nature of reactive field. To incorporate the
higher-mode information into the sampled tangential magnetic
field data, the near-field scanning is performed in a plane that is
only 5 mm above the enclosure. Fig. 7 shows the predicted and
simulated electric near-field in the z = 15 mm plane inside the
enclosure. The Ex , Ey and Ez components are all evaluated
precisely, which is due to the close proximity between the
measurement plane and shielding enclosure. To have an intu-
itive understanding of the modeling accuracy, the mean square
error σmse is used to quantify the error between reconstructed
field Erec and simulated field Esim, as is defined by [19], [31]

σmse = 10 log10
[|Erec| − |Esim|]T[|Erec| − |Esim|]

[|Esim|]T[|Esim|] . (17)

This effect of the near-field scanning height is investigated
in Table I. The tangential magnetic near-field sampled in
planes of different heights is used to calculate the electric
field inside the enclosure at z = 15 mm. It can be seen
that the calculation accuracy deteriorates as the measurement
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Fig. 7. Magnitude of electric near-field (dB V/m) at the z = 15 mm plane
inside the shielding enclosure for the first example. (a) and (b) Ex component.
(c) and (d) Ey component. (e) and (f) Ez component. The left column is
calculated result by the proposed SRM, and the right column is simulated
result by FEKO.

Fig. 8. Geometry of the LNA board in a shielding enclosure with ventilation
slots and circular holes for the second example. (a) Geometry information of
the LNA board (a1 = 1.97 in, b1 = 1.4375 in). (b) Structure of the shielding
enclosure (a2 = 2.5 in, b2 = 2 in, h = 0.8 in, l1 = 2 in, l2 = 0.56875 in,
l3 = 0.2 in, l4 = 0.065 in, l5 = 0.4 in, l6 = 0.38125 in, w = 0.3 in,
d = 0.3 in).

plane moves away from the enclosure. This demonstrates the
importance of shortening the distance between them for the
prediction of very-near-field inside the enclosure.

B. Low-Noise Amplifier in a Shielding Enclosure With
Ventilation Slots and Holes

A low-noise amplifier (LNA) on a 0.07-in-thick FR4 board
is studied in the second example. It is placed in a shielding

Fig. 9. Electric far-field (dB V/m) at 3 m away from bottom center of
the LNA board in Fig. 8. (a) and (c) Magnitudes of Eθ and Eϕ in the
xoz plane, respectively. (b) and (d) Magnitudes of Eθ and Eϕ in the yoz plane,
respectively.

Fig. 10. Magnitude of electric near-field (dB V/m) at the z = 0.6 in
plane inside the shielding enclosure for the second example. (a) Reconstructed
result. (b) Simulation result.

TABLE I

VALUES OF σmse OF VERY-NEAR-FIELD INSIDE THE ENCLOSURE FOR
DIFFERENT MEASUREMENT PLANE HEIGHT

enclosure with two ventilation slots and five circular holes,
as shown in Fig. 8. In this work, the transistor is not considered
during the investigation of radiated emission from the LNA,
while the other lumped components are included in the FEKO
simulation model. The circuit is fed by a 1-V voltage source
operating at 5 GHz at port 1, and terminated with a 50-� load
at port 2. The magnetic near-field measurement is performed in
a 3 × 2.5 in plane at z = 1 in with 99 sampling points. Fig. 9
shows the 3-m far-field reconstructed by the equivalent model
in which 25 equivalent dipoles are used. The calculated results
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TABLE II

VALUES OF σmse OF FAR-FIELD AND VERY-NEAR-FIELD INSIDE THE
ENCLOSURE FOR DIFFERENT SAMPLING RESOLUTION

agree well with the simulation. The very-near-field inside the
enclosure at z = 0.6 in is also predicted and compared with
FEKO simulation in Fig. 10, where splendid accordance is
observed.

In the previous example, the magnetic near-field sampling
data are from FEKO simulations, and hence the time for
near-field scanning is not considered. In reality, the near-
field measurement will consume a long time according to
the number of sampling points. More points will undoubtedly
improve the calculation precision, nevertheless, at the cost of
more measurement time. This relation is studied in Table II.
The prediction accuracy of 3-m far-field and very-near-field
at z = 0.6 in are investigated in the condition of various
sampling resolutions. It can be observed that approximately
100 measurement points are adequate to evaluate both far-
and near-field precisely. This is validated in all numerical
examples. Besides, it is observed from Table II that the
prediction of near-field inside the enclosure introduces greater
errors compared with far-field estimation. This is attributed
to the intense interaction between the metal cavity and the
electronic circuits inside, along with the predominance of
higher-modes in the reactive near-field region. Despite these
difficulties, the proposed method is able to provide a reliable
and satisfactory prediction.

The computational cost to solve the dipole parameters is
also discussed here. It consists of two parts: the cost of
obtaining the NGF and solving the matrix equation. The NGF
is acquired by simulating the radiated fields of unit dipoles.
Each equivalent dipole requires one simulation process. In this
example, the average computational cost to obtain the NGF for
one dipole component is around 16 s. By contrast, solving the
matrix equation takes only 0.13 s.

C. Investigation of Measurement Error and Noise in
Near-Field Sampling Data

In the practical near-field measurement condition, random
noise will be introduced into the measured results due to the
environment and measurement facilities, e.g., probes, cables,
and vector network analyzers, which deserves significant con-
sideration. On the other hand, some probe positioning errors
may occur due to the mechanical measurement platform,
such as the misalignment between DUT and measurement
plane. This issue is critical as well since the measurement is
implemented in the near-field region where the field changes
dramatically with distance. As a consequence, considering the
practical measurement systems, it is important to quantify the

Fig. 11. Relationship between calculation error and positioning deviation
for different noise levels. LS. and TR. represent the results obtained from
the least square method and Tikhonov regularization technique, respectively.
(a) Prediction error of 3-m far-field. (b) Prediction error of near-field at
z = 40 mm inside the enclosure.

effects of the positioning errors and further verify the effective-
ness of the Tikhonov regularization technique in presence of
random noise and systematic errors. In this work, we suppose
the probe positioning error leads to the deviation of sampling
height z, while the horizontal positions of sampling points
are unaffected. This is reasonable since the positioner is high-
resolution while the alignment between DUT and measure-
ment plane is implemented with a lower-precision spirit level
manually [37]. In this case, an error source �z is added
to the ideal near-field scanning height. Therefore, we simulate
the near-field measurements at the z + �z plane and obtain
the magnetic field matrix H z+�z . The moments of equivalent
dipoles are calculated by solving the matrix equation Gz P =
H z+�z , where Gz is the NGF matrix associated with sample
height z. Artificial white Gaussian noise with different signal-
to-noise ratios (SNRs) is added to the magnetic near-field data,
and the Tikhonov regularization method is adopted to deal with
the noise-contaminated condition. In this example, the near-
field scanning height is z = 60 mm. The positioning errors
between −5 and +5 mm are investigated at 1 GHz where the
free-space wavelength is 300 mm.

Fig. 11 shows the calculation accuracy of reconstructed
3-m far-field and very-near-field inside the enclosure with the
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Fig. 12. Geometry of three PCBs in a shielding enclosure with two ventilation
slots. (a) Top view of the interior of the shielding enclosure. The blue region
represents the Huygens box. (b) Perspective view of the shielding enclosure.
The layout of the LNA is omitted in the figure (a = 60 mm, b = 100 mm,
h1 = 30 mm, h2 = 20 mm, w = 10 mm, l = 80 mm, d = 10 mm).

presence of noise and positioning deviations. Results obtained
from the least square method and the Tikhonov regularization
technique are both presented. As for the far-field prediction
shown in Fig. 11(a), the effect of regularization is not obvious
for the noise-free case. However, it remarkably reduces the
calculation error in the presence of noise, especially when the
noise is significant. This is supported by the fact that the unreg-
ularized solution with SNR = 20 dB gives a similar error level
to the regularized one with SNR = 10 dB. A steep decrease of
calculation error can be observed as �z → 0, where the error
is sensitive to the noise level, yet this sensitivity degrades with
the increase of |�z|. Concerning the very-near-field evaluation
shown in Fig. 11(b), the Tikhonov regularization results in a
greater decrement of calculation error compared with the far-
field prediction. The mse is reduced by more than 20 dB for the
case with SNR = 10 dB. The regularization makes a difference
even no noise exists. Besides, the mse shows less sensitivity to
the positioning deviation. There’s an interesting common point
in far- and near-field reconstruction that for the same absolute
value |�z|, the positive deviation tends to result in a slightly
smaller error than the negative one. Nevertheless, the former
means that the distance between probe and radiation source
is greater and thus the received signal level is lower, which
can bring about a higher value of SNR provided the noise
floor of the signal receiver is invariant. Therefore, to obtain
the best prediction, a compromise is required considering both
the positioning precision and noise level.

D. EMI Estimation for Multiple Electronic Circuit Boards in
a Shielding Enclosure

The previous numerical results have demonstrated the accu-
racy and robustness of the proposed SRM in both far-field and

Fig. 13. Magnitude of magnetic field (dB A/m) on the top surface of the
Huygens box generated by the filter in Fig. 12. The frequency is 1.5 GHz.
(a) and (b) Hx component. (c) and (d) Hy component. The left column is
calculated result by the proposed SRM, and the right column is simulated
result by FEKO.

Fig. 14. Coupling voltages for the LNA in Fig. 12, compared with FEKO
simulations. (a) EMI from the filter. (b) EMI from the trace.

near-field predictions. In this example, it is used to estimate
the EM fields on the Huygens box in the shielding enclosure,
thereby evaluating the EMI between the electronic circuits
inside the enclosure. The configuration of the shielding enclo-
sure is presented in Fig. 12. There are three circuit boards in
total in the shielding enclosure with two ventilation slots: the
LNA presented in the second example, a microstrip bandstop
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Fig. 15. Perspective view of the shielding enclosure with shielding plates
inside (a = 60 mm, b = 100 mm, h1 = 30 mm, h2 = 10 mm, h3 = 15 mm,
d1 = 8 mm, d2 = 6 mm).

Fig. 16. Magnitude of electric field (dB V/m) on the top surface of the
Huygens box generated by the U-shaped trace in Fig. 15. The frequency is
1.5 GHz. (a) and (b) Ex component. (c) and (d) Ey component. The left
column is calculated result by the proposed SRM, and the right column is
simulated result by FEKO.

filter with open-stub and spurline on a 25-mil RT/Duroid 6006
(�r = 6.15) substrate [38], and a U-shaped trace on a 1.5-mm
FR4 substrate. The LNA is the victim which suffers from the
interference from the filter and the trace. Its excitation port is
port 1; the port 2 is terminated with a 50-� load, as shown
in Fig. 12(a). To estimate the EMI, a Huygens box with the
dimensions of 60 mm × 50 mm × 20 mm is constructed to
enclose the LNA. It is observed from Fig. 12(b) that the bottom
face (−z) and three side faces (+x,−x,−y) of the Huygens
box are defined to overlap with the surface of the shielding
enclosure. Hence, the tangential electric fields Erev

c and Efwd
c

vanish on these four faces and only the EM fields on the top
face (+z) and right side face (+y) are required to calculate
the EMI in terms of (16).

The near-field scanning is implemented in an 80 mm ×
120 mm plane at z = 40 mm. In the “forward problem,”
the excitation port of the LNA (port 1) is loaded with a
50-� resistor. The filter and the trace are excited separately
to obtain their respective radiated fields on the Huygens box
by substituting the noise source with 25 equivalent dipoles.

Fig. 17. Coupling voltages for the LNA in Fig. 15, compared with FEKO
simulations. (a) EMI from the filter. (b) EMI from the trace.

The reconstructed Hfwd
c on the top face of the Huygens box

generated by the filter is presented in Fig. 13. Great agreements
with FEKO simulation results are obtained. In the “reverse
problem,” the LNA is excited by a 1-V voltage source at
port 1. The input impedance Z in is recorded and the EM fields
on the Huygens box are calculated by replacing the LNA with
the equivalent dipole model.

With the EM fields obtained by the proposed SRM in the
“forward problem” and “reverse problem” and the input/load
impedance at the excitation port of the LNA, the coupling
voltages from the filter and the trace are calculated by (16)
and compared with simulation results, as shown in Fig. 14.
The excellent consistency demonstrates the precision of the
proposed method for EMI estimation in a wide band. As a
result, the EMI contribution of different noise sources can be
identified, which is useful for EMC/EMI diagnostics.

E. EMI Estimation for Multiple Electronic Circuit Boards in
a Shielding Enclosure With Shielding Plates Inside

In some cases, the shielding enclosure is designed with
shielding plates to avoid the EMI between the electronic
circuit modules inside. As shown in Fig. 15, the circuit boards
in Fig. 12(a) are placed in a shielding enclosure with two
shielding plates inside to isolate different circuit modules.
The size of the shielding enclosure and the locations of the
circuit boards remain unchanged. The LNA is the victim,
while the filter and the U-shaped trace are noise sources.
There are small holes on the shielding plates for ventila-
tion and routing. A Huygens box with the dimensions of
60 mm × 50 mm × 10 mm is built to surround the LNA. The
bottom face and side faces of the Huygens box all overlap with
the metallic surfaces, thus only the EM fields on the top face
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are needed for the near-field coupling estimation. The meshed
size of the top face is 3 mm × 2.5 mm.

To obtain the fields on the Huygens box via the pro-
posed SRM, the magnetic near-field is measured in an
80 mm × 120 mm plane at z = 40 mm with 117 sampling
points. Then the SRM is implemented for each circuit board
separately in the “forward problem” and “reverse problem”
as in Section III-D. The calculated electric field on the top
face of the Huygens box generated by the trace in the
“forward problem” is compared with the simulation results
at 1.5 GHz, as shown in Fig. 16. It can be observed that some
minor discrepancies appear at the boundaries in the +y- and
−y-directions. The +y boundary is in proximity to the small
holes on the shielding plate where the electric field is strong
and varies dramatically. As for the −y boundary, the electric
field is quite weak and contributes little to the coupling voltage
according to (16).

After obtaining the reconstructed EM fields on the Huygens
box, the EMI from 1 to 2 GHz is finally calculated. Fig. 17
shows the comparison between the estimation by the proposed
approach and the FEKO simulation for each noise source. The
coupling voltages U fwd

v are predicted precisely at all frequency
points. This validates the accuracy of the proposed EMI
estimation method for various and complex configurations of
shielding enclosures. Besides, the extremely low EMI levels
in this example demonstrate the effectiveness of the shielding
plates for EMI suppression.

IV. CONCLUSION

In this article, a novel SRM is proposed to evaluate the radi-
ated emissions from electronic circuits in a shielding enclosure
using an equivalent dipole model. By incorporating the effects
of surrounding environments into the reconstruction process
using the NGF, the reconstructed equivalent source is capable
of predicting both the far-field and the near-field inside the
enclosure with good accuracy. Next, based on the Reciprocity
theorem, the proposed SRM is used to estimate the near-
field coupling for multiple electronic circuit modules inside
the shielding enclosure. The numerical examples demonstrate
the validity of the SRM even for sophisticated circuit and
shielding enclosure configurations. Besides, the dipole model
is convenient to be incorporated into a full-wave solver such
as FEKO in this work. The effects of measurement errors and
random noise are investigated, and the solution obtained from
the Tikhonov regularization technique shows great robustness.
This reveals that our proposed method has enormous potential
for characterization of the radiated emissions from complex
electronic systems in the realistic environment and EMC/EMI
diagnostics.
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